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Abstract

Abstract

espite the advancements in sterilization and aseptic techniques, bacterial

infections associated with medical implants and devices have not been

eradicated. Consequently, the utilization of antibiotic-based treatment has
become the preferred approach due to its efficiency, rapidity, and versatility. Nevertheless,
the overuse or misuse of antibiotics in the healthcare-related sector is a primary factor
contributing to the emergence of antibiotic-resistant bacteria. The existence of such
antimicrobial resistance has been demonstrated to result in a significant increase in surgical
interventions, an elevated risk for medical complications and even an increased mortality
rate. This situation has led to an urgent need to explore and develop alternative, efficient,
antibiotic-free therapeutic options. A promising alternative approach involves the coating
of medical devices and implants with antibacterial agents to combat bacterial infections.
Despite the progress made in recent years, antibacterial coatings have not reached a
complete protection against severe inflammation. This can be attributed, at least in part, to
the "open-space" design of the current coatings, which expose surrounding cells and tissues

to the released contents of the dying and dead bacteria.

This thesis focuses on the design and development of two modular antibacterial systems,
utilizing a "confined space" in which the bacteria are entrapped/engulfed, and subsequently
eliminated, thereby protecting the surrounding tissue from bacterial fragments and the
released bacterial toxins. The first approach involves the high-throughput formation of
mechanically robust, highly porous polymer-based microcapsules. A careful selection of
the polymers, solvents, pore-forming agents and the manufacturing process conditions was
essential for the creation of stable biodegradable microcapsules with a porous polymer shell
and an inner hollow cavity. The developed porous microcapsules demonstrated effective
trapping properties for motile bacteria. Moreover, the functionalization of the capsule's
shells with gold nanorods (AuNRs) facilitated the integration of a near-infrared (NIR) light-
triggered bacteria-killing module into the porous microcapsules. It is important to note that
the efficient killing of bacteria that are either entrapped within the microcapsules or in close
proximity has been achieved. Due to the advanced mechanical stability and antibacterial
properties, the developed polymer-based porous microcapsules have the potential to be

implemented as an antibiotic-free coating on orthopedic implants.
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Abstract

The second approach focused on engineering bioinspired phagocytotic-like antibacterial
systems. In this regard, giant unilamellar vesicles (GUVs) have been selected as
compartments for the uptake of bacteria in a target-specific manner. To this end, the GUV
membrane has been functionalized with a bacteriophage-derived tail protein. Tail protein-
mediated adhesion enabled efficient engulfment of targeted bacteria by the GUVs.
Moreover, in order to equip the synthetic phagocytotic system with the NIR light-triggered
bacteria-killing mechanism, the vesicle membranes were functionalized with AuNRs. With
these properties, the developed bioinspired phagocytotic antibacterial system has the

potential to be implemented as an antibacterial washing solution.
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Deutsche Zusammenfassung

rotz  signifikant verbesserter und {iiber die Jahre weiterentwickelter

Sterilisationstechniken und aseptischer Verfahren konnten bakterielle Infektionen im

Zusammenhang mit medizinischen Implantaten und Gerdten bis heute nicht
vollstindig eliminiert werden. Antibiotika stellen in diesem Kontext einen effizienten,
schnellen und vielseitig einsetzbaren Behandlungsansatz dar, welcher jedoch zu einer
iberméBigen und in vielen Féllen auch inadiquaten Verwendung fiihrt. Insbesondere im
Gesundheitswesen trigt der fehlerhafte und {iberméBige Einsatz als einer der Hauptfaktoren
zur Entstehung antibiotikaresistenter Bakterien bei. Nachweislich flihren antimikrobiellen
Resistenzen zu einer signifikanten Zunahme an chirurgischen Eingriffen, einem erhohten
Risiko medizinischer Komplikationen und sogar zu einer erhohten Sterblichkeit. Dies
unterstreicht die Dringlichkeit der Entwicklung und Erforschung alternativer, effizienter und
insbesondere antibiotikafreier Therapieansidtze. Ein vielversprechender, alternativer Ansatz
besteht in der Beschichtung medizinischer Gerdte und Implantate mit antibakteriellen
Wirkstoffen und Materialien. Obwohl in den vergangenen Jahren signifikante Fortschritte im
Bereich der antibakteriellen Oberflichenbeschichtungen erzielt wurden, existiert nach wie vor
kein Therapieansatz, welcher einen vollstdindigen Schutz vor schweren, bakteriellen
Entziindungen gewihrleisten kann. In diesem Kontext erweist sich das ,,offene” Design der
gegenwartig maligeblich eingesetzten antibakteriellen Beschichtungen als ein wesentlicher
Nachteil. Infolge dieses Designs werden die umliegenden Zellen und das umliegende Gewebe

den freiwerdenden Toxinen und Bestandteile der Bakterien schutzlos ausgesetzt.

Der Fokus dieser Arbeit liegt daher auf der Entwicklung zweier modularer, antibakterieller
Systeme unter der Verwendung eines ,,begrenzten Raums*. Ziel dieser raumlichen Trennung
ist es, Bakterien hierin eingeschlossen abzutdten und dadurch das umliegende Gewebe vor
freiwerdenden bakteriellen Toxinen und Fragmenten zu schiitzen. Der erste in diesem
Zusammenhang verfolgte Ansatz umfasst die Entwicklung mechanisch stabiler,
polymerbasierter Mikrokapseln mit hoher Porositit. Fiir die Erzeugung resistenter, biologisch
abbaubarer Mikrokapseln mit einer pordsen Polymerhiille und einem inneren Hohlraum ist eine
priazise Auswahl der verwendeten Polymere, des Losungsmittels, der Porogene (Porenbildner)
und der Prozessbedingungen von entscheidender Bedeutung. Im Rahmen der durchgefiihrten
Experimente zeigte sich, dass die entwickelten porosen Mikrokapseln eine hohe Effektivitit in
der Aufnahme und beim Einschluss von beweglichen (motilen) Bakterien aufwiesen. Des
Weiteren wurde durch die Implementierung von Goldnanostibchen (AuNRs) auf der

Mikrokapselhiillen das aktive Abtoten der Bakterien ermdglicht. AuNRs sind hierbei in der
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Deutsche Zusammenfassung

Lage durch die Verwendung von nahinfraroter (NIR) Strahlung, lokal Hitze zu erzeugen,
welche zur Eliminierung der Bakterien verwendet wird. In diesem Kontext zeigt sich eine
besonders effiziente Abtotung von eingeschlossenen oder in unmittelbarer Nahe der Kapseln
befindlichen Bakterien. Aufgrund der signifikanten mechanischen Belastbarkeit sowie der
antibakteriellen Eigenschaften der entwickelten polymerbasierten, pordsen Mikrokapseln
konnte eine Anwendung als Oberflichenbeschichtung in orthopddischen Implantaten in

Betracht gezogen werden.

Im zweiten Forschungsansatz fokussiert sich diese Arbeit auf die Entwicklung eines
bioinspirierten, phagozytosedhnlichen antibakteriellen Systems. Fiir diesen angestrebten
Zweck wurden grof3e, synthetische, unilamellare Vesikel (GUVs) als Kompartimente fiir die
gezielte Aufnahme von Bakterien ausgewahlt. Die Funktionalisierung der Lipiddoppelschicht
mit einem aus Bakteriophagen stammenden Schwanzprotein ermdglicht hierbei eine gezielte
Bindung und Aufnahme von Bakterien durch die synthetischen Vesikel. Zusitzlich dazu wurde
die Membran der Vesikel mit AuNRs modifiziert. Dies ermdglicht eine durch NIR-Licht-
induzierte Abtotung von Bakterien durch Hitze. Die dargelegten Eigenschaften des
entwickelten bioinspirierten Phagozytose-Systems ermodglichen unter anderem den Einsatz als

antibakterielle Waschlosung.
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Chapter 1

1 Introduction

1.1 Bacteria - Background

acteria are ubiquitous single-celled organisms found within our bodies and in a

variety of environments. Bacteria are prokaryotic organisms that lack a nucleus

and other internal structures (e.g., mitochondria, Golgi bodies, endoplasmic
reticulum) and carry a single, circular DNA genome.! 2 This relatively simple structure
allows for rapid and high adaptability, a large number of spontaneous mutations, as well as
quick reproduction rates via asexual division. Bacteria come in a variety of shapes (e.g.,
spherical, rod-shaped, and spiral) and sizes ranging from about 0.5 um to 3 um or even
larger.!:3 Most bacteria are harmless to humans and highly important for all kinds of natural
phenomena and biological cycles (e.g., decomposition processes, nitrogen fixation in soil,
digestive processes, etc.).!# It is crucial to mention that pathogenic bacteria can lead to
significant infections and diseases. One effective and frequently used approach to
combating bacteria and bacterial infections is the use of antibiotics. However, the overuse
and misuse of antibiotics has led to a significant increase in antibiotic resistance,

necessitating the development of effective alternatives to combat bacterial infections.

1.1.1 Bacterial Structure

In order to develop effective antibacterial agents and approaches, it is essential to gain a
comprehensive understanding of the bacterial structure, particularly the bacterial cell wall
and its mode of action. Similarly to eukaryotic cells, the cytoplasmic cell membrane has a
lipid bilayer structure with actin-like proteins on the inside of the membrane, which gives
the bacterium its shape. With regard to the cell wall, bacteria are grouped into gram-positive

and gram-negative categories.? 3
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1.1.1.1 Gram-Positive Bacteria

Gram-positive bacteria possess a multilayer cell wall comprising a thick peptidoglycan
layer (150 - 500 A) (Figure 1-1, left).:* The presence of a thick peptidoglycan layer results
in the bacteria being stained purple by gram staining (gram-positive). The lysis of bacteria
is frequently initiated by the degradation of peptidoglycan, which is triggered by the action
of lysozymes that cleave the glycan backbone.! In addition to the peptidoglycan layer, other
components, such as teichoic and lipoteichoic acids, can be present in the cell wall of gram-
positive bacteria. The water-soluble teichoic acid molecules play an important role in the
virulence of the bacterium, providing an anionic structure and being linked to
peptidoglycan. Lipoteichoic acids are attached to the cytoplasmic membrane and exhibit a

fatty acid, playing a crucial role in the adhesion of the bacterium to host cells.!:>

Figure 1-1: Simplified, schematic illustrations of gram-positive and gram-negative
bacterial cell walls. The gram-positive cell wall is composed of a thick peptidoglycan layer
and teichoic and lipoteichoic acids that are integrated into the wall structure. The gram-
negative cell wall presents a thin layer of peptidoglycan situated between the outer

(including lipopolysaccharides) and inner membrane. Created with BioRender.com.

1.1.1.2 Gram-Negative Bacteria

Bacteria classified as gram-negative exhibit a thin peptidoglycan layer sandwiched between
an outer and an inner membrane (Figure 1-1, right). The gram staining procedure results in
a characteristic pink coloration, which differs from the purple color observed in gram-

positive bacteria. This characteristic coloration allows for the classification of these
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bacteria as gram-negative. Only 5 to 10% in weight of the gram-negative bacteria cell wall
is composed of peptidoglycan. Most of the cell wall consists of the outer membrane, a
defining feature of gram-negative bacteria, and contains lipopolysaccharides on the outer
leaflet. The region between the outer and plasma membranes (which contains the
peptidoglycan layer) is referred to as the periplasmic space. The inner (plasma) membrane

consists of a phospholipid bilayer, which is also present in gram-positive bacteria.!:>

1.1.2 Bacterial Mobility

1.1.2.1 Motile versus Non-Motile Bacteria

The ability of bacteria to move is a significant factor influencing their capacity to adapt and
survive in diverse environments. Bacterial mobility is classified into five categories of
movement, including swimming, swarming, sliding, gliding, and twitching. Swimming and
swarming are primarily facilitated by a rotating hair-like structure, called a flagellum,
which enables the bacteria to move. In contrast, twitching is enabled by the extension,
attachment, and retraction of a type IV pili and gliding by a movement machinery that uses
adhesion to move forward. This capacity enables these bacterial types to actively seek out
and approach favorable environments (chemotaxis). The last type of movement, sliding, is,
unlike the other four mobility types, a passive way of movement. Sliding uses the collective
cell community and the forces generated via cell growth to propel cells outward and
forward while undergoing growth.® Bacteria that are capable of generating their own active
movement through the methods previously described are referred to as motile bacteria (e.g.,
Escherichia coli’, Pseudomonas aeruginosa®, Enterobacter spp.°). In contrast, bacteria
lacking the structures necessary for active movement but instead rely on passive
transportation, such as liquid flow or host organism movement, are classified as non-motile
bacteria (e.g., Staphylococcus®, Enterococcus faecalis'®, Klebsiella pneumonia'', and

Acinetobacter baumannii'?).

1.1.3 Bacterial Biofilm-Formation

Bacteria not only swim or move freely, they also adhere to surfaces and form biofilms,
which are defined as highly resistant, irreversible layers of adherent bacteria. These
biofilms are integrated within an extracellular polymeric substance (EPS).!* The formation

of such a biofilm is a complex and multi-step process (Figure 1-2). In the initial phase, the



Antibiotics, Antibiotic-Resistances and Antibiotic-Alternatives

bacteria attach to the surface in a reversible and loosely bound manner. The second step
entails the rearrangement of bacteria on the surface, resulting in their irreversible
attachment. Starting from this point, many bacterial biofilms show increased resistance
against a large number of physical factors and antibacterial agents applied to avoid biofilm
formation. The third step (maturation) is characterized by the secretion of EPS and the
proliferation of bacteria on the surface, forming a 3D structure. The EPS is a crucial element
in preserving the 3D biofilm from external stressors, including the immune system
response, antibiotics, antimicrobials, and oxidative stress. In the final stage of biofilm
formation, the layer starts to disperse and rupture, releasing bacteria from the film and
enabling infection of other parts of the host. Given the considerable resistance of
completely formed biofilms, strategies to combat biofilm formation primarily concentrate

on disrupting the process at its initial stages.!> 4

Reversible phases Irreversible phases

Extracellular polymeric
substance (EPS)

LR

@
I
Motility Adhesion Maturation Dispersion
Approaching Rearrangement EPS matrix formation, Release of bacteria  Travel to new infection
and attaching and adhesion replication and maturation from biofilm side, new biofilm
to surface to surface formation cycle

Figure 1-2: Multi-step process of bacterial biofilm formation. Step one includes the
reversible adhesion of bacteria on the surface, followed by a rearrangement of the bacteria
and the irreversible attachment. In the third step, extracellular polymeric substance (EPS)
is excreted, protecting and forming a resistant 3D-structure. In the final step, the 3D-
structure is dispersed and bacteria are released to infect other parts in the host system.

Created with BioRender.com.

1.2 Antibiotics, Antibiotic-Resistances and Antibiotic-Alternatives

Antibiotics represent the most prominent therapeutic agents in the treatment of bacterial

infections. Nevertheless, the extensive and inappropriate use of antibiotics has led to the
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emergence of antibiotic-resistant bacteria. The World Health Organization (WHO) has
identified antimicrobial resistances (AMRs) and their dissemination as one of the major
public health threats globally. Antibiotic resistance is not only associated with a significant
economic burden, but is also responsible for a considerable number of deaths with an even
more severe projection of 10million deaths by 2050.!5-17 In 2022, 4.95 million deaths were
estimated to be associated with bacterial AMRSs.'® Escherichia coli and Staphylococcus
aureus were among the leading pathogens developing resistances and leading to death in
2019.'6 The burden of AMRs is affecting countries all over the planet regardless of region

or income level.!®

Following the discovery of penicillin in 1929 by Alexander Fleming, the first cases of
antibiotic resistance began to emerge. The emergence of antibiotic resistance has increased
exponentially due to the widespread misuse of antibiotics and the delayed discovery and
development of new types of antibiotics.!®> The primary mechanism of action of antibiotics
is the inhibition of peptidoglycan, nucleic acid, and protein synthesis. However, by
modifying their uptake behavior, drug degradation mechanisms, and target sites, bacteria
evade the effects of antibiotics and pass this evolutionary advantage on to the next
generation, thus developing resistance to antibiotics.!” It is therefore imperative that
alternative antibiotic treatments are developed to combat bacterial infections through
alternative approaches. The acronym ESKAPE refers to a group of six highly infectious
and antibiotic-resistant pathogens (i.e., Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter species). In many cases, these pathogens are resistant to multiple drugs, which
further complicates treatment and increases the risk of complications, particularly in the
context of nosocomial (healthcare-associated) infections.!® It is therefore of the utmost
importance to develop alternative methods of combating bacterial infections and to prevent

the emergence of new resistances.

1.2.1 Antimicrobial Peptides (AMPs)

Antimicrobial peptides (AMPs) are short, positively charged amino acid sequences
constituting an innate immune system component found in a diverse range of organisms,
including animals and plants.!> AMPs have the ability to disrupt the cell membrane of both

gram-positive (targeting lipoteichoic acid) and gram-negative (targeting polysaccharides)
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bacteria, by their charge-mediated interactions. This mechanism of action renders it nearly
impossible for pathogens to develop resistance and makes the AMPs effective against a
broad range of pathogens (e.g., bacteria, fungi, and viruses).!> 2° However, despite these
promising properties, AMPs are often complex to isolate, which makes them less
accessible. Moreover, they often display local and systemic toxicity, as well as low

stability.?!

1.2.2 Bacteriophages and Phage Therapy

Bacteriophages are small viruses ranging in size from 20 to 200nm. They are capable of
infecting bacterial cells and utilizing these host cells for replication. 2* Following the
injection of the genetic material, the phage genome is replicated by the bacterial replication
machinery. Upon completion of the replication process, the bacterial cell is lysed, resulting
in the secretion of 50 to 200 newly synthesized phages.?? The phages consist of a protein
capsid as the head, which includes endolysins and the genetic material (either DNA or
RNA, single or double stranded) and a tail (Figure 1-3a).2* It is important to note that
phages are not able to move independently and rely on Brownian motion for movement.?
Bacteriophages exhibit a high degree of specificity in recognizing and binding to receptors
on the surface of the host cell via tail proteins (see subsequent chapter for more details).
Following the recognition and binding of the bacteriophage to the bacterial cell, the phage
injects its genetic material into the cell, which is either integrated into the bacterial genome
for further replication (lysogenic cycle) or it is replicated using the replication machinery

of the bacterial cell, which then results in the direct lysis of the host cell (lytic cycle).!>23

The so-called phage therapy employs phages as an alternative to antibiotics, specifically
targeting antibiotic-resistant bacteria.?? In the context of therapeutic use, only the lytic
phages are considered relevant.?? Phages exhibit high target specificity, targeting individual
bacterial species or even individual variants of a species, due to their ability to bind to
specific receptors on the host cells. The high degree of specificity presents both advantages
and disadvantages when employing these phages as antibacterial agent. On the one hand,
only target cells are killed without harming other bacteria species that are essential for a
vital function of the body. On the other hand, it also requires precise and laborious
identification of the target pathogens and the isolation of phages that are active against

these target bacteria.
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An alternative approach utilizes solely the endolysins derived from the bacteriophage. This
method facilitates a more rapid bactericidal action, obviating the necessity for phage
replication and secretion. Endolysins are peptidoglycan hydrolases encoded by the phages,
capable of enzymatically degrading the structural components (i.e., the peptidoglycan) of
the cell membrane of bacteria.?® Moreover, endolysins are incapable of replication, thereby
circumventing the potential for unintended consequences associated with horizontal gene
transfer. In addition, the utilization of endolysins as a stand-alone agent eliminates the
necessity for a host cell, facilitates a rapid killing response and reduces the probability of
antibiotic resistance development. The high specificity of endolysins could simplify the
regulatory approval process for widespread as well as commercial use in medical

applications. !> 26-27

1.2.2.1 Bacteriophages and Their Specific Adhesion

Bacteriophages have developed a specific recognition-binding mechanism to achieve
highly host-specific interactions. In the context of this thesis, this recognition-binding
process is of particular interest and will be illustrated in more detail in the following section

using the T4 phage, the most widely studied lytic phage.

The target host cells of the tailed T4 phage are Escherichia and Shigella. The bacterial
components recognized by the T4 phage are either E. coli B-type lipopolysaccharides
(LPS) or the ompC protein. A T4 phage possesses long (LTF) and short tail fibers (STF),
which are both involved in the process of phage adsorption (Figure 1-3a). T4
bacteriophages exhibit six LTFs, of which at least three bind reversibly to the receptor of
the host cell in the initial step. The high degree of specificity is achieved through the
involvement of an adhesion protein located in the tip of each LTF. This protein is referred
to as receptor-recognizing protein gp37, derived from the gene 37.2%2° It consists of 1026
amino acids (per monomer), binds with its C-terminal region to the E. coli host and forms
the LTFs with three other proteins (pg34, pg35, gp36) (Figure 1-3b).28 The subsequent
phase involves irreversible attachment of the STF to the inner core lipopolysaccharides of
the host cell.?® 2 The long tail fiber proteins are not only useful for the bacteriophages
themselves, but their isolated form can also be implemented in receptor-binding studies,

structural studies with high resolution, and for specific detection and binding of bacteria.?®
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Figure 1-3: a) Schematic structure of T4 bacteriophage with head and tail. The tail includes
long (LTF) and short tail fibers (STF). b) Structure of the LTF, consisting of the gp34, gp35,
gp36, and gp37 proteins. Adhesion is mediated by gp37, binding by its C-terminal region
to the E. coli host. Part b) adapted from Ref. 3°. Created with BioRender.com.

1.3 Nosocomial and Implant-Associated Infections

Nosocomial infections, or infections acquired in a healthcare setting, are considered
secondary infections and are a leading cause of mortality and morbidity worldwide.?!- 32
Despite the existence of strict protocols and guidelines for disinfecting surgical areas before
and during surgery, there are still numerous potential sources of infection that can be
delivered with medical devices or implants.>? The presence of microorganisms arranged in
a biofilm on surfaces has been observed to result in elevated antibiotic resistance and the
production of virulence-associated factors. Both of these aspects contribute to the

complexity of treatment for medical device-related infections.!3: 14

It is of particular
importance to mention implant-associated infections (IAls) in this context, as they are
connected to high morbidity and healthcare costs.**=> Examples of IAls include prosthetic
joint infections (PJIs), ureteral stent infections (USIs), cardiovascular implantable
electronic device infections (CIEDISs), or neurosurgical infections (NSIs). Medical devices
include both those that cross the anatomic barrier, such as venous catheters or dental
implants, and completely integrated devices, such as hip and knee implants or cardiac

implants.** The implantation of such devices is typically intended to substitute or support

10
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various functions within the patient's body, with the objective of improving the patient's

overall condition.?*

The occurrence of a PJI was estimated in 2023 to be around 3 - 5% with an even larger
recurrence rate of around 15% following an infection treatment.®> Staphylococci were
reported as the most common bacteria provoking PJI.3* Implants can be constructed from
a variety of materials, including metals (e.g., stainless steel, titanium, silver, gold),
ceramics, or polymeric structures.’® In the context of biofilm formation, the surface
properties of the implanted material, including surface energy, roughness, wettability, and
elasticity, have been demonstrated to play a pivotal role in the process of (bacterial)
adhesion.’” 3 Consequently, researchers concentrate on the development of specific
biomaterials and surface coatings with the objective of modifying the implant surface

properties in order to prevent biofilm formation.

1.4 Biomaterials

A report from the National Institutes of Health indicates that approximately 65% of
microbial infections and 80% of chronic infections are attributable to the formation of a
biofilm, which can occur not only on implanted medical devices but also on tissue.!* Hence,
there is an urgent need to combat bacterial infections in general, with a particular focus on
the prevention of bacterial biofilm formation on medical devices. Biomaterials are
materials constructed to interact with biological systems mainly for medical purposes.
Examples of these materials include polymers, ceramics, metals, and composites, which
are utilized in a multitude of applications spanning therapeutic, diagnostic, and research-

related fields.3%4!

1.4.1 Antibacterial Coatings

Antibacterial coatings can be defined as a subgroup of biomaterials, which are developed
with the intention of impeding bacterial growth on surfaces such as medical devices,
implants, or other healthcare-associated applications. Literature proposes a subdivision of
antibacterial coatings into three major groups: (a) anti-adhesion/protein-repellent, (b)
contact-killing and (c) antibacterial agent release coatings (Figure 1-4).*> %> Anti-

adhesion/protein-repellent coatings, such as the use of polyethylene glycol (PEG), are

11
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designed to prevent biofilm formation in the initial stages. Contact-killing strategies are
based on the disruption of the bacterial cell membrane by antibacterial molecules anchored
to the surface (e.g., AMPs). Agent release coatings comprise materials that release
antibacterial agents in a gradual, controlled manner. The temporary antibacterial effect is
provided in a highly localized manner over time and can be delivered in a high

concentration of antibacterial agent without inducing systemic toxicity.?> 43

The majority of techniques classified within the subcategories of contact-killing and
antibacterial agent release coatings are designed to eliminate pathogens and facilitate
bacterial lysis in an "open space" manner. This approach results in the release of bacterial
toxins into the surrounding environment leading to the recruitment of immunological cells
and tissue inflammation. An alternative approach to combine bacterial killing and tissue
protection is the creation of a "closed space" killing system, which prevents the contact of
the bacteria and their released toxins with the surrounding tissue during the initial stages of
medical device implantation. Such a system can entrap the pathogens and destroy them
within a confined space, thereby shielding the surrounding cells from the bacteria as well
as the released bacterial toxins. In this regard, hydrogels emerge as a highly promising

material due to their capability to track bacteria.*4

1.4.1.1 Anti-Adhesion/Protein-Repellent Coatings

Anti-adhesion/protein-repellent coatings (Figure 1-4) are passive coating materials
designed to deploy their antibacterial properties in the early stage of biofilm formation,
thereby preventing bacteria from attaching. The low surface energy of such surfaces results
in poor wettability, high contact angles, and hence reduces the number of adsorbed bacteria,
preventing biofilm formation.*” One example for creating non-adhesive surfaces is through
the coating of surfaces with polymers, either through physical adsorption or chemical
attachment. In the case of physical adsorption, no covalent bonds are formed between the
surface and the polymer (e.g., spin-, roller-, spray-, or layer-by-layer coating). The coatings
are achieved by binding the polymers via van der Waals forces, hydrogen bonds, or
electrostatic interactions. Despite the progress made in recent years, these coatings suffer

from relatively poor stability.

