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1 Abstract/Kurzzusammenfassung

1. Abstract/Kurzzusammenfassung

Thesis title:

Synthesis of bio- and synthetic-based functional nanoparticles via inverse
miniemulsion for the adsorption and detection of pharmaceuticals in aqueous

media

In this thesis, bio-based and synthetic nanomaterials in the form of crosslinked
nanoparticles for the use in adsorption-based processes were prepared via inverse
miniemulsion technique. The synthesized nanomaterials were used for adsorption

applications in water purification or as sensing material.

For the use of nanoparticles as adsorbent in water purification, glutaraldehyde-
crosslinked bio-based nanoparticles were synthesized. This was achieved by processing
an already existing biopolymer - namely chitosan - via inverse miniemulsion crosslinking
into chitosan nanoparticles (Chi-NPs). For the use of the nanoparticles in adsorption
processes, the chitosan nanoparticles were incorporated into porous mixed-matrix

membranes.

The chitosan was characterized via size exclusion chromatography (SEC), nuclear
magnetic resonance spectroscopy (1H-NMR) and rheology, the resulting particles via
scanning electron microscope (SEM) as well as dynamic light scattering (DLS). Capillary
flow measurement, flux measurements and SEM were applied for the characterization of

the prepared membranes.

For the emulsification of chitosan solutions, i.e. the preparation of chitosan nanoparticles,
probe sonication as well as high-pressure homogenization (HPH) were used. Both
processes were optimized in terms of molecular weight (MW) of the used chitosans as well
as emulsification efficiency. For the sonication-based emulsification, the use of six
chitosans of different MW was examined ranging from a MW of 12.7 kg mol! up to
121.4 kg mol-1. For the HPH process, three different chitosans were used with a MW of
24.0 kg mol-1 up to 121.4 kg mol-1,

The diameter (dp) of the chitosan nanoparticles (Chi-NPs) prepared via sonication-based
emulsification ranged from 100 nm < dp < 200 nm and decreased with decreasing MW of

chitosan. A similar behavior was observed for particles prepared via high-pressure
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homogenization (HPH), although these particles were slightly larger with a span of size
ranging from dp 180 nm for lowest MW Chi-NPs up to dp 260 nm for the highest MW Chi-
NPs.

The adsorption behavior of the particles was determined via high-performance liquid
chromatography (HPLC) in static (nanoparticle dispersion) and dynamic (membrane-
based) adsorption experiments for diclofenac and carbamazepine. The adsorption
capacity of carbamazepine was low (2 mg g-1) on the Chi-NPs as well as on the untreated,
macroscopic chitosan powder. However, with a maximum of 350 mg g! the adsorption
capacity of diclofenac on Chi-NPs was about ten times higher compared to untreated
chitosan powder. Overall, the smallest nanoparticles exhibited the highest adsorption
capacity.

The Chi-NPs served as adsorbent material in a mixed-matrix membrane-based water
purification processes. The membranes loaded with low MW Chi-NPs showed an
adsorption capacity (diclofenac) of 3.6 mg m-2 which was twice as high compared to a

reference membrane containing no nanoparticles.

For the potential use of a layer of immobilized nanoparticles as the sensitive layer in an
optical sensor application, synthetic nanoparticles were prepared by the polymerization
of four different hydrophilic monomers
(3-(methacryloylamino)propyl] trimethylammonium chlorid (MAPTAC), 3-sulfopropyl
methacrylate potassium salt (SPM), 2-acrylamido-2-methyl-1-propanesulfonic acid
sodium salt (AMPS), N-(2-aminoethyl) methacrylamide hydrochloride (NAEMA) in
inverse miniemulsion polymerization. With all monomers it was possible to prepare
crosslinked nanoparticles with spherical shape and narrow sizes distribution in the size

of about 200 nm.

Molecularly imprinted NAEMA-nanoparticles, were successfully prepared using
penicillin G (PenG) as template. By the process of molecularly imprinting, an imprint
(three dimensional cavity) of the template molecule is created in a crosslinked polymer
matrix. The imprint could be imagined as a “negative” of the template. It matches the
template in size and shape and can therefore be used for the selective binding/recognition

of the template.

After preparation, the particles were chemically modified with azide moieties to allow for
a covalent immobilization on the transducer surface via copper (I)-catalyzed azide-alkyne

click reaction. The particles were characterized via SEM, DLS, nitrogen adsorption

2



1 Abstract/Kurzzusammenfassung

(Brunauer-Emmett-Teller, BET) as well as isothermal titration calorimetry (ITC). Both,
the molecularly imprinted particles (MIPs) and non-imprinted particles (NIPs) were
narrowly distributed, spherical shaped particles of comparable size. While the particles
kept their spherical shape and low polydispersity (PDI < 0.05) after the modification, they
had a size of about 400 nm which was twice as large in comparison to the unmodified
particles. The binding enthalpy of the MIPs was about three times as high when compared
to the NIPs, indicating a successful imprinting of PenG. The particles were immobilized
covalently and successfully served as sensitive layer in a reflectometric interference
spectroscopy (RIfS)-based sensor in cooperation with the University of Tiibingen. It was
possible to calibrate the sensor and analyze PenG concentrations in aqueous media in
range of 0.0015-0.0195 mol L-1. The sensitivity of the MIP towards PenG is about twice as
high when compared to the NIP. To verify the sensors selectivity, structural building
blocks of PenG were tested. The sensor experiments showed a high selective adsorption
of PenG on the MIPs compared to the low analytical signal given by the adsorption of the

structural building blocks.

In an exploratory approach, the emulsification of ionic liquids (ILs) for the preparation of
chitosan nanoparticles in novel IL-in-o0il (inverse) miniemulsion was investigated. Four
different imidazolium-based ILs were tested on their ability to dissolve chitosan. Among
these, 1-ethyl-3-methylimidazolium-acetate [Emim] [Ac] showed the best results in order
to dissolve chitosan. An empirical approach was successfully applied using several
different nonionic surfactants in order to find a suitable formulation for the emulsification
of [Emim] [Ac]/chitosan solutions in cyclohexane. With this formulation, it was possible

to prepare glutaraldehyde-crosslinked chitosan nanoparticles.
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Titel:

Synthese biobasierter und synthetischer funktioneller Nanopartikel mittels
inverser Miniemulsion fiir die Adsorption und Detektion von Pharmazeutika in

wassrigen Medien

In Rahmen dieser Arbeit wurden biobasierte und synthetische Nanomaterialien in Form
von vernetzten Nanopartikeln flir den Einsatz in adsorptionsbasierten Prozessen
mittels inverser Miniemulsionstechnik hergestellt. Die synthetisierten Nanomaterialien
wurden fiir Adsorptionsanwendungen in der Wasseraufbereitung und als Sensormaterial

eingesetzt.

Fir den Einsatz der Nanopartikel als Adsorber in der Wasseraufbereitung wurden
Glutaraldehyd-vernetzte, biobasierte Nanopartikel synthetisiert. Dies wurde erreicht,
indem ein bereits vorhandenes Biopolymer - namentlich Chitosan - liber inverse Mini-
emulsionsvernetzung zu Chitosan-Nanopartikeln (Chi-NPs) verarbeitet wurde. Um die
Nanopartikel anschliefend in einem Adsorptionsprozess einzusetzen, wurden die

Chitosan-Nanopartikel in pordse Mixed-Matrix Membranen eingebracht.

Das Chitosan wurde mittels Gelpermeationschromatographie (GPQ),
Kernspinresonanzspektroskopie (1H-NMR) und Rheologie charakterisiert, die erhaltenen
Nanopartikel —mittels Rasterelektronenmikroskop (REM) sowie Dynamische
Lichtstreuung (DLS). Zur Charakterisierung der hergestellten Membranen wurden

Kapillarfluss-Porometrie, Flussmessungen und REM angewandt.

Fiir die Herstellung der Emulsionen, sprich zur Herstellung der Partikel, wurde Ultra-
schallsonotoden- sowie Hochdruckhomogenisierung (HDH) verwendet. Beide Verfahren
wurden hinsichtlich des Molekulargewichts (MW) der verwendeten Chitosane sowie der
Emulgierungseffizienz optimiert. Fir die auf Ultraschallbehandlung basierende
Emulgierung wurden sechs Chitosane mit unterschiedlichem Molekulargewicht getestet,
die von einem MW von 12.7 kg mol-1 bis zu 121.4 kg mol-1reichen. Fiir das HDH-Verfahren
wurden drei verschiedene Chitosane mit einem Molekulargewicht von 24.0 kg mol-! bis
121.4 kg mol-! verwendet.

Der Durchmesser (dp) der Chitosan-Nanopartikel (Chi-NPs) hergestellt mittels
Ultraschallbehandlung reichte von 100 nm < dp < 200 nm und nahm mit abnehmendem
MW des Chitosans ab. Ein dhnliches Verhalten wurde fiir die tiber HDH hergestellte
Partikel beobachtet. Allerdings waren diese Partikel mit einem Groféenbereich von
dp 180 nm (niedrigstes MW-Chi-NPs) bis dp 260 nm (héchstes MW-Chi-NPs) etwas

grofder.

4



1 Abstract/Kurzzusammenfassung

Das  Adsorptionsverhalten  der  Partikel = wurde  mittels  Hochleistungs-
flissigkeitschromatographie (HPLC) in statischen (Nanopartikeldispersion) und
dynamischen (Membran-basierten) Adsorptions-experimenten fiir Diclofenac und
Carbamazepin bestimmt. Die Adsorptionskapazitiat von Carbamazepin war sowohl auf den
Chitosan-Nanopartikeln als auch auf dem unbehandelten makroskopischen Chitosan-

Pulver niedrig (2 mg g'1).

Mit einem Maximum von #350 mg g1 war die Adsorptionskapazitiat von Diclofenac an Chi-
NPs jedoch etwa zehnmal hoher als bei unbehandeltem Chitosanpulver. Insgesamt zeigten
die kleinsten Nanopartikel die hochste Adsorptionskapazitat. Die Chitosan-Nanopartikel
dienten als Adsorbensmaterial in Wasserreinigungsprozessen auf Basis von Mixed-Matrix-
Membranen. Die Membranen, welche mit den Chitosan-Nanopartikeln (bestehend aus
dem nieder MW-Chitosan) beladen wurden, zeigten mit 3,6 mg m-2 eine doppelt so hohe
Adsorptionskapazitit (Diclofenac) im Vergleich zu einer Referenzmembran, die keine

Nanopartikel enthielt.

Fiur die mogliche Verwendung einer immobilisierten Schicht aus Nanopartikeln als
sensitive Schicht in einer optischen Sensoranwendung wurden synthetische
Nanopartikel durch Polymerisation vier verschiedener hydrophiler Monomere
(3-(methacryloylamino)propyl] trimethylammonium chlorid (MAPTAC), 3-sulfopropyl
methacrylate Kalium-Salz (SPM), 2-acrylamido-2-methyl-1-propanesulfonsaure
Natrium-Salz (AMPS) und N-(2-aminoethyl) methacrylamid hydrochlorid (NAEMA) in
inverser Miniemulsionspolymerisation hergestellt. Mit allen Monomeren konnten
vernetzte Nanopartikel mit spharischer Form und enger Grofdenverteilung (PDI > 0,16) in

der Grofde von ca. 200 nm hergestellt werden.

Molekular-gepragte NAEMA-Nanopartikel (N- (2-Aminoethyl) methacrylamid-Hydro-
chlorid) wurden erfolgreich mit Penicillin G als Templat hergestellt. Durch den Vorgang
des molekularen Priagens wird ein Abdruck (dreidimensionaler Hohlraum) des
Templatmolekiils in einer vernetzten Polymermatrix erzeugt. Der ,Pragung“ kann als
"Negativ" der Vorlage angesehen werden. Es stimmt in Gréfse und Form mit dem Templat
iiberein und kann daher zum selektiven Binden / Erkennen der Vorlage verwendet

werden.

Anschliefend wurden die Partikel mit Azid-Funktionen chemisch modifiziert. Dies
ermoglichte eine kovalente Immobilisierung auf der Transducer-Oberflache iiber eine

Kupfer (I)-katalysierte Azid-Alkin-Clickreaktion. Die Partikel wurden mithilfe von REM,

5
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DLS, Stickstoffadsorption (Brunauer-Emmett-Teller, BET) sowie Isotherme
Titrationskalorimetrie (ITC) charakterisiert. Sowohl die gepragten Nanopartikel (MIPs)
als auch die ungepragten Nanopartikel (NIPs) waren eng verteilte, spharisch geformte
Partikel vergleichbarer Grofie. Wahrend die Nanopartikel nach der Modifikation ihre
Kugelform und niedrige Polydispersitat (PDI <0,05) beibehielten, wiesen sie eine Grofde
von etwa 400 nm auf, die im Vergleich zu den unmodifizierten Partikeln doppelt so grof3

war.

Die Bindungsenthalpie der MIPs (molekular-gepragte Partikel) war im Vergleich zu den
NIPs (nicht-gepragte Partikel etwa dreimal so hoch, was auf eine erfolgreiche Pragung von
PenG hindeutet. In Zusammenarbeit mit der Universitat Tiibingen wurden die Partikel
kovalent immobilisiert und dienten als sensitive Schicht in einem auf Reflektometrische
Interferenzspektroskopie (RifS)-basierenden Sensor. Es war moglich, den Sensor zu
kalibrieren und die PenG-Konzentration von 0,0015 mol L! bis 0,0195 molL! in
wassrigen Medien zu analysieren. Um die Selektivitiat der Sensoren zu iiberpriifen, wurden
strukturelle Bausteine von Pen G getestet. Die Sensorexperimente zeigten eine hohe
selektive Adsorption von Pen G an den MIPs im Vergleich zu dem niedrigen Messsignal,

das durch die Adsorption der Strukturbausteine erhalten wurde.

In einem dritten Forschungsprojekt wurde die Emulgierung ionischer Fliissigkeiten
(ILs; engl. Ionic Liquids) zur Herstellung von Chitosan-Nanopartikeln in neuartigen
(inversen) IL-in-Ol-Miniemulsionen untersucht. Es wurden vier Imidazolium-basierte
ILs auf Ihre Fahigkeit getestet, Chitosan zu ldsen. Unter diesen zeigte das
1-Ethyl-3-methylimidazoliumacetat [Emim] [Ac] die besten Ergebnisse beim Lésen von
Chitosan. Ein empirischer Ansatz wurde erfolgreich angewandt, um eine geeignete
Tensidmischung fir die Emulgierung von [Emim] [Ac] / Chitosan-Lésungen in Cyclohexan
zu finden. Mit dieser Formulierung war es moglich, Glutaraldehyd-vernetzte

Chitosannanopartikel herzustellen.



2 Introduction

2. Introduction

Providing clean water will be one of the major challenges of the next decades to come
(Jury and Vaux 2005). Hence, improved techniques and materials for the removal of
pollutants as well as the monitoring of the water quality are of great interest. Next to
oxidation processes, the process of adsorption is an important tool for water remediation
(Westerhoff, Yoon, et al. 2005). The controlled removal of pollutants from aqueous media
via adsorption is a critical step. Common pollutants in drinking water (surface and
groundwater) are active pharmaceutical ingredients (APIs). Next to several other drugs
like hormones and antibiotics, two of these APIs - namely diclofenac (DCL) and

carbamazepine (CBZ) - are the most frequently detected ones (Zhang, Geissen, et al. 2008).

The adsorption of small organic molecules form aqueous media via adsorption is a critical
step not only for water remediation but also for the sensing i.e. detection of substances in
aqueous media. Next to the detection of small molecules in drinking water and/or
wastewater samples, such a sensing technique is also of great interest for biotechnological
applications. The vast majority of the biotechnological production processes are run in
aqueous media. For process control (conversion, byproducts, stability), an adsorption-

based in-line sensing would be a valuable tool.

As adsorption is a process that occurs at the interface between the adsorbent and its
surrounding media, the provided surface area is highly relevant. In comparison to other
material classes, nanomaterials and especially nanoparticles possess properties, which
are favorable for adsorption applications (Santhosh, Velmurugan, et al. 2016). Besides
their defined architecture, particularly the high surface to volume ratio, i.e. the high

specific surface area, is beneficial (Hristovski, Baumgardner, et al. 2007).

Among these nanomaterials, polymer nanoparticles are of great interest for adsorption
applications. Due to the broad variety of existing polymeric materials, the particle
properties can be controlled by choosing a certain polymer or polymer compositions. For
the remediation of water, a raw material from a renewable, biobased source is desirable.
Chitosan, a derivative of the second most abundant polysaccharide chitin shows promising
adsorption capabilities for a variety of substances. Chitin is mainly found in crustacean
shells such as shrimp, crab, lobster, which are available as waste from the seafood
processing industry (Kurita 2006). For the selective adsorption of small molecules, which

is needed for an application in a sensing platform, the polymerization of synthetic
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monomers via a molecular imprinting technique is a promising approach. During
polymerization, the target molecule gets “imprinted” in the polymer matrix, leading to an
increased affinity of the polymeric material towards the imprinted molecule in an

adsorption process.

For the preparation of biobased (chitosan) nanoparticles as well as for the synthesis of
molecularly imprinted nanoparticles a suitable preparation technique needs to be applied.
Nanoparticle preparation based on miniemulsions is the best choice. In comparison to
other emulsion-based systems, this technique allows the use of polymeric substances such
as chitosan, as no considerable diffusion is required. Additionally, in miniemulsion the
droplets keep their droplet identity during the process, which is preferred for molecularly

imprinting.
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3. Structure of Thesis: Working Hypotheses

In this thesis, three main topics were investigated. All three topics are based on the use

of inverse miniemulsion technique for the preparation of polymer nanoparticles (Fig. 1).
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Fig. 1 Structure of this thesis and schematic representation of the three main topics a) “Biobased Chitosan
Nanoparticles”, b) “Synthetic Nanoparticles” and c) “Chitosan Nanoparticles - Synthesis with Ionic Liquids” which
were investigated. All three topics are based on the use of inverse miniemulsion technique for nanoparticle
preparation.
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The preparation of biobased chitosan nanoparticles for water remediation (Hypothesis I),
the preparation of molecularly imprinted synthetic nanoparticles for the application as
sensitive layer in a sensor application (Hypothesis II) and the preparation of novel ionic-
liquid (IL) based IL-in-oil (inverse) miniemulsion for the preparation of chitosan

nanoparticles (Hypothesis III).

For each topic hypotheses were developed. Each hypothesis was clustered in sub hypo-
theses. The scopes of these hypotheses are introduced and discussed on the following
pages.

The results on which the discussion of the hypotheses is based are presented in chapter 5,
6, 7, and 8 followed by the discussion of the hypotheses in chapter 9. The conclusions and

an outlook is given in chapter 10.

First hypothesis block - Chapter 5 & 6

The first hypothesis block Fig. 1 (a) consist of hypothesis LI, LIl and LIII, which
addresses the development of different synthesis strategies for chitosan nanoparticles
(Chi-NPs) and their use as adsorbent for pharmaceuticals. Subsequently, the Chi-NPs were
incorporated into flat sheet polymer membranes in order to prepare mixed-matrix
membrane absorbers for the adsorption of pharmaceutical compounds from aqueous
media. The results of the experiments for the discussion of hypothesis L.I can be found in
chapter 5 “Preparation of Chitosan Nanoparticles via Emulsion Crosslinking”. The
experimental results for the discussion of hypothesis LII and LIII are presented in
chapter 6 “Chitosan Nanoparticles as Adsorber in Mixed-Matrix Membranes”. The
discussion of the hypotheses can be found in chapter 9.1. The hypothesis for this part reads

as follows:

Hypothesis LI: Chapter 5
It is possible to prepare crosslinked chitosan nanoparticles (Chi-NPs) reproducibly via
inverse miniemulsion crosslinking technique using highly deacetylated chitosans with
different molecular weight.
- The molecular weight (MW) has an impact on particle size.
- Compared to pristine chitosan, the crosslinked Chi-NPs show a superior adsorption

behavior for a relevant active pharmaceutical ingredient (API).
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Hypothesis LII: Chapter 6

It is possible to transfer an emulsion formulation, which was optimized for a discontinuous
ultrasonication emulsification to a continuous high-pressure homogenization (HPH)-based

process.

- Similar to the ultrasonication emulsification it is possible to process chitosan of different

MW via high-pressure homogenization to reproducibly prepare Chi-NPs.

Hypothesis LIII: Chapter 6

It is possible to disperse the Chi-NPs from 1.2 in a membrane polymer solution in order to

prepare Chi-NP loaded mixed-matrix membranes.

- The Chi-NP mixed-matrix membranes can be applied for the adsorption of

pharmaceutical compounds in aqueous media.

Second hypothesis block - Chapter 7
The second hypothesis block Fig. 1 (b) consist out of hypothesis II.I and ILII, which

addresses the development of synthesis strategies for synthetic polymer nanoparticles
which are potentially usable for molecular imprinting of penicillin G. Subsequently, these
particles were chemically functionalized in order to immobilize them on a sensor
transducer surface for the preparation of an optical penicillin G sensor. The sensor
technology and the measurements were conducted in cooperation with the University of
Tubingen. The results of the experiments for the discussion of hypothesis II.I and ILII can
be found in chapter 7 “Synthetic Nanoparticles for Sensing”. The discussion of the

hypotheses can be found in chapter 9.2. The hypothesis for this part reads as follows:

Hypothesis ILI:

By using appropriate functional monomers, it is possible to prepare imprinted polymer
nanoparticles via miniemulsion polymerization, which exhibit a selective adsorption

behavior towards penicillin G.
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Hypothesis ILII:

Through suitable functionalization of the nanoparticles they can be covalently immobilized

on the sensor surface.

- This covalently immobilized sensitive layer is impervious against overflow in the
measuring chamber and despite the functionalization still bears its ability to selectively
bind penicillin G in aqueous solution.

- The covalent immobilization benefits the sensors lifespan.

The third hypothesis - Chapter 8

The third hypothesis Fig. 1 (c) addresses the development of synthesis strategies for
the preparation of chitosan nanoparticles in novel ionic liquid emulsions. The goal was to
prepare both, ionic liquid in oil and ionic liquid in water miniemulsions. In order to emulsify
chitosan dissolved in ionic liquids, appropriate ionic liquids had to be identified first.
Subsequently, surfactants (mixtures) had to be identified to enable the production of
stable miniemulsions. The results of these experiments for the discussion of hypothesis III
can be found in chapter 8 “Novel lonic Liquid-based miniemulsion”. The discussion of the

hypotheses can be found in chapter 9.3. The hypothesis for this part reads as follows:

Hypothesis III:

Chitosan dissolved in an ionic liquid (IL) can act as disperse phase in a miniemulsion

formulation in order to prepare crosslinked Chi-NPs.

- Itis possible to dissolve chitosan in an oil miscible (water immiscible) ionic liquid. This
solution can be emulsified in water resulting in an IL-in-water emulsion.

- It is possible to dissolve chitosan in a water miscible (oil immiscible) ionic liquid. This

solution can be emulsified in oil resulting in an IL-in-oil emulsion.
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4. Theoretical Background

The focus of this work was the preparation of nanoparticles via miniemulsion-based
synthesis techniques. Hence, the theoretical background relevant for this work with an
emphasis on emulsion formulation and colloid chemistry is presented in the following sub

chapters.

In the first part of this chapter the basic principles of emulsions and emulsion stability
(surfactants, EDL, DLVO theory, droplet loss mechanisms) are presented. In the second
part of the chapter, different emulsion-based particle synthesis strategies with an
emphasis on the (inverse) miniemulsion are explained. Further, the properties of chitosan,
the basic principles of molecular imprinting and the fundamentals of adsorption processes

are discussed.

4.1. Emulsions

In this chapter, the basic principles of emulsions, their stabilization, formation and
different emulsion types are reviewed. Considering the core of this work, the explanations
in this chapter are focused on inverse emulsions and inverse emulsion polymerization

techniques.

4.1.1. Definition and Denotations

An emulsion is a fine dispersed mixture of one or more liquids in another immiscible

liquid. The definition in the Compendium of Chemical Terminology (IUPAC) is as follows:

“A fluid colloidal system in which liquid droplets and/or liquid crystals are dispersed in a
liquid. The droplets often exceed the usual limits for colloids in size. An emulsion is denoted
by the symbol O/W if the continuous phase is an aqueous solution and by W/O if the
continuous phase is an organic liquid (an 'oil’). More complicated emulsions such as 0/W/0
(i.e. oil droplets contained within aqueous droplets dispersed in a continuous oil phase) are

also possible.[...]”(Quotation: Sawai & Orgel, 2009)
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0/W (Oil-in-Water) emulsions are also denoted as direct emulsions, while W/0O
(water in oil) emulsions are called inverse emulsions. In the case of an O/W emulsion, the
oil is dispersed (oil droplets) in an aqueous continuum. Hence, the oil acts as disperse phase
whereas the water phase acts as continuous phase. Consequently, for a W/0 (inverse)
emulsion these terms are used conversely i.e. the water is the disperse phase while the oil

is the continuous phase.

The general accepted definition of nanomaterials is a material which has one or more
dimensions <100 nm. Several of these definitions, from the European Union, US-

government initiatives, and many more were summarized by Kreyling et al. (2010).

The definition of nanoparticles on the other hand is still a matter of debate. The current
edition of the IUPAC Compendium of Chemical Terminology, the so-called “Gold Book”,
contains no definition of nanoparticles as of yet (Sawai and Orgel 2009). However, there
is an [UPAC recommendation from 2012, which states that nanoparticles are “particles in
any shape with a dimension in the range of 1 nm to 100 nm”. Additionally, the definition
allows to extend the use of the prefix “nano” for particles up to 500 nm, if their properties,
for example dispersion stability, are attributed to their size in the nanometer range (Vert,
Doi, et al. 2012). Further, a nanosphere is also a nanoparticle, but its shape is defined as

spherical, meaning the term nanosphere is included in the term nanoparticle.

To be precise in accordance to the IUPAC-definitions, all nanomaterials prepared in this
work are nanospheres. However, the use of the term nanoparticle for spherical nano-
particles is generally accepted in the colloid community. Hence, throughout this work the

term nanoparticle instead of nanosphere is used.

4.1.2. Emulsifiers

When two immiscible liquids (oil and water) are mixed by means of stirring, agitation
or high shear forces a dispersion of droplets i.e., an emulsion will form. Such a colloidal
suspension is highly unstable and will rapidly demix mostly in the order of seconds to
minutes, resulting in the pristine macroscopic oil- and water-phase (Fig. 2 A). In order to
create stable emulsions, it is necessary to suppress the demixing of the disperse phase
(droplets). This is usually done by the addition of an emulsifier (Fig. 2 B). There are
different types of emulsifiers but the most important and widely used class is surface active

compounds (i.e. surfactants).
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A

No surfactant

—_

B

With surfactant
N

S

Fig. 2 Schematic representation of demixing (A) and stabilization (B) process with and without surfactant in an
oil in water (O/W) emulsion.

A main characteristic of surfactants is their amphiphilic behavior meaning they have a
polar and nonpolar part. Surfactants have a water-soluble (hydrophilic) “head group” and

a water insoluble i.e. oil soluble (hydrophobic) “tail” (Fig. 3).

= Hydrophilic head group

¢

L )
L Hydrophobic tail

Fig. 3 Schematical representation of a surfactant.

Although all surfactants are amphiphilic, it should be noted that this does not apply vice
versa. For example, ethanol is by definition amphiphilic, but it is not considered to be a
surfactant (Davis 1994). A surfactant has to be surface active, i.e. it has to be able to form

a layer of surfactant molecules along the interface between the dispersed and the
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continuous phase. The accumulation of surfactants at that interface leads to a decrease in

surface tension, which ultimately leads to the stabilization of the droplets.

Surfactants are subdivided in two main classes regarding their chemical composition:
nonionic surfactants (also sometimes referred to as polymeric surfactants) and ionic
surfactants. The group of ionic surfactants can be further clustered into anionic and
cationic. Special subtypes, for example gemini surfactants or zwitterionic surfactants will
not be discussed in this work. Table 1 shows several examples of above-mentioned
surfactants. Structure, type name and HLB-value (hydrophilic lipophilic balance) are

shown.

Besides the decrease in surface tension, secondary stabilizing mechanisms can take effect.
The manner of these effects depends on the type of surfactant (Holmberg, Jonsson, et al.

2002).

Ionic surfactants (in particular anionic ones) lead to electrostatic stabilization of the
emulsion droplets. When the surfaces of charged droplets come in close proximity to each

other, the diffuse double layers start to overlap resulting in repulsive interaction.

In contrast to electrostatic stabilization, nonionic (polymeric) surfactants can promote a
steric stabilization. The long polymer chains located at the droplet interface prevent

droplets from coming in too close proximity.

SDS and CTAB are members of the class of anionic and cationic surfactants respectively.
Due to their charged headgroups, anionic surfactants are susceptible to the presence of
electrolytes and/or change in pH in the emulsion system. Both factors decrease the
effectiveness of ionic surfactants and can ultimately lead to a destabilization of an
emulsion. By comparison, nonionic surfactants are considerably less vulnerable to the
factors mentioned above. The stabilization and destabilization mechanisms of emulsions
will be discussed in more detail in the next chapter 4.1.3 Colloidal Stability: EDL and
(X)DLVO. Lutensol is an example of the class of widely used fatty alcohol ethoxylates.
PIBSA is an example for polyisobutylene-based surfactants, which are used as lubricants

in engine oils or as additives in the preparation of explosives (Gieseking, Jack, et al. 2012).
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Table 1 Structure, type, name and HLB-value of different anionic, cationic and nonionic surfactants.

Structure Type/Name HLB
0 - -
.0 Anionic surfactant 40
P e e o +
0 o) Na Sodium dodecyl sulfate (Y. Kong et al.
2015)
M = 288.4 g mol-! (SDS)
/\/\/\/\/\/\/\/\N/?H s Cationic surfactant 10

Br . :
HsC' CHs Cetyltrlrr;;tcl)lrilllizzr:momum (Doolaanea et al.
2015)
M = 364.5 g mol-! (CTAB)
H ][O ~_0 Nonionic surfactant 18
~50  14-16 Fatty alcohol ethoxylate (Ash and Ash
(Lutensol® AT 50) 2004)
M = 2500 g mol-!
0 i
0 Nonionic surfactant
0 xz4-5
polyisobutylene succinic
anhydride (PIBSA) (Mamedov 2015;
~18 SEPPIC 2016)
(Addconate H®)
M =~ 1000 g mol-1
0]
OW
6 6 Nonionic surfactant 4.3
0
OH Sorbitan monooleate (Debnath et al.
H H (Span 809) 2015)
M =428.6g mol-!
o
Nonionic surfactant
15

Ao,
0] 0 OH
o w+x+y+z=20
HO+/\ i /\iOH

M =1227.5 g mol-!

Polyoxyethylene (20) sorbitan
monooleate

al. 2015)
(Tween 80%®)

(Debnath, Saha, et
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Tween 80 and Span 80 are both sorbitan based surfactants. While both are esters of
sorbitan and oleic acid, Tween 80 additionally is polyethoxylated. The introduction of
polyethoxylate groups increases the water solubility and as a result, Tween 80 is a good
surfactant for O/W emulsion. In contrast, the more hydrophobic Span 80 is predestined
for W/0 systems.

A general rule describing which surfactant is suitable for which type of emulsion (W/O or
0/W) is straight forward. The so called “Bancroft’s rule” states, that “a surfactant which
preferentially partitions into water, favors the formation of oil-in-water (0/W) emulsions,
and that a surfactant, which preferentially partitions into oil favors the formation of water
in oil (W/0) emulsions” (Quotation: Davis, 1994).

An important question in emulsion techniques is “which surfactant to use for which

emulsion?”

To further subdivide surfactants in regard of their application, a more complex concept,
the hydrophilic-lipophilic-balance (HLB) can be applied (Myers 2005). The HLB system

allows calculating the HLB value of a nonionic surfactant via the following formula:
HLE = 20 « o
= X —
M

Mh = molecular weight of surfactants’ hydrophilic part

M = molecular weight of the whole surfactant

The resulting HLB values can theoretically range between 0 and 20. However, a molecule
with a HLB of 0 (or 20) would only consist of hydrophobic (or hydrophilic) groups and
would therefore possess no amphiphilic character i.e. would not be a surfactant. HLB
values of amphiphilic substances usually are in the range between 1 and 19 while 4 is a
very hydrophobic and 18 a very hydrophilic surfactant. Table 2 shows the application of

surface-active substances depending on their HLB value.

It should be pointed out that nonionic surfactants can cover the whole HLB range.
Especially due to adjustable degrees of ethoxylation (hydrophilic groups), it is possible to
produce different surfactants. A W/O emulsion can be stabilized by using low HLB
nonionic surfactants like Span 80 or Addconate H. A styrene-in-water (0/W) emulsion can

be stabilized using a high HLB nonionic surfactant, for example Lutensol AT 50.
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Table 2 The range of HLB values and the use/application of the corresponding surface-active substances.

HLB Range Use
1-3 Anti-foaming agents
4-6 W/0 emulsifiers
7-9 Wetting agents
8-18 0/W emulsifiers
13-15 Detergents
10-18 Solubilizers

The HLB system is of empirical nature and does not allow for a sounder theoretical
characterization of surfactants (Myers 2005). Nevertheless, it is a very useful guideline,
when choosing surfactants and is therefore widely used in all fields working with
emulsions. The HLB concept was introduced by Griffin in 1949 (Davis 1994). In 1957,
Davies introduced a modified version of the HLB concept, which worked via assigning
number values for each chemical group. This method better accounts for hydrophilic

groups.

One drawback of the HLB concept is its unsuitability for the calculation of reliable HLB
values for ethoxylated hydrocarbons, as they can undergo phase inversion at a certain
temperature. This phase inversion temperature (PIT) depends on the lower critical
solution temperature (LCST) of the surfactant. An “LCST” behavior is common, especially
amongst ethoxylated surfactants. As the PIT concept accounts for these special properties,
Shinoda and co-workers proposed that the HLB should be replaced by the PIT concept
especially for ethoxylated surfactants (Davis 1994).

There are other, less commonly used concepts, for example the “Hydrophilic-Lipophilic

Difference” (HLD), which will not be further discussed in this work.

4.1.3. Colloidal Stability: EDL and (X)DLVO-Theory

Independent of which system or concept (HLB, PIB, HLD...) a surfactant was chosen,
the mechanisms of stability/instability in colloidal systems (i.e. emulsions) can be
described by the DLVO theory. It was named after Derjaguin, Landau, Verwey and
Overbeak and was developed in the first half of the 20th century (Matthews and Rhodes
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1970). In general, the DLVO theory describes the potential interaction energy between two
surfaces of colloids, such as emulsion droplets, nanoparticles and similar systems. For the
discussion of the DLVO theory, it is necessary to introduce various surface phenomena.
One of the main stabilizing forces, which prevent colloids from aggregating, is the electrical
double layer (EDL) (Fig. 4). The EDL plays a vital role in the DLVO theory as it represents

a major repulsive force, which prevents two colloids from aggregating.
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Fig. 4 Schematical representation of the electrical double layer (EDL). Own representation based on (M. A.
Alsharef, Taha, etal. 2017)

In Fig. 4, the different electric layers and the electric potential as a function of the distance

from the surface is shown on the example of a positively charged colloid.
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In the middle of the 19th century, Helmholtz was the first, who suggested the model of a
layer of oppositely charged ions on a charged surface. In the beginning of the 20t century,
Gouy and Chapman developed the “Gouy-Chapman model" which accounted for the ion
concentration and the decrease of electric potential as a function of distance from the
surface in form of a diffuse layer. Otto Stern combined both, the Helmholtz and Gouy-
Chapman model in 1924. The EDL can be divided into two main layers. The first layer, the
so-called “Stern layer” describes the adhered ions on the surface and can be further
subdivided into an inner and outer Helmholtz plane (not shown in the representation).
The electrical potential decreases in a linear manner while moving outwards through this

layer (Hiemenz 1977; Israelachvili 2011).

The second layer, the diffuse part of the EDL (Gouy-Chapman layer) begins at the end of
the Stern plane (i.e. outer Helmholtz plane). The length of this layer is called Debey length.
This length indicates the distance into the solution up to which the ions feel the effect of
the surface. Further out the ions are in the bulk liquid and are not affected by the EDL. The
Debye length is highly influenced by the concentration of ions in the solution (Oldham
2008). Due to the shielding of charge at the solid solution interface, the extent of the double
layer decreases with increase in ion concentration. lons of higher valence are more

effective in screening the charge.

The shear plane (or slipping plane) is located inside the double layer, somewhat farther
out than the Stern layer. The shear plane is the distance at which relative motion sets in
between the immobilized layer (Stern layer) and the diffuse layer, when liquid moves past
the colloids surface. The potential of this surface is known as zeta potential (). Based on
the zeta potential the type (positive, negative, neutral) and the magnitude of surface
charge can be determined. Usually experimental techniques such as electrophoresis or
electroosmosis are applied in order to determine the zeta potential i.e. the charge of a

colloid.

The EDL represents one of the major repulsive forces in the DLVO theory. The DLVO theory
describes the potential interaction energy between two colloidal surfaces (Fig. 5.). In the
case of emulsion droplets, the surface characteristics are mainly governed by the
surfactant type and surfactant composition. The DLVO theory sums the repulsive (Vr) and
attractive (Va) forces and combining them to the superposition net potential energy (Vr)
as in Vr = Va + V1 (Polte 2015). The course of this graph allows discussing the forces which

are involved in stabilizing and destabilizing a colloidal system.

