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ABSTRACT

Protein-based nanomedicine platforms are versatile application systems due to their
biodegradability, biocompatibility and low toxicity. Especially the use of enzymes, which represent
highly specific biocatalysts, is a promising challenge in therapeutic applications. These systems can

offer the potential to intervene in cellular mechanisms and to manipulate them.

This PhD thesis presents a novel approach for the synthesis of catalytically active enzyme-based
nanoparticles. The nanosystems consist solely of enzyme-polymer conjugates, where natural
enzymes are covalently linked to the FDA-approved synthetic polymer polyethylene glycol. The
preservation of the enzymatic activity was realized by mild PEGylation routes. For this, four
different activated PEG chains were synthesized and used for the surface modification of lysozyme.
Due to the design of a lipophilic biomaterial, an emulsion-based technique was used as particle
preparation method, resulting in stable nanoparticles in a size range of 120-200 nm. This concept
was applied to the development of peroxidase active nanoparticles for the modulation of reactive
oxygen species (ROS). Three different peroxidases were used in their PEGylated form as active
building blocks. It could be shown that the nanoparticle systems act both, extra- and intracellular

as redox-active material, leading to the decrease of harmful ROS.

Furthermore, the design of an active dual-enzyme nanoparticle system was presented. The
combination of two PEGylated enzymes in the emulsification evaporation method led to the
creation of a cascade-performing particle system. The investigation of five various enzyme
quantities within the particle system resulted in catalytically active nanoparticles with different

substrate affinities and catalytic efficiencies.

This thesis provides, not only novel biomimetic approaches to study cellular processes but also
offer the potential to produce next-generation delivery and manipulation platforms for innovative

applications in biomedical research.






ZUSAMMENFASSUNG

In der Nanomedizin stellen Protein-basierte Nanosysteme aufgrund ihrer Bioabbaubarkeit,
Biokompatibilitit und geringen Toxizitit, innovative Applikationssysteme dar. In diesem
Zusammenhang, ist die Verwendung von Enzymen, die hoch spezifische Biokatalysatoren
reprisentieren, ein vielversprechender therapeutischer Ansatz. Mit diesen Systemen kann ein

Eingreifen in zellulire Prozesse und deren Manipulation ermdglicht werden.

Die vorliegende Dissertation prisentiert einen neuen Ansatz zur Synthese von katalytisch aktiven
Enzym-basierten nanopartikuliren Systemen. Die Nanopartikel bestehen aus Enzym-Polymer
Konjugaten, die, durch die kovalente Verkntipfung von natirlichen Enzymen mit dem Polymer
Polyethylen Glykol, hergestellt wurden. Die Erhaltung der enzymatischen Aktivitit konnte dabei
durch die Verwendung von milden PEGylierungs-Routen gewihrleistet werden. Hierfur wurden
vier unterschiedlich aktivierte Polymerketten synthetisiert und fir die Oberflichenmodifikation
von Lysozym verwendet. Aufgrund der resultierenden Lipophilie des Biomaterials, konnte eine
Emulsionstechnik fiir die Herstellung der Nanopartikel genutzt werden. Diese fithrt zur Bildung
stabiler Nanosysteme von einer GroB3e zwischen 120-200 nm. Das Konzept konnte erfolgreich fiir
die Herstellung von Peroxidase-aktiven Nanopartikeln verwendet werden. Hierfiir wurden jeweils
drei verschiedene Peroxidasen in ihrer PEGylierten Form als aktives Partikelmaterial eingesetzt. Es
konnte gezeigt werden, dass die Nanopartikelsysteme als extra- und intrazellulidres Redox-aktives
Material fungieren kénnen und im Stande sind, vorhandene schidliche reaktive Sauerstoffspezies

zu reduzieren.

Dartiber hinaus konnte ein aktives bindres Nanosystem hergestellt werden. Die Verarbeitung von
zwei Oberflichen-modifizierten Enzymen in dem Emulsionsverfahren, fihrte zur Herstellung
eines Partikelsystems, das Kaskadenreaktionen durchfihren kann. Die Untersuchung von finf
hergestellten partikuliren Systemen, mit jeweils unterschiedlichen Enzymkonzentrationen, fihrte
zur Bildung katalytisch aktiver Nanopartikel mit verschiedenen Substrataffinititen und

katalytischen Umsatzraten.

Diese Arbeit stellt, neben einem neuen Ansatz zur Entwicklung biologisch nachahmender Systeme,
die zur Untersuchung von zelluliren Prozessen herangezogen werden koénnen, die Synthese
neuartiger Transport- und Manipulationssysteme vor, die im biomedizinischen Forschungsbereich

Anwendung finden kénnen.
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Introduction

1 INTRODUCTION

Diverse biochemical processes occur specifically and synergistically, ensuring a healthy life.
Disruptions by certain substances or mechanisms can lead to an abnormal state, resulting in serious
diseases. Investigations of pathophysiological states such as in cancer, neurological disorders and
diabetes prove the dysfunctional involvement of proteins.!"! Viewed from a therapeutic perspective,
proteins themselves represent very efficient drugs and play a significant role in medical applications.
Major advantages of these biopolymers are their high specificity in certain processes and a resulting
low potential for adverse side effects. As proteins have the most dynamic and diverse role of any
biomacromolecules in living beings, the catalysis of biochemical reactions represents one important
of them. Using enzymes in therapeutic approaches offer the potential to intervene in specific

cellular processes and allows not only to alleviate an abnormal state but also to eliminate it.

Due to physicochemical and pharmacokinetic characteristics of these biopolymers such as
instability, short elimination half-life and immunogenicity, many biological, chemical and
technological strategies have been developed during the last decades in order to overcome the
mentioned limitations. The most excellent development during the last 50 years, since Bangham®
and co-workers discovered liposomes, are nanoparticles. These systems revolutionized the
diagnosis and treatment of many diseases.” Main features such as unique properties, which include
nanoscale size and a high surface-to-volume ratio, an improved cellular circulation and the potential
to encapsulate drugs, thereby enhancing their pharmacokinetic and pharmacodynamic profile,

make nanoparticles to remarkable application systems.

The combination of proteins, especially enzymes with nanoparticulate systems represents an
innovative challenge with the potential to create extraordinary materials and to further the
understanding of cellular functions. This thesis should build on this and presents a novel technique
for the development of catalytically active enzyme-based nanosystems. The following chapters

present the current state of research and give all relevant information to the used methods.
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1.1 Nanosystems for Biomedical Applications

Nature provides a remarkable source of nano-sized architectures such as the DNA helix, viruses
and proteins.! Inspired by these nanoscale constructs, an important medical research field, the
nanomedicine, was developed in recent years.”! Nanopatticle formulations have been successfully
used in the diagnosis and therapy of numerous diseases like cancer,” neurological disorders” or
diabetes.” Novel therapy areas and concepts such as multimodality, combination therapies and

theranostics extend this research field.”

Nanoparticles represent remarkable delivery systems for therapeutic drugs, biological agents and
imaging probes. The different cargos can either be entrapped in the intetior of the particles,™!
incorporated within the material network!"!l or attached to the exterior.!"? Especially for therapeutic
approaches, nanosystems show several advantages over conventional medical agents. The
entrapment of active but pootly water soluble pharmaceutical ingredients can be ensured, whereby
high drug-loading capacities can be achieved. Encapsulated agents can be protected from
degradation and acidic environments by the nanoparticle shell, e.g. in the stomach or in acidic
cellular compartments. One of the most desired features is the targeted delivery of agents to organs,
tissues and cells!" and the related controlled release of encapsulated molecules at target areas.!""
Hence, by the use of nanoparticles, undesired side effects of free drugs, such as toxicity, low

solubility and nonspecific biodistribution can be overcome.

Doxil®, a liposomal formulation, which encapsulates the anti-cancer drug doxorubicin, represents
the first oncological nanotherapeutic and was approved by the FDA in 1995. Research advances
including several types of nanocarriers were developed in recent years and are approved by the
FDA."" In the next chapter, the most commonly used systems and their production will be

presented.
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1.1.1 Nanosystems - Types and Preparation Methods

Chemical compositions and physical properties such as size, shape and surface quality are decisive
characteristics of a nanosystem. Looking at the chemical structure, various types of nanoparticles

were designed, since the first pioneering works in 1960 (Figure 1)."

Lipid-based nanoparticles represent an important area of therapeutics and were the first class of
nanosystems, which received clinical approval for cancer treatment.' These nanocartiers are
generally built-up by phospholipids consist of one or several lipid bilayers with an aqueous interior,
a lipophilic bilayer compartment and a hydrophilic exterior.!'” Based on this construction, lipid-
based nanocarriers have the primary benefit to encapsulate hydrophilic materials, for example

siRNA,"* while lipophilic cargos can be included in the bilayer region.

Polymers, synthetic or natural origin, are further building blocks of nanosystems. The diversity of
their composition such as in size, morphology and surface functionality, make them to suitable
candidates. Especially the high flexibility of their chemical composition, using modern bioorganic
synthesis routes, represents a promising approach in order to create a nanoparticle system with
individual characteristics. Polymer-based nanomaterials such as micelles,”” dendrimers,*"

2l are common examples.” In this context, the use

polymersomes®" and polymer-hybrid systems
of biodegradable polymers is an important approach. These macromolecules are able to respond
to certain stimulus, ensuring degradation of the polymeric building blocks, providing control in

drug release and facilitating excretion from organisms.”"

Another commonly used system, to be mentioned in this context, are inorganic nanoparticles. They
offer the advantage of being extremely stable, robust and highly resistant to enzymatic
degradation.”” However, toxicity” represents a major problem in the application of inorganic

nanocarriers, which is why natural polymers play an increasingly important role in nanomedicine.

Biocompatible and biodegradable natural macromolecules such as polysaccharides,”” nucleic
acids? and proteins!""*” represent promising candidates for the development of nanoparticles in
the nanomedicine.” In our group, a nanopatticle system, using the polysaccharide dextran, was
established. Bamberger ¢7 a/. developed a biomaterial-based particulate system by the processing of

acetylated dextran by an emulsion technique.
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The approximately 100 nm synthesized nanoparticles were successfully used for the delivery of
siRNA.P™ Due to their significance for this PhD work, proteins are described more in detail in

Chapter 1.2

liposomes polymeric particles dendrimers  polymeric micelles metallic particles

Figure 1. The most common nanocarrier systems, which are used in medicinal applications and research.
Redrawn from Sun ez a/.13]

With increasing demand, various technological and chemistry-based approaches have been
developed for the preparation of nanosystems. Suitable methods including nanoprecipitation,”

P organic syntheses of dendrimers,” and colloidal nanochemistry, are described

thermal gelation,
detailed in the literature. The following preparation methods focus on the design of particulate

systems using biomaterials.

Self-assembly processes represent one of the first used techniques and should be considered in this
context more in detail. The behavior is based on the organization of co-existing components into
unique nanostructures, in order to reduce the system’s free energy. Hydrophobic and hydrophilic
moieties assemble to spherical constructs due to the increasing amount of one of the solvents,
which represents the preferred environment of one of the components. This self-assembly process
can be used for the encapsulation of various molecules, especially pharmaceutical ingredients.
Based on this concept, Breitenbach e7 /. synthesized e.g. micelles made of amphiphilic sugar-based

block copolymers for the delivery of hydrophobic drugs.”

The coacervation/desolvation method represents a thermodynamically driven self-assembly
process and is commonly used to obtain protein-based nanoparticles. A desolvating agent (e.g.
ethanol or acetone) is added to an aqueous solution, which contains the hydrophilic protein, leading
to the denaturation of the biomacromolecule and the forming of the particle matrix by this

material.?”
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To ensure the stabilization of the nanoparticles, the addition of crosslinking agents such as

36

glutaraldehyde, formaldehyde or 2,3-butadione are necessary.’ The toxicity of these compounds

is the major disadvantage of this method.

Emulsion-based techniques can be considered as self-assembly processes and present highly
suitable and common used approaches. Nanoemlusions can be prepared utilizing high-energy
emulsification, including sonication and high-pressure homogenization. To prevent agglomeration
and coalescence of the nanodroplets, synthetic and natural emulsifiers can be added to the
systems.P” Fréchet and co-workers presented an innovative development of biodegradable
nanomaterials using acetal-derivatized dextran.”® Using a double emulsion-based procedure, they
were able to encapsulate hydrophilic payloads, whereby the use of a single emulsion technique leads
to the entrapment of hydrophobic drugs. The major advantage of this method is the absence of
toxic stabilizers. Inspired by this approach and its promising results, this technique was applied for

the development of protein-based nanoparticles in this work.

In view of therapeutic approaches, the nanoparticle uptake by cells and their distribution in
organisms have to be considered. In the next chapter, the most important current findings will be

mentioned.

1.1.2 Biodistribution and Cellular Uptake of Nanoparticles

Tracking nanoparticles 7z vivo after the intravenous administration, opsonization of the particles
represents the first process in the cellular environment. This is the adsorption of plasma proteins,
especially serum albumins and apolipoproteins, resulting in the formation of a so-called protein
corona around the nanoparticles.”” This altered nanopatticle exterior represents the interface with
the environment 7z vivo and determines the biology identity of the particulate system. The extent
of the corona formation depends on nanoparticle factors like size, surface charge, hydrophobicity
and surface chemistry."”! Opsonization can be minimized using nanopatticle surface modifications.
The most commonly used strategy is PEG coating, which due to the great steric demand of the
hydrophilic polymer (‘stealth effect’), results in an increased circulation half-life and a reduced

uptake by the mononuclear phagocyte system.!*!
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The foundation to apply nanosystems, especially in cancer therapy, is based on the passive
accumulation of nanoparticles in solid tumors due to their increased capillary permeability. This
transport phenomenon, known as the enhanced permeability and retention effect (EPR) was first
described by Maeda and co-workers in 1986* and represents a passive targeting mechanism. In
contrast to normal vasculatures, that possess tight interendothelial junctions and thus prevent
particles larger than 2 nm from crossing, tumors have an abnormally dense and permeable
vasculature that facilitates the penetration of entities from 10—500 nm in size. Investigations on
nanoparticle sizes and shapes confirm that nanoscale constructs with a diameter of approximately
100 nm and a neutral and hydrophilic polymer-extended surface show the best results regarding
prolonged blood circulation and thus an increased tumoral accumulation and anti-tumor activity.'*’
Several experience reports confirm that the described passive accumulation of nanoparticles is
strongly governed by the size and morphology of the drug carrier, and at the same time depends

on the location and the microvascular network of the tumor.H*

The endothelial wall and its limited pore size represents a biological barrier, which ensures a
selective accumulation of nanoparticles in certain tissue areas. In general, tissues with leaky
endothelial walls such as tumors and reticuloendothelial organs (for example liver and spleen),
show an enhanced uptake of nanoparticles.* In this context, active targeting nanomedicine
presents an appropriate approach. To minimize the enhanced accumulation of nanoparticles in
liver and spleen, various antibodies, proteins or peptides, small molecules and aptamers can be

used as suitable ligands for the surface modification of nanopatticles.*’

In wvitro investigations confirm that the endocytosis represents the major uptake pathway of
nanoparticles (Figure 2, left). These processes can be initiated by either highly selective bindings
between agents on the particle exterior and receptors on the cell membrane, or nonselective
bindings based on hydrophobic and electrostatic interactions. Five major pathways were described
for the internalization of nanoparticles by cells: the clathrin- and caveolin-mediated endocytosis as
well as of these proteins independent uptake, the macropinocytosis and the phagocytosis. The
clathrin- and caveolin-mediated endocytosis, which represents a receptor-mediated pathway, is
used by many cells to internalize nanoscale materials, results in clathrin- or caveolin-coated pits
with an approximate size of 100 nm in diameter. This endocytosis mechanism is especially

important for the uptake of small and spherical particles.m
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The macropinocytosis pathway, which can occur in all types of cells, involves the nonspecific
internalization of biological fluids from the external cellular environment. This so-called ‘cell
drinking’ is very important for the uptake of large particles."” Phagocytosis represents the active
binding and internalization of materials larger than 250 nm in diameter by phagocytic cells such as
macrophages, dendritic cells and neutrophils. Further, non-endocytic pathways are described in the

[49]

literature (Figure 2, right),"” where nanoparticles directly penetrate through the cells. In particular,
tiny particles, cationic particulate systems, and nanoparticles equipped with cell-penetrating

peptides are able to pass directly through cell membranes.

In conclusion, investigations on uptake mechanisms confirm that these processes are significantly
influenced by the physicochemical properties of the particles as well as the type and physiological

condition of cells.®”!

Endocytic pathways Nonendocytic pathways

Phagocytosis Macropinocytosis Clathrin Caveolin  Clathrin and ! Direct penetration Other
dependent dependent caveolin pathways
( independent

¢'\l oo Membrane receptor - o @ o

Phagocytic + ) OJ )
receptor A% g i :

/ Cell-penetrating
peptide

Nanomedicine © Future Science Group (2013)

Clathrin

Figure 2: Cellular uptake of nanoparticles by endocytic pathways and non-endocytic mechanisms. The five
endocytic uptakes include the phagocytosis, macropinocytosis, the clathrin- and caveolin-dependent and
independent pathway. These mechanisms ensure the active internalization of spherical particles of different
sizes. In contrast, tiny particles, cationic systems, and nanoparticles equipped with cell-penetrating peptides
can pass cell membranes by non-endocytic pathways. Reprinted with permission from Qu ez a/.#]

Intracellular, the engulfed nanoparticles undergo several processes along the endolysosomal
network. To achieve a successful application of nanosystems, the escape from the endosomal
pathway in order to reach various subcellular compartments such as the cytosol, the mitochondria

and the nucleus is necessary.