In case of chemical attachment, the polymer coatings are covalently bound to the surface

(e.g., self-assembled monolayers (SAMs), graft polymerization), thereby offering a high

12
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coating stability.** A number of different polymers have been identified as potential
candidates for use in anti-fouling polymer coatings: Hydrophilic polymers (e.g., PEG) form
a protective hydration layer of water on the surface, which hinders protein adsorption both
physically and energetically. Another group of polymers is zwitterionic polymers, which
possess both positive and negative charges. Like the hydrophilic polymers, they form a
robust hydration layer that has been demonstrated to be even more robust and efficacious

than that of hydrophilic polymer alternatives.** 4

In addition to the mentioned hydrophilic surfaces, superhydrophobic surfaces are also
utilized as anti-fouling surfaces. The efficacy of these surfaces is attributed to the
phenomenon known as the "lotus effect," which is characterized by a high contact angle
exceeding 150°. This property enables the surfaces to exhibit a self-cleaning mechanism
due to their water repellency. The application of water to the surface results in the removal
of contaminants, dirt, and pathogens. Moreover, the adhesion forces are reduced, which
impedes bacterial adhesion. These superhydrophobic structures also result in a thin layer
of air between the surface and the water droplets, promoting the simplified removal of

adhering bacteria.*> 48

1.4.1.2 Contact-Killing Coatings

Instead of chemical alteration of the surface itself, there is also the possibility to induce
mechanical stress on the bacteria by e.g., modifying the topography of the surface (Figure
1-4). The application of mechanical stress forces the bacteria to adapt their contact area,
thereby altering the area of interaction between the bacteria and the surface. Such an
increased demand of energy prompts the bacterial cells to seek an alternative location for
settlement, thereby reducing bacterial adhesion. Moreover, specifically designed surface
topographies (e.g., nanopillars, nanowires, nanotubes) can not only prevent bacterial
adhesion, but also physically rupture the cell membrane by causing stress, leading to cell
death.* In this instance, the cell membrane does not offer enough elasticity to cope with

the applied tensile forces skewering the cell membrane.*°

In addition to the physical-based contact-killing coating, there is also the possibility of
biomolecule-based contact-killing of bacteria by immobilizing biocides or antibacterial
substances on the surface.** *° Antibacterial polymers including quaternary ammonium

compounds (QACs), as well as antimicrobial enzymes or peptides, represent two distinct
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categories of synthetic and natural compounds, respectively.** QACs are the most prevalent
contact-killing agents, offering a central nitrogen atom with four alkyl groups covalently
attached to it.** The functional principle of QACs (e.g., alkyl pyridiniums) is based on the
electrostatic interaction and attraction between the negatively charged bilayer of bacteria
and the positively charged QAC molecules. These interactions result in the disruption of
the bacterial cell membrane and leakage of cellular contents.** > The advantage of this
approach is that the immobilized biocides are attached to the substrate, thereby unleashing
their antibacterial effect locally without leaching into the surrounding environment.*?
Application fields are dental material modifications®' or personal care products (e.g.,
disinfectant, soaps, disinfecting wipes etc.)®’. Despite these advantages, QAC-based
surfaces were seen to have the potential to induce inflammatory, irritating, and immune

responses, which represents a significant drawback.>% 3334

Other antibacterial contact-killing compounds include antibacterial metals and metal
particles (e.g., Ag", Mg?*, Zn?").>> Oxidative stress and reactive oxygen species (ROS)
induced by the metals, as well as the release of free metal ions from metal surfaces have

been identified as potential mechanisms responsible for the inactivation of bacteria.>

1.4.1.3 Agent-Release Coatings

Agent-release coatings (Figure 1-4) are based on different kinds of carriers loaded with a
variety of antibacterial drugs/biocides released over time, allowing for high concentration
to be applied locally.*” Potential carriers include hydrogels, ceramics, and other polymer-
based systems. However, the release kinetics of these carriers is suboptimal, resulting in
the rapid release of a high dose of biocide without a sustained effect. This limitation
considerably constrains the prospective applications of these materials. A variety of studies
have been conducted with different kinds of antibiotics loaded and applied in a variety of
carrier systems, including biodegradable (PLGA-)nanofibers>® or -particles®’, as well as
alginate, chitosan or collagen.* In addition to antibiotics, such systems can also be used to
load and release other materials, such as silver and copper nanoparticles.’® Here, the
antibacterial action is primarily based on the release of ions (i.e., silver ions) creating ROS,

which block certain protein expression processes in bacteria.?!+
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Figure 1-4: Three major groups of antibacterial surface coatings. a) Anti-adhesion/protein-
repellent coatings (e.g., hydrophilic, zwitterionic and superhydrophobic (polymer)
coatings. b) Contact-killing surfaces (e.g., micro- and nanostructured surfaces (surface
topography) and antibacterial polymers such as quaternary ammonium compounds
(QACs). c) Agent-release coatings (e.g., alginate, chitosan layers or PLGA particles as
carrier systems loaded with antibiotics or antibacterial drugs). Created with

BioRender.com.

The major advantage of releasing therapeutic agents over time into the blood of patients,
particularly in the form of nano- or microparticles, is that the drug is stable and protected
against physiological degradation within the particles. This protection increases the
therapeutic efficacy and minimizes drug toxicity and side effects.’® However, the difficulty
in controlling the release kinetics persists as a challenge in the development of reliable
systems.*> The majority of previously illustrated and described antibacterial approaches
result in the destruction of bacteria in an open space, leading to the fragmentation of
bacteria and the subsequent release of toxins into the surrounding tissue. The development
of antibacterial systems that kill within a "confined space" could prevent this issue. Such

systems could shield and protect the surrounding tissue from bacteria and their toxins.
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Accordingly, this thesis is devoted to the development of modular systems capable of

trapping and killing bacteria in a “confined space”.

1.5 Poly(Lactide-Co-Glycolide) Acid (PLGA)

Especially in the context of biomedical applications, there has been considerable interest
in poly(lactide-co-glycolic) acid (PLGA). It is well-established and has already been

extensively utilized in a multitude of medical and pharmaceutical applications, including

60-62 64
b

drug delivery tissue engineering®* or bone regeneration®. Its exceptional
biocompatibility, biodegradability, and favorable plasticity properties have contributed to
its widespread implementation, which has also resulted in official approvals by the US
Food and Drug Administration (FDA) and the European Medicines Quality Agency
(EMA).%0: 63, 66, 67 The amorphous co-polymer PLGA (Figure 1-5) is synthesized by
copolymerization of the two monomers lactic acid (LA) and glycolic acid (GA).%
Polylactic acid (PLA) is commonly used in the D,L-PLA form, which is an amorphous
polymer. In contrast, polyglycolic acid (PGA) is a crystalline polymer that lacks the methyl

side group present in PLA.%

Glycolic acid

HO O

X y
Lactic acid O

Figure 1-5: Chemical structure of poly(lactic-co-glycolic) acid (PLGA). The average
number of repeating units of lactic acid (LA, blue) and glycolic acid (GA, red) are presented

as x and y, respectively.

The ratio of the two monomers can be modified during the synthesis process, resulting in
significant alterations to the copolymers' physicochemical properties (Figure 1-6a).%3 LA-
rich copolymers exhibit enhanced hydrophobicity in comparison to GA-rich copolymers,
due to the increased tendency of GA to absorb water.®® Furthermore, this enhanced affinity
towards water affects the degradation time, resulting in accelerated degradation properties
due to the faster penetration of water into the polymer matrix of GA-rich PLGA polymers.
This is because GA-rich copolymers are hydrolytically more unstable than those with a

higher LA content.> ® In comparison to the other compositions, the 50:50 LA:GA
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compositions exhibit an accelerated degradation rate, demonstrating the most rapid
degradation of all the compositions.®® The ratio of monomers in the polymer is not only a
factor in determining the hydrophobicity/hydrophilicity and, consequently, the degradation
properties of the polymer; it is also a determinant of the mechanical strength. A higher ratio
of crystalline PGA results in an increased amorphous structure of PLGA, which in turn
results in a more flexible polymer with reduced mechanical robustness.®® Furthermore, the
mechanical resistance is also linked to the glass transition temperature (7;), which
represents the point at which the polymer transitions from a hard, glassy state to a softer
state. This temperature was shown to be between 45°C and 55°C for various PLGA

polymer compositions (Figure 1-6b).%3: 6869

Figure 1-6: a) Relationships between different selected properties of PLGA and their
impact on the final polymer properties. b) Actual relationships between selected PLGA

properties. Created with BioRender.com.

PLGA can provide a variety of end groups, which can also impact the characteristics of the
resulting polymer. The most prevalent end groups are hydroxyl (-OH), carboxyl (-COOH),
ester, and amine (-NH2). In general, acid end groups have the effect of increasing
hydrophilicity and, consequently, the degradation rate, while decreasing crystallinity,
which in turn is connected to mechanical stability. In contrast, ester end groups tend to have

the opposite effect, by increasing hydrophobicity and slowing down the degradation rate.”®
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1.6 Poloxamer (Pluronic®)

Poloxamers (trademarked name “Pluronic®”) are A-B-A triblock copolymers offering an
amphiphilic and water-soluble class of copolymers with good biocompatibility, high water
extractability, low tissue adhesion and hence broad usage in biomedical applications.”!-”?
Poloxamers consist of a central hydrophilic block of poly(ethylene oxide) (PEO) flanked
by two hydrophobic poly(propylene oxide) (PPO) parts, leading to a PEO-PPO-PEO
structure (Figure 1-7). The presence of hydrophilic as well as hydrophobic blocks provides
the polymers with an amphiphilic nature allowing them to self-assemble into micelles in
aqueous solutions.”! By tuning the molar mass ratio of the blocks, the chemical and physical
properties can be adjusted, modifying the potential applications and in vivo interactions.
Similarly to PLGA and PEG, Pluronic® is employed as a drug delivery system or
surfactant, to form hydrogels, or as an extractable porogen.’!: 73 7* BASF (Badische Anilin-
und Sodafabrik) introduced a specific nomenclature system for Pluronic® with the initial
letters F, L, and P representing its state as either flakes, liquid, and paste, respectively. The
first or first and second numbers following the letter relate to the molar mass of the PPO
blocks (multiplied by 300) and the last number indicates the weight fraction of the PEO
block in percentage (multiplied by 10).7! 73 This nomenclature is only a rough estimation
to categorize the different types of Pluronics®, the average unit numbers of F-127 and F-68

which are both used in this thesis are ~ 200 units of PEO, ~ 65 units of PPO and ~ 154 units
of PEO, ~ 29 units of PPO, respectively.”!

Ethylene oxide Ethylene oxide

A,

Propylene OXIde

Figure 1-7: Chemical structure of poloxamers (Pluronics®) with the central, hydrophobic
propylene oxide (PO) block in the middle flanked by the two, hydrophilic ethylene oxide
(EO) blocks on both sides. The average numbers of repeating EO and PO blocks are

presented by x and y, respectively.
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1.7 Polyethylene Glycol (PEG)

Polyethylene glycol (PEG) is a frequently utilized and highly versatile FDA-approved
polymer, particularly in the context of pharmaceutical applications.”” 7® PEG is a neutral
polyether (Figure 1-8) with hydrophilic properties, making it soluble in water but also in a
multitude of other organic solvents, including dichloromethane and toluene. Moreover, it
is non-toxic for most molecular weights’” (M) and does not harm cells in most cases, yet it
still interacts with cell membranes.” 7® The polymer is available in a range of molecular
weights, exhibiting a liquid, viscous state at M values below 1000 g/mol. As the M of PEG
increases, the polymer obtains a solid, waxy state. The production process involves
polymerization of ethylene oxide and water, resulting in a variety of degrees of
polymerization and the possibility for further functionalizing the polymer by different
functional groups (e.g., PEG-amine, PEG-aldehyde, PEG-thiol).”® Due to its high water
solubility, PEG is frequently employed as a porogen in the context of polymer materials

and particles”-8!. This renders PEG a promising polymer/porogen candidate for this thesis.

Figure 1-8: Chemical structure of polyethylene glycol (PEG). The average number of

repeating units is presented by n.

1.8 Polymer Particle Production

1.8.1 Particle Preparation Techniques

Nanoparticles, in particular those with a porous structure based on polymers, are a widely
utilized class of drug carrier systems. They are employed in the delivery of therapeutic
agents to infected sites and in tissue engineering applications.®? The range of available
preparation techniques is dependent on the desired application and requirements They can
be categorized in two main groups of bulk production techniques and microfluidic
approaches. Microfluidic-based technology is especially useful to produce polymer-based

particles with narrow size distributions in a highly controlled and finely tuned manner.®* In
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case of microfluidic approaches, the dispersed phase (i.e., polymer-solvent mixture) is cut
by the flow (e.g., flow focusing, cross-flow, co-flow) of the continuous phase into droplets.
Therefore, the flow rates determine the droplet size, enabling the formation of highly
monodisperse particle distributions.?* 8 While microfluidic approaches facilitate precise
and homogeneous particle production, this thesis primarily focuses on bulk production

techniques, as they offer a more rapid and straightforward production process.

Bulk production techniques are sub-grouped into bottom-up or top-down techniques
(Figure 1-9). Each of them offers a distinct set of advantages and disadvantages outlined in
the following section. The most famous top-down methods are the emulsion solvent
evaporation, emulsion diffusion and salting-out techniques. For the bottom-up techniques,
which utilize a monomer as a starting point, the emulsion polymerization, interfacial
polymerization and precipitation polymerization methods are used.?® 37 Since the bottom-
up techniques need more complex chemical processes to form the desired particles out of
atomic or molecular precursors, the desired particles are accompanied by contaminations
(e.g., unreacted monomers, initiators, surfactants). Therefore, to obtain particles of the
highest quality, it is necessary to implement a series of rigorous purification processes
which are time consuming, costly and complex.?” In general, bottom-up methods provide
more precise control over particle size and properties; however, they are more complex due
to the necessity of additional purification and solvent removal steps. Top-down methods
are typically more straightforward, facilitating large-scale production. However, they tend

to result in broader size distributions and a greater range of particle shapes.?’-%

The selection of particle preparation technique is dependent upon the specific application
and the desired characteristics of the final particles. In the case of polymer-based particles
that are used as drug delivery systems, it is of particular importance to consider the
hydrophilic/hydrophobic properties of the drug to be delivered. In order to encapsulate the
drug efficiently while producing the particles, it is necessary to select an appropriate
production technique. Some of the most widely used approaches are those that are based
on emulsions, which are simple and allow for large-scale production. Examples of these
approaches include emulsion evaporation and emulsion diffusion.®” Emulsion techniques
employ the use of polymers that have been dissolved in water-immiscible, volatile organic
solvents emulsified in an aqueous-based solution. The emulsification process itself can be
conducted by a variety of techniques, including the use of mechanical shear forces,

ultrasonic homogenization, or high-pressure homogenization. Once an emulsion has been
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formed, the volatile solvent is removed either by diffusion or evaporation, resulting in the

solidification of the polymer particles.”® *!

Figure 1-9: Basic principles of top-down and bottom-up approaches for the polymer-based

particles production. Created with BioRender.com.

Hollow polymer particles have attracted significant attention due to their potential
applications in diverse fields (e.g., drug delivery, coatings, cosmetics, catalysts, or photonic
crystals).”? Various techniques have been developed and described to form such hollow

polymer-based particles, including template-assisted methods®, self-assembly®*,

or
spray-drying®’. Another well-known and widely used method for the production of
microspheres, especially in the field of drug delivery, is the double emulsion method. This
method is particularly useful for encapsulating and delivering hydrophilic as well as
hydrophobic drugs.”® Additionally, it is an effective approach for forming hollow polymer-
based microcapsules, not for the purpose of encapsulating drugs, but to create a confined

space within the particles to trap bacteria.

1.8.2 Pore-Forming Agents — Porogens

Porogens are pore-forming agents that are utilized to introduce porosity within a micro- or

nanoparticle system. The existing literature classifies pore-forming agents into two major
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categories based on their physical characteristics: soft and hard porogens.®?> These two
groups include several sub-groups. In the case of hard templates, a distinction can be made
between two sub-divisions: (a) conventional hard-templating and (b) sacrificial-
templating.? In both cases, the template material is simply incorporated into the material
and occupies some space.”” 1% Once the particle formation process is complete, the hard
template is removed, resulting in the formation of a porous structure. A disadvantage of the
hard template approach is the potential collapse of the particle structure after template
removal.®? Examples of conventional hard-templates are silica and carbon particles.” In
the case of sacrificial-templating, the template material is typically more straightforward to
remove and often includes solvent-dissolvable porogen (e.g., polymer latex particles,

polystyrene beads).”?

In addition to hard templates, soft templates are also utilized. These templates exhibit inter-
and intramolecular interactions with the polymeric particle core material and self-assemble
into various structures during the formation process, occupying space and leaving behind
cavities upon template removal. Template removal is mainly accomplished through solvent
extraction.®> %2 Typically, a porogen is introduced during polymer-based particle formation
and production, requiring its inert composition to facilitate uniform distribution within the
organic phase.®? Polymers with low molecular weight (e.g., polyethylene glycol) or gas-
producing particles (e.g., ammonium bicarbonate) have also been reported in the literature

as pore-forming agents."?

1.9 Thermodynamic Spreading Coefficient

To predict the morphology of a particle in a system comprising two phases
(polymer/solvent and oil) within a third continuous phase (aqueous phase), three spreading
coefficients (S) are defined with the interfacial tensions (3, i, k) acting between the three
phases 7, j and k. Generally, the thermodynamic spreading coefficient represents the ability
of a liquid to spontaneously spread on a solid or another liquid surface and is defined by

the following equation:
$= 7= 0+ 7 -1

In case of a positive spreading coefficient (S; > 0), the liquid will spontaneously spread over

the surface. Conversely, no spreading occurs when the spreading coefficient is negative
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(§<0). In order to transfer the system to a polymer/oil system in a continuous aqueous
phase, the spreading coefficients Sp, So and Sw are assigned to the polymer, oil and aqueous
phase, respectively. In such a system, the thermodynamic spreading coefficient plays a
critical factor determining the final morphology of the system. Four distinct situations are
possible, resulting in either a core-shell particle (Figure 1-10a), wherein the oil phase is
enclosed by the polymer phase, an “acorn” particle (Figure 1-10b), two separated droplets

(Figure 1-10c), or an inverse core-shell morphology (Figure 1-10d).!°!

Nevertheless, these assumed morphologies are only theoretical approximations; real
systems are typically much more complex, exhibiting a variety of additional morphologies
(e.g., multi-core morphology, non-centered core morphology, “raspberry” morphology etc.)

due to the influence of additional factors (e.g., viscosity, temperature, evaporation, and

stirring rate etc.).!°!
a)  Shell-core b) "Acorn’ c) Particle d) Inverted shell-
morphology morphology separation core morphology
So<0; Syv<0; S, >0 So<0; Syv<0; S,<0 S$<0; S >0; S<0 S >0; S,<0; S,<0

Figure 1-10: Correlation between thermodynamic spreading coefficients (S) and particle
morphology of a polymer (p, blue)-oil (o, brown) system in a continuous aqueous (W)

phase. Created with BioRender.com.

1.10 Synthetic Lipid Vesicles — Liposomes

Liposomes are spherical, artificially created vesicles composed of an aqueous core which
is enclosed by one or multiple lipid bilayer(s). In most cases, liposomes are composed of
phospholipids consisting of a hydrophobic tail group and a hydrophilic head. These
amphiphilic characteristics favor the formation of lipid bilayers in aqueous solutions. In the
bilayer structure, the hydrophobic tails face towards each other, while the hydrophilic heads
face towards the outside aqueous phase (Figure 1-11).!92 Hydrophobic and van der Waals
interactions are the main driving force for the lipid bilayer formation. Additionally, the
hydrophilic head groups interact with the water molecules (hydrogen bonds and polar

interactions) further stabilizing the lipid bilayer.'?
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a) b) c)

Figure 1-11: Schematic illustration of structure of liposomes. a) Phospholipid with
hydrophilic head group (including phosphate and glycerol) and hydrophobic tails with a
saturated and unsaturated fatty acid. b) Phospholipids arranges in a bilayer. ¢) Liposome
formed out of phospholipid bilayer. Liposomes can either be unilamellar or multilamellar
and are as well classified according to their size as small-(SUV), large-(LUV), and giant

unilamellar vesicles (GUV). Created with BioRender.com.

This process is driven by the desire of the system to reduce its free energy and is considered
one of the most powerful tools in bottom-up assembly.! Liposomes are categorized by
either size into small (20-100nm), large (100-1000nm), or giant (1-200 um) vesicles!%
and/or their number of bilayers (unilamellar, oligolamellar, or multilamellar).!% The bilayer
itself offers a thickness of 3-5nm.'% Liposomes are not only capable of carrying
hydrophobic as well as hydrophilic agents as drug delivery systems, but are also frequently
used in synthetic biology as mimetics to the cellular systems.!? 1 They are also
implemented as a simplified model system to study biological cell membranes in terms of

membrane dynamics, permeability, or protein and molecule interactions. !9 104

1.10.1 Synthetic Vesicles — Formation Techniques

Synthetic vesicles are artificially constructed structures that are designed to mimic the
structural and functional characteristics of natural cell membranes. Synthetic vesicles are
utilized in a multitude of medical and scientific applications, including investigations into
the mechanisms of cellular uptake, cell division, and drug delivery. The formation of

synthetic vesicles can be achieved through a variety of techniques, depending on the desired
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properties and the intended application. The most significant of these are (a) thin-film
hydration: A phospholipid film is dried on a substrate by evaporating the organic solvent in
which the lipids were dissolved (e.g., chloroform, ethanol). Subsequently, the stacked
layers of lipids are gently hydrated, resulting in the formation of liposomes in an aqueous
solution (Figure 1-12a). This formation method is particularly advantageous for charged
lipids. (b) Electro-formation: The lipids, dissolved in an organic solvent, are distributed as
a thin film on a conductive surface (e.g., an indium tin oxide-coated glass substrate). The
lipid film is hydrated in the presence of an alternating electric field applied across the lipid
film. The electric field induces swelling and facilitates the detachment of the formed
liposomes (Figure 1-12b). This technique is especially useful for the formation of giant
unilamellar vesicles. (c) Phase/emulsion transfer method: This method entails the
formation of an emulsion, whereby the organic phase is mixed with an aqueous phase,
resulting in the generation of water-in-oil droplets encapsulated by a lipid monolayer. The
emulsion is then transferred through an oil-water interface, facilitating the addition of
another lipid layer on top of the emulsion droplets, thereby creating a lipid bilayer (Figure
1-12c). The phase/emulsion transfer method is particularly advantageous for the formation
of cargo-loaded liposomes. (d) A method that allows for precise control over vesicle size
and composition is the formation via microfluidics (Figure 1-12d). The process begins with
the creation of a water-in-oil droplet surrounded by a lipid monolayer using a microfluidic
device. Subsequently, these droplets flow through an oil-water interface, forming vesicles
with a lipid bilayer.!% 197 In addition to the fundamental microfluidic technique, Weiss et
al., have developed a methodology employing microfluidics and pico-injection to generate
droplet-stabilized giant unilamellar vesicles (dsGUVs). These dsGUVs exhibit a high
degree of mechanical and chemical stability and can be loaded with diverse biomolecules
in a sequential manner. This facilitates the development of prototypes for complex synthetic

cells.!08
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Figure 1-12: Schematic illustrations of synthetic vesicles formation techniques. a) Thin-
film hydration technique, b) electro-formation technique, c) phase transfer/emulsion

transfer method and d) microfluidics. Created with BioRender.com.

1.10.2 Particle Endocytosis by Liposomes

Apart from drug delivery and biological membrane mimicking, liposomes are used to study
the process of endocytosis to achieve closer insights into the process of receptor-mediated
endocytosis and phagocytosis. In this context, a significant number of studies were
conducted on the engulfment process of spherical particles to achieve a more profound
understanding of the process itself.!-!1> However, bacteria and viruses are mostly
anisotropic in shape, making the endocytosis process even more complex.!!* Nevertheless,
the development of a dynamic and active system consisting of synthetic vesicles
specifically targeting single types of bacteria would be a great tool to battle bacterial

infections.

Endocytosis is a complex process affected by many different aspects (e.g., particle size,

shape and surface chemistry, lipid composition of liposome, liposome size, environmental
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conditions, etc.).!1? 14115 The following paragraph will briefly explain the basic process of

particle engulfment by synthetic vesicles.

The complex process of synthetic liposomes engulfing particles involves several important

steps and aspects (Figure 1-13):!15-117

a) Membrane curvature and bending energy: the bilayer of the liposome needs to bend
to a certain degree to engulf the particle. This process involves a membrane
curvature change. This change is also connected to the bending energy (AGP"2)
necessary to overcome and dependent on the elasticity properties of the membrane.

b) Adhesion energy: the adhesion energy (AG“¥esion) generated by the interactions
between the particle and the lipid membrane needs to overcome the bending energy
of the membrane as well as the energy created due to the areal expansion caused by
the extra volume of the particle internalized. This implies that particle volume is a
highly critical factor in the process of engulfment. As the adhesion energy increases,
so does the percentage of wrapped particles. Nevertheless, exceeding a certain
adhesion energy will rupture the membrane of the vesicle.

c) Thermodynamic stability: the system with engulfed particle must be
thermodynamically stable with a minimized free energy state.

d) Fission energy: in the last step of engulfment, the particle is completely
encapsulated by the liposome making membrane scission necessary. For this
process a certain energy barrier (AG*"") needs to be overcome associated with

breaking and reforming the lipid membrane. !

In summary, to achieve full engulfment of a particle by a synthetic vesicle, the following

simplified theoretical equation needs to be fulfilled:!!”
|ZAGadhesion| > AGPending + AG expansion + AGSission (1_2)

Furthermore, Azadbakht et al.!'* investigated the engulfment process of a dumbbell-shaped
particle by a GUV and made several noteworthy observations. First, the wrapping time was
found to increase with an elevated initial membrane tension, thereby establishing
membrane tension as a pivotal factor influencing the duration of engulfment. Second,
contrary to expectations, the initial orientation of the dumbbell was identified as a minor
contributor to the final wrapping state. Third, an increase in adhesion energy was observed

to accelerate the engulfment process.
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Another crucial element to consider is the synthetic vesicle size, which is in turn linked to
the membrane tension. Lin et al. observed a reduction in membrane tension as vesicle size
increased. This phenomenon is on the one hand connected to the interfacial tension acting
between the water and the hydrophobic tails of the lipid bilayer. With increasing vesicle
size, the area density of the hydrophilic lipid head groups increases, forming a denser
bilayer and thereby reducing the contact between the hydrophobic tails and the water phase.
On the other hand, as the vesicle radius increases, the membrane curvature decreases, which

also reduces the membrane tension. '8

Figure 1-13: Schematic illustration of engulfment process of a rigid, spherical particle by
a flexible, synthetic lipid versicle membrane. In the first step, the particle adheres to the
lipid membrane. In the second step, the membrane is bending. The last steps include fission

of the membrane and complete particle engulfment. Created with BioRender.com.

1.11 Plasmonic Nanoparticles — Gold Nanorods (AuNRs)

1.11.1 Properties

Plasmonic nanoparticles, particularly gold nanorods (AuNRs), have gained increasing
interest within the field of nanotechnology due to their distinctive optical properties, which
led to the emergence of a diverse range of potential applications. The motion of electrons
and the available space for their movement within the material exert a significant influence
on the material's physical and chemical properties. Due to the significant space constraints,
this phenomenon is particularly pronounced in nanoscale materials. Moreover, the high
surface-to-volume ratio leads to an accentuated effect of surface properties. This aspect
renders nano-sized materials considerably different from their bulk material, gathering

many new optical, catalytic and electrical properties.!!®- 12
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Plasmonic nanoparticles are frequently composed of noble metals, such as silver or gold
due to the presence of free conduction electrons at the surface of the particles. If the
nanoparticles are exposed to an external, oscillating electromagnetic field of light with a
frequency that matches the inherent frequency of the free surface electrons, a collective
coherent oscillation of the conduction band electrons is induced (Figure 1-14a). This
oscillation results in the separation of the ionic core and free electrons, thereby creating a
dipole oscillation. This occurs due to the oscillating motion of electrons on the surface,
driven by Coulomb forces.!?* 12! This collective resonant oscillation of the electrons is
referred to as surface plasmon resonance (SPR) and highly depends on the particle’s shape,
size and aspect ratio as well as the surrounding medium. The strong absorption of light
caused by the SPR also gives rise to the characteristic UV-vis spectrum and color of
plasmonic nanoparticles.

a) b)

Transversal surface plasmon resonance

AuNR

Longitunal surface plasmon resonance

AuNR

Figure 1-14: a) Schematic illustration of the interaction of the electric field (E-field) with
gold nanorods (AuNRs) inducing collective oscillation of the free conduction band
electrons (e°) resulting in the characteristic transversal and longitudinal surface plasmon
resonance (TSPR and LSPR). b) Characteristic, exemplary absorbance spectrum of AuNRs

with the two SPRs. Parts were created with BioRender.com, adapted from Ref.!?!,

AuNRs are in this context specifically interesting due to their readily and extensively
tunable SPR wavelength. Their structural anisotropy causes the presence of two SPR
modes, in contrast to the single band observed in spherical particles. The transversal SPR
oscillates along the short axis and can be observed within the visible region of the spectrum.

The second, stronger longitudinal SPR mode is attributed to the oscillation along the long
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axis and shifted to higher wavelengths in the spectrum (Figure 1-14b). The location of the
absorbance maximum of the longitudinal SPR (LPSR) band can be tuned and shifted from
the visible to the near-infrared (NIR) region, by manipulating the aspect ratio (4R,
length/width) of the particles. In contrast, the transversal SPR (TSPR) band stays
unchanged in case of size alterations. Moreover, AuNRs are known for their efficient
conversion of light into thermal energy, a process known as photothermal conversion. If
AuNRs are exposed to light at their resonant frequency, the light energy is converted into
heat via photophysical processes, which is primarily based on electron-photon and photon-

photon interactions.!20-122

1.11.2 Biomedical Applications Applying AuNRs

The distinctive characteristics of AuNRs make them suitable for a multitude of
applications, including optoelectronics, catalysis, imaging, and medical procedures.
Focusing on the latter, AuNRs are utilized in the context of drug delivery, biosensing,
biomedical imaging or photothermal and cancer therapy.!?® Therefore, it is especially
important to account for biocompatibility and toxicity of the AuNRs. AuNRs are normally
produced and stabilized by the use of cetyltrimethylammonium bromide (CTAB), a
molecule that is considered harmful to cells due to its highly-positive charge.!?3-12> A
number of studies have demonstrated that unbound CTAB can induce cytotoxic effects on
human cells. However, the application of excessive cleaning, centrifugation, and the
removal of excess unbound CTAB has been shown to result in higher cell viability rates
and a non-toxic profile for AuNRs.!?0: 126 After excessive purification, even CTAB-
stabilized AuNRs are expected to be safe for the application in clinical and in vivo studies.
To entirely circumvent the toxicity of CTAB, alternative studies have replaced or coated
the stabilizing CTAB molecule with biocompatible molecules (e.g., polyethylene glycol
(PEG), polystyrene sulfonate (PSS) or 11-mercaptoundecanoic acid (MUA)).!23127.128 Thig
bioconjugation process further eliminates any potential sources of toxicity, making the

AuNRs an optimal tool for a multitude of applications within the medical sector.