21



4 Theoretical Background

These forces are shown in detail in Fig. 5. The main attractive force Vaw) in the DLVO
theory are the Van der Waals forces. The main repulsive force VrepL) originates from the

electrical double layer. The weaker repulsive Born-forces Vrs) become important in close
proximity to the surface.
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Fig. 5 Schematical representation of DLVO and XDLVO.

Building the sum of attractive and repulsive forces results in a superposition called the net
potential energy Vr. In the case of Vr >> Va the colloidal system is indefinitely stable in

terms of agglomeration (not accounting for other destabilization mechanism like Ostwald
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ripening in the case of emulsions). In the opposite case (Vr <<Va) the colloids will
agglomerate instantly. If Va = Vr (as indicated by the black, dashed line in the graph) a
primary minimum and secondary minimum as well as a repulsive barrier is present
(Matthews and Rhodes 1970). The attractive van der Waals forces are largely insensitive
to variations in electrolyte concentration and pH. Hence, the height of the repulsive barrier
and the position of the secondary minimum mainly depend on the electrolyte
concentration, as electrolytes greatly affect the characteristics of the electrical double
layer. In general, for highly charged colloids, a low electrolyte concentration results in a

high repulsive barrier and an increased Debye length (Israelachvili 2011).

In a more concentrated electrolyte solution, the range of the electrical double layer
decreases (due to shielding) and a significant secondary minimum will be formed in closer
proximity to the repulsive barrier. The primary minimum exists at close proximity to the

surface and is caused by the Born forces, which are increasingly strong at close range.

In order for the colloids to reach the primary minimum, the repulsive barrier must be
surmounted. If the height of the barrier greatly exceeds the thermal energy of the colloids,
they will not overcome the barrier. A value of about 50 mV (zeta potential) is considered
sufficient to prevent colloids from reaching the primary minimum. If the secondary
minimum isn’t deep, it has no effect on the colloids and they will simply remain totally
dispersed. In this case, the colloids are kinetically stable as opposed to being
thermodynamically stable. In the case of thermodynamic stability, agglomerates would
lead to an increase in free energy and, therefore, are thermodynamically unfavorable.
However, if the secondary minimum is distinct enough, colloids will form loose aggregates,
which are reversible and can readily be broken by agitation or dilution (means: “moving”

the colloids out of the minimum).

Lastly, if the repulsive barrier is lowered sufficiently due to increased electrolyte
concentration (or it is not existing at all), the colloids will come into close proximity

(primary minimum), ultimately resulting in irreversible agglomeration.

The DLVO-theory mainly describes colloid stability induced by the electrical double layer.
This is the case for particles with a charged surface, or in the case of emulsions, droplets
covered by ionic surfactants. Particles with a low charge i.e. no significant zeta potential
can be stabilized with the help of nonionic (polymeric) surfactants. For emulsions this
means that they can be stabilized without the use of a charged surfactant. As the DLVO-
theory does not account for these effects, the extended DLVO-theory (XDLVO) was

developed. When using nonionic surfactants, colloidal stabilization is mainly induced by
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steric stabilization also called steric repulsion. In order to promote steric repulsion, the
polymer or nonionic surfactant needs to be adsorbed onto the colloid’s surface/interface.
In addition to steric repulsion forces the XDLVO-theory is able to account for short range
forces, such as osmotic-, bridging- and elastic-forces (Hotze, Phenrat, et al. 2010) which
will  not be discussed further in this work. The superposition
(Vrs) = Vav) + Vres, EpL) + VRr(s)), shown as a function of separation distance between the
colloids, is shown in Fig. 5 (blue dotted line). Similar to the classic DLVO this function may
also exhibit a secondary minimum, which can lead to reversible aggregation. However,
there is no primary minimum in the case of steric repulsion. As the inter-colloid distance
becomes smaller, an increase in entropy, thus an increase of Gibbs free energy will occur,
which is thermodynamically unfavorable. As a consequence, colloids coated with
polymers (nonionic surfactants) are considerably less prone to irreversible aggregation.
This is of practical relevance when it comes to breaking colloidal systems. Unlike for
electrostatic forces, the steric repulsion forces can usually not be weekend by change in

electrolyte concentration or pH.

4.1.4. Means of Emulsification: Rotor-Stator, Probe Sonication and High-

Pressure Homogenization (HPH)

The three most common high shear devices - also the ones used in this work - rotor-stator,
probe sonication and high-pressure homogenization are shown in Fig. 6. In this figure,
emulsification on the examples of direct emulsions (oil in water) is shown. However,

emulsification works similar for inverse (water in oil) emulsions.

The rotor-stator homogenizer breaks droplets mainly due to inertia forces and via
shearing by turbulent flow (Fig. 6 A). The rotor, which is build inside in close proximity to
the stator, turns at a speed ranging from 10 to 50 m s-1. The shear intensity can be
controlled by varying the speed, the rotor stator geometry and its shear gap. Typical
dimensions of the shear gap are 0.1 - 3 mm (Schuchmann and Schuchmann 2005). They
can be used in dis-continuous or quasi-continuous mode up to flow rates of about
3500 L min-1, which is relevant, if an industrial application is desired (Paul, Atiemo-obeng,
et al. 2003). In contrast to the other techniques, rotor-stator systems are suitable

especially for the production of emulsions with higher viscosities (20 - 5000 mPa s). The
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drawback of this technique is, that it has the lowest energy input of all three techniques,

only resulting in a mean droplet diameter of about 2 pm (Schultz, Wagner, et al. 2004).

Fig. 6 B schematically shows the representation of emulsification via probe sonication. In
this process, emulsification is mainly the result of cavitation, which is induced by the
ultrasound waves passing through the liquid. The piezoelectric transducer converts high
voltage electrical energy into mechanical vibration. As a result, the tip of the probe/horn
expands and contracts longitudinally. If this movement is above a frequency of 20 kHz, it
results in the creation of ultrasound waves (T. Y. Wu, Guo, et al. 2013). As the range of
these waves is short, the choice of a sufficient probe and the depth of probe immersion are
critical. Additionally, the choice of a suitable vessel is important. Further, external stirring
or pumping of the mixture during sonication may be necessary, especially when
emulsifying larger volumes. The compression and expansion of the molecular distance in
the liquid medium, resulting from the ultrasonic waves, creates small cavities
(e.g. vacuum bubbles or cavitation bubbles). Under constant sonication, these bubbles will
eventually reach a critical size, at which they violently collapse (Santos, Lodeiro, et al.
2008). The process of bubble formation, bubble growth and eventually its collapse
(implosion) happens in the range of hundreds of microseconds. This implosion causes a
variety of extreme local effects in from of a pressure of ~1000 bar, a rise in temperature
of ~5000 K and liquid microjets with a velocity of ~250 m s-1 (Bang and Suslick 2010).
These microjets produce asymmetrical shockwaves, which lead to droplet breaking (T. Y.
Wu, Guo, et al. 2013). This cavitation process can lead to formation of small droplet sizes
below 0.4 pm (Schultz, Wagner, et al. 2004). Interestingly, these extreme conditions
created during acoustic cavitation can result in light emission (Bang and Suslick 2010).
Compared to the rotor-stator system, probe sonication has a sufficient power input.
However, the drawback of sonication is its difficult scalability. Therefore, it is mostly used
in laboratories for the preparation of small emulsion batches, usually in the range of

hundreds of milliliters.
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Fig. 6 The three homogenization devices used in this work. (A) rotor-stator, (B) probe sonication and (C) high-
pressure homogenizer (HPH). Schematical representation of the preparation of oil-in-water emulsions.
Schematic representation of the high-pressure homogenizer (C) is an own representation based on
https://commons.wikimedia.org/wiki/File:Homogenizing_valve.svg (accessed in September 2020)

The third homogenization device used in this work is the high-pressure homogenizer
(HPH) as shown in Fig. 6 C. Next to forces of inertia and turbulent shearing, cavitation also
contributes to droplet disruption. The mixture is pumped through the passage head under
high pressure (up to 2500 bar). As the cross-section of the valve decreases, the stream is
elongated and accelerated, which results in shear stress. Inside the valve the stream is
deflected by 90° and directed towards the impact ring, where it hits the impact ring. This
leads to further droplet breakup due to turbulent disturbance (Kulisiewicz, Wierschem, et
al. 2012). There are several different valve/nozzle geometries, which lead to different
predominant droplet breakup mechanisms like cavitation (Kulisiewicz, Wierschem, et al.
2012). In general HDH is better suited for lower viscosity mixtures ranging from
1-200 mPa s (Schultz, Wagner, et al. 2004). The advantage of HPH systems is their high
power input, resulting in droplet sizes below 0.5 pum and their continuous mode of
operation. This allows for the processing of up to several hundred or thousand liters at a
time. For satisfactory emulsification results, usually more than one homogenization cycle
needs to be run. This is considered a drawback of this technique, especially when trying to
emulsify reactive mixtures, for example in miniemulsion polymerization. In these monomer

mixtures, polymerization can be induced by HPH prior to the existence of a stable
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miniemulsion. Worst case scenario would be the polymerization of non-emulsified bulk

monomer phases inside the HDH device.

4.1.5. Emulsion Stability: Droplet Loss Mechanism

The stability of an emulsion depends on the ability of the surfactant (surfactant
composition) to suppress destabilization mechanisms, as described above. This happens
primarily by electrostatic, steric or a combination of both interactions (Myers 2005) (see
chapter 4.1.3). If a surfactant fails to provide the necessary stabilization, the emulsion will
break due to agglomeration, followed by coalescence and eventually complete
macrophase separation. Even if an appropriate surfactant is used, the resulting emulsion
is not stable indefinitely — but instead of breaking in the course of seconds or minutes to
hours, such an emulsion can be stable for month to years. An exception to this statement
would be a thermodynamically stable microemulsion, which indeed is considered to be

stable indefinitely.

Generally, there are four processes which are responsible for the breaking of an emulsion.
These are Flocculation (Brownian- and sedimentation flocculation), creaming,
coalescence and Ostwald ripening (disproportionation). The latter one is of special
significance to miniemulsion. A schematical overview of these processes is shown in

Fig. 7 on the example of an oil in water emulsion.

All four processes may occur in any order and simultaneously (Becher 1957, 1983).
Creaming is the general process of emulsion separation, but not emulsion breaking - it is
considered to be the precursor event to coalescence. As a result of the creaming processes,
basically two emulsions are formed. One emulsion (the cream) with a higher disperse
phase content and an emulsion with reduced disperse phase content. One of the main
driving forces is the difference in density between disperse and continuous phase. It can
be inhibited by a small droplet radius, a highly viscous continuous phase and a low
difference in density between disperse and continuous phase. The term creaming (rising
of droplets to the surface) is used when the density of the disperse phase is lower
compared to the continuous phase. Typical examples are most oil in water emulsions. In
the opposite case (water in oil) emulsions, the water usually is more dense than the oil,

hence the droplets will settle. The process therefore is referred to as settling.
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Coalescence is the process of droplet fusion into one large droplet and therefore results in
irreversible breaking of the emulsion. This usually happens in the creamed part of the

emulsion, where the emulsion droplets are already in close proximity.

Air
Coalescence Coalescence ‘CM
Water

fCreaming (fast) f '

Creaming
(fast)
Aggregation
entation flocculation)
I Ostwalt ripening
~ Original emulsion ,
single droplets sediment slow T ——

Fig. 7. Schematical representation of the four main droplet loss mechanisms on the example of an oil in water
emulsion.

An illustrative example of creaming (and the assumed origin of the term) is the separation

of milk into cream and skimmed milk (Particle Sciences 2011).

Flocculation describes the process of single droplets aggregating - while retaining their
droplet form - resulting in three-dimensional droplet clusters. Flocculation is the result of
insufficient (electrostatic and/or steric) stabilization resulting in attraction between
droplets as described above by the DLVO theory. This process can be subdivided into
sedimentation flocculation and Brownian flocculation (Reddy and Fogler 1981). In
sedimentation flocculation the path of droplet movement is assumed to be in a strictly
vertical linear manner. Larger droplets move, i.e. cream faster than smaller droplets. Due
to their accelerated ascent (or descent - depending on density) they have an increased
chance of colliding and thus trap smaller droplets resulting in small aggregates, which in
turn, further increases their velocity. As the name indicates, Brownian flocculation
induced by random Brownian (thermal) motion resulting in the aggregation of droplets.
In contrast to sedimentation flocculation, this process can happen in any spatial direction.
Usually, both flocculation processes occur simultaneously. Nevertheless, for smaller
droplets (> 1 um) Brownian flocculation, for lager droplets (<2 pum) sedimentation

flocculation is more significant.

28



4 Theoretical Background

The fourth mechanism involved in emulsification degradation is Ostwald-ripening
(disproportionation). Ostwald ripening describes the diffusion of disperse phase mol-
ecules (monomer) from smaller to larger droplets through the continuous phase. As this
mechanism is of special interest when working with miniemulsions, it will be discussed in

more detail in the chapter 4.1.6.

4.1.6. Different Types of Emulsion-based Polymerization Techniques:

Suspension-, Macro-, Micro- and Miniemulsion Polymerization

Emulsions have been used for decades in a number of different industries. Examples
for the use of emulsions are found in the food industry as mayonnaise or salad dressings,
the pharmaceutical field to administer water insoluble anesthetics, in cosmetic
applications and in agriculture or automotive sector (Debnath, Saha, et al. 2015; Chappat
1994). Another important use of emulsions and the focus of this work, is the preparation
of polymer nanoparticles and the polymerization of monomers in emulsions. Hence,
different emulsion types, with an emphasis on miniemulsion, will be discussed in the light

of their use as polymerization technique and as particle preparation tool.

The term emulsion (as used in different polymerization techniques), can be further
subdivided in the following polymerization techniques: suspension polymerization,
(macro)emulsion polymerization, miniemulsion polymerization (also called nanoemulsion

polymerization) and microemulsion polymerization (Slomkowski, Aleman, et al. 2011).

While the term suspension polymerization describes the emulsion with the largest
resulting particle sizes (50 - 2000 pum), it is more difficult to link the particle size to the
term in the case of mini- (i.e. nano-) and microemulsion polymerization. In contrast to their
names, the miniemulsion (nanoemulsion) polymerization exhibits droplets i.e. particles in
the range of 50-500 nm, while the microemulsion actually produces the smallest droplet
sizes ranging from 10-100 nm (Fonseca, McKenna, et al. 2010; Lovell and Wiley 1997;
Asua 2007). As the term nanoemulsion can be misleading, instead the term miniemulsion
is used throughout this work. The herein called (macro)emulsion polymerization (also
denoted just as emulsion polymerization) covers a broader range in terms of droplet i.e.
particle size. Depending on the recipe and polymerization conditions, the size can vary
between 20 nm and several microns but more commonly 50 to 1000 nm (Vanderhoff, El-
Aasser, et al. 1984; Asua 2007; Schork, Luo, et al. 2005). There are more subtypes of

emulsion polymerizations for example microsuspension polymerization or seeded emulsion
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polymerization - these will not be discussed in this work. Further, all poly-merization

techniques discussed in this chapter relate to free-radical polymerization techniques.

Due to historical reasons, these denotations follow a logic, which is hardly
recognizable at best. Nonetheless, a distinct terminology for these polymerization

techniques is indispensable, as the content of this chapter will show.

Next to droplet size, the four types of emulsions-based polymerization techniques
mentioned above, show inherent differences in their composition, preparation technique,

stability, thermodynamics, polymerization kinetics and applications.

In order to demonstrate the special properties of the miniemulsion polymerization
technique - the focus of this work - it is compared with other emulsion types (Fig. 8). This
allows to demonstrate the special characteristics of the miniemulsion polymerization
technique. As previously described, emulsion refers to an unpolymerized monomeric
emulsion. In addition, the term latex will be defined as a polymerized monomeric emulsion

(Schork, Luo, et al. 2005).

As pointed out above, these polymerization techniques differ in resulting particle sizes.
However, the range of sizes in which particles can be prepared via these different
polymerization techniques is broad. Indeed, these techniques are not defined by droplet

or particle size but rather by mode of operation.

In the suspension polymerization (Fig. 8 A) usually water insoluble monomer(s) are
dispersed in water via agitation i.e. stirring in the presence of an oil-soluble initiator. At
the start of the procedure an emulsion is formed, which eventually will result in a
suspension — hence the name suspension polymerization. To promote suspension stability,
small amounts of surfactant may be used (Schork, Luo, et al. 2005). In contrast to other
emulsion types, the surfactants used here are mainly inorganic, colloidal particles (also
called Pickering dispersants, for example tricalcium phosphate, barium sulfate, calcium

carbonate) or water-soluble polymers like poly(vinyl alcohol) and cellulose ethers.
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(A) Suspension polymerization

(B) Emulsion polymerization
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Fig. 8 Schematical representation of suspension-, emulsion-, microemulsion- and miniemulsion polymerization.
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The relevant parameters in the control of the suspension polymerization i.e. control of
resulting particle size are type and concentration of surfactant, physical properties
(densities, viscosities, interfacial tension) of the continuous and disperse phases and most
importantly the quality of agitation (reactor geometry, impeller type, stirring speed)(Asua
2007). As the formed suspension (emulsion) is unstable, continuous stirring is necessary
to keep the droplets in a suspended state i.e. keep them in the equilibrium between droplet
coalescence and droplet breakage. During the breakage and diffusion, monomer is
exchanged between droplets. The existence of this equilibrium is the reason why the
droplets do not retain their identity during the polymerization. Polymerization is initiated
inside the droplets (called droplet nucleation) by means of the oil-(disperse phase)-
soluble initiator. Eventually, when high conversions are reached the droplets/particles

will keep their identity.

In the case of (conventional) emulsion polymerization (Fig. 8 B) the mechanisms
involved are quite different. Initially, a coarse emulsion consisting of monomer, water,
water-soluble initiator and surfactant is prepared via agitation. The surfactant-types used
are mostly ionic or polymeric (see Table 1). Due to the large droplet sizes (1 - 10 pm) the
total surface area of the dispersion is small. This leads to a surfactant concentration, which
exceeds the critical micelle concentration (cmc) resulting in the formation of micelles in
the disperse phase. The prepared coarse emulsion is not stable. Similar to the suspension
polymerization, this emulsion needs to be stabilized by continuous stirring to counteract
the agglomeration/coalescence processes. If the stirring is insufficient (or completely
stopped) macrophase separation will occur rather quickly. In contrast to the suspension
polymerization, the loci (location) of polymerization is not in the larger monomer droplets
(droplet nucleation) but inside the micelles (micellar nucleation). This means that radicals
are trapped inside the micelles (interval I). The necessary monomer, originating from the
monomer droplets (hence also called monomer reservoirs), reaches the micelles via
diffusion through the continuous phase (interval I-II). As the polymerization reaction and
therefore the monomer-to-polymer conversion advances, the monomer reservoirs will
finally deplete (interval III). Due to this particle formation mechanism and the resulting
size increase of the micelles, the total surface area of the dispersion will increase. The
resulting nanoparticles are usually rather monodisperse. The described mechanism of
emulsion polymerization (diffusion through the continuous phase) does not enable the
preparation of particles with a fixed identity. For the emulsion polymerization the quality

of agitation - especially the stirring speed i.e. power input - is important. As described
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above, a low power input will result in phase separation. However, an excessive power
input leads to increased disruption of the monomer droplets, leading to an increased
number of droplets. In this case, the likelihood of droplet nucleation is strongly increased.
Such a polymerization would resemble a suspension polymerization and the product would
be rather heterogeneous in size and size distribution compared to the normal product of

an emulsion polymerization (Lechner, Gehrke, et al. 2014).

In microemulsion polymerization (Fig. 8 C), excessive amounts of surfactant have to be
used in order to form thermodynamically stable, isotropic mixtures. For their fabrication
almost no agitation or shear force is necessary. Usually, gentle shaking of the mixture is
sufficient for the formation of the microemulsion. Due to the large amounts of surfactant,
these emulsions possess special properties in terms of thermodynamics, which will not be
discussed in further detail. In fact, the amount of surfactant is so large, that all monomer
droplets (size 10 - 100 nm) are completely covered with surfactant and, in addition, a
larger number of empty micelles are formed. In this type of polymerization solely droplet
nucleation occurs. Nonetheless, the droplets do not hold their identity. As the interfacial
tension in such a system is close to zero, a bicontinuous network may be formed, resulting

in a constant exchange of monomer between the droplets.

The focus of this work is the miniemulsion polymerization technique (Fig. 8 D). In terms
of location of nucleation, there are similarities to the microemulsion - in both types mainly
droplet nucleation occurs. Due to the special thermodynamics, which apply for
microemulsions, the concept of miniemulsion polymerization actually shows many
similarities to conventional emulsion polymerization (Schork, Luo, et al. 2005). The recipe
i.e. the composition of the mixture used in emulsion polymerization may be identical to a
miniemulsion polymerization. Solely, the procedure (high shear or continuous stirring) for

preparing an emulsion, differs (Fontenot and Schork 1993).

In contrast to other types of emulsions, it is necessary to apply high shear forces for the
preparation of miniemulsions. The power input of conventional stirring or agitating is not
sufficient to produce droplets in the range of 50 - 500 nm. The three most common high
shear devices - also the ones used in this work - rotor-stator, probe sonication and high-
pressure homogenization are discussed in Chapter 4.1.4. Other techniques for example

membrane emulsification are not discussed in this work.

When the droplet size falls below the critical size of about 0.5 pm, they can be effectively
stabilized against coalescing with a surfactant (See chapter: 4.1.3 Colloidal Stability: EDL

and (X)DLVO-Theory). Contrary to other emulsion polymerization techniques, there is no
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continuous and precisely controlled agitation necessary to keep the emulsion stable, i.e.

prevent the droplets from coalescing.

The main degradation mechanism in miniemulsion is Ostwald ripening (schematically
shown in Fig. 7). It occurs when the monomer is even only slightly soluble in the
continuous phase. Most monomers are slightly soluble - as evidenced by the fact that
interval II takes place in emulsion polymerization (Fig. 8 B). If the miniemulsion is not
protected from Ostwald ripening, creaming will occur in the matter of seconds to minutes.
The main driving force is the difference in Laplace pressure in the droplets. As any ‘real’
emulsion is polydisperse, i.e. not all droplets are the same size, there is a difference in
Laplace pressure between these droplets. Smaller droplets possess a higher pressure
compared to larger ones. The rate of diffusion depends on the solubility of the disperse
phase molecules in the continuous phase. To suppress Ostwald ripening an osmotic agent
(also called costabilizer, or in earlier works called cosurfactant) is added to the disperse
phase. Osmotic agents usually are small molecules with a very poor continuous phase
solubility. Polymers mostly are insufficient to server as osmotic agents (Schork, Luo, et al.
2005). The presence of an osmotic agent in the disperse phase creates an osmotic pressure
in the droplets, which counteracts the Laplace pressure (Capek 2010; Schork, Luo, et al.
2005). This can improve emulsion stability on a timescale of months, which is more than
sufficient in miniemulsion polymerization, since the timescale for most polymerizations is
in the range of hours. Miniemulsion droplets, which are stabilized by the means of a
surfactant and a cosurfactant, barley succumb to any diffusion or destabilization
mechanisms. Thus, these nano reactors hold their identity. This easily allows for the
incorporation of severely hydrophobic components as well as solids into nanoparticles
(Landfester 2001). In terms of polydispersity, the nanoparticles produced via

miniemulsion polymerization can be equal to those prepared via emulsion polymerization.

Although it was shown that both, a disperse- and a continuous phase-soluble initiator
works in miniemulsion polymerization, the polymerization reaction takes place solely

inside the droplets (droplet nucleation) (Choi, El-Aasser, et al. 1985).

In this chapter, all polymerization tools were discussed in the light of their use for the
preparation of direct (0/W) emulsions. All techniques presented can also be used in
inverse (W/0) emulsions. Since the inverse miniemulsion technique is the focus of this

work, this technique will be explained in further detail in the next chapter.
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4.1.7. Particle Preparation via Miniemulsion Technique

In the following chapter, further insight on inverse miniemulsion technique is given.
Two main methods of particle preparation via inverse (water in oil) miniemulsion will be
discussed. The first is the inverse miniemulsion polymerization of (radical) polymerizable
monomers as a tool for nanoparticle synthesis (discussed in the precious chapter 4.1.6).
The second approach is the preparation of miniemulsion, which contain already existing
polymer inside the droplets. After emulsification, a crosslinker is added to produce
covalently crosslinked polymer nanoparticles. This technique is called miniemulsion

crosslinking (MiniEX).

Below, a schematical example for the preparation of an inverse miniemulsion containing

monomer and the subsequent polymerization is shown (Fig. 9.)

5. ; Oil-phase Surfactant Water-phase
B otic agent) " | (Continous phase) (Disperese phase)
3 )

Fig. 9 Schematical representation for the preparation of a miniemulsion containing monomer and the
subsequent process of conducting a miniemulsion polymerization.

In a first step the monomer and, if desired, a crosslinker are dissolved in water acting as
disperse phase (Fig. 9. A). Further, an osmotic agent, for example sodium chloride, needs
to be added (osmotic use and function of osmotic agents are discussed in chapter 4.1.5).
As an alternative, the components can be dissolved in an aqueous buffer medium with
sufficient ionic strength - the buffer media ions act as osmotic agent. Note: in direct (oil in

water) miniemulsion an osmotic agent would be a very hydrophobic i.e. water insoluble
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substance like hexadecane. The aqueous phase is added to an oil phase (continuous phase)
which consists of a hydrophobic oil (immiscible with water) and a suitable surfactant. The
radical initiator necessary for initiating the polymerization reaction is usually added to the
oil phase (butit is also possible to add it to the disperse phase). Subsequently, the mixture
is usually emulsified via probe sonication (Fig. 9. B) or by other means of homogenization
(see Chapter 4.1.4). If high-pressure homogenization is chosen, caution is required. Due to
the high shear stress, some monomers tend to start polymerizing prematurely before a
stable emulsion is formed. This is exceptionally unfavorable when the polymerization

happens inside the homogenization device.

The resulting miniemulsion is milky white most of the times. However, there are situations
when a stable miniemulsion is almost transparent. This usually happens when the
refractive index of the continuous and disperse phase match (this depends mainly on the

monomer mixture used) (Abbott 2015).

After emulsification, the miniemulsion is exposed to heat or UV-light to induce initiator
decomposition i.e. radical formation, which will start the polymerization inside the
droplets. After the polymerization is finished, the final polymer latex (dispersed polymer
nanoparticles) can be recovered via centrifugation. To improve centrifugation efficiency,
the emulsion (now actually a suspension) should be broken by adding a phase mediating
component. Usually ethanol is a good choice as it is soluble in water as well as in most

organic oils.

Miniemulsion crosslinking (MiniEX) in its basic principles is similar to miniemulsion

polymerization (Fig. 10).
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Fig. 10 Schematical representation for the preparation of a miniemulsion containing polymer and the
subsequent process of crosslinking.

In a first step, the polymer is dissolved in a suitable aqueous medium (Fig. 10 A). An
osmotic agent needs to be added as well. The presence of the polymer leads to an increased
disperse phase viscosity. Hence, a pre-emulsification via rotor-stator mixing may be
helpful. Due to the increased viscosity, the emulsification technique may have to be further
adjusted. Subsequent emulsification via probe sonication or high-pressure
homogenization results in the desired miniemulsion. Unlike in miniemulsion poly-
merization, in MiniEX no initiation of a polymerization reaction is necessary, as the
polymer already exists. In order to keep the particle shape, the polymer needs to be
crosslinked inside the droplets. This is achieved by adding a crosslinker to the emulsion
under stirring. After sufficient time the crosslinker diffuses inside the droplets and reacts
(covalently) with the polymer. The recovery is usually also done by means of

centrifugation.

4.2. Chitin and Chitosan

While the polysaccharide cellulose is the most abounded biopolymer on earth, chitin,
also a polysaccharide, is the second most abundant biopolymer. Cellulose is mainly
derived from plant sources such as reeds, stalks, wood and grass. Chitin is mainly found in
crustacean shells such as shrimp, crab, lobster, which are available as waste from the
seafood processing industry and are therefore used for commercial production of chitin

(Kurita 2006). Chitin is made up from -(1—4) linkages of N-acetyl-D-glucosamine and
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D-glucosamine. The existence of nitrogen in chitin was verified by Lassaigne in 1843
(Olivera, Muralidhara, et al. 2016). If the degree of deacetylation (DD) of chitin is > 50 %,

the polymer is referred to as chitosan as shown in Fig. 11 (Rinaudo 2006).

Deacetylation

0

Chitin
Poly B-(1—4)-N-acetyl-D-glucosamine

Chitosan
Poly B-(1—4)-D-glucosamine

OH OH
o) o)
NO o Oﬂ‘
HO HO
«NH NH,
H,C
o)
- 100-DD DD

Fig. 11 Schematical representation of fully acetylated chitin (top left) and completely deacetylated chitosan (top
right). If the degree of deacetylation of chitin is > 50 % it is called chitosan. Usually chitosan is not deacetylated
completely. Thus, the degree of deacetylation (DD) describes the percentage of free primary amines while the
100-DD (also called degree of acetylation - DA) describes the reaming acetylated amines (bottom). The
deacetylation does usually not appear locally as implied by the bottom figure - chitosan is no block-copolymer.
Deacetylation is randomly distributed all over the polymer.

Chitosan was synthesized for the first time in 1859 by C. Rouget (Rouget 1859). In
contrast to chitin, chitosan bears a sufficient number of primary amines, which allows
dissolution in diluted acidic media via protonation of the primary amines (pKa= 6.5)
(Panzarasa, Osypova, et al. 2018). This solubility enables the processing of the cationic
biopolymer by various techniques. For the preparation of chitosan solutions, mostly acetic
acid is used. However, lactic acid, formic acid or oxalic acid are can also be used. Mineral
acids such as hydrochloric or nitric acid also result in chitosan solutions, while phosphoric

and sulfuric acids may not be suitable (Kurita 2006).

There are several steps necessary for the production of chitin out of shells and hulls
and the subsequent conversion to chitosan on an industrial scale as described by Mathur
& Narang (1990). First, the shells and hulls are ground and dried. In order to demineralize
this chitin powder, it is treated with a 10 % stoichiometric excess (regarding the ash
content) of 0.5M HCI 60-85 % of residue consist out of chitin, the rest (15-40 %) are
mainly proteins and pigments. In order to dissolve and remove (deproteination) those

components, the powder is treated with 1 % (w/w) NaOH for 24 h at 65° C. The resulting
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product is commercial chitin powder, which can be further purified and used. To obtain
chitosan, the chitin needs to be deacetylated. Crude chitin is treated with 50 % (w/w)
NaOH at 100 °C for 2-5 h under nitrogen atmosphere. Organic solvents can be added to
enhance the deacetylation process. The residue is thoroughly washed to remove the
alkaline components and dried at 110 °C for 24 °h. Depending on reaction parameters and
feedstock, the resulting chitosan powder usually exhibits a degree of deacetylation in the
range of 70-90 %. A more descriptive representation of the necessary components is
listing the amounts needed for the production of 1 kg of chitosan. 10 kg of shrimp shell are
converted into 1 kg of chitosan with the use of 6.3 kg HCl, 1.8 kg NaOH, 0.5 tons process

water and 0.9 tons of cooling water (Ravi Kumar 2000).

Due to its distinct biological and physiochemical characteristics, chitosan attracted a great
deal of attention in the last two decades. Next to its non-toxicity, biocompatibility and
biodegradability it is known to promote wound healing (Kurita 2006). Further, it exhibits
mucoadhesive behavior which was first shown by Lehr et. al, (1992). In addition to its
biological relevance, chitosan possesses properties, which makes it an attractive material
for adsorption applications. Especially, the primary amines and other moieties like
hydroxyl groups and acetamido groups facilitate this adsorption behavior towards a wide
variety of substances (Olivera, Muralidhara, et al. 2016). Chitosan has been used as
adsorbent for metal ions and organic compounds in the form of flakes, beads, hollow fiber
membranes, flat sheet membranes and nanoparticles (Gerente, Lee, et al. 2007; Gupta and
Suhas 2009; Olivera, Muralidhara, et al. 2016). Especially, the use of chitosan
nanoparticles gained increasing attention in many different research fields. In a review by
Divya et al. (2018) the main applications are listed. Next to biomedical topics such as tissue
engineering, cancer therapy and drug delivery applications, other fields like agriculture and

water treatment are discussed.

4.3. Molecular Imprinting

In this chapter, the technique of molecular imprinting with an emphasis on molecular

imprinted polymer nanoparticles will be discussed.

Molecularly imprinted polymers (MIPs) are tailor-made crosslinked polymer materials,
which possess binding sites with a high affinity and selectivity towards a specified

template molecule. One of the first reports on imprinting of organic polymers was
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reported by Wulff research group in 1972 (G Wulff and Sarhan 1972; Giinter Wulff 1995;
Saylan, Yilmaz, et al. 2017).

The basic principle of the formation of molecular imprints is based on the formation of
noncovalent interaction between the target molecule and one or more functional
monomers. The functional monomers interact with the template molecule in solution,
resulting in a template-monomer-complex. The spatial arrangement of this complex is
frozen via polymerization of the mixture in the presence of suitable amount of a
crosslinker. After polymerization and subsequent extraction of the template, the
crosslinked three-dimensional and preferably rigid polymer network is left with the
desired bindings sites. The selectivity/affinity arises from “imprinted” binding sites, which
match the template molecule in shape, size and complementary spatial (steric)
configuration of functional groups. Figuratively spoken - a chemical and stereochemical
‘negative image’ of the template molecule is “stamped” into the polymer matrix (S. Li, Cao,
et al. 2014). Template coordination in those nanocavities depends on the corresponding
monomer(s) and crosslinker(s) and thus, is based on non-covalent forces such as ionic,
electrostatic, hydrophobic/hydrophilic, Van der Waals, hydrogen bond or 1t-m interactions
(Vaihinger, Landfester, et al. 2002; Gryshchenko and Bottaro 2014; Alexander, Andersson,
etal. 2006).

Due to the straightforward synthesis and the use of easily accessible precursors, MIPs
qualify as a good and cost effective candidate as recognition elements even in single use
or disposable sensors (Poma et al. 2013). Especially due to their polymeric matrix, MIPs
exhibit a high thermal, chemical and temporal stability (Pichon, 2007). In contrast to a bio-
based recognition layer (i.e. antibodies, peptides), MIPs can be sterilized by autoclaving

(Ramstrom, Ye, et al. 1996; Molinelli, Janotta, et al. 2008).

A common way to prepare MIPs is through the bulk copolymerization of functional
monomer and suitable crosslinker in presence of a non-polymerizable template molecule
(Haupt and Mosbach 2000). Subsequently, grinding and sieving of the MIP monolith yields
micron sized MIP fragments. One drawback of this technique is the heterogeneity in size
and shape of micron-MIPs, resulting in slow mass transfer, which is impractical
particularly when the MIPs are intended to be used for sensing applications (Zimmerman

and Lemcoff 2004).

Hence, a good control and reproducibility in size and shape is desired when the purpose
of MIPs is to serve as recognition layer, for example, in optical sensor systems. These

requirements can be fulfilled by using spherical nanoparticle MIPs (nano-MIPs). Due to
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their size, nano-MIPs provide a high specific surface, i.e. high imprinted surface with a
large number of easily accessible binding sites, resulting in short diffusion times. The
technique of inverse (water in oil) miniemulsion polymerization (miniEP) can be applied

to reproducibly prepare nanoscaled, spherically shaped, hydrophilic nano-MIPs.

In contrast to other techniques, the inverse MiniEP allows the use of hydrophilic
monomers in the aqueous phase and the easily imprinting of water-soluble substances, for
example penicillin G sodium salt. For the preparation of nano-MIPs the template, a suitable
monomer and crosslinker are dissolved in water, acting as aqueous (disperse) phase. This
solution is emulsified in a mixture of oil, initiator and surfactant, resulting in water in oil
emulsion. If the parameters (phase ratio, means of emulsification and amount of
surfactant) were chosen right, the prepared emulsion qualifies as miniemulsion. This is
crucial for the preparation of nano-MIPs as in miniemulsions each droplet acts as a nano-
reactor (Fig. 12 left). Compared with other emulsion techniques, in miniemulsions inter-
droplet-diffusion of monomer is reduced to a minimum, which is favorable for the
imprinting process. Polymerization is then induced via thermal or UV-initiation resulting

in crosslinked polymer nanoparticles (Fig. 12 mid).

Polymerization

Extraction

Molecular
recognition

Fig. 12 Schematical representation of nano-MIP preparation via inverse miniemulsion technique.

Subsequently, the non-covalently bound template molecule is extracted, leaving the MIP
with a free recognition site (Fig. 12 right). As this process is reversible, this binding site
can now be used for molecular recognition of the template for example in a sensor element

or as filling material in HPLC columns.
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5. Preparation of Chitosan Nanoparticles via

Emulsion Crosslinking

In this chapter, the results for the discussion of hypotheses LI (5.1) are presented.
Chapter 5.2 to 5.8 represents a manuscript with the title “Systematic approach for
preparation of chitosan nanoparticles via emulsion crosslinking as potential adsorbent in
wastewater treatment”, which was published as a research paper in the peer-reviewed
journal Carbohydrate Polymers (Riegger, Baurer, et al. 2018). The discussion of hypothesis

L.I can be found in the discussion section in chapter 9.1.1.

Please note: Minor modifications were made to the original manuscript concerning layout
and orthography in order to fit the style of this thesis. No content-related changes were

performed.
Declaration about my own contribution

I conceived the study and elaborated the detailed experimental design.