Introduction

This is important in order to avoid the transport through endomembrane compartments as well as
the clearance and degradation under harsh lysosomal conditions. Saltzman and co-workers
proposed an endocytosis-exocytosis pathway after their investigations of rhodamine-loaded PLGA
nanoparticles in three different types of epithelial cells.”"! After internalization, the particles escape
from endosomes and are transported to the Golgi apparatus. The intracellular transport in Hela
cells was investigated by Nie e a/. using TAT-peptide-conjugated quantum dots.”™ Their results
show that these systems were internalized through macropinocytosis and were entrapped in
cytoplasmic organelles. Using nanomaterials, which are disassembled, for example by surrounding
cellular conditions such as pH, temperature and redox, are another common approach to induce
an endolysosomal escape.” In this context, acid-degradable nanoparticles represent one of the
most promising carriers and had widely be explored by Frechét and co-workers. They developed a
delivery system for protein-based vaccines by an emulsion-based encapsulation, using acrylamide
as the monomer and an acidic degradable crosslinker containing a hydrophilic triglyme moiety.
These carrier systems degrade in an acidic environment of endosomes and ensure the release of
the encapsulated protein.’" Lee ¢# a/. reported another successful delivery strategy, using core-shell
structured polyionic complex micelles.” The 50 nm particles were formed by electrostatic
interactions, using charge-inverted cytochrome ¢ and the cationic block copolymer PEG-pAsp-
(DET). To achieve an anionic protein material, the cationic enzyme cytochrome ¢ was modified
with citraconic amides or ¢s-aconitic amides. The micelles dissociated rapidly at the endosomal pH
value of 5.5 based on the charge conversion of the used amides from negative to positive. This
leads to an efficient cytochrome ¢ endosomal escape and a subsequent diffusion to the cytosol.
They assumed that the released block copolymer could come into direct contact with the
endosomal membrane to induce the efficient escape of the enzyme. Furthermore, the group found
out that a higher pH sensitivity of the micelle system, consequently the faster dissociation of the
particles in the endosome, could lead to a faster endosomal escape and diffusion into the cytosol.
In general, these examples illustrate that a particle system, which disassembles within the

endosome, enables a better endosomal escape of the encapsulated molecules.
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1.2 Protein-based Nanosystems

Nature’s toolbox provides a variety of biopolymers such as polysaccharides, polynucleotides and
proteins. These biomaterials are readily accessible and can be produced in high quantity with

modern biotechnological techm’ques,[“‘]

Since only proteins were used in this work, this versatile and fascinating group of biopolymers will
be considered in more detail. Proteins are structurally well-defined, natural polymers with unique
physical, chemical and biological properties, and undertake diverse vital roles in living organisms.
In cells, they act as a structural material, are anchored in cellular membranes and perform important
signaling functions. Proteins transport molecules, react to external stimuli and can sense their
surroundings. In particular enzymes, a very important class of proteins, represent dynamic and
multifunctional materials, performing highly efficient catalytic reactions. These biomacromolecules
show several advantages over synthetic polymers, including biodegradability, biocompatibility,
non-antigenicity and low toxicity.”” With the toolkit of bioorganic chemistry, proteins can be easily
modified and represent a promising material source for biotechnological and therapeutic

applications.

In the following section, previously described protein- and enzyme-containing nanosystems will be

presented, whereas a distinction will be made between denatured and intact protein materials.

1.2.1 Artificial Assemblies using Proteins as Structural Elements

Considering nanomaterials, proteins can be applied as a material scaffold to create systems with

individual properties in size, shape and functionality.”® Nature offers many structural proteins such

[60

I gelatin®!

[62

as silk,P” collagen, I'and elastin,”” which can be used as building blocks for the assembly

of nanosystems. Intrinsic properties like high flexibility, specific morphology, great mechanical
strength and self-assembling behavior make these biopolymers as suitable starting materials for the

1 Apart from structural biomacromolecules, globular

development of protein-based nanoparticles.
proteins can be used. The spherical arrangement of polypeptides in these proteins makes them

particularly attractive for the use in biotechnological applications.”"
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In the compact globular conformation, most of the hydrophobic amino acids are located in the
interior, whereby the hydrophilic ones are on the exterior of the protein. By denaturation, non-
polar and sulfur-containing amino acids point outwards and show a greater tendency to aggregate.
In general, the denaturation of the native protein structure represents the requirement for these
approaches. Using techniques such as desolvation,” ® emulsification,”” and thermal gelation!™”
the resulting protein material can be utilized as a building block for the creation of nanosystems.*
For the preparation of albumin-based nanoparticles, which represents an important protein class
in this context,” the desolvation technique is a frequently used method. Here, an organic solvent,
like acetone or ethanol, is added dropwise to an aqueous buffered protein solution. Based on a
resulting reduction of the protein solubility, this leads to an aggregation of the formed hydrophobic
material. Additionally, poorly water-soluble drugs can be encapsulated by this method.
Furthermore, the thermal gelation represents an alternative method to obtain albumin
nanoparticles. This technique includes a heat treatment, which causes the denaturation of the

7" The mentioned

protein and resulting in the assembly into particles via hydrophobic interactions.
methods often include a crosslinking step to stabilize the resulting particles. Common crosslinkers
are 2,4-toluene diisocynate, which reacts with hydroxyl and amine groups,®” glutaraldehyde, which

crosslinks amines,” and formaldehyde.”*

Disadvantages of these agents are their partial toxicity,
highly chemical reactivity and the resulting reduced amount of chemically active groups for further

conjugations.

To create new functional nanomaterials, protein backbones can be combined with synthetic
polymers using modern biochemical techniques (Figure 3).”! The proteins function as essential
components of the nanoparticle systems without maintaining their intact natural structure. By
adding chemically synthesized polymers, nanosystems for biological and chemical applications can
be designed.™ For example, the Weil group utilized the polypeptide backbone of BSA in different

approaches to formulate nanoreactors!! and drug delivery systems."™

10



Introduction

Denatured Protein ( S A ,,: Hydrophlllc
- Hydrophobic g/ Polymer
Self-assemble Self-folding
Micelle Micelle
(Drug Delivery) (Dual-stimuli Responsive
Drug Delivery)

Self-assemble PR
phase § ovalent drug
é{; separation {%ﬁo " conjugation

AN\ ()
Denatured Hydrophilic Drug
Protein Polymer

Figure 3: Schematic illustration of nanoparticles formed by self-assembly and self-folding of protein-
polymer hybrids. Conjugates of denatured proteins with synthetic polymers represent the building blocks.
Utilizing this method, higher structured systems such as micelles can be developed. Additionally, these
constructs could be used as drug carrier. Reprinted with permission from Wu e a/.[704]

1.2.2 Artificial Assemblies of Intact Proteins

The maintaining of the native protein structure and activity offers the possibility to use the protein
itself as an active compound. In the best case, natural processes can be imitated, allowing the

proteins to fulfill their natural functions.

Based on the structure, charge and hydrophobic properties of different natural proteins,
supramolecular complexes can be obtained, retaining the native structure of the biopolymer. The
most important example in this context is Abraxane® (approved in 2005 by the FDA).” Albumin
acts as a natural carrier for endogenous hydrophobic molecules like vitamins and hormones, that

are bound in a reversible non-covalent manner to the protein.
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These protein complexes are internalized by a caveolin-mediated endocytosis, which is triggered
by the binding to the cell-surface albumin receptor gp60. The extracellular matrix glycoprotein
osteonectin, known as secreted protein acid rich in cysteine (SPARC), has been shown to bind
albumin too, because of a sequence homology with gp60. This explains the accumulation of
albumin in some tumors since SPARC are often present in neoplasms. Exploiting this pathway,
albumin-bound hydrophobic anti-cancer drugs can directly be transported to tumors. Binding the
hydrophobic agent paclitaxel to albumin by a solvent-free method (7ab™ technology) results in
130 nm nanocomplexes. The colloidal suspension is derived from the lyophilized formulation of
paclitaxel and human serum albumin diluted in saline solution (0.9% NaCl). The nanocomplexes
are internalized by the natural mentioned albumin pathway and show an increased anti-tumor

activity. Furthermore, based on electrostatic interactions, natural proteins can form complexes with

[75] 76]

various other synthetic polymers™, biopolymers™ or even nanopatticles.!

To extend the functionality of proteins and overcome the already mentioned limitations such as
instability and short half-lives within the body, the synthesis of protein-polymer conjugates
represents an opportunity in the development of new multifunctional systems. This provides the
advantage to combine chemical properties of a synthetic polymer with biological characteristics of
a biomacromolecule. The most common method is the attachment of synthetic polymers to the

exterior of proteins using their functional groups on the surface.””

Protein-polymer conjugates can be obtained using three major approaches, the ‘grafting to’, the
‘grafting from’ or the ‘grafting through’ method (Figure 4). The grafting to method represents the
most common and straightforward approach and is based on the covalent attachment of end-
functionalized polymers to the protein."™ The major advantage of this method is that the polymer
can be synthesized separately in non-aqueous solutions without considering the protein
characteristics and preferences. Both other approaches belong to ‘living polymerization’ techniques
and focus on controlled polymerizations, such as atom transfer radical polymerization (ATRP) and
reversible-addition fragmentation transfer (RAFT). The ‘grafting from’ strategy starts with the
functionalization of the protein with a polymerization initiator, such as azide-containing initiators,
dithiophenol maleimide-functionalized or biotin-functionalized ones.” The 7n sitn polymerization
is then induced from this initiating site of the protein and affords controlled growth of the polymer

chain.
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The ‘grafting to’ and ‘grafting from’ methods allow the conjugation of several polymers onto one
protein core, whereby the ‘grafting through’ strategy facilitates the attachment of several proteins
onto one polymer chain. A multivalent polymer can be synthesized using the ATRP and RAFT

technique, followed by the protein linkage along the polymer chain.

Grafting to

Polymer Protein reactive

4/\/\/\ G,\/\/\ functionality
ATRP / RAFT

+
Protein 43:2

Dendron

moiety

o Bioorthogonal
group

Grafting from
ATRP/

RAFT
40 —s —_—
Initiator
+
i Branchin Iteration
Protein 4—0 g G_c

Dendron
Core

Grafting through
ATRP/ G
o + <4 RAFT_ —
Initiator Monomer

Multivalent Polymer

g e 5

Figure 4: Three common approaches for the development of protein-polymer conjugates. The ‘grafting to’
method based on the covalent attachment of end-functionalized polymers to the protein. With the ‘grafting
from’ technique, which includes the living polymerization’ a controlled growth of the polymer chain can
be achieved by using atom transfer radical polymerization (ATRP) and reversible-addition fragmentation
transfer (RAFT). The ‘grafting through’ strategy represents again a ‘living polymerization’ technique and
facilitates the attachment of several proteins onto one polymer chain. Reprinted with permission from Weil
et al.l74]

Different synthetic polymers are used in this context,* whereby polyethylene glycol (PEG)
represents the standard for such conjugations.® This FDA-approved polymer has a high
biocompatibility and shows an atrray of useful chemical and biological features.@ One chemical
advantage is its solubility in both, organic and aqueous media. Thus, a sufficiently high surface
modification of a hydrophilic protein material results in a lipophilic protein-polymer conjugate and

enables solubility in organic solvents.
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Biological properties of protein-PEG conjugates include increased protein stability, enhanced
pharmacokinetics, low intrinsic toxicity and immunogenicity.”” The PEGylation of proteins can
be divided into site-specific and randomly surface conjugations. The major advantage of the site-
specific modification, using only a single or defined number of polymer chains, is that it can take
place remotely from the catalytic center of a protein. This minimizes its influence on the protein
activity.® The site-specific PEGylation, using the ‘grafting to’ strategy, can be achieved by
addressing chemoselective anchor groups, e.g. cysteines,®! disulfides®™ or the N-terminal amine
group.

Multiple attachments of polyethylene glycol to protein surfaces represent the first generation of
PEGylation since Davis and co-workers presented their first promising results in the late 1970s.""
The covalent non-selective PEGylation targets nucleophilic amino acids including lysines, serines,
tyrosines and histidines, and resulting in core-shell protein-polymer architectures. The
macromolecular protection of the inner protein leads to nanometer-sized constructs with desirable
pharmacokinetic characteristics such as reduced renal clearance and immune cell activation. * This

method is used for all protein PEGylations in this work, ensuring a highly surface modification,

which leads to the solution in organic solvents.

The use of degradable linkages between the PEG and the protein represents another exciting
alternative to existing PEGylation strategies. For this, synthetic polymers that are cleavable in target
tissues were designed.™ Biodegradable linkers that are redox-sensitive, degradable at physiological
pH and temperatures or acid-labile are potential variants.* Peglntron® (see Table 1) represents a
cleavable protein-polymer conjugate, which is approved since 2000 and is applied in the treatment
of hepatitis C."""

The applicability of the presented intact protein-polymer conjugates in medical approaches is

91]

underlined by the already FDA-approved protein therapeutics, listed in Table 1.!
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Table 1: PEG-modified protein therapeutics approved by the FDA. Modified from Dozier ez a/.184

d tei PEG/ site- year of
g protein kDa specific  approval use
Severe combined
Andagen®  Adenosine deaminase 5 no 1990 immunodeficiency
diseases
Oncaspar® Asparaginase 5 no 1994 Leukemia
no, but
0
Peglntron® Interferon-a-2b 12 4156/0 2000 Hepatitis C
isomer
Pegasys® Interferon-a-2b 40 no 2001 Hepatitis C
Granulocyte colony-
Neulasta®  stimulating factor (G- 20 yes 2002 Neutropenia
CSK)
Somavert® Human growth 5 no 2003 Acromegaly
hormone (hGH)
Mircera® Erythropoietin 40 no 2007 Anemia

. . Rheumatoid arthritis,
Anti-tumor necrosis

Cimzia® , 40 yes 2008 Crohn diseases,
factor (TNF) & Fab psotiatic arthritis

Krystexxa® Urate oxidase 10 no 2010 Gout

Synthetic, dimeric

peptide 40220 2012 Anemia in chronic
Omontys® o kDa yes (recalled . .
(Erythropoiesis chains) 2014) kidney disease

stimulating agent)

All mentioned conjugation approaches can result in suitable materials for the creation of higher
ordered supramolecular architectures.” Due to the general benefits of nanosystems, also protein-
based materials can function as drug carrier.”? They show the incredible advantage to be fully

biocompatible and biodegradable.

For example, the group of Stephen Mann presented the development of protein-based micro-
compartments, so-called proteinosomes. Intact BSA-polymer conjugates represent the building
block of this system and are processed by an emulsion technique. These proteinosomes represent
biomimetic protocells with characteristics such as guest molecule encapsulation, selective

permeability, gene-directed protein synthesis and membrane-gated internalized enzyme catalysis

(Figure 5).
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Figure 5: Preparation of proteinosomes. Protein-polymer conjugates based on BSA and PNIPAAm polymer
chains represent the building blocks (a). The spontaneous assembly of the BSA-polymer conjugates leads
to the formation of micro-compartments in oil. An additional crosslinking step stabilizes the constructs (b).
Reprinted with permission from Mann ez a/1%3

De Geest and co-workers developed transiently responsive BSA-polymer conjugates that are self-
assembled into nanoparticles at physiological temperature and pH and simultaneously contain an
immuno-modulator. An acid triggered hydrolysis of the attached units render the conjugates fully
soluble in water and lead to a disassembly of the micelles.” An alternative approach for the
development of protein-based nanoparticles was successfully presented in our working group.!">*”
Intact protein-PEG conjugates were used as building blocks and assembled into stable particles
utilizing a nanoemulsion-based technique (Figure 6). This method makes the application of
crosslinkers and stabilizers redundant. The approach was presented in detail for the model protein
lysozyme and transferred to f-lactoglobulin (BLG), OVA and HSA. Furthermore, the anti-cancer
drug doxorubicin was encapsulated successfully in the particle matrix. The drug release was

achieved in presence of proteases and under reductive conditions and 7 vitro applications confirm

the cell toxicity.!!
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Figure 6: Protein-based nanoparticles for drug delivery. In the first step, a high surface PEGylation of
lysozyme was performed, using activated PEG chains. Solely these protein-polymer conjugates represent
the building blocks of the particle system, which was prepared by an emulsion-based technique. The
lipophilic protein-polymer conjugates were dissolved in an organic phase together with a hydrophobic drug,
in this case doxorubicin, covered with an aqueous phase and were sonicated. After the solvent evaporation,
a stable particle suspension was received. Reprinted with permission from Fach ez 2/l

1.2.3 Enzymes as Biomaterial for Nanosystems

In order to create functional protein-based systems, enzymes can be used as biocatalytic materials
for the modulation of biochemical reactions. Due to characteristics, such as high substrate
selectivity, fast substrate kinetics and low side effects, these proteins can act themselves as perfect
natural active drugs. Viewed from a therapeutic point, the performance of catalysis in cells with
fully active enzyme-based systems offers the potential to intervene directly in abnormal

mechanisms. This can lead to the alleviation or even more, the cure of a disease.