To date, photothermal therapy (PTT) has been primarily used in the context of cancer
treatment, offering the potential to eradicate cancer cells through heat generation while
minimizing damage to surrounding tissue. PTT is effective for tumors that are challenging

to treat with conventional methods due to their location, as AuNRs are capable of ablating
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the tumor cells. The minimally invasive procedure of PTT with AuNRs makes it an

effective and promising approach in the field of oncology.

PTT using AuNRs can also be implemented against bacterial cells. Given that the protective
matrix of bacterial cells includes nucleic acid and proteins, localized heat can induce
protein denaturation, accompanied by damage and inactivation of the protective cell layer
allowing for simplified drug penetration and killing.'?> Consequently, AuNRs can also be
employed as antibacterial agents to generate localized heat sufficient to kill pathogens. This
approach could be a promising treatment option for bacterial infections, particularly in
cases where the pathogens are resistant to conventional antibiotics. The combination of
AuNRs' diverse properties, including PTT and drug delivery capabilities, with the gold
surface modifications through the incorporation of antibacterial peptides, has led to the
development of highly effective antibacterial materials, which have been extensively
investigated by numerous research groups.!?? 129133 Qiao et al. 1! for example designed
AuNRs with a charge-switchable coating induced by pH changes. These polymethacrylate
with pendant carboxyl betaine groups decorated AuNRs offered a negative surface charge
at physiological conditions, allowing for long blood circulation. The surface charge
switched to positive charge values at lower pHs as present in bacterial infection sides. This
positive surface charge allowed for enhanced nanoparticle binding to the negatively
charged bacterial cell wall and hence improved killing properties. Ramasamy et al.,'**
combined the photothermal heating properties of AuNRs with the magnetic properties of
Si02/Fe;0O3 nanoparticles, both integrated into polystyrene Janus particles. This
combination allowed for particle tracking combined with antibacterial effects via
photothermal heat generation. The presented examples illustrate the diverse applications of
AuNRs, particularly as a potential alternative to antibiotics and a strategy to circumvent

antibiotic resistance.
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Chapter 2

2 Motivation

he misuse and overuse of antimicrobials to treat, prevent, and control bacterial
infections in humans are main contributing factors to the emergence of antibiotic
resistance (AMR).!>17 Bacteria can adapt and develop resistance to the administered
antibiotics, thereby reducing their effectiveness. AMR leads to an increase in mortality rates
and elevated medical costs due to more complex and prolonged treatments.!> !7 Due to the
emergence of AMR, a range of antibiotic alternatives has been explored by researchers,

15, 23, 135

including but not limited to bacteriophages including phage therapy , antimicrobial

151357 or micro- and nanoparticles'> 3% % 135 These antibacterial approaches are

peptides
operating effectively in an "open-space" manner. This approach results in the release of
bacterial fragments and toxins into the surrounding space, inducing serious inflammation
processes. To overcome these challenges, this thesis aims to design and develop an antibiotic-
free, antibacterial approach that consists of modular polymer-based capsules or giant

unilamellar vesicles that can engulf/entrap bacteria for lysis in a "confined-space".

The following chemical and physical criteria of the polymer-based capsules have been

identified in this thesis as essential for their successful antibacterial implementation:

1) Utilization of biocompatible and biodegradable polymers and the development of a
high-throughput bulk approach for the assembly of stable microcapsules. These
properties are also essential for a potential application as a stable, antibacterial coating
for orthopedic implants, such as knee or hip implants.

2) To ensure efficient penetration and trapping of bacteria in polymer-based
microcapsules, a high degree of trans-shell porosity as well as the presence of a hollow
cavity (Figure 2-1a and b) have to be achieved.

3) Due to the passive nature of polymer-based microcapsules in capturing bacteria, the
intrinsic mobility of the bacteria will be essential for their penetration. In order to
achieve an efficient elimination of bacteria entrapped within the microcapsules' hollow

cavity (motile bacteria) and in close proximity to the capsules (non-motile bacteria), a
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light-triggered killing module has to be integrated. Towards this end, the microcapsules

will be functionalized with gold nanorods (Figure 2-1c).

Figure 2-1: Schematic representation of the main physical and chemical properties of the
designed antibacterial, polymer-based, porous microcapsules. (a) and (b) represent a high
degree of trans-shell porosity and a hollow cavity as essential criteria for efficient bacteria
uptake, respectively. (c) Integration of gold nanorods for a light-triggered bacteria killing

module. Created with BioRender.com.

The second system will be designed to possess the unique ability to act as artificial phagocytes,
in other words, to actively engulf motile or non-motile bacteria prior to disrupting them. The
following chemical and physical criteria of the lipid-based vesicles have been identified in this

thesis as essential for their successful antibacterial implementation:

1) Giant unilamellar vesicles (GUVs) with optimized lipid composition serving as
synthetic phagocytes.

2) To achieve the specific interaction and adhesion of the targeted bacteria, bacteriophage-
derived adhesion proteins will be linked to the vesicle's membrane. Strong and specific

adhesion is required to facilitate the engulfment of bacteria by the vesicles (Figure 2-2).
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3) To equip the designed vesicles with an active killing mechanism, gold nanorods will be
immobilized on the lipid membrane. Similarly to polymer-based microcapsules, light-

triggered illumination will be implemented to trigger thermal bacterial killing (Figure
2-2).

Figure 2-2: Schematic illustration of the GUV-based phagocytotic system. GUVs are
functionalized with a bacteriophage tail protein to induce the interaction and adhesion of
bacteria on the lipid membrane. Moreover, gold nanorods will be implemented to allow NIR

light-triggered bacteria killing module. Created with BioRender.com.
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Chapter 3

3 Materials & Methods

3.1 Modular Porous Polymer-Based Microcapsules for Trapping and

Near-Infrared Light-Triggered Killing of Bacteria

he following chapters present a comprehensive description and explanation of the
materials and methods employed in the context of modular porous polymer-based
microcapsules (uCs). A detailed list of all chemicals employed is provided in
Chapter 3.1.1. The following Chapter provides a general overview of the production
procedure for the polymer-based uCs, followed by a detailed elaboration on the post-
production treatment and the production and functionalization of the gold nanorods
(AuNRs). Subsequently, the characterization and analysis methods employed are

described.

3.1.1 Materials

Unless otherwise indicated, all chemicals were utilized as received without further

modification or purification.

3.1.1.1 Polymer-Based Microcapsules

Table 3-1: Chemicals used for polymer-based x#C production and functionalization.

Name Specification Manufacturer
Poly(lactic-co-glycolic PLGA, Resomer® RG 505, Sigma-Aldrich,
acid) copolymer M = 54-69kDa, LA:GA 50:50 Germany
Pluronic® F-127 and F-68 Sigma-Aldrich,
Germany
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Polyethylene glycol PEGua000, M #4kDa Sigma-Aldrich,

Germany

Dichloromethane DCM, Rotipuran®, > 99.5% Carl Roth GmbH & Co.
KG, Germany
HFE-7500, fluorinated oil ~ FC oil, Novec 7500, > 99% IoLiTec-Ionic Liquids

Technologies GmbH,
Germany

Polyvinylpyrrolidone PVP, 55kDa Sigma-Aldrich,

Germany

Sodium hydroxide pellets ~ NaOH, 99.99% metals basis, Sigma-Aldrich,

semiconductor grade Germany

3.1.1.2 Calcium Carbonate Particles

Table 3-2: Chemicals used for calcium carbonate (CaCO3) particle production and layer-

by-layer coating.

Name Specification Manufacturer
Sodium carbonate NaxCOs3, Powder, > 99.5% Sigma-Aldrich,
Germany
Calcium chloride CaCly, Anhydrous, granular,  Sigma-Aldrich,
>93.0% Germany
Poly(allylamine M ~50kDa Sigma-Aldrich,
hydrochloride) Germany
Poly(sodium 4- Powder, M ~70kDa Sigma-Aldrich,
styrenesulfonate) Germany

3.1.1.3 Gold Nanorods (AuNRs)

Table 3-3: Chemicals used for AuNR production and functionalization.

Name Specification Manufacturer
Hydrogen HAuCls-3H20, > 99.9% Sigma-Aldrich,
tetrachloroaurate(Ill)trihydrate Germany
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Hexadecyltrimethylammonium CTAB, > 99.9% Sigma-Aldrich,

bromide Germany

Silver nitrate AgNOs3,>99.9% Sigma-Aldrich,
Germany

Sodium borhydride NaBH4, 99% Sigma-Aldrich,
Germany

Hydrochloric acid HCI, ACS reagent, 37% Sigma-Aldrich,
Germany

L-ascorbic acid AA,>99% Sigma-Aldrich,
Germany

PLGA-SH M(PLGA) = 5kDa, RuixiBiotechCo.Ltd,

LA:GA 50:50, R-PL8281 China
Ethanol > 98%, technical, Carl Roth GmbH & Co.
denatured KG, Germany
3.1.1.4 Bacteria Culturing
Table 3-4: Chemicals used for bacteria culturing.

Name Specification Manufacturer

Lysogeny broth medium LB-medium, Lennox Sigma-Aldrich,
Germany

Kanamycin sulfate BioChemica AppliChem GmbH,
Germany

Phosphate-buffered saline PBS, Gibco Life Technologies
Limited, UK

D-(+)-glucose CeH1206 Sigma-Aldrich,
Germany

Ammonium sulfate (NH4)2SO4 Sigma-Aldrich,
Germany
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3.1.2 Methods

3.1.2.1 (Cryogenic-)Scanning Electron Microscopy (cryo-SEM)

For the characterization of the uCs as well as the AuNRs, (cryo-)SEM was utilized.
Solidified, freeze-dried uCs were analyzed by field emission (cryo-)scanning electron
microscopy (cryo-FE-SEM, Zeiss Ultra 55 field emission electron microscope, Carl Zeiss
AG, Germany) at room temperature or under low temperature conditions (-150 °C). For all
experiments, the working distance was set to 5-7mm. The in-lens detector as well as the
in-lens second electron detector (SE2) were used at acceleration voltages of 5- 10kV. For
all samples investigated at room temperature, small amounts of sample (= 10puL) were
pipetted on a silicon wafer and left for solvent evaporation in a fume hood. After complete
solvent evaporation, all samples except pure AuNRs were coated with a thin layer of carbon
(8-20nm, Leica EM ACE 200, Leica Microsystems GmbH, Germany) to avoid charging
while sample investigation. To evaluate characteristics as the 4C shell thickness and the
inside structure, freeze-fracturing of the uCs was necessary, which was executed at
cryogenic conditions. To execute these low temperature experiments, 4C powder was
redispersed in MilliQ-water and a 3 pL droplet placed in a sample holder with small pits.
By dipping the sample holder with the sample into the liquid nitrogen-filled loading station,
the samples were shock-frozen and prepared for transfer via a loading and transfer system
(Leica EM VCT100 Vacuum cryogenic (cryo) transfer system, Leica Microsystems GmbH,
Germany). The sample holder was transferred into the sample preparation system (Leica
EM BAF060, Leica Microsystems GmbH, Germany) for freeze-fracturing, freeze-drying,
and platinum coating (5nm). All these steps were executed under high vacuum conditions
and at -150 °C. Sublimation was executed for at least 45 min at an increased temperature of
-90°C. The prepared sample was then transferred after coating to the cryo-SEM for

observation.

3.1.2.2 Confocal Laser Scanning Microscope (CLSM) Imagining

To further investigate the morphological 4C characteristics (i.e., hollow core structure,
shell thickness, #C size) as well as the uC trapping, retaining and killing performance,
fluorescent CLSM was used. For this purpose, a LSM 980 and LSM 900 with Airyscan2
(Carl Zeiss AG, Germany) with 5x/0.16, 10x/0.45, and 20x/0.8 air objectives and 40x/1.3,
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and 63x/1.4 oil objectives (Carl Zeiss AG, Germany) were used. Fluorescently labeled
samples were excited using 405 nm, 488 nm, 561 nm and 640 nm diode lasers. The settings
were adjusted to achieve optimal image quality and no oversaturation. For samples
comparing treatments effects (i.e., near infrared (NIR)-radiation), imaging settings were
kept the same for identical samples before and after treatment. If not noted differently the
samples were analyzed using a small imaging chamber, where the sample was sandwiched
between two glass slides spaced by using four stripes of double-sided tape. The edges were
sealed with two-component glue to avoid evaporation. All measurements were executed at
room temperature unless otherwise stated. The recorded images were analyzed and adjusted

in contrast and brightness using the Fiji software (ImageJ, NIH).

3.1.2.3 UV-Vis Spectroscopy

UV-Vis spectroscopy was used to determine the absorbance spectrum of the AuNRs as well
as to check the growth state of bacteria. All measurements were executed by an Infinite
M200 (Tecan Trading AG, Switzerland). AuNR absorbance spectra were determined for
the range of 400 - 1000 nm with a resolution of 2 nm. Bacterial growth state was measured

at a wavelength of 600 nm.

3.1.2.4 Zeta Potential Measurements

Zeta potential measurements were performed using a Malvern Panalytical ZetaSizer Nano
ZS with Zeta cell cuvettes (DTS1070, Malvern Panalytical) at 25 °C. The equilibrium time
was set to minimum 60 sec. Samples of lyophilized capsules were re-suspended in MilliQ-
water. AuNR samples were diluted in deionized water. The dispersant viscosity and
refractive index (RI) of water were set to 0.8904 Pc and 1.333, respectively. The RI of the
PLGA uCs was set to 1.47 and for the AuNRs to 0.181. All samples were measure in

triplicates.

3.1.2.5 Polymer-Based Microcapsules Production Procedure

Over the course of this thesis, the process of 4C formation varied in terms of the used
formation methods as well as in composition and materials used. Variations are noted and
discussed directly at the respective section Results & Discussions. The optimized polymer-
based 4Cs were produced via a one-pot emulsification formation process which can be

divided into three main steps. First, both, the aqueous and the oil phase were prepared.
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Following amounts were used for all xC compositions if not indicated differently. PLGA
(100 mg) was dissolved together with the porogen (50 mg, PEG or Pluronic®) and HFE-
7500 oil (100 uL) in DCM (4 mL) to form the oil phase. For AuNR-decorated xCs, PLGA-
functionalized AuNRs dispersed in DCM were added to the oil phase in this step. For the
aqueous phase, PVP (0.5%) was dissolved in MilliQ water. The second step includes the
formation of an oil-in-water (o/w) emulsion. For this purpose, oil and water phase were
mixed (1:5 volume ratio) and emulsified via high-shear homogenization (T10 basic
ULTRA-TURRAX, IKA, Germany) for 20 sec at 8300 rpm (if not indicated differently). In
the third step, the produced emulsion was immediately after homogenization poured into a
large volume of MilliQ water (1 L, if not indicated differently), covered with aluminum foil
and mixed via magnetic stirring (= 200rpm, if not indicated differently) overnight for at
least 12h. The solidified xCs were collected by centrifugation (1520 rcf for 1 min, EBA 20
centrifuge, Hettich, Germany), washed with deionized water, frozen in liquid nitrogen and
lyophilized overnight (Alpha 2-4 LSCplus, Martin Christ Gefrietrocknungsanlagen GmbH,
Germany). Dry 4C powder was stored at -20 °C until further use.

3.1.2.6 Calcium Carbonate Particle Production and Layer-by-Layer Coating

Calcium carbonate particles as hard templates for pore formation were produced by
emulsifying 20 mL of an aqueous sodium carbonate (Na,COs3, 0.33 M) solution with 20mL
of an aqueous calcium chloride (CaCl,, 0.33 M) solution for 30 sec. The emulsification
speed was adjusted according to the desired particles size. Mixture was centrifuged
(1520rcf for 1 min, EBA 20 centrifuge, Hettich, Germany) and supernatant was discharged.
The production process was followed by a layer-by-layer coating according to Luo et al.!3¢,
Particles were immersed alternatingly in poly(allylamine hydrochloride) (PAH, 1 mg/mL
in 0.5M NaCl) and poly(sodium 4-styrenesulfonate) (PSS, 1 mg/mL in 0.5M NaCl) with
NaCl (0.5M) washing steps between each coating cycle. Seven layers were coated with
PAH as the first and PSS as the last layer. Subsequently, particles were additionally
immersed in a coating solution consisting of PLGA (25mg/mL) in acetone to achieve an

outermost layer consisting of PLGA. Particles were washed afterwards twice with MilliQ

water and dried overnight in the oven at 60 °C.
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3.1.2.7 Microcapsule Post-Production Etching Procedure

To improve the uC porosity, 4Cs underwent after lyophilization an additional post-
production treatment step. Dry uC powder was re-dispersed in 0.3 M NaOH for different
time periods under constant mixing. The sample was instantly centrifuged for 1 min at
1520rcf (EBA 20 centrifuge, Hettich, Germany), the supernatant removed, and the sample
washed at least three times with distilled water. After the final washing step, the etched uCs
were again frozen in liquid nitrogen and freeze-dried to remove all excess water. The uC

powder was stored at -20 °C until further use.

3.1.2.8 Bacteria Capturing Performance of Microcapsules

All bacteria experiments were executed with two different types of bacteria: BL21(DE3)
competent Escherichia coli (E. coli) with a pET His6-GFP TEV LIC plasmid (conveying
the ability to express GFP) and kanamycin resistance as well as Staphylococcus sciuri
(S. sciuri) (ATCC 29062). E. coli was cultured in LB medium containing 50 pg/mL
kanamycin, S. sciuri in LB medium without additional kanamycin. Both were cultured
overnight at 37°C under shaking (210rpm). Fresh medium was inoculated from the
overnight culture and incubated again at 37°C, 210rpm until the optical density (OD,
measured at 600nm) reached ODesoo~0.6. Bacteria were centrifuged at 10,000rcf for
10 min to remove the growth medium, which was replaced by minimal medium (97% 1x
PBS, 1% w/v glucose, 1% w/v (NH4)2SO4, 1% LB medium) and additional 50 pg/mL
kanamycin only in the E. coli culture. Bacteria in minimum medium were mixed with the
different samples of polymer-based uCs (~ 5.6x10°capsules/mL) and incubated at room
temperature under slow shaking for 1 h. Microcapsules were centrifuged (10,000 rcf for
10 min) to remove the excess of bacteria from the surrounding medium and fresh minimum
medium was added. To visualize the bacteria and to also distinguish the live/dead state of
the bacteria, a two-color fluorescent assay (LIVE/DEAD BacLight Bacterial, Viability Kit,
Thermo Fisher Scientific, USA) was added to the suspension (=1 uL per 1 mL bacteria
culture). Samples were incubated for 15 min in the dark and afterwards directly transferred

to the confocal laser scanning microscope for characterization/investigation.

3.1.2.9 Gold Nanorod Synthesis

AuNRs were synthesized according to the seed-mediated growth method.!3” The used

amounts were upscaled and adjusted to achieve a higher yield and AuNRs with an
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absorbance maximum of around 808 nm, corresponding to an aspect ratio of 4. All solutions
were prepared and kept in a water bath set to 26 °C. In the first step, the seed solution was
prepared in a 30 mL flask. Under gentle stirring, CTAB (19.5mL, 0.1 M), HAuCl4 (0.5mL,
0.01 M) and freshly prepared, ice-cold NaBH4 (1.2mL, 0.01 M) were mixed for 2 min and
kept undisturbed for 2h. In the second step, the growth solution was prepared by adding
HAuCls (10mL, 0.01 M), AgNOs; (1.6mL, 0.01 M), and HCI (4mL, 1 M) to an aqueous
CTAB solution (180mL, 0.1 M). After thoroughly mixing the yellowish solution, AA
(1.6mL, 0.1 M) was added until the solution turned completely colorless. In the final step,
the seed solution (20 mL) was added after 2 h to the readily prepared growth solution, mixed
for 30sec and kept overnight at 26 °C undisturbed. The whole process is summarized in
Figure 3-1. A reddening of the solution indicates successful rod growth. To remove the
excess of CTAB, the solution was centrifuged at 14,000 rpm (=24,038 rcf, Optima L-80 XP
Ultracentrifuge, rotor: SW 32 Ti, Beckman Coulter GmbH, German) for 25 min at 26 °C.
The supernatant was removed and AuNRs were washed with MilliQ-water. This step was
repeated at least three times. AuNR stock solutions were stored in glass vials in the dark at

4°C until further use.

Figure 3-1: Schematic illustration of seed-mediated AuNR production method. Seed and
growth solution are produced separately and mixed afterwards to form CTAB-stabilized

AuNRs with specific length (L) and width (). Created with BioRender.com.
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3.1.2.10 Gold Nanorod Concentration Calculations

To calculate the concentration of AuNRs based on absorbance, the dimensions of the rods
are critically important. Extracted from SEM micrographs taken from the CTAB-stabilized
rods, the dimensions are assumed to be *40nm in length (L) and = 10nm in width (W). The
shape is approximated to be cylindrical, which leads to a AuNR volume calculated by
eqn. (3-1). With the calculated volume and the density of gold (pau = 1.932*%10*kg/m?) the
mass of a single AuNR is calculated by eqn.(3-2) and determined to be
maunr = 6.070*102kg, which relates to n = 3.081*107'” mol per single AuNR. By using
the absorbance measured at 400 nm (A4400) together with the molar extinction coefficient of
a gold atom at 400nm (&o0 = 2.02*10°M*cm™!)!38, the concentration of Au (cau) was
determined via eqn. (3-3). The final AuNR particle number (Naunr) in the measured
solution can then be calculated with eqn. (3-4), where Vpispersion represents the used volume

of the measured sample.

W2
Vaunw = 7L () G-1)
Maunr = Vaunr * Pau (3-2)
o = Asoo (3-3)
A €400 * d
Cau * VDispersion (3'4)
Npunr = "

3.1.2.11 Gold Nanorod PLGA-Functionalization

AuNRs with an absorbance peak around 808 nm were utilized for further functionalization
by means of PLGA-SH to decreased toxicity provoked by CTAB and to improve the
integration efficiency of AuNRs into the uCs. First, CTAB-stabilized AuNRs
(c=1.9mg/mL) were incubated for around 1 h in a freshly prepared 50 mM NaBH4 solution
(dispersed either in H>O or ethanol, Figure 3-2a), following the protocol published by J. He
et al.'? Afterwards, the solution was centrifuged for 25min at 26°C and 14,000 rpm
(=24,038rcf), the supernatant removed, and finally PLGA-SH (5kDa,
RuixiBiotechCo.Ltd, China) dissolved in DCM (1.25mM, 2000 uL) added (Figure 3-2b).
Ethanol (90 %, 2000 uL) was added and the solution was kept in the cold room overnight
to avoid DCM evaporation. The next day, agglomerated rods were visible at the bottom of

the vial. The supernatant was removed and the AuNRs were re-dispersed in DCM
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(3000 uL) mixed with PLGA-SH (50 uL, 25 mM). The solution was incubated for at least
15min and centrifuged for 25min at 20°C and 14,000 rpm (24,038 rcf). The supernatant
was removed and DCM was added at the desired concentration (Figure 3-2¢). PLGA-
functionalized AuNRs were stored until further use in glass vials in the dark at 4°C. The

whole process of AuNR functionalization is summarized in Figure 3-2.

a) b) c)

Figure 3-2: Schematic illustration of AuNR-functionalization process with PLGA-SH. a)
Removal of CTAB from gold surface by use of NaBH4 in aqueous solution. b) Bare gold
surface in aqueous solution is going to be stabilized by PLGA-SH added in DCM. c)
PLGA-SH binding via a strong thiol-gold bond to the AuNR surface stabilizing the gold

particles in DCM solution. Created with BioRender.com.

3.1.2.12 Cell Viability Tests with Microcapsules

To asses cell viability in the presence of microcapsules human fibroblast were used.
4000 cells per well were seeded in a 96-well plate and incubated in a humidified 5% CO>

incubator at 37 °C. The uCs were twice sterilized inside the fume hood before and after the
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addition of culture medium by the use of UV-C light. After 24 h different types of uCs were
added to the cells in various concentrations and incubated (37 °C, humidified, 5% CO»
atmosphere) for 24h. A luminescent cell viability assay (CellTiter-Glo® 2.0 Assay,
Promega Corporation, USA) was used to examine cell viability. The reagent was used as
described by the manufacturer. The luminescent signal was recorded by a plate reader
(Infinite M200, Tecan Trading AG, Switzerland) at an integration time of 0.5-1sec per
well. At least three replicates per sample were measured. To confirm that the cells grew as

expected and that the assay worked correctly, a standard curve was performed in parallel.

3.1.2.13 Bacteria Viability Tests with Microcapsules

Bacterial viability was examined employing a two-color fluorescence assay (LIVE/DEAD
BacLight Bacterial, Viability Kit, Thermo Fisher Scientific, USA) and fluorescent CLSM
(Carl Zeiss AG, Germany). Bacteria were cultured as described in the section Bacteria
Capturing Performance of Microcapsules. The freshly grown bacteria were then mixed in
minimum medium with the respective ¢ C type at a concentration of 1 mg/mL and incubated
for 24 h at room temperature while shaking (500 rpm). The negative control included the
addition of minimum medium without x#Cs. For the positive control the bacteria were
incubated in a 50/50 composition of minimum medium and 70% ethanol solution. After
24 h, the bacteria were briefly centrifuged to remove the uCs, a two-color fluorescent assay
solution (LIVE/DEAD BacLight Bacterial, Viability Kit, Thermo Fisher Scientific, USA)
was added to the suspension (= 1 pL per 1 mL bacteria culture) to analyze the live/dead state

of the bacteria. All samples were imaged and analyzed by the use of a CLSM.

3.1.2.14 Live/Dead Bacteria Quantification

To quantify the number of live versus dead bacteria (E. coli and S. sciuri) the fluorescent
CLSM images at different conditions were analyzed using the Fiji software (ImageJ, NIH).
Images were split into separate channels. Each channel was adjusted to 8-bit format.
Afterwards the ‘Find Maxima’ function was used to detect fluorescently labeled single
bacteria cells. The green channel detected the total number of bacteria cells in the image.
Red signal was representing dead bacteria cells. Hence, note that the percentage of live
cells was calculated by the number of total cells (green signal) minus the number of dead

cells (red signal) divided by the total number of bacteria cells multiplied by 100.

51



Modular Porous Polymer-Based Microcapsules for Trapping and Near-Infrared Light-
Triggered Killing of Bacteria

3.1.2.15 Near Infrared (NIR)-Laser (808 nm) Setup

The laser setup included an 808 nm laser (Fabry-Perot benchtop laser source, ThorLabs,
USA) connected to a single mode patch cable with an additional collimator (TC18FC-780,
ThorLabs, USA) connected to an achromatic zoom beam expander (ZBE3B, ThorLabs,
USA). The arrangement of the setup was aiming to create a relatively big spot of
illumination whil maintaining a certain power density. To meet these requirements, a beam
expander was placed inversely within the laser beam path to further decrease the diameter
of the beam after collimation. The beam was then coupled via two kinematic morrows into
an inverted microscope (Axiovert 200M, Carl Zeiss AG, Germany). A dichroic mirror
implemented in the microscope was directing the beam through an 10x objective (Plan-
Apochromat 10x/0.45 M27) on the sample. Directing the laser beam through the objective
on the sample led to an enlargement of the final beam diameter irradiating the sample
(Figure 3-3). The size of the laser beam was calculated via the ISO11146 method given a
beam diameter of 562 um. The laser power was measured by a laser power meter

(PM100A, ThorLabs, USA) connected to a power sensor (S142C, ThorLabs, USA).

Figure 3-3: a) Schematic illustration of NIR-laser-microscope setup. b) Picture of NIR-
laser-microscope setup with zoom-in of reverse beam expander and collimator. Parts were

created with BioRender.com.

3.1.2.16 NIR-Laser Treatment of Single Bacteria Loaded Microcapsules

In the first step, the bacteria were prepared as described before in the Section 3.1.2.8. To
assess the effect of the NIR-laser treatment on the bacteria before versus after treatment, a

microfluidic device was designed (Figure 3-4), which made it possible to trap, illuminate,
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image and compare an entrapped set of 4Cs. Towards this end, the microfluidic device was
flushed with the microcapsule-bacteria solution and microfluidic traps with a sufficient
number of trapped bacteria-loaded xCs were chosen for imaging and NIR-laser treatment.
CLSM was used to analyze the live/dead state of the bacteria before NIR-laser treatment.
Afterwards, the microfluidic device was transferred to the NIR-laser system and irradiated
while simultaneous observation with the inverted microscope implemented in the laser
setup. Irradiation was applied for three different time periods. Live/dead state analysis via

fluorescent CLSM analysis was repeated with the same settings after radiation treatment.