This specifically included:

- Conceptualization and formulation of the overarching research goals within the
study.

- Design of the experimental approach for particle synthesis via ultrasonication-
assisted miniemulsion crosslinking.

- Investigation and implementation of protocols for the handling and preparation of
chitosan solutions such as: duration of dissolution, filtration and storage properties.

- Investigation and selection of suitable chitosans, crosslinkers and emulsifiers used for
the synthesis in this study.

- Investigation and implementation of the use of an osmotic agent for emulsion
stabilization.

- Determining the range of concentrations and stoichiometric calculation of synthesis
educts and components, especially the amount of chitosan, crosslinker, stabilizers and

emulsion phase ratios.
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Elaboration and implementation of emulsion/particle preparation protocols in terms
of selecting  ultrasonication  parameters,  durations and  particle
separation/purification.

Elaboration and implementation of sample preparation protocols and the necessary
procedures for analytical methods such as scanning electron microscopy (SEM),
dynamic light scattering (DLS), size exclusion chromatography (SEC), rheology, high
performance liquid chromatography (HPLC) as well as protocols for data evaluation
and analysis.

Selection and investigation of relevant active pharmaceutical ingredients (APIs)
which were used in the adsorption experiments to evaluate the adsorption behavior
of the prepared chitosan nanoparticles.

Conceptualization and implementation of the particle synthesis experiments and
particle characterization experiments. The data on synthesis and characterization of
particles shown in this study, was partly collected by Bernd Bdurer in the course his
master thesis under my supervision and by applying my methodology.
Conceptualization and implementation of the experiments to study the
characterization of the adsorption behavior of chitosan nanoparticles via HPLC. The
data on adsorption characterization shown in this study, was collected by Aziza
Mirzayeva in the course her master thesis under my supervision and by applying my
methodology.

Conduction of studies to validate the reproducibility of nanoparticle synthesis with
chitosans of different molecular weights.

Evaluation and discussion of all data in an overall context of this study.

Visualization of the acquired data (graphs) and schematic representation.

Writing of the entire original draft of the publication and taking the leading role in

incorporating changes proposed by co-authors and reviewers.
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5.1. Hypothesis LI

It is possible to prepare crosslinked chitosan nanoparticles (Chi-NPs) reproducibly via
inverse miniemulsion crosslinking technique using highly deacetylated chitosans with

different molecular weight.

- The molecular weight (MW) has an impact on particle size.
- Compared to pristine chitosan, the crosslinked Chi-NPs show a superior adsorption

behavior for a relevant active pharmaceutical ingredient (API).

Riegger, Benjamin R, Bernd Baurer, Aziza Mirzayeva, Giinter E.M. Tovar, and Monika Bach.
(2018). “A Systematic Approach of Chitosan Nanoparticle Preparation via Emulsion
Crosslinking as Potential Adsorbent in Wastewater Treatment.” Carbohydrate
P

olymers 180 (January): 46-54. https://doi.org/10.1016/j.carbpol.2017.10.002.
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5.3. Abstract

This study investigates the impact of glutaraldehyde (glut) concentration and
molecular weight (MW) of six commercially available, highly deacetylated chitosans (Chi)
on nanoparticle (Chi-NP) formation by emulsion crosslinking technique and their use as
potential adsorber for diclofenac (DCL) and carbamazepine (CBZ). With a glut:primary
amine ratio of 1:1 and NaCl as a hydrophile, it was possible to reproducibly synthesize
narrowly distributed, spherical Chi-NPs over a broad range of chitosan MW with a high
yield. Increasing Chi MW resulted in larger particle sizes ranging from 109.9 nm, for lowest
MW, up to 200.3 nm for the highest MW, measured by DLS. To evaluate the static
adsorption behavior of the Chi-NPs, CBZ and DCL were used in single point adsorption
experiments. An adsorption capacity of up to 351.8 mg g1 DCL for low MW Chi-NPs was

observed and all Chi-NPs showed superior adsorptions when compared to untreated Chi.

Keywords: chitosan nanoparticles; emulsion crosslinking; adsorption; active

pharmaceutical ingredients (API); wastewater treatment

5.4. Introduction

Providing clean water will be one of the major challenges of the next decades to
come. Beside oxidation processes, one of the main ways for water remediation is
adsorption of the pollutants by activated carbon (Westerhoff, Yoon, et al. 2005). Since the
beginning of the 21th century, the appearance of active pharmaceutical ingredients (APIs)
in the aquatic environment, particularly in drinking water, has been a major concern.
Several priority lists for APIs have been established using different prioritizing parameters
(Singer, Wossner, et al. 2016). Two of these substances - namely diclofenac (DCL) and
carbamazepine (CBZ) - are the most frequently detected ones (Yongjun Zhang, Geissen, et
al. 2008). The development of a recyclable adsorber system with a high adsorption
capacity could be a viable alternative for the remediation of aquatic pollution caused by
pharmaceuticals. The material used in the development of such a system should ideally

come from a sustainable origin.

Since the end of the last century, the second most abundant biopolymer chitin, and
especially its derivative chitosan, gathered increasingly scientific attention. Chitin is
widely available in crustacean shells, such as prawns, shrimps, and crabs, and it is a linear
polymer of (1,4)-linked 2-acetamido-2-deoxy-f-D-glucan (N-acetylglucosamine) units.
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The treatment of chitin with strong alkaline media leads to the deacetylation of this
polymer. Chitosan was first reported by Rouget in 1859, who boiled chitin in a
concentrated potassium hydroxide solution and collected the acid fraction
(Rouget 1859). It is generally accepted that, if the degree of deacetylation (DD) of chitin is
> 50 %, the polymer is referred to as chitosan (Rinaudo 2006). Chitosan is the only known
pseudo-natural cationic polymer and it offers a variety of highly interesting properties.
Bearing free primary amines, chitosan is soluble in diluted acidic media. The solubility
enables the easy processing of chitosan and its derivatives. Besides its antimicrobial
character (M. Kong, Chen, et al. 2010) and its uses for improving mucoadhesivity (Lehr,
Bouwstra, et al. 1992), chitosan is considered as a promising material for adsorption of
pollutants like metal ions (Varma, Deshpande, et al. 2004; Wan Ngah, Teong, etal. 2011; L.
Zhang, Zeng, et al. 2016), organic compounds such as dyes (Crini and Badot 2008; Vakili,
Rafatullah, et al. 2014), phthalates (Julinova and Slavik 2012) and pharmaceutical
compounds (Oladoja, Adelagun, et al. 2014; Kyzas, Fu, et al. 2015). To serve as adsorber,
chitosan or chitosan composites have been prepared in the form of flakes (Suc and Ly
2013; Igbal, Wattoo, et al. 2011), flat sheet membranes (Beppu, Arruda, et al. 2004; Ghaee,
Shariaty-Niassar, et al. 2010)hollow fiber membranes (C. Liu and Bai 2006), beads (Azlan,
Wan Saime, et al. 2009; Chiou and Li 2003), electrospun fibers (Chauhan, Dwivedi, et al.
2014), microparticles (Chen and Chen 2009; L. Wu and Zhang 2013) and nanoparticles
(Hu, Zhang, et al. 2006; Olivera, Muralidhara, et al. 2016). Chitosan nanoparticles (Chi-
NPs) as a material have been widely investigated primarily in the field of biomedicine.
However compared to other forms of chitosan, Chi-NPs were less frequently investigated
as an adsorber material. Covalently crosslinked Chi-NPs have been created the first time
by Ohya et al. in 1994 for drug delivery purposes of an anticancer agent (Ohya, Shiratani,
et al. 1994). Since then, a large number of research groups investigate the preparation and
use of Chi-NPs mainly for drug delivery applications (Z. Liu, Jiao, et al. 2008; Alves and
Mano 2008). A large variety of preparation methods for Chi-NPs was described in detail in
a review article by Agnihotri, Mallikarjuna, & Aminabhavi (2004). Among others, they
discuss several particle preparation methods: coacervation or precipitation, ionic gelation,
and oil-in-water emulsion-based technique (i.e. emulsion-droplet coalescence, reverse
micellar method and emulsion crosslinking). Among said techniques, the emulsion
crosslinking facilitates the preparation of narrowly distributed, covalent crosslinked and
nanoscaled chitosan particles. Next to epichlorhydrin (Chiou and Li 2003) and ethylene
glycol diglycidyl ether (Azlan, Wan Saime, et al. 2009), glutaraldehyde (glut) can be used
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for the crosslinking of chitosan (Monteiro and Airoldi 1999). Due to none or not covalent
crosslinking, Chi-NPs prepared via ionic gelation show an insufficient long-term stability,
especially towards changes in pH or ion concentration (Huang, Cai, et al. 2015). Therefore,
covalent crosslinking is desired, in particular if a material is used for adsorption
applications, which include regeneration processes (adsorption/desorption) with strong
pH shifts. If glut reacts with primary amines, the resulting products show a high chemical
and thermal stability (Migneault, Dartiguenave, Bertrand, & Waldron, 2004). Since the
described material is not designed for in vivo or biomedical applications, a potential

cytotoxicity of remaining glut or its reaction byproducts is negligible.

The aim of this study was to investigate the impact of crosslinker concentration and the
chitosan molecular weight (MW) on chitosan nanoparticle preparation and to assess the
possibility to utilize chitosan nanoparticles in water remediation. In particular, we want
to present a synthesis strategy which leads to reproducible, narrowly distributed Chi-NPs.
Due to the chitosan’s potential in remediation, we tested the effects of the developed
nanostructured bio-based particles in the treatment of drug-contaminated drinking water.
Hence, we evaluated the adsorption behavior for DCL and CBZ which represent two highly

relevant APIs.

5.5. Experimental

5.5.1. Materials

Chitosans of different molecular weights (MWs) (see Fig. 17) were purchased from
Heppe Medical Chitosan GmbH (HMC), Halle (Saale), Germany. The MW was also
quantified via size exclusion chromatography (SEC) measurements. Degree of
deacetylation was verified by 1H-NMR-spectroscopy. Acetic acid solution for HPLC (assay
49-51 %), glutaraldehyde solution (25 % in H20, d=1.06 g mL-1), trifluoroacetic acid (TFA)
(99 %) and sorbitan monooleate (Span 80, viscosity 1000-2000 mPa s) were purchased
from Sigma-Aldrich (Germany). Cyclohexane (Applichem, > 99.5 %) was obtained from
Haberle LABORTECHNIK GmbH, Germany. D20 and CD3COOD
(acetic acid-D4) were purchased from DEUTERO GmbH, Kastellaun, Germany.

All chemicals were used as received. ASTM Type I water (TKA GenPure) was used
throughout this study (herein referred to as water). Rotor-stator homogenizer, Heidolph

Silentcrusher M (homogenizer tool 12F). Ultrasonicator Branson 450-D equipped with a
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5mm Tip (G. Heinemann Labortechnik). The centrifuge used was a Beckmann & Coulter

Avanti ]-26 XPI with JA-25.50 Rotor.

5.5.2. Methods

Calculation of primary amine content

The amount of primary amines was calculated using the degree of deacetylation (DD)
provided by the manufacturer. In these calculations the molecular weight of glucosamine

was used as the structural repeating unit (SRU).

Mchi ) DD
100

n (primary amine) = <M P
Chi(SRU

To confirm the DDs provided by the manufacturer, 1H-NMR spectroscopy (Bruker BioSpin
Avance 500) was performed. Chitosan samples (10 mg mL-l) were prepared in
deuterated 1 % acetic acid in D20 solution. For DD determination, the integral of Hn-cocns
at 1.90 - 2.10 ppm and the integrals of H2-He¢ ranging from 3.0 - 4.25 ppm were used. The
DDs were calculated using the following equation described elsewhere (Hirai, Odani, et al.

1991).

Iy /3
DD = (1—i>-100
Iy,—p /6

Size exclusion chromatography (SEC)

SEC measurements were performed at 40 °C in water (0.1 % trifluoroacetic acid
(TFA) (v/v), 0.1 M NaCl ) on a 1260 Infinity GPC-SEC Analysis System (Agilent
Technologies) equipped with a refractive index (RI) detector and a PSS NOVEMA Max
linear XL. 5000-3 000000 Da (Polymer Standards Service GmbH) column with a
Poly-2-vinylpyridine (PVP) calibration. For sample preparation chitosan (2 mg mL-1) was

dissolved in eluent.
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Preparation of chitosan solutions

3000 mg of chitosan were dissolved in 100 mL of 1 % acetic acid. The mixture was
stirred until a clear solution was obtained (several hours for the low MW chitosans,
overnight for high MW chitosans). To remove insoluble components, the resulting solution
was filtered through a filter crucible (porosity 2), under reduced pressure. If not
mentioned otherwise, a hydrophile - namely sodium chloride (NaCl, 0.584 g) - was added

to this solution, resulting in a NaCl concentration of 0.1 M.

Rheology

All rheological measurements were performed on a Physica MCR 301 (Anton Paar)
rheometer using a coaxial cylinder geometry. The chitosan solutions were prepared as
described above (3000 mg chitosan in 100 mL of 1 % acetic acid). Flow curves were
obtained with a logarithmic shear rate ramp with shear rates between 0.01 s1 and
2000 s divided in 34 single data points (data recording time of 5 seconds per data point,
temperature = 20 °C). Viscosity was also measured at constant shear rate of 100 s'! over 2

minutes.

Preparation of chitosan nanoparticles

Below, a general experimental procedure for the preparation of Chi-NPs is described.
Particle preparation with different chitosans and chitosan concentrations always followed
this procedure. Different amounts of glut have been used due to different degrees of
deacetylation. The amount of glut was adjusted regarding the amount of primary amines.
The amount of primary amines was calculated using the DDs provided by the

manufacturer (see Table 3)

Chi-NPs were synthesized using emulsion crosslinking technique. As disperse phase
(aqueous phase) 6 mL of the previously mentioned chitosan solution was used (chitosan
content 180 mg). The continuous phase (oil phase) consisted of 800 mg Span 80 dissolved
in 20 mL cyclohexane. A pre-emulsion was formed by adding the aqueous phase to the oil
phase under rotor-stator mixing (24 k rpm, ice cooling) with the help of a syringe
(hypodermic needle measures: 2.10 mm x 80 mm). The large needle diameter allowed an
easy and exact handling of the viscous chitosan solutions. The rotor-stator mixing was
performed for 10 minutes. Subsequently, the desired emulsion was formed by

ultrasonication (10 minutes: 10 sec “on” / 5 sec “off”, at 60 % intensity, ice cooling). To
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prevent freezing of the emulsion (cyclohexane Tm= %7 °C) the ice cooling was removed
immediately after completion of the sonication. Glut solution (25 % in H20) was added.
Unless noted, the concentration of glut was chosen to be equal to the amount of primary
amines (1 mol glut per mol primary amine). The emulsion was stirred for 18 h at room
temperature in a sealed vial to allow for full crosslinking of chitosan with glutaraldehyde

following the time regime chosen by(Banerjee, Mitra, et al. 2002).

Purification of Chi-NPs

Chi-NPs were purified via centrifugation. The emulsion was transferred into
polycarbonate centrifugation tubes. The emulsion was broken by adding 10 mL acetone
and centrifugation at 12.096 g (10 k rpm) for 10 minutes. The supernatant was discarded,
the resulting pellet was redispersed in ethanol, sonicated for 2 minutes (sonication bath),
shaken for 15 minutes (2000 rpm Heidolph Schiittler) and centrifuged. This procedure
was repeated three times with ethanol and three times with water. DLS samples were
prepared using the aqueous pellet. For adsorption experiments, a known solid content was
mandatory. Thus, the pellet was dried under vacuum at room temperature for at least 48 h
until constant weight. In preparation for further adsorption experiments, the resulting

solid was powdered using mortar and pestle.

5.5.3. Characterization of Chi-NPs

Dynamic Light Scattering (DLS

Measurements of size and polydispersity index (PDI) of Chi-NPs were performed via
dynamic light scattering (DLS) equipped with a 4 mW He-Ne Laser A= 632.8 nm (Zetasizer
ZEN 3600 - NanoZS, Malvern Instruments). Scattering photons were collected in
backscattering mode at an angle of 173°. For sample preparation a sufficient amount of
Chi-NPs was redispersed in 3 % acetic acid by applying ultrasonication treatment
(5 sec“on” /5 sec “off”) for 120 seconds. To remove larger sized agglomerates, a
1.2 pm-syringe filter was used. The refractive index of 3 % acetic acid was calculated and
applied within the Mavlern Zetasizer software. Measurements were performed in single
use polystyrene cuvettes at 20 °C. The reported sizes are the intensity-based z-average

diameters of three measurements (> 10 runs each).
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Scanning Electron Microsco SEM

To determine the morphology and size of the particles, scanning electron microscopy
(SEM) was performed using a Zeiss Leo 1530 VP (Jena, Germany). Diluted dispersions of
Chi-NPs were placed on silicon wafers and dried at ambient conditions. To minimize

electrostatic charging, the samples were sputter-coated with platinum.

Helium Pycnometer

Densities of Chi-NPs with different amounts of crosslinker were investigated by
helium pycnometry. The device used was a Quantachrome Ultrapycnometer 1200eT
(Quantachrome GmbH, Germany). About 1 g of vacuum dried nanoparticles was used for

each sample.

Adsorption Behavior

Adsorption behavior for carbamazepine (CBZ) and diclofenac (DCL) was tested in
batch experiments for all six chitosan powders and the six resulting types of Chi-NPs
respectively. Either 10 mg of untreated chitosan powder or the corresponding Chi-NPs
were redispersed in 1 mL phosphate buffer (0.01 M, pH=7) with ultrasonication
treatment. To the resulting dispersion a fixed amount of drug solution was added and
placed on a shaker. After 2 h the suspension was centrifuged. The remaining drug
concentration in the supernatant was analyzed by High Performance Liquid
Chromatography (HPLC) (Device: Shimadzu prominence). A volume of 100 uL was
injected on a reversed phase column (Ascentis C18 HPLC Column 5 pum particle size, L x
[. D. 25 cm x 4.6 mm). A flowrate of 1 mL min-1 was used. Mobile phase composition for
diclofenac was water (+0.1 % TFA) : AcN (40:60, v/v) and for carbamazepine water (+0.1 %
TFA) : AcN (60:40, v/v). Signal detection was conducted via UV/Vis detector set to a

wavelength of 280 nm. Experiments were run in triplicate measurements.
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5.6. Results and Discussion

5.6.1. Preparation of Chi-NPs

For the preparation of chitosan nanoparticles (Chi-NPs), microemulsion and
emulsion techniques have been used so far. Banerjee at al (2002) prepared Chi-NPs
applying a microemulsion technique were a large excess in continuous phase and
surfactant concentrations well above the critical micelle concentration (CMC) are used to
provide thermodynamically stable microemulsions. In their study, they emulsified 400 pL
of aqueous chitosan solution in 40 mL of hexane/AOT hence the phase ratio of the
dispersed phase to the continuous phase was only 1:100. Brunel et al. (2009) used an
emulsion technique applying a water-to-oil ratio of 1:3 (V/V) using Span 80 as surfactant
in a concentration of * 1 w.t % in relation to the oil phase. As their study was concerned
with non-covalent crosslinked chitosan nanoparticles for pharmaceutical aspects,
Miglyol 812N was used as oil phase, since it is generally regarded as a pharmaceutically
safe product. The emulsion formulation used here was derived from Brunel et al. (2009)
but using cyclohexane instead of Miglyol 812N and Span 80 with a concentrations of
4 w.t %. As pharmaceutical aspects are not relevant in this study, we chose cyclohexane as
oil phase for its potential recyclability. Due to its boiling point of around 80 °C, cyclohexane
could be easily removed from the emulsion formulation via evaporation after particle
synthesis. This is desirable especially, if larger quantities of nanoparticles have to be

synthesized.

In contrast to the microemulsions of Banerjee et al. (2002), in this study inverse
miniemulsions are prepared, where surfactant concentrations are below the CMC and the
miniemulsion is stabilized by an osmotic agent (herein called hydrophile) to prevent
nanodroplets from Ostwald ripening (Landfester, Willert, et al. 2000). Molecular diffusion
(also called Ostwald ripening) describes the diffusion of molecules from smaller droplets
towards larger droplets and, therefore, it describes a process of emulsion destabilization.
This process is driven by different Laplace pressures inside the droplets, which are
determined by the droplet size. A substance qualifies as a hydrophile if it exhibits an
extremely low solubility in the continuous phase. For inverse miniemulsions, adding a
hydrophile to the disperse phase leads to an increase in osmotic pressure inside the
droplet. This pressure counteracts the Laplace pressure resulting in a decreasing or even

complete inhibiting of the Ostwald ripening (Capek 2010).
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In order to increase emulsion stability, we evaluated the impact of the hydrophile sodium
chloride (NaCl) on our miniemulsion formulations. In the course of these experiments,
emulsions with low MW chitosan (95/5) were prepared with no NaCl, 0.01 M NaCl, and
0.1 M NaCl being present in the formulation. In Fig. 13A, emulsions of 95/5 without adding
glut after 18 hours containing different amounts of NaCl are shown. For the emulsions
without NaCl and with 0.01 M NaCl, macrophase separation could be optically detected

within several minutes to hours.

B 1 After18h

After 18 h
g containing glutaraldehyde

5 4

Fig. 13: Photographs of chitosan emulsions after 18 h stirring without glut (Fig. 13 A) with backlight (left) and
with glut (Fig. 13 B) at ambient light (right). No phase separation was observed with 0.1 M Na(l in contrast to
phase separation with no NaCl or 0.01 M NaCL with or without glutaraldehyde present.

Emulsion formulations containing NaCl at a concentration of 0.1 M showed high stability,
with no detectable phase separation over the course of 18 hours. We further increased the
NaCl concentrations to 0.2 M and 0.3 M with no visible effects. At a concentration of
0.4 M NaCl precipitation of chitosan was observed. Based on these results, we chose to
prepare the water phase with a NaCl content of 0.1 M. With this optimized emulsion
formulation, we conducted similar experiments to prepare Chi-NPs. Glut (1:1 ratio) was
added right after emulsification and the resulting emulsions are shown in Fig. 13B. After
18 hours, solely the crosslinked emulsion with 0.1 M NaCl was optically stable and showed

no phase separation.

Crosslinking of the Chi-NPs was achieved using glutaraldehyde (18 h) following a time
regime of crosslinking time applied by Banerjee et al. (2002). Ohya et al. (1994) used
shorter crosslinking times of 8 hours but as the miniemulsions applied here were stable

for 18 h we used the full 18 h to ensure maximal crosslinking of the Chi-NPs.
In summary, we prepared water/oil (w/0) emulsions, stabilized with Span 80/NaCl and
containing highly deacetylated chitosans of different MWs. Chitosan was dissolved in 1 %
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aqueous acetic acid and was then used as water phase. Span 80 was dissolved in
cyclohexane (40 mg mL-1) and this solution was then used as oil phase. We optimized the
water/oil ratio in our formulation regarding a preferably low volume fraction of
cyclohexane. It was possible to create stable emulsions with a chitosan in water/oil ratio
of 1:3.3 (V/V). To ensure a sufficient emulsification, a two-step emulsion preparation was
chosen (schematically displayed in Fig. 14). In a first step, the continuous phase was
premixed with the disperse phase by rotor-stator treatment (a) followed by
ultrasonication (b). To the resulting white and optically opaque emulsion (c) the
crosslinker glut was added (d). To complete the crosslinking reaction, the emulsion was
stirred for 18 h. After several washing steps by centrifugation, drying and powdering, Chi-

NPs were isolated in form of a brown powder.

o 0 S

oil water chitosan  surfactant  crosslinker
phase phase

Fig. 14: Schematic representation of emulsion crosslinking technique.

The particles were purified via centrifugation, as described in the experimental section.
Particle yield of crosslinked particle samples with no NaCl, 0.01 M NaCl and 0.1 M NaCl
(Fig. 2 B) were estimated gravimetrically before and after drying. The experiment was
performed in triplicate. The respective mean yields for these three NaCl concentrations
were 35+4 %, 44+4 % and 88+1 %. Thus, increasing NaCl to a concentration of 0.1 M leads
to a high emulsion stability ultimately resulting in a yield of 88 %. In the course of the
experiments, we observed that emulsions prepared with no NaCl and 0.01 M NaCl are
difficult to separate via centrifugation. Even at 25 krpm for 30 min the supernatant was of
transparent red/brown color, while particles synthesized with 0.1 M NaCl were easily

centrifuged at 10 krpm and exhibited a clear supernatant. We conclude that the emulsion

55



5 Preparation of Chitosan Nanoparticles via Emulsion Crosslinking

instability caused by low amounts or absence of NaCl leads to the formation of undefined
structures, which could not be centrifuged. This assumption is supported by the increasing
Chi-NP yield with higher NaCl concentrations up to 0.1M. All further emulsions were

prepared with chitosan solutions containing 0.1 M NaCl.

5.6.2. Variation of crosslinker concentration

Chitosan crosslinking with the homobifunctional aldehyde-glut is described by a
simplified imine formation with primary amines originating from chitosan (Fig. 15).
Considering this mechanism, the theoretical stoichiometric ratio for a complete

conversion would be 0.5 mol glut per 1.0 mol primary amine.

OH OH
o}
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Fig. 15: Simplified chitosan/glut crosslinking mechanism.

In fact, a broad variety of reactions products are formed. The results of several studies
show that it is likely for glut not only to react exclusively with the primary amines
originated from chitosan, but also with itself. The characteristic orange/red/brown color
of glut-crosslinked chitosans is attributed to the complex processes during the reaction of
glut with primary amines, leading to oligomerization of glut, rearrangements, and/or
cyclization of glut, results in irregular products, i.e. aromatic/heterocyclic structures
(Migneault, Dartiguenave, et al. 2004; Kildeeva, Perminov, et al. 2009; Wang, Yuan, et al.
2014). The findings of Kildeeva et al. (2009) show that the primary amine of chitosan
catalyzes the oligo-merization/polymerization of glut. Thus, the influence of the glut
concentration on Chi-NPs formation via emulsion crosslinking technique was investigated.
For those experiments, the aforementioned emulsion formulation (containing low MW
chitosan and 0.1 M NaCl) was applied using different concentrations of glut: 0, 0.125 mol,
0.25 mol, 0.5 mol, 1.0 mol, 1.5 mol and 2.5 mol glut per mol of primary amine. As expected,
the SEM micrographs of a formulation containing no glut, show only undefined, film like

structures. Although, particles were probably formed during the emulsion process, the
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absence of crosslinker leads to destruction of the particle structure during the
centrifugation process. SEM micrographs of three different glut/amine ratios are
displayed (Fig. 16). For a concentration of glut as low as 0.25 mol, strongly agglomerated
but spherical-shaped particles were obtained (Fig. 16a). Particles synthesized with 1 mol
glut per amine are shown in Fig. 16b. Ratios of 1 mol glut and higher (2.5 mol, Fig. 16c)

lead to nanoscaled, dispersed and spherical particles.

For concentrations up to 1 mol of glut, the density of the chitosan/glut composite
materials strongly decreases. A further increase of the glut concentration, from 1.0 mol to
2.5mol, leads to a markedly lower decrease in density. The density of the resulting
materials was analyzed by helium pycnometry. The pycnometry data (Fig. 16d) indicates
a dependency of the material density on the glut concentration. The density measurements
support the assumption that glut acts as a spacer molecule between the polymer chains,
leading to inter- and intramolecular hydrogen bond breakage in chitosan. Similar results

and corresponding explanations have been reported by Uragami et al. (1994).
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Fig. 16: SEM-micrographs (a-c) and pycnometry (d) of Chi-NPs synthesized with different glut concentrations
(the line is drawn to guide the eye) .

They analyzed the density of glutaraldehyde-crosslinked chitosan membranes at different
crosslinker concentrations and also found a decrease in density with increasing glut
concentration. As shown in Fig. 16d, the theoretical stoichiometric ratio of 1:1 glut : amine
leads to a decrease in density by about 13 % compared to pure chitosan. Further increase
of glut leads to a negligible decrease in density. Based on these results, a ratio of 1:1

provided a satisfactory compromise between redispersibility, a preferably low glut
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concentration and particle stability. Hence, all further particle syntheses were performed

with this 1:1 ratio, meaning 1 mole glut per mole primary amine in chitosan.

5.6.3. Variation of MWs

To determine the influence of chitosan MWs on particle properties and the reliability
of the emulsion system, in terms of process robustness, emulsion preparation of Chi-NPs
was conducted using different chitosan MWs. Six different chitosans were characterized
by 1H-NMR spectroscopy, viscosity (solutions 3 % chitosan in 1 % acetic acid) shown in
Table 3 and SEC (Fig. 17) using the protocols described in the experimental section. All
chitosans share a high degree of deacetylation of about 95 %. The DD results provided by
the manufacturers’ titration method were confirmed by NMR spectroscopy (for
calculation of DD, see materials and methods). The dynamic viscosity of chitosan solutions
was determined for samples with 0.1 M NaCl in the aqueous phase. Viscosity of the

chitosan solutions ranged from 19.3 mPa s up to 2149.5 mPa s.

The MWs were quantified via SEC with a relative calibration to a PVP standard. SEC results
(Fig. 17) show MW ranging from Mw 62 kg mol-! for the lowest molecular weight chitosan
up to 270 kg mol! for the chitosan with highest molecular weight. As expected for
biopolymers, the chitosan samples exhibit a broad distribution in MW which is confirmed
by the PDIsec ranging from 2.52 to 4.9. The shown data for Mw, Mn and PDI are in accordance

with the data provided by the manufacturer.
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deacetylation (DD).
. DDa DD . .
Chitosan Dyna:omlc viscosity Viscosity ratio ¢ A

type % 1H-NMR% [mPa s]

95/5 93.8 98.7 19.3 21.4
95/10 95.2 99.5 74.3 82.6
95/20 93.6 97.2 182.6 202.9
95/50 94.3 97.8 429.5 477.2

95/100 92.8 97.2 1019.6 1132.9
95/200 94.5 97.9 2149.5 2388.3
aprovided by manufacturer (titration method)
b3 % chitosan solutions in 1 % acetic acid, containing 0.1 M NaCl
¢Cyclohexane viscosity: 0.9 mPa s
a0 %7 -5.0
M 2w, 371.2m
350 M, 4.5
' 3001 __v_PDI] 4 Fao
£ \
% 250 a1 308 3.5 -
= 200 N { Y F3.0 O
EC 150 v 1463 - 25
= 100- 1054 | |20
504 41 BJ 4862 N L1 5
127
0 1.0
Cb({')\% oj'-’\\ cg:\q' (g}"bgg

Chitosan Typ

Fig. 17: SEC measurements of the six used chitosans showing My, Mw and PDL

To determine the impact of chitosan MW on particle formation and on adsorption
properties, six chitosans were used for Chi-NP preparation. For particle preparation, the
optimized emulsion formulation described above was applied. The resulting nanoparticles

were characterized by DLS and SEM.

The SEM micrographs (Fig. 18A) show spherical shaped, narrowly distributed particles for
all six samples thus, confirming that monodisperse Chi-NPs could be synthesized with all

tested formulations using different chitosans.
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Fig. 18: A: SEM-micrographs of synthesized Chi-NPs with six different chitosan types.

B: DLS measurements of six Chi-NPs. Particles were prepared in triplicates. The data points shown are the mean
value of these three independent samples. Error bars indicate standard deviation of the three different particle
samples.

C: Flow curves of different MW chitosan solutions (3 % chitosan in 1 % acetic acid).
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Due to the drying process in SEM sample preparation, the particles showed a smaller
diameter compared to the particles used for the DLS measurements (Fig. 18B). Aside from
that, a 3 % acetic acid was used for DLS sample preparation with a pH of 2.8. At this pH,
crosslinked Chi-NPs tend to appear larger in DLS due to swelling. Each particle formulation
was performed in triplicate and measured individually through DLS. The samples were
always kept in a small volume of water. Each of these samples was characterized by DLS
as described in the experimental section. Except for the lowest MW sample 95/50
(PDIpLs=0.24) the PDIps for all samples is = 0.2. [Note: In order to resolve a logical
inconsistency, this sentence was altered. Hence, the phrasing of this sentence now differs
from the original publication]. Hence, all six samples can be described as narrowly
distributed. We assume that the described emulsion system allowed the synthesis of
narrow distributed Chi-NPs over a broad range of molecular weights of highly

deacetylated chitosan.

Another finding was the correlation between particle size and chitosan MW. An increase
in MW leads to larger particles. Chitosan particles with the lowest MW chitosan could be
obtained with a hydrodynamic diameter of 109.9 nm up to a diameter of 200.3 nm for the
highest MW. The same correlation was reported by Goycoolea et al. (2016) with non-
crosslinked chitosan particles. They propose that a better control over particle size and
distribution is attributed by a lower disperse phase viscosity during processing (Brunel,
Véron, et al. 2009). This explanation is supported by Nazarzadeh & Sajjadi (2010) who
stated that for the preparation of stable emulsions the viscosity of the disperse (nd) and
the continuous (nc) phase can be crucial. They found that emulsion stability and droplet
size correlate directly with the resulting particle size and their distribution. The ratio of
nd/Mc is called viscosity ratio (A). Nazarzadeh & Sajjadi (2010) investigated the impact of A
on the colloidal formation and stability of emulsions (o/w) prepared by ultrasonication
treatment by varying na by using ten different silicon oils ranging from 0.5 mPas to
100 mPa s. They showed that emulsification via sonication worked efficient till A reached
a value of 100. Exceeding a viscosity ratio of 390 drop rupturing did not occur at all. As
shown in Table 3, particularly our high MW chitosan emulsion formulations exceeded the

value of A = 100 by far with values of A up to 2388.

There are two explanations for the formation of narrow distributed and spherical Chi-NP,
regardless of the high viscosity of high MW. The first is that sonication of the chitosan
solutions will induce chain scission of the chitosan molecules. Wu et al. (2008) showed

that sonication of dissolved chitosan in acetic acid for 10 minutes can decrease the MW
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particular of high chitosans of about 50 %. The lowering of the MW of chitosan would
result in a reduction of nd and, consequently, a lower value for A will be obtained, which

allows a better emulsification.

We assume that a second possibility is the composition of the dispersed phase itself being
responsible for the successful particle preparation, despite the high viscosities. In this
case, the aqueous phase consists of chitosan dissolved in 1 % acetic acid solution. Thus,
the viscosity nd of the aqueous phase arises from a two component mixture. As shown in
Fig. 18C, notably the high MW chitosan solutions showed a shear-thinning behavior. For
example, for samples with the highest MW (95/200 and 95/100), the viscosity at a shear
rate of 2000 s'1 is about 80 % lower compared to a shear rate of 100 s-1. The shear stress
applied to the samples shown in Fig. 18 C was moderate when compared to the shear
stress induced by the sonication probe. Hence, we estimate a trend of further
shear-thinning behavior at higher shear rates, which can be seen not only for the high

viscosity chitosan solutions, but also for the low MW ones.

Based on these results, we assume that the aqueous emulsion droplets (chitosan/acetic
acid) undergo a shear thinning processes during sonication. Due to the high shear force
applied by the probe sonotrode, we suppose that these low viscous droplets will burst
instead of stretching or rupturing, which results in small narrowly distributed droplets.
Nevertheless, Newtonian liquids do not exhibit a shear thinning behavior, such as the low
viscosity silicon oils used by Nazarzadeh & Sajjadi (2010). In their work they showed that
sonication of the disperse phases with a high viscosity lead to the rupture of the droplets

via stretching, which resulted in larger droplets that, in turn, leads to emulsion instability.

Emulsified high MW chitosan solutions, despite the shear-thinning effect, will still lead to
larger droplets when compared to droplets from low viscous chitosan solutions.
Increasing chitosan MW results in higher viscosity, which leads to larger droplets,
ultimately resulting in larger particles. We propose that this is one of the main reasons for

an increase in particle size with increasing chitosan WM.

All things considered, as long as the viscosity of the disperse phase is low enough
(i.e. small A) during the emulsification process - by shear-thinning or chain scission - it is
possible to formulate stable emulsions with high viscous disperse phases. In the future,
these effects will be further investigated by rheology measurements of the disperse phase
before and after emulsification. Determination of MW of the chitosans by SEC
measurements and the comparison of MWs before and also after emulsification will

further clarify the contributing of chain scission in this context.
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5.6.4. Adsorption behavior

In order to show that Chi-NPs can be used as a potential adsorption material, we
compared the adsorption behavior of our Chi-NPs with the adsorption behavior of
untreated chitosan powder in single-point sorption tests using two drugs which are highly

relevant in wastewater treatment.

The adsorption behavior for carbamazepine (CBZ) and diclofenac (DCL) was tested in
batch experiments. The particles were redispersed in 0.01 M phosphate buffer as media.
This ensured drug and pH stability of the system over the adsorption time. A fixed amount
of dissolved drug was added to a known amount of Chi-NPs. After 2 h, the suspensions
were centrifuged and the remaining drug concentration in the supernatant was quantified
by HPLC. The adsorption experiment for each sample was done in triplicate and the
obtained data is shown in Fig. 19. We found that the adsorption of CBZ for untreated
chitosan and Chi-NPs was below 20 % (Fig. 19A), although most of the Chi-NPs still
showed an increased adsorption behavior compared to untreated chitosan and a
maximum of 2.7 mg g1 CBZ was adsorbed. The overall low adsorption could be attributed
to the lack of charge in the CBZ, which results in a low affinity towards the untreated

chitosan and Chi-NPs.