According to the catalyzed type of reaction, enzymes are classified into six main functional
categories: oxidoreductases, transferases, hydrolases, lyases, isomerases and ligases. Further,
classification is based on the chemical nature of the enzyme, for example bearing a prosthetic group

(hemeproteins), a cofactor (flavoproteins) or metal ions (metalloenzymes).

In this context, two enzyme classes which were used in this work are considered and described

more in detail.
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Oxidoreductases catalyze oxidation and reduction reactions by transferring electrons with the help
of cofactors such as nicotinamide adenine dinucleotide phosphate (NADP) or flavin adenine
dinucleotide (FAD). Glucose oxidase (GOx) obtained from Aspergillus niger, is a dimeric ellipsoidal
glycoprotein and consists of two identical subunits. Each monomer has a molecular weight of
around 80 kDa (pl = 4.2) and contains a flavin adenine dinucleotide (FAD) as a redox cofactor
and a key conserved active site for substrates. This enzyme oxidizes the conversion of f-D-glucose
to D-glucono-d-lactone, whereby the FAD cofactor is reduced to FADH.. In a second step, the
enzyme is oxidized by oxygen to the resting state of GOx, yielding hydrogen peroxide as a side
product (Figure 7). In a further side reaction, D-glucono-d-lactone is hydrolyzed to D-gluconic
acid.” GOx is highly specific for the f-anomer of glucose and shows only slight catalysis of other
sugars.” Based on this quality, GOx is widely used as a glucose biosensor.”” The H>O, formation
confers GOx an anticancer effect”™ which can be used in cancer-starving and oxidation therapy.”
This enzyme has gained remarkable commercial importance in the last few years due to its versatile

application in the chemical and biotechnological field,"" as food preservative!'”'! and in the textile

industry. (102]

- e,
. B-D-glucose »

GOx-FAD D-gluconic acid GOx-FADH,

Figure 7: Schematic illustration of the catalyzed reaction by glucose oxidase. The substrate §-D-glucose is
oxidized by the enzyme to D-glucono-d-lactone, which reacts with water to D-gluconic acid. The FAD (red,
left enzyme) acts as a redox cofactor and is reduced to FADH: (blue, right enzyme). In a second step, the
enzyme reacts with molecular oxygen in order to form the resting state, producing hydrogen peroxide.

Peroxidases represent an additional subgroup of oxidoreductases. In general, they act as
antioxidants and protect cells, tissues and organs against toxic peroxides. Most of them bear a heme

group, which represents the catalytic center.
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This prosthetic group catalyzes the oxidation of several organic and inorganic compounds by
hydrogen peroxide, organic hydroperoxides, peracids or inorganic oxides.""” The general peroxide-

dependent reaction is shown in the following:

ROOH + 2 AH, —Peroxidase . pay 4 0+ 2 AH®

The heme group is responsible for many vital reactions, like electron transfer, redox catalysis, gas

10319 Tn nature, four main classes of hemes are known, of which

sensing, signaling and transport.!
the most frequently occurring is the heme 4/ and heme ¢ (Figure 8). All natural hemes contain a
tetrapyrrole macrocycle as a chromophore. They chemical structure is differentiating from its
peripheral f-pyrrolic-substituents. Heme 4, also called iron (II) protoporphyrin IX, is the most
common ferrous complex of all tetrapyrrole macrocycles. This heme structure serves as a template
for the synthesis of heme ¢. Thereby, the heme & vinyl groups are replaced by thioether groups,
which enable the covalent attachment of the prosthetic group to a protein backbone. Heme ¢

groups most commonly contain a CXXCH motif, where C the cysteine residues, H the coordinated

histidine residue and X can be any amino acid.

Cys

/ s-Cys

HO™ Yo 0~ "OH HO™ o 0~ "OH
Heme b Heme ¢

Figure 8: Chemical structure of heme 4 and heme ¢.

To understand the catalytic reaction of peroxidases, a look at the core of the porphyrin ring is
essential. Many researchers investigated the ongoing processes and it has been generally stated that

four consecutive reactions are present in the catalytic cycle.
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The peroxidase mechanism was extensively studied at HRP, which can be used as a representative
reaction sequence for many other peroxidase enzymes. Figure 9 shows the four main states of the

ongoing reactions and the corresponding states of the heme iron.

0
Cll N
/N\F |\4
TP . S IKN
AH,*or AH +H Nim AH,+H*
His’ 3 .
AH, AH +H,0
0
N Ni/q
ﬁﬁg‘/ + /\
N i N——4N
N N
His 3 0 1
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H+
/OH "

o]
=
I
N 0 N
His” 2

[Compound 0]

Figure 9: Peroxidase cycle of heme 4. The tetrapyrrole macrocycle of the heme group is represented by a
parallelogram (from Issac e al. 1195).

In the resting state (structure 1), the Fe’* ion is penta-coordinated, wheteby a conserved proximal
histidine occupies the axial coordinate position. Starting from the resting state (structure 1), this
ferric compound reacts with hydrogen peroxide to generate a transient hydroperoxide adduct,
compound O (structure 2). This reaction takes place on the distal side of the heme, whereby a
histidine residue acts as a base. This unstable ferric-hydroperoxide complex dissociates rapidly into
an oxoferryl porphyrin 7-cation radical, compound I (structure 3). Compound I represents the first
intermediate state of the enzyme and is directly involved in the enzymatic mechanism. In the next
step, an electron-rich substrate (AH,) is oxidized by compound I, which generates the second
intermediate state of the enzyme, compound II (structure 4). Thereby, a cation radical of the

substrate is formed (AH?®).
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The second intermediate state of the enzyme contains Fe(IV) and two unpaired electrons. In the

following reaction, a second AH» reduces compound I, which leads to the formation of the ferric

resting state (structure 1), another AH® and water.!'">""

The described prosthetic group allows the horseradish peroxidase (HRP), isolated from the
perennial plant horseradish, to oxidize a wide variety of organic and inorganic compounds in the
presence of hydrogen peroxide. HRP is a globular biomacromolecule with a molecular weight of
44 kDa (pl = 3-9, isoenzyme range, at least seven exist). It contains a blocked N-terminal residue
(by pyroglutamate), four disulfide bridges, a salt bridge between Asp99 and Argl23, and nine
potential N-glycosylation sites, of which eight are occupied. The heme 4 group represents the
catalytic center of this peroxidase and is linked to HRP by a proximal histidine residue (His170).
The distal side of the heme plane is unoccupied in the resting state and accessible for hydrogen
peroxide (structure 1, Figure 9). The structural integrity of the catalytic center into the protein
scaffold is ensured on the one hand by hydrophobic interactions between surrounding amino acids
and the tetrapyrrole macrocycle and on the other hand by additional polar interactions with the
propionic acids. HRP bears two calcium ions, which are located distal and proximal to the heme
plane and stabilize the secondary and tertiary structure of this enzyme.!""? The heme-binding region
and both calcium binding sites are coordinated by a network of hydrogen bonds. Heme and calcium

109519 Tn recent years, HRP

ions are essential for the functional and structural integrity of HRP.!
has gained importance in clinical applications, molecular diagnostics and immunoassays."”” In
combination with prodrugs, especially indole-3-acetic acid, this enzyme can be used in cancer

110]

therapy.!

Looking at heme ¢ peroxidases, especially cytochrome ¢ (Cyt ¢), the covalent attachment of the
prosthetic group to the polypeptide backbone plays an important biological role. It shows
electrochemical effects on the electron transfer thermodynamics and kinetics, which are vital as

Cyt ¢ plays a major part in the respiratory chain.

The second functional role is based on the significant structural and conformational change of
mitochondrial Cyt ¢ in response to an apoptotic signal, which induces the turn of Cyt ¢ into a
peroxidase. Cytochrome ¢ a globular, highly-conserved and positively charged hemeprotein
(12.4kDa, 3.4 nm in diameter, pI = 10.5), is found in the inner membrane space of all

mitochondria. This enzyme is involved in two vital processes (Figure 10).
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Firstly, it plays an important role in the apoptosis, where it is released into the cell cytosol upon
stimuli. Cyt ¢ acts as an apoptotic cell death mediator by binding to the apoptotic protease-
activating factor-1 (Apaf-1), which builds up the apoptosome by the assembly of seven Apaf-1

molecules.!!!

J -;gx, Cardiolipin(0) Cardiolipin

Cvtoplasm Apoptosome oy
ytop ;% o H,0 H,0,

é{\?*,; .».:2“_ o®
apo-cytochrome ¢ (3‘1‘@'@ < %

y Cytochrome ¢ _%
3 heme lyase %
S i )

91 holo-cytochrome ¢

Complex IV

Mitochondrial inner-membrane space Mltunhnndmal matrix

Figure 10: Schematic illustration of the locations and biological roles of Cyt ¢ within the cell. The red arrows
give information about the translocations and modifications of the enzyme associated with its function.
Located in the mitochondrial inner-membrane space, Cyt ¢ participates in the respiratory chain and shuttles
electrons from Complex III to Complex IV. In apoptosis triggering, Cyt ¢ undergoes a structural alteration
and catalyzes the H>O»-dependent oxidation of cardiolipin. After the release of the enzyme into the
cytoplasm, it associates with Apaf-1, forming the apoptosome, which leads to cell death (from
Kleingardner ef a/l'2]).

Under healthy conditions, Cyt ¢ resides in the mitochondrial inner membrane and participates in
the respiratory chain, where it catalyzes the transfer of electrons between complex III
(cytochrome ¢ reductase) and complex IV (cytochrome ¢ oxidase). This reaction is carried out by
heme ¢. Like already mentioned, two cysteine residues (Cys-14/17) ate covalently link the porphyrin
macrocycle to the protein scaffold via two thioether bonds. Cyt ¢is a six-coordinate heme protein,
where a histidine (His-18) and a methionine (Met-80) serve as axial ligands to the encapsulated
iron."" "I 'The enzyme is capable to undergo oxidation and reduction reactions and is involved in
vital processes including the mentioned electron transfer, inhibition of reactive oxygen species
(ROS) formation and prevention of oxidative stress."' Cytochrome ¢ is widely used as a model

enzyme in several biotechnological applications, in particular, because of its peroxidase activity.
y 1 biotechnological applications, in particular, b fits p d tivity.!'"
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Catalases represent a special type of peroxidases and catalyze the dismutation of hydrogen peroxide
into molecular oxygen and water in a two-stage reaction."'”! The catalase (Cat) represents one of
the most important antioxidant enzymes and is found in all aerobic organisms. This heme-
containing biopolymer is the most efficient natural catalysts with one of the highest turnover rates
of all enzymes."'” The used bovine liver catalase is a homotetrameric enzyme containing four
identical 60 kDa subunits (pl = 5.4). Each monomer contains a heme 4 group, as a catalytic center
and one NADPH molecule as a cofactor, which prevents the inactivation of the enzyme.!"'*"" In
general, catalases show a highly conserved f-barrel core structure. Substrates and products can
reach the active site through one of the three accesses channels. Catalases show remarkable
resistance over a wide pH range, high thermostability and are resistant to proteolysis. Based on

these characteristics, catalases gained in importance for clinical and biological applications.!"*!

The enzyme lysozyme (LYZ) represents another protein that was used in this work and belongs to
the class of hydrolases. This glycoside hydrolase is an antibacterial enzyme and part of the innate
immune system. It is widely distributed in nature and found in mammalian tissues and fluids such
as milk, saliva, mucus, blood and tears. Lysozyme lyses cell walls of Gram-positive bacteria by
cleaving the 1,4-f-glycosidic linkage between N-acteylmuramic acid and N-acteylglycosamine,
which are building blocks of the peptidoglycan in bacterial cell walls. It is a small globular protein
(3.5 nm in diameter, pI = 10.7) with a molecular weight of 14.3 kDa. Lysozyme is used in various

therapeutic applications!""! and serves as a food preservative.!'"”
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Figure 11 summarizes the five used enzymes in this work and gives an overview of their molecular

weight, spherical structure and compares the relative sizes to each other.

Cytc
124kDa 14.3 kDa 44.2 kDa 160 kDa

Figure 11: Used enzymes in this work. Cytochrome ¢ from horse heart (Cyt ¢, red, PDB: 1hrc), lysozyme
from hen egg (LYZ, purple, PDB: 1lyz), horseradish peroxidase (HRP, brown, PDB: 1hch), glucose oxidase
trom Aspergillus niger (GOx, yellow, PDB: 1gpe) and catalase from bovine liver (Cat, blue, PDB: 1tgu).

Reactive Oxygen Species and Natural Antioxidant Defense Mechanisms

The selected enzymes Cyt ¢, HRP and Cat represent, like already mentioned, important natural
antioxidant biomacromolecules, which protect cells among other things from harmful reactive
oxygen species (ROS). The formation of these highly reactive molecules and the participation of
the chosen enzymes are presented in the following section in order to understand the attractiveness

of the application of these biopolymers.

Metabolic processes in cells such as the respiration and enzyme complexes like the NADPH
oxidases, lead to the production of reactive oxygen species (ROS), which can be defined as reduced
metabolites of oxygen with strong oxidizing capabilities. The mitochondrial oxygen metabolism
represents a major source of the superoxide anion (Oy), resulting from the inchoate coupling of
electrons in the electron transport chain. Next to Oy, hydrogen peroxide (H.O,), the hydroxyl
radical (OH") and the superoxide anion radical (O,") are classified as reactive oxygen species.!'*’
Physiological low concentrations of these species are vital due to their function as signaling

molecules and their involvement in many processes, especially cell differentiation, proliferation,

growth, apoptosis and in immune responses.
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These comprehensive tasks demonstrate the significance of these species. However, an excessive
production of ROS results in potentially cytotoxic oxidative stress which induces cell damages and
inflammations. The irreversible destruction of vital biomolecules, especially proteins, lipids and the
DNA makes them in particular harmful."*!! Pathological findings of vatious diseases show evidence
for ROS involvement. Looking at the central nervous system (CNS), where low ROS
concentrations are required for brain functions, high levels of these species cause in perilous
neurodegenerative diseases like Alzheimer’s and Parkinson’s disease.'” In the case of the
Alzheimer’s disease, soluble forms of amyloid are able to initiate the activation of microglia, leading
to a long-lasting ROS generation which contributes to neuronal inflammations and dementia.!'””
The involvement of ROS is also observed in cancer.* The DNA damages caused by these species

contribute to the initiation and progression of this disease.

Natural non-enzymatic and enzymatic detoxification processes prevent the accumulations of ROS
and protect cells against them. Endogenous enzymes, like superoxide dismutase (SOD), catalase
(Cat) and glutathione (GSH) peroxidase are classified as ROS scavengers. Distinct superoxide
dismutases rapidly convert O, into the less reactive hydrogen peroxide. This molecule diffuses free
or receptor-mediated across biological membranes and is implicated in signaling pathways
including proliferation, cell growth and survival.'”! However, HO: can act as an oxidant and can
be converted into the highly reactive hydroxyl radical (OH") by iron-containing enzymes in a
Fenton reaction. This species is considered as the most harmful ROS compound and causes
massive cellular damages, which can only be restricted due to its short half-life. Another important
enzyme, the glutathione peroxidase interferes here and converts hydrogen peroxide into water.
This enzyme plays a central role in the maintaining of the redox homeostasis. Catalase is involved
in these defense mechanisms and represents the most efficient protective antioxidant enzyme in
this context. By decomposing hydrogen peroxide into oxygen and water, no further free radicals

e'"" I ooking at mitochondrial cytochrome ¢,'™* Xu and co-workers

are produced by this enzym
could show that this enzyme acts as an antioxidant and is involved in the detoxification of
ROS. 11 Additionally, Pereverzev and co-workers confirmed these results and showed that

cytochrome ¢ oxidizes superoxide back to molecular oxygen.'”’!
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Furthermore, repair processes, non-enzymatic members such as glutathione, uric acid and lipoic
acid, and exogenous antioxidant molecules like vitamin E (tocopherol), C (ascorbic acid) and

120-121, 128

carotenoids, represent other important antioxidant systems of cells.! I Since these are not

important for the presented work, references are merely made to the literature.

To prevent an overproduction or accumulation of the mentioned reactive species, the delivery of
enzymes using particulate systems becomes increasingly important. This approach can allow to
protect cells from oxidative stress and prevent the occurrence of a disease. Some developed

enzyme-based nanosystems will be presented in the next section.

Enzyme-based Nanosystems

The delivery of enzymes represents due to the mentioned characteristics of these biopolymers a
promising approach in the nanomedicine. Multifunctional nanosystems can be created by
exploiting intrinsic enzymatic characteristics. The application of enzymes can trigger, change or

prevent a specific physiological response and lead to the modulation of metabolic processes.!'*”

Away from higher ordered nanostructures, enzyme-polymer conjugates are already used in the
medical field and should be mentioned in this context. The PEGylation step leads to the

stabilization of the enzymes and results in nano-sized constructs. Oncaspar®, PEGylated

[130

L-asparaginase,”” and Krystexxa®, PEGylated uricase * are important examples and demonstrate

the effectiveness of enzymes in the administration as a drug (see Table 1).