Figure 3-4: Schematic illustration of microfluidic device used for 4C trapping and single
4C NIR light illumination via the 808 nm laser setup described in Figure 3-3. Created with

BioRender.com.

3.1.2.17 NIR Light-Emitting Diode (LED)-Setup

Apart from the 808 nm laser setup described in Section 3.1.2.15 used for single particle
illumination, a second NIR light setup was built and used to illuminate bacteria in a bulk
solution. The setup presented in the following was developed and implemented by Prof.
Dr. Stefan Schramm and consisted of a 100 W LED module with a wavelength of 770 nm.
The LED-system was actively cooled by a 12V, 80 mm fan mounted to the LED. On the
front part of the LED, a 60° reflector and a planar-convex polymethyl methacrylate
(PMMA) lens was mounted. This system was then connected to a collimator with a 3D-
printed sample holder. The whole system was connected to a power supply (HANMATEK
HM310T). With this setup, it was able to illuminate bacteria in a bulk solution. For this
purpose, the bacteria solution was placed in the sample holder in front of the collimator and

front lens.
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Figure 3-5: LED-setup with detailed component description using a 770nm, 100 W LED.
System was developed by Prof. Dr. Stefan Schramm and images were provided and

developed by Anastassiya Schramm.

3.1.2.18 Agar-Plate Bacteria Viability Tests with Microcapsules

E. coli was cultured in fresh LB medium at 37 °C under shaking (210 rpm) until the optical
density (OD, measured at 600nm) reached ODsoo = 0.6. Bacteria were centrifuged at
10,000 rcf for 10 min to remove the growth medium, which was replaced by Dulbecco's
Balanced Salt Solution (DPBS, 1X, Gibco, Life Technologies Limited, UK). Bacteria
(500 uL, 2x103bacteria/mL) in DPBS were mixed with 500 uL of different samples of
polymer-based uCs dispersed and sterilized in DPBS at two different concentrations
(1 mg/mL and 0.5 mg/mL) and incubated at room temperature for 1 h. The different samples
were illuminated in an Eppendorf tube for five minutes with the NIR light LED setup
presented in Section 3.1.2.17 (770nm, 3.53 W/cm?). After NIR-treatment, the different
samples were plated on LB-agar plates (1.5% agar) at different concentrations (1x108,

1x107, 1x10° bacteria/mL) and incubated at room temperature for 24 h.
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3.2 Adhesion-Mediated Engulfment and Killing of Bacteria by Synthetic

Versicles

In the following chapters, a comprehensive description and explanation of the materials
and methods employed in the context of synthetic vesicles are described and explained.
Chapter 3.2.1 lists all chemicals employed during these experiments. Chapter 3.2.2 gives a
general overview about the GUV formation processes, followed by the isolation and
purification of the adhesion protein, the production and functionalization of the applied
AuNRs and culturing of used bacteria. Subsequently, all the methods utilized for

characterization and analysis are described.

3.2.1 Materials

Unless other stated, all chemicals were used as received without further modification or

purification.

3.2.1.1 Giant Unilamellar Vesicles (GUVs) Formation

Table 3-5: Chemicals used for the production of GUVs via gel-assisted GUV formation!3’.

Name Specification Manufacturer
1,2-dioleoyl-sn-glycero-3- DOPC Avanti Polar Lipids,
phosphocholine USA
1,2-dioleoyl-sn-glycero-3- DOPG Avanti Polar Lipids,
phospho-(1'-rac-glycerol) USA

(sodium salt)

1,2-distearoyl-sn-glycero-3- 18:0 PEG2000PE Avanti Polar Lipids,
phosphoethanolamine-N- USA

[methoxy(polyethylene glycol)-

2000] (ammonium salt)

1,2-dioleoyl-sn-glycero-3-[(N- 18:1 DGS-NTA(Ni1) Avanti Polar Lipids,
(5-amino-1- USA

carboxypentyl)iminodiacetic

acid)succinyl] (nickel salt)
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1,2-dioleoyl-sn-glycero-3- 18:1 LissRhod PE Avanti Polar Lipids,
phosphoethanolamine-N- USA
(lissamine rhodamine B

sulfonyl) (ammonium salt)

1,2-Dioleoyl-sn-glycero-3- Atto 647N DOPE Sigma-Aldrich,
phosphoethanolamin labeled Germany
with Atto 647N
Chloroform EMSURE® Sigma-Aldrich,
Germany
Polyvinyl alcohol PVA, M ~145kDa Sigma-Aldrich,
Germany
D(+)-Sucrose >99,5%, p.a. Carl Roth GmbH & Co.
KG, Germany
Imidazole PUFFERAN® > 99%, Carl Roth GmbH & Co.
p.a., ultra quality KG, Germany
N-Decane For synthesis Sigma-Aldrich,
Germany
Silicone oil Sigma-Aldrich,
Germany
OptiPrep™ Density Gradient Sigma-Aldrich,
Medium Germany
Hydrochloric acid HCI, ACS reagent, 37% Sigma-Aldrich,
Germany
Phosphate-buffered saline PBS, Gibco Life Technologies
Limited, UK

3.2.1.2 Gold Nanorods (AuNR)

Table 3-6: Chemicals used for AuNR production.

Name Specification Manufacturer
Hydrogen HAuCls-3H20,>99.9%  Sigma-Aldrich,
tetrachloroaurate(Ill)trihydrate Germany
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Hexadecyltrimethylammonium  CTAB, >99.9% Sigma-Aldrich,
bromide Germany
Silver nitrate AgNO3, >99.9% Sigma-Aldrich,
Germany
Sodium borhydride NaBHa4, 99% Sigma-Aldrich,
Germany
Hydrochloric acid HCIL, ACS reagent, 37%  Sigma-Aldrich,
Germany
L-ascorbic acid AA, >99% Sigma-Aldrich,
Germany
PLGA-SH M(PLGA) = 5kDa, RuixiBiotechCo.Ltd,
LA:GA 50:50, R-PL8281 China
Ethanol > 98%, technical, Carl Roth GmbH & Co.
denatured KG, Germany
3.2.1.3 Gold Nanorod Functionalization
Table 3-7: Chemicals used for AuNR functionalization.
Name Specification Manufacturer
Poly(ethylene glycol) methyl ether mPEG-SH, Sigma-Aldrich,
thiol M ~2kDa Germany
Cholesterol-poly(ethylene glycol)- Chol-PEG-SH, Biopharma PEG, USA
thiol M ~2kDa, > 95%
Tris-(hydroxymethyl)-amino methane TRIS Carl Roth GmbH & Co.
PUFFERAN®, KG, Germany
>99,9%, p.a.
Sodium dodecyl sulfate SDS, > 99% Carl Roth GmbH & Co.
KG, Germany
Hydrochloric acid HCI, fuming 37% in  VWR International

water

GmbH, Germany
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3.2.1.4 Bacteria Culturing

Table 3-8: Chemicals used for bacteria culturing.

Name Specification Manufacturer
Lysogeny broth medium LB-medium, Lennox Sigma-Aldrich,
Germany
Kanamycin sulfate BioChemica AppliChem GmbH,
Germany
Phosphate-buffered saline PBS, Gibco Life Technologies
Limited, UK
D-(+)-glucose CeH1206 Sigma-Aldrich,
Germany
Ammonium sulfate (NH4)2SO4 Sigma-Aldrich,
Germany

3.2.2 Methods

3.2.2.1 Formation Techniques of Giant Unilamellar Vesicles

GUVs were either formed by the so-called emulsion-transfer method or according to the
previously reported and adjusted gel-assisted GUV formation protocol by Weinberger et

al.'*. Both production methods are explained briefly in the following.
Emulsion-Transfer GUV Formation Process

In the first step, all lipids were prepared and mixed in brown glass vials in the desired
concentration (mostly 643 uM in 1 mL buffer volume) and with the desired composition.
After mixing, the vials with the lipids were placed under vacuum to remove the chloroform.
Afterwards, the solution for the outer phase was prepared in a separate 2mL Eppendorf
tube by mixing imidazole (50 uL, 5S0mM at pH7.64), sucrose (128 uL, 1 M) and MilliQ
water (322 uL). After complete removal of the chloroform from the lipids, the lipids were
dispersed in N-decane (60 uL) and kept under nitrogen atmosphere until further use. In the
next step, silicon oil (940 uL) was added to the lipid-N-decane mixture and vortexed for at
least 10sec. Parts of the oil-lipid phase (400 uL) were now carefully added on top of the

previously prepared outer phase. The two-phase mixture was incubated for 45-90 min to
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form a monolayer of lipids and the remaining oil-lipid mixture was kept under nitrogen
atmosphere. In the meantime, the inner phase was prepared by mixing OptiPrep™ (3.3 uL)
and PBS (6.6 uL, 1X) in separate, small tubes. After incubation, the inner phase was
transferred by a Pasteur pipette to remaining oil-lipid phase by pipetting it several times up
and down. This solution was then completely and carefully transferred to the previously
prepared lipid-outer phase system. To form a complete bilayer, the tubes were subsequently
centrifuged at around 400 rcf for 3 min and the remaining oil phase was removed from the
top, leaving behind readily formed synthetic vesicles in the bottom of the tube. Vesicles
were used for all further experiments on the same or the following day and were stored at

4°C.
Gel-Assisted GUV Formation Process

The gel-assisted GUV formation process is based on the work of Weinberger et al.!*°. Here,
all lipides were dissolved in chloroform at the desired concentration and stored at -20 °C in
brown glass vials before use. PVA (50 mg/mL) was dissolved with sucrose (100mM) in
deionized water. PVA-coated glass slides (24x60 mm) were then produced by spreading a
drop of the mixture (40 uL) with the pipette tip on the substrate. Two coated glass slides
per sample were produced. Coated substrates were dried for 1h at 37°C in the oven.
Meanwhile, lipids were mixed in the desired lipid composition and at a final concentration
of 12000 uM up to a final volume of 50 ul. To create a thin lipid film, =5 pL of mixed lipids
were spread with a Hamilton syringe on top of the PVA coating. The substrates were placed
in the oven at 37 °C for another 30 min. After drying of the lipid film, a Teflon spacer was
sandwiched between two of the coated substrates and fixed with two claps on either side.
The formed chamber (Figure 3-6a) was then filled with a sucrose solution (=1 mL,
280mM) a syringe via a small hole on one side of the Teflon spacer. Filled chambers were
left at room temperature for 1-2h. After GUV formation, clamps were removed and the
top glass slide was carefully moved aside to transfer the obtained GUVs (Figure 3-6b) from
the chamber into an Eppendorf tube. GUVs were stored at 4°C for maximum one week

until further use.
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Figure 3-6: Schematic illustration of GUV formation via gel-assisted hydration method. a)
Chamber used for GUV formation consisting of two glass slides coated with a PVA and a
lipid film. Teflon spacer is sandwiched and filled with liquid. b) GUV formation

mechanism. Created with BioRender.com.

3.2.2.2 Adhesion Protein (gp37) Isolation and Purification

This protocol as well as the complete process of protein isolation and purification was
provided and conducted by Ann-Kathrin Gelmroth (Max-Planck-Institute for Medical
Research). The entire process of protein purification was conducted in accordance with the
methodology described by Bartual et al.?®. Additionally, the provision of the constructs for
purification by this working group was greatly appreciated. Briefly, the plasmids pCDF-
Duet::T4 gp38::T4 gp37 and pET21a::T4 gp57 were transformed into competent E. coli
BL21(DE3) cells and induced with 0.1mM isopropyl I-thio-B-D-galactopyranoside
(IPTG) at ODs00=0.8 overnight at 20°C and 140rpm. The cultures were harvested at
4,000rct for 30min at 4°C and the pellets were resuspended in 30mL lysis buffer
supplemented with protease inhibitor (Roche, Basel, Switzerland). The solubilized protein
fraction was obtained by tip sonication at 70% power, 5 cycles x 10% and 20min. The
soluble fraction was supplemented with S0mM imidazole and remaining debris was
separated from the supernatant by centrifugation at 20,000 rcf for 30min at 10°C. The
soluble fraction was loaded onto a HisTrap HP column (Cytiva, Marlborough, MA, USA),
washed twice with 5mL each and eluted in 2mL fractions, except the first one which was

collected as a 1 mL fraction. All fractions, except the first one, were pooled, concentrated
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and desalted using PD-10 columns (Cytiva, Marlborough, MA, USA). Recombinant

proteins were long-term stored at -80 °C, thawed and desalted for experiments if necessary.

3.2.2.3 Bacteria Adhesion and Engulfment Studies

To study the specific adhesion and subsequent process of engulfment of bacteria via
different types of GUVs (with and without anchor lipids), they (1 mL) were incubated with
the purified gp37 protein (250 nM) for 1 h, at RT. Subsequently, the mixture was centrifuged
for 3min at 400rcf, after which the supernatant was discarded and buffer solution was
added to restore the original volume of 1mL. This additional centrifugation step was
incorporated to remove any excess free gp37 protein present in the solution. Thereafter, the
readily grown and prepared bacteria in the appropriate buffer solution were added to the
GUV-gp37 mixture and incubated for a minimum of 30min, after which they were

examined via CLSM.

3.2.2.4 Gold Nanorod Synthesis

AuNRs were synthesized according to the seed-mediated growth method.!3” The used
amounts were upscaled and adjusted to achieve a higher yield and AuNRs with an
absorbance maximum of around 808 nm, corresponding to an aspect ratio of 4. All solutions
were prepared and kept in a water bath set to 26 °C. In the first step, the seed solution was
prepared in a 30 mL flask. Under gentle stirring, CTAB (19.5mL, 0.1 M), HAuCls (0.5mL,
0.01 M) and freshly prepared, ice-cold NaBH4 (1.2mL, 0.01 M) were mixed for 2 min and
kept undisturbed for 2h. In the second step, the growth solution was prepared by adding
HAuCls (10mL, 0.01 M), AgNOs (1.6mL, 0.01 M), and HCI (4mL, 1 M) to an aqueous
CTAB solution (180mL, 0.1 M). After thoroughly mixing the yellowish solution, AA
(1.6 mL, 0.1 M) was added until the solution turned completely colorless. In the final step,
the seed solution (20 mL) was added after 2 h to the readily prepared growth solution,
mixed for 30sec and kept overnight at 26 °C undisturbed (Figure 3-1). A reddening of the
solution indicates successful rod growth. To remove the excess of CTAB, the solution was
centrifuged at 14,000 rpm (=24,038 rcf, Optima L-80 XP Ultracentrifuge, rotor: SW 32 Ti,
Beckman Coulter GmbH, German) for 25 min at 26 °C. The supernatant was removed and
AuNRs were washed with MilliQ-water. This step was repeated at least three times. AuNR

stock solutions were stored in glass vials in the dark at 4 °C until further use.
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3.2.2.5 Gold Nanorod Functionalization

After synthesis, AuNRs are stabilized by CTAB which is considered toxic at a certain
concentration.!?* For this reason, CTAB is replaced by PEG-thiol molecules proven to show
good biocompatibility.!?> AuNRs were coated according to the adjusted protocol of Zhang
et al.'?®. In brief, CTAB-stabilized AuNRs were centrifuged (I mL, c~2mg/mL,
~24,038 rcf, Optima L-80 XP Ultracentrifuge, rotor: SW 32 Ti, Beckman Coulter GmbH,
German, 25min at 26°C), supernatant was removed and mPEG-SH (95uL, 8 mM),
Chol-PEG-SH (5 puL, 8 mM) and Tris-buffer (800 uL, 50 mM, pH 3 adjusted by HCI) were
added. The solution was kept mixing for 30 min at ~200rpm on a shaker. Incubation was
followed by centrifugation (=24,038rcf, 25min, 26 °C), supernatant was removed and
AuNRs were dispersed in water or appropriate GUV buffer (sucrose, 280 mM). To re-
dissolve agglomerates, re-dispersed samples were placed in the ultrasound bath for 15 min.
Samples were stored at 4 °C until further use. The whole process is schematically illustrated

in Figure 3-7.

Figure 3-7: PEG-coating procedure of AuNRs. Addition of PEG-thiol together with Tris-
buffer to CTAB-stabilized AuNRs (left) results in replacement of CTAB on the gold surface
by PEG-thiols (right). Created with BioRender.com.
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Chapter 4

4 Results & Discussions

4.1 Modular Porous Polymer-Based Microcapsule System for Trapping
and Light-Triggered Killing of Bacteria

olymer-based microcapsules (uC) employed in the context of antibacterial
applications must exhibit specific characteristics to ensure optimal efficiency in
trapping, retaining, and killing different types of bacteria. In this context, it is
crucial to consider a number of parameters, particularly surface, size, and shape (the “3S”
parameters), in order to develop an optimized system for the desired application. The
following paragraphs describe the step-by-step design of an optimized polymer uC,
offering insights into the 4C production and formation process, as well as the impact of
composition alterations. Consequently, the initial paragraph will delineate the fundamental
production processes and methodologies, elucidating their advantages and disadvantages

with respect to the development of an efficacious and optimized uC.

The second paragraph will concentrate on the experimental preparation and composition of
the uC. This section will present the role(s) that each component plays during uC
formation, as well as the final outcome that is produced by the component in isolation
and/or in conjunction with other components. Furthermore, the section will provide insight
into the general mechanisms of 4 C formation and additional post-production modifications

that enhance the microcapsules' trapping and retaining performance.

Following the identification of the most suitable composition, which features a uC with
optimized trapping and retaining properties, the third paragraph will address the issue of
bacterial killing using photothermal heating properties of implemented gold nanorods.
Therefore, the process of AuNR functionalization, which results in the effective
incorporation of AuNRs into the uCs, is outlined. Additionally, the bacterial killing efficacy

of the AuNR-functionalized xC is compared to that of the non-functionalized ones.
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4.1.1 Demanded Design of Polymer-Based Microcapsules

PLGA particles are well-established in the medical field and are frequently utilized in a
variety of applications. Mostly solid or porous micro- and nano-PLGA particles are utilized

141, 142

as drug delivery systems, capable of carrying specific drugs'*’ (e.g., antibiotics , anti-

143, 144 or pulmonary drugs'#> %6) to a designated target. The required

cancer agents
properties of the particles are determined by the intended field of application, with the
objective of optimizing the targeted performance. In the context of polymer particles
utilized as antibacterial traps to retain bacteria in a confined space, kill them, and protect

surrounding tissue, ideal particles would need to offer certain parameters (Figure 4-1):

e Hollow cavity
In order to achieve the primary objective of capturing and retaining bacteria within
a confined space, it is essential that the polymer particles provide a hollow cavity
of sufficient volume to accommodate a specified number of bacteria.

o Size
The objective is to achieve a particle size in the low micrometer range. If we assume
a uC shell thickness of approximately 2 - 4 um, the diameter of the entire capsule
should be at least 15 - 20 um (with a volume ~ 700 - 3000 um?). These dimensions
facilitate the potential uptake of several bacteria (with average bacterial cell
volumes of primary models ranging from 0.4 - 3 um?)'%’. Secondly, the surface-to-
volume ratio is a crucial aspect of uCs. The surface-to-volume ratio of smaller uCs
is higher, which means that there is more available surface for potential bacteria to
contact and penetrate. Furthermore, an increase in available surface area would be
advantageous for potential surface modifications as well. Accordingly, the
previously mentioned #C diameter of 15-20pm is considered an appropriate
compromise.

e Porosity
Bacteria can only penetrate the hollow interior of the xC through pores that connect
the surrounding environment with the microcapsule's interior (Figure 4-1). The
pores must have a specific size range to permit bacterial penetration (e.g., E. coli:
length = 1 - 3um, diameter = 0.25 - 1 um!#®) while simultaneously reducing the

likelihood of bacterial escape from the hollow cavity. Hence, a pore diameter of
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0.5 - 4.5um was considered suitable for the intended application. Moreover, the
number of pores is critical to increasing the probability of bacterial penetration. An
increase in the number of pores enhances the likelihood of bacteria encountering a
pore. However, the degree of porosity also presents a trade-off with mechanical
stability. An elevated degree of porosity would result in a reduction in the quantity
of material available for particle stabilization, thereby diminishing the mechanical

stability.

Figure 4-1: Desired uC properties (i.e., size, mechanical stability, shell thickness, hollow

cavity, porosity, and bacteria-killing properties) for optimized bacteria capturing, retaining

and killing. Created with BioRender.com.

Mechanical stability & shell thickness

Moreover, the system must provide a sufficient degree of mechanical stability. This
is a requirement for potential applications involving uCs as a surface coating, as
these must be capable of withstanding certain mechanical forces (e.g., hammering
during the integration of orthopedic implants into the patients’ body). This aspect is
also correlated with the thickness of the 4C shell. A reduction in the thickness of
the shell would result in a decrease in stability, as less material is available for the

capsule shell (Figure 4-1).
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e Killing properties
To achieve the desired antibacterial properties of the uCs, it is necessary to
implement a killing mechanism into the system (Figure 4-1). In this thesis, gold
nanorods (AuNRs) were incorporated into the uC shell and surface, with the
objective of eliminating bacteria through the generation of photothermal, localized

heat.

4.1.2 Polymer-Based Microcapsules Production and Formation Procedure

The primary objective of this thesis was to develop a reliable technique for producing the
fundamental framework of PLGA-based particles that possess three principal
characteristics: 1) A size in the micrometer range, which is sufficiently large to trap
bacteria. 2) A hollow cavity formed within the particle, creating a space that encloses the
bacteria, and 3) a porous shell structure to enable active bacteria penetration from the
outside into the confined space. Moreover, the objective was to develop a process that could
be easily and rapidly implemented, resulting in high yields within a relatively short time

frame.

A variety of techniques can be employed to produce polymer-based particles (for further
details, see Chapter 1.8). In consideration of the desired and previously discussed uC
properties, the emulsion solvent evaporation technique as a bulk approach was selected as
the most appropriate production method as it offers a high-throughput, fast and reliable way
to produce the desired type of uCs. A second option would be the use of a microfluidic
device, thereby affording precise control over particle size and morphology. Nevertheless,
this method is relatively complex in device production and particle formation as well as
time-consuming, resulting in a significant reduction in the quantities produced.
Consequently, this thesis focused on the bulk emulsion solvent evaporation technique.
Accordingly, we developed a one-pot, bulk emulsification formation process that fulfills

the desired and previously specified requirements.

The following chapter will first describe the general, technical process of #C production,
followed by a detailed examination of the actual formation process, the used technical

details (i.e., emulsification speed) and the effects each added chemical/additive had during
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the xC formation (i.e., different core-forming oils, variation of polymer quantities, different

pore-forming methods, addition of additives).

4.1.2.1 Polymer Particle Formation — The Emulsion Evaporation Process

The developed uC production process can be divided into a three-step procedure (Figure
4-2). The initial step of the process entailed the preparation of the oil and water phases
(Figure 4-2, step 1). The oil phase comprised all polymers utilized to fabricate the intended
uC type, dissolved in an organic, volatile solvent. Here, PLGA was used as the main 4C
forming polymer due to its biocompatibility, biodegradability, and FDA- and EMA-
approved status.5® 66 6% 70. 149 Djchloromethane (DCM) was used as solvent due to its low

boiling point/high volatility and low solubility in water.!3% 13!

Figure 4-2: Illustration of the three major steps of the one-pot bulk emulsification process
of uC formation: 1) Production of oil phase and addition of aqueous phase. 2) High-shear
homogenization to generate the oil-in-water emulsion. 3) Addition of o/w emulsion into a
large volume of water achieving complete solvent removal, phase separation, and polymer

solidification. Created with BioRender.com.

In order to achieve the desired, specific features of the polymer particles (e.g., a porous
shell structure, hollow cavity), additional polymers and additives were incorporated into
the oil phase. The water phase contained a surfactant, which served to stabilize the formed
oil-in-water (o/w) emulsion. The o/w emulsion itself was formed by applying mechanical
shear forces produced by an emulsifier (Figure 4-2, step 2). The produced o/w emulsion
was rapidly poured into a large volume of water (Figure 4-2, step 3) triggering PLGA
precipitation. Since degradation of PLGA is triggered by hydrolysis of the ester bonds in
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the polymer backbone when exposed to water - 132 freeze-drying enabled long-time
storage of the particles without significant degradation of the PLGA due to removal of
water residues. Subsequently, the uC powder was utilized for post-production

modifications.

4.1.2.2 Solid Particle Formation

The initial step involved the production of solid PLGA particles, with the objective of
confirming the efficacy of the emulsion solvent evaporation process. PLGA with a LA:GA
ratio of 50:50 (Resomer® 505) was employed as the polymer of choice, dissolved in DCM.
Initially, a single oil-in-water emulsion was generated in a low volume of a surfactant
(PVP)-containing aqueous solution through emulsification (Figure 4-3a, step 1). To ensure
efficient droplet generation, the prepared oil and water phases were mixed at a water-to-oil
volume ratio of 5:1. At lower ratios, the formation of an efficient o/w emulsion was not
observed, likely due to insufficient water-surfactant volume to stabilize the produced
emulsion. Higher ratios were also found to stabilize the produced emulsion, although this
resulted in a reduction in production efficiency. Accordingly, the optimized water-to-oil
ratio was determined and established at a ratio of 5:1. The as-produced o/w emulsion was
then immediately poured into a large volume of water, which triggered the dissolution of
the solvent into the surplus water and the subsequent evaporation over time via continuous
stirring (Figure 4-3a, step 2). This process resulted in the precipitation of the polymer,
leading to the formation of solid PLGA particles (Figure 4-3a, step 3). Subsequent SEM
analysis of the collected and freeze-dried PLGA particles revealed homogeneous particles
with a spherical shape and an average size range of 11.8£3.5 pm (N=200). Moreover, the
particles exhibited a smooth, non-porous surface structure (Figure 4-3a and c). The
DCM/PLGA phase was fluorescently labeled, thus enabling the analysis of the internal
structure of the particles by fluorescent microscopy. Additional CLSM analysis
corroborated the presence of a solid core structure in the particles, as illustrated in Figure
4-3b and d.

Furthermore, the impact of an increased solvent portion and a reduction in polymer
concentration within the oil phase was investigated. similar spherical, solid, non-porous
particles with a smooth surface were observed (Figure 7-1). The reduction in particle size

was found to be = 15% (10.0£2.5um, N=200), which can be attributed to the lower
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concentration of polymer in the oil phase, resulting in a decreased viscosity and,
consequently, a simplified breakdown of the oil phase into smaller droplets during

emulsification.

a)

b)

d)

Figure 4-3: a) Step-by-step illustration of the single-emulsion solvent evaporation
formation process to form single-phase polymer particles. SEM (b and d) and CLSM (c
and e) micrographs of the continuous polymer particles with solid core produced by one-
pot emulsion solvent evaporation methods (cpLga =25g/L). DCM/PLGA phase was
fluorescently labeled with nile red (orange). Scale bars: b) and ¢): 20 um, d) and e): 10 pm.

a) created with BioRender.com.
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4.1.2.3 Hollow Core Generation

In the process of creating uCs with the aforementioned properties, the next step was the
formation of a hollow cavity. Therefore, the double emulsion and solvent evaporation
techniques were combined to create PLGA particles with a hollow core, similar to those
produced by the double emulsion technique alone. In contrast to the classical double
emulsion technique where two emulsification steps are required to form hollow capsules,
the technique applied here with the used composition required only a single emulsification
step leading to a single o/w emulsion as starting point (Figure 4-4, step 1). Due to the
presence of fluorinated oil in the oil phase, a double emulsion was subsequently generated,
accompanied by phase separation due to the progressive evaporation of the solvent over
time (Figure 4-4, step 2 and 3). Prior to emulsification and solvent evaporation, solvent,
nonsolvent and polymer should be adjusted in concentration and volume to from one
homogeneous oil phase. A variety of nonvolatile nonsolvents are suitable for the formation
of hollow PLGA particles. Two potential nonsolvents were tested here to identify the most
appropriate for the formation of the desired hollow uCs (i.e., perfluorooctyl bromide

(PFOB) and HFE-7500).