As a second model drug, we used the negatively charged DCL (sodium salt). Preliminary
adsorption experiments with Chi-NPs at lower DCL concentration (1 pgmL?! and
10 ug mL-1) showed an adsorption of almost 100 %. Thus, we further increased the
concentration of DCL. The remediation for DCL at a concentration of 100 ug mL-!
(1.5 mL sample volume) was in the range of 60 % for the low MW Chi-NPs and decreased
to 25 % for Chi-NPs derived from chitosan with the highest MW (Fig. 19 B). These single
point adsorption values corresponded to an amount of adsorbed DCL of 9.54 mg g-1 for the

lowest MW Chi-NPs and 3.83 mg g1 for the highest MW Chi-NPs.

In contrast, the untreated chitosans exhibited a low adsorption capacity towards the DCL
at a maximum of 1 %. Regardless of the chitosan MW, the adsorption for all samples was

below 10 %.
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(o0 17777 Chi Powder
. Chi-NPs
804 x,xx = Adsorptionscapacity in mg g”'
R
£
= 60+
il
8
o 404
5
< 25 26 2.7 19
20 1.4 1.8 c
09k 14 SSIRE I 1208 14 L 18 &
S SRR T R A AN
o Y 7 A\ U E/f/, \\ E;}/,ﬁ\\\ V//\\‘
‘ : ‘ : : ‘
N N Q P o N
A T
Chitiosan Typ
Sample volume: 1,5 mL Dic at 100 pg mL* Sample volume: 1,5 mL at 5000 pg mL"
00 == e ey 7 . 100+ i "
/7 Chi Powder 777 Chi Powder
. Chi-NPs ] [ Chi-NPs
80 4-------o--o--o----oo| XXX = Adsorptionscapacity in mg g’ 80 x,xx = Adsorptionscapacity in mg g”
ES 9.5 . 9.3 X
c — )
E 604 N k e "‘I‘f = 60
N R AN c 1.9
S N \ N - S 351- 248.8
a \ W 5.5 NN : o _ 278.9
S 40 \ N 7 N = 5 404 NN & 254.8
% N '-.\ \ N RN NN N 3-8 % N N \ \ "l | ey
< R NN X Ny AR T <X R N 155.9 N N
204 NN AW Ay Ay N A 204----- AW - N W X \.‘1I - i 1049
NN Wy NN N N R aa Y ay R 711
006 000 \ 03z t\ il 'y BN L R pp e
0 . .‘\‘\ 0.09‘ N n_nz{\_\\ '*t Y 0.16‘ N //.:\\\\ 0 W.\\ N 8;9‘ Rz .\ ll 3.5I g .\\ //‘,\\\
© S o o © o & S ) o o S
& N & N S ) § Q O S S <§
o 0 B K9 o & & & K & ey &
Chitiosan Typ Chitiosan Typ

Fig. 19: Adsorption behavior of Chi-NPs for A) Carbamazepine at a concentration of 100 pg mL1, B) Diclofenac at
100 pg mL* and C) Diclofenac at 5000 pg mL1. All measurements were done in triplicates and the error bars
indicate the standard deviation among them. The numbers above the bars indicate the adsorption capacity
(mg drug adsorbed per g adsorbent at a certain drug concentration).

As shown above, particles synthesized with lower molecular weight chitosans result in
smaller particles and therefore, in a better surface - to - volume ratio. Considering the
adsorption results for DCL, we assume that in general smaller Chi-NPs are more suitable
for adsorption.

In order to determine the adsorption of Chi-NPs at higher concentration we increased the
DCL dosage to 5000 pg mL-! with a 1.5 mL sample volume (Fig. 19 C). Low MW Chi-NPs
showed the best adsorption behavior by adsorbing 351.8 mgg! respectively with a
remediation of about 47 %, whereas the Chi-NPs prepared with high MW chitosan showed
an adsorption with only 14 % remediation and 104.97 mg g-1. The adsorption values for
5000 pg mLt between lowest and highest MW showed a behavior comparable to data
obtained with 100 pg mL-1. A general tendency of a decrease in adsorption capacity with
an increase in MW could be observed for the 5000 ug mL-! samples. The high adsorption
of DCL on Chi-NPs is presumably attributed to the negative charge of the compound. Due
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to its amine content, chitosan can act as a weak ion exchanger and, therefore, DCL could

exhibit an increased affinity towards the Chi-NPs.

The difference between Chi-NPs and untreated chitosan is evident. The untreated chitosan
powder itself is a dense, nonporous material with a low surface/volume ratio. Therefore,
low adsorption values for chitosan powder were expected when compared to nano-
structured Chi-NPs. Moreover, the high adsorption values of Chi-NPs are not solely
attributed to the size and surface/volume ratio, but also to the presence of glut in the
composite material. As described above, crosslinking with glut leads to a decrease in
chitosan density, which results in a more swellable composite material. (Poon, Wilson, et
al. 2014) prepared bulk chitosan/glut composite powders with a macroparticle size, in the
range of mm, by varying the glut content. They evaluated the adsorption behavior of these
materials towards p-nitrophenol and their results indicated an improvement in

adsorption behavior with increasing glut content.

5.7. Conclusions

In this work, we present a miniemulsion formulation containing cyclohexane as oil
phase, Span 80 as surfactant, and a chitosan solution in 1 % acetic acid as disperse phase
for the synthesis of covalently crosslinked Chi-NPs. Emulsions with the preferable low
water/oil ratio of 1:3.3 (v/v) have been prepared. To further optimize the long term
emulsion stability, NaCl was added to the formulation as hydrophile. The utilization of
0.1 M NaCl in the disperse phase lead to an increased emulsion stability (> 18 h) and
further increased the particle yield up to 80 %.

Regarding the primary amine content of chitosan, different crosslinker concentrations of
glut have been tested. The results indicated that a primary amine : glut ratio of 1:1 is

sufficient to produce spherical and narrowly distributed crosslinked particles.

With these optimized parameters, Chi-NPs were synthesized using six highly deacetylated
chitosans of different MWs. Particularly high MW chitosan solutions exhibited a
shear-thinning behavior even at low sheer forces. Accordingly, the disperse phase
viscosity was strongly decreased due to the high sheer forces applied by sonication. This
allowed for the successful emulsification even of the high MW chitosan solutions.
Consequently, it was possible to synthesize Chi-NPs with all six chitosans. The results of
DLS measurements indicated an increasing particle size with increasing chitosan MW

ranging from 109.9 d.nm for lowest chitosan MW up to 200.3 d.nm for the highest chitosan
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MW. We suggest this effect is attributed to the disperse phase viscosity. Higher viscosity

leads to larger droplets, which ultimately results in larger particles.

The adsorption behavior towards the two chosen drugs - CBZ and DCL - was tested for all
six untreated chitosan powders and the corresponding formulated Chi-NPs. The
remediation of CBZ (100 ug mL-1, 1.5 mL) was below 20 % for Chi-NPs and below 10 % for
untreated chitosan. The remediation of DCL at 100 pg mL-! was found to be in the range of
60 % for low MW Chi-NPs and 25 % to Chi-NPs synthesized with the highest MW chitosan.
At an increased DCL concentration (5000 pg mL-1, 1.5 mL) a similar tendency was
observed. Low MW Chi-NPs showed the best adsorption properties against 5000 ug mL-!
DLC, with a capacity of 351.8 mg g1 and a remediation of about 47 %. Again, a general
tendency of increasing adsorption capacity of Chi-NPs proceeding from low chitosan MW
was observed. We propose that this effect is attributed to the nanostructure of the
particles and its consequent high surface to volume ratio, besides from the glut presence,
which increases the swellability of the Chi-NPs, thus contributing to an increase in its
adsorption capacity. Future experiments should focus on the determination of dynamic

adsorption capacities, adsorption equilibrium and desorption behavior.
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6. Chitosan Nanoparticles as Adsorber in Mixed-

Matrix Membranes

In this chapter, the results for the discussion of hypotheses LIl and LIII (6.1) are
presented. Chapter 6.2 to 6.8 represents a manuscript with the title “Chitosan
nanoparticles via high-pressure homogenization-assisted miniemulsion crosslinking for
mixed-matrix membrane adsorber”, which was published as a research paper in the peer-
reviewed journal Carbohydrate Polymers (Riegger, Kowalski, et al. 2018). As basis for this
work, the results from chapter 5 were used. The discussion of hypothesis LIl and LIII can

be found in the discussion section in chapter 9.1.2 and 9.1.3.

Please note: Minor modifications were made to the original manuscript concerning layout
and orthography in order to fit the style of this thesis. No content-related changes were

performed.
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6.1. Hypotheses L.II and LIII

Hypothesis LII:

It is possible to transfer an emulsion formulation, which was optimized for a discontinuous
ultrasonication emulsification to a continuous high-pressure homogenization (HPH)-based

process.

- Similar to the ultrasonication emulsification it is possible to process chitosan of different

MW via high-pressure homogenization to reproducibly prepare Chi-NPs.

Hypothesis LIII:

It is possible to disperse the Chi-NPs from 1.2 in a membrane polymer solution in order to

prepare Chi-NP loaded mixed-matrix membranes.

- The Chi-NP mixed-matrix membranes can be applied for the adsorption of

pharmaceutical compounds in aqueous media.
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6.3. Abstract

Glutaraldehyde-crosslinked chitosan nanoparticles (Chi-NPs) were prepared
reproducibly via miniemulsion crosslinking for effective adsorption of the active
pharmaceutical ingredient (API) diclofenac (DCL). Three different molecular weights
(MWs) of highly deacetylated (> 90%) chitosans (low, medium and high MW) were used
to vary the disperse phase viscosity. Particle formation was evaluated ranging from one to
seven homogenization cycles at 40 MPa. Particles were prepared successfully with the low
and medium MW chitosan in the range of 125 nm - 250 nm (z-average). In HPLC assisted,
static adsorption experiments, all particles showed a rapid sorption rate (< 2 min) with an
adsorption capacity of up to 256.2 mg g1 DCL. Modelling of adsorption isotherms resulted
in a gmax 358.3 mg g1 for Langmuir and 502.5 mg g for Sips, respectively. Membrane
adsorbers were prepared by processing Chi-NPs into porous polyether sulfone
microfiltration membranes via a casting and phase inversion process, resulting in an

adsorption capacity of up to 3.6 mg m-2 DCL in dynamic adsorption experiments.

Keywords: chitosan nanoparticles; adsorption; active pharmaceutical ingredients (API);

water purification; membrane adsorbers

6.4. Introduction

An increasing contamination of the aquatic environment with substances from
industrial sources is expected to become one of the major challenges for the next decades.
Especially, the appearance of active pharmaceutical ingredients (APIs), particularly in
drinking water (surface and groundwater), is a major concern. Next to several other drugs
like hormones and antibiotics, the widely used painkiller diclofenac (DCL) has been added
to the watch list of substances for European Union-wide monitoring (Decision

2015/495/EU of 20 March 2015; Barbosa, Moreira, Ribeiro, Pereira, & Silva, 2016).

The development of high capacity adsorbers could be a viable method for the remediation
of aquatic pollution caused by APIs and therefore is the main subject of many current
research projects. Ideally, such adsorption systems would originate from renewable

sources such as cellulose or chitin.
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After cellulose, the second most abundant biopolymer is chitin, which is widely available
in exoskeletons of crustaceans. Chitin is insoluble in conventional solvents. When treated
with strong alkaline media, the deacetylated derivative named chitosan is formed, a
method, which was first reported by Rouget in 1859. Chitosan bears primary amines,
which allow dissolution in diluted acidic media, enabling a processing of the cationic
biopolymer. Chitosan and its composite materials have been reported to be a promising
material for adsorption of various substances like organic dyes (Vakili, Rafatullah, et al.
2014) and metal ions (L. Zhang, Zeng, et al. 2016; Wan Ngah, Teong, et al. 2011). The
adsorption of pharmaceutical compounds like pramipexole (Kyzas, Kostoglou, et al. 2013),
tetracycline (Oladoja, Adelagun, et al. 2014; Ma, Zhuang, et al. 2015), dorzolamide (Kyzas,
Bikiaris, et al. 2014) and diclofenac (Yalei Zhang, Shen, et al. 2014) have also been
reported. The primary amines and other moieties like hydroxyl groups and acetamido
groups facilitate this adsorption behavior towards a wide variety of substances (Olivera,

Muralidhara, et al. 2016).

Compared to other material classes, nanomaterials and in particular nanoparticles,
possess properties, which are favorable for adsorption applications (Santhosh,
Velmurugan, et al. 2016). Next to their defined architecture, especially the high surface to
volume ratio i.e. the high specific area is beneficial (Hristovski, Baumgardner, et al. 2007).
There are several different techniques for the preparation of covalently and non-
covalently crosslinked chitosan nanoparticles (Chi-NPs) (Agnihotri, Mallikarjuna, et al.
2004). Covalently crosslinked materials are desired, specifically if they are used in
adsorption processes, which can include regeneration processes (adsorption/desorption)
with pH or solvent shifts. With the use of a suitable crosslinker like glutaraldehyde,
covalently crosslinked and narrowly distributed Chi-NPs can be prepared via oil-in-water-
based miniemulsion technique (Ohya, Shiratani, et al. 1994; Zhi, Wang, et al. 2005; Riegger,
Baurer, et al. 2018). Usually such miniemulsions (also called nanoemulsions) are prepared
via high shear stress-induced by probe sonication or rotor-stator. However, these
sonication techniques are limited in terms of volume (sonication) or emulsification
efficiency (rotor-stator). For the application of such adsorber materials, larger amounts of
particles are required. In industry, high-pressure homogenization (HPH) is often used for
the preparation of emulsions (Schultz, Wagner, et al. 2004). Compared to the
aforementioned techniques, the advantage of HPH is the high volume throughput and its
emulsification efficiency, which is necessary for the preparation of larger amounts of

emulsion i.e. particles (Shi, Li, et al. 2011). HPH process parameters, which influence the
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resulting emulsion, are mainly the orifice/nozzle geometry, the applied pressure and the
number of homogenization cycles, i.e. homogenization time (Schuchmann, Karbstein, et al.
2012). The HPH technique has already successfully been used for the preparation of starch

nanoparticles via miniemulsion crosslinking (Shi, Li, et al. 2011).

Evidently, such nanoparticles should not be introduced to the aquatic environment
without having the means to remove them after the adsorption process. There are two
main techniques to use nanoparticles in adsorption processes without introducing them
irretrievably to the aqueous system. One approach is the use of magnetic nanoparticles.
For the adsorption of a contaminated media, the NPs are dispersed and then separated by
using a permanent magnet. Several magnetic chitosan nanoparticles for the removal of
chromium (Thinh, Hanh, et al. 2013), copper (Yuwei and Jianlong 2011),
palladium/platinum (L. Zhou, Xu, etal. 2010) or DCL (Yalei Zhang, Shen, Dai, & Zhou, 2014)

have been reported.

An alternative approach, which allows the processing of regular, non-magnetic
nanoparticles, is the preparation of mixed-matrix membranes, also called membrane
adsorbers. Nanoparticles are dispersed in a suitable polymer solution and processed to
flat sheet membranes. The particles are entrapped in the highly porous polymer mem-
brane resulting in an increased adsorption capacity compared to a membrane containing
no nanoparticles. This concept has been shown to work with different synthetic polymer
nanoparticles entrapped in high flux microfiltration polyethersulfone (PES) membranes
for the adsorption of bisphenol A (Niedergall, Bach, et al. 2013), penicillin G / bisphenol A
(Niedergall, Bach, et al. 2014) and various metal ions like copper, silver and lead
(Niedergall, Kopp, et al. 2016). PES mixed-matrix nanofiltration membranes containing O-
carboxymethyl chitosan coated Fe304 nanoparticles for dye removal in wastewater were

reported by (Zinadini, Zinatizadeh, et al. 2014).

The aim of this study was the development of a high-pressure homogenization-assisted
processing method of chitosan solutions containing chitosans of different molecular
weights for the preparation of Chi-NPs via miniemulsion crosslinking technique. The goal
was to present a straightforward synthesis strategy, which reproducibly leads to suitable
amounts of narrowly distributed Chi-NPs. The different Chi-NPs were tested extensively
for their static adsorption behavior towards the example of a highly relevant API, namely
Diclofenac (DCL). For this purpose, the adsorption kinetics and isotherms of the Chi-NPs
in HPLC-assisted batch adsorption experiments were determined. As a proof of concept,

the Chi-NPs were used subsequently for the preparation of mixed-matrix membrane
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adsorbers. In order to characterize those Chi-NP-filled membranes, their dynamic

adsorption behavior and adsorption capacity for DCL was investigated.

6.5. Experimental

6.5.1. Materials

Commercially available chitosans of different molecular weights (MWs) were
purchased: low MW chitosan (90/10/A1) from Kraeber & Co GmbH, Germany; medium
MW chitosan (90/60/A1) was a kind gift of Textilchemie Dr. Petry GmbH, Germany; and
high MW chitosan (95/200) was purchased from Heppe Medical Chitosan GmbH (HMC(C),
Germany. The MW was quantified via size exclusion chromatography (SEC) measurements
and the degree of deacetylation was verified by TH-NMR-spectroscopy (see Table 4). Acetic
acid solution for HPLC (assay 49-51 %), glutaraldehyde solution (25 % in H:20,
d=1.06 g mL1), trifluoroacetic acid (TFA) (99 %), acetonitrile HPLC-grade, diclofenac-
sodium, Dulbecco’s phosphate buffered saline and sorbitan monooleate (Span 80,
viscosity 1000-2000 mPa s) were purchased from Sigma-Aldrich, Germany. Cyclohexane
(Applichem, > 99.5 %) and polyethylenglycol 600 (PEG600) were obtained from Haberle
Labortechnik GmbH, Germany. D20 and CD3COOD (acetic acid-D4) were purchased from
Deutero GmbH, Germany. N-Ethyl-2-pyrrolidon (NEP) was purchased from Carl Roth,
Germany. Polyethersulfone (PES) Veradel 3000P was obtained from Solvay.

All chemicals were used as received. ASTM Type I water (TKA GenPure) was used
throughout this study (herein referred to as water). The used rotor-stator homogenizer
was obtained from Heidolph Silentcrusher M (homogenizer tool 12F). High-pressure
homogenizer (HPH) EmulsiFlex-C3 (throughput 3 L/h) was purchased from Avestin,
Germany. The ultrasonicator Branson 450-D equipped with a 5 mm Tip used in this study
was obtained from G. Heinemann Labortechnik, Germany. The centrifuge used was a

Beckmann & Coulter Avanti ]J-26 XPI with JA-25.50 Rotor and JLA 10.500.
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6.5.2. Methods

Calculation of Primary Amine Content

1TH-NMR spectroscopy (Bruker BioSpin Avance 500) was performed to confirm the
degrees of deacetylation (DDs) provided by the manufacturer (see Table 4). The procedure
for sample preparation was described elsewhere (Riegger, Baurer, et al. 2018). For DD
determination, the integral of Hn-cocnz at 1.90 - 2.10 ppm and the integrals of H2-He ranging
from 3.0 - 4.25 ppm were used. The DDs were calculated using the following equation (1)

described by Hirai, Odani, & Nakajima (1991).

IcH4/3
IH,—Hg/6

(1)

DD=(1— )-100

As shown in Table 4, the DDs determined by 1H-NMR spectroscopy confirmed the DDs
provided by the manufacturer. The primary amine content was calculated individually for
each chitosan. For the calculation of the primary amine content of chitosan, equations (2)
and (3) were applied using the DDs provided by the manufacturer. In a first step (2), the
average molecular mass of the structural repeating unit (SRU) of chitosan was calculated.
For the calculation of the SRU this equation takes both, the degree of deacetylation (DD)
and the degree of polymerization (DP) of chitosan into account. The DD has a significant
influence on the SRU while the influence of the DP on the SRU decreases with an increase

of the DP. The value for the DP was calculated from the SEC data.

MH20
DP

Mchicsru) = Mgienac — My, + — DD (Mgienac — Mgien) (2)

The amount of primary amines was then calculated applying equation (3) using the

calculated SRU from above.

Mchi bb
(primary amine) Mcpisryy 100 ©
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Size Exclusion Chromatography (SEQC)

SEC measurements were performed at 40 °C in water (0.1 % trifluoroacetic acid
(TFA) (v/v), 0.1 M NaCl, flow rate 0.5 mL min1) on a 1260 Infinity GPC-SEC Analysis
System (Agilent Technologies) equipped with a refractive index (RI) detector and a PSS
NOVEMA Max linear XL 5 000 - 3 000 000 Da (Polymer Standards Service GmbH) column
with a Poly-2-vinylpyridine (PVP) calibration. For sample preparation, chitosan (2 mg mL-

1) was dissolved in eluent.

Rheology

All rheological measurements were performed on a Physica MCR 301 (Anton Paar)
rheometer using a coaxial cylinder geometry. Flow curves were obtained with a loga-
rithmic shear rate ramp with shear rates between 1 s and 2000 s-1. Chitosan sample

composition and NaCl content were as described above.

Preparation of Chitosan Nanoparticles

The emulsion formulation used was described in a previous work (Riegger, Baurer,
et al. 2018). A general schematical representation of the particle preparation process is
given in the previous work. Particle preparation with chitosans of different MWs always
followed the following procedure. Chitosan (1620 mg) was dissolved in 54 mL of
1 % (v/v) acetic acid containing 0.315 g (0.1 M) NaCl. The sodium chloride was used as
hydrophile to prevent nanodroplets from Ostwald ripening as discussed previously
(Riegger, Baurer, et al. 2018). The mixture was stirred until a clear solution was obtained.
To remove insoluble components, the resulting solution was filtered through a filter
crucible under reduced pressure. The continuous phase (oil phase) consisted of 7.2 g
Span 80 dissolved in 180 mL cyclohexane. Aqueous phase and oil phase were combined
and premixed through brief rotor-stator mixing. This emulsion was filled into the high-
pressure homogenizer (HPH) feed vessel, run for seven cycles at 40 MPa, and subsequently
transferred to a sealed vial. To this solution, a calculated amount of glutaraldehyde (glut)
was added under magnetic stirring to enable the crosslinking process. An amount of one
mole glut per mole primary amine was chosen. Due to different DDs, the amount of glut
was adjusted according to the calculated amount of primary amines. The amount of
primary amines was calculated using the DDs provided by the manufacturer and the

equations as described above. The emulsion containing the crosslinker was agitated
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overnight. Afterwards, the emulsion was transferred into a 500 mL-polycarbonate
centrifugation tube to purify Chi-NPs via centrifugation. The emulsion was broken by
filling the tube with ethanol and centrifugation at 18.592 G (10k rpm, rotor: JLA 10.500)
for 10 minutes. The supernatant was discarded, the resulting gel-like pellet was
redispersed in ethanol, sonicated for 20 seconds via sonotrode (60 % amplitude 5 seconds
on; 5 seconds off) and shaken for 10 minutes. This procedure was repeated four times with

ethanol and twice with water.

Subsequently, particles were treated depending on their further use. DLS samples were
prepared using a part of the aqueous pellet. Chi-NP samples for the characterization of
static adsorption behavior were produced by freeze-drying the aqueous particles
susspesnions. For the embedding of particles in membranes, a solvent exchange with
N-Ethyl-2-pyrrolidon (NEP) was conducted after the last centrifugation in water. In order
to remove the water, the aqueous particle pellet was redispersed in NEP by
ultrasonication, shaken for one hour and subsequently centrifuged. The resulting pellet
was ready for further use in the formulation of particle containing membrane polymer

solutions.

Preparation of Mixed-Matrix Membranes

A general method for the preparation of mixed-matrix membranes was described
by Niedergall et al. (2014). The NEP-swollen Chi-NP pellets (see preparation section) were
redispersed via probe sonication in 144.7 mL NEP. Subsequently, PEG 600 (273.8 g) as
performing agent and the membrane polymer PES (79.65 g) were added and mixed on a
tube roller until complete dissolution of the PES. The resulting casting solution
(membrane polymer solution) had a particle content of 0.9 % for low MW particles and
1.18 % for medium MW Chi-NPs. The particle mass content related to the membrane
polymer, i.e. in the resulting membrane, was 6.4 % and 7.42 % for low MW particles and
medium MW Chi-NPs respectively. Casting solutions for the preparation of reference

membranes contained no particles.

Mixed-matrix membranes were prepared via casting and phase inversion process using
water as non-solvent. The solution was casted over a clean glass plate
(approx. 20 cm x 35 cm) with the help of a doctor blade (200 um). Immediately after
casting, the glass plate was transferred into a climate chamber at 25 °C and 80 % rel.
humidity for 5 minutes. Subsequently, the glass plate was submerged in a water bath

containing water at room temperature. After several minutes, the thin polymeric film
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peeled off from the glass plate. The membrane was washed intensely with water and

stored in water until further use.

6.5.3. Characterization of Chi-NPs and Membranes

Dynamic Light Scattering (DLS)

Measurements of size (z-average, intensity-based) and polydispersity index (PDI) of
Chi-NPs were performed via DLS. The device was equipped with a 4 mW He-Ne Laser
A =632.8 nm (Zetasizer ZEN 3600 - NanoZS, Malvern Instruments). Scattering photons
were collected in backscattering mode at an angle of 173°. For sample preparation, a
sufficient amount of Chi-NPs was redispersed in 3 % acetic acid by applying probe
sonication treatment (5 seconds “on” /5 seconds “off’) for 120 seconds. A
1.2 pm-syringe filter was used to remove larger sized agglomerates. The refractive index
of 3 % acetic acid was calculated and applied within the Mavlern Zetasizer software.
Measurements were performed in single use polystyrene cuvettes at 20 °C. The reported
sizes are the intensity-based z-average diameters of three measurements

(> 10 runs each).

Scanning Electron Microsco SEM

To determine morphology and size of the particles, scanning electron microscopy
(SEM) was performed using a Zeiss Leo 1530 VP (Jena, Germany). Diluted dispersions of
Chi-NPs were placed on silicon wafers and dried at ambient conditions. To minimize

electrostatic charging, the samples were sputter-coated with platinum.

Determination of Static Adsorption Behavior

Adsorption kinetics for diclofenac (DCL) were tested in batch experiments for both
types of Chi-NPs at nine different concentrations ranging from 0.3 mg L1 to 2500 mg L-1).
Chi-NPs (10 mg) were redispersed in 4 mL phosphate buffer (0.01 M, pH=7) with
ultrasonication treatment. To the resulting dispersion, 2 mL of a drug stock solution was
added and placed on a shaker. For the determination of adsorption kinetics, the adsorption
capacity was measured at 15 different contact times (5 seconds up to 60 minutes).
Subsequently, the particle suspension was centrifuged for 2 minutes at 12000 rpm
resulting in a range of contact time of 125 seconds to 62 minutes. The remaining drug

concentration in the supernatant was analyzed by High Performance Liquid

78



6 Chitosan Nanoparticles as Adsorber in Mixed-Matrix Membranes

Chromatography (HPLC) (device: Shimadzu prominence) as described elsewhere.
(Riegger, Baurer, et al. 2018) A volume of 10 pL (for c =300 mg L1 - 2500 mg L-1) and a
volume of 100 pL (for c = 0,3 mg L1 - 30 mg L-1) was injected on a reversed phase column.
To ensure that the system is at full equilibrium, we chose to use the last four data points
from the Kinetic experiments for the calculation of a mean ge. These mean ge were plotted
against Ce and fitted by Langmuir, Freundlich and Sips isotherm (also known as Langmuir-
Freundlich isotherm) equation using OriginPro 2017 (OriginLab). The equations and the
procedure for modeling the adsorption isotherms was applied as described by Repo et al.

(2010).

Determination of porosity

The membrane porosity was determined via capillary flow porometry
(Porolux 1000, Porotec GmbH). The device was pressurized with nitrogen and the
diameter of membrane samples was 25 mm. Before measuring the porosity, the samples
were repeatedly washed with ethanol. In a final step, the samples were fully wetted with
ethanol (surface tension 22.6 mN m-1) and subsequently used for determining the mean
pore size. Wet and dry curves were determined. As the capillaries are assumed to be fully
wetted, a contact angle of 0° as well as a shape factor of 1 was assumed for the calculation

of the mean pore size via Young-Laplace equation.

Determination of Flux

The flux of the prepared membranes was characterized with the help of a
pressurized adsorption chamber (plastic) with a maximum capacity of 400 mL. The
diameter of the chamber, and therefore the diameter of the membrane samples, was
7.6 cm. The membrane was put into place and in a first step, the chamber was filled with
water. With the help of a needle valve, a nitrogen pressure of 1 bar was applied to the
adsorption chamber. The permeate was collected in a vessel which was placed on a digital
scale. The scale was connected to a computer which plotted the increase in weight
(i.e. amount of water) over time. As the amount of permeate (water), the area of the
membrane sample, the permeation time and the applied pressure are known the flux was

calculated in L m2 h-! bar-1.
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Determination of Dynamic Adsorption Behavior

The dynamic adsorption behavior of the prepared membranes was characterized
with the help of a pressurized adsorption chamber (see Determination of Flux). With the
help of a needle valve, a nitrogen pressure was applied to the adsorption chamber
resulting in a water flow rate through the membrane of 20 mL min-1. Afterwards the water
is removed from the chamber. The chamber containing the membrane was then dried
using a nitrogen stream. Finally, the chamber was filled with 250 mL of DCL solution with
a concentration of 200 pg L-1. With the pressure determined in the first step, the
experiment was started. The permeate was collected in the following manner: 14 samples
of 5mlL, followed by 18 samples of 10 mL. The remaining DCL concentration in each
sample was quantified via HPLC as described above in the static adsorption section. Three
distinct membranes samples of each membrane type were used for the adsorption

experiments. The adsorption capacity of the adsorption chamber was also tested.

6.6. Results and Discussion

6.6.1. Preparation of Chi-NPs via HPH

For the preparation of sufficient amounts of chitosan nanoparticles (Chi-NPs) via
miniemulsion crosslinking, high-pressure homogenization (HPH) was applied for the
emulsion formation. Emulsions were prepared with three different highly deacetylated
chitosans (3 % chitosan solutions in 1 % acetic acid, containing 0.1 M NaCl). While the
chitosan solutions acted as the water phase, cyclohexane containing Span 80 as emulsifier
served as the oil phase. To determine the influence of homogenization time on the
emulsion generation, which in turn controls the particle formation, seven homogenization
cycles were run for each emulsion. The emulsion formulation applied in this work was
developed, optimized and tested for the use in-probe sonication-based emulsification
process as described in a previous work. As described previously, the aqueous phase
viscosity affects the emulsion process i.e. the resulting particle size (Riegger, Baurer, et al.
2018). Therefore, three chitosans (DD > 90) with different molecular weights (MW) herein
called low, medium and high-MW chitosan were tested. These chitosans were
characterized (Table 4) by size exclusion chromatography (SEC). Viscosities of chitosan
solutions were determined at different shear rates (Fig. 20). The DD provided by the

manufacturer was verified via TH-NMR spectroscopy.
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Fig. 20: The shear-dependent dynamic viscosity of the low, medium and high MW chitosans solutions
(3 % chitosan solutions in 1 % acetic acid, containing 0.1 M NaCl).

For all three samples the SEC data show a broad molar-mass dispersity Pwm
(polydispersity index, PDIsec)(Stepto 2009) which is common for commercially available
chitosans (Nguyen, Hisiger, et al. 2009). The measurements of the shear dependent
viscosity of 3 % chitosan dissolved in 1% HAc (0.1 M NaCl) show a shear-thinning

behavior for the medium and high MW chitosans at the tested shear rates.

In contrast, the low WM chitosan exhibits a low viscosity over the whole range of shear,
showing no shear-thinning behavior. This is in accordance with results reported earlier
(Riegger, Baurer, et al. 2018). The shear-thinning behavior, especially of high MW i.e. high
viscous chitosans, is desirable because a lower viscosity facilitates droplet disruption in

homogenization processes.

Emulsion preparation via HPH was conducted as described above. The emulsions were
prepared in seven homogenization cycles at 40 MPa. After each cycle, a sufficient amount
of emulsion was drawn from the HPH. To each emulsion, glutaraldehyde (glut) as
crosslinker was added. These experiments were performed in triplicate. The size (z-
average, intensity-based) and size distribution (PDI) of each Chi-NPs sample was
characterized via DLS (Fig. 21A and B). Error bars indicate the standard deviation in size

and PDI for the triplicate particle preparation.
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Table 4: Chitosan description and characterization of molecular weight (Mw, Mn) via SEC, degree of deacetylation
via TH-NMR and dynamic viscosities.

My Mx Dynamic _ .
DD % Viscosity
Chitosan type SEC SEC Du DD2% viscosity b
1H-NMR ratio ¢ A
[gmoll] [gmoll] [mPa s]
Low MW 77 750 24010 3.24 93.5 94.6 21.4 23.7
medium MW 349 000 67870 5.14 91,5 92.3 542.5 602.7
high MW 371200 121400 3.06 94.5 97.9 2149.5 2388.3

aprovided by manufacturer
b 3 % chitosan solutions in 1 % acetic acid, containing 0.1 M NaCl at 100 s-1
¢ Cyclohexane viscosity: 0.9 mPa s
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Fig. 21: DLS measurements oflow MW Chi-NPs (A) and medium MW Chi-NPs (B) after varied HPH cycles. Particles
were prepared and measured in triplicates.

For the low MW chitosan, four cycles were necessary to reproducibly yield narrowly
distributed nanoparticles (PDI < 0.2) in the range of 200 nm. Further homogenization led
to a negligible decrease in size and no observable improvement in dispersity. For the
medium MW chitosan, at least five cycles were necessary for the reproducible preparation
of narrowly distributed Chi-NPs (PDI < 0.2) in the range of 250 nm. Similar to the low MW
chitosan further homogenization did not improve the size/distribution of the particles
considerably. The SEM micrographs of the low and medium MW Chi-NPs show spherically
shaped, narrowly distributed particles (Fig. 22). The shape and size distribution is similar

to Chi-NPs prepared via probe-sonicated emulsion crosslinking technique (Riegger,
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Baurer, et al. 2018). The observed size in the SEM micrographs does not match the size
determined by DLS. This is due to the drying process, which is involved in SEM sample
preparation. In this dry state, the particles are in a non-swollen, collapsed state. We
assume that the observed agglomerates are formed during the sample preparation due to

the adhesive behavior of chitosan (Banerjee, Mitra, et al. 2002).

Low MW Chi-NPs 88l Medium MW Chi-NPs |

*f? e -

Fig. 22: SEM micrographs of the low and medium Mw Chi-NPs show spherically shaped, narrowly distributed
particles.

For the high MW chitosan, it was not possible to prepare stable emulsion with the HPH in
seven homogenization cycles at 40 MPa (no DLS data shown). The disperse phase viscosity
plays an important role in the emulsification processes, via HPH or probe sonication.
(Nazarzadeh and Sajjadi 2010; Schultz, Wagner, et al. 2004). If the disperse phase viscosity
exceeds a certain level, emulsification does not lead to sufficient droplet disruption. The
high MW chitosan exhibits a viscosity (Fig. 20) at which emulsification via HPH at 40 MPa
was insufficient, hence only an instable coarse emulsion with large droplet sizes was
formed. By increasing the homogenization pressure and/or changing the homogenization
nozzle, we assume it would be possible to successfully emulsify the high MW chitosan
solution (Stang, Schuchmann, et al. 2001). However, the aim of this work was to compare
the three chitosans at the parameter setting of 40 MPa. Hence, no further experiments

were performed with the high MW chitosan in this study.

By comparing Fig. 21A and 2B, it can be seen that the smallest Chi-NPs are formed using
the low MW chitosan, which exhibits the lowest viscosity. This concurs with the results of
Stang et al. (2001) who demonstrated that the droplet size (which correlates with particle
size) in HPH emulsification processes increased with increasing disperse phase viscosity.

This behavior also agrees with previous findings of Chi-NP preparation via probe
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sonication-assisted emulsion. With increasing MW of chitosan, i.e. increasing aqueous
phase viscosity, the resulting particle size increases (Goycoolea, Brunel, et al. 2016;
Riegger, Baurer, et al. 2018). Shi and co-workers (2011) developed an HPH-assisted
miniemulsion crosslinking formulation for the preparation of starch nanoparticles. Along
with other parameters, they investigated the effect of starch concentration in the aqueous
phase on nanoparticle formation applying one to five homogenization cycles at 30 MPa.
They found that the aqueous phase with the lowest starch concentration (i.e. lowest
viscosity) results in the smallest starch nanoparticles. Further, their data show that after
exceeding a certain starch concentration, it was not possible to produce narrowly

distributed nanoparticles (PDI < 0.2).

We were able to further optimize the Chi-NP preparation by stirring the crude emulsion
in the feed vessel throughout the whole HPH process. This reduces phase separation of the
crude emulsion in the first homogenization cycles and therefore improves the
homogenization efficiency, which eventually leads to a better dispersion result. After
seven cycles the DLS measurement showed that the resulting particles were in the range
of 125 nm (PDI: 0,19) for low MW and 160 nm (PDI: 0,16) for medium MW while the
process without continuous stirring led to Chi-NPs in the range of 200 nm for low MW and

250 nm for medium MW as described above.