Like already mentioned, diverse nanoscale constructs such as liposomes, micelles and polymer
nanoparticles have been used for the delivery of proteins and enzymes.!” The enzymes are either

(134 Mesoporous silica particles

encapsulated inside the particles'” or are attached to the exterior.
represent suitable matrices for the immobilization of enzymes.!"” Zhao ¢ al. encapsulated lipase in
mesoporous silica yolk-shell spheres in order to increase the thermal stability of the enzyme and
protect them from degradation by proteases.'™” Qu and co-workers used poly(actyl acid)-modified
nanospherical silica to immobilize bienzymes, in that case, glucose oxidase and horseradish
peroxidase, to perform enzymatic cascade reactions.”™ The encapsulation of enzymes into

polymeric scaffolds represents another approach.!'> '
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Batrakova and co-workers investigated inflaimmatory diseases of the central nervous system,
especially the Parkinson’s disease and developed enzyme-based delivery systems. In one approach,
they designed a macrophage-nanozyme system in order to deliver the redox-enzyme catalase to
Parkinson affected brain areas.'™ With this system, it was possible to reduce the hydrogen
peroxide level, which is increased in Parkinson’s disease. Additionally, they confirmed their first
results in murine models and demonstrated the feasibility of cell-mediated catalase delivery systems
for Parkinson’s disease therapies.!"” Inspired by the cell organization and the separation of vital

biochemical processes in defined compartments, the working group of J. van Hest developed

{0
S[139 S[1401

several nanoreactors!™ and cage using various proteins and enzymes as essential building

blocks.""! They demonstrated the synthesis of so-called lyophilisomes using elastin as a building

block, which can be used for the development of bioactive capsules.!'*”

As stable alternatives to natural enzymes, fully artificial, enzyme-like materials have been designed

[143

and established in recent years. 1 Metal oxide-based matetials form a huge area in this field. So-

called nanoceria, cerium oxide-based nanomaterials are able to scavenge reactive oxygen

147]

catalase,"*- oxidase!"*” and

b

intermediates!"* and exhibit superoxide dismutase- (SOD),!'*!
phosphatase!'**-like activities. Magnetic iron oxide-based nanomaterials, which regarded to be
chemically and biologically inert, also exhibit an intrinsic peroxidase-like activity."*” Yan and co-
workers provided the first pioneering studies and established a new area of research in this
context.™ Other metal-based nanosystems have also been explored, especially investigations of
gold nanopatticles have been made.” Lin and co-workers demonstrated the peroxidase-like and
GOx-like activity of cysteamine- and citrate-capped AuNP encapsulated in mesoporous silica.!"™”
However, 7 vitro experiments demonstrated therapeutic potentials of the mentioned nanomaterials,

[153

their use for iz vivo applications is often limited due to cytotoxic effects.” Additionally, looking at
the specificity and efficiency, natural enzymes are well ahead of these engineered nanosystems. The
delivery of native active enzymes to specific cells and organs is more efficient. One reason is the
much higher conversion rate of biochemical reactions by natural biomacromolecules compared to

the artificial one. Moreover, the therapeutic application of native biomaterials presents a lower

healthy risk.
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1.3 General Aspects of Enzyme Kinetics and Assays

In order to investigate and understand the enzymatic activity, kinetic mechanisms must be
considered. Enzyme-catalyzed reactions follow the Michaelis-Menten model and can be described
with corresponding kinetic parameters. Simplified, this theory can be applied to an enzymatically

catalyzed reaction with two reaction steps:

k k
E+S == ES —“>P+E

r

where the enzyme (E) forms an enzyme-substrate complex (ES) in the first step, which
subsequently decomposes into the product of the reaction (P) and the enzyme. k; (forward rate),

k, (reverse rate) and k., (catalytic rate) represent the rate constants of the corresponding steps.

The Michaelis-Menten equation is based on the assumption that a rapid equilibrium between
reactants and the enzyme-substrate complex is achieved, and represents the basic equation of

enzyme kinetics:

— Vimax [5] — kcat [E]O [5]

T Km+ (5] Ky + [S]

Vo

Vinax 1s the maximum rate of the system at saturating substrate concentrations and can be defined
as Vinax = keae[E]o at higher substrate concentrations with [S] > Ky. The turnover rate k.4
indicates the maximum number of substrate molecules converted to the product by one enzyme
per second. Thus, higher turnover rates imply a more efficient conversion of the substrate per
second. The Michaelis constant Ky represents the substrate concentration at which the reaction
rate is at half-maximum and is an inverse information about the substrate’s affinity for the enzyme.
Smaller Ky values indicate high substrate affinity based on the attainment of V,,, with lower
substrate concentrations. To be able to classify the efficiency of enzymes, the catalytic parameters
Ky and k.4 have to be considered. The quotient of these variables results in the specificity constant
(kcae/Km), which indicates how efficient an enzyme converts its substrates into the products

(named as ‘catalytic efficiency’ in this work). Higher values represent more efficient enzymes.
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In the laboratory scale, kinetic investigations can be carried out with the aid of absorption- and
fluorescent-based assays. In general, the formation of a product or the consumption of a substrate
over time are measured. The following descriptions focus on the three used assays in this work,
the ABTS assay, the Amplex Red assay and the enzyme-specific H,O; assay for catalase. The
selected procedures represent enzyme assays where all participants, such as enzymes, substrates

and chromogens are in solution and the relevant readout takes place in microtiter plates.

The ABTS assay represents a well-known colorimetric method and is based on a peroxidase-
catalyzed one-electron oxidation of 2,2’-azinobis-(2-ethylbenzthiazoline-6-sulfonate) (ABTS) into
the corresponding radical cation ABTS™ (Figure 12). The oxidation of this compound and related
molecules were already investigated in the middle 1960s by Hiinig and co-workers."” Even in the
following years, ABTS was established as a chromogen for hydrogen peroxide assays using
peroxidases as catalysts.!” The formation of the radical anion is analyzed spectroscopically and
measured between 405 and 420 nm over a short time, in most cases less than 10 minutes. This
method enables an easy quantification of the initial rates of enzymatic reactions. Peroxidases and

peroxidase containing materials can be assayed using this chromogen.

0_o° Q o@
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o) ABTS H,0, Ho © 0 ABTS"

Figure 12: Reaction of ABTS with a peroxidase and hydrogen peroxide to the corresponding ABTS** radical
cation, a green product (absorption at 405 nm).

A common procedure of this assay is to vary the substrate concentration, in this case hydrogen
peroxide, and keeping the amount of ABTS and the enzyme concentration stable. At slightly acidic
or neutral conditions (pH 6-7), the formation of ABTS™ is measured spectroscopically in the
presence of different H,O, concentrations. As already mentioned in Chapter 1.2.3, the generation
of a hydroperoxide adduct, formed by the iron of the heme group and hydrogen peroxide,

represents the first step. This unstable ferric-hydroperoxide complex dissociates rapidly into an

oxoferryl porphyrin 7-cation radical, forming compound I (Figure 9).
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At this point, the electron-rich substrate ABTS reduces compound I to compound 11, whereby a
green-colored cation radical is formed (ABTS™). Possible side reactions are the conversion of
ABTS™ into ABTS or an over-oxidation of ABTS, which occurs in the presence of HO; excess,

leading to the formation of the azodication ABTS*".[">

The Amplex Red assay is based on the same principle and differs only in the use of a fluorescent
dye (Figure 13). Hydrogen peroxide represents the substrate and initiates the reaction, whereby
Amplex Red acts as the electron-rich compound. The reaction leads to the formation of the red-
colored and highly fluorescent compound resorufin (ex: 563 nm / em: 587 nm). Fluorescent probes
provide convenient and sensitive dyes for the detecting of certain substances and processes,
especially in cells and tissues. This assay is commonly used for the measurement of extracellular
hydrogen peroxide and, at the same time, for the peroxidase activity of developed enzyme

containing matetials.>’!

N

HO (0] OH
O™ ey
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Amplex Red H,0, H,O resorufin

Figure 13: Reaction of Amplex Red with a peroxidase and hydrogen peroxide to the highly fluorescent dye
resorufin,

For the investigation of the peroxidase activity of catalase, an enzyme-specific assay was used. The
consumption of hydrogen peroxide by catalase and the following disappearance of HO, at 240 nm
was measured spectroscopically. This assay can be monitored continuously at 240 nm containing a
constant amount of enzyme and different hydrogen peroxide concentrations at an appropriate time

interval.'>®

Modern evaluation programs like GraFit® (Erithacus Software Limited) enable the analysis and
comprehensive fitting of all received data to determine Kj and V4, in order to calculate the

important kinetic parameters k.q; and the specificity constant (kqq¢/Ky).
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2 AIM OF THE WORK

Protein-based nanoparticle systems represent innovative nanomaterials due to their
biodegradability, their structural and chemical diversity and their potential to act as bioactive
molecules. In this context, the development of catalytic active nanosystems utilizing enzymes as
functional building blocks represents a challenging approach and offers the potential to modulate

cellular processes.

In order to use enzymes in biochemical approaches, the enhancement of their physicochemical
properties is unavoidable. For this, the surface modification with the FDA-approved synthetic
polymer polyethylene glycol (PEG) represents a common approach. Based on the amphiphilic
behavior of this synthetic polymer, a high surface PEGylation results in a lipophilic material and
allows a solubility in organic solvents. Previously, this approach was utilized in our working group
to formulate a stable protein-based nanoparticle system. Lysozyme was used as a model enzyme
and was modified with TsT-activated polyethylene glycol. Trichlorotriazine (TsT) is an established
activation agent for PEG since Abuchowski and co-workers published their initial results of protein
PEGylation in the eatly 1980s. The TsT group represents a highly reactive electrophilic linker for
the unselective modification of protein surfaces. This reactivity can lead to the crosslinking of
protein molecules, resulting in undesired high molecular weight conjugates. Over the years, TsT

has been supplanted by several other more controllable activation linkers for PEG.

Build on the applied PEGylation strategy in our working group, in the first project of this thesis
other electrophilic agents should be investigated for PEG activation (Figure 14). For this, it was
planned to select four different electrophilic groups, which distinguish themselves by their chemical
functionality and their reactivity towards nucleophilic amino acids on the protein surface.
Subsequently, LYZ should be modified with these activated PEGs to achieve a lipophilic
biomaterial. The main goal of this first project was to find a highly reactive and in particular mild
PEGylation method, which ensures the preservation of the enzymatic activity. Furthermore, it was
the idea to prepare protein-based nanoparticles with the synthesized protein-polymer conjugates.
For this, an emulsification method which was established in our group after the first promising

results of Fach e a/. should be used.
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It was planned to investigate the effect of the different used LYZ-PEG conjugates on the resulting

protein nanoparticles regarding size, morphology and stability.
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Figure 14: The first project of this thesis focused on the PEGylation of a protein, using four different
activated PEG chains. It was the aim to achieve a lipophilic protein material, which can be processed by an
emulsion-based technique to prepare a solely enzyme-based nanoparticle system. In the first step, it was the
idea to find a highly reactive and in particular mild PEGylation method, which ensures the preservation of
the enzymatic activity. In the second step, it was planned to investigate the effect of the different used LYZ-
PEG conjugates on the resulting nanoparticles regarding size, morphology and stability.

Enzyme-based materials offer the potential to intervene in specific cellular mechanisms and to
correct defective processes in a therapeutic approach. For this, the combination of synthesized
materials with natural enzymes represents a promising approach in the design of biomimetic
systems. Several nanomaterials, consisting of synthetic or natural compounds and containing
natural enzymes as biocatalysts, have been reported in the literature, previously. The common
feature of all these systems is that the enzymes are either encapsulated within the particle system,
attached on their surface or incorporated within the matrix. Thus, additional carrier materials are

necessary, which have to be biocompatible and non-toxic for therapeutic applications.

The second project of this PhD thesis focused on the development of a catalytically active
nanomaterial (Figure 15). The idea was to exploit the intrinsic enzymatic activity of the used
biomacromolecules in order to create catalytically functional nanoparticles. In contrast to the
mentioned nanomaterials, it was planned to develop a system consisting solely of surface-
PEGylated enzymes using the emulsion-based technique. This would make the use of additional
carrier materials and stabilization agents redundant. The PEG polymer should merely be used as

aiding component in order to achieve a lipophilic biomaterial.
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Three peroxidases, Cyt ¢, HRP and Cat, which differ in size, morphology and catalytic efficiency
should be used as an active biomaterial. It was planned to investigate the designed enzyme-based
nanosystems regarding catalytic activity and integrity, and to compare them to each other. If the
developed biocatalysts retained their enzymatic activity, it was the idea to examine the catalytic
performance of the nanoparticles in a cellular environment, using Hela cells as a model system.
The focus should be on the design of functional nanomachines that can intervene in cellular

processes and manipulate them within the biological environment.

cell cytosol

particle
preparation
- 5 P
PEGylated catalytic
enzyme nanoparticles

Figure 15: The idea of the second project was to create catalytically active enzyme-based nanoparticles,
which are able to modulate cellular processes. In the first step, PEGylated enzymes should act as active
building blocks due to develop catalytic nanoparticles, using the established emulsion technique. In the
second step, it was planned to investigate the catalytic potential of the created systems within a cellular

environment.

In recent years, renowned researchers such as Stephen Mann and Jan C. M. van Hest presented
the design of bio-inspired nanoreactors. The imitation of compartmentalization such as in living
cells and thus the temporal and positional occurrence of vital reactions within these nanocages

represents an innovative challenge in fundamental and applied science.

In the third project of this work, it was the idea to develop a catalytically active dual-enzyme
nanoparticle system which can perform cascade reactions (Figure 16). It was planned to investigate
whether it is possible to co-embed two different enzymes in their active form within one particle
system using the established single emulsion particle preparation technique. For this, the two well-
known enzymes glucose oxidase (GOx) and horseradish peroxidase (HRP) should be utilized in

their PEGylated variant in order to achieve a lipophilic biomaterial.
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For the subsequent nanoparticle preparation, we planned to utilize different concentration ratios

of both enzyme and to investigate the effect on the resulting dual-enzyme systems regarding

substrate sensitivity and catalytic efficiency.
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Figure 16: In the third project of this PhD work, a nanoparticle system which can perform cascade reactions

should be developed. The idea was to create a catalytically active particle system based on two PEGylated

enzymes. For this, it was planned to use the established single emulsion technique and co-embed PEGylated

glucose oxidase and horseradish peroxidase within one nanoparticle system. The enzymatic activity should

be investigated with chromogenic molecules.
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3 RESULTS AND DISCUSSION

3.1 Enzyme PEGylation under Activity Preservation

In the first study, different linkers for the electrophilic PEG activation should be investigated with
the aim to find a highly reactive and at the same time mild PEGylation method for enzymes. The
focus was on the preservation of the native structure and the catalytic activity of the used enzyme.
These surface modifications were carried out with the aim to build up a protein-based nanoparticle

system using a mild nanoemulsion technique.

The majority of the data in this section has already been published in Medical Chemical Communications
(MedChemComm), the Journal of the Royal Society of Chemistry (Radi et al.?™) and is discussed in this work

more in detail.

3.1.1 Polyethylene Glycol Activation

Methoxypolyethylene glycol (mPEG) with a molecular weight of 2 kDa was used as a basic building
block and was functionalized with four different electrophilic linkers. Due to the low reactivity of
the terminal alcohol group of mPEG, an activation is necessary for the reaction with nucleophilic
groups on protein surfaces. Accessible amino acids in particular are lysine, cysteine, serine,
threonine, arginine and tyrosine. Among them, lysine represents the most abundant amino acid in

protein sequences and its e-amino group is a common target for conjugations.””!

Active esters of PEG carboxylic acids are appropriate acylating agents for protein modification.
The reactive electrophilic group reacts with primary amines under physiological conditions forming
stable amides. N-hydroxysuccinimidyl active esters (NHS esters) represent one suitable variant and
are used widely for protein PEGylation® In this first project, the mentioned NHS active esters
were not used because of the following reasons. These agents show a high hydrolysis tendency in
aqueous solution, which is why high amounts are necessary for a sufficient protein surface

PEGylation.
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Furthermore, high costs of the commercial available NHS-mPEG limit their use in this approach.
Fluorinated phenyl esters of PEG carboxylic acid (TFP-mPEG) are further commonly used
alternatives. One primary advantage of this electrophilic group compared to the NHS ester is the
better stability towards hydrolysis in aqueous solution, exhibiting a 10-fold increased half-life under

[160

slightly basic buffered conditions.!"” In an esterification reaction, a-methoxy-w-carboxy PEG was

modified with the electrophilic tetrafluorophenyl group wusing tetrafluorophenol and

[6t

N,N’-dicyclohexylcarbodiimide (DCC) as a dehydrating agent."!! The white solid was isolated in

61% yield.