Table 4-1: Selected properties of HFE-7500 and perfluorooctyl bromide (PFOB). 133155

Properties HFE-7500 PFOB
Density [g/cm?], [@ 25 °C] 1.61 1.93
Kinematic viscosity [cSt] 0.77 [@ 25 °C] 1.0 [@ 25 °C]
Solubility in water [ppm] 0.0213 [@ 23 °C] 0.0025
Molar mass [g/mol] 414 499

The three components of the oil phase (i.e., DCM, PLGA, HFE-7500 or PFOB) were
combined and emulsified in an aqueous phase (Figure 4-4, step 1). Subsequently, solvent
diffused into the aqueous phase and evaporated (Figure 4-4, step 2). This process of solvent
evaporation led to a gradual depletion of the volatile solvent (DCM) from the system,
resulting in phase separation between the polymer and the nonsolvent. To achieve the
desired core-shell ©C morphology, it was necessary to obtain a fully encapsulated core-

forming nonsolvent by the polymer phase in the middle of the particle.
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Figure 4-4: Step-by-step illustration of the single-emulsion solvent evaporation formation
process to form hollow polymer particles. 1) Oil-in-water emulsion was formed and
stabilized by PVP, 2) solvent was evaporated leading to phase separation. 3) Phase
separated nonsolvent (i.e., HFE-7500 or PFOB) was forming the core. 4) Complete solvent
evaporation led to polymer precipitation and core-shell morphology. 5) Final uCs were

observed after freeze-drying. Created with BioRender.com.

The crucial parameter to be taken into account here was the interfacial tension (see
Chapter 1.9). The selection of a highly hydrophobic nonsolvent as a core-forming material
results in the formation of an energetically favorable core-shell morphology due to the
significantly higher interfacial tension between HFE-7500 or PFOB (jw) and the aqueous
phase compared to PLGA and the aqueous phase (j4pw).'%! As a result, the nonsolvent forms
the core, surrounded and shielded from the surrounding aqueous phase by the less but still
hydrophobic polymer (PLGA). Both chemicals tested as nonsolvents (HFE-7500 and
PFOB) were found to be highly hydrophobic and practically insoluble in water (Table 4-1),
due to their perfluorinated structure. Ester bonds in the PLGA main chain allow for some
hydrogen bonding between water and polymer to occur, leading to a reduced interfacial
tension compared to perfluorinated substances. Therefore, the subsequent evaporation of

DCM and phase separation resulted in the formation of a core comprising the hydrophobic
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nonsolvent, which was positioned towards the center of the structure, while the polymer
(PLGA) was pushed towards the periphery, forming a shell-like structure (Figure 4-4,
step 3 and 4, Figure 4-5, b and d).

A:HFE-7500
a)

B: PFOB

Figure 4-5: Comparison of #Cs produced by using HFE-7500 (A) and PFOB (B) as core
forming chemicals. (A) SEM (a and c) and fluorescence CLSM images (b and d) of 4Cs
produced by using HFE-7500 as core-forming nonsolvent. (B) SEM (a and c) and
fluorescent, CLSM images (b and d) of 4Cs produced by using PFOB as core-forming
nonsolvent. Nile red was used as fluorescent dye to label the polymer phase (orange). Scale

bars: a) and b): 20 um, ¢) and d): 10 pm.
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The formation process was accompanied by a reduction in particle size due to the removal
of DCM, resulting in a final average capsule size of 13.9+3.8 um for the 4Cs produced
with HFE-7500 and 12.4+3.9um (N=200) for PFOB. Following the freeze-drying
process, SEM analysis confirmed the homogeneous spherical particle shape with smooth,
non-porous surface structure (Figure 4-5, a and c). Core-shell morphology of both batches
was confirmed by CLSM (Figure 4-5, b and d) validating that both core-forming chemicals
were appropriate candidates to form the desired core-shell morphology. The increased
average particle size of the hollow compared to the solid core PLGA particles might be
attributed to the fact that hollow particles require less polymer per particle than particles
with solid core. Therefore, there was a greater quantity of material remaining for the
formation of larger particles. Moreover, the incorporation of the core-forming oil may
potentially elevate the viscosity of the oil phase, thereby rendering it more challenging to

disperse the oil phase into smaller droplets.

4.1.2.4 Microcapsules Size Variation

The final uC size was determined by a combination of factors, including the composition
of the oil and water phase during the formation of xC via the o/w emulsion evaporation
process, and the process of emulsification. The o/w droplet size, and consequently the size
of the final uCs, can be adjusted and tuned via the speed of emulsification and hence the
mechanical forces applied to break down the oil phase into an o/w emulsion.!>® After
identifying a suitable composition of the oil and aqueous phase, further optimizations
concerning uC size were investigated to produce the most efficient uC type for bacteria
trapping and retaining.

On the one hand, a reduction in particle size, which would result in an increase in the
number of smaller particles, would lead to an enhancement in the surface-to-volume ratio
of the system. This would result in a greater available surface area for potential pore
formation, which, in turn, would increase the probability of bacterial penetration through
these increased number of pores. Furthermore, the availability of a larger surface area for
potential surface functionalization is another consequence of smaller particles. It is crucial
to note that the hollow cavity of the particles must possess a specific volume to enable
effective bacteria retention, while the pores must be sufficiently large to permit bacterial
penetration. Achieving an appropriate equilibrium between these factors is therefore

important in order to carefully adjust the 4C dimensions to an appropriate size.
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As previously outlined, the o/w emulsion was formed through the application of
mechanical shear forces (i.e., emulsification). These forces enabled the fragmentation of
the oil phase into smaller oil droplets, which was subsequently stabilized within the
aqueous phase through the action of a surfactant. Four distinct emulsification speeds were
evaluated. For simplification, a systematic nomenclature was introduced for the various
sample types. The numeral in the middle indicates the PLGA concentration, while the letter
and number at the end indicate the level of emulsification. All specifications and the
measured uC sizes are displayed in Table 4-2. The overall dimensions of the freeze-dried
uCs exhibited a range of sizes, varying from 17.4 = 3.9 um at the lowest emulsification

velocity (uC-25-L1) to a size of 2.7 £0.7um at the maximum speed of emulsification

(uC-25-L6).

Table 4-2: Specifications of 4Cs produced at different emulsification speeds.

Sample name Emulsification Speed of PLGA uC size [pm]
level emulsification  concentration
[rpm] [g/L]
uC-25-L1 Level 1 (L1) 8,300 25 17.4 £3.9
uC-25-L2 Level 2 (L2) 9,100 25 16.9+3.6
uC-25-L4 Level 4 (L4) 14,500 25 92+2.7
uC-25-L6 Level 6 (L6) 28,500 25 2.7+£0.7
uC-37.5-L6 Level 6 (L6) 28,500 37.5 35+1.3

These measured overall sizes of the uCs provide confirmation that the oil phase was
effectively broken down into smaller and smaller droplets with increasing emulsification
speed. Analysis of the SEM and CLSM micrographs (Figure 4-6a-c) demonstrated that
complete capsule formation occurred up to an emulsification speed of 14,500rpm
(uC-25-L4). This situation changes when the speed of emulsification is further increased
to a maximum of 28,500rpm (uC-25-L6). Here, SEM and CLSM analysis showed
incomplete capsule formation for the majority of particles, resulting in a considerable
number of bowl-shaped, half-formed particles (Figure 4-6d). At these increased
emulsification speeds, the oil droplets were dispersed into small droplets, thereby resulting
in a high surface-to-volume ratio. It is postulated that under these conditions, the quantity

of polymer available is insufficient to form a complete shell in all droplets. Therefore, an

76



Results & Discussions

adjustment of the PLGA concentration would be necessary to guarantee the complete
formation of the capsules.

To substantiate this hypothesis, the identical sample formation conditions were employed
while utilizing an elevated concentration of PLGA in the oil phase. SEM analysis of the
sample confirmed an improvement in particle formation, with a decreased number of bowl-
shaped particles compared to the sample with a lower concentration of PLGA (Figure 4-6¢).
A size increase of around 23% to a particle diameter of 3.5 = 1.3 um for the sample with a
larger PLGA concentration (#C-37.5-L6), compared to the one with a lower PLGA
concentration but at the same emulsification rate (uC-25-L6) can be attributed to the
increased viscosity of the organic phase resulting from the elevated number of PLGA

molecules per volume (Figure 4-7a, uC-25-L6 versus uC-37.5-L6).

Figure 4-6: a)-d): Representative SEM and CLSM images of uCs produced at varying
emulsification speeds at constant PLGA concentration (25g/L). e) Polymer particles
produced at highest speed of emulsification (28,500rpm) but with an increased
concentration of PLGA (37.5g/L). Scale bars: 10 pm.

In addition to the overall 4C size, the diameter of the hollow cavity was determined by
analyzing the CLSM images. Capsules produced at the two lowest emulsification speeds
(uC-25-L1 and uC-25-L2) showed nearly identical cavity diameter, with values of
9.0 £2.3um and 9.6 + 3.1 um, respectively (Figure 4-7b). Relating the slightly increased
cavity size of the sample formed at 9,100 rpm («C-25-L2) to the overall 4Cs size of the
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same sample, the data indicated that the polymer shell was found to be thinner than that of
1Cs produced at the lowest speed (uC-25-L1). This observation can be attributed to the
fact that the slight decrease in overall particle size due to higher speeds for 4C-25-L2
resulted in an increased particle number and, hence, an increased surface-to-volume ratio.
Therefore, the availability of PLGA for capsule formation is reduced, resulting in thinner
shells and, subsequently, an enlarged cavity size for xC-25-L2 in comparison to #C-25-L1.
It should be noted that the cavity size was not determined for samples with emulsification
speeds exceeding 14,500rpm, due to the prevalence of bowl-shaped particles and
incomplete capsule formation. With all these observations, it was concluded that an
emulsification speed up to 14,500 rpm produced uCs suitable for the targeted application
of bacteria trapping and retaining. Nevertheless, particles produced at a speed of
14,500 rpm (uC-25-L4) exhibited a relatively small inner, hollow volume, which shifted
the focus for all further capsule formation and production experiments towards samples
produced at slower speeds. The diameter of the uCs and the diameter of the hollow cavities
(Figure 4-7b) exhibited only minor discrepancies at the two lowest speeds (¢C-25-L1 and
uC-25-L2). Therefore, the slowest emulsification speed (uC-25-L1) was selected for all
subsequent experiments, providing an optimal balance between particle size, hollow cavity

diameter, and resulting shell thickness.

a) Microcapsule Diameter b) 60- Hollow Cavity Diameter
Emulsification Emulsification
100- Speed [rpm]; Speed [rpm]:
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Figure 4-7: uC diameter (a) and diameter of the hollow cavity (b) displayed as frequency
histograms with fitted Gaussian distribution at different emulsification speeds. For the
highest emulsification speed of 28,500 rpm two different PLGA concentrations were tested
(uC-25-L6 and uC-37.5-L6). The size of the hollow cavity for samples produced with
emulsification speeds higher than 14,500 rpm was not measured due to the high number of

bowl-shaped particles. N=200 for each condition.
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4.1.2.5 Importance of DCM-to-Water Volume Ratio

Another essential factor in the process of xC formation is the ratio of DCM-to-water, which
plays a key role in ensuring the proper and complete formation of the xCs. The efficacy
and completeness of solvent removal are influenced by the volume of the aqueous phase,
which is a significant factor that must be taken into consideration. At 20 °C, the solubility
of DCM in water is approximately 17g/L.!57 Therefore, taking into account that at
optimized conditions, 4mL of DCM (p= 1.33g/cm’) were utilized in the uC bulk
formation process, a water volume of at least 313 mL was theoretically required for
complete and fast solvent removal via diffusion and evaporation (i.e., DCM-to-water
volume ratio = 1:80). To further examine the influence of the solvent-to-water ratio, the
composition and volume of the oil phase were maintained while the volume of water the
emulsion was added to was varied (Figure 4-2, step 3). Testing of different DCM-to-water
volume ratios revealed capsule formation for three of the four tested solvent-to-water ratios
(Figure 4-8). Below the critical value, uC formation was possible resulting in core-shell
morphologies for the samples with a solvent-to-water ratio of 1:500, 1:250 and 1:125
(Figure 4-8a-c). However, the decreased water volume affected capsule formation already
at levels above the theoretical threshold. The particles produced at a ratio of 1:125 still
exhibited complete hollow cavity formation; however, the shape of the particles was
observed to be affected, resulting in less spherical and more irregular particles. Further
reduction of the water amount below that critical ratio prevented complete capsule
formation (Figure 4-8d). The emulsion droplets exhibited a tendency to fuse prior to the
completion of polymer solidification. This phenomenon can be attributed to the decelerated
solvent diffusion and evaporation, which resulted in delayed polymer precipitation. This
led to the formation of larger, irregularly shaped, and incomplete particles, and even
prevented the formation of any capsules. Optimal spherical capsule morphology was
achieved at a DCM-to-water volume ratio of 1:250 (i.e., 4 mL of DCM poured into 1000 mL
of water, Figure 4-8b). The discrepancy between the theoretically and experimentally
determined DCM-to-water volume ratio can be attributed to factors such as local
concentration fluctuations which were more efficiently balanced at higher aqueous phase
volumes. Additionally, the kinetics of DCM removal may be altered when the surrounding
aqueous phase starts to become saturated. With these insights, it is important to not only

carefully tune the oil and aqueous phase composition as well as the speed of emulsification,
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but it is also necessary to account for the volume of water used during xC production to

achieve the desired polymer capsule dimensions and morphologies.

Figure 4-8: SEM and CLSM images of #Cs produced at different DCM-to-water ratios.
Oil phase composition was kept constant for all samples. Chosen solvent-to-water ratios

were a) 1:500, b) 1:250, ¢) 1:125, d) 1:62.5. Scale bar: 10 pm.

4.1.2.6 Effect of Polyvinylpyrrolidone (PVP)

The key parameter which needs to be considered in the context of analyzing the effect of
PVP within the system was the surface tension. In the majority of cases, a dispersing agent
is introduced into a system with the objective of influencing the interfacial tensions
between the phases present in the system (theoretical background see Chapter 1.9). PVP is
employed in numerous applications as a surfactant-like agent."® ' During the
emulsification process, the addition of PVP to the continuous aqueous phase resulted in the
accumulation of PVP molecules at the interface between the water and organic phases. This
significantly lowered the interfacial tension between these two phases (jpw), which in turn
resulted in a higher value of the respective spreading coefficient (Sp).!°! When this aspect
is considered in conjunction with the experimental observations made by Eriksson et al.!%!
for a system with similar conditions, the following situation emerges: the higher value of
Sp together with negative spreading coefficients for the oil-phase (HFE-7500, S,) and the
aqueous phase (Sw), would lead to a tendency of the system to form a core-shell
morphology since this would be the theoretically calculated energetically most favorable
state (Figure 1-10a). This theoretical assumption is supported by the experimental results,

which demonstrate that the addition of PVP, as a dispersant, results in the formation of

80



Results & Discussions

uniformly shaped capsules with a core-shell morphology (Figure 4-9a). In contrast, in the
absence of PVP in the aqueous phase during uC production, yw is left unchanged, which
in turn produced a more negative S, theoretically leading to the formation of “acorn”-
shaped particles as the most energetically favorable state. This situation was experimentally
demonstrated in Figure 4-9b, showing a large portion of “acorn”- or bowl-shaped particles.
These findings suggest that the use of a dispersant in the aforementioned system is of

significant importance to ensure the complete and well-preserved formation of uCs.

o) B

Figure 4-9: Effect of PVP on the uC formation process specifically on the capsule
morphology. a) Microcapsules produced with the used of PVP (0.5% (w/v)) in the

continuous aqueous phase and b) without PVP. Scale bars: 10 um.

4.1.2.7 Pore Generation via Porogens

Once a confined space had been created within the polymer particles, the next step was to
generate pores within the PLGA shell, in order to enable active penetration of bacteria from
the outside into the cavity. In general, substances that create pores within polymer matrices
and serve as pore-forming agents are referred to as porogens. Here, a variety of porogens
and strategies were tested to identify the most efficient method for forming trans-shell pores

of an appropriate size range for the desired application.

4.1.2.7.1 Pluronics®: F-127 vs. F-68

The initial polymer candidates identified as potentially suitable porogens were two distinct
types of Pluronic® (F-127 and F-68). This choice was made due to the fact that Pluronics®
are widely documented in the literature as polymers capable of inducing porous structures
in a multitude of materials.”® 6% 161 Some of the most important properties of the chosen

F-68 and F-127 are listed in Table 4-3.
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Table 4-3: Chemical properties of the two types of Pluronic®, F-68 and F-127."!

Properties F-68 F-127
EO units (average number) 153 200
PO units (average number) 29 65
Molar mass [Da] ~ 8400 ~ 12600

CMC in water [mol/L] 4.8 x 10* 2.8 x 10
HLB 29 22

EO: ethylene oxide, PO: propylene oxide, CMC: Critical micelle concentration, HLB: hydrophilic-lipophilic
balance

Generally, the mechanism of pore formation by Pluronics® can be attributed to the
amphiphilic character of the molecules. Immediately following the formation of an o/w
emulsion, Pluronic® molecules exhibit a tendency to migrate towards the organic/aqueous
interface, a phenomenon that can be attributed to their surface-active properties minimizing
the systems energy. As the solvent proceeds to evaporate, Pluronic molecules may exhibit
an aggregation tendency as a consequence of their amphiphilic nature. Subsequently, the
porogen agglomerates become entrapped within the PLGA matrix as a result of polymer
precipitation. The high water-extractability properties of Pluronics® facilitate the
dissolution of trapped polymer during subsequent washing steps, thereby creating a porous
structure.

The objective of this study was to evaluate the performance of F-127 and F-68 as porogens
for the formation of a desired pore structure that would facilitate bacterial penetration and
trapping. To this end, both materials were tested at different concentrations and
PLGA/Pluronics® ratios. HFE-7500 was chosen as the core-forming chemical for all
samples. Generally, all 4C samples including Pluronic® in the oil phase at the tested
concentrations exhibited a visible difference in surface structure and shape compared to
pure PLGA uCs. Firstly, both Pluronic® variants were tested at a PLGA-to-Pluronic® ratio
of 2:1 and respective concentrations of 25g/L. and 12.5g/L. The surface structure
underwent a notable transformation, evolving from a smooth and non-porous surface for
the pure PLGA capsules to a rougher and bumpier surface with the presence of small pores
for both F-127 and F-68 (SEM images in Figure 4-10). Nevertheless, the degree of porosity
was observed to be low in both cases. Only a limited amount/number of shell-permeating

pores were identified, which would impede bacterial penetration. Moreover, a considerable
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proportion of the particles within both samples did not exhibit the previously observed
spherical structure, but rather a partially formed, bowl-like structure with a single large
opening, analogous to a hemisphere (Figure 4-10). This observation might be also
connected to the hollow core formation, which was also detected to be affected by the
addition of Pluronics®. Especially F-127 at a concentration of 12.5 g/L and a PLGA/F-127
ratio of 2:1 exhibited a significant number of particles with either half formed cavity or a
complete absence of hollow spaces within the particles. This observation could be
attributed to the amphiphilicity of Pluronic®, which has the potential to disrupt the system
to such an extent that the formation of a complete core-shell morphology becomes
unfeasible. It is possible that the HLB value of the two porogens may be a significant factor
in this context (Table 4-3). The HLB value of F-127 is lower than that of F-68 (22 vs. 29),
making it a more suitable option for stabilizing hydrophobic substances in aqueous
solution. Given these characteristics, it is plausible that F-127 may function as a surfactant
at the DCM/HFE-7500/water interface, thereby reducing the surface energy and
consequently the system's overall energy.

Eriksson et al.!°! found that the complete formation of a core-shell morphology of a
PLGA/non-solvent system in a continuous aqueous phase occurs relatively late in the
process of evaporation. Furthermore, during DCM evaporation, the system was observed
to transition from an intermediate state, where the particles are "acorn"-shaped, to a core-
shell structure in the final stage of the formation process.!! This late transition in
morphology could provide a potential explanation for the observed bowl-shaped particles.
This hypothesis is supported by the observation that for some systems, the transition to the
desired core-shell structure is too slow, resulting in polymer precipitation occurring before
rearrangement was possible. This hypothesis is also supported by the observation that
increasing the viscosity of the system by adding Pluronic® while maintaining the solvent
concentration constant (i.e., increasing the overall polymer concentration in the oil phase)
further complicates phase rearrangement, thereby increasing the likelihood of "acorn"-
shaped particles, which ultimately result in bowl-shaped particles after freeze-drying.
Moreover, the ability of Pluronic® to form micelles is further increasing the viscosity of
the polymer phase!®?, compared to other porogens, promoting “acorn”-shaped particle
formation.

For both samples displayed in Figure 4-10, a PLGA/Pluronic ratio of 2:1 was used (total
polymer concentration: 37.5 g/L) while keeping the solvent volume at the same constant

volume as for all samples presented in the chapters before. By increasing the total polymer
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concentration, the viscosity of the DCM phase also increased. This could be one
contributing factor to the larger particle size of the PLGA/Pluronic/HFE-7500 particles
compared to the pure PLGA particles. As viscosity increases, it becomes more challenging
to break down oil droplets into smaller units, resulting in larger final particle sizes of
13.3£4.7um (N=200) and 16.3£4.9 um (N=200) for particles with F-127 and F-68 as
porogen, respectively.

The so far tested and presented compositions provided evidence that both types of
Pluronic® were capable of significantly altering the surface, shape, and porosity properties
of the polymer particles. However, none of the previously tested compositions led to 4Cs
with the desired properties, particularly in regard to porosity and overall structural integrity.
Consequently, a series of supplementary Pluronic® concentrations and PLGA/Pluronic®
ratios were subjected to testing and analysis. To reduce the number of bowl-shaped particles
and simultaneously maintain a certain degree of porosity, the Pluronic® concentration was
reduced to 6.25 g/L at a constant PLGA concentration (Figure 7-2B and Figure 7-3B). The
overall integrity was observed to be improved with a reduced number of bowl-shaped
particles and properly formed hollow cavities. In contrast, the porosity remained relatively
unchanged, with a low number of trans-shell pores.

To account for the influence of both the porogen and the overall polymer concentration on
the viscosity of the oil phase, the Pluronic® concentration was maintained at 6.25 g/L while
the PLGA concentration was reduced to 12.5g/L. By lowering the total polymer
concentration, the viscosity of the oil phase was reduced, which improved the xC integrity
and cavity formation. In the case of F-127, the porosity remained insufficient for the
intended application. In contrast, a significant increase in porosity was observed for the

sample in which F-68 was used as porogen at a concentration of 6.25 g/L (Figure 7-3C).
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B: Pluronic, F-68
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Figure 4-10: Comparison of uCs produced with two different types of Pluronic® as pore-
forming agents. PLGA and Pluronic® concentration was 25 g/L and 12.5 g/L, respectively.
(A) SEM (a and c) and fluorescent, CLSM micrographs (b and d) of uCs produced by using
F-127 as pore-forming agent. (B) SEM (a and c) and fluorescent, CLSM images (b and d)
of uCs produced by using F-68 as pore-forming chemical. Nile red was used as fluorescent
dye to label the polymer/DMC phase (orange). HFE-7500 was used as core-forming agent
for both samples. Scale bars: a) and b): 20 um, ¢) and d): 10 pm.

4.1.2.7.2 Polyethylene Glycol (PEG)

In addition to Pluronic®, another organic additive was evaluated as a potential porogen,
specifically PEG. Literature already reported pore-introducing effects of various PEGs with
differing molecular weights.”: 80 163. 164 Tg jdentify a suitable type of PEG for the presented
system, six different molecular weights (M: 600, 1,500, 2,000, 4,000, 6,000, 10,000 g/mol)
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and at least two different concentrations (i.e., 1.56 mmol/L, 3.13mmol/L, additionally
6.25 mmol/L for M of 2,000, 4,000 and 6,000 g/mol) were tested. Subsequently, the samples
were imaged and analyzed by SEM and CLSM in terms of their pore-forming performance.
Representative SEM and CLSM micrographs of all molecular weights and concentrations
are presented in the Appendix (Figure 7-4 to Figure 7-9). Generally, all samples which
included PEG within the DCM/PLGA/HFE-7500 oil phase exhibited discernible
differences in their surface structure relative to pure PLGA xCs produced without the use
of a porogen. The concentration of PLGA and HFE-7500 was maintained constant across

all tested samples.

The lowest molecular weight tested, PEGeoo, demonstrated the highest percentage of intact
1Cs, with no detected bowl-shaped particles, and a fully formed shell-core structure (Figure
7-4). The same high integrity was obtained for samples using PEG with a molecular weight
of 1.5kDa. Moreover, the presence of small pores was observed for both PEGeoo and
PEGis00 at the tested concentrations of 1.56 mmol/L and 3.13 mmol/L. However, the pore
size was observed to be notably small for both PEG types, which was considered
inadequate for effective bacterial penetration. The pore diameter of the sample prepared
with PEGeoo was analyzed to be in a range of 0.48 £ 0.16 um for PEGeoo and 0.45 £ 0.18 pm
for PEGis00 (Table 4-4). Given these relatively small average pore diameters, PEGegoo and
PEGis00 were excluded from the choice as potential porogen, since bacteria like E. coli with
an average diameter of ~ 0.25 - 1 um!*® would not be able to effectively penetrate through

the pores into the cavity.
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Table 4-4: Diameter of pores formed in uC shell by using PEG as porogen at different

molecular weights.

Sample Molecular Concentration  Average pore
weight of PEG of PEG diameter [pum]|
[g/mol] [mmeol/L] (N=100)
PEGs00 600 3.13 0.48£0.16
PEGis00 1,500 3.13 0.45+0.18
PEG2000 2,000 3.13 0.79+£0.33
PEGu000 4,000 3.13 2.04 £ 0.65
PEGs000 6,000 3.13 0.77 £0.55
PEGi0000 10,000 3.13 0.93+0.43

In light of the aforementioned observations, namely the high integrity and complete,
homogeneous shell-core structure, it can be posited that the addition of PEG did not exert
a significant influence on the solvent-diffusion/evaporation process. It was postulated that
PEG molecules with such a small molecular weight would be leached out from the
PLGA/DCM system into the aqueous phase before complete PLGA solidification, having
no significant impact on the uC appearance. This hypothesis is corroborated by the
observation that xCs including low molecular weight PEGs exhibit a comparable
morphology to those produced without the use of a porogen (PLGA/DCM/non-solvent
system, Figure 4-5). Moreover, the hypothesis that the majority of PEG was leached from
the oil phase into the aqueous phase prior to the completion of PLGA solidification was
further substantiated by the observation that altering the PEG concentration did not
significantly impact the porosity or pore diameter (Figure 7-5 a/b vs. ¢/d). Only a small
portion of PEG agglomerates seem to be trapped and retained within the PLGA shell of the
uC visible as small dark spots in the fluorescent CLSM micrographs, indicating free spaces
left behind by these PEG agglomerates after PLGA solidification (Figure 7-4 and Figure

7-5). These free spaces are then also partially visible in the SEM images as small pores.

The rapid leaching into the aqueous phase and subsequent ineffective pore formation of
PEGs with low M can be mainly attributed to the small molecule size of these PEGs (e.g.,
PEGe00, PEGis00). In general, it is anticipated that PEG will undergo phase separation
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during the solvent diffusion and evaporation process, given the hydrophilic properties of

PEG compared to the hydrophobic nature of the PLGA phase (Figure 4-11).

Figure 4-11: Schematic illustrations and representative CLSM images of the mechanism
to form hollow, porous x#Cs. PEGaoo0, HFE-7500 and PLGA were dissolved in DCM and
used in the oil phase as porogen and core-forming agent, respectively. An o/w emulsion is
created in an aqueous surfactant solution (green) (%, scale bar: 5 um). After adding the o/w
emulsion droplets to a large water volume (transition 7 to #1), organic solvent depletion at
the DCM-water interface occurred, leading to phase separation and droplet size reduction.
The process is accompanied by o/DCM/w droplet formation at the DCM/water interface
(t1a, red arrows). These droplets travel towards the center of the emulsion droplet (¢1b), fuse
and form the hollow core of the capsules (zic) (t1a-c: scale bar: 10 um). Further solvent
diffusion leads to phase separation, polymer precipitation and solidification (# and #, scale
bar: 5pum). The final freeze-dried uCs (fend, scale bar: 5pm) were utilized for post-

production modifications. Parts were created with BioRender.com.

In consequence, phase separation would result in the formation of regions within the PLGA

phase that are enriched in PEG. Subsequently, if the PLGA-PEG blend is exposed to an
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aqueous solution, the leaching of PEG will occur over time, dependent on the size of the
molecule and the rate of diffusion. In the event that the process of DCM evaporation and
PLGA solidification is completed in a shorter timeframe than the leaching of PEG from the
system, the latter will be trapped within the PLGA phase. Furthermore, the non-solvent
utilized for core formation will act to push the PEG agglomerates towards the periphery of
the PLGA shell (Figure 4-11¢1 and £2). Once the 4Cs have undergone complete solidification
and re-immersion in an aqueous solution, PEG will begin to leach out, leaving behind free
spaces or pores within the PLGA phase (Figure 4-11¢gnq). In light of the aforementioned
considerations, the primary aspects that must be taken into account in the presented system

are the molecular weight, the chain length, the amphiphilicity, and the PEG concentration.