It has been shown that at sufficiently high process pressures, HPH can be used for the
depolymerization of polysaccharides (HARTE and VENEGAS 2010). To investigate the
influence of the HPH on the chitosans MW, SEC analyses of the pristine polymer after one
and after seven HPH cycles at 40 MPa in the emulsion without crosslinker was performed.
After emulsification via HPH the chitosan was regained via centrifugation and analyzed by
SEC. Fig. 23A shows the results of these experiments for low MW chitosan and Fig. 23B for
the medium MW chitosan. In both cases, the SEC data show no considerable change in MW
by the HPH, meaning that the HPH process at 40 MPa does not lead to significant
depolymerization. Hence, we assume that the chitosans retain their MWs and MW
distributions throughout the emulsification process. We conclude this can be explained by
the low pressure we used compared to others (HARTE and VENEGAS 2010; Lyons 2011)
but more importantly to the fact that in our case a two-phase system (emulsion) instead

of a plain polymer solution/dispersion was homogenized.
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Fig. 23 SEC MW distribution oflow (A) and medium (B) MW chitosan after 0, 1 and 7 cycles of HPH.

6.6.2. Static Adsorption

In a first step, the adsorption kinetics for DCL were evaluated at different starting
concentrations on low and medium MW Chi-NPs prepared with the HPH process. As we
showed earlier, macroscopic and untreated chitosan (independent of its MW) is a poor
adsorbent for DCL (Riegger, Baurer, et al. 2018). Nine different concentrations were
chosen and the adsorption capacity (ge in mg g1) was quantified at 15 points in time
ranging from 125 seconds to 62 minutes (Fig. 24A and B). Due to the necessary
centrifugation (2 min) of the particles for the preparation of HPLC samples, the shortest
adsorption time that we were able to record in this experimental setup was 125 seconds.
Hence, shorter adsorption times could not be detected. The observed adsorption rates for
both particle types were independent of the starting concentration and instant. In contrast
to common adsorbents like activated carbon, adsorption kinetics for DCL in the range of
several minutes (Nam et al. 2014; Co 100 ng/L, contact time 30-360 min at 20 °C) to hours
(Chang et al. 2015; Co 10 mg/L, contact time 0-72h at 25°C) especially at high
concentrations (Vedenyapina et al. 2016; Co 500 mg/L, contact time 1-9 h at 18 °C) could
not be detected. Although the adsorption kinetics for DCL on Chi-NPs could not be
determined, the rapid adsorption process (< 2 min) is very useful for the application of
these particles in membrane-based processes, where the contact time between pollutant
and adsorbent is quite short. Zhang and co-workers (2014) found a similar rapid
adsorption rate for DCL on glutaraldehyde-crosslinked magnetic chitosan nanoparticles.
Even at a sampling point of 0.5 minutes, they found the adsorption to be complete. Since

the adsorption was so fast, no kinetic could be determined.
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Fig. 24: Adsorption kinetics of low MW (A) and medium MW Chi-NPs (B) at different DCL concentrations.

To ensure that the system is at full equilibrium the last four data points
(12, 22, 42 and 62 minutes) were chosen for the calculation of a mean qe (Fig. 25A and B,
black squares). At the highest starting concentration (Co= 2500 mg L-1) the low MW Chi-
NPs show a qe for DCL of 256.2+7.1 mg g'land the medium MW Chi-NPs show a ge of
211.7¢5.2mgg?t. At a Co of 500 mg L1 a capacity of 88.1+7.2 mg g1 for the low MW
Chi-NPs and a capacity of 76.5+4.8 mg g1 for the medium MW Chi-NPs was found. These
values are in accordance with the results shown by Zhang et al. (2014). They found a
maximum (e for their magnetic chitosan nanoparticles of 57.5mgg?! at a starting
concentration (Co) of 500 mg L-1. We assume that the low MW Chi-NPs resemble the more
effective adsorber material compared to the medium MW Chi-NPs due to the smaller
particle size i.e. the larger surface area of the particles. These results are also in accordance
with previous findings (Riegger, Baurer, et al. 2018) where the impact on different
chitosan MWs on the adsorption behavior of the resulting particles was investigated. The
results of these single-point sorption tests showed that in general lower MW Chi-NPs lead

to a higher adsorption capacity and are therefore preferred when adsorbing DCL.

Possible adsorption mechanisms for DCL on glutaraldehyde crosslinked Chi-NPs are
hydrogen-bonding (enals, hydroxyl) or m-m interactions (Poon, Younus, et al. 2014). The
reaction between glut and chitosan resulting in covalent crosslinking is well documented
(Crini 2005; Crini and Badot 2008; Wang, Yuan, et al. 2014; Monteiro and Airoldi 1999).
Primary amine moieties of chitosan are consumed during the reaction with
glutaraldehyde. Generally, primary amines are considered to be suitable adsorption sites
for anionic compounds like DCL. Despite containing many primary amine groups, pristine

chitosan is a poor adsorbent for DCL (Riegger, Baurer, et al. 2018). Thus, it is evident that
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the mere presence of primary amines in chitosan is not responsible for a high adsorption
of DCL. Results from our previous work, as well as from the work presented here, indicate
that the chitosan glutaraldehyde composite material possess a high adsorption capacity
for DCL. Poon et al. (2014) conducted experiments with chi/glut composite materials
containing different ratios of glut for the adsorption of p-nitrophenol (PNP). While pristine
chitosan was a poor adsorbent, the adsorption capacity of chi/glut composites increased
with increasing glut-concentration i.e. increasing crosslinking. A possible explanation
could be given by the increased swelling of crosslinked chitosan compared to pristine
chitosan (Poon, Younus, et al. 2014). In addition, an increased glut content (as in this work
one mole glut per mole primary amine) can lead to self-oligomerization or self-
polymerization of glutaraldehyde. Among the products of this reaction are pydridinium
adducts, enal, hydroxyl and imine moieties (Migneault, Dartiguenave, et al. 2004; Kildeeva,
Perminov, et al. 2009). These groups might further enhance the adsorption of substances

containing aromatic and hydrophilic moieties such as DCL.

For the modeling of adsorption isotherms the mean qe values were plotted against Ce (Fig.
25A and B) and fitted by Langmuir, Freundlich and Sips isotherm (also known as
Langmuir-Freundlich isotherm) equation. The equations and the procedure for modeling

the adsorption isotherms were applied as described by Repo et al. (2010).
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Fig. 25: Adsorption isotherms for DCL in low MW Chi-NPs and medium Chi-NPs fitted with Freundlich, Sips and
Langmuir at ambient conditions.

The models show similar behavior for both particle types. Isotherm parameters are
presented in Table 5. The Freundlich model, which accounts for multilayer adsorption,
shows a poor fit for the experimental data. Compared to the Langmuir and Sips model, the
Freundlich model has the lowest R2 for both particles (low MW 0.982, medium MW 0.935)

[Note: In order to resolve a logical inconsistency, this sentence was altered. Hence, the
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phrasing of this sentence now differs from the original publication]. Therefore, it is not a
suitable model to describe the adsorption of DCL on Chi-NPs. The Sips and the Langmuir
model show an R2> 0.99 for both particle types. The high similarity in correlation and
parameters for both fits can be explained by ns (Sips heterogeneity factor) being 1 (Table
5).In the case of ns = 1 the Sips model is reduced to a model with Langmuir behavior (Repo,

Warchol, et al. 2010; Poon, Wilson, et al. 2014).

Table 5: Adsorption isotherms parameter for DCL adsorption on low and medium MW Chi-NPs at ambient
conditions including standard deviation.

Modell Low MW Chi-NPs Medium MW Chi-NPs
Freundlich
Kr [L mg1] 0.42+0.033 0.40 + 0.093
nr 1.175+ 0.018 1.178 + 0.049
R? 0.982 0.935
Langmuir
gmax [Mmg g'1] 358.3+27.95 305.3+22.06
Ki [L mg1] 10.5x104+ 1.20x104 11.5x104+ 1,463x104
R? 0.991 0.994
Sips
gmax [Mmg g'1] 502.5 +87.18 317.3 +38.6
ns 0.936 +0.021 0.989 + 0,025
Ks [L mg1] 5.0x104+ 1.63x10+4 10.5x104+ 2.63x104
R? 0.997 0.993

Avalue of ns = 1 also indicates heterogenic sorption sites for both particle types. The
maximum adsorption capacity (qmax) for the low MW Chi-NPs is 358.3 mg g1 for the
Langmuir model and 502.5 mg g1 for the Sips model. Thus, the Sips model predicts a
substantially higher gmax for DCL on low MW Chi-NPs. The gmax values which were
calculated for the low MW Chi-NPs differ substantially from each other. Compared to these

results, the values calculated for the medium MW Chi-NPs are similar for both models.
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Here, values of 305.3 mgg?! and 317.3 mg g! were calculated for Langmuir and Sips
models, respectively. Nevertheless, the isotherm results (Langmuir and Sips model) as
well as the experimental data (Fig. 24) show a higher adsorption capacity for the low MW
Chi-NPs.

6.6.3. Dynamic Adsorption

To evaluate the dynamic adsorption behavior, Chi-NPs were incorporated into
polymer membranes via a casting process (Niedergall, Bach, et al. 2014). In addition,
membranes containing no particles were prepared as reference. Since water is a non-
solvent in the membrane formation process, it needed to be removed from the particles.
The particles were dried in vacuum. It was then attempted to redisperse them in N-Ethyl-
2-pyrrolidon (NEP) using probe sonication. The resulting dispersion showed macroscopic
agglomerates, which could not be broken down even with prolonged sonication treatment.
Due to their size, the Chi-NP agglomerates would inevitably lead to macroscopic defects in
the resulting membrane structure, which would substantially reduce membrane
adsorption performance. Hence, these macroscopic Chi-NP dispersions in NEP were
inadequate to serve as membrane polymer solvent. In order to obtain a fine Chi-NP/NEP
dispersion a solvent exchange with NEP was performed. After particle preparation, the
aqueous Chi-NP pellets were dispersed in an excess of NEP, centrifuged and subsequently
redispersed in NEP. The resulting dispersions showed no macroscopic agglomerates, thus
were further processed to prepare the casting solutions. Mixed-matrix membranes were
then prepared via a casting and phase inversion process using water as non-solvent. Due
to the use of NEP-swollen Chi-NPs in the preparation of the casting solutions, the mass
content of medium MW and low MW Chi-NPs is not identical. The particle mass content
related to the membrane polymer, i.e. particle mass content, in the resulting mixed-matrix

membrane was 7.4 % and 6.4 % for medium MW and low MW Chi-NPs, respectively.

In Fig. 26 SEM micrographs (cross sections) of the reference membrane as well as
membranes containing low MW and medium MW Chi-NPs are shown together with mean
values for membrane thickness. The thickness was determined on each membrane at five
different points with the help of a micrometer screw. The membranes containing particles
(60 um and 69 pm) are slightly thicker than the reference membrane (60 um). Considering
the solid (polymer) content of the membrane polymer solution and the gap width of the
doctor blade (200 pum) all three mean values for the thickness are in the expected range.

The micrographs show that the reference membrane exhibits the desired highly porous
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structure across the entire cross section without any macroscopic defects (Fig. 26 A1). The
magnification (A2) shows a homogenous pore size distribution. Fig. 26 B1 and C1 show
the membranes containing Chi-NPs. A partially macro void formation in these membranes
can be observed. We assume that the addition of Chi-NPs and, as a consequence, the
change in rheological behavior has a negative effect on the phase inversion process and is
therefore responsible for the inhomogeneities in the macroscopic structure of the
membranes. However, the porous microstructures observed in the magnifications (A2, B2,
C2) are rather similar. There is no distinct difference of the porous microstructure

between the reference membrane and the particle-containing membranes.

Due to the small size of the Chi-NPs and the low contrast between particles and the
membrane polymer, individual particles or small agglomerates are not visible in the
membrane micrographs. As shown in Fig. 22 the particles are in a collapsed state when
dried. It is to be expected that larger particle agglomerates would be visible in the SEM,
but the micrographs show no indication of the presence of such agglomerates. The flux
mainly depends on the pore size of the membranes as shown in Fig. 26D. The membrane
prepared with medium MW Chi-NPs exhibits a flux roughly twice as large
(10063 L m2h1barl) compared to the reference membrane (5355 L m2 h-1 bar1) and
the membrane containing low MW Chi-NPs (5119 L m2 h-1 bar-1). As discussed above, the
microstructure of all three membranes is similar. Therefore, we assume that the increased
flux for the medium MW Chi-NP-filled membrane is attributable to defects in the
membrane. This is in agreement with the values for the pore size, which also are roughly
twice the size (0.73 um) as in the reference membrane (0.3 pm). The membrane
containing low MW Chi-NPs, exhibits a pore size (0.43 um) similar to the reference

membrane.

The influence of the added particles on the phase inversion process should be minimal i.e.
the particle-filled membrane should be similar to the reference membrane in terms of
porosity and flux. Particles in the range of several micrometers would dramatically
increase the formation of membrane defects. In the case of low MW Chi-NPs, the data for
flux and porosity are similar to the reference membrane. In this case, it was possible to
entrap nanoparticles and potential small nanoparticle agglomerates in the membrane

without compromising the membrane in its general structure and functional behavior.
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Fig. 26: SEM micrographs (cross section) of the reference membrane (A), low MW Chi-NP membrane (B) and
medium MW Chi-NP membrane (C) with magnification of the porous membrane structure. (D) Mean pore size
(capillary flow porometry) and flux (at 1 bar) for all three membranes. In both cases, the error bars indicate the
standard deviation of nine different measurements for each sample type.
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The mixed-matrix membranes were tested for their adsorption capacity. For the
adsorption experiments, three distinct membrane samples for each membrane type were
used. In Fig. 27A the mean values of these triplicate measurements are shown. The

adsorption capacity of the adsorption chamber was tested as blank measurement.
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Fig. 27: Mean dynamic adsorption plot of DCL for the adsorption chamber, the reference membrane and low and
medium MW Chi-NP membrane including standard deviation of triplicate measurements (A). The dashed line in
(A) indicates the breakthrough point (10 %) of the membranes. The resulting adsorption capacity of DCL for the
respective membranes in mgm?2 (B) at the breakthrough point. For each membrane type, the adsorption
experiment was performed with three different membrane samples.

As expected, the adsorption chamber itself showed no considerable adsorption. In
membrane processes, breakthrough can be defined as the point where the target molecule
concentration in the permeate equals 10 % of the feed concentration (indicated by dashed
line)(Suen, Caracotsios, et al. 1993). The reference membrane containing no Chi-NPs
showed the lowest DCL capacity (1.4 mgm2) and thus, the fastest breakthrough.
Nonetheless, these results show that DCL has a certain affinity towards the membrane
polymer (PES) itself. Due to the use of NEP-swollen Chi-NPs in the preparation of the
membrane polymer solutions, the mass content of low MW and medium MW Chi-NPs is
not identical. The particle mass content related to the membrane polymer in the resulting
mixed-matrix membrane was 7.4 % and 6.4 % for medium MW and low MW Chi-NPs,
respectively. To allow for a comparison with other membranes, the resulting adsorption
capacity was calculated per square meter of membrane. The membranes containing
medium MW and low MW Chi-NPs showed an adsorption capacity of 1.9 mg m-2 and
3.6 mg m, respectively. Although the particle content in the low MW Chi-NPs membrane
(6.4 wt %) was=15% lower compared to the medium MW Chi-NP (7.4 wt %), its

adsorption capacity with 3.6 mg m-2 is almost twice as high (Fig. 27B). These results are in
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accordance with the static adsorption tests discussed above. In both cases - static and
dynamic adsorption - the low MW-Chi-NPs show a superior adsorption behavior. The
larger pore size may be an explanation for the lower adsorption capacity of the medium
MW Chi-NP filled-membrane (Fig. 26D). Overall, the use of low MW Chi-NPs in membranes
leads to the best results in terms of adsorption and membrane structure. The low standard
deviation of the triplicate experiments (three different membrane samples) indicates a
high reproducibility of membrane formation, a homogenous membrane structure and a

homogenous particle distribution throughout the membrane.

The adsorption capacity for DCL is in the range of other membrane adsorbers, which target
organic molecules like DCL. Niedergall et al. (2014) presented a membrane adsorber for
PenG (penicillin G) and BPA (Bisphenol A). This anti-PenG-anti-BPA membrane adsorbed
up to 32.8 mg m2and 1.05 mg m-2 BPA, respectively. It is notable that their membrane had
a substantially higher particle content (30 wt %) compared to the membranes shown in

the present work.

6.7. Conclusions

In this work, we present a straightforward approach for the preparation of chitosan
nanoparticles  (Chi-NPs) via high-pressure homogenization-assisted emulsion
crosslinking. With the set HPH parameters (40 MPa, 7 cycles), it was possible to prepare
nanoparticles with chitosans up to a viscosity of 542.5 mPa s (3 % chitosan solutions in
1 % acetic acid, containing 0.1 M NaCl at 100 s-1). The particles prepared with the low and
medium MW chitosan were in the range of 125 nm - 250 nm (z-average) with a PDI < 0.2.
It was not possible to emulsify the high MW chitosan under the same conditions. It would
therefore be interesting in future to find a way of processing any kind of highly
deacetylated chitosan into Chi-NPs independent of their MW. An interesting approach
could be to optimize the HPH emulsification parameters to depolymerize the chitosan in a
first step and emulsify it in a second step. In consequence there should be no limitation in

terms of chitosan MW i.e. viscosity which would be desirable for an industrial process.

The Chi-NPs prepared with the low MW chitosan showed the best adsorption performance
(256.2+7.1 mg g1), although the adsorption capacity for the medium MW Chi-NPs is also
highly satisfactory (211.7+5.2 mgg1). The particles showed a rapid sorption rate
(< 2 min). This is beneficial for application in dynamic adsorption processes such as

mixed-matrix membranes. Modelling of adsorption isotherms resulted in a qmax of 358.3
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mg g for Langmuir and 502.5 mg g1 for Sips, respectively. Both the experimental
adsorption results and the results of the modelled adsorption isotherms indicate that
Chi-NPs prepared with low MW chitosan are the most effective adsorbents for DCL, when

compared to higher MW Chi-NPs.

Membrane adsorbers were successfully prepared by processing low or medium MW Chi-
NPs into porous polyether sulfone microfiltration membranes. Flux and porosity data
show that the medium MW Chi-NPs have a considerable impact on the membrane
formation (i.e. structure) and its performance when compared to the reference membrane,
which contained no particles. The membrane containing medium MW Chi-NPs exhibits a
flux and a mean pore size (10063 L m2 h-1 bar-1, 0.73 um) roughly twice as large as the
reference membrane (5355 L m2 h-1 bar1, 0.3 um). On the other hand, the membranes
filled with low MW Chi-NPs showed a very similar flux and porosity (5119 L m-2 h-1 bar-1,
0.43 um) compared to the reference membrane. The difference in porosity and flux also
has an impact on the dynamic adsorption performance. Due to the larger size of the
particles, the higher flux and the larger pore sizes, the membrane con-taining medium MW
Chi-NPs exhibits an adsorption capacity of 1.9 mg m-2, which is in the range of the
reference membrane (1.6 mg m-2). The membrane containing low MW Chi-NPs shows a

considerably higher adsorption capacity of 3.6 mg m-2.

The low MW Chi-NP membrane adsorbers performed well, given the particle content in
the membranes. Future experiments will have to focus on the optimization of the
membrane polymer solution with the goal to increase their particle content. Another
important goal is to verify the regeneration of such membrane adsorbers by flushing the
membrane with a different solvent or pH shift. As a part of these experiments, it would be
interesting to evaluate adsorption of other organic pollutants e.g. sulfamethoxazole or
penicillin G as well as metal ions like platinum, copper or cadmium (and combinations of

these) using such membrane adsorbers.
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7. Synthetic Nanoparticles for Sensing

In this chapter, the results for the discussion of hypotheses IL.I and ILII (7.1) are
presented. Chapter 7.2 to 7.9 contain preliminary results for the preparation of synthetic
nanoparticles, the modification and application of these nanoparticles as sensitive layer
and further particle characterization which are the basis for the discussion of hypotheses

IL.I and ILIIL.

Chapter 7.3 to 7.8 represent a manuscript with the title “Nano-MIP based sensor for
penicillin G: Sensitive layer and analytical validation” which was published as a research
paper in the peer reviewed journal Sensors and Actuators B: Chemical (Weber, Riegger,
Niedergall, Tovar, Bach, & Gauglitz, 2018). The discussion of hypothesis II.I and IL.II can be

found in the discussion section in chapter 9.2.

Please note: Minor modifications were made to the original manuscript (chapter 7.3)
concerning layout and orthography in order to fit the style of this thesis. No content-

related changes were performed.
Declaration about my own contribution

I conceived the study regarding the preparation/modification of imprinted and non-
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assisted miniemulsion polymerization.

- Investigation and implementation of protocols for the handling and preparation of
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for the synthesis in this study.

- Determining the range of concentrations and stoichiometric calculation of synthesis
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amount of template, stabilizers and emulsion phase ratios.
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7.1. Hypotheses II.I and ILII

Hypothesis ILI:

By using appropriate functional monomers, it is possible to prepare imprinted polymer
nanoparticles via miniemulsion polymerization, which exhibit a selective adsorption

behavior towards penicillin G.

Hypothesis ILII:

Through suitable functionalization of the nanoparticles they can be covalently immobilized

on the sensor surface.

- This covalently immobilized sensitive layer is impervious against overflow in the
measuring chamber and despite the functionalization still bears its ability to selectively
bind penicillin G in aqueous solution.

- The covalent immobilization benefits the sensors lifespan.

7.2. Polymer Nanoparticles via Inverse Miniemulsion

Polymerization: Preliminary Results

In earlier works at the IGVP/IGB, several research projects have already been
conducted, using water-soluble monomers for nanoparticle preparation via inverse
miniemulsion polymerization (inverse MiniEP) (Niedergall, Bach, et al. 2014; Niedergall,
Kopp, et al. 2016). For example, 2-hydroxy-3-methacryloyloxypropyltrimethyl-
ammonium chloride (HYMOPTA) or vinylphosphonic acid (also called vinylphosphonate,
VPS) as shown in Fig. 28 were used. As crosslinker, usually N,N"-Ethylenbisacrylamid
(EBA) is used due to its superior solubility compared to the common crosslinker N,N'-
Methylenbisacrylamid (MBA). Especially for the preparation of MIPs, an increased degree

of crosslinking is desired.

Dynamic light scattering (DLS) measurements of the particles prepared with these
monomers indicated good dispersion stability, a size in the range of 150-300 nm and low
polydispersity index (PDI) of about ~0.1. However, SEM micrographs revealed that the
particles seem to be only stable while in dispersion. When dried, for example done so for
the preparation of SEM samples, the particles collapsed and barely held the spherical
identity Fig. 29.
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Fig. 28 Chemical structures of water-soluble radically polymerizable monomers and crosslinkers
HYMOPTA (3-methacryloyloxypropyltrimethyl-ammonium chloride), vinylphosphonic acid (also called
vinylphosphonate, VPS) N,N-Ethylenbisacrylamid (EBA) and N,N'-Methylenbisacrylamid (MBA) used in the
beginning of this work for the preparation of nanoparticles via inverse miniemulsion.

Fig. 29 SEM-micrographs of HYMOPTA nanoparticles (left) and VPS nanoparticles (right) crosslinked with EBA.
Both prepared via inverse MiniEP.

This behavior is undesirable, especially when the goal is to immobilize such particles on a
transducer surface to act as sensitive layer in an optical sensing application such as RIfS
(see chapter 7.6.3). In RIfS-based sensors, the adsorption processes are read out by
analyzing the change in refractive index and thickness of the sensitive layer. Hence, the
particles need to present a highly uniform spherical architecture. To provide the necessary
reproducibility of the sensitive layer and its long-term stability in a dried state, particles

which keep their shape are highly desirable.

For the synthesizes of particles with the required attributes via inverse miniemulsion

polymerization, four different water-soluble acrylic/acrylamide-based monomers were
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tested. The goal was to prepare narrowly distributed (low PDI) polymer nanoparticles via

inverse MiniEP, which keep their shape after purification and drying.

In Fig. 30 four monomers as well as the corresponding SEM micrographs and DLS data of
the resulting nanoparticles are shown. NAEMA, AMPS and SPM were commercially
available. MAPTAC was generously gifted from the Evonik Industries AG. It was possible
to prepare spherical and low disperse nanoparticles with all four monomers shown
(synthesis protocols can be found in Chapter 12). Most importantly, all four particle types

showed a high structural integrity - even after drying, as shown by the SEM micrographs.

A common formulation for inverse miniemulsion polymerization is the use of cyclohexane
as oil phase and Span 80 as low HLB surfactant, as was used for MAPTAC and NAEMA
nanoparticles. However, in case of the sulfonates APMS and SPM the cyclohexane/Span 80
system did not result in stable miniemulsions. Landfester et al. (2000) investigated the use
of Span 80-based inverse emulsion systems for the preparation of acrylic acid
nanoparticles. The result of their research was that Span 80 is not appropriate for the
emulsification of this acid monomer (Landfester, Willert, et al. 2000). The acidic
monomers strongly interact with the surfactant, resulting in the formation of complexes,
which lead to destabilization of the emulsion. This is assumed to also be the case for

sulfonate monomers.

Wiechers and Schmidt-Naake (2008, 2009) published two research papers in which they
reported the polymerization of AMPS in inverse miniemulsion. However, they did not
prepare crosslinked nanoparticles. Their goal was to harness the inverse miniemulsion
polymerization technique to synthesize linear AMPS copolymers with other hydrophilic
monomers, such as vinylimidazole (VIm) or 2-(Dimethylamino)ethyl methacrylate
(DAMA). To create stable emulsions containing AMPS (or mixtures of AMPS and other
monomers), they used a PIBSA based surfactant - namely Addconate WO (see Table 1). As
Addconate WO was no longer commercially available, Addconate H was used in this work,
which was generously gifted from Lubrizol. Lubrizol stated that the difference between
the two surfactants is only in the concentration of the product. While Addconate WO

supposedly was the pure surfactant, Addconate H is a *50 w.t. % solution in mineral oil.
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Fig. 30 Summary of nanoparticles prepared with water-soluble monomers via inverse MiniEP. All particles are
crosslinked with EBA (see Fig. 28). SEM micrographs, the hydrodynamic diameter (du via DLS) and
Polydispersity index (PDI) are shown.

[3-(Methacryloylamino)propyl]trimethylammonium chloride (MAPTAC, top left)

N-(2-aminoethyl) methacrylamide hydrochloride (NAEMA, bottom left)
2-Acrylamido-2-methyl-1-propanesulfonic acid sodium salt (AMPS, top right)

3-Sulfopropyl methacrylate potassium salt (SPM, bottom left)

Inverse miniemulsions prepared with AMPS or SPM using Addconate H as surfactant were
sufficiently stable and resulted in narrow distributed polymer nanoparticles as shown in
Fig. 30. It is obvious that Addconate H is superior for the stabilization of sulfonic acid-

based monomers when compared to Span 80.

The main goal of this work was the preparation of penicillin G (PenG) imprinted polymer

nanoparticles for application as sensitive layer in an optical sensor array. PenG is an anion
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and usually exists in the form of a sodium or potassium salt. NAEMA was chosen as
monomer for the preparation of PenG imprinted nanoparticles. This decision was based
on functionality (moiety) and shape, as well as size and reproducibility of the resulting
nanoparticles. The results of particle preparation, modification and characterization as

well as sensor results are presented in the next chapter (7.3).

In parallel to the development on PenG imprinted nanoparticles attempts were made to
explain why some monomers result in film like particle structures and others in low
disperse, spherical particles that keep their shape even after drying. In contrast to direct
miniemulsion polymerization, in which most of the used monomers (e.g. styrene or methyl
methacrylate) are liquid, the monomers used in the inverse miniemulsion are usually
solids (salts). Hence, they need to be applied in aqueous, i.e. to some extend diluted

solution in order to be able to emulsify them.

All the monomers shown above (i.e. NAEMA, MAPTAC, APMS and SPM), with which it was
possible to prepare nanoparticles in inverse miniemulsion, share a high solubility in
aqueous media. Total monomer solutions in the range of 50 w.t. % can easily be prepared.
In comparison to that, the water solubility of HYMOPTA is low (~20 %). We assumed that
particles prepared with preferably a high amount of dissolved monomer are more solid i.e.
more likely to be stable against mechanical forces, hence keep their shape after
centrifugation and drying. To verify this hypothesis, AMPS-EBA nanoparticles were
prepared with different disperse phase monomer content. Five different total
monomer/crosslinker contents were chosen (52.9wt. %, 42.1wt.%, 31.6wt. %,
21.1 wt. % and 10.5 wt. %) while the disperse/continuous phase ratios and the total phase
volumes stayed the same. The resulting particles were characterized via SEM and DLS as
shown in Fig. 31. The SEM micrographs clearly reveal, that a high monomer content is
preferable for the preparation of spherical and stable polymer nanoparticles. The
intensity-based size distribution, the PDI and the correlation curve for 52.9 wt. % and 41.1
wt. % are adequate. In particular, at 31.6 wt. % the correlation curve and the PDI indicate
an unsatisfactory particle sample. This is also demonstrated by the SEM micrographs. At
lower monomer contents (21.1 wt. % and 10.5 wt. %) the DLS results are insufficient,

particularly the PDI and the correlation curve indicate an inhomogeneous sample.
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Fig. 31 AMPS nanoparticles were prepared with different monomer/crosslinker content in the disperse phase
(decreasing monomer content from top to bottom). EBA was used as crosslinker. The oil phase used was
identical for all five particle syntheses. SEM micrographs and DLS measurements (intensity based particle
diameter) including correlation curves are shown. With decreasing monomer content, the ability of the resulting

particles to keep their shape decreases.
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The materials shown in the SEM micrographs barely resemble particle structures anymore
but rather film-like structures. The conclusion drawn from these results is that a high
monomer content in the disperse phase is preferable in inverse miniemulsion. As
dissolved monomers will occupy the whole droplet, it is assumed, that an increased
monomer content results in particles with a denser polymer network. Hence, emulsions
with a low monomer contents would lead to particles with a loose and gel-like polymer

network resulting in mechanical instability.

[t should be noted, that the use of VPS constitutes an exception to these findings. Although
emulsions with a disperse phase content of up to ~ 40% can be prepared with VPS, the
resulting particles present themselves as mechanically instable after centrifugation. It is
possible that several factors contribute to whether a nanomaterial is mechanically stable
or not. In the case of VPS it is assumed that the chemical /sterical composition of pure poly-
VPS and the resulting (electrostatic) repulsive forces may impair the mechanical
properties of the resulting material. In the literature the synthesis of PVA-co-AA
(acrylic acid) gels is described (Dey, Wimpenny, et al. 2018). As this material was tested
as a potential bone tissue scaffold, in this work also the mechanical stability was tested.
Compared to the pure VPS microgels presented in this thesis, in this work the PVA-co-AA

showed a sufficient mechanical stability.
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7.4. Abstract

We herein report the synthesis of novel penicillin G (PenG)-imprinted polymer
nanoparticles (MIPs) via inverse miniemulsion polymerization. Nanoscaled co-polymer
particles consisting of N-(2-aminoethyl) methacrylamide hydrochloride as functional
monomer and N,N'-Ethylenebisacrylamide as crosslinker have been synthesized in the
presence of PenG. These particles have been applied to form a sensitive layer for label-free
direct optical sensing of penicillin G. As reference material non-imprinted particles (NIPs)
were used. The particles were characterized via scanning electron microscopy (SEM) and
dynamic light scattering (DLS). Particles in the size of 400 nm (z-average) and a low
polydispersity index (PDI<0.05) were observed. Azide modified MIPs/NIPs were
covalently immobilized on alkyne-modified glass transducers by Cu(l) catalyzed
1,3-dipolar cycloaddition. The resulting particle-modified transducers served as sensing
layer in an optical sensor setup (Reflectomteric Interference Spectroscopy - RIfS). To
prove its reliability and stability thetransducer was tested in 78 reproducible PenG
measurements over the course of 26 h. The response time of the sensor was 1 minute.
For sensor calibration 14 randomized triplicate concentration dependency measure-
ments for MIP and NIP transducers were conducted with different PenG concentrations
ranging from 0.0015 - 0.0195 mol/L. MIP binding signals were significantly higher
compared to the NIP. Determined recovery rates of three different transducers were in the
range of 70-120 % which indicates a good chip to chip reproducibility. Sensor cross
sensitivities between PenG and its structural buildings blocks phenylacetic acid and 6-
aminopenicillanic acid were evaluated indicating a high selectivity for the presented

sensor system.

Keywords: Molecularly imprinted polymer nanoparticles; inverse miniemulsion
polymerization; Reflectometric Interference Spectroscopy (RIfS); molecular interactions;

recognition elements; penicillin G

7.5. Introduction

Molecularly Imprinted Polymers (MIPs) are tailor-made crosslinked polymer
materials, with a high affinity and selectivity towards a specified template molecule. The
selectivity/affinity arises from “imprinted” binding sites, which match the template
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molecule in shape, size and complementary spatial (steric) configuration of functional
groups (Mosbach and Ramstrém 1996). Hence, a high specific surface, a precise control
and reproducibility in size and shape is desired when MIPs serve as a recognition layer in
a sensing application. These requirements can be fulfilled by using spherical nanoparticle
MIPs (nano-MIPs). Due to their size, nano-MIPs provide a high specific surface, i.e. high
imprinted surface with a large number of easily accessible binding sites, resulting in short
diffusion times (Kolarov, Niedergall, et al. 2012; Hussain, Igbal, et al. 2013). The synthetic
MIPs exhibit a high mechanical, thermal, and chemical stability (Svenson and Nicholls
2001). In contrast to a bio-based recognition layer (i.e. antibodies, peptides) MIPs are cost-
efficient and can be sterilized by autoclaving (Poma, Guerreiro, et al. 2013). In the past,
Nano-MIPs have been synthesized by various methods (Poma, Turner, et al. 2010) and
have been reported in several label-free sensing applications for example Surface Plasmon
Resonance (SPR) (Sener, Uzun, et al. 2011), Quartz crystal microbalance (QCM) (Hoshino,

Kodama, et al. 2008) and electrochemical sensors (Mazzotta, Turco, et al. 2016).

The technique of inverse (water in oil) miniemulsion polymerization (miniEP) is suitable
to reproducibly prepare nanoscaled, spherical shaped, hydrophilic nano-MIPs (Vaihinger,
Landfester, et al. 2002; Landfester and Musyanovych 2010; Capek 2010). In contrast to
other techniques, the inverse miniEP allows the use of hydrophilic monomers and the
easily imprinting of water-soluble substances, such as the penicillin G (PenG) sodium salt.
If nano-MIPs are immobilized in a non-covalent manner (i.e. via electrostatic interactions),
there is a high chance of particles to come off when they get in contact with the aqueous
reagent flow during the sensing process. An instable sensing layer has a strong impact on
the measurement signal and, eventually, renders the sensor useless when a critical
number of particles are detached. In order to obtain a stable sensing layer, nano-MIPs can
be attached on the sensor surface via covalent immobilization. Kamra and co-workers
used either epoxysilanes or carbodiimide coupling chemistry for covalent immobilization
of nano-MIPs (Kamra, Chaudhary, et al. 2015, 2016). Herein we propose a covalent
immobilization strategy of azide modified PenG-imprinted nano-MIPs on an alkyne-
modified transducer surface via 1,3-dipolar cycloaddition which was inspired by the work
of Kinge et al (Kinge, Gang, et al. 2011). The advantage of the click chemistry approach is
its large thermodynamic driving force, high yield and the generation of small and easily
removable byproducts (copper salt and reduction compound). The resulting transducers
were used as sensing layer in an optical sensor referred to as Reflectomteric Interference

Spectroscopy (RIfS).
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RIfS as the wanted direct optical detection method is based on white light interference at
thin layers. The interaction of molecules with the sensitive layer is monitored by changes
of the optical thickness. Other examples of established label-free sensing techniques are
mass sensitive devices (Lucklum and Hauptmann 2006; Martin and Hager 1989;
Yang Thompson, M., Duncan-Hewitt, W. C. 1993), different electrochemical measurement
techniques (Bard and Faulkner 2001; Janata 2009; Koryta, Dvorak, et al. 1993) and other
direct optical methods (Brandenburg, Hinkov, et al. 2008; Colthup, Daly, et al. 1990;
Kretschmann and Raether 1968). The most known label-free and time-resolved technique
is the Surface Plasmon Resonance (SPR). Compared to RIfS, a decisive disadvantage of the
SPR technique is the temperature dependence and the unavoidable use of a metal. Because
of the temperature flexibility and the optional use of glass or even polymer transducers
instead of metal layer, the RIfS instrumental set-up is straightforward, highly flexible and
cheaper than the SPR. However, many SPR sensors with antibodies as recognition
elements have been developed for the detection of the antibiotic PenG (Pennacchio,

Varriale, et al. 2015; Raz, Bremer, et al. 2009; Cacciatore, Petz, et al. 2004).

The first combination of MIPs and RIfS technique is reported by Nopper and co-workers
for the detection of O-benzoyl tartaric acid and o-D-mannopyranoside (Nopper,
Lammershop, et al. 2003). Belmont et al. published the first MIP-RIfS sensor with
imprinted nanospheres received by miniemulsion polymerization, which was used for the
detection of atrazine in toluene (Belmont, Jaeger, et al. 2007). Nevertheless, a complete
characterization of the sensor was not possible because of insufficient long-term stability
and unsatisfactory reproducibility. In contrast, Kolarov et al. published a successful
combination of MIP nanospheres also received by inverse miniemulsion polymerization
and RIfS (Kolarov, Niedergall, et al. 2012). With this setup, it was possible to completely

calibrate a sensor for the detection of L-Boc-phenylalanine anilide.