Cyclic ethers, especially epoxides are potent electrophiles and can be used for the activation of
mPEG. This functional group is highly reactive towards primary amines, hydroxyl, imidazole and
thiol groups on the protein surface. The hydroxyl-functionalized mPEG was activated using
epichlorohydrin and sodium hydride as a strong base in order to functionalize the polymer with a
glycidyl end group in an epoxidation reaction (epoxy-mPEG).""” The yellow solid was isolated in

good yield (92%) and was stable in aqueous solution for 48 h.

Another acylating chemistry is based on the activation of the terminal PEG hydroxyl group with
chloroformates. The resulting carbonate ester of mPEG represents another electrophilic group for
the reaction with nucleophiles. The activated polymer was synthesized under alkaline conditions
using p-nitrophenyl chloroformate (yield 70%, carbonate-mPEG).'"”! One disadvantage of this

compound is the relatively low stability towards hydrolysis.

As a fourth activating agent, trichlorotriazine (TsT) was used. According to the initial work of
Abuchowski,” *™™ the conjugation of TsT with one polymer chain results in a highly reactive
conjugate which can react with multiple functional groups on the protein surface, forming a
secondary amine. It is known in the literature that the remaining chloride shows a sufficient
reactivity, which can lead to the crosslinking of protein molecules. In order to circumvent this side
reaction a triazine functionalized with two PEG chains was synthesized according to Inada.'*
Using this bi-functionalized PEGylation agent for the protein surface modification, the lipophilicity
of the resulting biomaterial can be increased rapidly, based on the introduction of simultaneously

two polymer chains per amine modification. Under mild alkaline conditions, the attachment of two

polymer chains to TsT takes place in a nucleophilic aromatic substitution (SxAr).

36



Enzyme PEGylation under Activity Preservation

Despite the activating agent is toxic, the resulting materials show minimal toxicity and have proven
to be successful in various 7 vitro and in vivo therapeutic applications.""** According to size-
exclusion chromatography and elementary analysis, 88% of cyanuric chloride was functionalized

with two mPEG chains, leaving the rest mono-functionalized (TsT-mPEG).

3.1.2 PEGylation of Lysozyme

The antimicrobial enzyme lysozyme (LYZ, 14.3 kDa) was used in this first study as a model protein
for PEGylation. In order to achieve a high surface modification and to facilitate a solubility of the
protein-polymer conjugate in organic solvents, the reactivity of the synthesized PEGs (as described
in Chapter 3.1.1) was investigated. The study compares the four different LYZ-PEG conjugates
and focuses on their structural integrity and their remaining enzymatic activity (Figure 17). The
globular enzyme LYZ offers ten nucleophilic groups on their surface. With the N-terminal amine
and overall six accessible lysines, the primary e-amino groups (pK, 10.5) represent the main target
for PEGylation. Other three hydroxyl groups of tyrosine (pK. 10.9) are available and can react with
the activated polymers in a nucleophilic substitution reaction. In general, the SH-group of cysteines

is another target anchor.

All conjugations were performed in alkaline buffered aqueous solutions (pH 8-10) with a 3- to
20-fold excess of activated mPEG per amine. The modification of LYZ with TFP-mPEG, epoxy-
mPEG and carbonate-mPEG take place at room temperature for 48 h, using the polymer in a
threefold excess. Utilizing TsT-mPEG as PEGylating agent, a mild heating (40 °C) of the sample
was necessary for two hours. To substitute the third chlorine of TsT an increased temperature are
required (third chlotine: 70-100 °C).'”l Higher temperatures, in order to ensure the substitution
of the third chlorine, are not possible, as it would be lead to the denaturation of the protein. In
combination with slightly increased reaction temperatures and a high amount of TsT-mPEG

(20-fold), a LYZ surface modification using this PEGylating agent was carried out.

All resulting protein-polymer conjugates were purified by dialysis or centrifugal devices. After

freeze-drying, a colorless solid was obtained in all four cases.
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Figure 17: Surface modification of lysozyme with methoxypolyethylene glycol (2 kDa). Four different
activated mPEG chains (a—d) were synthesized and used for the PEGylation of LYZ. The X represents the

ten accessible nucleophilic groups of lysozyme such as the amine or the hydroxyl group.

Molecular Weight Analysis of LYZ-PEG Conjugates

To investigate the resulting molecular weights of the protein-polymer conjugates, two common
methods were used. The sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
is widely used for the determination of molecular weights of proteins. Denaturized protein samples
form negatively charged complexes with sodium dodecyl sulfate (SDS), which can move through
a defined-sized porous polyacrylamide gel in an applied electric field. Lower molecular weight
samples move faster through the polymer matrix than larger one. The second used method was
the matrix-assisted laser desorption/ionization time of flight mass spectrometry (MALDI-ToF
MS), which represents a mild and ideal method for the molecular weight determination of

biopolymers.

Figure 18 shows the PEGylated proteins (lane 1-4) in comparison to the native lysozyme (lane 0
and 5, sharp protein band below 15 kDa). Looking at the resulting lysozyme-polymer materials,
different molecular weights are presented. These findings indicate that the reactivity of each mPEG

varies towards the protein surface.
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Figure 18: SDS-PAGE (15%) of native lysozyme (lanes 0 and 5) and PEGylated proteins (lanes 1-4).
PEGylation was performed with TFP-mPEG (lane 1), epoxy-mPEG (lane 2), carbonate-mPEG (lane 3)
and TsT-mPEG (lane 4). (The used marker (M) is a PageRuler pre-stained protein ladder. Each lane was
loaded with 20 uL of the material. The gel was stained with Coomassie brilliant blue G) (from Radi ez a/2).

The protein modification with TFP-mPEG leads to a defined protein band in the SDS-PAGE at
around 20-25 kDa (Figure 18, lane 1). This result can be confirmed by MALDI-ToF MS
(22.89 kDa, Figure 19A), indicates that four mPEG chains were attached to the protein surface.

In contrast, the LYZ(epoxy-mPEG) conjugate shows a broad distributed protein band in the SDS-
PAGE (Figure 18, lane 2). The resulting biomaterial seems to have a higher molecular weight
between 30 kDa up to the detection limit of 170 kDa. By MALDI-ToF MS the exact weight of
32.44 kDa (Figure 19B) was determined, leading to around 9 mPEG chains on the lysozyme
surface. The smearing behavior of PEGylated proteins in the gel electrophoresis is known in the
literature and is attributed to the formation of complexes between PEG and SDS. This results in a
different migration behavior of PEGylated proteins compared to native ones and complicates a

correct molecular weight information of the product.“(’(’]

The use of carbonate-mPEG as PEGylating agent leads to narrowly defined products, similar to
the TFP-mPEG modification, but with slightly higher molecular weights of around 26-30 kDa
(Figure 18, lane 3).
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The MALDI-ToF MS measurement (28.36 kDa, Figure 19C) confirms the result of the SDS-

PAGE and indicates that around 7 mPEG chains were introduced per protein.
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Figure 19: MALDI-ToF MS of modified lysozyme with TFP-mPEG (A), epoxy-mPEG (B), carbonate-
mPEG (C) and TsT-mPEG (D). All diagrams indicate an increase in the molecular weight and confirm the
absence of unmodified enzyme.

The reaction with TsT-mPEG yields products with a molecular weight of 40—70 kDa (Figure 18,
lane 4) in the electrophoresis gel. MALDI-ToF MS examination of LYZ(TsT-mPEG) conjugates
confirms a molecular weight of 35.08 kDa (Figure 19D). Since one TSsT molecule carries two
mPEG chains, 5-6 TsT molecules were attached to the protein surface, leading to around 10-12
polymer chains overall. This PEGylation method represents the highest surface modification of

lysozyme compared to the other used electrophilic activated mPEGs.

All samples do not show any traces of native protein in the SDS-PAGE indicating a complete
conversion to highly PEGylated conjugates. After PEGylation, all protein samples were soluble in
organic solvents and could be used for the preparation of nanoparticles via an emulsion-based

technique (see Chapter 3.1.3).
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Determination of Primary Amines on the LYZ Surface

To determine the remaining primary amines on the lysozyme surface after PEGylation a
fluorescamine assay was performed. The non-fluorescent substance fluorescamine, a spirane, reacts

with primary amines to form a highly fluorescent product.

In comparison to the native protein, which bears seven free amines on their surface, the
modification with TFP-mPEG leads to the detection of one free primary amine. This result
disagrees with the determined amount of polymer chains via SDS and MALDI-ToF MS. One
possible explanation could be, that the attached PEG chains shield off another available amines on
the protein surface, which results in a falsified modification efficiency. The investigation of
lysozyme which was modified with epoxy-mPEG yields one remaining amine. In this case, six
primary e-amino groups of lysine could be PEGylated together with three OH-groups of the
available tyrosines, resulting in one free amine and overall 9 polymer chains. This result
corresponds to the SDS and the MALDI-ToF MS investigations. For LYZ(carbonate-mPEG) no
free amines were detected on the protein surface, which is in accordance with the other
investigations of this sample. The determination of LYZ(TsT-mPEG) indicates that no free amines
are available. Since 5-6 polymer chains were introduced two or one remaining primary amine
should be detected by this assay. Again, this result demonstrates the shielding effect of PEG, which
can lead to a falsified determination by this method. Nevertheless, this assay provides information
about the reactivity of the used activated mPEG chains and can be used as an additional method

of analysis.

Structural Integrity of PEGylated LYZ Analyzed by CD

The initial aim was to perform a mild surface modification without harming the native structure of
lysozyme. Therefore, circular dichroism (CD) spectroscopy was performed to analyze the protein
conformation after PEGylation. The CD spectroscopy is suitable for the rapid evaluation of
structural elements of proteins.'! This analysis refers to the differential absorption of right-handed

and left-handed circularly polarized light.
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When any types of optically active molecules interact with that light in a different way, the
difference in absorbance between left and right circularly polarized light will be measured by CD
spectropolarimeters. Looking at proteins, the chromophores of interest are the peptide bond
(absorption between 190 nm to 240 nm), aromatic amino acid side chains (absorption in the range
from 240 nm to 320 nm) and non-protein cofactors such as flavins (300-500 nm) or the heme
group (Soret band, strongly absorption around 410 nm). A CD spectrum is characteristic for every

protein and provides an insight into their structural nature.

In the first study, we compared the secondary structure of the PEGylated proteins with that of the
native lysozyme (Figure 20) by investigation of the far-UV area. All measurements were carried out
at 20 °C. The spectra of all four different modified samples are very similar to that of the native

enzyme. This result indicates that the most secondary structure elements were preserved.
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Figure 20: CD spectra of all PEGylated protein samples and native LYZ (red line). This investigation
indicates no or minimal loss of secondary structure elements after the protein modification with different
electrophilic activated mPEGs (from Radi ez a/2%).
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In order to make a precise and detailed assertion about the number of a-helices, f-sheets, turns and
unordered formations, a calculation of the secondary structure elements have been implemented
by using DICHROWEB (Table 2). Native LYZ shows a relative high amount of a-helices and
unordered structures (30—-40%). The f-sheets and turns are present up to 15%. The PEGylation
leads to no general tendency regarding the increase or decrease of the individual structural
components. LYZ(TST-mPEG) shows the highest structural discrepancy compared to the native
enzyme and the other modification routes. This result can be explained by the high surface
PEGylation (10-12 mPEG chains), which can lead to a higher structural alteration. Although the
LYZ(epoxy-mPEG) and LYZ(carbonate-mPEG) samples bear 7-9 mPEG chains, the structural
preservation is more intact. This indicates clearly, that the PEGylation with epoxy-mPEG and
carbonate-mPEG are milder than with the TsT-mPEG. The use of TFP-mPEG results in similar
structural deviations like utilizing epoxy-mPEG and carbonate-mPEG. This demonstrates a
harsher conjugation route compared to the first-mentioned methods, because only four mPEG
chains were introduced. In conclusion, the CD analysis shows only minimal variations within the
used modification strategies, which indicates the suitability of these four linkers for mild protein

surface PEGylations.

Table 2: Calculated amounts of secondary structure elements of LYZ and the modified samples (in %);
Results calculated with DICROWEB using the CONTIN-LL method (reference Set 7) (from Radi e a/12°)).

LYZ LYZ(TFP- LYZ(epoxy- LYZ(carbonate- LYZ(TsT-

mPEG) mPEG) mPEG) mPEG)
ahelix 3254 30.6 33.5 26.6 22.3
f-sheet 152 12.7 12.9 15.1 22.1
turns  13.4 13.1 13 13.6 15.4
unordered  38.86 43.6 40.6 44,7 40.2

Enzymatic Activity of PEGylated LYZ

Although the preservation of the secondary structure was confirmed of all PEGylated samples,
surface alterations can lead to a decline in the enzymatic activity. Therefore, a fluorescence assay
was performed with the synthetic lysozyme substrate 4-methylumbelliferyl-6-D-N,N’,N”
triacetylchitotrioside in order to investigate the catalytic activity of the PEGylated lysozymes

compared to the native one (Figure 21).
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The catalytic activity of LYZ based on the cleavage of 1,4-f-glycosidic linkage of mureins, which
represent important building blocks of bacterial cell walls. A large cleft on one side of the oval-
shaped protein represents the active site of this enzyme. Thereby the two amino acid residues
Glu35 (glutamic acid) and Asp52 (aspartic acid) play an essential role in the cleavage of the murein
peptidoglycan. Looking at the PEGylation step, the e-amino group of the Lys33 shows, together
with Lys97, the highest accessibility for modification. But these lysines are very close to the
enzymatic center."” The Tyr51 residue is another modification target and is located close to the
active site, too. PEGylations near to the catalytic center could have a greater impact on the resulting

enzymatic activity.

Based on the cleavage of the synthetic substrate by native lysozyme and the four different LYZ-
PEG conjugates, the amount of resulting fluorescent molecules (4-metylumbelliferone) was
quantified spectrometrically (ex: 380 nm / em: 460 nm), whereby the fluorophore concentration is
correlated with the enzyme activity. With the resulting slope of the fluorescence signal over time,

an assertion about the enzymatic activity can be made.
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Figure 21: Activity assay of LYZ and PEGylated samples. The LYZ(epoxy-mPEG) conjugate shows the
highest remaining activity (80%) compared to LYZ(TFP-mPEG) and LY”Z(carbonate-mPEG) (around
60%). The LYZ(TsT-mPEG) conjugate shows the lowest remaining enzymatic activity (13%)
(from Radi ez a/12%)).
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Epoxy-mPEG modified lysozyme shows the highest remaining enzymatic activity of 80%,
followed by LYZ(carbonate-mPEG) and LYZ(TFP-mPEG) with a remaining activity of 60-62%
compared to the native enzyme. Apparently, the protein active site is not significantly affected by
the introduction of 9 mPEG chains using epoxy-mPEG. The use of carbonate-mPEG and TFP-
mPEG leads to similar remaining catalytic activities, although a difference of three introduced
polymer chains exists (LYZ(TFP-mPEG) = 4 mPEG chains; LYZ(carbonate-mPEG) = 7 mPEG
chains). When we assume, that the polymer introduction occurs near to the active site when using
TFP-mPEG, the impact on the catalytic activity is more distinct, than when using carbonate-
mPEG and assuming a better distribution of seven mPEGs on the overall protein surface. In
comparison, the modification with TsT-mPEG leads to a significant loss of activity (13%). The
reduced activity can be attributed to the shielding effect of the introduced polymer chains,
restricting the access of the substrate to the active site (see SDS and MALDI-ToF MS experiments,
Chapter 3.1.2, page 38). Furthermore, it can be traced back to the structural shift seen in the CD
spectrum (Chapter 3.1.2, Page 41). In general, the conformational flexibility of the protein after the
surface modification is another important aspect, which closely correlates with the enzymatic
activity.

With the different activated mPEG chains, it was possible to produce lipophilic biomaterials which
differ in the PEGylation efficiency, structure and protein activity. Table 3 summarizes the results
of these four materials. In conclusion, LYZ(epoxy-mPEG) shows the highest preservation of the
enzyme activity after the introduction of 9 mPEG chains. It represents in comparison to the other

materials the mildest and the most non-destructive PEGylation agent.

Table 3: Resulting protein properties after PEGylation (SDS-PAGE in kDa; MALDI-ToF MS in 103 mz1);
fluorescamine assay for free surface amines; remaining protein activity in %; approx. amount of introduced
2 kDa mPEG chains) (from Radi ez a/[29).

molecular weight remaining protein activity mPEG
sample /kDa amines /% chains
SDS MALDI
LYZ(TFP-mPEG) 21-24 20-24 1.17 60 4
LYZ (epoxy-mPEG) 23-130 30-34 1.32 80
LYZ(carbonate-mPEG) 26-36 26-30 0.47 62 7
LYZ(TsT-mPEG) 36-55 33-40 0.04 13 10-12
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3.1.3 Lysozyme-based Nanoparticles

Single Emulsion-Based Particle Preparation

An ultrasonic emulsification method was used for the preparation of protein-based nanoparticles
which solely consist of protein-polymer conjugates. This technique is suitable for the encapsulation
of hydrophobic materials and was established in our group for the entrapment of the anti-cancer
drug doxorubicin."" In this study, it was the aim to examine, if the different used activated PEGs
have an effect on the resulting nanoparticles. For this, the four different particle systems were

investigated regarding particle size, shape and stability.