Following the theory that the molecular weight and hence the molecule size of PEG is
critically important, the M was further increased to 2kDa. As with the previously tested
molecular weight, the formation of homogeneous capsules with high integrity and thin shell
walls was observed. The pore size at a concentration of 3.13 mmol/L was analyzed with a
size of 0.79 £ 0.33 um (Table 4-4 and Figure 4-12) indicating a slight increase in size
compared to the previously used M. Nevertheless, as for the tested Ms before, the observed
average pore diameter was assumed to be too small for successful bacteria penetration,

excluding PEG2000, as PEGeoo and PEGis00, as potential porogen.

The slight increase in pore size increasing M from 1.5 kDa to 2 kDa supports the assumption
that longer PEG chains with higher M might be more suitable as pore-forming agent due to
the reduced diffusion speed. Hence, M was even further increased to 4kDa, 6kDa and
10kDa. A notable change in porosity, along with a change in shell thickness and integrity,
was observed with PEG4o00. SEM images revealed a notable enlargement in pore diameter,
particularly at concentrations of 1.56 mmol/L and 3.13 mmol/L and also a fraction of bowl-
shaped particles presumably induced by the slightly increased viscosity due to increased
molecular weight of PEG (Figure 7-7). At high PEGao00 concentrations (6.25 mmol/L),
cavity formation was suppressed leading to solid particles and low xC integrity due to the
high overall polymer concentration in the sample (Figure 7-7 e and f). When comparing
the medium PEGao00 concentration of 3.13 mmol/L (Figure 4-13 and Figure 7-7c and d) to
the so far tested samples, it showed the highest degree of porosity so far with a pore
diameter suitable for bacteria penetration of 2.04 £ 0.65 um (Table 4-4 and Figure 4-12).
With the increased M, the diffusion of the PEG molecules was reduced, allowing DCM
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diffusion/evaporation accompanied with PLGA solidification to take place before PEG
could leach out from the oil phase. Hence, during the diffusion/evaporation and
solidification process, PEG still tends to diffuse towards the aqueous phase, but at a
decreased diffusion speed. Along this way, it tends to form hydrophilic PEG agglomerates
to minimize the overall surface energy in the hydrophobic PLGA/DCM phase. Moreover,
the CLSM images show that the larger molecule chain length also affects the overall
formation process leading to a less homogeneous shell wall and cavity. Nevertheless, the
drastically improved porosity, as well as the still comparatively high integrity of the x#Cs
made PEGuoo0 a suitable porogen (Figure 4-13).

To explore whether further increasing the M would lead to even larger pores, two additional
types of PEGs with 6 kDa and 10kDa were tested (Figure 7-8 and Figure 7-9). Surprisingly,
the trend of increasing pore diameter with larger PEG chain length did not continue.
Instead, the measured pore diameter dropped to an average diameter of 0.77 = 0.55 um for
PEGesooo and 0.93 £0.43um for PEGiooo (Table 4-4 and Figure 4-12). A detailed
examination of the CLSM micrographs of these two PEG types revealed that, particularly
at elevated PEG concentrations, the uC formation process was significantly affected,
resulting in the complete inhibition of cavity formation. For PEGeooo at the lowest
concentration, capsule formation was still possible and resulted in particles with similar
morphologies as uCs prepared with PEGao00 as porogen (Figure 7-8a and b). Nevertheless,
increasing the concentration led to a high portion of solid and incompletely formed particles
with small pore diameters (Figure 7-8c-f). Particles produced with PEGioooo showed
deformed, incomplete and solid particle formation at a concentration of 1.56mmol/L
(Figure 7-9a and b). Further increasing the PEG amount led to cavity formation but with

thick shell walls and drastically altered surface structure (Figure 7-9c and d).

It is also noteworthy that by comparing the same molar masses but increasing the Ms and
hence the chain lengths of the used PEGs, the gravimetric polymer concentration also
increases. Consequently, the percentage of PEG in the oil phase increases substantially for
PEGs with higher M. This continuously rising portion of porogen in the oil phase appears
to influence the process of uC formation and pore formation, thereby altering the

equilibrium of the system to a degree that 4C formation becomes infeasible.
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Figure 4-12: The frequency histogram illustrates the diameter of the pores created by the
use of PEG as a porogen with varying molecular weights (M/). A Gaussian distribution was
fitted to the histograms. Six different M were tested (600 Da, 1.5kDa, 2kDa, 4kDa, 6kDa,

10kDa) at a concentration of 3.13mmol/L. N = 100 for each condition.

After analyzing the x#C integrity and pore-forming performance of the six chosen types of
PEGs via SEM and CLSM, PEGuao00 at a concentration of 3.13 mmol/L was identified as
the most suitable porogen for the desired applications. Hence, all future experiments
executed in the course of this work were done with uCs containing PEG4o00 as porogen.
Nevertheless, note that the pore diameter was extracted from SEM micrographs, showing
only pores visible from the outside of the #C, lacking proof that these pores are completely
formed trans-shell pores. Therefore, further investigations using cryo-SEM and bacteria

uptake efficiency tests were necessary to ensure that the pores were trans-shell and practical

for bacteria penetration.

To further investigate the porosity created by PEGao00, additional analysis by cryo-SEM of
1Cs with PEGaoo0 was executed. Cryo-SEM is a technique where samples are shock frozen
and fractured at -150°C. Microparticles were fractured and cracked open under high
vacuum conditions with the help of a sharp knife. This provides an opportunity to view the
uCs cavity, offering deeper insight into the shell structure and inside porosity of the uCs
(Figure 4-13c and d). Cryo-SEM analysis revealed a porous structure for the capsule out-
and inside supporting the choice of PEGao00 as a suited porogen. Nevertheless, some hollow
spaces inside the polymer shell, connecting the outside with the capsule interior, seem to

be separated by thin PLGA walls, assumed to prevent complete and effective bacteria
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penetration. To further investigate this assumption, actual bacteria penetration tests were
conducted to provide insight into the trapping efficiency of the produced uCs.

PLGA: 25 mg/mL; PEG(4000): 3.13 mmol/L; HFE-7500

Figure 4-13: Representative (cryo-)SEM (a and c-d) and CLSM (b) images of uCs
produced with PEGuaoo0 as porgen. Nile red (orange) was used to fluorescently label the
PLGA phase (b). Microcapsules were freeze-fractured by cryo-SEM (c and d) to analyzed
the inside porosity as well as the polymer shell structure. Scale bars: a) and b): 10 um, c):

Sum, d): 2 um.

4.1.2.8 Pore Generation via Solid Templates

4.1.2.8.1 Calcium Carbonate (CaCQj3) particles

The polymeric porogens described in the previous sections were successfully used as pore-
forming agents, aggregating during the 4C formation process and leaching out afterwards,
creating a porous structure. Another method also considered as template method, was the
use of solid template particles (e.g., CaCOs particles), integrated in the shell, acting as
spacers and removed or dissolved afterwards. The implementation of this method in
combination with the previously described polymeric porogens has the potential to yield

enhanced porosity. Generally, the template particles should consist of a biodegradable
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material with pre-selected properties according to the characteristics the final pores should
offer. Here, CaCOs particles were chosen as template particles, which were added to the
initial oil phase as solid, spherical particles with the desired pore dimensions. Furthermore,
the template material should not dissolve in the solvent (i.e., DCM) or break while applying
emulsification shear forces. Ideally, the template particles arrange randomly but centered
within the polymer shell, connecting the interior with the outside environment. For template
removal, an appropriate washing solvent is used, dissolving the template particles but not
the polymer particles. In case of CaCOs, hydrochloric acid (HCI) can be used to dissolve
the integrated particles. Since PEG was already identified as a promising porogen, the
template particles were only used in addition to PEG to investigate further improved

porosity properties of the uCs.

The objective was to achieve a particle size of approximately 1 -4pum in diameter to
achieve pores with a suitable diameter for bacteria penetration. Moreover, to achieve a
better integration into the PLGA shell, the template particles were first coated by a layer-
by-layer coating using poly(styrene sulfonate) (PSS) and poly(allylamine hydrochloride)
(PAH), followed by one layer of PLGA. The layer-by-layer coating was based on the
electrostatic interaction of the two polymers, since PAH and PSS are positively and
negatively charged, respectively. Since bare CaCOj particles offer a negative charge in the
utilized NaCl-containing coating solution, ' positively charged PAH was applied to bind
as first coating layer. Electrostatic interactions were also used for the outermost layer, since
PAH interacted here with the negatively charged PLGA.!%® Template particles were then
added before emulsification to the oil phase during the uC formation. After complete
formation, polymer solidification and uC collection, the particles were immersed in a HCI

solution to trigger dissolution of CaCOs.

Analysis of the produced CaCOs particles revealed an average particle size of
3.25 £ 0.4 um. This size was considered adequate for the application of the particles in the
subsequent experiments (Figure 4-14a). (Cryo-)SEM analysis provided evidence that the
particles were successfully integrated into the PLGA uCs (Figure 4-14c, white arrows)
creating large hollow spaces. Nevertheless, the presence of large agglomerates of single
template particles on the uC surface was observed, resulting in a rough surface texture
(Figure 4-14b, white arrows) significantly affecting the capsule’s shape. Despite the
template particles exhibiting a size range comparable to that of the xC shell, no significant

enhancement in porosity was observed due to the non-central positioning of the particles
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within the shell. Hence, the effect of the CaCO3; was observed to be rather detrimental,
achieving no improved porosity and negatively affecting the surface structure due to the
large number of agglomerates. Moreover, spherical particles were not the optimized shape
for the intended purpose. For this reason, the template method using CaCOs particles as

spacer was not pursued further.

Bl b)

CaCoO:s particles

Figure 4-14: SEM micrographs of uCs produced with CaCOj particles as pore template.
a) CaCOs particles after production and before integration in PLGA uCs. Scale bar: 2 pm.
b) PLGA uCs with CaCOs particles as porogen after HCI treatment. White arrows indicate
agglomerates of template particles on the xC surfaces dissolved by HCI. Scale bar: 5 pm.
¢) Zoom-in of freeze-fractured 4C. White arrows indicate free spaces left behind by the

CaCO; particles. Scale bar: 20 pm.

4.1.2.9 Bacteria-Microcapsule Penetration Tests and Post-Production Etching Process

PEGuo00 was identified as the porogen of choice producing a porosity with the most suitable
pore size and quantity of pores among the tested approaches. To further analyze the trans-
shell nature of the pores formed by PEGao00 and the uptake efficiency of the uCs, bacteria
(i.e., E coli) were added to the produced, freeze-dried, porous uCs. Note that E coli was
chosen as bacterium due to its own and active swimming motion, which enabled active
penetration of the bacterium into the 4C cavity if the particles offer large enough trans-
shell pores. By fluorescently labeling the #C shell with nile red (Figure 4-15, orange) as
well as the bacteria by SYTO 9 (green), it was possible to detect trapped bacteria cells
within the hollow cavity of the uCs (white arrows in Figure 4-15). Nevertheless, the
occurrence of bacterial entrapment and retention was detected on a limited basis,
suggesting that the pores generated by PEG used as porogen were predominantly no trans-

shell pores. This validates the previously stated apprehension that the shell offers a high
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degree of porosity but the free spaces created by agglomerates of PEG were still separated
by thin polymer walls, preventing bacteria from complete penetration into the inner hollow

cavity.

Untreated - Non-etched

PLGA: 25 mg/mL; PEG(4000): 3.13 mmol/L; HFE-7500

Figure 4-15: Low (a) and higher (b) magnification CLSM images of porous xCs (orange)
added to a bacteria (E. coli, green) suspension to analyze bacteria penetration into the uC
cavity. uCs were directly used after production and freeze-drying; no additional treatment
was executed. White arrows indicate bacteria trapped within xC cavities. Scale bars: 20 pm.

Parts were created with BioRender.com.

To improve the efficiency of bacteria penetration, an additional post-production etching
treatment step of the uCs was imperative. To improve the bacteria-capturing properties,
PLGA was partially hydrolyzed using a NaOH solution to achieve trans-shell pores suitable
for effective bacteria penetration. This process triggered PLGA hydrolysis, breaking down
the ester linkages of the co-polymer into its monomeric components, glycolic acid and
lactic acid.®” Such a polymer degradation process was reported in the literature to enlarge
the pores and increase porosity. '®7 The hydroxide ion (OH") attacks the electrophilic
carbonyl carbon as a nucleophile, facilitating the cleavage of the ester bond and forming a

carboxylic acid and a primary alcohol (Figure 4-16).!68
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Ester-terminated PLGA Intermediate state
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Figure 4-16: Degradation process and breakdown of the ester bond of PLGA via
nucleophilic attack of NaOH. The OH ion acts as a nucleophilic attacking the electrophilic
carbonyl carbon forming an unstable intermediate state. The intermediate state rearranges

resulting in a carboxylic acid and a primary alcohol due to the ester bond breakage.

This breakdown of the ester bonds, which occurred in a basic environment, led to the
accelerated degradation of the thin PLGA walls that separated the hollow cavity from the
external environment. For this purpose, it is important to identify an appropriate balance
between the degree of etching to ensure trans-shell pores while maintaining the
microcapsules’ integrity and preserving a certain degree of mechanical stability. Hence, the
freeze-dried uCs were immersed in a 1.25% (w/v) NaOH solution for either 2 or 4 min and
analyzed by SEM (Figure 7-10). An NaOH-treatment time of 2 min already showed a
significant difference compared to the untreated uCs (Figure 4-17 and Figure 7-10a/b
versus c/d) in terms of porosity. Capsules treated for 2min offered a visibly increased
degree of porosity with an enlargement of the pre-formed pores and the formation of new,
additional pores. Additionally, the pre-existing pores, initially covered by a thin layer of
PLGA on the outer particle surface, were exposed following degradation and removal of
this top layer. The supposition that the applied etching treatment resulted in the degradation
of the thin polymer walls between the pre-formed pores, as well as the formation of new
pores, was validated through the implementation of the identical etching procedure on uCs
produced without porogen (Figure 7-11). The process resulted here in a marked increase in
surface roughness and porosity of the originally smooth, non-porous capsule surface
(Figure 7-11c and d). In order to examine the potential for further enhancement of these
properties, an extended etching time period of 4 min was subjected to testing (Figure 7-10e

and f). Due to the rapid degradation of PLGA under these conditions, the extended
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treatment duration resulted in an 'over-etching' state. The uCs had already undergone such
extensive degradation that some of them had lost their spherical shape. Consequently, an
etching duration of 4 min at a 1.25% (w/v) NaOH concentration was regarded as excessive
for obtaining the desired characteristics. Moreover, such extensive degradation would have
a substantial negative impact on the mechanical stability of the particles due to the

substantial degree of degraded polymer.

PLGA: 25 mg/mL; PEG(4000): 3.13 mmol/L; HFE-7500

Untreated

Treated - Etched
+NaOH

Figure 4-17: SEM micrographs showing the comparison between untreated (a and b)
versus NaOH-treated (c and d) uCs produced with PEGao00 as porogen. Treated uCs were
etched for 2 min in an aqueous (1.25%, w/v) NaOH solution resulting in PLGA degradation.
Scale bars: a) and c¢): 10 um, b) and d): 5 um.

To further investigate the particle properties after etching and to prove the porosity increase

after post-production etching treatment, zeta ( { -) potential measurements as well as the

number of pores per apparent area were evaluated. Untreated x4Cs revealed a negative
charge of -40.8+£6.2mV which was even further decreased down to a value
of -74.9 £ 11.6mV for the NaOH-treated sample (2 min), as PLGA degradation leads to the
exposure of carboxylic acid and hydroxyl groups on the particles’ surface contributing to a
more negative surface charge (Table 4-5). The porosity analysis was conducted by

determining the number of pores per unit area of 951.2 um?, which corresponded to the area
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of an average uC with a diameter of 17.4 £ 3.9 um, as determined for the xCs under study.
The analysis yielded an average number of 20 pores per average 4C. In comparison, the
NaOH-treated #Cs exhibited an average of 209 pores per average xC, indicating a more
than ten-fold increase in pore number. To ensure effective bacteria penetration and to
minimize the chances for bacterial escape from the uC inside, a pore diameter threshold
was implemented for the analysis and set to 0.5 - 4.5 um (dk. coli ® 0.25-1 um'#®). Applying
this threshold to the analysis, the pore size was measured to be in the range for 1.5 £ 1.0 um
for the untreated x#Cs. Due to the creation of new pores the average pore size for NaOH-
treated uCs was analyzed to be smaller (0.9 £ 0.5 um), but still in a range for bacteria to be
able to penetrate through. These improved porosity properties for the NaOH-treated
particles facilitated an improved probability for bacteria, especially motile bacteria, to meet

a pore and actively enter the hollow cavity inside the particles.

Table 4-5: Comparison of physico-chemical properties of 4Cs before versus after NaOH-
treatment (2 min, 1.25% (w/v)).?

Properties Untreated NaOH-treated
Zeta potential [mV] -40.8 £6.2 -749+11.6
Average number of pores 20 209

per area of 951.2 pm?
Average pore diameter [um] 1.5£1.0 0.9+0.5

*The surface area of 951.2 um? corresponds to the surface area of uCs with diameter of 17.4 um which was

calculated as the average diameter for capsules produced at these conditions. The pore diameter threshold

was set to 0.5 — 4.5 um for the statistical analysis.

In the next step, experiments incubating the 4Cs with bacteria were aiming to provide
evidence for increased penetration and retention of the bacteria cells inside the hollow
cavity. The ability of the bacteria to penetrate the uCs was analyzed via CLSM. An
additional washing step was added after incubation to remove the bacteria surrounding the
particles. This allowed for improved visualization and simplified differentiation, so that
only trapped and retained bacteria were visible in the fluorescent channel. Figure 4-18
shows an improved trapping efficiency of bacteria of the NaOH-treated particles compared
to the untreated uCs (Figure 4-15). The result indicated that the NaOH-treated uCs

exhibited not only an increased porosity but also a greater proportion of trans-shell pores,
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thereby confirming the efficacy of the etching procedure as a reliable method for enhancing

porosity.

Treated - Etched

PLGA: 25 mg/mL; PEG(4000): 3.13 mmol/L; HFE-7500

Figure 4-18: Low (a) and high (b) magnification CLSM micrographs of etched uCs
(orange), treated for 2 min with an aqueous NaOH solution (1.25% (w/v)) and immersed
in a bacteria (E. coli, green) suspension to account for bacteria penetration and retention.

Scale bars: 20 pm. Parts were created with BioRender.com.

To further investigate the penetration and retention behavior of the NaOH-treated particles,
uCs were tested and analyzed at different concentrations of bacteria. For this purpose, a
constant concentration of post-production etched uCs was co-cultured with E coli at
varying concentrations. Such an experimental design also allowed for accounting for
bacterial escape over time from the uC cavity. Especially at high bacteria concentrations,
large numbers of bacteria cells were accumulated and trapped, which made distinguishing
single cells increasingly difficult. Thus, capsules with a large number of trapped bacteria
were assumed to include 25 cells/capsule on average. The results indicate a clear
correlation between the efficiency and the number of bacteria cells in the surrounding
medium, with a marked increase in efficiency with increasing cell number (Figure 4-19a).
This observation emphasizes the statistical probability of motile bacteria encountering a
uC pore and subsequently entering the hollow cavity. Furthermore, the observation of a

high concentration and accumulation of bacteria within the cavity of uCs serves as evidence
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supporting the hypothesis that the number of bacteria entering the 4Cs exceeds the number

escaping (Figure 4-19b).

a) b)

Figure 4-19: Uptake and trapping efficiency of post-production etched uCs at varying
E. coli concentrations. a) Average number of E. coli captured by uCs (N = 50 capsules per
concentration). b) Representative CLSM micrographs of post-production etched uCs
(orange) with trapped bacteria (green) at a bacteria concentration of 8 x 10%cells/mL.
Single cell counting was not possible for capsules with large number of accumulated and
trapped bacteria inside the hollow cavity, thus an average number of 25 bacteria/capsule

was assumed for these cases. Scale bars: 20 um.

4.1.2.10 Microcapsule Uptake Efficiency: Motile vs. Non-Motile Bacteria

As shown previously, the degree of porosity plays a critical role to achieve efficient bacteria
trapping and retention. Nevertheless, bacterial penetration through the pores into the hollow
cavity is mainly driven by the bacteria’s own mobility. Hence, achieving penetration for
non-motile bacteria without actively attracting them is challenging. To investigate the
behavior of non-motile bacteria in the presence of porous, post-production treated PLGA
uCs, capturing experiments were conducted with Staphylococcus sciuri (S. sciuri) and
compared to the behavior of motile E. coli (Figure 4-20). As already presented and
discussed in the previous chapter, E. coli cells were able to actively enter the uC cavities
with a high efficiency by their own swimming motions (Figure 4-20a). While E. coli
demonstrated a higher tendency to enter the cavity, it was only in a limited number of cases
that non-motile bacteria cells (S. sciuri) entered the hollow cavity, a phenomenon that can

be attributed to the absence of swimming motions in these cells. Interestingly, S. sciuri cells
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were observed to stick and accumulate around the uCs (Figure 4-20b). This increased
accumulation of bacteria cells around the 4Cs was attributed to a combination of facts.
Firstly, the NaOH etching treatment increased the surface roughness, thereby enlarging the
surface area available for potential adhesion. Secondly, PLGA particles are known to

exhibit an overall hydrophobic character # 16

, a property that is also possessed by gram-
positive bacteria such as S. sciuri. The main factor here contributing to a hydrophobic
character of the bacteria is their thick peptidoglycan layer within the bacterial cell wall
including teichoic acid.!’®!”? Consequently, S. sciuri was presumed to exhibit a general
propensity for adhesion to hydrophobic surfaces, which would naturally incline it toward
greater adhesion to PLGA particles. Another aspect which was necessary to consider was

electrostatic forces acting in the system. Bacteria are known to offer a net-negative surface

charge.!” A negative ( -potential was also reported for the uCs leading to repulsive

electrostatic forces acting between the particles and bacteria. However, the observed active
accumulation around the uCs suggested that the repellent electrostatic forces were
surpassed by the attractively acting hydrophobicity and the increased surface roughness.
Moreover, gram-positive bacteria offer a decreased negative surface charge compared to

3

gram-negative bacteria,!”® making adhesion and accumulation easier for gram-positive

pathogens.

Given the fact that non-motile bacteria lack the capacity to penetrate the confined space of
the uCs, it was necessary to further upgrade the designed particles to create an effective
system capable of addressing bacterial contaminations for both types of bacteria (non-
motile and motile). To achieve a system capable of killing both trapped motile and
accumulated non-motile bacteria, further xC modifications were necessary. To this end, the
particles' surface was decorated with PLGA-functionalized gold nanorods (AuNRs),

capable of generating heat by means of NIR light in a highly localized manner.

101



Modular Porous Polymer-Based Microcapsule System for Trapping and Light-Triggered
Killing of Bacteria

PLGA: 25 mg/mL; PEG(4000): 3.13 mmol/L; HFE-7500 + NaOH-treated
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Figure 4-20: CLSM micrographs comparing bacterial penetration behavior of between
motile E. coli (a) and non-motile S. sciuri (b) into post-production NaOH-treated uCs.
Bacteria cells were stained with STYO 9 (green). Scale bars: 20 um. Parts were created

with BioRender.com.

4.1.3 Gold Nanorods (AulNRs)

In order to introduce an antibacterial effect and effectively kill different types of bacteria
in a localized manner, the polymer 4Cs were functionalized by AuNRs. These particles
have the unique properties of strongly absorbing light resonating with the oscillation of
their surface plasmons. This oscillation in turn is rapidly converted via a photothermal
process into heat used here to kill bacteria. The following chapters will first describe the
synthesis and functionalization of the AuNRs necessary to achieve a high covering rate of

the AuNRs on the uC surface and to suppress toxic effects.

4.1.3.1 AuNR Synthesis

Particles were synthesized with and stabilized by cetyltrimethylammonium bromide
(CTAB) (Figure 4-21a, left) based on the protocol of Mbalaha et al.'*” with slight

modifications to achieve the desired particle properties. The AuNRs were designed to
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exhibit an aspect ratio (4AR) of 4, corresponding to a rod size of approximately 40nm in
length (L) and 10nm in width (W). By adjusting the amount of silver nitrate employed
during the AuNR synthesis, the AR and with that the absorbance maximum was tuned to
the targeted wavelength of approximately 808 nm. NIR light has already found extensive
use in various medical applications due to its favorable properties, which include its ability
to penetrate deep into tissue with minimal damage to the tissue.!’* !7° Thus, this wavelength
was considered suitable for the desired application. After AuNR synthesis, the absorbance
spectrum of the CTAB stabilized rods (Figure 4-21b, red, solid line), as well as the length
and width of the particles were extracted by UV-vis spectroscopy and SEM (Figure 4-21c
and d). A characteristic absorbance spectrum was observed, exhibiting two surface plasmon
resonance bands (SPR). The minor peak at approximately 508 nm corresponds to the
transverse surface plasmon band (TSPB) induced by the surface electrons oscillating along
the short axis of the rod-shaped particles. The second major peak presenting the absorbance
maximum was detected at exactly 808 nm and was induced by the plasmons oscillating
along the long axis of the rods in the longitudinal surface plasmon band (LSPB). With this
characteristic two peak spectrum, a successful AuNR production with the desired properties
was proven. The rod shape was further confirmed by SEM showing properly formed rods
(Figure 4-21c, left) and desired dimensions (Figure 4-21d, left). Nevertheless, the presence
of the highly toxic CTAB stabilizing the AuNRs !’ made an additional functionalization

step unavoidable.

4.1.3.2 AuNR Functionalization by PLGA-SH

An AuNR-functionalization protocol was established based on the CTAB removal protocol
of He et al. '%. Further adjustments of the protocol were necessary since the hydrophilic
CTAB was needed to be replaced by hydrophobic PLGA-SH which made a phase transfer
from aqueous to organic phase necessary. In the first step, NaBH4 was added to the freshly
synthesized AuNRs removing the CTAB molecules from the gold surface. According to He
et al.!? the removal was facilitated by the hydride ion of NaBH,4 replacing the CTAB
molecules from the gold surface due to its strong affinity. Subsequently, the H> gas was
formed in water due to hydride ions dissociating from the gold surface leaving a bare gold
surface free for binding other molecules. At this point, hydrophobic PLGA-SH dissolved
in DCM was added serving as new caping agent to avoid re-binding of CTAB or

agglomeration of the rods. Due to the fact that thiolated molecules from a strong covalent
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bond between the sulfur atom of the thiol group and gold surfaces !”7, the AuNRs were
assumed to be rapidly stabilized by the PLGA-SH (Figure 4-21a, right). This process was
also accompanied by the transfer of the AuNRs from aqueous to organic phase due to the
hydrophobic properties of PLGA-SH. With the present PLGA-functionalization, it was no

longer possible to re-disperse the AuNRs in an aqueous solution (Figure 7-12).

a) b)

Figure 4-21: Comparison of AuNRs coated with CTAB versus PLGA. a) Schematic
illustration of CTAB (black) and PLGA (blue) molecules bound to the gold surface. b)
Absorbance spectrum of CTAB (red, solid line) and PLGA coated (blue, dashed line). c)
SEM images of AuNRs right after synthesis stabilized by CTAB (left) and after PLGA
coating (right). Scale bars: 50 nm. d) Size distribution of CTAB (left, red) and PLGA (blue,
right) stabilized AuNRs (N = 100). Parts were created with BioRender.com.

This finding provided evidence for the successful removal of CTAB and the effective
PLGA functionalization process. Moreover, the UV-vis spectrum showed the same two
characteristic SPR bands. For the TSPB of the PLGA-coated AuNRs no peak shift was
detected, which is consistent with previous observations that the TSPB was found to be
insensitive to size and refractive index changes.!?! In contrast, the absorbance maximum
corresponding to the LSPB, shifted slightly to higher wavelengths (826 nm), which can be
attributed to refractive index (R/) changes caused by the different capping agents. PLGA
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(1.46-1.47) '8 as well as DCM (1.42) ' offer a higher RI compared to CTAB (= 1.435)
125, 180 and water (1.33) '8!, which might be one explanation causing an absorbance shift.
Furthermore, the SPR band is known to be sensitive to changes in the dielectric constant of
the medium surrounding the rods.!?° Hence, the change of surrounding medium from water
to DCM might be another explanation for the slight shift of the LSPB. SEM micrographs
supported the observation of properly formed AuNRs (Figure 4-21c, right) without
significant size changes due to the coating procedure (Figure 4-21d, right). A
comprehensive evaluation of the collected data yielded substantial evidence that the PLGA-

functionalization process of the rods was successful.