In this work, we present a sensing approach using the example of PenG. As proof of
principle, we tested the sensors selectivity towards the basic building blocks of the PenG
fermentation process. We completely validated the use of a hydrophilic and covalently
immobilized PenG-imprinted nano-MIP sensing layer in a direct optical RIfS sensor for the
detection of PenG in buffer media. The goal is to develop a sensing platform, which will
eventually be able to be used for the in-line monitoring of the PenG concentration during

the fermentation.
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7.6. Experimental

7.6.1. Materials

N-(2-aminoethyl) methacrylamide hydrochloride (NAEMA) was purchased
from Polysciences Europe GmbH, Germany. N,N'-Ethylenebisacrylamide; 96 % (EBA) was
purchased from abcr GmbH, Germany. penicillin G sodium salt (PenG) = 98 %, (+)-6-
aminopenicillanic acid (6-APA) 96 %, phenyl acetic acid (PAA) =99 %, 2,2'-Azobis(2-
methylpropionitrile) 98 % (AIBN), sorbitan monooleate (Span 80, viscosity 1000-
2000 mPa s), 3-Chloro-1-propanethiol 98%, Triethylamine 99,5 % (TEA); sodium azide
99,5 %, acetonitrile HPLC grade; PBS-buffer (Dulbecco’s Phosphate Buffered Saline) were
purchased from Sigma Aldrich (Germany). Cyclohexane >99.5 % Applichem and N,N-
dimethylformamide (DMF) p.A. was obtained from Haberle LABORTECHNIK GmbH,
Germany. Ethanol absolut ACS reagent was purchased from VWR.
3- Glycidoxypropyltrimethoxysilane (GOPTS) and Methanol (> 99.9%) were purchased
from Fluka (Neu-Ulm, Germany). Alkyne-poly(ethylene glycol)-NH2 (molecular weight 2
kDa) was purchased from Rapp Polymere (Tiibingen, Germany). Ascorbic acid and
common chemicals of analytic grade were purchased from Sigma-Aldrich (Deisendorf,
Germany). Copper (II) sulfate pentahydrate and common chemicals of analytic grade were
purchased from or Merck (Darmstadt, Germany). All chemicals were used without further

purification.

ASTM Type I water (TKA GenPure and in-house ELGA LabWater device, named
PURELAB® Classic) was used throughout this study (herein referred to as water).

For emulsion preparation and DLS sample preparation an Ultrasonicator Branson 450-D
equipped with a 5 mm Tip (G. Heinemann Labortechnik, Germany), for the preparation of
particle suspensions for the immobilization a Sonorex Super 10 P ultrasonic bath and a
probe sonotrode UW70 with GM70 Sonopulse control unit (both purchased from Bandelin,
Germany) were used. The centrifuge used was a Beckmann & Coulter Avanti J-26 XPI with

JA-25.50 Rotor.

RIfS transducer (1mm D263-glass substrate with a layer of 10 nm Ta205 and 330 nm SiO2
on top) were obtained by Schott AG (Mainz, Germany).
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7.6.2. Methods

Preparation and Modification of MIPs/NIPs

Penicillin G (PenG)-imprinted NAEMA-co-EBA polymer nanoparticles, herein called
MIPs, were synthesized via inverse miniemulsion polymerization technique (inverse
miniEP) (Fig. 32). A modification of the emulsion formulation described by Niedergall et
al. was used (Niedergall, Bach, et al. 2014). Briefly, the functional monomer NAMEA, the
crosslinker EBA and the imprinting template PenG were dissolved in phosphate buffer and
acted as disperse (aqueous) phase. The surfactant Span 80 and the initiator AIBN were
dissolved in cyclohexane and acted as continues (0il) phase. Both solutions were combined
and emulsified via probe sonication. This emulsion was heated to 55 °C to initiate
polymerization inside the aqueous droplets. The resulting particles were purified by
repeated centrifugation. NIPs were prepared identically but in the absence of the template
molecule PenG. A detailed description of emulsion formulation and reaction parameters is
available in the supporting information (part Si-1). After particle preparation a two-step
functionalization was applied in order to obtain azide modified MIPs/NIPs (Fig. 33a).In a
first step, remaining crosslinker sites (acrylamides) were reacted with 3-Chloro-1-
propanethiole yielding a chloride bearing thioether. The chlorine was then substituted
with sodium azide leading to azide functionalized particle. A detailed protocol for this

particle modification can be found in the supporting information (part Si-2).
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Fig. 32: Schematical representation of MIP preparation via inverse miniemulsion polymerization technique. (a)
Combining of oil phase (containing initiator and surfactant) and water phase (containing monomer, crosslinker
and template); (b) Emulsification via probe sonication resulting in stable miniemulsion; (c) thermal initiation of
the polymerizing reaction, resulting in imprinted polymer nanoparticles (d).

Characterization of MIPs/NIPs

Unmodified and modified MIPs and NIPs were characterized via dynamic light
scattering (DLS) to determine their hydrodynamic diameter and zeta potential. Scanning
electron microscopy (SEM) was applied to verify the size measured by DLS and for the
determination of particle geometry. The azide modification of the particles was verified by
infrared spectroscopy. A detailed description of sample preparation and experimental

procedure can be found in the supporting information (part Si-3).

Preparation of the Sensor Surface

The glass transducers were cleaned and activated with KOH (1 min) and freshly
prepared piranha solution (15 min), silanized with pure
3-glycidoxypropyltrimethoxysilane (GOPTS) (1 h) and modified with an alkyne bearing
PEG (overnight) in accordance to the method described by Mehne and co-workers
(Mehne, Markovic, et al. 2008). In a second step, the azide-modified MIPs/NIPs were
covalently immobilized (24 h) on the alkyne-modified transducer surface via copper (I)
catalyzed 1,3-dipolar cycloaddition. A detailed procedure is described in the Supporting

Information (part Si-4).
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7.6.3. RIfS setup

Spectral RIfS

The principle of RIfS (Reflectometric Interference Spectroscopy) is based on multiple
reflection on thin layers (Gauglitz 2010). The sensor system is constructed with a halogen
lamp (20 W), an optical Y-fiber, a diode array spectrometer Spekol 1100 (Analytik Jena,
Jena, Germany) and a Hamilton microfluidic system (Hamilton, Switzerland). White light
is guided to the backside of the glass transducer and is partly transmitted and partly
reflected at each interface of the sensitive layer and the transducer. The reflected beams
superimpose and form a characteristic interference spectrum, which is detected by the
diode array spectrometer. If analyte molecules deposit on the sensor surface, a change in
optical thickness And (product of the refractive index n and the physical thickness d) can
be detected. A more precis description of the RIfS setup can be found in the literature

(Schmitt, Brecht, et al. 1997).

Calibration and Data Evaluation

The developed sensor has a direct and label-free assay format. A measurement run
takes about 20 min. This includes the recording of the baseline (buffer is flushed over the
sensor surface), injection of sample (the sample is slowly flushed over the transducer), a
dissociation phase (buffer is flushed over the surface), a regeneration phase (the surface
is flushed with methanol) and eventually a baseline measurement (buffer is flushed over
the surface of the sensor) (see Supporting information Si-5). The sample volume amounts
to 1 mL. Each measurement was evaluated at equilibrium binding signal during the sample
injection phase. At these conditions the adsorption properties of the system were
considered as a Langmuir-Freundlich adsorption isotherm which is a function that
describes a relationship between the equilibrium concentration of bound analyte (f(x))
and free anaylte (x) in heterogeneous systems with three fitting parameter (a,b,c).
Therefore, this isotherm is suitable for fitting the obtained calibration curve (Umpleby,

Baxter, et al. 2001).

abx1=¢

1+bx1-¢

f&) =
(1)
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To obtain this calibration curve randomized triplicate measurements at different
concentrations of PenG - including blank measurements - were performed. The mean

values and the standard deviations (SD) were calculated and fitted according to eq. 1.

The limit of detection (LOD) is calculated as three times SD of the blank measurements
plus the mean value of the blank measurements and the limit of quantification (LOQ) is
calculated as ten times SD of the blank measurement plus the mean value of the blank
measurements. The recovery rates were determined out of triplicate measurement of

different transducers.

7.7. Results and Discussion

7.7.1. Preparation and Characterization of the Sensitive Layer

PenG MIPs/NIPs were prepared via inverse miniemulsion polymerization
technique (Fig. 32, Si-1). The oil phase containing cyclohexane, Span 80 and AIBN was
prepared prior the preparation of the aqueous phase which consists out of NAEMA, EBA
and PenG dissolved in PBS buffer. The buffer solution containing EBA and NAEMA was
found to be instable. Within hours, self-polymerization was induced even at low storage
temperatures (< 7 °C). Hence, it was not possible to prepare the aqueous phase and store
it for later use. Consequently, the aqueous phase was always prepared on demand. As soon
as a clear aqueous solution was obtained the two phases were combined (Fig. 32 a) and
emulsified by probe sonication (Fig. 32 b). The resulting emulsion (Fig. 32 c) was
polymerized by thermal initiation (55 °C) overnight, resulting in crosslinkend MIPs or, if

no template was present, NIPs respectively (Fig. 32 d).
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Fig. 33 Schematically process of particle modification and immobilization of particles on transducer surface.
a) Modification of MIPs/NIPs resulting in azide-bearing nanoparticles; b) modification of transducer surface
introducing an alkyne-PEG; c) covalent immobilization of MIP-N3/NIP-N3 on the transducer surface via
copper (I) catalyzed 1,3-dipolar cycloaddition.

After purification, the pristine MIPs and NIPs were characterized via DLS
(Fig. 34 a). Correlation data and intensity distributions can be found in Si-3. The average
size (z-average) of unmodified MIPs and NIPs was 206 nm and 212 nm, respectively. The
standard deviation for each size measurement (triplicates) was <1 %. With a PDI
(polydispersity index) of 0.022 and 0.046 the DLS-data show a narrow size distribution
for the unmodified MIPs as well as for the NIPs. By following the procedure schematically
described in Fig. 33a azide modified particles (MIP-N3/NIP-N3) were obtained. For the
modification of particles we chose the remaining acrylamide moieties, originating from
not fully reacted crosslinker molecules to prevent the alteration of NAEMA coordination
sites. In a first step the remaining acrylamides were reacted with 3-Chloro-1-
propanethiole via trimethylamine catalyzed thiol-Michael addition resulting in a
terminally chloride bearing thioether. In a second step, the chlorine was substituted with

sodium azide leading to azide functionalized particle (MIP-N3 / NIP-N3).
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Fig. 34 a: Results of DLS measurements (z-average and PDI) of azide-modified and unmodified MIPs/NIPs. Before
as well as after azide modification the particles show a high similarity in size and PDL. b: FTIR spectra of azide-
modified and unmodified MIPs/NIPs. The characteristic azide band at 2100 nm-1 for MIP-N3/NIP-N3 indicates
the successful particle modification.

The pristine particles (MIP /NIP) as well as the azide modified ones
(MIP-N3 / NIP-N3) were characterized via FTIR-spectroscopy (Fig. 34 b). For the
azide-modified particles, the characteristic azide band at 2100 nm indicates the
successful particle modification for the MIP-N3 / NIP-Ns. Apart from the azide band, the IR
spectra show no differences in band pattern neither within the modified/unmodified
particles nor between the two particle types, respectively. These results indicate a high
similarity of the imprinted and non-imprinted material. As shown in Fig. 34a, the particle
modification had a strong impact on the hydrodynamic diameter of the particles. The
measured values for modified MIP-N3 / NIP-N3 nearly doubled in diameter if compared to
the unmodified particles while the PDI stayed in the same range. This finding hints to an
altered swelling behavior due to the increase in hydrophilicity induced by the azide
modification. Zeta potential measurements confirmed that the presence of primary amine
groups was not impaired by the particle functionalization. The zeta potential for both MIPs

and NIPs (modified and unmodified) was in the range of 40+2 mV.

In the herein presented approach we chose a click chemistry (azide/alkyne)-based
covalent immobilization of the PenG-imprinted MIPs and NIPs on the surface of the
transducer. The immobilization of PenG-MIPs is schematically shown in Fig. 33b,c and
followed the procedure described in the material section (part Si-4). An identical
procedure was applied to covalently immobilize NIPs. In Fig. 35 SEM micrographs of a

covalently immobilized MIPs-N3 and NIPs-N3 on a transducer surface are shown.
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Fig. 35. SEM micrographs of a transducer surface with covalently immobilized MIPs- N3 (top) and NIPs-N3
(bottom) at different magnifications. The surface is covered by the spherical particles ina homogenous statistical
way.

The surface is covered by the spherical particles in a homogenous statistical way. For the
preparation of SEM samples the particles are in a dry state. For DLS measurements on the
other hand, particles are dispersed in water i.e. particles are in a swollen state. The
measured size in DLS is the hydrodynamic diameter. It is common that the size determined
by DLS is usually slightly higher compared to the size determined by SEM. Hence, the
particle size and size distribution shown in the SEM micrographs is in good accordance

with the data obtained by DLS measurements.
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7.7.2. Sensor Stability

The stability of the covalent immobilized nano-MIP layer was analyzed via RIfS
baseline measurements. We compared two different particle layers - a covalent
immobilized particle layer and its non-covalent immobilized counterpart. Covalent
immobilized particle layer were prepared by following the protocol mentioned in the
experimental section. For the preparation of non-covalent immobilized particle layer the
same protocol was used but in the absence of the copper [II] compound. Due to the lack of
copper [II], the essential catalytic copper [[] component for the 1,3-dipolar cycloaddition
would not form. This would eventually lead to a non-covalent, only physisorbed and
therefore instable particle layer. In Fig. 36 the first baseline measurements on the two
described transducers are shown pumping buffer over the transducer at a flow rate of 1 x
10-6L/s. Each baseline was recorded over the course of

30 minutes.
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Fig. 36. Baseline measurements on a transducer with MIPs immobilized in the presence of catalytically active
copper [I] (blue line) and on a transducer with MIPs immobilized in the absence of catalytically active copper [I]
(red line).

The blue line is the measurement of a baseline for MIPs (prepared in the presence of
the catalytically active copper [I]) and potentially covalent immobilized as described
above. The baseline signal shows no significant drift, since no particles were removed from
the transducer surface. The baseline measurement of the second transducer

(red line) which was functionalized with particles in absence of copper [I] shows a strong,
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steady and significant negative drift. Throughout all experiments, essential parameters
(temperature, buffer, flowrate) were kept constant, thus a negative change of optical
thickness is attributed to particles come off from the transducer surface. These results
showed that in the presence of the catalytically active copper compound the covalent

immobilization of particles on the transducer surface was successful.

Subsequently, different PenG concentrations (randomized triplicates) were measured to
evaluate the sensing layer response behavior and its stability (Si-6). The response time
was within the range of *1 minute. Diffusion times are short and the binding sites can be
occupied fast, because of the easily available binding sites of the MIPs (Kolarov, Niedergall,
et al. 2012). After each measurement, the sensor was easily regenerated by flushing with
methanol. We tested the reproducibility of the sensor in 78 measurements during 26 h.
The sensor could be regenerated completely after each measurement and the change in
optical thickness showed a strong concentration dependency. Further, the sensor showed
no instabilities and all measurements were reproducible which indicates a high stability

of the covalent immobilized particles.

7.7.3. RIfS Measurements - Sensor Calibration

In order to calibrate the sensor, measurements at different PenG concentrations
were conducted for a MIP and for a NIP transducer (Fig. 37). For each transducer, thirteen
different concentrations in the range of 0.0015 - 0.0195 mol/L were measured in
randomized triplicates (including blank measurements). This concentration range re-
sembles the concentrations which occurs in the beginning of a PenG fermentation process.
The change of the optical thickness increases with the concentration of PenG. This can not
only be observed for the MIP transducer but for the NIP transducer as well. The increase
in optical thickness for the NIP transducer is attributed to unspecific interactions of the
polymer and the analyte. As expected, even the unspecific interaction lead to a
concentration dependency in the change of optical thickness for the NIP transducer.
Compared to the NIP transducer, the MIP binding signals were twice as high. The low
standard deviation (SD) of measurements on the MIP transducer indicate an excellent

selectivity of the imprinted particles.
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Fig. 37. Calibration measurements for a MIP transducer (triangles) and a NIP transducer (dots). The MIP
measurements were fitted with Langmuir-Freundlich adsorption isotherms to obtain a calibration curve.

To obtain a calibration curve, the measurements of the MIP transducer were fitted
with the Langmuir-Freundlich adsorption isotherms. The received parameters for the fit
are shown in Table 6. The coefficient of determination (R2) holds a value of 0.999, which
indicates a good correlation of the measurements and the fitted curve. Furthermore, the
validation parameters were calculated. For the LOD and LOQ a concentration of
4.32 mmol/L and 6.15 mmol/L were received, respectivily. Thus, the sensor is useable for
the lower concentration range in a PenG fermentation process. In modern PenG
production processes, the concentrations can rise up to 168 mmol/L (Ozcengiz and
Demain 2013). As indicated by the calibration curve, the sensor did not reach a saturated

state. Hence, it is possible to measure even at higher concentrations of PenG.

To ensure the accuracy and the quality of the measured calibration curve, the
determination of recovery rates are unavoidable. Triplicate measurements of three
concentrations (0.005 mol/L, 0.010 mol/L and 0.018 mol/L) were performed randomly
on three MIP transducers, respectively (Table 7). The binding signals were evaluated by
applying the afore-mentioned calibration function to the binding signals. The determined
recovery rates were in the range of 70-120 %, which are the recommended range by the
AOAC International. The satisfactory results of the recovery rates stand for a good
chip-to-chip reproducibility and thus for a reproducible surface modification and a stable

Sensor.
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Table 6 Parameters of the Langmuir-Freundlich fit plotted in Fig. 6 and validation parame- ters (LOD, LOQ).

Parameter Value
a 0.736 + 0.522
b 17.537 £ 22.416
C -0.035 £ 0.097
R2 0.999
LOD [mol/L] 432 x10-3
LOQ [mol/L] 6.15 x 10-3

Table 7 Determined recovery rates of MIP transducers. Triplicate measurements with three concentration of
PenG on three different MIP chips were measured.

Concentration [mol/L] Recovery rates [%] Standard deviation [%]
0.005 118.78 1291
0.0100.018 93.36 10.07
0.018 84.41 4.49

7.7.4. Cross Sensitivities with Phenylacetic Acid and 6-APA

For the potential future application of this sensor in a biotechnological fermenter, it
is of the utmost importance to know if there are any cross sensitivities between the
sensing layer and the educts used in the fermentation process. The building blocks of PenG
are phenylacetic acid and 6-aminopenicillanic acid (6-APA). They are structurally very

similar to the analyte molecule PenG (Fig. 38).
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Fig. 38. Structural formula of the product PenG and its building blocks phenylacetic acid and 6-aminopenicillanic
acid (6-APA).

Therefore, it is essential to investigate the interaction between the polymer particles and
the educts. In Fig. 39 these interactions are plotted. Besides the triplicate measurements
of PenG on a MIP and NIP transducer, separate triplicate measurements of phenylacetic

acid (Fig. 39a) and 6-APA (Fig. 39b) on MIP and NIP transducers are illustrated.
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Fig. 39. In both graphs the concentration dependency triplicate measurements of PenG on MIP transducer
(triangles) and NIP transducer (circle) are shown. In graph (a) measurement of 6-APA on a MIP transducer
(hollow triangles) and on a NIP transducer (hollow circles). In graph (b) measurements of phenylacetic acid on
MIP transducer (hollow triangles) and on a NIP (hollow circles).

For these experiments concentrations of 0.0030 mol/L, 0.0089 mol/L, 0.0150 mol/L and
0.0210 mol/L were used to compare the interactions between the educts and PenG with
the MIPs and NIPs. As shown in Fig. 39, almost no change of the optical thickness on the
MIP transducer was detected for both educts. In contrast to these results are the
interactions between the educts and the NIP transducer. In this case, a change of the
optical thickness is observed in particular for low educt concentrations. For the lowest

concentration of educts (0.0030mol/L), the NIP transducer shows a higher change in
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optical thickness then PenG on a MIP transducer. This can only be explained with the LOD
(limit of detection) of the calibrated sensor system. A concentration of 4.32 x 10-3 mol/L
lies below the LOD thus, the sensor is not reliable in this range. It is not possible to
accurately determine concentrations below the LOD. Nevertheless, for the other
concentrations the binding signals of both educts on the MIP and NIP transducers are

lower than the binding signals of PenG on the MIP transducers.

7.7.5. Conclusions

In this study, we developed an optical low cost sensor system for label-free
determination of penicillin G (PenG) in aqueous buffer media. The sensing layer is based
on PenG-imprinted nano-MIPs combined with RIfS as direct optical sensing method. Nano-
MIPs were fully characterized (by SEM, DLS and FTIR-spectroscopy), successfully azide-
modified and covalently immobilized on a transducer surface using click chemistry. With
this sensing approach, we could show that it is possible to use the combination of nano-
MIPs and RIfS for the quick and easy readout of PenG concentration in aqueous buffer
media. The data of 78 concentration measurements (26 h) showed that the covalent
immobilization of particles resulted in a stable sensing layer. A reproducible calibration of
the sensor with PenG was possible. As shown by the calibration function, the sensing layer
was not saturated. This allows the detection even of higher PenG concentrations, which
for example occur in industrial PenG fermentation processes. Therefore, the future
challenge will be the measurement in an entire fermentation stock. Although the
presented results indicate, that there are no cross sensitivity with the tested PenG and its
precursors, interaction between other components like cells, nutrients and elevated ion
concentration cannot be ruled out. In addition, the sensor should be tested at an elevated
temperature, which matches the conditions in fermentation processes. Consequently, the
sensor for the in-line detection of the PenG titer has to be further tested and optimized to

achieve a fully functional sensor for a possible application in a fermentation process.

Due to the straightforward nano-MIP preparation, their simple covalent immobilization
and the efficiency of RIfS this approach could be a valuable sensing platform. As a result,
the MIP transducers are very cost-efficient. Therefore, they can be applied as a disposable
single use item in an industrial process. This will eliminate the need for sensor
regeneration. In the future, the unspecific adsorption could be eliminated from the
measuring signal by subtracting i.e. referencing the signal of the MIP and NIP transducers.

The performance of the sensor array mainly depends on the quality (selectivity) of the
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nano-MIPs while the reliability and durability of the sensor relays on the efficiency and
stability of the covalent immobilization strategy. Potentially it can be applied to many

other hydrophilic target (imprinting) molecules.
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7.8. Supplementary data

7.8.1. Si-1: Preparation of MIPs/NIPs

Below, a general experimental procedure for the preparation of penicillin G (PenG)
imprinted NAEMA-co-EBA nanoparticles (herein called MIPs) is described. PenG-MIPs
were synthesized via inverse miniemulsion polymerization technique (inverse MiniEP).
As disperse phase (aqueous phase) 0,168 g EBA (N,N'-Ethylenebisacrylamide, 1,0 mmol),
0,715g NAEMA (N-(2-aminoethyl) methacrylamide hydrochloride, 4,36 mmol) and
0,036 g PenG (0,1 mmol 2 2,3 mol % relative to NAEMA) were dissolved in 750 pL PBS-
buffer (0,001 M phosphate, total ion concentration= 0,013 M) resulting in an slightly
yellow colored transparent solution. The required continuous phase (oil phase) was
prepared by dissolving 0,650 g Span 80 and 0,075 g AIBN in 12 mL of cyclohexane. These
two solutions were combined in a cylindrical glass vial and thoroughly shaken by hand.
Subsequently, the desired emulsion was formed by ultrasonication (10 minutes: 10 sec
“on” / 5 sec “off”, at 60 % intensity). During sonication an ice bath cooling was applied to
prevent emulsion destabilization and premature initiation of polymerization. To prevent
freezing of the emulsion (cyclohexane Tm = 7°C) the ice cooling was removed immediately
after completion of the sonication. The resulting emulsion was placed in a sealable double
wall glass reactor containing a magnetic stir bar. The double wall glass was run through
by water which was tempered by a heating circulator set to a temperature of 55 °C to

initiate the polymerization. At this temperature, the emulsion was agitated overnight and
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stirred with a speed of 200 rpm. The PenG-MIPs were purified by centrifugation. For this
purpose, the emulsion was transferred into two polycarbonate centrifugation tubes (35
mL), broken by adding a sufficient amount of acetone and centrifuged at 75.600 G
(25 krpm) for 10 minutes. The supernatant was discarded; the resulting pellets were
redispersed in ethanol (35 mL) via sonication, shaken for 10 minutes and centrifuged. This
procedure was repeated three times with ethanol and three times with water. The PenG-
MIPs were stored in a small amount of water. For the preparation and purification of NIPs

the identical procedure was applied but in the absence of the template molecule PenG.

7.8.2. Si-2: Modification of MIPs/NIPs

The following two-step reaction was applied in order to obtain azide-modified
MIPs. Remaining crosslinker sites (acrylamides) were chosen for particle modification. To
obtain a necessary excess of reactants, the particle yield and the amount of available
acrylamide moieties was assumed to be 100 %. After the last centrifugation step in water
(as described above), nanoparticles of one batch were redispersed via ultrasonication in
80 mL acetonitrile : water (1:1) in a glass vessel. To this suspension 110,6 mg (1,0 mmol)
3-Chloro-1-propanethiol and 30,3 mg TEA (0,3 mmol) were added and stirred at room
temperature for 48 h. The suspension was transferred into four polycarbonate
centrifugation tubes (35 mL) and centrifuged at 75.600 G (25 k rpm) for 10 minutes to
remove excess reactants. The supernatants were discarded; the resulting pellets were
redispersed in 35 mL acetonitrile : water (1:1) via sonication, shaken for 10 minutes and
centrifuged. This procedure was repeated three times followed by three washing steps
with water. The resulting pellets were combined and redispersed via ultrasonication in 80
mL DMF. To this solution, 20 mL of a saturated NaN3/DMF was added and stirred for 48 h
at room temperature. The particles were washed by centrifugation six times with water.
Centrifugation parameters were as mentioned above. The resulting azide-modified pellets

were redispersed in a small amount of water and stored at 7 °C.

7.8.3. Si-3: Characterization of MIPs/NIPs: DLS, FT-IR and SEM

Dynamic light scattering (DLS) and Zeta Potential

Measurements of size polydispersity index (PDI) and Zeta potential of synthesized
nanoparticles were performed via DLS equipped with a 4 mW He-Ne laser A= 632.8 nm

(Zetasizer ZEN 3600 - NanoZS, Malvern Instruments). Scattering photons were collected
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in backscattering mode at an angle of 173°. For sample preparation, a sufficient amount of
MIPs/NIPs was redispersed in water by applying ultrasonication treatment
(5sec“on” / 5 sec “oft”) for 10 seconds. The solvent refractive index of water was applied
within the Mavlern Zetasizer software. As material refractive index, the value of
polystyrene was used. Measurements were performed in single use polystyrene cuvettes
at 20 °C. The reported sizes are the intensity based z-average diameters of three
measurements (> 10 runs each). The average zeta potential was determined by

microelectrophoresis using the same device.
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Si-3. Number of measurements n=3 for each particles sample. Average values of these triplicate measurements
for correlation (left) and intensity distribution (right) are shown.

[R-Spectroscopy

Infrared spectra were recorded with a FTIR spectrometer VERTEX 70 from Bruker
in a range of 4000 cm! to 400 cm1. Potassium bromide (KBr) was used as sample matrix.
Both, background spectra (200 mg KBr pellet) and sample spectra (200 mg KBr pellet with
2 mg sample) were recorded with 60 scans and 4 cm-! resolution in transmission using a

deuterated triglycine sulfate detector (DTGS).

Scanning electron microscopy (SEM)

To determine morphology and size of the particles, scanning electron microscopy
(SEM) was performed using a Zeiss Leo 1530 VP (Jena, Germany). Diluted dispersions of
MIPs/NIPs were placed on silicon wafers and dried at ambient conditions. To minimize
electrostatic charging, the samples were sputter-coated with platinum. Instead of using
silicon wafers, the same procedure was applied to characterize immobilized nanoparticles

on the glass transducers surfaces.
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7.8.4. Si-4: Preparation of the sensor surface: Particle immobilization

protocol

The glass transducers were cleaned, silanized and modified with an alkyne-bearing

PEG in accordance to the method described by Mehne et al (Mehne, Markovic, et al. 2008)

Surface cleaning and activation

Glass transducers were cleaned with 6 M KOH for 1 min and rinsed with water.
Afterwards, transducers were activated with a freshly prepared piranha solution
(concentrated H2S04:H202 with the ratio 3:2 v/v) in an ultrasonic bath for 15 min. Finally,

the transducers were rinsed with water and dried in a nitrogen stream.

Silanization

Activated glass transducers were modified with pure
3-Glycidoxypropyltrimethoxysilane (GOPTS). For this purpose 12 pL of GOPTS were
pipetted on the glass surface and covered with another activated glass transducer
(sandwich technique). After 1 h, the transducers were rinsed with dry acetone and dried

in a nitrogen stream.

Immobilization of Polymer

After silanization, 30 uL. of a solution of alkyne-PEG-NH:2 in dichloromethane
(4 mg/mL) was pipetted onto the transducers. The transducers were kept overnight in an
oven at 70°C. Subsequently, the slides were rinsed with water and dried in a nitrogen

stream.

Immobilization of MIPs/NIPs

Aqueous  dispersions of  nanoparticles (MIP  0.02974 mg/pL.  and
NIP 0.03474 mg/pL) were prepared in water. A second solution was prepared by
dissolving 0.56 mM ascorbid acid and 0.20 mM copper(II) sulfate pentahydrate in 0,056 M
DMSO. The two solutions were mixed in the ratio 1:4 (v/v) and were treated 10 min with
an ultrasonic bath and 90 s with a probe sonicator resulting in a Huisgen reaction mixture.
The transducers were covered by the reaction mixture and gently shaken for 24 h at room

temperature. After the incubation, the coated transducers were rinsed with DMSO and
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water and dried in a nitrogen stream. The bottom of the transducers was carefully cleaned

of non-covalent immobilized polymer particles with ultrapure water and lab wipes.

7.8.5. Si-5: Spectral RIfS setup

Buffer Solution

Citrate-buffered saline (pH 7.0, comprising 34.00 mM trisodium citrate dihydrate,

85.5 mM sodium chloride) was used as buffer solution as eluent in all experiments.

Calibration and data evaluation
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Si-5. Typical binding signal of PenG on MIPs detected by RIfS. The different steps of the measurement cycle are
shown: baseline (buffer is flushed over the sensor surface), association phase (the sample is slowly flushed over
the surface), dissociation phase (buffer is flushed over the surface), regeneration (the surface is flushed with
methanol) and baseline (buffer is flushed over the sensor). The evaluation of data was determined at the
equilibrium binding signal (during the sample injection phase).
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7.8.6. Si-6: Evaluation of sensor stability
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Si-6. Binding signals of different concentrations of PenG (0 mol/L, 0.0045 mol/L, 0.0090 mol/L, 0.0150 mol/L,
0.0210 mol/L) for a MIP transducer. The measurements of the binding signals are implemented by the
measuring procedure described in Si-5. The plotted curves are measured randomized. Triplicate measurements
are performed for each concentration.

7.9. Further Characterization of the MIPs and NIPs: Surface

Area via Nitrogen Sorption and Selectivity via ITC

To investigate the impact of a difference in surface area on the adsorption effects, the
surface area of the azide-functionalized NAEME MIPs and NIPs were characterized via
nitrogen sorption and analyzed with the BET-theory (Brunauer-Emmett-Teller). The
resulting surface areas were 9.9 m2g1l and 7.2 m2g1 for MIP and NIP, respectively

(Table 8).

These results are comparable with other nonporous, crosslinked polymer nanoparticles
in that size range. Macintyre et. al (2006) prepared crosslinked polystyrene nanoparticles
with a size of 400 nm and a surface area (BET) of about 10 m2 g-1. The NAEMA MIPs

exhibit a surface area roughly 1.4 times larger than the NIPs.

128



7 Synthetic Nanoparticles for Sensing

Table 8 Surface are (BET) of azide functionalized NAEMA MIPs and NIPs

MIP NIP Ratio (MIP/NIP)
Surface area (BET)
9.9 7.2 1,38
[m? g1]
Vm
[cm3(STP) g-1] 2.3 1.7 1,35

The binding properties of the MIP and NIP were analyzed via ITC (isothermal titration
calorimetry). In a first experiment, control experiments were conducted by titrating pure
water into MIP and NIP suspensions. The resulting reference signal accounts for dilution
heat as well as contributions from the injection process itself. The signal intensities for
both measurements were in the desired range and were later for subtracted from the

sample signal.

The same experiment was repeated with the PenG titrant solution with concentrations of
151 mM and 203 mM. The dilution heat was recorded and was later also subtracted from
the sample signal. The graphs of the control experiments can be found in the appendix

(chapter 12.5)

MIP and NIP suspension with a nanoparticle content of 1.8 mg mL-1 and 1.9 mg mL-! were
analyzed via ITC. PenG solution (c = 203 mM) was titrated into each particle suspension
and the resulting injection heats were recorded (Fig. 40, top left and right).

The measured injection heats were normalized by the amount of titrant injected and fitted
(Fig. 40, bottom left and right).

From these graphs the binding heat AH was calculated. The MIPs and NIPs exhibit a
binding heat of -9.74 kcal mol-! and -3.18 kcal mol-1. The binding of PenG on the MIP is

almost three times as effective compared to the NIP.
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Fig. 40 Top left and right: Injection heat resulting from the titration of PenG solution (c = 203 mM) in MIP and NIP

suspensions 1.8 mg mL1and 1.9 mg mL1.
Bottom left and right: The measured injection heats were normalized by the amount of titrant injected and fitted.

From these graphs the binding heat AH was calculated.

As shown before, the analytical data from the final RIfS sensor application show that the
MIPs are about twice as sensitive compared to the corresponding NIPs (Fig. 37), while the
ratio of surface area is only 1.38 (Table 8). These results suggest a successful imprinting

of PenG and are further supported by the ITC data.
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8. Novel Ionic Liquid-based miniemulsion

In this chapter, preliminary results for nanoparticle preparation in ionic liquids are

shown. Subsequently, the results for the discussion of hypotheses III (8.1) are presented.

The dissolution of chitosan in ionic liquids (ILs) and the development of sufficient

emulsification strategies can be found in chapter 8.2.1 and 8.2.2. The results of the

preparation of chitosan nanoparticles were written in a manuscript style (chapter 8.3),

ready for publication as a short communication article in a peer-reviewed journal. The

discussion of hypothesis III can be found in the discussion section in chapter 9.3.

Declaration about my own contribution

I conceived the study and elaborated the detailed experimental design.

This specifically included:

Conceptualization and formulation of the overarching research goals within the
study.

Design of the experimental approach for particle synthesis via ultrasonication-
assisted miniemulsion crosslinking in ionic liquids.

Investigation and selection of potential ionic liquids suitable for the dissolution of
chitosan and emulsification in an oil or water phases.

Investigation and selection of surfactants/surfactant combinations for the
preparation of stable ionic liquids emulsions.

Development and validation of the synthesis strategy for the preparation of
crosslinked nanoparticles using varying ionic liquids and varying surfactant
combination for emulsion preparation.

Determining the range of concentrations and stoichiometric calculation of synthesis
educts and components, especially amount of chitosan, amount of ionic liquid,
primary amine content, crosslinker, stabilizers and emulsion phase ratios.
Elaboration and implementation of emulsion/particle preparation protocols in terms
of  selecting emulsification parameters, durations  and  particle

separation/purification.
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- Elaboration and implementation of sample preparation protocols and the necessary
procedures for analytical methods such as scanning electron microscopy (SEM) and
dynamic light scattering (DLS) as well as protocols for data evaluation and analysis.

- Conceptualization and implementation of the experiments for particle synthesis,
particle characterization and reproducibility experiments. The data on synthesis,
characterization and reproducibility experiments shown in this study were collected
by Bernd Bdurer and Luise Hilfert in the course their master theses under my
supervision and by applying my methodology.

- Evaluation and discussion of all the particle-related data in an overall context of this
study.

- Visualization of the acquired data (graphs) and schematic representation.

- Writing of the entire original draft of the manuscript and taking the leading role in

incorporating changes proposed by co-authors.

8.1. Hypothesis III

Chitosan dissolved in an ionic liquid (IL) can act as disperse phase in a miniemulsion

formulation in order to prepare crosslinked Chi-NPs.

- Itis possible to dissolve chitosan in an oil miscible (water immiscible) ionic liquid. This
solution can be emulsified in water resulting in an IL-in-water emulsion.

- It is possible to dissolve chitosan in a water miscible (oil immiscible) ionic liquid. This

solution can be emulsified in oil resulting in an IL-in-oil emulsion.
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8.2. Preliminary Results

Extensive experiments were conducted to find suitable ILs, in which chitosan can be
dissolved. After finding a suitable IL, an empirical approach was applied to identify a

suitable surfactant (mixture) for the formulation of stable IL in oil emulsions.

8.2.1. Dissolving Chitosan in Ionic Liquids (ILs)

The goal of this work was to dissolve chitosan in ionic liquids and to emulsify the
resulting solution for the preparation of chitosan nanoparticles via miniemulsion
crosslinking technique. lonic liquids are a relative new class of solvent with unique
dissolution properties. One of their main features is that they are liquid at temperatures
below 100 °C - although being salts. A sub class of ILs are room temperature ILs (RT-ILs)
which, as the names suggests, are in a liquid state at room temperature. In theory it is
possible to create up to 1018 different ILs by combining different anions and cations
(Hayes, Warr, et al. 2015). The actual number of commercially available ILs is much lower

being in the range of several hundred.