The surface PEGylation renders the protein fully soluble in organic solvents. This allows the use
of an emulsion-based oil-in-water (o/w) method to formulate nanoparticles. The different
PEGylated proteins were dissolved in dichloromethane (IDCM) and the organic phase was covered
with ice-cold PBS buffer (pH 7.4). This biphasic system was sonicated, resulting in an oil-in-water
nanoemulsion. After the evaporation of the volatile organic solvent, a nanoparticle suspension was
received (Figure 22). In the presented method, the use of additional crosslinking agents or

stabilizers is waived for the resulting nanoparticle suspension.
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Figure 22: Single emulsion-based nanoparticle preparation method. The lipophilic proteins were dissolved
in dichloromethane (DCM) and covered with an aqueous phase (PBS pH 7.4). The sonication of this
biphasic system leads to an o/w emulsion. The following solvent evaporation results in a particle suspension.
Redrawn from Fach e# a/I']
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Nanoparticle Size Determination

For the size characterization of all prepared protein-based nanoparticles, the Nanoparticle Tracking
Analysis (NTA) was used. This innovative method was first commercialized in 2006 and represents
an excellent technique for sizing soft matter particles from about 30 to 1000 nm. This analysis
combines the laser light scattering microscopy with a charge-coupled device camera (CCD), which
visualize and record nanoparticles in solution. The Brownian motion of the individual
nanoparticles is identified and is tracked by the NTA software, which relates the movement to a
particle size according to the formula derived from the Stokes-Einstein equation.!'™ The patticle
suspensions were diluted in PBS to a final concentration of 10 ug/mL and were injected into the
sample chamber with syringes. All measurements were performed at room temperature in five

individual runs over a time of 30 seconds.

NTA results of all synthesized samples indicate the formation of protein particles with a diameter
of around 100-150 nm (Figure 23, Table 4). Utilizing the (LYZ)epoxy-mPEG and (LYZ)TFP-
mPEG material for the nanoparticle preparation, systems with a diameter of around 108-112 nm
are received. In contrast, the use of (LYZ)carbonate-mPEG and (LYZ)TsT-mPEG result in larger
particles (130—150 nm). While the individual LYZ(epoxy-mPEG) samples bear 9 mPEG chains,
the assembly of these protein-polymer conjugates yields tighter particles (see Figure 23B) in
comparison to LYZ(TST-mPEG) (see Figure 23D) and LYZ(carbonate-mPEG) (see Figure 23A),
which were conjugated with two more or less polymer chains. Probably, two interactions have an
impact on the particle size. On the one hand, the interaction between the protein surface and the
directly covalent linked polymer chains, and on the other, the interaction between the individual

modified proteins within the particle system.
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Figure 23: NTA diagrams of LYZ(TFP-mPEG) (A), LYZ(epoxy-mPEG) (B), LYZ(carbonate-mPEG) (C)
and LYZ(TsT-mPEG) (D).

Table 4: Detailed size values obtained by NTA measurements of the LYZ nanoparticles. Particle size

(diameter) was determined with five individual measurements per sample (from Radi ez a/12%).

particle mean /nm mode /nm SD /nm
LYZ(TFP-mPEG)-NP 149.4 + 5.8 107.6 + 1.6 615t 4.4
LYZ(epoxy-mPEG)-NP 147.0 + 6.0 112.7 + 2.7 572+ 5.6
LYZ(catbonate-mPEG)-NP 164.0 £ 5.9 131.8 +3.3 66.7 £ 6.3
LYZ(TsT-mPEG)-NP 199.6 + 7.0 158.1 + 15.9 76.0 £7.12

Mean size and SD (standard deviation) correspond to the arithmetic calculated values based on the sizes of
all particles detected in the NT'A measurement. Mode values describe the average size of the main particle

population.
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Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) was performed to visualize the protein nanoparticles.
The dehydration of the protein solution was chosen as the TEM sample preparation method. For
this, the nanoparticle suspension (1 mg mL") was drop-casted (5 ul.) on a mesh copper carbon
grid. To remove the solvent, a wipe was positioned at one side of the grid and absorbed the aqueous

solution.

Drying is the most frequently applied method to study soft materials but includes at the same time
some disadvantages. The resulting images present the samples in a dried state, thus are not
representative of the nanoparticle behavior in solution. For a correct TEM interpretation, the
additional investigation of the particulate system in solution, for example by NTA (see Chapter
3.1.3, Page 47) is unavoidable. Furthermore, dissolved salts of the aqueous particle solution can be
precipitate upon decreasing the solvent content, which can cause in drying patterns. Moreover, the
particles themselves need to be stable. Looking at the interactions within the particulate system,
they need to be able to compete with interactions that occur with the carbon surface layer.!'"”
Alternatives to the described method are staining and cryo-TEM. To enhance the contrast of an
image, the negative staining method with uranyl acetate and phosphotungstic acid is suitable. The
stain does not penetrate through the object but only cover their surface, which results in a foot-
print like appearance. Nevertheless, there are some disadvantages. For example, the presence of
uranyl acetate crystals can lead to a misinterpretation of the resulting images. To represent a soft
matter system in its most native state, the cryo-TEM is by far the most informative technique. In
this case, a drop of the particle solution is given on a grid, and the sample is cooling rapidly to
achieve the vitrification of the water. Since this step is very fast, the sample is physically fixed in its
current state. Disadvantages of this method are the use of additional preparation tools and the

more complex sample preparation.

We performed TEM measurements with the NP sample that showed a good nanoparticle size
distribution and provided the best results regarding modification, structural integrity and enzymatic
activity, in our case the LYZ(epoxy-mPEG)-NPs. The images of this sample confirm a spherical
particulate nanosystem with a diameter of around 100 nm. The examined grid showed a

representative nanoparticle system with no other patterns (Figure 24).
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A closer look reveals a density difference within the nanoparticles (Figure 24C). The proteins seem
to appear darker, thus represent the high-density material, and the polymer chains appear brighter
as a low-density substance. The images should be considered with caution because the

interpretation of TEM data is often incorrect and is greatly dependent on the used sample

preparation method.

Figure 24: TEM images of LYZ(epoxy-mPEG) nanoparticles. The drying method was used as sample
preparation method. The images show a spherical particulate system with a diameter of around 100 nm

(A-C).

Unfortunately, only the described LYZ(epoxy-mPEG)-NPs lead to representative TEM images.

All other NP samples showed no recognizable pattern, crystals or other structures (Figure 25).

Typical artifacts, which are known in the literature, are found on the grids.!""”

(%3

Figure 25: TEM images of LYZ-NP samples, which show no representative particle system. Seen are black
spots, which can be attributed to dried PEG (A), and crystal structures which probably result from salts that
are precipitate during the removal of the solvent (B, C).
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Figure 25A shows round black spots with a diameter of around 500 nm up to 1 um which can be
attributed to dried polymers, in our case mPEG. The crystal structures seen in Figure 25B can
result from the crystallization of dissolved materials. Buffer salts lead to typical patterns, that
remind on crystal branches (Figure 25C). The discussed TEM images can be traced back to the
sample preparation method but generate the problem that no representative visualization is
available of the LYZ(TFP-mPEG), LYZ(carbonate-mPEG) and LYZ(TsT-mPEG) nanoparticles.
In the future, the already mentioned cryo-TEM technique should be used for the imaging of the

protein-based materials in order to avoid possible mistakes and over-interpretation.

Stability of LYZ Nanoparticles

The overall surface charge of a nanoparticle can be exploited to predict their stability. The
{potential is the potential difference between the solvent and the stationary layer attached to the
dispersed particle, and can be used as an indicator of the suspension stability. Generally, high
values, positive or negative, indicate a stable dispersion, based on the electric repulsion of the highly
charged particles. In the case of low (“potential values, the suspension tends to coagulate or

flocculate.'™

Table 5: {-potential of native lysozyme, the PEG-modified proteins and the prepared nanoparticles
(abbreviated with NP) (from Radi ez a/29]).

protein/particle {potential/ mV
lysozyme +5.46
LYZ(TFP-mPEG) -3.21
LYZ(epoxy-mPEG) -1.71
LYZ(carbonate-mPEG) -3.27
LYZ(TsT-mPEG) -9.09
LYZ(TFP-mPEG)-NP -15.47
LYZ(epoxy-mPEG)-NP -13.33
LYZ(catbonate-mPEG)-NP -19.67
LYZ(TsT-mPEG)-NP -11.80
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Therefore, the {“potential of all four nanoparticle suspensions (1 mg mI.") was investigated in PBS.
To compare the resulting values of the four nanoparticle systems, the individual used materials and
the native enzyme were investigated in the same manner. The particulate systems show
{"potentials in the range of =12 to =19 mV (see Table 5). This result is beneficial for a stable particle
suspension since it prevents aggregation and unwanted nonspecific interactions, for example with
blood proteins. Lysozyme has a positive “potential, whereas the PEGylated samples have slightly
negative values due to the functionalization of the positively charged amino acids on the protein

surface.

In Vitro Effects of LYZ-based Materials

To investigate the biocompatibility of the prepared LYZ-PEG conjugates and the corresponding
NPs, the cell viability of HelLa cells, a cervical carcinoma cell line, was investigated using the MTT
method. The reduction of the water-soluble salt MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) by cellular oxidoreductases leads to the formation of the insoluble
purple molecule formazan. This compound can be quantified spectroscopically at 570 nm.

Thereby, the reduced amount of MTT correlates with the number of living cells.

After 48 h, the synthesized LYZ-polymer conjugates cause no toxicity on Hela cells in material
concentrations up to 200 ug mIL." (the given concentrations refer to the used nanoparticle amount

in mg mL") (Figure 26).

Looking know at the four corresponding nanoparticle systems, two of them show an unexpected
result in the considering concentration ratio (Figure 27). Whereas the LYZ(TFP-mPEG)-NPs and
the LYZ (epoxy-mPEG)-NPs are non-toxic on HeLa cells, the LYZ(carbonate-mPEG)-NPs and
the LYZ(TsT-mPEG)-NPs show toxicity at high particle concentrations. After the treatment with
LYZ(carbonate-mPEG)-NPs and LYZ(TsT-mPEG)-NPs, a remaining cell viability of 10% and
40% is given at a particle concentration of 0.2 mg mL", respectively. This result was surprising for
the LYZ(TsT-mPEG)-NPs since the non-toxic behavior of this system was shown in the

literature.'"!
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A possible explanation can be provided by the synthesis route of the activated carbonate-mPEG
and TsT-mPEG. Toxic educts (p-nitrophenyl chloroformate, trichlorotriazine) and harmful
solvents (benzene, THF) were used for this mPEG activation. An incomplete consumption of the
applied molecules or an insufficient purification (precipitation, recrystallization), could result in

residues of the initially used molecules, which are toxic to cells.
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Figure 26: MTT assay for LYZ conjugates. All used LYZ-polymer conjugates are non-toxic on Hela cells
in a concentration up to 200 ug ml-1. The given concentration refers to the used nanoparticle amount in
mg ml1.
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Figure 27: MTT assay for LYZ-NPs. The LYZ(TFP-mPEG)-NPs and LYZ(epoxy-mPEG)-NPs show no
toxicity on Hel.a cells in the considered concentration range. LYZ(carbonate-mPEG)-NPs and LYZ(TsT-
mPEG)-NPs are toxic at a particle concentration of 0.2 mg mL-1. Whereby LYZ(carbonate-mPEG)-NPs
already show a cell viability of only 60% at a particle concentration of 0.1 mg mL-!. The given concentration

refers to the used nanoparticle amount in mg ml-".

In this first study, protein-based nanoparticles (100—130 nm) were successfully developed using the
four different LYZ-PEG conjugates, respectively. All synthetized protein-polymer materials
showed an intact structure and a remaining enzymatic activity. While all PEGylated lysozyme
samples maintained their secondary structure elements, their resulting catalytic activity varied
significantly among the different used PEGylation agents. The LYZ(epoxy-mPEG) material
showed the highest remaining activity (80%), followed by LYZ(carbonate-mPEG) and LYZ(TFP-
mPEG) (60-62%). The LYZ(TsT-mPEG) conjugates showed only an activity retention of 13%.
Looking at the individual enzyme PEGylations, the efficiency and the extent of the surface
modifications are significantly varied among the different synthesized compounds (4-12 mPEG
chains). The use of epoxy-mPEG led to the introduction of 9 polymer chains. In comparison to
the other protein conjugates, this material shows the best results regarding lipophilicity, structural
integrity and catalytic activity. Furthermore, the processing of this conjugate in the emulsion-based

technique results in the smallest nanoparticles (107.6 nm).
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3.2 Design of Catalytically Active Enzyme Nanoparticles

Enzymes are macromolecular biological catalysts in living beings that accelerate vital biochemical
reactions with high precision. The idea was to exploit the natural catalytic efficiency of these
biomacromolecules in order to create enzymatically active nanoparticles. Based on the results of
the first project, it was planned to use the synthesized PEGylation agents for the surface
modification of three different peroxidases. Subsequently, nanoparticles should be synthesized by
the emulsion technique. The aim was to modulate cellular processes and involve in intracellular

mechanisms with these particle systems, for the reduction of harmful reactive oxygen species
(ROS).
All shown data for the peroxidase cytochrome ¢ (Cyt ¢) has already been submitted and is discussed

here more in detail.

3.2.1 PEGylation of Peroxidases

To achieve a lipophilic protein material which is fully soluble in organic solvents, the surface of
three different peroxidases were modified with polyethylene glycol. The selected enzymes differ in

molecular weight, structure and catalytic efficiency.

The horseradish peroxidase (HRP), a heme-containing enzyme represents one of the most used
peroxidases in science, research and medicine, especially for molecular and clinical diagnostics.
With a molecular weight of 44.17 kDa, six lysine residues on their surface and a high intrinsic
peroxidase activity, this enzyme was chosen as a building block for the formulation of enzymatic
active nanoparticles. Furthermore, cytochrome ¢ (Cyt ¢), a globular 12.4 kDa small enzyme was
selected. This biomacromolecule has a high amount of basic amino acids (19 e-amino groups of
lysine) on the surface but compared to HRP, a lower peroxidase activity. As a third peroxidase, we
chose the catalase (Cat), a very efficient catalyst with one of the highest turnover rates for hydrogen
peroxide. This tetrameric enzyme has an overall molecular weight of 240 kDa and bears 25 lysines

per monomet, thereof 14 are readily accessible.

Based on the results of the first study, two PEGylation agents were selected for the modification
of these enzymes. First, epoxy-mPEG (2 kDa) as a highly reactive compound and in addition TFP-
mPEG (2 kDa), which leads to size defined conjugates.
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The PEGylation of HRP, using these activated mPEGs, led to an undesired outcome. A polymer
excess of three equivalents per amino group, resulted in an uncomplete HRP PEGylation.
Unmodified HRP was still remaining. The variations of other conditions such as reaction time (3 h,
24 h and 48 h) temperature (4 °C and room temperature) and the increase of the polymer amount
(6 eq. per NH2 group), led to no improvement of this enzyme modification. Additionally, an
incomplete solubility behavior was determined in organic solvents. To achieve a more lipophilic
protein-polymer conjugate, epoxy-mPEG with a molecular weight of 5 kDa was synthesized and
used for the protein modification. The conjugation led to a solubility switch, but the SDS-PAGE
indicated remaining native HRP. Therefore, different purification methods, like centrifugation,
dialysis and column chromatography were applied but leading not to the desired result. Based on
these outcomes, another PEGylation agent was evaluated to achieve a lipophilic enzyme material.
Functionalized polyethylene glycol with a N-hydroxysuccinimidyl active ester (NHS-mPEG) is
used widely for protein PEGylation and represents a suitable alternative to the already mentioned
PEGylation compounds.® In general, the high reactivity of the NHS functional group enables a
random protein surface modification. Unfortunately, the hydrolysis of the NHS ester group goes
along with relevant reaction conditions for the protein PEGylation. A successful protein
PEGylation takes place at alkaline conditions due to the reactivity of amines of the lysine residues.
However, under these conditions, the hydrolysis of the NHS ester is increased. Thus, a
compromise between PEGylation efficiency and hydrolysis of the functionalized PEG have to be
chosen. A mild alkaline buffer with a pH of 8.5 was used to achieve a sufficient surface
modification with NHS activated PEG. Commercial obtained NHS-mPEG with a molecular
weight of 5 kDa was used in an excess of five equivalents per amino group. The modification
results in a protein material mix with one or two mPEG chains. However, native HRP was still
present. To circumvent this, an increased excess of the 5 kDa polymer up to 20 equivalents per
NH, group was used. SDS-PAGE analysis shows a defined protein band at 55 kDa, indicating that
two polymer chains were introduced on the protein surface (Figure 28B, lane 4). MALDI-ToF MS

measurement shows more precisely that partially one or two mPEG chains were introduced.