4.1.4 Functionalization of Microcapsules by PLGA-Coated AuNRs

The successfully PLGA-functionalized AuNRs were utilized in the 4C formation to obtain
AuNR-decorated porous polymer xCs for the use of trapping, retaining and killing bacteria.
For this purpose, the PLGA-functionalized AuNRs were added to the oil phase during uC
production. Both, non-functionalized and AuNR-functionalized uC were exposed to the
NaOH treatment. SEM analyses were executed to confirm proper capsule formation, high
surface coverage of AuNRs on the polymer surface and the integrity of the AuNRs. These
experiments revealed a high surface coverage and equally distributed AuNRs on the surface
of the microcapsules (Figure 4-22b-d). Moreover, cryo-SEM analysis confirmed the
presence of PLGA-coated AuNRs on the inner shell of the 4Cs, allowing for local heat
generation not only on the xC surface but also within the cavity. Furthermore, the AuNRs
on the surface did not appear to be affected by the post-production etching procedure

applied to the microcapsules after production. ( -potential measurements of the non-

etched, AuNR-decorated capsules revealed a decreased value of -46.1 £ 3.8 mV compared
to the non-functionalized capsules, proving that the major properties of the particles were

not drastically altered by the implementation of the AuNRs.
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Figure 4-22: Porous, polymer-based xCs functionalized with AuNRs. a) Schematic
illustration of a uC functionalized with PLGA-coated AuNRs on the surface. b)-d):
Increasing magnification SEM images of AuNRs on the surface of a post-production etched
PLGA- uC. e)-): Cryo-SEM images of freeze-fractured 4C and the present AuNRs on the
inside of a microcapsule’s hollow cavity. Scale bars: b) and e): 5Sum, c¢) and f): 1 um, d):
500nm. Images e) and f) taken and provided by Ariadna Benimeli Borras. Parts were created

with BioRender.com.

4.1.5 Cell Viability Tests with Microcapsules

In order to apply the developed system in the context of medical applications, it was
necessary to analyze the biocompatibility properties of the optimized uCs. Non-
functionalized (Figure 4-23, green, solid line) as well as AuNR-decorated (Figure 4-21,

blue, dotted line) uCs after NaOH-treatment were tested at two different concentrations
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(0.01 g/L and 0.5 g/L). The selection of fibroblast cells as the model was based on two key
factors: their capacity for rapid proliferation and their established reliability as a model
system. Following a 24h incubation period with distinct types of uCs, fibroblast cells
exhibited nearly 100% viability across all conditions tested, as well as no significant
variations compared to the positive control, which represented untreated, cultured cells. A
slight decrease in viability was detectable for AuNR-decorated particles at the lowest tested
concentration. Nevertheless, the mean cell viability was still found to be 92%. These
findings indicated a high degree of biocompatibility for both capsule types and confirmed
the absence of cytotoxic effects induced by the incorporation of AuNRs into the system.
Furthermore, the findings confirmed the successful removal of CTAB from the AuNR
surface through the established coating procedure, thereby ensuring the absence of

detectible toxicity.

Figure 4-23: Luminescence viability tests using fibroblast cells with non-functionalized
(green, solid line) and AuNR-functionalized (blue, dotted line) uCs at two different
concentrations (0.01g/L and 0.5g/L) after 24h. Positive control represents untreated

fibroblast cells. ns: p > 0.05. Parts were created with BioRender.com.

4.1.6 Bacteria Viability Tests with Microcapsules

Prior to the testing of the actual killing properties of the 4Cs induced by the implemented

AuNRs on the polymer surface, the viability of bacteria was tested in the presence of
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AuNR-functionalized ¢Cs. This analysis was conducted to ensure that the potential killing
properties of the AuNR-functionalized particles were not induced by the mere presence of
AuNRs in the system, but rather by NIR light-triggered heat generation. A live/dead
staining assay was utilized for this purpose, in which all bacteria cells were dyed in green
(E. coli: Figure 4-24, top row, S. sciuri: Figure 4-24, bottom row) and only dead bacteria
exhibited a green as well as a red signal detected in the fluorescent channel of the CLSM.
A comparison of the bacteria cultures incubated with AuNR-functionalized, etched uCs
after 24 h (Figure 4-24a and b) with bacteria cultured without additives (Figure 4-24c-d)
revealed no detectable increase in the amount of dead bacteria. This finding suggests that
the mere presence of AuNR-functionalized uCs did not elicit increased toxicity against

either of the two bacterial types.
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Figure 4-24: CLSM micrographs of live (green) and dead (red) E. coli and S. sciuri cells
in the presence of AuNR-functionalized, post-production treated #Cs (a and e). Bacteria
were cultured in minimal medium (b and f) as a negative control and in 70% (v/v) Ethanol
(EtOH) as positive control (¢ and g). Quantification plots representing the percentage of

live versus dead bacteria cells at the different conditions (d and h). Scale bars: 50 um.
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4.1.7 Killing Performance of Single AuNR-Functionalized Microcapsules

The most important experiment to provide a proof of principle of the developed system was
to test for NIR light triggered bacteria killing via the AuNR generated heat. A customized
laser setup was incorporated into the experimental workflow (Figure 4-25) to ensure the
achievement of optimized, experiment-specific conditions. Firstly, the different bacteria
types (E. coli and S. sciuri) were incubated (Figure 4-25, step 1) with the different 4 C types
(Figure 4-25, step 2). Non-functionalized, NaOH-treated uCs were utilized as control. In
the third step, a customized microfluidic device was flushed with the uC-bacteria mixture
to immobilize the uCs in the channel and allow for single particle illumination and
visualization (Figure 4-25, step 3). The trapped particles were irradiated by the 808 nm

NIR-laser setup at a predetermined power rate and time period (Figure 4-25, step 4).

Figure 4-25: Schematic illustration of experimental workflow of uC-bacteria-laser
experiment. 1) and 2) Bacteria were cultured and incubated with x#Cs for 1 h. 3) The sample
was irradiated through the objective with an 808 nm laser. 4) A customized microfluidic
device was utilized to immobilize, irradiate and analyze the 4Cs and the live/dead state of

the bacteria before and after NIR-treatment. Created with BioRender.com.
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The live/dead state of the bacteria was visualized through the implementation of a live/dead
staining assay, which employed the green SYTO 9 and the red propidium iodide (PI) as
fluorescent dyes. SYTO 9 can penetrate the cell membrane to bind to nucleic acid of both
live and dead cells. In contrast, PI is only able to bind to nucleic acid in case of a ruptured

cell membrane, thus only staining dead cells.!%?

To validate the system's capacity to eliminate bacteria, a maximum illumination duration
of 10min at high laser power (6.5 W/cm?) was chosen. Both bacteria types (E, coli: Figure
4-26a, S. sciuri: Figure 4-26b) were tested with AuNR-functionalized and post-production
etched uCs. Comparing the CLSM images, before versus after NIR-laser treatment, a clear
bacterial killing effect was observed for both bacteria. Prior to the application of NIR light
(Figure 4-26a and b, left panels) negligible fluorescent signal in the red channel,
corresponding to the PI signal, was observed for both types of bacteria, suggesting high
bacterial viability. However, a notable shift in this dynamic was observed following the
application of NIR light for a duration of 10 min. The presence of a significant PI signal

indicated a substantial quantity of dead bacteria (Figure 4-26a and b, right panels).
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Figure 4-26: NIR light triggered bacteria killing induced by AuNR-functionalized uCs.
CLSM micrographs of E. coli- (a) and S. sciuri- (b) loaded AuNR-functionalized uCs
before (left panels) and after (right panels) NIR-laser treatment. Samples were radiated at

808 nm for 10 min at 6.5 W/cm?. Scale bars: 20 um. Parts created with BioRender.com.
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It was observed that bacteria in close proximity to the 4Cs were killed, while bacteria cells
distant from the AuNRs implemented on the #Cs remained viable and appeared to be
undamaged by the heat generation. This observation provides evidence that the heat was
produced in a highly localized manner. Another observation made during the course of the
experiments was the partial deformation of some uCs subsequent to the application of NIR
light. This finding indicates that a high temperature was generated, which exceeded the
glass transition temperature of the uC polymers. In the case of E. coli, as a motile
bacterium, the majority of the cells were trapped and successfully killed inside the hollow
cavity. However, a similar efficient and successful killing process was observed for the
non-motile S. sciuri cells that accumulated around the uCs. These findings provide
evidence that the system was capable of eliminating diverse bacterial strains, which were
inside or in close proximity to the #Cs. In the subsequent stage of the experiment, it was
essential to verify that the system's antibacterial efficacy was exclusively attributable to the
AuNR-induced heat generation and that NIR radiation did not exert harmful effects on
bacteria in general. For this purpose, the previously described experiment was executed
with non-functionalized uCs. By focusing on the PI signal in the red fluorescent CLSM
channel, no signal increase was detected before versus after laser application, indicating a
non-harmful effect of the NIR-laser treatment itself (Figure 4-27). This finding serves to
further substantiate the conclusion that the previously observed effect of cell death can be

exclusively attributed to the presence of AuNRs on the xC surface.
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Figure 4-27: CLSM micrographs of E. coli- (a) and S. sciuri- (b) loaded, non-
functionalized uCs before (left panels) and after (right panels) NIR-laser treatment.
Samples were radiated at 808 nm for 10 min at 6.5 W/cm?. Scale bars: 20 um. Parts were

created with BioRender.com.

The requirements for the application of medical devices permit the utilization of NIR light
only up to a certain power level, depending on the specific area of application. Therefore,
in order to have the capacity to utilize the developed system in the context of medical
applications, it was necessary to make further adjustments to the illumination properties
applied in terms of time and power. Consequently, the duration of laser application was
reduced from 10 min to 2 min and 1 min (Figure 4-28). The applied power per area was kept
constant and E. coli was used here as representative model organism. A strong PI signal
was observed indicating a high killing efficiency and substantial cell death after an
illumination time of 2min (Figure 4-28a). A further reduction in the NIR-laser treatment
time to 1 min resulted in bacterial killing as well, although the efficacy was diminished.
(Figure 4-28b). Combining these observations indicates that the system was capable of
killing different types of bacteria in an efficient and highly localized manner by applying
NIR light. It was also observed that the killing effects were obtained for an illumination
time down to 1min, although these effects were less pronounced and less efficient than

those obtained for longer illumination times. Furthermore, it would be advantageous to
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assess additional power ranges over a minimal timeframe. Such adjusted application
settings would render the system more suitable for potential applications in the medical

sector.
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Figure 4-28: NIR light triggered bacteria killing induced by AuNR-functionalized uCs.
CLSM micrographs of E. coli-loaded, AuNR-functionalized xCs before (left panels) and
after (right panels) NIR light exposure. NIR-laser treatment (808 nm) was executed for
2min (a) and 1 min (b) at 6.5W/cm?. Scale bars: 20 um. Experiments were executed by

Ariadna Benimeli Borras. Parts were created with BioRender.com.

4.1.8 Killing Performance of AuNR-Functionalized Microcapsules in Bulk Solutions

To not only account for single events of bacteria killing, the anti-bacterial properties of
AuNR-functionalized 4Cs were additionally tested in bulk conditions. For this purpose,
AuNR- and non-functionalized xCs (1 g/L and 0.5 g/L) were mixed with bacteria (10%, 107,
108bacteria/mL) and were irradiated in bulk with NIR light for 5 min. A customized LED-
setup (770nm) was utilized to achieve a larger area of illumination compared to the laser-
setup. This setup ensured illumination of the full volume of the sample. After NIR light
treatment, the sample was plated on agar plates to account for surviving bacteria,
facilitating bacterial growth. In the event of complete elimination of bacteria, it was not
possible for the bacteria to regrow on the culture medium. Consequently, no colonies would
be visible on the agar plates for these samples. A pure E. coli suspension was irradiated
under the same conditions to account for harmful effects potentially triggered by the light
treatment. Moreover, an untreated bacteria culture was plated as well, providing evidence

for healthy growing bacteria.
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The absence of bacterial growth on LB-agar plates for AuNR-functionalized uC
illuminated with NIR light (Figure 4-29) confirmed the substantial antibacterial effect of
the system even in bulk. No growth was detected at both xC concentrations and all applied
bacteria concentrations for the sample including AuNRs on the polymer surface (Figure
4-29a). In contrast, bacterial growth was detected for the samples including non-
functionalized polymer uCs (Figure 4-29b) as well as for all control samples (Figure
4-29c). The results obtained demonstrate the high efficacy of AuNR-functionalized x#Cs in
eliminating bacteria in a bulk solution through the application of NIR light. Moreover, the
NIR light treatment was proven to be harmless to the bacteria themselves. Furthermore, to
make sure the bacterial growth on the LB-agar growth medium was not affected by the
presence of the 4Cs, an additional control experiment was executed with both capsule types
mixed and cultured with E. coli not applying NIR light (Figure 4-29d). Bacterial growth
was observed to be unaffected by the presence of either 4C type, supporting the aspect that

the uCs were assumed to be biocompatible.
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Figure 4-29: Agar-plate experiments with AuNR- and non-functionalized, etched 4Cs with
and without NIR light irradiation in an E. coli suspension. Two uC concentrations were
used (1g/L and 0.5g/L). Samples with NIR light treatment were irradiated for 5 min
(770nm, 3.53W/cm?) in the bulk solution. a) AuNR-functionalized xCs, b) non-
functionalized uCs, both with NIR light treatment, c) control sample of pure E. coli
suspension with and without NIR light treatment and d) AuNR- and non-functionalized
uCs in E. coli suspension without NIR light illumination. Parts were created with

BioRender.com.
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4.1.9 Effect of NIR-Laser-Treatment on SKkin Model Tissue

NIR-radiation has been shown to penetrate biological tissue more deeply than light with a
wavelength in the visible region. These properties are attributed to the NIR light minimally
absorbed by abundant components in biological tissue, such as hemoglobin, melanin and
water.!83 184 Nevertheless, to confirm the harmless properties of the NIR light system used
here, a skin tissue model was exposed to the used laser settings at maximum power and for
the longest time period used. Microscopic analysis of skin tissue samples obtained prior to,
during, and following NIR light treatment revealed no observable alterations in tissue
structure (Figure 4-30a-c), providing initial evidence that the system utilized in this thesis
at the specified settings does not cause harm to skin tissue. This renders the AuNR-
functionalized ¢ C system a promising tool for medical applications within the human body.
However, further validation is required to ascertain the safety of the system and its settings
on skin tissue. This validation should include live/dead analysis of skin tissue cells in and
around the illuminated area. This could entail a cryostat sectioning of the skin model

followed by staining to facilitate detailed analysis.

Before NIR-laser treatment While NIR-laser treatment After NIR-laser treatment

Figure 4-30: Effect of NIR-laser on skin model. Tissue model was irradiated for 10 min at
maximum power (6.5 W/cm?) by the customized 808 nm laser-setup. Effects on skin model
were analyzed before (a), while (b) and after (c) irradiation by microscope. Black circle

indicates area of illumination. Scale bars: 100 um.
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4.2 Adhesion Mediated Engulfment and Killing of Bacteria by Synthetic

Versicles

Endocytosis is a fundamental cellular process that not only allows cells to internalize
molecules such as nutrients and hormones but is also exploited by many pathogens,
including viruses and bacteria, as part of the endocytic pathway.!'* Especially the latter is
of critical importance, as a deeper understanding of this mechanism is essential and leads
to the development of novel infection-preventing strategies and the design of novel
antimicrobial treatments. A multitude of studies employing a range of synthetic cells have
been conducted to investigate the engulfment of bacterial cells. In a particular study, Dai et
al.!'® utilized cationic gemini amphiphiles that possessed a positive membrane charge,
thereby enabling electrostatic interactions with the negatively charged bacterial cell. This
electrostatic adhesion was proposed to be the primary driving force for the successful
engulfment of bacteria by this amphiphilic-modified GUVs. However, it has been
demonstrated that the presence of positively charged (nano-)particles can induce systemic
toxicity and immune system activation, thereby rendering these particles suboptimal for
medical applications. In addition, Kostina et al.!'” achieved E. coli engulfment by means
of ultraweak interactions between the utilized cell-like dendrimersomes and the bacterial
cell. Although active engulfment was achieved, such a system offers no specificity, which
renders it inappropriate for targeted bacteria engulfment. Bacteriophages, in particular, are
of significant interest in the context of endocytosis and engulfment due to their ability to

specifically target and destroy bacterial pathogens.!86

By leveraging this target specificity provided by bacteriophage-derived adhesion proteins,
the following chapters focus on developing a dynamic system composed of synthetic
vesicles, specifically giant unilamellar vesicles (GUVs), capable of actively engulfing
bacteria via target-specific adhesion-mediated interaction. To achieve not only specific
adhesion and engulfment, but also the destruction of targeted bacteria, a switchable killing
system, namely gold nanorods (AuNRs), was incorporated into the vesicles’ membrane.
This system enables target-specific bacterial killing through AuNR-generated heat,
triggered by near-infrared (NIR) light illumination.

In the first part, the formation of GUVs using two different techniques is outlined to identify

the most suitable lipid composition and formation method. The following paragraphs will
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then describe the target-specific binding of bacteria to the GUVss, mediated by the receptor-
recognizing binding protein gp37. Finally, PEG-coated AuNRs were introduced to the
mixture to enable bacterial killing through AuNR-induced heat.

4.2.1 Requirements, Formation and Composition of Giant Unilamellar Vesicles

To achieve a system of synthetic vesicles capable of specifically binding to and actively

engulfing bacteria, the vesicles must meet certain requirements:

a) Vesicle composition and size: It is essential that the vesicle membrane exhibits a
certain flexibility and size to be able to deform and wrap around the bacteria.!'?
Nevertheless, a certain degree of stability is required, as well as a lipid composition
that is biologically plausible, avoiding effects like toxicity or an enhanced tendency
to elicit an immune response.

b) Adhesion protein anchor points: Anchor points (i.e., DGS-NTA(N1)) integrated into
the synthetic vesicle lipid membrane capable of linking to adhesion proteins (i.e.,
gp37) and facilitating binding and strong adhesion between the vesicle and the
bacteria (i.e., E. coli).

c) Membrane tension and fluidity: Higher membrane fluidity allows for easier
deformation, wrapping and fission. A high membrane tension offers an increased
membrane barrier in the process of particle engulfment, but also ensures particle
stability.!"> Hence, it is crucial to achieve a certain balance between these two
parameters. Both of these components can not only be varied by the lipid
composition, but also by external parameters such as temperature or osmotic

pressure.

Two different formation methods for the GUV production were applied. First, the method
of emulsion-transfer was used due to its easy handling, fast production, and comparatively
high yield. In the latter stage of the project, the formation was changed to a gel-assisted
formation process, yielding GUVs with less contamination of perfluorinated oil and/or

other components used in the formation process.'%’

Different lipid compositions were tested to achieve stable GUV's with anchor points to bind
the adhesion protein gp37.2% The final GUVs were composed of two different types of
lipids: 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-
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phospho-(1°-rac-glycerol) (DOPG). The difference between these two phospholipids lies
in the head group bound to the negatively charged phosphate group, where DOPC offers a
choline group with a positive charge and DOPG a neutral glycerol group (Figure 4-31).
Due to these structures, DOPC offers a dipole with net-neutral charge compared to DOPG

with a net-negative charge.

1,2-dioleoyl-sn-glycero-3-phosphocholine - DOPC
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Figure 4-31: Molecular structure of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
and 1,2-dioleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (sodium salt) (DOPG).

Both lipids are considered natural lipids. Phosphatidylcholine (PC) lipids are major
components of cell membranes in animals, plants and microorganisms and are generally
considered the most abundant phospholipids in cell membranes of mammalians.!®3: 18
DOPG is a type of phosphatidylglycerol which is found in the inner mitochondrial
membrane.'® Due to these properties, DOPC and DOPG were selected as the lipids of
choice, with DOPC as the main component (percentage ratio = 80:20). Furthermore, to
avoid nonspecific adhesion to the vesicle membrane, a small portion of a PEGylated lipid
was added (18:0 PEG2000 PE). To allow for specific adhesion of bacteria to the GUV
through the adhesion protein gp37, a linker protein (DGS-NTA(Ni)) was integrated into the
lipid membrane. For this purpose, the isolated gp37 protein was modified with a poly-
histidine (His-tag), which was linked to the protein. The His-tag normally includes around
six histidine residues in one tag (Hise-tag). Such His-tag systems show strong affinity to
transition metal ions, such as Ni>* or Co*". Together with the chelating agent nitrilotriacetic
acid (NTA), a strong interaction via coordinated bonds can be formed. With these
modifications, the His-tagged gp37 protein was shown to bind specifically to this anchor

lipid allowing for a specific surface modification.!”® For visualization, some of the GUVs
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were labeled by fluorescent lipids (i.e., Atto647N DOPE, Atto488 DOPE Liss Rod PE).
The final composition of the GUVs is listed in the following table.

Table 4-6: Lipid composition of GUVs. In case of the control sample, no anchor lipids
(DGS-NTA(N1)) were included.

Lipid Sample [%] Control sample [%]
DOPC 75.5 78.5
DOPG 18 19
PEG2000 PE 2 2
Fluorescent lipid 0.5 (0.5)
DGS-NTA(Ni) 4 -

The GUV composition was initially examined utilizing the emulsion-transfer formation
technique. In order to create a control sample, no anchor lipids (DGS-NTA(Ni)) were
incorporated into the synthetic vesicle membrane. Stable GUVs with an average diameter

0of 6.9 £ 2.7 um (N = 150) were observed by CLSM (Figure 4-32).

3d poyyssi‘(IN)VLN-S9A 3d 000293d ‘9d0d "0d0d

Figure 4-32: a) Schematic illustration of emulsion-transfer method. b) and ¢) CLSM
micrographs of fluorescently labeled GUVs formed via the emulsion-transfer method.

Scale bars: b): 20 um, ¢): 10 um. a) created with BioRender.com.
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Despite undergoing multiple centrifugation and cleaning cycles, the formed GUVs were
still accompanied by a significant number of contaminations. The necessity and utilization
of an oil phase in the emulsion-transfer GUV formation process may have been one
potential source for these contaminations. Nevertheless, due to the rapid formation process
and the high yield achieved by this method, further experiments were conducted by using

the emulsion-transfer method.

Once stable GUVs had been formed with the selected lipid composition, it was necessary
to demonstrate successful and sufficient integration of anchor lipids within the lipid
membrane. Towards this end, non-fluorescently labeled vesicles including DGS-NTA(Ni)
lipids were formed and mixed with histidine-tagged GFP (His-GFP). In the event of
successful integration of anchor lipids into the lipid membrane, the nickel ions of the
DGS-NTA(Ni) would form a specific coordination complex with the histidine residues
appearing as green fluorescent ring on the outside of the GUVs (Figure 4-33a). The
presence of such a fluorescent ring was demonstrated by CLSM, providing evidence that
the anchor lipids were successfully integrated into the vesicle membrane in adequate

quantities (Figure 4-33b).

[DOPC, DOPG, PEG2000 PE, DGS-NTA(N)]
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Figure 4-33: His-GFP tagged GUVs: a) Schematic illustration of His-GFP tag binding to
DGS-NTA(Ni) anchor lipids integrated in the membrane of the GUVs. b) CLSM
micrograph of GUVs fluorescently labeled by His-GFP coordinating to the anchor lipids in
the lipid bilayer appearing as green ring in the fluorescent channel. Scale bar: 20 um. Parts

were created with BioRender.com.
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4.2.2 Adhesion Protein (gp37) Mediated Binding of Bacteria

Emulsion-Transfer Formation Method

The purified and histidine-tagged adhesion protein (His-gp37) was applied in combination
with E. coli to facilitate specific binding of the vesicles to the bacteria. Firstly, the His-gp37
protein was introduced to achieving coordinated binding between the histidine residues and
the anchor lipids. Secondly, the bacteria were added. It was anticipated that the gp37 protein
would be able to bind with its C-terminal end to the bacterial cell, thereby facilitating a
strong adhesive interaction between the bacterium and the vesicle membrane. The
experimental setup yielded the anticipated outcome, although it also resulted in some
unexpected findings. The combination of His-gp37 protein and bacteria did not form the
single bonds that were expected; instead, it formed multiple bonds between multiple GUV's
and bacteria, resulting in the formation of large agglomerates (Figure 4-34). The
observation was made despite the fact that the GUV-gp37 protein mixture was subjected to
centrifugation steps prior to the addition of bacteria to eliminate the excess of unbound
protein from the solution. Based on this observation, it was assumed that the bacteria were
forming a bridge between single GUVs, thereby connecting multiple vesicle-gp37
complexes with one another resulting in large agglomerates. Additionally, the agglomerates
hindered the ability to account for and visualize single engulfment processes of bacteria
into the vesicles. Instead of being engulfed, the bacteria appeared to merely adhere to the

lipid membrane (Figure 4-34c).

To investigate whether the agglomerations were initiated by the "bridging" effect of the
bacteria connecting GUVs to form large agglomerates, only the His-gp37 protein was
introduced to the bare GUVs (with anchor protein). Contrary to the hypothesis that the
addition of bacteria would result in agglomeration, GUVs were observed to already
agglomerate following the addition of the gp37 protein (Figure 7-13). This led to the
assumption that it was not the bacteria, but rather the His-gp37 proteins bound to the lipid

membrane, that were bridging the GUVs and resulting in agglomerations.
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Figure 4-34: CLSM images gp37-decorated GUVs after addition of bacteria. a-c) His-gp37
(250nM) added to GUVs (orange), interacting with the subsequently added E. coli forming
large agglomerates. d) 3D-projection of bacteria adhering to gp37-protein decorated GUV.
Scale bars: a-b: 20 um, c-d: 10 pm.

To further confirm that the His-gp37 protein was binding specifically and exclusively to
GUVs containing anchor lipids (DGS-NTA(Ni)) in the lipid bilayer, GUVs with and
without DGS-NTA(Ni) lipids were mixed, His-gp37 was added, and subsequently bacteria
were added. The formation of aggregates was observed once more, but only in the case of
GUVs that included anchor lipids (Figure 4-35a, orange). Additionally, after the
introduction of E. coli, the bacteria were observed to be predominantly located and
agglomerated around the GUV-gp37 complexes (Figure 4-35b). In the absence of anchor
lipids within the membrane of GUVs, bacterial adhesion was not observed. This finding
underscores the system's target-specificity, which is only achieved through the integration

of anchor lipids in combination with the adhesion protein.

122



Results & Discussions

[ DOPC, DOPG, PEG2000 PE |
DOPC, DOPG, PEG2000 PE, DGS-NTA(Ni), LissRhod PE

=
(O]
=
o
=
o
~
(32]
A —
@) m
+ 3
c
@,
o
3
_|
=
Q
=}
b) 2
=
[¢]
=
[—] =
S o
- g
i a
+ |
R=
Q
-
o
=
o
~
o
Q)
(@)
|+

Figure 4-35: CLSM micrographs of a mixture of two different types of GUVs. Mixture of
GUVs without anchor lipids (fluorescently unlabeled) and GUVs with DGS-NTA(Ni) as
anchor lipids (orange). a) GUV mixture after addition of His-gp37 protein, resulting in
agglomerates of anchor lipids including GUVs. b) Additional to the His-gp37 protein,
E. coli bacteria were added, predominantly binding to fluorescently labeled GUV-gp37

complexes. Scale bars: 20 um.
Gel-Assisted Hydration Formation Method

The previously presented experiments provided evidence that the system of His-gp37
protein-decorated GUVs was capable of binding bacteria, specifically E. coli. However,
contamination elicited by the emulsion-transfer technique and the resulting larger
agglomerations impeded a precise and detailed analysis of single GUVs interacting with
bacteria. Therefore, an oil-free GUV formation technique (i.e., gel-assisted hydration
method) was tested to ensure a contamination-free GUV sample. Furthermore, the
emulsion-transfer produced GUVs offered a relatively small average diameter
(d=69+27um) compared to the size of FE coli (length=I-3um,

diameter =0.25 - 1 um). It can be reasonably assumed that lager GUVs would increase the
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probability of particle engulfment, given that the membrane tension is drastically reduced
for larger synthetic vesicles, as explained in Chapter 1.10.2. An increase in vesicle size
would also result in a reduction in membrane curvature, thereby creating a larger available
contact area with a greater number of contact points. This in turn was anticipated to enhance
the adhesion energy between the bacterium and the vesicle. Accordingly, the gel-assisted
hydration method was selected not only for the production of cleaner, oil-free GUVs, but
also for the formation of vesicles within a size range that extends beyond the previously

observed diameters.

a) Gel-Assisted Hydration Method
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Figure 4-36: GUVs formed by the gel-assisted hydration method. a) Schematic illustration
of the formation technique. b) CLSM images of fluorescently labeled GUV's formed by the

gel-assisted hydration method. Scale bars: 50 pm. Parts were created with BioRender.com.