In preliminary experiments various commercially available ILs were tested for their
capability to dissolve up to 3 wt.% of a low molecular weight (low MW) chitosan. We chose
two water immiscible (hydrophobic) and four water miscible (hydrophilic) ILs as shown
in Fig. 41.

The use of water immiscible ILs as disperse phase is desirable for emulsion-based particle
preparation, as they would eliminate the need for a hydrophobic continuous phase. Due to
their immiscibility with water, they would allow particle synthesis in IL-in-water
emulsions. Instead of hazardous and expensive organic solvents like cyclohexane, water
could act as disperse phase. However, the attempts of dissolving any amounts of chitosan
in these two water immiscible 1Ls were unsuccessful even at elevated temperature and

time. Hence, further experiments were only conducted with the hydrophilic ILs.
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Fig. 41 Chemical structure, melting point and miscibility of the six ionic liquids (ILs) used in this work. (Melting
points taken from the datasheets provided by the manufacturer.)

It is commonly known that hydrophilic ionic liquids (ILs) like [Emim] [Ac] and
[Bmim] [Ac] are particularly good solvents for the dissolution of the polysaccharide
chitosan (Sun, Tian, et al. 2014; Horinaka, Urabayashi, et al. 2013; Guyomard-Lack,
Buchtovj, et al. 2015). Also, chloride-based ILs, for example [Emim] [Cl] (Zavrel, Bross, et
al. 2009) and [Bmim] [CI] (Xie, Zhang, et al. 2006), are reported to be able to dissolve
polysaccharides like chitosan or cellulose. With the chloride-based imidazolium ILs
[Emim][Cl] and [Bmim][Cl], it was not possible to obtain a fully dissolved and optically
transparent chitosan solution. However, it was possible to prepare optically transparent

solutions with [Bmim] [Ac] and [Emim] [Ac] in accordance with other reports.

Depending on the type of IL and on the amount of dissolved chitosan, these IL/chitosan
solutions exhibit a viscosity in the range of several hundred mPa s. For the preparation
especially of miniemulsions a low disperse phase viscosity is favorable
(Riegger, Baurer, et al. 2018). Fendt and co-workers (2011) showed that even small
amounts of water decrease the viscosity of pristine ILs like [Bmim] [Ac] and [Emim] [Ac].
In a more recent work, Sun et al. (2014) investigated the effect of water content in
[Bmim] [Ac]/water systems on their ability to dissolve chitosan. At a water content of 5 %

or more, chitosan did no longer dissolve in [Bmim] [Ac]. Le, et.al, (2012) investigated the
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impact of water on the viscosity of [Emim] [Ac]-cellulose solutions. They showed, that an
increasing water content decreases the viscosity of the [Emim] [Ac]-cellulose solutions. To
the best of our knowledge, similar experiments for [Emim] [Ac] and chitosan have not yet

been described in the literature.

As stated above, a low disperse phase viscosity is favorable in miniemulsion processes.
Hence, it was tried to harness the good solubility properties of pristine ILs in combination
with the viscosity decreasing effect of subsequent addition of water. We successfully
dissolved 3 wt % chitosan in both ILs at 100 °C for 72 h resulting in optical transparent
solutions. When 5 % water was added, the solutions stayed optically transparent. To verify
the dissolution of chitosan characterization via polarization/DIC (differential interference

contrast) microscopy was conducted (Fig. 42).

[Bmim][Ac] 72h 100°C [Bmim][Ac] 72h 100°C
5% H,0 10 % H,0

[Emim][Ac] 4h 90°C
0% H,0

[Emim][Ac] 72h 100°C [Emim][Ac] 72h 100°C
5% H,0 10 % H,0

[Emim][Ac] 4h 90°C
5 % H,0

Fig. 42. Polarization/DIC microscopy images of 3 % chitosan dissolved in [Bmim] [Ac] and [Emim] [Ac] at
different temperatures and dissolution times. Water content was varied between 0 %, 5 % and 10 %.

The crystalline parts, which can be seen in the polarization microscopy image (Fig. 42 A),
indicate that for [Bmim] [Ac] the addition of 5 % water after dissolving the chitosan leads
to precipitation. In the case of [Emim] [Ac] containing 5 % water (Fig. 42 B) no such
crystalline parts, hence no precipitation was observed. The chitosan stayed in solution
although 5 % water were present in the IL. A further increase of water content to 10 %
(Fig. 42 Cand D) lead to considerable precipitation of chitosan for both ILs. Hence, the

dissolution process was optimized in terms of duration and temperature at 5 % water
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content. As Fig. 42 E indicates chitosan can be completely dissolved in neat [Emim] [Ac] at
90 °C for 4 h. Even after the addition of 5 % water (Fig. 42 F) no precipitation of the
polymer occurred. These results indicate that the dissolution of chitosan in [Emim] [Ac]

with a water content of 5 % at 90 °C over the course of 4 h is the preferred choice.
To quantify the influence of water on the IL/chitosan viscosity, we conducted rheological

experiments with both solutions containing no and 5 % water.
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Fig. 43. Dynamic viscosity of [Emim] [Ac] solutions with 3% chitosan.

A shear rate sweeps from 0 s1up to 1000 s1 (Fig. 43) was performed. At shear rates higher
then %300 s-1, a shear-thinning behavior was observed for [Emim] [Ac] solutions with and
without water. In contrast, pristine [Emim] [Ac] showed a viscosity of ~ 100 mPa s and
exhibited a Newtonian behavior (Gonsior, Hetzer, et al. 2010). A comparable solution
containing 3 wt. % low MW chitosan in acetic acid also showed Newtonian behavior and a
viscosity in the range of 20 mPa s (Riegger, Baurer, et al. 2018). It is assumed, that the
increased viscosity and the shear-thinning properties of the Chitosan/IL solutions may be
attributed to interactions between the IL and the polysaccharide, which results in the
formation of a physical gel-like network. At a constant shear rate of 100 s the
[Emim] [Ac]/chitosan solution containing 0 % and 5 % water showed a viscosity of
838.5 mPa s and 498.3 mPa s respectively. These data suggest that a water content of 5 %
reduces the viscosity of an [Emim] [Ac]/chitosan solution by about 50 %. Hence, the clear
brown [Emim] [Ac]/chitosan solution containing 5 % water was used for the formulation

of IL-in-oil miniemulsions.
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8.2.2. IL Emulsions

The challenge was to prepare stable IL-in-oil miniemulsions with chitosan dissolved
in [Emim] [Ac] acting as disperse (polari.e. aqueous) phase and cyclohexane as continuous
(nonpolar i.e. oil) phase. In the literature there are a few publications on IL-based
microemulsions in general (Yuan, Guo, et al. 2015) and about IL microemulsions for the
preparation of starch nanoparticles (G. Zhou, Luo, et al. 20144, 2014b; Ji, Luo, et al. 2016).
But thus far, published research in the field of emulsifying ionic liquids, particularly in the
form of miniemulsions (also called nanoemulsions) for the preparation of nanoparticles,
is sparse (Mahamat Nor, Woi, et al. 2017)(]. Li, Zhang, Han, Zhao, et al. 2012). Frank et al.
(2009) reported the synthesis of polyimide nanoparticles in miniemulsion using an IL as
continuous phase (oil in IL emulsion), replacing water, which is usually used in this

synthesis.

The necessary HLB value for the preparation of a miniemulsion with these particular
disperse and continuous phases ([Emim] [Ac]/chitosan - in - cyclohexane) was unknown.
There is no data available of a systematic investigation for the preparation of IL-in-oil
miniemulsion for particle preparation. Hence, an empirical approach was chosen to find a
suitable surfactant or surfactant mixture for the preparation of IL-in-oil miniemulsion. As
it was assumed that ionic surfactants would exhibit enhanced - and therefore more

unpredictable - interactions with the ILs, solely nonionic surfactants were chosen.

The different surfactants and corresponding surfactant mixtures including their
HLB-values are listed in Table 9. The HLB system allows to predict, which type of emulsion
(W/0 or 0/W) is favored depending on the chemical composition of the surfactant (Davis
1994). The HLB values of the surfactant mixtures were calculated using the formula shown

below (ICI Americas Inc 1980).

(X, * HLB,) + (X * HLBg)
XAB

HLBpgiena (4B) =

Several surfactant and surfactant mixtures with varying HLB value were tested in order to
create an IL-in-oil emulsion. We attempted to prepare stable emulsions with a phase ratio
of 1/20 (IL/oil) with these surfactants and their corresponding mixtures. The amount of

surfactant, in relation to the oil phase, was 4 % (w/w) in all experiments. We deliberately
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added no osmotic agent as we assumed that due to its hydrophilicity the IL itself acts as

such.

Table 9 Overview of the surfactants and surfactant mixtures used in the empirical approach to prepare
[Emim] [Ac]/chitosan - in - cyclohexane miniemulsions. For each pristine surfactant the HLB and the chemical
structure is shown (also see Table 1). The HLB for the surfactant mixtures was calculated.

Surfactant HLB Structure
O _~H
100 % Lutensol AT 50 18.0 0
14-16 ~50
i
75 % AT 50 25% Span 80 | 14.6 i
]
50 % AT 50 50 % Span 80 | 11.2 :
1
25 % AT 50 75 % Span 80 7.7 :
0
A,
100 % Span 80 4.3 o »/E 6 6
OH
H H
|
25 % Tween 80 75 % Span 80 7.0 :
1
50 % Tween 80 50% Span 80 9.6 :
1
75 % Tween 80 25 % Span 80 12.3 !
o]
O\/P.OJ\H_G//”-\HG
o
100 % Tween 80 15.0 o
HO OH wHx+y+z=20
-I\/\ i /\_,t
0 H
Triton X-100 13.4 >(X©/ ‘{/\olg-m

All four of the tested surfactants (Triton™ X-100 - an ethoxylated octyl phenol,
Lutensol® AT 50 - ethoxylated cetostearyl alcohol, Span® 80 - an ester of sorbitan and
oleic acid and Tween® 80 a polyethoxylated sorbitan esterified with oleic acid) are
nonionic, polymeric surfactants. The experiments showed that it was neither possible to
produce stable emulsions with unblended Triton and Tween nor with mixtures of Tween

and Span. Solely, the use of a combination of 75 % Lutensol AT 50 and 25 % Span 80 lead
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to stable miniemulsions. The optimization and results of particle preparation with this

emulsion formulation are discussed in the next chapter.

Benjamin R. Riegger, Bernd Baurer, Luise Hilfert, Giinter E.M. Tovar, Monika Bach. “8.3.
Miniemulsification of the ionic liquid EMIM Ac in cyclohexane for the preparation of

glutaraldehyde-crosslinked chitosan nanoparticles.”

Manuscript in preparation/submition
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Ionic liquids (ILs) attracted considerable attention in various scientific fields. This is
mainly due to the sheer number of possible combinations of anions and cations resulting
in a broad variety of ILs with adjustable properties. lonic liquids are of special interest in
the field of heterophases i.e. emulsion. Being so variable in their solution properties, ionic
liquids pose as a completely new class of either “oil-” or “water-phase” which need to be
explored. There already is literature about IL-based microemulsions in general (Yuan,
Guo, et al. 2015; Kuchlyan, Kundu, et al. 2016), about IL microemulsions for the
preparation of starch nanoparticles (G. Zhou, Luo, et al. 2014a, 2014b; Ji, Luo, et al. 2016)
as well as research in the field of ionic liquid miniemulsions (also called nanoemulsions)
(Mahamat Nor, Woi, et al. 2017; J. Li, Zhang, Han, Peng, et al. 2012; Damarla, Rachuri, et al.
2018). Ionic liquids were used as continuous phase for the preparation of nanoparticles
via miniemulsion- and dispersion polymerization, respectively (Frank, Ziener, et al. 2009;

Minami, Yoshida, et al. 2008; Minami, Kimura, et al. 2010). The use of ILs as disperse phase
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was described for the preparation of gel particles via microsuspension polymerization
(Minami, Fukaumi, et al. 2013; Suzuki, Ichikawa, et al. 2013). However, to the best of our
knowledge, no work has yet been published on a method using ionic liquid as disperse

phase in miniemulsions for the preparation of polymer nanoparticles.

It is commonly known that water miscible (hydrophilic) ionic liquids (ILs) such as
[Emim] [Ac] (1-Ethyl-3-methylimidazolium-acetate) and [Bmim][Ac] (1-Butyl-3-
methylimidazolium acetate) are particularly good solvents for the dissolution of the
polysaccharide chitosan (Sun, Tian, et al. 2014; Horinaka, Urabayashi, et al. 2013;
Guyomard-Lack, Buchtovj, et al. 2015). Depending on the type of IL and on the amount of
dissolved chitosan, these IL/chitosan solutions exhibit a viscosity in the range of several
hundred mPa s. However, a high disperse phase viscosity is undesirable, as it can lead to
ineffective emulsification, especially in probe sonication-based processes. Therefore, alow
disperse phase viscosity is beneficial for the preparation of chitosan nanoparticles via
probe sonication-assisted miniemulsion (Riegger, Baurer, et al. 2018). Hence, the process
of dissolving chitosan in [Emim] [Ac] was optimized in preliminary experiments, in order
to decrease the viscosity of the resulting solution. A complete dissolution of chitosan was
verified via DIC (differential interference contrast) microscopy. Fendt and co-workers
(2011) showed that even small amounts of water decrease the viscosity of pristine ILs
such as [Bmim] [Ac] and [Emim] [Ac]. In a more recent work, Sun et al. (2014) investigated
the effect of water content in [Bmim] [Ac]/water systems on their ability to dissolve
chitosan. At a water content of 5 % and higher, chitosan did not dissolve in [Bmim] [Ac]
anymore. Le, et al. (2012) investigated the impact of water on the viscosity of cellulose in
[Emim] [Ac] solutions. They showed, that an increasing water content decreases the

viscosity of the cellulose in [Emim] [Ac] solutions.

Based on the literature data shown above, we dissolved chitosan (3 wt %) in [Emim] [Ac]
at 90 °C under constant stirring over the course of 4 h. The chitosan used in this work was
a low molecular weight (MW) chitosan with a degree of deacetylation (DD) of * 94 %. Data
on characterization of MW (via SEC), DD (via 'H-NMR) and rheology of this low MW
chitosan can be found in a previous work (Riegger, Kowalski, et al. 2018). The viscosity of
the resulting chitosan in IL solution was 838.5 mPa s. When 5 % (v/w) water was added
(under stirring, 1 h, at 90 °C) after complete dissolution of the chitosan, the viscosity of the

resulting solution was 498.3 mPa s.

Pure [Emim] [Ac] is hygroscopic, and adsorbed water can alter its properties significantly,

especially regarding its ability to dissolve chitosan or other polysaccharides. Therefore,
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the deliberate addition of water eases the handling of the hygroscopic IL, and on top

decreases the viscosity.

The resulting chitosan solution (3 wt % chitosan, in [Emim] [Ac], 5 %water (v/w)) was
used as disperse phase, in order to prepare IL in oil ([Emim] [Ac]/chitosan in cyclohexane)
miniemulsions. Based on previous works, cyclohexane was used as oil phase (continuous
phase) (Riegger, Baurer, et al. 2018; Riegger, Kowalski, et al. 2018). The phase ratio of
IL:o0il was 1:20, while the amount of surfactant was 4 % (w/w) in relation to
cyclohexane. The pulse sequence for emulsification via probe sonication was 5 s on, 5 s off
(net sonication time: 10 min). The use of different ratios of Lutensol® AT 50 (ethoxylated
cetostearyl alcohol) and Span® 80 (ester of sorbitan and oleic acid) for the preparation of

[Emim] [Ac]/chitosan - in - cyclohexane miniemulsions were investigated.

The photograph (Fig. 44) of the resulting emulsions shows, that in all cases emulsions
were created to some extent, except with unblended Span 80. Nevertheless, all the
emulsions showed substantial creaming, except for the combination of 75 %
Lutensol AT50 and 25% Span80. Solely this combination resulted in an
orange/brownish emulsion which was optically stable over the course of 24 h. For
conventional inverse (water in oil) emulsions, surfactants with a low HBL of 4-6, for
example pure Span 80, are usually necessary for successful emulsification i.e. emulsion
stability (Kobitskaya, Ekinci, et al. 2010). However, we assume that due to the
characteristic properties of the IL, a HLB value of 14.6 (75 % Lutensol / 25 % Span) was
necessary for a successful emulsification. These results are in accordance with the work of
Mahamat Nor et al. (2017). They investigated the preparation of IL in oil miniemulsions
using two oil-insoluble ILs, namely 1-hexyl-3-methylimidazolium chloride [Hmim][Cl] and
1-butyl-3-methylimidazolium hexafluorophosphate [Bmim][PFs] emulsified in Labrafac
LipophileWL 1349 (oil) as drug delivery system. They used different mixtures of Tween 80
and Span 20 resulting in a HLB of = 12.
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Fig. 44 Photographic picture of different [Emim] [Ac]/chitosan in cyclohexane miniemulsions using different
ratios of Span 80 and Lutanensol AT 50The amount of surfactant was 4 % (w/v) in all experiments. *HLB values
of these surfactant blends were calculated.

We tested other surfactants and surfactant mixtures for the emulsification of
[Emim] [Ac]/chitosan in cyclohexane. It is notable, that the comparable HLB values of
Triton (HLB = 13.4) or a Tween 80/Span 80 mixture (75 / 25, HLB = 12.3) did not lead to
a stable emulsions. Interestingly, the use of Triton for the emulsification of water in a
water-immiscible ILs (water in IL) has been reported before (J. Li, Zhang, Han, Zhao, et al.
2012). As the authors explained correctly, such an emulsion prepared with a high HLB
surfactant should result in an IL in water emulsion. Yet, due to the solubility of Triton in
the IL, a water in IL emulsion is formed. Apparently, however not surprisingly, regular
considerations concerning surfactant solubility and HLB values as used for the
preparation of conventional W/0O or O/W emulsions may not fully apply when working

with ILs as continuous and/or disperse phase.

To increase nanoparticle yield, the [Emim] [Ac]/chitosan in cyclohexane emulsion, using
75 % Lutensol AT 50 and 25 % Span 80 was further optimized regarding the disperse- and
continuous phase ratio. The IL : oil phase ratio was increased from 1 : 20 to 4 : 20 resulting
in an emulsion viscosity of 70,2 mPa s at a shear rate of 100 s-1. These emulsions were
optically stable over the course of 72 h. Higher phase ratios such as 6: 20 led to highly
viscous emulsions, which may be undesirable for a subsequent addition of a crosslinking

reagent as the increased viscosity can impair mixing and diffusion.
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Glutaraldehyde was used as crosslinker for the preparation of crosslinked chitosan
nanoparticles. While the crosslinking reaction of chitosan with glutaraldehyde has been
known for a long time (Monteiro and Airoldi 1999), Guyomard-Lack et al. (2015) were the
first to report crosslinking of chitosan with glutaraldehyde in a [Emim] [Ac]. In our work,
we used a stoichiometric ratio of 1 mole glutaraldehyde per mole primary amine
(originating from chitosan). The glutaraldehyde (25 % in aqueous solution) was added to
the [Emim] [Ac]/chitosan in cyclohexane emulsion under stirring and reacted overnight
und constant agitation. These experiments were repeated five times. The DLS-data of the
resulting particles is shown in Fig. 45. While the particle size varies, ranging from
%~ 200 - 400 nm, the low PDI indicates particles with a very low size distribution for all five
samples. The SEM micrograph reveals chitosan nanoparticles. Due to their swelling
behavior and the SEM sample preparation, which involves drying, they lost some of their

structural integrity and are strongly agglomerated.

This research has shown that chitosan dissolved in [Emim] [Ac] can be emulsified under
the right circumstances, such as surfactant composition (unconventionally high HLB) and
disperse/continuous phase ratio. The resulting emulsions can be used for the preparation
of narrow distributed chitosan nanoparticles. The variation in size reveals that the
emulsion formulation needs to be further optimized. The presented IL-miniemulsion
crosslinking technique could also be viable for the preparation of nanoparticles from

usually insoluble polysaccharides such as chitin or starch.
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Fig.45 DLS-data (Polydispersity index (PDI) and hydrodynamic diameter) of chitosan nanoparticles prepared in
five different emulsion batches (left). SEM-micrograph of resulting chitosan nanoparticles.
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9. Discussion

In the course of this thesis titled “Synthesis of bio- and synthetic-based functional
nanoparticles via inverse miniemulsion for the adsorption and detection of pharmaceuticals
in aqueous media”, several different nanomaterials in the form of crosslinked
nanoparticles were prepared via inverse miniemulsion technique. In order to do so,
different emulsion formulations were developed and optimized. The synthesized
nanomaterials were used for adsorption applications in general. On the one hand, as
absorbent material in membrane-based water purification processes (hypothesis I) and

on the other hand as sensitive layer in an optical sensor application (hypothesis II).

The bio-based nanoparticles used for water remediation were synthesized by
processing an already existing biopolymer, namely chitosan, via inverse miniemulsion
crosslinking. These results arising from the investigation of hypothesis | were published in
two peer-reviewed papers with the titles “Systematic approach for preparation of chitosan
nanoparticles via emulsion crosslinking as potential adsorbent in wastewater treatment”
(chapter 5) and “Chitosan nanoparticles via high-pressure homogenization-assisted

miniemulsion crosslinking for mixed-matrix membrane adsorber” (chapter 6).

Secondly, the synthetic nanoparticles used for sensing were prepared by
polymerization of several different hydrophilic monomers in inverse miniemulsion
polymerization. These results from the examination of hypothesis Il were published in a
peer-reviewed paper with the title “Nano-MIP based sensor for penicillin G: Sensitive layer
and analytical validation” (chapter 7).

In a third research project, the third hypothesis was investigated by the
emulsification of novel ionic liquids (ILs) for the preparation of chitosan nanoparticles in
novel IL-in-oil (inverse) miniemulsions. These results are presented in chapter 8 and were

partly written in a manuscript style for publication as short communication.
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9.1. Hypothesis I

Preface

The initial work on chitosan nanoparticles (Chi-NPs) in this thesis covered the efforts
on finding the critical parameters for a reproducible synthesis of narrowly distributed Chi-
NPs employing inverse miniemulsion crosslinking. The hypothesis for this part reads as

follows:

9.1.1. Hypothesis LI

It is possible to prepare crosslinked chitosan nanoparticles (Chi-NPs) reproducibly via
inverse miniemulsion crosslinking technique using highly deacetylated chitosans with

different molecular weight.

- The molecular weight (MW) has an impact on particle size.
- Compared to pristine chitosan, the crosslinked Chi-NPs show a superior adsorption

behavior for a relevant active pharmaceutical ingredient (API).

For this purpose, the impact of several parameters on the formation of inverse
miniemulsion and chitosan nanoparticle preparation were investigated. As the power
input of conventional stirring or agitating is not sufficient to produce droplets in the
necessary range of 50 - 500 nm, high shear homogenization devices (probe sonication,
high-pressure homogenization) need to be applied. When the emulsion droplets reach a
size below = 500 nm, they can be effectively stabilized against coalescing with a surfactant
(see chapter: 4.1.3 Colloidal Stability: EDL and (X)DLVO-Theory). Compared to other
emulsion-based particle preparation techniques, miniemulsions do not need a continuous

and precisely controlled agitation to keep the emulsion stable after preparation.

The impact of glutaraldehyde (glut) concentration and molecular weight (MW) of six
commercially available, highly deacetylated chitosans on Chi-NP formation via inverse
miniemulsion crosslinking was investigated. Glut, being a water soluble homo-
bifunctional aldehyde, was chosen in this work, as it is the most commonly used
crosslinker for chitosan (Crini and Badot 2008). Opposed to ionic gelation crosslinking
induced by tripolyphosphate (TPP) (Agnihotri, Mallikarjuna, et al. 2004), the crosslinking

via glut happens in a covalent manner including imine formation (Fig. 15). Covalent
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crosslinking is desired, in particular if the material is used in adsorption applications,
which can include regeneration processes (adsorption/desorption) with strong pH or

electrolyte concentration shifts.

Different glut concentrations were used for particle preparation. The successful
formation of particles was confirmed via DLS and SEM. The density of the resulting
nanomaterials was determined by helium pycnometry (Fig. 16). As expected, the density
decreased with increasing degree of crosslinking, as the glut acts as spacer between the
chitosan chains resulting in a less dense polymer network. These results are in accordance
with the work of Uragami et al. (1994). An increase of the glut concentration higher than
a molar glut : primary amine ratio of 1: 1 did not lead to further decrease in density. The
ratio of 1 : 1 was found to be optimal for the preparation of narrowly distributed, spherical
Chi-NPs over a broad range of chitosan MW with a high yield. The use of NaCl as osmotic
agent for improving emulsion stability was examined. The presence of an osmotic agent
hinders Oswald ripening of a miniemulsion, and therefore increases its stability as
described in chapter 4.1.5 “Emulsion Stability: Droplet Loss Mechanism” and chapter 4.1.6
“Different Types of Emulsion-based Polymerization Techniques: Suspension-, Macro-,
Micro- and Miniemulsion Polymerization”. The results showed that a concentration of
0.1 M NaCl in the disperse phase leads to emulsions, which are stable over the course of
18 h. As shown via DLS and SEM (Fig. 18 A and B) it was possible to reproducibly prepare
glut-crosslinked Chi-NPs with six different MWs ranging from Mn= 12.7 kg mol-1 up to

n= 121.4 kg mol-! (Fig. 17) via ultrasonication-assisted miniemulsion crosslinking (Fig.
14). These findings confirm the main statement of hypothesis L.I. An increasing Chi MW
resulted in larger particle sizes ranging from 109.9 nm, for the lowest MW, up to 200.3 nm

for the highest MW. These findings confirm the first sub hypothesis of LI.

For further understanding of the used emulsion processes, the viscosity of the chitosan
solutions was determined. The results showed, that the viscosity increased with the MW
of chitosan (ranging from 19.3 mPa s to 2149.5 mPa s from low to high MW) (Fig. 18 C). As
emulsification via probe sonication is less effective with increasing viscosities, it is
assumed that the size of the resulting particles increases with increasing viscosity i.e.
increasing MW. With increasing viscosity the droplet disruption, i.e. the emulsification
efficiency decreases and therefore, droplet size increases as shown in Fig. 18 A and B.

Presumably, this is the reason for an increased Chi-NP size with increasing Chi-MW.
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Accordingly, to the second sub hypothesis of LI the static adsorption behavior of the Chi-
NPs and untreated chitosan for two APIs (active pharmaceutical ingredient) was
evaluated. The drugs carbamazepine (CBZ) and diclofenac (DCL) were used in single point
adsorption experiments (Fig. 19) as these are the most common drugs found in drinking
water bodies (Yongjun Zhang, Geissen, et al. 2008). Fixed amounts of Chi-NPs were
brought in contact with aqueous solutions with known concentrations of DCL and CBZ
overnight. Afterwards, the remaining concentration was analyzed via HPLC. An adsorption
capacity of up to 351.8 mg g1 DCL for low MW Chi-NPs was observed and all Chi-NPs
showed superior adsorption capacity, when compared to untreated chitosan. The highest
adsorption capacity was measured for the smallest Chi-NPs. This is most likely due to their
favorable surface-to-volume ratio. These results are in accordance with the literature
(Poon, Wilson, et al. 2014). They also found an increased adsorption capacity, in their case
for p-nitrophenol, onto glut-crosslinked chitosan when compared to pristine chitosan. The
adsorption of the uncharged CBZ was low on Chi-NPs as well as on pristine chitosan. In
both cases, the pristine chitosan showed low adsorption capacities ranging from 1 mg g-
lfor CBZ and up to # 70 mg g1 for DCL. The use of Chi-NPs did not lead to any improvement
in the adsorption of carbamazepine. These results confirm the second sub hypothesis of I.I

for the adsorption of DCL, however not for CBZ.

9.1.2. Hypothesis LII

The objective of the next step was to characterize the Chi-NPs even further and
evaluate their use as filler in mixed-matrix membrane adsorbers for dynamic adsorption
processes. To reach this goal, it was necessary to prepare larger amounts of Chi-NPs. As
the throughput of sonication-based emulsification is quite limited in terms of volume, a
different emulsification technique was applied. The emulsion formulation used in the
sonication process was transferred to a high-pressure homogenization-assisted (HPH)
emulsification process for the preparation of larger quantities of Chi-NPs. The hypothesis

for this part reads as follows:

It is possible to transfer an emulsion formulation, which was optimized for a discontinuous
ultrasonication emulsification to a continuous high-pressure homogenization (HPH)-based

process.
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- Similar to the ultrasonication emulsification it is possible to process chitosan of different

MW via high-pressure homogenization to reproducibly prepare Chi-NPs.

As shown in Fig. 21, the results from DLS results and SEM analytics show that it was
possible to prepare chitosan nanoparticles (Chi-NPs) via high-pressure homogenization-
assisted miniemulsion crosslinking (homogenizing pressure 40 MPa). The emulsion
formulation used was identical to the emulsion formulation optimized for ultrasonication
from chapter 5 (water phase: chitosan dissolved in acetic acid; oil phase: cyclohexane with
Span 80). For the homogenization i.e. emulsification of this mixture, seven homogenization

cycles were run. These findings confirm the main statement of hypothesis LIL

In order to evaluate the impact of disperse phase viscosity (Fig. 20), three highly
deacetylated (> 90 %) chitosans of different MWs (low, medium and high MW) were used.
Three different chitosans (low, medium and high MW) ranging from Mn = 24.0 kg mol-1 up
to Mn=x 121.4 kg mol! were tested. While emulsification, i.e. particle preparation, was
possible with the low und medium MW chitosan, it was not possible to sufficiently
emulsify the high MW chitosan at the chosen homogenization parameters due to the
increased viscosity (Fig. 20). The homogenizing product for high MW chitosan did not
result in stable emulsion i.e. did not result in nanoparticles. For a successful emulsification
of low and medium MW chitosan solution via HPH a minimum of four, respectively five

homogenization cycles were necessary.

The size of the resulting low and medium Chi-NPs was analyzed via DLS and was in the
range of 180 nm and =260 nm, respectively (Fig. 21). The particles prepared with the
medium MW chitosan were larger compared to the particles prepared with the low WM
chitosan. This behavior is similar to the findings from the sonication-based particle
preparation and it is presumed to be attributed to the increased disperse phase viscosity
for medium MW chitosan. These results concur with the findings of Stang et al. (2001) who
demonstrated that the droplet size, which correlates with particle size, in HPH
emulsification processes increased with increasing disperse phase viscosity. These
findings are further supported by the work of Shi and co-workers (2011). They
investigated the HPH-assisted miniemulsion crosslinking formulation for the preparation
of starch nanoparticles. They found that the aqueous phase with the lowest starch

concentration (i.e. lowest viscosity) results in the smallest starch nanoparticles.

As it was possible to prepare particles with varying MW (low and medium MW) chitosan,

the sub statement of hypothesis L.Il was confirmed.
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Additionally, the static adsorption behavior as well as adsorption kinetics for diclofenac
(DCL) were tested in batch experiments for low and medium MW Chi-NPs (Fig. 24). In
HPLC-assisted, static adsorption experiments, the DCL adsorption capacity of the low and
medium MW Chi-NPs was tested in aqueous buffer media (pH =7) for nine different
concentrations (0.3 mg L1 - 2500 mg L-1) at 15 points in time ranging from 125 seconds to
62 minutes (Fig. 24 A and B). All particles showed a rapid sorption rate (< 2 min) with an
adsorption capacity of up to 256.2 mg g-1 DCL. The adsorption capacities are comparable
with the results from the sonication-based Chi-NPs (chapter 5). Zhang and co-workers
(2014) found a similar rapid adsorption rate (< 0.5 min) for DCL on glut-crosslinked
magnetic chitosan nanoparticles. Since the adsorption was so fast, no kinetic could be
determined. Especially, for dynamic, i.e. membrane-based adsorption processes, the fast

kinetics are favorable, as the contact time in such processes is rather short.

Subsequently, adsorption isotherms were modeled and fitted by Langmuir, Freundlich
and Sips isotherms using the adsorption capacities obtained by the kinetic experiments
(Fig. 25). The models show similar behavior for both particle types (isotherm parameters
Table 5). The Freundlich model, accounting for multilayer adsorption, shows a poor fit for
the experimental data and is therefore not suited as a model to describe the adsorption of
DCL on Chi-NPs. The Sips and the Langmuir model show coefficients of determination (R?)
of > 0.99 for both particle types. The high similarity in correlation and parameters for both
fits can be explained by ns (Sips heterogeneity factor) being ~ 1. For ns = 1 the Sips model
is reduced to a model with Langmuir behavior (Repo, Warchol, et al. 2010; Poon, Wilson,
et al. 2014). A value of ns= 1 also indicates heterogenic sorption sites. The maximum
adsorption capacity (qmax) for the low MW Chi-NPs is 358.3 mg g1 for the Langmuir model
and 502.5 mg g1 for the Sips model. Thus, the Sips model predicts a substantially higher
gmax for DCL on low MW Chi-NPs. The values calculated for the medium MW Chi-NPs are
similar for both models (305.3 mg g! and 317.3 mg g1 for Langmuir and Sips models,
respectively). Nevertheless, the isotherm results (Langmuir and Sips model) as well as the
experimental data (Fig. 24) show a higher adsorption capacity for the low MW Chi-NPs
compared to medium MW Chi-NPs.

In a final step, particles were incorporated in mixed-matrix membranes to enhance the

adsorption capacity in dynamic adsorption processes. Further, the membranes were
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characterized in terms of pore size, flux and dynamic adsorption capacity. The hypothesis

for this part reads as follows:

9.1.3. Hypothesis LIII

It is possible to disperse the Chi-NPs from LIl in a membrane polymer solution in order to

prepare Chi-NP-loaded mixed-matrix membranes.

- The Chi-NP mixed-matrix membranes can be applied for the adsorption of

pharmaceutical compounds in aqueous media.

Mixed-matrix membrane adsorbers were prepared by processing low and medium
MW Chi-NPs into porous polyether sulfone (PES) microfiltration membranes via a casting
and phase inversion process. The solvent used for the preparation of membrane polymer
solutions was N-Ethylpyrrolidone (NEP), while the non-solvent in the membrane
formation process (precipitation) was water. For membrane preparation, the polymer
solution is casted via a doctor blade. Subsequently, this polymer solution film is
submerged in a bath of non-solvent (water). As the NEP is soluble in water, it will be
extracted from the polymer film. As PES is only soluble in NEP but not in water, this
process results in the precipitation of PES due to the removal (dilution) of NEP. In this

process, the polymer forms a porous flat sheet membrane.

As the Chi-NPs come in aqueous dispersion after their preparation, a solvent exchange
protocol was developed to replace the water by NEP. The low and medium MW Chi-NPs
could then be successfully dispersed in polyether sulfone polymer/NEP solution.
Subsequently, mixed-matrix membranes where prepared via casting of the particle
containing polymer solution (Fig. 26 A, B, C), followed by a phase inversion (precipitation)
process in water. The membranes contained 6.4 w.t. % and 7.4 w.t. % low and medium
MW Chi-NPs, respectively. Hence, the statement of the main hypothesis LIII was

confirmed.

The pore size and the flux of these membranes, as well as of blank (reference) membranes
were characterized (Fig. 26 D). Membrane preparation and membrane characterization
was done in triplicates. The reference membrane and low MW Chi-NP membrane had

comparable pore sizes with 0.3 pm and 0.43 pm, respectively. The low MW Chi-NP
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membrane shows a flux performance of 5355 L m-2hlbar?! which is similar to the
reference membrane (5119 L m2 h-1 bar-1). These values are common for microfiltration
membranes (Niedergall, Kopp, et al. 2016; Niedergall, Bach, et al. 2014). However, the
presence of medium MW Chi-NPs in the membrane solution, supposedly lead to unwanted
defects in the membrane. These defects are responsible for the flux and a pore size of the
medium Mw Chi-NP-filled membrane being roughly being twice as high as that of the

reference membrane.

Subsequently, all three membranes were tested in HPLC-assisted dynamic adsorption
experiments with diclofenac solutions (Fig. 27 A). The membrane, which contained
medium MW Chi-NPs, had an adsorption capacity slightly higher than the reference
membrane. The larger pores resulting in higher flux are presumably responsible for
unsatisfying adsorption performance. The membrane containing low MW Chi-NPs on the
other hand exhibited an adsorption capacity of 3.6 mg mZ while the corresponding
reference membrane had a capacity of 1.6 mg m=2. These results confirm the statement of

sub hypothesis L.IIl when using low MW Chi-NPs in mixed-matrix membranes.
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9.2. Hypothesis I1

Preface

In the second part of the thesis, the polymerization of several different hydrophilic
monomers in inverse miniemulsion polymerization was conducted (chapter 7). The goal
was to find sufficient polymer nanoparticle platforms, which could be used for the
preparation of molecularly imprinted nanoparticles (nano-MIPs) in general. MIPs are
widely investigated as selective adsorbents for water purification and as sensitive layer in
various sensing platforms (Wackerlig and Lieberzeit 2015; Shen, Xu, et al. 2013). In this
work, the nano-MIPs should be applied as sensitive layer in an optical sensor for the
quantitative detection of pharmaceutical compounds in aqueous (process) media. Due to
the molecular imprint, the resulting material should exhibit an increased selectivity for the
adsorption of the template, i.e. the imprinted molecule. Compared to other suitable
materials, which can form a sensitive layer, (e.g. antibodies), the requirements for those
nanoparticles was a low size distribution, a reproducible spherical architecture and a
certain mechanical stability, which allow them to keep their spherical shape even after
centrifugation and drying. These requirements are mandatory for the reproducible

preparation of homogeneous sensing layers.