However, a small amount of unmodified protein was detected (Figure 29B). Nevertheless, the
synthesized protein material was fully soluble in organic solvents and can be used for further

applications.
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Based on the good results of the HRP modification with NHS-activated polyethylene glycol, this
compound was also used for the surface PEGylation of Cyt ¢ In this case, a low molecular weight
PEG (2 kDa) was selected. Based on the high amount of lysine residues on the Cyt ¢ surface, shorter
polymer chains should be sufficient to achieve a lipophilic enzyme material. The surface
modification using NHS-mPEG with five equivalents per amino group (calculated for 10 lysine
residues) led to a protein material with a molecular weight of 36.35 kDa, which indicates that eleven
polymer chains were attached on the surface. To investigate if a lower amount of PEG was
sufficient to achieve a lipophilic Cyt +PEG conjugate, a decreased equivalent amount of the
polymer up to 1.5 equivalents per NH» group (calculated for 10 lysine residues again) was selected.
After purification by column chromatography, a defined enzyme-polymer material was received
with a molecular weight of 28 kDa. This material was fully soluble in organic solvents (Figure 28A,
lane 2). Therefore, according to SDS gel electrophoresis and MADLI-ToF MS (Figure 29A), eight

polymer chains were introduced onto the surface of Cyt «.
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Figure 28: SDS-PAGES of successful PEGylated enzymes. Cyt ¢ (lane 1) and the modified variant (lane 2)
using NHS-mPEGu2; 15% SDS-PAGE (A), native HRP (lane 3) and PEGylated HRP (lane 4) using NHS-
mPEGsy; 8% SDS-PAGE (B), catalase (lane 5) and surface-modified Cat (lane 6) using NHS-mPEGsy; 8%
SDS-PAGE (C).

The modification of Cyt ¢ with the PEGylation agents epoxy-mPEG and TFP-mPEG (both 2 kDa)
proceeded in a complicated manner. Although the PEGylation led to higher molecular weight
protein materials, a mixture of different sized protein-polymer conjugates was obtained and the
native enzyme was partially present.
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Moreover, the PEGylation with epoxy-mPEG led to a heavy structural alteration of Cyt ¢
investigated by CD. Based on these results, the NHS-mPEG (2 kDa) was solely used for further

Cyt ¢ modifications.
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Figure 29: Size determination of PEGylated Cyt ¢ (A), modified HRP (B) and PEGylated catalase (C) via
MALDI-ToF MS.

For the surface modification of the large catalase, the longer NHS-mPEG chain (5 kDa) was
applied. The use of a tenfold polymer excess per amino group, calculated for 56 amines, results in
an enzyme material with a molecular weight range of 100 kDa up to the detection limit of 170 kDa
(Figure 28C, lane 6). A typically broad distributed protein band was seen in the SDS gel, which
impeded the exact size determination. The MALDI-ToF MS spectrum gives an exactly molecular
weight for the PEGylated material per monomer of 94.93 kDa (Figure 29C). This result indicates
that approximately eight polymer chains were attached to the surface per monomer, resulting in an
overall molecular weight of 379.72 kDa for a possible tetramer. At this point, it is not able to
confirm the presence of a tetramer. It is known in the literature, that a PEGylation could destabilize

87a,

the structural arrangement of catalase.’> "I Tn order to obtain further information about the

protein structure, CD measurements were performed and discussed in the following section (see

Page 60).

All prepared materials were soluble in organic solvents and were used for the formulation of

enzyme-based nanoparticles.
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Fluorescence Labeling of Peroxidases for In Vitro Applications

All three native enzymes were labeled with a fluorescent dye for further 7» vitro applications. A
water-soluble sulfo-cyanin 5 NHS ester was chosen as a fluorophore (ex: 646 nm /em: 662 nm).
This dye is suitable for the mild protein labelling in aqueous solutions and is compatible with the
other used dye PY1 (see Chapter 3.2.3, Page 74). Primary amines on the protein surface react under
slightly alkaline conditions with the NHS ester-activated dyes to yield stable amid bonds
(Figure 30). The reaction took place at room temperature for one hour with a dye molecule
equivalent of one per protein. The modified enzymes were purified subsequently via column
chromatography. The number of fluorophores per protein was quantified by measuring the
fluorescence of the modified proteins in comparison to free Cy5. To achieve differentiated
excitation and emission signals, contrary to the information supplied by the manufacturer, the

excitation had to be set to 605 nm and the emission to 675 nm.

The labeled enzymes differ in the number of attached fluorophores. Every 59" Cyt ¢ enzyme was
modified with one dye, whereas every 5" HRP enzyme and every 3" Cat enzyme bears one
fluorophore. The calculated amount for the Cyt ¢ sample was very low compared to the other
enzymes. It was assumed that Cyt ¢ quenches the fluorescence of the used dye. This was confirmed
by measuring the fluorescence of a Cy5 containing solution (solution 1) and a further one,
containing the same amount of the fluorophore and additionally Cyt ¢ (solution 2). Solution 2

showed a decreased fluorescence signal up to 13%.

0.1 M borate buffer pH 7
1hrt

Figure 30: Fluorescence labeling of Cyt ¢, HRP and Cat with sulfo-cyanin 5 NHS ester. The reaction takes
place at room temperature for one hour. The dye molecule was used with an equivalent of one per protein.
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Subsequently, all three labeled enzymes were PEGylated in the already mentioned manner
(see Chapter 3.2.1) and used for the preparation of enzyme-based nanoparticles. The fluorescent-
labeled nanoparticle samples (Cy5_Cyt-NP, Cy5_HRP-NP, Cy5_Cat-NP) were investigated in flow

cytometry experiments (see Chapter 3.2.3).

Structural Integrity of PEGylated Peroxidases Analyzed by CD

Circular dichroism (CD) investigations in the far-UV area show no or only slight alterations of the
secondary structure elements of all three peroxidases (Figure 31, Table 6). The PEGylation of Cyt ¢
results in the largest shift compared to the both other enzymes. In contrast to the native enzyme,
the modification leads to a 24.5% reduction of a-helices and a definite increase of f-sheets.
Comparing the calculated amounts of the secondary elements of Cat and their PEGylated variant,
the modification results in a significant increase of f-sheets and a reduction of unordered elements.
Looking at the number of introduced polymer chains, a dependence between the enzyme size and
the structure alteration can be made. The attachment of eight polymer chains to the small Cyt ¢
surface leads to a greater structure alteration compared to the same amount of PEGs introduced
to the huge surface of catalase monomers. The PEGylated HRP sample shows no significant
change in the secondary structure. It is assumed that this result can be traced back to the
introduction of only one or two polymer chains. But overall, in all three cases, the surface
modifications lead to no total loss of the secondary structure elements.
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Figure 31: Far-UV CD spectra of Cyt ¢ samples(A), HRP samples (B) and Cat samples (C).

60



Design of Catalytically Active Enzyme Nanoparticles

Table 6: Calculated amounts of secondary structure elements for Cyt ¢, HRP, Cat and their PEGylated
variant (in %); Results calculated with DICROWEB using the CONTIN-LL method (reference Set 7).

Cyt ¢ Cyt(mPEG) HRP HRP(mPEG) Cat Cat(mPEG)
ahelix  65.8 413 61.5 65.5 36.6 31.6
fsheet 0.1 7.7 3 3 13.4 33
turns  10.8 10.4 15.6 16 15.7 18.9

unordered  23.3 40.6 19.6 15.2 34,3 16.5

Near-UV CD spectra (260-320 nm) provide information about the overall tertiary structure of
enzymes. The signals are due to the absorption, dipole orientation and the nature of the
surrounding environment of aromatic amino acids. Tryptophan (Ttp; peak close to 290 nm),
tyrosine (Tyr; peak between 275 and 282 nm), and phenylalanine (Phe; weaker peak between
255 and 270 nm) tend to show characteristic signals in this area. The pronounced magnitude of the
spectrum depends on the amount of each amino acid, their mobility and their environment within
the protein. Unlike in the already mentioned far-UV CD, the near-UV CD spectra cannot be
assigned to any three-dimensional structure. In our case, the investigation of this area can be used
to compare the three-dimensional structure of the native enzyme with the PEGylated variant.!'”
The CD spectra of all three investigated peroxidases show that the PEGylation results in no
significant spatial change, indicating no disruption of the tertiary structure (Figure 32). Only Cyt ¢
shows a characteristic spectrum of the individual aromatic amino acids Trp, Tyr and Phe. HRP and
Cat show in this area only a signal around 280 nm, which can be assigned to tyrosine and the amide

bond of all containing amino acids.
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Figure 32: Near-UV CD spectra of Cyt ¢ samples (A), HRP samples (B) and Cat samples (C).
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All three enzymes have a heme group as catalytic center. The structural environment of this
prosthetic group can be investigated at the Soret region (350—450 nm). Alterations in this area are
an indicator for the integrity of the heme binding site (Figure 33). The PEGylated variants of Cyt ¢
and HRP show no change in this area of the protein. Upon modification, the Soret band at 410 nm
is visible in these spectra, indicating the remaining ferriporphytin environment.!'” Looking at the
CD spectrum of Cyt ¢, the very pronounced negative signal at 420 nm represents the heme-
polypeptide interaction. The modification of Cat results in a signal shift at 400 nm, indicating an
alteration of the structural arrangement around the heme group. The containing heme &
coordinates with the surrounding amino acids, especially His54 and Asn127 assist in the reaction
with hydrogen peroxide. A close PEGylation to this active site results in an increased
hydrophobicity which can lead to a changed heme environment. Since a high alteration of the
structural arrangement could be excluded around the active site of the peroxidases, the enzymatic

activity of the synthesized materials was investigated in the following (see Chapter 3.2.3).
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Figure 33: CD spectra of the Soret region of the Cyt ¢ samples (A), HRP samples (B) and Cat samples (C).

3.2.2 Peroxidase-based Nanoparticles

The surface PEGylation of the three peroxidases leads to a solubility in organic solvents. This
property permits the use of the already mentioned emulsion-based technique for the preparation
of peroxidase-based nanoparticles.

For this, 2.5 mg of PEGylated peroxidase material was dissolved in dichloromethane, covered with
an aqueous phase followed by sonication. After the evaporation of the organic solvent, a stable

nanoparticle suspension was received.
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Size determinations of the particles using N'TA, result in materials with an average diameter of
115 nm for modified Cyt ¢ (Cyt-NP, Figure 34A). The higher molecular weight PEGylated enzyme
materials lead to larger nanoparticles with an average diameter of 125 nm for HRP (HRP-NP,
Figure 34B) and 145 nm for Cat (Cat-NP, Figure 34C). In general, a slight dependence between

enzyme size and the resulting nanoparticle size is present (Table 7).
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Figure 34: NTA data of Cyt ¢ nanoparticles (A), HRP particles (B) and the Cat nanoparticles (C).

Table 7: Detailed size values obtained by NTA measurements of the peroxidase nanoparticles. Particle size

(diameter) was determined with five individual measurements per sample.

particle mean / nm mode / nm SD / nm
Cyt-NP 162.7 + 4.9 1152+ 5.2 67.5* 3.5
HRP-NP 198.6 + 5.5 1249 + 5.8 103.8 + 10.1
Cat-NP 199.3 + 10.2 1458 + 74 88.5+5.5

Mean size and SD (standard deviation) correspond to the arithmetic calculated values based on the sizes of
all particles detected in the NT'A measurement. Mode values describe the average size of the main particle

population.
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TEM images of all three peroxidase samples confirm the formation of nanoparticles and show a

similar size distributions as determined by NTA (Figure 35).

N b
[—TE —5000m

Figure 35: TEM images of Cyt-NP (A), HRP-NP (B) and Cat-NP (C).

To find out more about the three-dimensional arrangement of the prepared nanoparticles, atomic
force microscopy (AFM) investigations were performed. Exemplary, only the Cyt-NPs were used
for this measurement (Figure 36). This microscopy method is an ideal characterization tool for
nanoscale structures and the determination of their shape and size distribution. One major
advantage of this technique is the visualization of the particles in three dimensions.!"™ The images
confirm the presence of globular nanoparticles in a size range of 120 to 150 nm and support the

already obtained results via NTA and TEM.

122

100

200 nm 0 nm

Figure 36: AFM images of Cyt-NPs. The images confirm the presence of spherical nanoparticles in a size
range of 120 to 150 nm.
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Cell Toxicity of Peroxidase-based Nanoparticles

The toxicity of all PEGylated peroxidases and their corresponding nanoparticles was investigated
using the MTT method. After 48 h, native Cyt ¢ and the PEGylated variant cause no toxicity in
Hela cells in high material concentrations up to 500 ug mlL." (corresponding to a native Cyt ¢
concentration of 13.16 nM) (Figure 37). The non-toxicity of native Cyt ¢ was expected, because the

[135, 175

enzyme itself can’t pass the cytoplasmic membrane. ! Cyt-NPs show a slight inhibition of cell
growth at high concentrations with viability values around 88%. Although Cyt ¢is an apoptotic cell
death mediator and some toxicity could be expected, the surface modification of the individual
enzymes most likely inhibits the binding to Apaf-1 and thus minimizes the formation of a cytotoxic

apoptosome.!''!

All HRP samples show also no toxicity in HeLa cells after an incubation time of 48 h and a particle
concentration up to 500 ug ml." (cotresponding to a native HRP concentration of 18.18 nm)
(Figure 38). As the non-toxicity of the native enzyme was expected, the PEGylation and NP

preparation result in the maintaining effect on Hela cells.

The MTT assay of the catalase samples shows different results (Figure 39). At an enzyme
concentration of 0.37 nM (corresponding to a particle concentration of 500 ug mL") a toxicity of
around 30 to 36% is produced by the native enzyme and the PEGylated variant. The nanoparticles
are non-toxic at this concentration. The toxicity decrease, in dependence on the reduced enzyme
concentration, up to a not significant impairment of the cell viability. But the tendency, that the
native enzyme is more toxic than the PEGylated samples, is given for all investigated

concentrations.

In conclusion, all prepared peroxidase-based nanoparticles show no significant toxicity on Hela

cells and represent promising biomaterials for further cell treatments.
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Figure 37: MTT result of Cyt ¢ samples. The given concentrations refer to the number of nanoparticles in
mg ml-'. The highest material concentration of 0.5 mg mlL-! corresponds to a native Cyt ¢ concentration of
13.16 nM.
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Figure 38: MTT results of HRP samples. The given concentrations refer to the number of nanoparticles in
mg ml1. The highest material concentration of 0.5 mg mL-! corresponds to a native HRP concentration of
18.18 nM.
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Figure 39: MTT results of Cat samples. The given concentrations refer to the number of nanoparticles in
mg ml1. The highest material concentration of 0.5 mg mL-! corresponds to a native Cat concentration of
0.37 nM.

3.2.3 Catalytic Activity of Peroxidase-based Nanoparticles

In this chapter, the investigation of the enzymatic activity of all prepared materials is presented.
After the successful formulation of peroxidase-based nanoparticles, the influence of PEGylation,

as well as the NP preparation on the catalytic efficiency of Cyt ¢, HRP and Cat were evaluated.

Determination of the Kinetic Parameters of all Peroxidase Materials

For all Cyt cand HRP samples, Michaelis-Menten kinetics were obtained using an ABTS assay with
hydrogen peroxide as substrate. To determine the influence of PEGylation and nanoparticle
formulation on catalase, an enzyme-specific assay was used, where the consumption of H,O, was

investigated spectroscopically at 240 nm.
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The intrinsic peroxidase activity of Cyt ¢ can be preserved upon PEGylation and NP preparation
(Table 8). The analysis of the catalytic parameters confirms a preservation of the catalytic efficiency
of PEGylated Cyt ¢«. The surface modification results in a Ky value of 0.515 mM (compared to
0.585 mM for native Cyt ¢) which indicates that the PEGylated material has a minimal higher affinity
for HoO,. The turnover rate (k. of the modified Cyt ¢ is slightly higher, which points to a
marginally faster product conversion. These results are not unexpected since it has been previously
described that an altered a-helices content can result in an increased peroxidase activity.'™ A
partial protein unfolding or structural change around the heme crevice can lead to an enhanced

substrate access, resulting in an improved peroxidase activity.!'”

I 'The nanoparticle preparation has
also no negative effect on the overall enzymatic activity. Investigations of individual modified
enzymes in solution compared to an equivalent amount of assembled ones, show only small
differences in catalytic efficiency (Ky = 0.489 mM). This can be most likely contributed to the small

substrate, which can easily penetrate within the NPs and achieve the approximately catalytic centers

of the individual enzymes.