Figure 4-36 illustrates GUVs produced via the gel-assisted hydration method, exhibiting a
markedly reduced prevalence of contamination in comparison to the previously employed
emulsion-transfer technique. Additionally, the average diameter of these GUVs was
considerably larger with an average diameter of d =59.89 +24.66 um (N = 150). To
identify whether the reduction of contamination and the enlarged GUV size had an impact

on the binding and engulfment of bacteria, as well as restricted the formation of
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agglomerates, the newly formed GUVs were subjected to the same experimental procedure
as before. The number of agglomerates was found to be decreased. However, the initially
anticipated "bridging" effect was observed in the sample as well, with multiple GUVs
connected via bacteria (Figure 4-37a). Hence, it was again not feasible to directly observe
a discrete engulfment event. However, several bacterial cells appeared to be partially
integrated into the vesicles' lipid membrane (Figure 4-37b and c, white arrows), suggesting
an ongoing process of engulfment. Other studies, which conducted detailed analyses of the
engulfment process for a range of particle types, observed comparable behaviors and

wrapping appearances. !4 185
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Figure 4-37: Fluorescently labeled GUVs (red) formed by the gel-assisted hydration
method, subsequently mixed with the His-gp37 adhesion protein binding to the anchor
lipids in the lipid bilayer and E. coli (green). White arrows indicate bacteria cells which

seem to be integrated in the lipid bilayer of the GUVs. Scale bars: a-b): 50 um, ¢): 20 pm.

Additionally, CLSM revealed bacteria cells within the GUVs, which could indicate a
successful engulfment event. Figure 4-38 depicts gp37-decorated GUVs at varying stages
of engulfment. By analyzing the fluorescence intensity signal across the membrane of the
vesicle, it was observed that for a bare membrane (lacking adhering bacteria), only a red
signal in the fluorescence intensity signal plot was apparent representing the signal induced
by the fluorescent lipids present in the bilayer (Figure 4-38a1 and by, red peak at =<22.5 um).
In the event of an adhering or wrapped bacteria cell on/by the lipid membrane, the intensity
plot exhibited two signals: one representing the red channel (GUV membrane) and one
representing the green channel (bacteria cell). It is noteworthy that in the case of a
membrane wrapped bacteria cell, these two signals were located at the same position
(Figure 4-38a; and b1, peak at =2.5 um). This observation supported the hypothesis that the

bacteria cell observed in Figure 4-38a; was indeed surrounded by the lipid membrane of
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the vesicle, thereby providing evidence for an ongoing engulfment process. If the bacterial
cell would only adhere to the membrane from the outside, the green signal would exhibit a
slight shift in position, occurring before the intensity peak exhibited by the membranes’
fluorescent lipids.!®> In the event of a fully internalized bacterium within the GUV, the
fluorescence intensity plot should display a green signal from the bacterium between two
red membrane signals. It is important to note that the green signal of the bacterium should
be accompanied by a diminished membrane signal at the same peak location. This finding
indicates that the membrane is wrapped around the bacterium after a successful engulfment
process.!®> These observations were made in Figure 4-38a,, indicating that the bacteria
visible inside the vesicles were successfully wrapped and internalized by the GUV.
Furthermore, it is also important to note that this was not an anecdotal observation as
displayed in several publications before, but a regular observation that could be reproduced.
To further substantiate this observation, it would be important to capture the process of
engulfment in greater detail, enabling a step-by-step, real-time observation of the

engulfment process.

The utilization of an identical experimental procedure with GUVs that lacked anchor lipids
for interaction with the adhesion gp37 protein resulted in the absence of agglomeration or
bacterial binding to the vesicles (Figure 7-14). This suggests that the combination of anchor
lipid, His-gp37 adhesion protein, and bacteria enabled specific bacterial binding and even
more important bacteria engulfment. Since engulfment is only achieved for large enough
adhesion energies (Equation (1-2)) needs to be satisfied), it can be concluded that the
adhesion energy, mediated by the gp37 protein, exceeded the bending, expansion, and
fission energy of the system. Furthermore, no bacterial cells were observed within GUVs
without anchor lipids, providing evidence that firstly, bacterial engulfment occurred only
in the context of GUVs with anchor lipids and secondly, that bacterial binding and
internalization was facilitated by the combination of anchor lipids and gp-37 adhesion

protein.

The switch from the emulsion-transfer to the gel-assisted hydration method to form GUVss
enabled a reduction in contamination levels affecting the binding and adhesion processes.
Furthermore, the formation of larger GUVs was observed to have a beneficial impact on
the general system and specifically on the interactions between gp37-protein decorated
GUVs and bacteria. A comparison of the two techniques also showed that agglomerates

were predominantly created with smaller GUVs, which were less prevalent in samples
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produced by gel-assisted hydration formation. Nevertheless, further research is required to

allow for a deeper understanding, particularly on a single-GUV observation approach.

b1

b2

Figure 4-38: a) CLSM image capturing gp37-decorated GUVs (red) mixed with bacteria
(E. coli, green). (ai-a2): Zoom-ins of GUVs at different stages of engulfment. (bi-by):
Fluorescence intensity profiles (GUV membrane: red signal, bacteria cell: green signal)
along the indicated white lines in the respective image (ai-a2). Scale bars: a): 20 um, (ai-

a2): 10 pm.

4.2.3 AuNR-Decorated Synthetic Vesicles as Active Bacteria Killing System

The observed engulfment of bacteria demonstrated the system's ability to provide a
confined space that actively protected the surrounding area from pathogens. However, to
additionally impede bacterial growth and effectively combat bacterial contamination, it was
necessary to further advance the system with an active bacterial killing mechanism. AuNRs
were chosen for this purpose due to their unique photothermal characteristics. After
producing AuNR, removing the bound CTAB from the gold surface to prevent toxic effects.
A variety of thiols, most commonly PEG-thiols (PEG-SH), find application due to their
demonstrated biocompatible properties and the strong affinity exhibited by the sulfur atom
toward the gold surface.!?> ! Furthermore, PEG coatings do not affect the crucial
photothermal properties of the gold particles and provide the particles with extended in vivo

circulation times.!*? For these reasons, mPEG-SH (methoxy-PEG-thiol) was selected as the
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primary coating agent for the AuNRs. Furthermore, it was combined with a minor quantity
of cholesterol-PEG-thiol (Chol-PEG-SH) to facilitate the binding of AuNR to the lipid
bilayer of the synthetic vesicles. The Chol-PEG-SH molecule, capable of integrating its
hydrophobic cholesterol part into the lipid bilayer’s hydrophobic core, was used as a linker,
binding to the gold surface on one side and integrating into the vesicle's membrane on the

other.!??

CTAB-stabilized AuNRs exhibited a longitudinal SPR peak at 796nm, along with a
positive { -potential of 51.7 +2.5mV. Replacing CTAB with PEG-SH notably resulted

reduced the  -potential (9.1 +0.4mV) due to the replacement of the positively charged

CTAB-molecules by thiols on the gold surface. PEG is a neutral polymer (Figure 4-39a),
facilitating surface charge reduction towards charge neutralization.!?> Moreover, after
PEG-functionalization, a slight shift in the LSPR peak (Figure 4-39b) towards lower
wavelengths (780 nm) was observed, indicating an alteration in surface chemistry and

refractive index.

a) b)

Figure 4-39: Functionalization of AuNRs with PEG. a) Surface chemistry and
functionalization process of CTAB- and PEG-stabilized AuNRs. b) Normalized absorbance
spectrum of CTAB- (black curve) and PEG-stabilized (green curve) AuNRs. Parts were

created with BioRender.com.

The absorbance spectrum shown in Figure 4-39b demonstrated that the unique properties
of the AuNRs were retained after PEG-coating. After successful functionalization, the

PEG-coated AuNR were combined with the GUVs to create AuNR-decorated GUVs. The
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linkage was facilitated by the intercalation of the cholesterol segment of Chol-PEG-SH
molecules, which were bound to the AuNR surface, into the lipid membrane. Subsequently,
the AuNR-decorated GUVs were incubated with the gp37 protein, which resulted in the
formation of AuNR- and gp37-decorated GUVs. The objective was to create a system that
would bind, engulf, and subsequently kill bacteria via NIR light-induced heat. To ascertain
that neither the stability of the GUVs nor the binding and adhesion properties of the gp37
protein was compromised by the introduction of AuNRs, the system was subjected to an
analysis prior to NIR light treatment. In addition, it was necessary to assess the viability of
the bacteria that had been incubated with the gp37- and AuNR-decorated GUVs to ensure
that the system itself did not possess toxic properties. To this end, a live/dead staining
procedure was employed, utilizing propidium iodide (PI) and SYTO 9. PI was selected as
the fluorescent dye, capable of intercalating into the nucleic acid of damaged bacterial cells,
thereby imparting a red fluorescent signal. SYTO 9 was utilized for the general
identification of bacterial cells, as it is capable of penetrating both live and dead bacterial
cells, resulting in a green fluorescent signal.!”* The GUV membrane was labeled in magenta
by Atto647N-DOPE (Figure 4-40). CLSM images indicated that the addition of AuNRs to
the GUV-gp37 protein system did not affect the stability of the GUVs. The GUVs were still
present in sufficient quantities and exhibited sizes comparable to the samples without
AuNRs presented before (Figure 4-40b). Furthermore, bacterial adhesion was facilitated,
as indicated by the observation of E. coli cells adhering to the GUV surfaces and partial
engulfment/wrapping of the bacteria by the membrane (Figure 4-40b;). It is important to
note that some of the bacterial cells displayed not only a green but also a red signal resulting
from the penetration of PI into the cell, indicating cell death. This observation may be taken
as an indication of an incomplete AuNR coating procedure and the presence of residual
CTAB, causing toxic effects. Therefore, it is imperative to first conduct further
investigations into the AuNR coating procedure and the general biocompatibility of the
overall system in the future to guarantee complete biocompatibility and the absence of any
toxic effects. Subsequent to confirming the biocompatibility of the AuNR- and gp37-
decorated GUVs, the system can be utilized in the future in NIR light experiments to further
investigate the antibacterial properties attributed to the photothermal properties of the

AuNRs.
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Figure 4-40: a) Schematic illustration of AuNR- and gp37-decorated GUVs with bound
E. coli on the surface. b) Overview and bl) zoom-in CLSM images of AuNR- and gp37-
decorated GUVs (magenta) incubated with E. coli (green/red). Scale bars: b): 50 um, b1):

20 um. Parts were created with BioRender.com.
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Chapter 5

5 Summary & Conclusions

veruse and misuse of antibiotics are among the primary contributing factors
leading to the development of antibiotic-resistant bacteria. Antimicrobial
resistance (AMR) has been observed to result in a considerable increase in
mortality rates and significant economic costs. This situation has led to an urgent need for
the development of antibiotic-free therapeutic options. The majority of existing
antibacterial approaches operate in an “open-space” manner, leading to inflammation due
to the release of bacterial toxins and fragments into the surrounding space. This present
thesis has thus focused on the development of two synthetic antibacterial systems capable
of entrapping/engulfing, retaining, and killing bacteria within a “confined space” with

minimal impact on the surrounding tissue.

The primary focus of this thesis was on the design of porous, polymer-based stable
microcapsules (uCs), which are intended for use as antibacterial coatings for medical
devices and implants. To this end, a high-throughput method has been designed to generate
porous #Cs that are capable of capturing and retaining bacteria in the hollow cavity. It was
observed that the process of bacteria capturing was primarily driven by the bacteria's own
mobility, which rendered the system particularly effective for motile bacteria (Figure 5-1,

left).

The primary motivation behind the development of a second antibacterial synthetic system
was the mimicking of a natural phagocytotic system. Therefore, GUV-based compartments
were engineered as a dynamic system, actively capturing bacteria via engulfment. To
enhance the interactions and adhesion between the GUVs and bacteria the GUV membrane

was functionalized with the bacteriophage tail protein gp37 (Figure 5-1, right).

In addition to the ability of the systems to capture and retain bacteria, both systems were
equipped with a bacteria killing module. To this end, the systems were successfully

modulated with specially coated AuNRs for NIR-light-triggered heat generation.
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Killing of Bacteria

Figure 5-1: Schematic representation of the two antibacterial synthetic systems as have
been designed in this thesis. Left: Modular, porous, polymer-based uCs capturing and
retaining different types of bacteria within the hollow cavity. Right: Adhesion protein
functionalized GU Vs, actively binding E. coli to facilitate adhesion-mediated engulfment.
The implementation of AuNRs in both systems enabled the use of NIR light-triggered and
local heat generation, which was utilized to achieve bacterial elimination. Created with

BioRender.com.

5.1 Modular Porous Polymer-Based Microcapsule System for Trapping
and Light-Triggered Killing of Bacteria

In the scope of this thesis, a robust, high-throughput bulk formation technique was
developed to produce mechanically and chemically stable porous, polymer-based uCs.
Through a systematic approach involving the careful selection of polymer, porogen, solvent
and water ratios, uCs within a suitable size range and with a high degree of porosity were
successfully designed. In order to enhance the porosity characteristics of the 4Cs system, a
straightforward and rapid post-production etching procedure was introduced. This method
led to a substantial enhancement in the bacteria penetration and trapping capabilities of the

uCs.
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The developed and optimized uCs type was utilized in a series of bacterial capture
experiments with the objective to analyze the general capturing efficiency as well as to
compare the number of captured bacteria for motile versus non-motile bacteria. As a result,
a high capturing efficiency was detected for motile bacteria, especially at high bacteria
concentrations. In contrast, non-motile bacteria were predominantly observed to adhere to
the outer surface of the uCs. This finding indicates that the capturing process was
predominantly driven by the intrinsic mobility of the bacteria rendering the system

particularly interesting for applications as implant coatings.

To include an active killing module of the trapped bacteria, AuNRs were integrated into the
shell of the developed uCs. For this purpose, AuNRs with the desired optical properties
were produced and subsequently functionalized by a polymeric coating. This
functionalization process efficiently substitutes the cytotoxic CTAB molecules by a PLGA-
thiol coating on the AuNRs surface, rendering the AuNRs biocompatible and suitable for
the integration into the uCs.

Subsequent experiments have demonstrated the efficacy of the AuNRs-functionalized xCs
system for NIR-triggered bacteria killing. It is important to mention that the efficient killing
of motile and non-motile bacteria within the capsules and in close proximity to them was
achieved with a 2min illumination time and a power density of 6.5W/cm?. In order to
assess the biocompatibility of the used laser setup and the applied power density, the system
was applied to a human skin model. Microscopic examination revealed no visible skin

damage in this experiment.

5.2 Adhesion Mediated Engulfment and Killing of Bacteria by Synthetic

Versicles

The second antibacterial system developed in the course of this thesis featured an active
engulfment approach designed to mimic a phagocytotic system consisting of synthetic
vesicles. To this end, emulsion transfer and gel-assisted hydration methods were
implemented and evaluated for their efficacy in producing stable GUV-based
compartments with the desired properties. An improved sample quality with fewer
contaminants and a suitable GUV size was identified for the gel-assisted hydration method.

The utilization of bacteria-specific adhesion proteins towards targeted pathogens resulted
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in the formation of strong adhesion, which subsequently triggered engulfment. For this
purpose, a bacteriophage-derived gp37 adhesion protein was modified by a His-tag,
enabling the linkage of the protein to the GUVs including DGS-NTA(Ni) functional lipids.
This modification facilitated a strong adhesive interaction between E. coli cells and the
lipid membrane, which is essential for successful engulfment. However, bacterial adhesion
to the GUVs was accompanied by the occurrence of large agglomerates. In this case, it was
hypothesized that bacteria cells in combination with the adhesion protein led to a "bridging"
effect, connecting several GUVs and bacteria to the observed large agglomerates. This
situation rendered it unfeasible to analyze individual engulfment events within the executed
experiments. This condition was improved by utilizing the gel-assisted hydration method
instead of the emulsion transfer method. Consequently, the gel-assisted hydration technique
became the primary method of choice. The application of this optimized system permitted
the observation of bacteria cells that were partially or completely enclosed/engulfed by the

synthetic vesicles.

In the next step, similarly to the uC system, the GUV-based antibacterial system was
equipped with AuNRs to implement an active killing mechanism. To this end, the CTAB
molecules on the gold surface of the AuNRs were substituted by mixture of
PEG-thiol/cholesterol-PEG-thiol molecules to render the system biocompatible and to
allow for integration into the lipid bilayer. A notable benefit of this AuNR-facilitated
method of killing is its external and noninvasive trigger. This ensures that the killing
process is initiated after engulfment, thereby preventing the release of bacterial toxins into
the surrounding tissue. The synthetic system presented here has been demonstrated to have
the capacity to actively and target-specifically engulf and kill pathogens in a confined
space. Consequently, this system emerges as a promising antibiotic alternative, with

applications in various medical domains, including potential use as a washing solution.
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Chapter 6

6 Outlook

his section presents a range of prospective future perspectives and experiments
that have the potential to further enhance and modulate the presented antibacterial

systems.

6.1 Modular Porous Polymer-Based Microcapsule System for Trapping
and Light-Triggered Killing of Bacteria

The developed u#C has the potential to function as an antibacterial coating, thereby
impeding the formation of bacterial biofilms. Through further modulation of the system by
the integration of magnetic particles (e.g., iron oxide particles) into the uC shell, the
capsules could be actively guided and tracked. The presence of these properties would
render the system suitable not only for use as an implant coating, but also as a flushing
solution. Integration of antibacterial particles (e.g. quaternary ammonium compounds
(QACS)) or bacterial attractants within the hollow cavity could further enhance the system's
functionality by facilitating enhanced uptake and killing ability. QAC, on the one hand,
would allow for bacterial killing via electrostatic interaction resulting in the disruption of
the bacterial cell membrane.!”> Chemoattractants, for example, nutrients such as sugar!*®

197

or amino acids'”’, on the other hand, could serve to generate a chemical gradient, thereby

actively drawing bacteria towards the inside of the uC.!8-200

In order to expand the range of applications, further studies with a variety of capsule
materials should be conducted. These studies would explore, enhance, and adjust properties
such as biodegradability or mechanical stability, with the aim of aligning them with the
intended application. In this regard, the addition of a thin layer of TiO> to the xCs would
significantly modify the mechanical properties of the system. This is particularly crucial in

the context of orthopedic implants, where mechanical properties play a pivotal role.
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To provide further support for the biocompatible properties of the 4C system and to
demonstrate the efficacy of bacteria killing via AuNR-generated heat, it would be necessary
to utilize cells, particularly immune cells. In the event of incomplete elimination of bacteria,
bacterial escape or toxin leakage, cell death and immune cell activation would occur

indicating insufficient killing properties.

The scope of the study may be expanded through the investigation of varying laser power
densities at different irradiation time periods. Such investigations would be essential to be

able to utilize the developed xC system in medical-related fields.

6.2 Adhesion Mediated Engulfment and Killing of Bacteria by Synthetic

Versicles

In order to successfully achieve an effective, synthetic engulfment system that closely
mimics phagocytotic systems, further biocompatibility tests of the gp37- and AuNR-
decorated GUVs are necessary to make the system applicable for medical applications.
Once evidence of the system's overall biocompatibility has been provided, it will be
necessary to design a specifically adjusted experiment to examine single bacteria cell
engulfment by the GUVs captured at all stages and in real-time. A comprehensive
examination of the engulfment process would facilitate a more thorough understanding of
the general process of adhesion-mediated engulfment. Furthermore, such an examination
would allow for the optimization of the system to achieve high levels of engulfment and

killing efficiency, as well as excellent stability properties.

Following the successful demonstration of the concept, further investigation is necessary
to ascertain the specificity of the gp37-decorated GUVs towards the targeted bacteria type
and their specific adhesion and engulfment. In order to achieve this objective, it is necessary
to conduct experiments with gp37-decorated GUVs in a mixture of different bacteria types,
with the adhesion behavior being analyzed. The system's functionality could be expanded
through the use of a variety of bacteriophage-derived adhesion proteins that target different

types of bacteria with a high degree of specificity.

Bacteriophages not only possess bacteria-specific adhesion proteins but also target-specific

endolysins. These enzymes are capable of killing bacteria by degrading the major

201, 202

components of their cell membrane. Incorporating endolysins and adhesion proteins
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into the GUV membrane would facilitate target-specific adhesion, engulfment, and highly
specific killing. Consequently, the integration of AuNRs within the lipid membrane would
facilitate the implementation of a multifaceted killing mechanism. This mechanism would
combine a light-triggered, unspecific mechanism that kills via heat with a contact-triggered,
target-specific mechanism that kills via enzymatic degradation. The combination of these
engulfing and killing mechanisms would render this artificial phagocytotic system even

more powerful for a variety of applications, including flushing solutions.
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7 Appendix

7.1 Supporting Information

7.1.1 Modular Porous Polymer-Based Microcapsule System

a)

Figure 7-1: Representative SEM (a and c¢) and CLSM (b and d) images of solid PLGA uCs
at elevated solvent levels and a PLGA concentration of 12.5g/L in the oil phase.
DCM/PLGA phase was fluorescently labeled by nile red (orange). Scale bars: a) and b):
20 um, c¢) and d): 10 pm.

145



Supporting Information

Pluronic: F-127
A: PLGA: 25 mg/mL, F-127:12.5 mg/mL

a)
B: PLGA: 25 mg/mL, F-127: 6.25 mg/mL

C: PLGA: 12.5 mg/mL, F-127: 6.25 mg/mL

Figure 7-2: Representative SEM and CLSM images of uCs produced with different
concentrations of PLGA and Pluronic® F-127 as porogen. A: PLGA: 25g/L, F-127:
12.5g/L, B: PLGA: 25g/L, F-127: 6.25g/L, C: PLGA: 12.5g/L, F-127: 6.25g/L.
HFE-7500 was used as core-forming agent for all samples. DCM/PLGA phase was
fluorescently labeled by nile red (orange). Scale bars: a), ¢) and e): 20 um, b), d) and f):
10 pm.
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Pluronic: F-68
A: PLGA: 25 mg/mL, F-68: 12.5 mg/mL
b)
B: PLGA: 25 mg/mL, F-68: 6.25 mg/mL

C: PLGA: 12.5 mg/mL, F-68: 6.25 mg/mL

Figure 7-3: Representative SEM and CLSM images of uCs produced with different
concentrations of PLGA and Pluronic® F-68 as porogen. A: PLGA: 25¢g/L, F-68: 12.5g/L,
B: PLGA: 25¢/L, F-68: 6.25¢g/L, C: PLGA: 12.5¢g/L, F-68: 6.25 g/L. HFE-7500 was used
as core-forming agent for all samples. DCM/PLGA phase was fluorescently labeled by nile
red (orange). Scale bars: a), ¢) and e): 20 um, b), d) and f): 10 um.
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PEG, M = 600 g/mol
A: PEG(600): 1.56mmol/L

B: PEG(600): 3.13mmol/L

Figure 7-4: Representative SEM and CLSM images of uCs produced with PEGeoo
(M =600 g/mol) as porogen. Two different concentrations were tested: A: 1.56vmmol/L
and B: 3.13 mmol/L. Concentration of PLGA (25 g/L) and HFE-7500 (0.025 uL/mL) was
kept constant. Nile red was used in the oil phase to fluorescently label the PLGA/DCM
phase (orange). Scale bar: a and c: 20 um, b and d: 10 um.

PEG, M = 1500 g/mol
A: PEG(1500): 1.56mmol/L

B: PEG(1500): 3.13mmol/L

Figure 7-5: Representative SEM and CLSM images of uCs produced with PEGisoo
(M = 1,500 g/mol) as porogen. Two different concentrations were tested: A: 1.56 mmol/L
and B: 3.13 mmol/L. Concentration of PLGA (25 g/L) and HFE-7500 (0.025 uL/mL) was
kept constant. Nile red was used in the oil phase to fluorescently label the PLGA/DCM
phase (orange). Scale bar: a and c: 20 um, b and d: 10 um.
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PEG, M = 2000 g/mol
A: PEG(2000): 1.56 mmol/L

b)
B: PEG(2000): 3.13 mmol/L
C: PEG(2000): 6.25 mmol/L

Figure 7-6: Representative SEM and CLSM images of uCs produced with PEG2oo
(M = 2,000 g/mol) as porogen. Three different concentrations were tested: A: 1.56 mmol/L
and B: 3.13mmol/L and C: 6.25 mmol/L. Concentration of PLGA (25 g/L) and HFE-7500
(0.025 uL/mL) was kept constant. Nile red was used in the oil phase to fluorescently label
the PLGA/DCM phase (orange). Scale bar: a, ¢c and e: 20 um, b, d and f: 10 pm.
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PEG, M = 4000 g/mol
A: PEG(4000): 1.56 mmol/L

B: PEG(4000): 3.13 mmol/L

d)

C: PEG(4000): 6.25 mmol/L

Figure 7-7: Representative SEM and CLSM images of uCs produced with PEGu4ooo
(M = 4,000 g/mol) as porogen. Three different concentrations were tested: A: 1.56 mmol/L
and B: 3.13mmol/L and C: 6.25 mmol/L. Concentration of PLGA (25 g/L) and HFE-7500
(0.025 uL/mL) was kept constant. Nile red was used in the oil phase to fluorescently label
the PLGA/DCM phase (orange). Scale bar: a, ¢c and e: 20 um, b, d and f: 10 pm.
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PEG, M = 6000 g/mol
A: PEG(6000): 1.56 mmol/L

B: PEG(6000): 3.13 mmol/L
C: PEG(6000): 6.25 mmol/L

Figure 7-8: Representative SEM and CLSM images of uCs produced with PEGeooo
(M = 6,000 g/mol) as porogen. Three different concentrations were tested: A: 1.56 mmol/L
and B: 3.13mmol/L and C: 6.25 mmol/L. Concentration of PLGA (25 g/L) and HFE-7500
(0.025 uL/mL) was kept constant. Nile red was used in the oil phase to fluorescently label
the PLGA/DCM phase (orange). Scale bar: a, ¢c and e: 20 um, b, d and f: 10 pm.
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PEG, M =10 000 g/mol
A: PEG(10.000): 1.56 mmol/L

B: PEG(10.000): 3.13 mmol/L

Figure 7-9: Representative SEM and CLSM images of uCs produced with PEGioooo
(M = 10,000 g/mol) as porogen. Two different concentrations were tested: A: 1.56 mmol/L
and B: 3.13 mmol/L. Concentration of PLGA (25 g/L) and HFE-7500 (0.025 uL/mL) was
kept constant. Nile red was used in the oil phase to fluorescently label the PLGA/DCM
phase (orange). Scale bar: a and c: 20 um, b and d: 10 um.
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PLGA: 25 mg/mL; PEG(4000): 3.13 mmol/L; HFE-7500
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Figure 7-10: Effect of post-production etching procedure on uC porosity. Representative
SEM images of untreated #Cs produced (a and b) with PEGuo0 as porogen, uCs etched for
2min (c and d) and 4 min (e and f). Scale bars: a), ¢) and e): 20 um, b), d) and f): 10 pm.
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PLGA: 25 mg/mL; HFE-7500
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Figure 7-11: Effect of post-production etching NaOH-treatment on uCs without porogen.
Untreated 4Cs (a and b) were treated for 2min with an aqueous NaOH solution (1.25%,
(w/v), c and d) and subsequently analyzed by SEM. Surface roughness and porosity were
increased after treatment (¢ and d). Scale bars: a) and c¢): 20 um, b) and d): 10 pm.

PLGA-SH functionalized AuNRs

Figure 7-12: Comparison of re-dispersing PLGA-SH functionalized AuNRs in H2O (a)
versus DCM (b).
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7.1.2 Synthetic Versicles
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Figure 7-13: CLSM images of fluorescently labeled GUVs (formed via emulsion-transfer
method) before (a-b) and after (c-d) the addition of His-gp37 (250nM). Scale bar: a) and
¢): 20 um, b) and d): 10 um.
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Figure 7-14: CLSM micrographs of fluorescently labeled GUVs (orange) mixed with
adhesion protein His-gp37 (250nM) and E. coli (green). No anchor lipids were integrated
into the GUVs, formed via the gel-assisted hydration method. This resulted in the absence
of specific bacteria binding to the GUVs. Scale bars: 50 pm.
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