Especially due to their polymeric matrix, MIPs exhibit a high thermal, chemical and
temporal stability (Pichon 2007). In contrast to a bio-based recognition layer
(i.e. antibodies, peptides), MIPs can be sterilized by autoclaving (Ramstrom, Ye, etal. 1996;
Molinelli, Janotta, et al. 2008).

The preparation of crosslinked polymer nanoparticles, which fulfill the above-mentioned
requirements, was successfully conducted using EBA as crosslinker and four monomers
(namely 3-(Methacryloylamino)propyl] trimethylammonium chloride - MAPTAC, 3-
Sulfopropyl methacrylate potassium salt - SPM, 2-Acrylamido-2-methyl-1-
propanesulfonic acid sodium salt - AMPS, N-(2-aminoethyl) methacrylamide
hydrochloride - NAEMA)) as shown in Fig. 28 and Fig. 30. Crucial parameters for the choice
of the monomers was their water solubility, accessibility and the presence of moieties
suitable for radical polymerization. All four monomers are radically polymerizable
methacrylates or methacrylamides, which have their high water solubility and their
possession of a charged functionality (primary amines, quaternary amines or sulfonates)

in common. In order to prepare stable emulsions with these monomers, different
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surfactants were evaluated. The impact on disperse phase monomer content on the
particle formation was investigated using different concentrations of AMPS (Fig. 31). The
particles were characterized via DLS and SEM. As long as the total monomer/crosslinker
content stayed above = 40 %, the synthesis resulted in spherical particles, which hold their
shape after centrifugation and/or drying. With decreasing monomer content, the particles

formed showed less spherical structure and unfavorable high polydispersity index (PDIs).

The goal was to prepare nano-MIPs and covalently immobilize them so that they could
serve as sensing layer in an optical sensor (Reflectometric Interference Spectroscopy -
RIfS). RIfS is based on multiple reflection on thin layers (Gauglitz 2010). If analyte
molecules deposit on the sensor surface, a change in optical thickness And (product of the
refractive index n and the physical thickness d) can be detected (chapter 7.6.3). The target
molecule in the sensing application was penicillin G (Benzylpenicillin, PenG). The

hypothesis for this part reads as follows:

9.2.1. Hypothesis IL.I

By using appropriate functional monomers, it is possible to prepare imprinted polymer
nanoparticles via miniemulsion polymerization, which exhibit a selective adsorption

behavior towards penicillin G.

This promising technique of molecular imprinting has strongly risen scientifically
interest in recent years (Uzun and Turner 2016). Molecularly imprinted polymers (MIPs)
are tailor-made crosslinked polymer materials, which exhibit binding sites with a high
affinity and selectivity towards a specified template molecule. The selectivity/affinity
arises from “imprinted” binding sites, which match the template molecule in shape, size
and complementary spatial (steric) configuration of functional groups. Template
coordination in those nanocavities depends on the chosen monomer(s) and crosslinker(s)
and thus, is based on non-covalent forces such as ionic, electrostatic,
hydrophobic/hydrophilic,

Van der Waals, hydrogen bond or m-m interactions (Vaihinger, Landfester, et al. 2002;
Gryshchenko and Bottaro 2014). As PenG is an anion (sodium salt), the cationic NAEMA
was chosen as monomer from the four monomers discussed above. Narrowly distributed

MIPs were prepared via inverse miniemulsion polymerization in the presence of PenG as
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template (Fig. 32). Non-imprinted NAEMA/EBA nanoparticles (NIPs) were prepared
identically but in the absence of PenG and were used as reference material.
Characterization via DLS showed that the MIPS and NIPs exhibited a very low size
distribution (PDI < 0.05) and a size in the range of * 200 nm (Fig. 34 a).

In the RIfS setup, MIP binding signals were about twice as high as the NIP binding signals
(which will be further discussed in hypothesis ILII). Additionally, to evaluate the
specificity of MIPs and NIPs they were characterized via nitrogen sorption (specific
surface area, SSA) and isothermal titration calorimetry (ITC). These results showed that
the MIPs exhibit a surface area roughly 1.4 times larger than that of the NIPs (Table 8).
The binding heat AH for the MIPs measured by ITC was roughly three times higher than
that of the NIPs (Fig. 40). The ratio of surface area of MIPs/NIPs can be set in context to
the specificity ratios of MIPs/NIPs from the RIfS (Fig. 37) and ITC results. While the surface
area for the MIP is only 1.4 times larger, the RIfS/ITC results show that the MIP is roughly
twice/three times as sensitive compared to the NIPs. As the increased specificity cannot
only be attributed to a larger surface area for the MIPs, these results further support the
presence of molecularly imprinted binding sites. These results confirm the statement of

hypothesis ILI

9.2.2. Hypothesis ILII

Through suitable functionalization of the nanoparticles they can be covalently immobilized

on the sensor surface.

- This covalently immobilized sensitive layer is impervious against overflow in the
measuring chamber and despite the functionalization still bears its ability to selectively
bind penicillin G in aqueous solution.

- The covalent immobilization benefits the sensors lifespan.

Although a nano-MIP sensing layer provides many advantages, one drawback would
be the stability of such a nanoscaled recognition layer. If nano-MIPs are immobilized in a
non-covalent manner (i.e. via electrostatic interactions), there is a high chance of particles
being detached when in contact with the aqueous reagent flow during the sensing process.

In order to allow for covalent immobilization of these particles on the sensor surface, they
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were functionalized with azide moieties in a two-step reaction (Fig. 33). In a first step, the
remaining acrylamides originating from not fully reacted crosslinker were functionalized
via thiol-Michael addition resulting in a terminally, chloride-bearing thioether. In a second
step, the chlorine was substituted with sodium azide leading to azide-functionalized

particles. The successful reaction was confirmed via FT-IR spectroscopy (Fig. 34 b).

While the MIPs and NIPs exhibited a hydrodynamic radius of about 200 nm before the
modification, the radius increase to * 400 nm after the modification (Fig. 34 a). This is
mainly attributed to an altered swelling behavior of the particles due to the chemical
modification with azide functionalities (Fig. 33 a). The corresponding sensor surface, a
glass transducer, was alkyne-modified via silane chemistry (Fig. 33 b). Subsequently, the
particles were covalently immobilized on alkyne-modified glass transducers by copper(I)-
catalyzed 1,3-dipolar cycloaddition (Fig. 33 c). Baseline measurements were performed
with these transducers. The baseline signal was constant, showing that the particle layer
was stable and no particle detaching occurred. As reference, transducers were prepared
with particles in the absence of the catalytic active copper(I), i.e. the cycloaddition could
not occur. When these transducers were used in baseline measurements, the signal
showed a constant decrease, indicating particles detaching from the transducer surface.
This confirms the stability of the covalently immobilized particle layer on the transducer

and therefore, the main statement of hypothesis ILIL.

For sensor calibration 14 randomized triplicate concentration dependency measurements
were conducted for covalent immobilized MIP and NIP transducers with different PenG
concentrations ranging from 0.0015 - 0.0195 mol/L. Recovery rates of three different
transducers were determined in the range of 70 - 120 %, which indicates a good chip-to-
chip reproducibility. Sensor cross-sensitivities between PenG and its structural building
blocks phenylacetic acid and 6-aminopenicillanic acid were evaluated indicating a high
selectivity for the presented sensor system. These findings confirm the statement of the

first sub hypothesis of ILIL

The longevity of the sensitive layer was further proven by performing 78 reproducible
PenG measurements over the course of 26 h. The covalent immobilized sensitive layer
allowed for reproducible concentration measurements over this extended period of time.

These findings confirm the statements of the second sub hypotheses of ILII.

156



9 Discussion

9.3. Hypothesis III

Preface

The third part of the thesis explores the use of a relatively new class of solvents -
ionic liquids (ILs) - as disperse phase in miniemulsions (Chapter 8). Most commonly ionic
liquids are defined as salts (cation and anion) with a melting point of below 100 °C
(Plechkova and Seddon 2008). Due to the non-volatility and their adjustable dissolution
properties, the application of these solvents is of high interest. The goal was to use these
emulsions for the preparation of chitosan nanoparticles (Chi-NPs). The hypothesis for this

part reads as follows:

Hypothesis III

Chitosan dissolved in an ionic liquid (IL) can act as disperse phase in a miniemulsion

formulation in order to prepare crosslinked Chi-NPs.

- Itis possible to dissolve chitosan in an oil miscible (water immiscible) ionic liquid. This
solution can be emulsified in water resulting in an IL-in-water emulsion.

- It is possible to dissolve chitosan in a water miscible (oil immiscible) ionic liquid. This

solution can be emulsified in oil resulting in an IL-in-oil emulsion.

Data on several ionic liquids which dissolve chitosan have been published (Sun, Tian,
et al. 2014; Horinaka, Urabayashi, et al. 2013; Guyomard-Lack, Buchtova, et al. 2015). All
these ILs have in common that they are water miscible. However, the use of water
immiscible 1Ls (Fig. 41) is highly desirable for the dissolution of chitosan because they
eliminate the need to use organic solvents for the preparation of emulsion. Instead, these
chitosan-in-IL solutions could be emulsified in water. However, it was not possible to
dissolve chitosan in the two chosen water immiscible ILs, namely [Chol][Tf2N] and
[Bmim][Tcm]. So far scientific literature does not show any record of chitosan being
dissolved in a water immiscible IL. Hence, it was not possible to confirm the first sub

hypotheses of III.

On the other hand, the dissolution of chitosan in water miscible 1Ls is described in the
scientific literature as mentioned above. It is commonly known that water miscible ionic

liquids (ILs) such as [Emim] [Ac] (1-Ethyl-3-methylimidazolium-acetate) and [Bmim] [Ac]
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(1-Butyl-3-methylimidazolium acetate) are particularly good solvents for the dissolution
of the polysaccharide chitosan. In this work, this dissolution process was optimized in
order to achieve a preferably low viscosity of the resulting chitosan-in-IL solution. A low
disperse phase viscosity is beneficial for the preparation of chitosan nanoparticles via
probe sonication-assisted miniemulsion (Riegger, Baurer, et al. 2018). Fendt and co-
workers (2011) showed that even small amounts of water decreases the viscosity of
pristine ILs such as [Bmim][Ac] and [Emim][Ac]. In a more recent work
Sun et al. (2014) investigated the effect of water content in [Bmim] [Ac]/water systems on
their ability to dissolve chitosan. At a water content of 5 % and higher, chitosan did not
dissolve in [Bmim] [Ac] anymore. Le, et.al, (2012) investigated the impact of water on the
viscosity of cellulose in [Emim] [Ac] solutions. They showed that an increasing water

content decreases the viscosity of the cellulose - in - [Emim] [Ac] solutions.

Decreasing the viscosity of the chitosan in IL solutions used in this work was achieved
through the addition of small amounts of water (5 %) to the IL after dissolving the
chitosan. To verify the dissolution of chitosan, characterization via polarization/DIC

(differential interference contrast) microscopy was conducted (Fig. 42).

For [Bmim] [Ac] the addition of 5% water after dissolving the chitosan leads to
precipitation. As Fig. 42 E indicates, chitosan can be completely dissolved in neat
[Emim] [Ac] at 90°C for 4 h. Even after the addition of 5% water (Fig. 42 F) no
precipitation of the polymer occurred. These results indicate that the dissolution of
chitosan in [Emim] [Ac] with a water content of 5 % at 90 °C over the course of 4 h is the

preferred choice. These findings confirm the second sub-hypothesis of IIL.

To quantify the influence of water on the IL/chitosan viscosity, rheological experiments
with both solutions containing no and 5 % water were conducted. It transpired that the
addition of 5% decreases the viscosity of the IL/chitosan solution by about 40 %
(Fig. 43).

The resulting chitosan-in-[Emim] [Ac] solution subsequently was emulsified in
cyclohexane via probe sonication. In the literature, the use of ILs as continuous phase is
described for the preparation of nanoparticles via miniemulsion- and dispersion
polymerization, respectively (Frank, Ziener, et al. 2009; Minami, Yoshida, et al. 2008;
Minami, Kimura, et al. 2010). However, only few works have been published on the topic
of using ILs as disperse phase in emulsions. The use of ILs as disperse phase was described
for the preparation of gel particles via microsuspension polymerization (Minami,

Fukaumi, et al. 2013; Suzuki, Ichikawa, et al. 2013). Even after an extensive search, so far,
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no publication on a method using ionic liquid as disperse phase in miniemulsions for the

preparation of polymer nanoparticles was found.

Hence, an empirical approach was applied, testing several known surfactants frequently
used in water in oil emulsions, in order to find a suitable surfactant for the emulsification
of [Emim] [Ac]/chitosan solutions in cyclohexane (Table 9). The surfactants in question
were nonionic, polymeric surfactants namely: Triton™ X-100 - an ethoxylated octyl
phenol, Lutensol® AT 50 - ethoxylated cetostearyl alcohol, Span® 80 - an ester of sorbitan
and oleic acid and Tween® 80 a polyethoxylated sorbitan esterified with oleic acid. The
pristine surfactants as well as different surfactant mixtures were tested. Solely a mixture
of 75 % Lutensol AT 50 and 25 % Span 80 (calculated HLB = 14.6) resulted in optically
stable [Emim] [Ac]/chitosan/5 % water in cyclohexane miniemulsions over the course of

at least 24 h (Fig. 44).

It is notable, that the surfactants Triton (HLB =13.4) or a Tween 80/Span 80 mixture
(75 / 25, HLB = 12.3), which possess comparable HLB values to the 75 % Lutensol AT 50
and 25 % Span 80 mixture did not lead to a stable emulsion. Interestingly the use of
Triton™ X-100 for the emulsification of water in a water-immiscible ILs (water in IL) has
been reported before (J. Li, Zhang, Han, Zhao, et al. 2012). According to classic HLB theory,
such an emulsion, prepared with a high HLB surfactant, should result in an IL in water
emulsion. Nevertheless, a water-in-IL emulsion is formed due to the solubility of
Triton™ X-100 in the IL as explained correctly by the authors. Apparently, however not
surprisingly, regular considerations concerning surfactant solubility and HLB values as
used for the preparation of conventional water in oil or oil in water emulsions may not

fully apply when working with ILs as continuous and/or disperse phase.

With the formulation, using 75 % Lutensol AT 50 and 25 % Span 80 mixture as surfactant,
it was possible to prepared stable [Emim] [Ac]/chitosan/5 % water-in-cyclohexane
miniemulsions for the synthesis of glut-crosslinked chitosan nanoparticles. A
stoichiometric ratio of 1 mole glut per mole primary amine (originating from chitosan)
was used. The glut (25 % in aqueous solution) was added to the [Emim] [Ac]/chitosan-in-
cyclohexane emulsion under stirring and reacted overnight und constant agitation. These
experiments were reproduced five times, producing particles in the range of about
200 nm - 400 nm confirmed by DLS and SEM (Fig. 45). This particle size variation indicates
the need to further optimize this preparation method via IL-based miniemulsion

crosslinking.
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9 Discussion

In conclusion, this thesis covered the preparation of different polymer nanoparticles via
inverse miniemulsion technique. Particles were prepared in inverse miniemulsion by
crosslinking of an already existing biopolymer (chitosan) or the polymerization of
synthetic monomers. In order to do so, several different emulsion formulations were
developed and optimized.

The resulting particles were characterized and successfully used as adsorbent materials
in water purification and as sensitive layer in a RIfS sensor application. Further, novel
miniemulsion formulations were developed using ionic liquids as disperse phase. With

these IL in oil miniemulsions, crosslinked chitosan nanoparticles were prepared.
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10. Conclusion & Outlook

Chitosan nanoparticles: The objective of the first section of this thesis (hypothesis
I, chapter 5 and 6) was to contribute to the knowledge about the preparation of chitosan
nanoparticles via miniemulsion crosslinking and their use as adsorbent in water
treatment. Relevant process parameters such as the use of an osmotic agent for emulsion
stabilization and the impact of chitosan molecular weight on particle formation were
investigated. Further, the amount of glutaraldehyde was optimized in order to prepare
crosslinked chitosan nanoparticles. Next to emulsion preparation of miniemulsion via
probe sonication, larger amounts of emulsions i.e. particles were successfully prepared via

high-pressure homogenization.

The adsorption of diclofenac onto chitosan nanoparticles was extensively investigated in
static adsorption experiments. It was shown that the particle size decreases with
decreasing molecular weight of chitosan. The smallest chitosan nanoparticles exhibited
the highest adsorption capacity. Further, the adsorption experiments showed, that the
adsorption kinetics of diclofenac on chitosan nanoparticles are rather fast (< 2 min). The
fast kinetic is especially favorable as the particles were subsequently used in membrane
based dynamic adsorptions processes with very short contact times. Chitosan
nanoparticle filled mixed-matrix membranes were prepared via casting and a phase
inversion process. The effectiveness of Chi-NP-filled mixed-matrix membrane adsorbers

was successfully shown in a proof-of-concept manner.

For further investigations, the Chi-NP mixed-matrix membranes should be evaluated on
their ability to adsorb other organic compounds e.g. sulfamethoxazole or penicillin G as

well as metal ions like platinum, copper or cadmium (and combinations of these).

For future works, it would also be interesting to find a method of processing any kind of
highly deacetylated chitosan into Chi-NPs independent of their molecular weight. A
promising approach could be to optimize the parameters of the emulsification via high-
pressure homogenization to depolymerize the chitosan in a first step and emulsify it in a
second step. In consequence, there would be no limitation in terms of chitosan MW, i.e.
viscosity, which would be highly desirable for an industrial process. Further, the use of
high concentrations of oligomeric (very low viscosity) chitosan in the aqueous phase
should be investigated. For the mixed-matrix membranes the evaluation of adsorptions

cycles should be tested in adsorption/desorption experiments.
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10 Conclusion & Outlook

Synthetic nanoparticles: The second part (hypothesis II, chapter 7) of this thesis
was dedicated to the development of molecular imprinted polymer nanoparticles as

sensitive layer in a sensing application.

In a first step, crosslinked polymer nanoparticles were successfully prepared with four
different functional monomers via inverse miniemulsion polymerization (namely
MAPTAC, NAEMA, SPM and AMPS). Different surfactants were investigated for the
successful preparation of stable miniemulsions. Further, the impact of the amount of

monomer dissolved in the disperse phase on particle formation was investigated.

For the preparation of penicillin G-sodium salt (PenG) imprinted nanoparticles
(PenG MIPs), NAEMA was chosen as monomer due to its charge (primary amine). In order
to covalently immobilize the PenG-MIPs on to the sensor surface, they were chemically
functionalized with azide moieties. The sensors surface was functionalized with alkyne
moieties. This combination allowed the immobilization of particles via copper (I)-
catalyzed azide-alkyne Huisgen cycloaddition. The project partners at the University of
Tilibingen (group of Prof. Gaugulitz) successfully showed the stability of the sensitive MIP
layer in sensor experiments. Further, they were able to calibrate the sensor to allow a
reproducibly determination of PenG concentration in aqueous buffer media. Reference
measurements using non-imprinted NAEMA particles (NIPs) showed that the MIPs have
an increased affinity towards PenG. These results were successfully validated via ITC
measurements of MIPs and NIPs. Further concentration measurements with structural
PenG building blocks showed that the MIPs selectively adsorbed PenG while the unspecific

adsorption of the building blocks was low.

In future, the unspecific adsorption of building blocks or other compounds could be
eliminated from the measurements by using MIP- and NIP-functionalized transducers in
parallel. This would allow subtracting i.e. referencing the signal of the MIP and NIP
transducers. Potentially, this sensor concept can be applied to many other hydrophilic
target (imprinting) molecules. To achieve this, other MIPs need to be developed for each
specific target molecule. This could be achieved by imprinting NAEMA particles, or one of
the other polymer nanoparticles shown in this thesis, with the desired templates. Finally,
the sensor array should be tested in a real sample medium e.g. a fermentation broth used
in biotechnological PenG production to investigate the use of this sensor for production

monitoring.
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Ionic liquid-based miniemulsion: The third chapter was dedicated to the
development of novel miniemulsion formulations containing an ionic liquid (IL) as
disperse phase for the preparation of chitosan nanoparticles (hypothesis III, chapter 8).
Different ILs were investigated for their dissolution capacity of chitosan. [Emim] [Ac] (1-
Ethyl-3-methylimidazolium-acetate) showed the best dissolution properties. With this IL
it was possible to dissolve chitosan even after the addition of up to 5 % water. The addition
of water led to a decrease in viscosity. A preferable low viscosity is desired as it increases
the emulsification efficiency i.e. the droplet formation. Different surfactants and surfactant
mixtures were tested for the emulsification of the IL in cyclohexane. Solely a mixture of
75 % Lutensol AT 50 and 25 % Span 80 (HLB = 14.6) lead to stable emulsions. The HLB
value of this surfactant mixture was unconventional high when compared to common
water in oil emulsions. However, as the IL differs significantly from water in its chemical
and physical properties, regular considerations concerning surfactant solubility and HLB
values in emulsion preparation do not fully apply. By the addition of glutaraldehyde to the
emulsions which contain chitosan in the disperse (IL) phase, crosslinked chitosan

nanoparticles were successfully prepared.

The particle size varied between batches, which indicates that the emulsion formulation
i.e. the process of particle synthesis via IL miniemulsions needs further optimization.
Other surfactants and surfactant mixtures should be tested for their use to create even
more stable and reliable emulsions. In future, such an IL-based emulsion could be used for
the preparation of nanoparticles with mostly insoluble polymers such as chitin or starch.
In addition, combinations of polymers which are not insoluble in common solvents or at
different pH values could potentially be combined in IL solution. Further, this emulsion
system should be tested on its use in miniemulsion polymerization. As ILs used as reaction
media can promote certain chemical reactions, this formulation could open new
possibilities for the preparation of polymeric or inorganic nanomaterials. As
miniemulsions possess good heat-removal capabilities, this formulation could be a tool for

very precisely temperature-controlled synthesis of small molecule in ILs.
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12. Appendix

The procedure for the preparation of the synthetic nanoparticles (AMPS, SPM, MAPTAC,
NAEMA) presented in chapter 7.2 is shown in the following chapters (12.1 to 12.4).

12.1. Preparation of AMPS Nanoparticles

Experimental results can be found in chapter 7.2 Polymer Nanoparticles via Inverse

Miniemulsion Polymerization: Preliminary Results.

The following amounts of cyclohexane, the nonionic surfactant Addconate H (PIBSA) and
AIBN were mixed together. Subsequently, the monomer (AMPS; 2-Acrylamido-2-methyl-
1-propanesulfonic acid sodium salt) in the form of a 50 wt. % solution as provided by the
manufacturer, crosslinker (EBA; N,N’-Ethylenbisacrylamid) and hydrophile (NaCl) were
mixed and dissolved (in the aqueous AMPS solution). As the AMPS comes in 50 % aqueous
solution, no further addition of water or buffer was necessary. When the compounds in
the aqueous phase were fully dissolved, it was instantly combined with the oil phase and
emulsified via probe sonication. The net sonication time was 10 minutes with a pulse
sequence of 10 sec “on” / 5 sec “off”, at 60 % intensity. During sonication, an ice bath
cooling was applied to prevent emulsion destabilization and premature initiation of

polymerization.

To prevent freezing of the emulsion (cyclohexane Tm = 7°C) the ice cooling was removed
immediately after completion of the sonication. After polymerization over night at 55 °C,
the resulting emulsion/suspension was broken by adding a sufficient amount of ethanol
(~25 vol % regarding total emulsion volume). Afterwards, the particles were purified via
repeated centrifugation and washing with cyclohexane (three times, to remove PIBSA),

ethanol as phase mediator and finally with water (three times).
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Type Name Molar mass in Amounting Amountin mL
g/mol

Aqueous phase (disperse phase)

Monomer AMPS 229.23 3.861 3.203
Crosslinker EBA 168.09 0.906
Hydrophil NaCl 58.44 0.138

0il phase (continuous phase)

Organic

Cyclohexane 84.16 40.56 52.00
solvent
Initiator AIBN 164.21 0.324
Tensid PIBSA - 0.702

The particles may be freeze-dried. However, the impact of “if and how” freeze-drying
impacts AMPS-nanoparticle stability and redispersibility was not investigated in this
work, as the particles were needed in suspension anyway. If one wants to make sure that
the drying process does not impair the particle architecture, the particles should be stored

in aqueous suspension.

12.2. Preparation of SPM Nanoparticles

Experimental results can be found in chapter 7.2 Polymer Nanoparticles via Inverse

Miniemulsion Polymerization: Preliminary Results.

The following amounts of cyclohexane, the nonionic surfactant Addconate H (PIBSA) and
AIBN were mixed together. Subsequently, the monomer (SPM; 3-Sulfopropyl methacrylate
potassium salt), crosslinker (EBA; N,N’-Ethylenbisacrylamid), water as solvent and
hydrophile (NaCl) were mixed and dissolved. As the SPM is a solid, the water was used for
the preparation of an aqueous solution. When the compounds in the aqueous phase were

fully dissolved, it was instantly combined with the oil phase and emulsified via probe
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sonication. The net sonication time was 10 minutes with a pulse sequence of
10 sec “on” / 5 sec “off”, at 60 % intensity. During sonication, an ice bath cooling was

applied to prevent emulsion destabilization and premature initiation of polymerization.

To prevent freezing of the emulsion (cyclohexane Tm = 7°C) the ice cooling was removed
immediately after completion of the sonication. After polymerization over night at 55 °C
the resulting emulsion/suspension was broken by adding a sufficient amount of ethanol
(~25 vol % regarding total emulsion volume). Afterwards the particles were purified via
repeated centrifugation and washing with cyclohexane (three times, to remove PIBSA),

ethanol as phase mediator and finally with water (three times).

The particles may be freeze-dried. However, the impact of “if and how” freeze-drying
impacts SPM-nanoparticle stability and redispersibility was not investigated in this work,
as the particles were needed in suspension anyway. If one wants to make sure that the
drying process does not impair the particle architecture, the particles should be stored in

aqueous suspension.

Molar mass in

Type Name g /mol Amounting  Amountin mL
Aqueous phase (disperse phase)
Monomer SPM 246.32 0.925 -
Crosslinker EBA 168.09 0.435 -
Solvent Water 18.02 0.97 -
Hydrophil NaCl 58.44 0.028 -
0il phase (continuous phase)
Organic ¢ shexane 84.16 12.88 16.58
solvent
Initiator AIBN 164.21 0.103 -
Tensid PIBSA - 0.224 -
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12.3. Preparation of MAPTAC Nanoparticles

Experimental results can be found in chapter 7.2 Polymer Nanoparticles via Inverse

Miniemulsion Polymerization: Preliminary Results.

The following amounts of cyclohexane, the nonionic surfactant Span 80 and AIBN were
mixed together. Subsequently, the monomer (MAPTACG; [3-
(Methacryloylamino)propyl]trimethylammonium chloride) in the form of a 50 wt. %
solution as provided by the manufacturer, crosslinker (EBA; N,N’-Ethylenbisacrylamid)
and hydrophile (NaCl) were mixed and dissolved (in the aqueous AMPS solution). As the
MAPTAC comes in 50 %aqueous solution, no further addition of water or buffer was
necessary. When the compounds in the aqueous phase were fully dissolved, it was
instantly combined with the oil phase and emulsified via probe sonication. The net
sonication time was 10 minutes with a pulse sequence of 10 sec “on” / 5 sec “off”, at 60 %
intensity. During sonication, an ice bath cooling was applied to prevent emulsion

destabilization and premature initiation of polymerization.

Type Name Molar mass in Amounting Amountin mL
g/mol

Aqueous phase (disperse phase)

Monomer MAPTAC 220.74 - 3
Crosslinker EBA 168.09 0.4 -
Hydrophil NaCl 58.44 16.65 -

0il phase (continuous phase)

Organic

Cyclohexane 84.16 11.232 14.4
solvent
Initiator AIBN 164.21 0.324 -
Tensid Span 80 - 0.702 -

To prevent freezing of the emulsion (cyclohexane Tm = 7°C) the ice cooling was removed
immediately after completion of the sonication. After polymerization over night at 55 °C

the resulting emulsion/suspension was broken by adding a sufficient amount of ethanol
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(~25 vol % regarding total emulsion volume). Afterwards the particles were purified via
repeated centrifugation and washing with ethanol (three times, to remove Span 80) and

finally with water (three times).

The particles may be freeze-dried. However, the impact of “if and how” freeze-drying
impacts MAPTAC-nanoparticle stability and redispersibility was not investigated in this
work, as the particles were needed in suspension anyway. If one wants to make sure that
the drying process does not impair the particle architecture, the particles should be stored

in aqueous suspension.

12.4. Preparation of NAEMA Nanoparticles

Experimental results can be found in chapter 7.2 Polymer Nanoparticles via Inverse

Miniemulsion Polymerization: Preliminary Results and 7.8.1 Si-1: Preparation of MIPs/NIPs.

The following amounts of cyclohexane, the nonionic surfactant Span 80 and AIBN were
mixed together. Subsequently, the monomer (NAEMA; N-(2-aminoethyl) methacrylamide
hydrochloride), crosslinker (EBA; N,N’-Ethylenbisacrylamid), PBS-buffer (0.1 M, acting as
solvent and hydrophile at the same time) were mixed and dissolved. As NAEMA is a solid,
the buffer was used for the preparation of an aqueous solution. When the compounds in
the aqueous phase were fully dissolved, it was instantly combined with the oil phase and
emulsified via probe sonication. The net sonication time was 10 minutes with a pulse
sequence of 10 sec “on” / 5 sec “off”, at 60 % intensity. During sonication, an ice bath
cooling was applied to prevent emulsion destabilization and premature initiation of

polymerization.

To prevent freezing of the emulsion (cyclohexane Tm = 7°C) the ice cooling was removed
immediately after completion of the sonication. After polymerization over night at 55 °C
the resulting emulsion/suspension was broken by adding a sufficient amount of ethanol
(~25 vol % regarding total emulsion volume). Afterwards the particles were purified via
repeated centrifugation and washing with ethanol (three times, to remove Span 80) and

finally with water (three times).

The particles may be freeze-dried. However, the impact of “if and how” freeze-drying
impacts NAEMA-nanoparticle stability and redispersibility was not investigated in this
work, as the particles were needed in suspension anyway. If one wants to make sure that
the drying process does not impair the particle architecture, the particles should be stored

in aqueous suspension.
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A detailed procedure for the preparation of NEAME-MIPs (penicillin G imprinted) and
particle modification with azide-moieties is presented in chapter 7.6 and the

corresponding Supplementary data in 7.8.1 and 7.8.2

Type Name Molar mass in Amounting Amountin mL
g/mol

Aqueous phase (disperse phase)

Monomer NAEMA 164.07 2.574 -
Crosslinker EBA 168.09 0.606 -
Hydrophil PBS buffer 0.1 M 2.70 -

0il phase (continuous phase)

Organic Cyclohexane 84.16 43.200 -
solvent

Initiator AIBN 164.21 0.270 -
Tensid SPAN 80 - 2.340 -
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12.5. ITC control experiments

DP (ucal/s)
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ITC reference experiment to determine the dissolution heat of water into MIP and NIP suspension.
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ITC reference experiment the titration heat of PenG solution in pure water.
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For permissions for the re-use of graphic contents which are included in the peer-

reviewed publications please contact the publisher/journal of the respective publication.

For permissions for the re-use of graphic contents which are not included in peer-
reviewed publications please contact the Institute of Interfacial Process Engineering and

Plasma Technology, University of Stuttgart.

Note: All figures (schematical representations, graphics, graphs and structural formulas)
have been designed and generated by me with the help of computer software such as Origin
by OriginLab, CorelDRAW Graphics Suite by Corel, ChemDraw by PerkinElmer and
PowerPoint by Microsoft. Credit is given, if the representation/graphic was based on an

already published template.

Fig. 1 Structure of this thesis and schematic representation of the three main topics a)
“Biobased Chitosan Nanoparticles”, b) “Synthetic Nanoparticles” and c¢) “Chitosan
Nanoparticles - Synthesis with lonic Liquids” which were investigated. All three topics are

based on the use of inverse miniemulsion technique for nanoparticle preparation............ 9

Fig. 2 Schematic representation of demixing (A) and stabilization (B) process with and

without surfactant in an oil in water (0/W) emulSion. ... 15
Fig. 3 Schematical representation of @ SUTfacCtant.......c.coceneerceneeneenersenessesseseesesseesesseesesseesenees 15

Fig. 4 Schematical representation of the electrical double layer (EDL). Own representation

based on (M. A. Alsharef, Taha, et al. 2017 .o sssssssssssssesssseses 20
Fig. 5 Schematical representation of DLVO and XDLVO.......cnnneneneseseesesseesesseeseenees 22

Fig. 6 The three homogenization devices used in this work. (A) rotor-stator, (B) probe
sonication and (C) high-pressure homogenizer (HPH). Schematical representation of the

preparation of oil-in-water emulsions. Schematic representation of the high-pressure

homogenizer (&) is an own representation based on
https://commons.wikimedia.org/wiki/File:Homogenizing_valve.svg (accessed in
SeptemMber 2020) ... 26
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Fig. 7. Schematical representation of the four main droplet loss mechanisms on the

example of an 0il in Water eMUISION.......c.co i ——————— 28

Fig. 8 Schematical representation of suspension-, emulsion-, microemulsion- and

MiniemulSion POlYMETIZAtION. ... 31

Fig. 9 Schematical representation for the preparation of a miniemulsion containing

monomer and the subsequent process of conducting a miniemulsion polymerization...35

Fig. 10 Schematical representation for the preparation of a miniemulsion containing

polymer and the subsequent process of crosSslinKing. ... 37

Fig. 11 Schematical representation of fully acetylated chitin (top left) and completely
deacetylated chitosan (top right). If the degree of deacetylation of chitin is > 50 % it is
called chitosan. Usually chitosan is not deacetylated completely. Thus, the degree of
deacetylation (DD) describes the percentage of free primary amines while the 100-DD
(also called degree of acetylation - DA) describes the reaming acetylated amines (bottom).
The deacetylation does usually not appear locally as implied by the bottom figure -
chitosan is no block-copolymer. Deacetylation is randomly distributed all over the

00174 4015 PSP 38

Fig. 12 Schematical representation of nano-MIP preparation via inverse miniemulsion

L CINIQUE. .ttt 41

Fig. 13: Photographs of chitosan emulsions after 18 h stirring without glut (Fig. 13 A) with
backlight (left) and with glut (Fig. 13 B) at ambient light (right). No phase separation was
observed with 0.1 M NaCl in contrast to phase separation with no NaCl or 0.01 M NaCL

with or without glutaraldehyde preSent. ... 54
Fig. 14: Schematic representation of emulsion crosslinking technique. .......cccocovenirenincenas 55
Fig. 15: Simplified chitosan/glut crosslinking mechanism.........cc.counenmenennenencesneeneesneneeseeens 56

Fig. 16: SEM-micrographs (a-c) and pycnometry (d) of Chi-NPs synthesized with different

glut concentrations (the line is drawn to guide the eye) . ... 57
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Fig. 17: SEC measurements of the six used chitosans showing Mn, Mw and PDL.................. 59

Fig. 18: A: SEM-micrographs of synthesized Chi-NPs with six different chitosan types..60

Fig. 19: Adsorption behavior of Chi-NPs for A) Carbamazepine at a concentration of
100 uyg mL-1, B) Diclofenac at 100 pyg mL? and C) Diclofenac at 5000 pg mL-1. All
measurements were done in triplicates and the error bars indicate the standard deviation
among them. The numbers above the bars indicate the adsorption capacity (mg drug

adsorbed per g adsorbent at a certain drug concentration)........ueeenererseseenesseesessessesnees 64

Fig. 20: The shear-dependent dynamic viscosity of the low, medium and high MW

chitosans solutions (3 % chitosan solutions in 1 % acetic acid, containing 0.1 M NaCl).81

Fig. 21: DLS measurements of low MW Chi-NPs (A) and medium MW Chi-NPs (B) after

varied HPH cycles. Particles were prepared and measured in triplicates. .......cueonivreenen. 82

Fig. 22: SEM micrographs of the low and medium Mw Chi-NPs show spherically shaped,

narrowly distributed PartiCles. ... 83

Fig. 23 SEC MW distribution of low (A) and medium (B) MW chitosan after 0, 1 and 7 cycles
OF HP H. ottt bbbt 85

Fig. 24: Adsorption kinetics of low MW (A) and medium MW Chi-NPs (B) at different DCL
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Fig. 25: Adsorption isotherms for DCL in low MW Chi-NPs and medium Chi-NPs fitted with

Freundlich, Sips and Langmuir at ambient CONAitions. .......cocercereereereereereereeseeneesseseesesseesesseesessees 87

Fig. 26: SEM micrographs (cross section) of the reference membrane (A), low MW Chi-NP
membrane (B) and medium MW Chi-NP membrane (C) with magnification of the porous
membrane structure. (D) Mean pore size (capillary flow porometry) and flux (at 1 bar) for
all three membranes. In both cases, the error bars indicate the standard deviation of nine

different measurements for each sample tyPe. ... sessesssessessess 91

Fig. 27: Mean dynamic adsorption plot of DCL for the adsorption chamber, the reference

membrane and low and medium MW Chi-NP membrane including standard deviation of
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triplicate measurements (A). The dashed line in (A) indicates the breakthrough point
(10 %) of the membranes. The resulting adsorption capacity of DCL for the respective
membranes in mgm? (B) at the breakthrough point. For each membrane type, the
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