Table 8: Michaelis-Menten kinetics of native cytochrome ¢, the PEGylated enzyme and the Cyt-NP. Data
represent averages, with error bars from three independent experiments performed in triplicate.

sample Michaelis constant turnover rate catalytic efficiency

Ky (mM) kear (sY) kea/ Ky (s mM-1)
Cyte 0.585 £ 0.076 0.57 0.98
PEGylated Cyt ¢ 0.515 £0.104 0.71 1.38
Cyt-NP 0.489 + 0.099 0.79 1.62

The calculated catalytic parameters for the synthesized Cyt ¢ samples are comparable with the
literature known values. Wang e# a/. investigated the peroxidase activity of native Cyt ¢ and after
dimerization of this enzyme using the ABTS assay. Turnover rates of 1.77 s were determined for
the native enzyme, whereby the dimerization leads to an improved peroxidase activity
(kar = 11.3 81" Micelles containing native Cyt ¢ show turnover rates of 0.311 s’ and
0.25 s™."5> 154 Dyhalt ef a/. showed that a PEGylation of Cyt ¢ results in an enhanced peroxidase
activity. Measured in 90% tetrahydrofuran they determined a turnover rate of native horse heart

Cyt ¢ of 0.87 s''. A surface modification with polyethylene glycol resulted in a turnover rate of

3.5 1178
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As expected, HRP shows higher peroxidase activity compared to Cyt ¢ (Table 9). The PEGylation
and the nanoparticle formulation have no negative impact on the catalysis of H,O,. Like already
seen for the Cyt ¢ samples, the surface modification and NP formulation lead to a slightly improved
catalytic activity (K = 0.032 mM for the PEGylated HRP and Ky = 0.031 mM for the HRP-NPs)
compared to native HRP (Ky = 0.034 mM). The increased peroxidase activity can also be explained
by the marginally altered a-helices amount after PEGylation (an increase of 4%, see Table 6).!"
Considering the error bars of the calculated amounts, the results should be interpreted carefully.

Though, it can be summarized that after the chemical modification and the technological treatment

the materials retain a certain catalytic activity.

Table 9: Michaelis-Menten kinetics of native HRP, the PEGylated variant and the HRP-NP. Data represent

averages, with error bars from three independent experiments performed in triplicate.

sample Michaelis constant turnover rate catalytic efficiency

Kv (mM) Kkear (s7) keae/ Kyt (s mM-Y)
HRP 0.034 £ 0.0034 704.03 20706.79
PEGylated HRP 0.032 £ 0.0104 911.10 28561.09
HRP-NP 0.031 = 0.0106 717.83 23306.35

Catalase represents one of the most efficient peroxidases and has one of the highest turnover rates
of all enzymes. The obtained values for native Cat are not unexpected and can be classified in the
literature (Table 10).""! The PEGylation step shows significant effects on the catalytic activity
(Kyvalue of 50.21 mM compared to 27.42 mM for native Cat). Abuchowski ¢z a/. had already shown
1977 that the PEGylation of catalase slightly destabilize the structure and leads to a slight decrease
87

in enzymatic activity.*’” Additionally, this result can be explained by the fact that the heme group

is buried in the core of one monomer and approachable via three channels.'®!

I PEGylations at
these sites complicate the access for H,O, which results in decreased turnover rates. The
determination of the enzymatic activity of the prepared Cat-NPs was not possible with the selected
assay. The decrease of the H,O, concentration at 240 nm could not be tracked spectroscopically
when using the Cat-NPs as enzymatic material. Although it is assumed that the small substrate
H>O; has access to the catalytic center of the enzyme, the selected assay conditions, especially the

short assay duration of 3 minutes, achieve no useful result. Also, a longer contemplation period of

15 min did not lead to the desired results.
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In order to exclude that this result can be traced back to the used samples, fresh prepared NPs and
hydrogen peroxide solutions were always used. To determine the enzymatic activity of the Cat-NPs

a fluorescent-based assay was performed in the following (see next chapter).

Table 10: Michaelis-Menten kinetics of native Cat, the PEGylated enzyme and the Cat-NP. Data represent
averages, with error bars from three independent experiments performed in triplicate.

sample Michaelis constant turnover rate catalytic efficiency
Kv (mM) Kkear (s7) keae/ Kyt (s mM-Y)
Cat 27.42 44884.48 1636.92
PEGylated Cat 50.21 50165.02 999.10
Cat-NP - - -

Investigation of the Extracellular H,O, with Peroxidase Material

In first 7z wvitro experiments, the extracellular enzymatic activity of the prepared materials was
investigated. Cell medium of stressed Hela cells were used in combination with the different
peroxidase samples to determine the hydrogen peroxide content and therefore receive information
about the catalytic activity of the prepared peroxidase materials. This investigation can be
performed using the Amplex Red assay, a fluorescence method which is based on the oxidation of
Amplex Red with H,O to the highly fluorescent dye resorufin, catalyzed by a peroxidase. To obtain
a sufficiently high enough ROS concentration, HeLa cells were stressed with TNF-q, a cytokine
which promotes the release of these species.* Small molecules like hydrogen peroxide can easily
diffuse through the cell membrane and can be investigated in the cell medium. For this, native
enzymes, PEGylated materials as well as the nanoparticles were incubated with the cell medium
for 3 h under shaking. After the addition of the dye solution, the number of fluorescent resorufin
molecules was quantified spectrometrically (ex: 563 nm / em: 587 nm). The fluorophore
concentration is correlated with the hydrogen peroxide concentration. All calculated amounts for

the peroxidase samples were referred to untreated cells.

All Cyt ¢ samples successfully reduce the HO» concentration in the medium (Cyt ¢ 48%, PEGylated
enzyme 59%, Cyt-NP 57%). The surface-modified enzymes and the NPs show even an increased
peroxidase activity compared to native Cyt ¢ (Figure 40). This result confirms again the retaining

catalytic activity after the surface modification and the nanoparticle preparation.
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Figure 40: Determination of the extracellular catalytic activity of Cyt ¢, PEGylated enzyme and the
nanoparticles using the Amplex red assay. The cell medium of cells which were treated with the Cyt ¢ samples
contains a reduced hydrogen peroxide quantity compared to untreated cells.

All investigated HRP samples show peroxidase activity and reduce the hydrogen peroxide content
in the medium (HRP 53%, PEGylated enzyme 55%, HRP-NP 34%) (Figure 41). The PEGylated
enzymes show a slightly higher conversion of the substrate, whereby the large error bars prevent
an exact assertion about the catalytic efficiency. According to this assay, the assembly of the
PEGylated material into nanoparticles impairs the enzymatic activity by 22%. Nevertheless, the
surface modification and nanoparticle formation do not lead to a total loss of the peroxidase
activity.

After incubation with the three catalase samples, a reduced HxO: level was determined in the cell
medium (Figure 42). But catalase, the most efficient peroxidase among the three selected enzymes,
shows only a reduction of 45%, like Cyt ¢ This result disagrees with our calculated catalytic
parameters and with values known from the literature (see H.O: assay, Page 67). Nevertheless, the
fact that the surface PEGylation leads to a decreased peroxidase activity remains in this assay
(reduced by 43%). Additionally, the Cat-NPs show a decreased conversion of hydrogen peroxide
(reduced by 15%), seems that the nanoparticle preparation has a greater impact on the enzymatic
activity of this enzyme, in comparison to Cyt ¢ and HRP. Moreover, the occurring large error bars
cannot be underestimated in this assay, so that an exact inference of the catalytic efficiency cannot

be made.
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Figure 41: Determination of the extracellular catalytic activity of HRP, PEGylated enzyme and the
nanoparticles using the Amplex red assay. The cell medium of cells which were treated with the HRP
materials contains a reduced hydrogen peroxide quantity compared to untreated cells. The HRP-NPs show
a higher amount of HO» compared to native HRP and PEGylated one, indicating a decreased catalytic
efficiency of the particles.
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Figure 42: Determination of the extracellular catalytic activity of Cat, PEGylated enzyme and the
nanoparticles using the Amplex red assay. The cell medium of cells which were treated with the Cat samples
show a reduced hydrogen peroxide quantity compared to untreated cells. The Cat-NP containing solution
shows a higher H>O» amount compared to the cell medium containing native Cat and PEGylated Cat. This
indicates a decreased catalytic efficiency of the particles.
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When performing 7z vitro experiments and using biological samples, it should keep in mind that
fluctuations within the triplicate of one sample and the other investigated samples are often present.
The exact hydrogen peroxide concentration is unknown and can vary within the wells of one well
plate. Moreover, the used Amplex Red assay can lead to errors. Zhao ef al. showed that Amplex
Red itself can be oxidized to the fluorescent dye resorufin after exposure to light in the absence of
hydrogen peroxide and a peroxidase.!”” This side reaction can lead to a falsification of the results

so that an exact statement about the peroxidase activity cannot be made.

Comparing the results of the three peroxidases with each other, the surface-modified Cyt ¢and the
Cyt-NPs show overall the best improved and retained activity. While Cyt ¢ has the lowest intrinsic
peroxidase activity, other characteristics of this enzyme can lead to this result. The surface
modification of Cyt ¢ results in the highest structure alteration compared to HRP and Cat. Like
already mentioned, the increased number of a-helices can result in an increased peroxidase activity.
Moreover, this small enzyme shows remarkable characteristics in order to be a good biocatalyst.
The containing prosthetic group is covalently linked to the protein scaffold, which prevents or
reduces the possibility to lose the heme group while modification, in contrast to HRP and Cat,
which bear the prosthetic group (heme /) via hydrophilic and hydrophobic interactions. In
addition, Cyt ¢is active over a wide pH range (2-11) and at high concentrations of organic solvents.

The already existing thermostability can be improved by surface modifications.!'™

Looking at horseradish peroxidase, investigations by other groups confirm the preservation of the
enzymatic activity in many organic solvents."®¥ However, the dissolution of the PEGylated HRP
in dichloromethane and the ultrasonic treatment can lead in our case to a slight decrease of the

catalytic activity of this particle system.

The modification of catalase and the NP formation lead to a significant loss of the peroxidase
activity in both performed activity assays (H.O, assay and Amplex Red assay). Every subunit of
this homotetrameric enzyme contains one NADPH molecule as a cofactor and heme 4 as a
prosthetic group, which is responsible for the enzymatic activity. Under physiological conditions,
this oxidoreductase catalyzes the dismutation of hydrogen peroxide in an excellent manner. Like
already mentioned, the PEGylation can lead to destabilization of the structure. In addition, a
dissociation of the multimeric enzyme into subunits can result in a conformational alteration of the

three-dimensional structure of the monomer, that cause partial inactivation.!'!
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Investigation of the Intracellular H,O, with Peroxidase Particles

Unlike the native enzymes, the developed peroxidase nanoparticles show the benefit to be taken
up by cells in a controlled manner. To highlight this advantage of the nanoparticle system, the
intracellular catalytic activity was investigated in stressed HeLa cells. Cells were incubated with the
three different Cy5-labeled peroxidase particles (Cy5_Cyt-NP, Cy5_HRP-NP, Cy5_Cat-NP) for
24 h and the reduction of the intracellular H,O, concentration was analyzed. For that, the particle-
treated cells and untreated ones, which serve as a control, were incubated with a monoboronate-
based fluorescent dye (Peroxy Yellow 1 -PY1) for 30 min, which diffuses quickly into the cytosol
and reacts there selectively with the remaining HO2 molecules.!"™ To achieve a better detection
limit of the used fluorescent dye, all HeLa cells were stressed additionally with exogenous hydrogen
peroxide (100 uM) for 30 min. Flow cytometry analysis shows that the particles are readily taken

up by cells and are able to reduce the intracellular H,O, level (Figure 43).

The treatment with Cyt-NPs leads to a 20% decreased H>O; concentration. Since the Amplex Red
assay show double values (Figure 40) compared to this experiment, it should be noted that the
intracellular hydrogen peroxide level was measured after 30 min and represent only this considered
state of the cell. Moreover, the possible influence of other cell occurring reactions should be kept
in mind. Performed investigations in the laboratory cannot always be transferred to living organism.
Nevertheless, the nanoparticles show a peroxidase activity in cells and confirm that the formulated

system can act as a molecular machinery inside of cells.

Similarly, the HRP-NPs reduce the hydrogen peroxide concentration up to 16%. These
nanoparticles are also able to perform catalysis within the cellular environment. This investigation
confirms again that the PEGylation and the NP formulation lead to no total loss of the intrinsic

peroxidase activity.

After treatment with the Cat-NDPs, 2 19% reduced intracellular H>O, concentration was measured
in HeLa cells. Whereas these NPs show a significantly decreased peroxidase activity in the Amplex

Red assay, an intracellular catalytic efficiency was measurable.
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Figure 43: Flow cytometry results of the different peroxidase NPs. Hela cells which were stressed with
hydrogen peroxide and treated subsequently with the developed nanoparticles, show a reduced amount of
this harmful species.

These flow cytometry experiments show that it is possible to perform catalysis in cells using the
developed enzymatic nanoparticles. The retention of the catalytic activity within the nanoparticle
system enables the utilization of the intrinsic peroxidase activity of Cyt ¢, HRP and Cat in order to

reduce the amount of the harmful hydrogen peroxide in Hela cells.

Live-Imaging Microscopy

To verity the findings and to visualize the reduction of the H,O, level within the cells, live-cell
imaging microscopy was performed with the Cyt ¢ NPs. Hela cells were incubated with PY1 and
treated with exogenous H,O, similarly to the flow cytometry experiments. These images represent
a stressed state of the cell with a high amount of toxic hydrogen peroxide (Figure 44A upper row).
Within a treatment time of 24 h, the nanoparticles are taken up by cells, probably by endocytosis.
We assume that the particles are dissociated into the individual surface-modified enzymes within
the endosomes. The subsequent endolysosomal escape of the PEGylated enzymes would lead to a
high peroxidase concentration in the cell cytosol, which we expect. At this point, it is important to
mention, that we did not investigate this assumed pathway. Previous studies in our group of
protein-based nanoparticles, which carried the anti-cancer drug doxorubicin showed cell toxicity,

comparable with other doxorubicin delivery systems.
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The resulting toxic behavior based on the delivery of the drug to the cell nucleus. This implies the
dissociation of the particle system within the cellular environment and includes the endolysosomal

escape. Based on this, we expected a similar behavior of the prepared peroxidase NPs.

The Cyt-NPs-treated cells show a 19% weaker average fluorescence signal of PY1, indicating the
reduction of hydrogen peroxide within these cells (Figure 44A lower row). Additionally, these
in vitro results confirm again that the catalytic activity of the nanoparticulate system is preserved in

a cellular environment and that these Cyt-NPs can even modulate ROS levels inside of cells.

merged

... :

Figure 44: Live-cell imaging of Hela cells without NP treatment (upper row) and cells incubated with Cy5-

no NP treatment

Cy5_Cyt-NP

labeled Cyt-NPs (lower row; incubation time: 24 h; scale bar for all images: 30 pm). Shown are the images
of the individual Cy5 (red) and PY1 (green) channels, as well as the merged images. Cy5-labeled proteins
(red dots) accumulate in the cell cytosol. Cells treated with Cyt-NPs show an overall lower green
fluorescence signal, which indicates a reduction of intracellular H>O,. The PY1" channel focuses on the
fluorescence intensity of the PY1 channel. High intensities are represented in red, low intensities in blue.
This representation allows a clear illustration of the distinct differences in fluorescence values.
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We assume, based on the previously performed flow cytometry experiments with the HRP-NPs
and the Cat-NPs, that the catalytic activity of these NPs results in similar cell images, as shown for

the Cyt-NPs in this section.

Under physiological conditions, the intracellular hydrogen peroxide concentration is about
0.001-0.01 uM, and in some cases up to approximately 0.1 uM. Higher H,O, concentrations
(>0.1 uM) lead to inflammatory responses and damages of biomolecules, denoted as oxidative
stress.'"™ In summary, the developed NPs demonstrate catalytic activity in the above described

simulated situation of an unhealthy state, and lead to the degradation of these toxic species up

to 20%.
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3.3 Cascade Reactions using Enzyme-based Nanoparticles

In the third project, the obtained knowledge about the enzyme PEGylation and nanoparticle
preparation was transferred for the design of a dual-enzyme based particle system. The idea was to
create a cascade reaction implementing nanosystem using two different PEGylated enzymes. The
primary aim of this study was to investigate whether it is possible to perform coupled enzyme

reactions in a single particulate system using the described emulsion-based method.

For this, the two enzymes glucose oxidase (GOx) and horseradish peroxidase (HRP) were co-
embedded in a nanoparticle system. GOx oxidizes g-D-glucose to D-glucono-d-lactone, which is
hydrolyzed to D-gluconic acid in a side reaction, and hydrogen peroxide. In the following step, the
generated H,O, can oxidize HRP, which is now able to catalyze the conversion of a chromogenic
substrate into a colored product (Figure 45). For this, 2,2’-azinobis-(2-ethylbenzthiazoline-6-

sulfonate) (ABTS) and Amplex Red were used to visualize a successful cascade reaction.

B-D-glucose chromogenic
substrate
colored
D-gluconic acid product

Figure 45: Schematic illustration of the cascade mechanism of GOx and HRP. In a first step, g-D-glucose is
oxidized by glucose oxidase to D-glucono-d-lactone and hydrogen peroxide, whereby the first one reacts
with water to D-gluconic acid. This oxidizing agent H>O» reacts in turn with HRP which oxidizes a
chromogenic substrate to a colored product.

To use a single emulsion-based technique and prepare a nanosystem which is solely built-up by
these two enzymes, surface modifications with polyethylene glycol were performed. The
PEGylation and the nanoparticle preparation, as well as the associated analysis, are presented and

discussed in the following sections.
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3.3.1 PEGylation of Glucose Oxidase

The modification and analysis of glucose oxidase (GOx) will be described in the following sections.

All results for the PEGylation of HRP are found Chapter 3.2.

PEGylation of Glucose Oxidase

To achieve a lipophilic enzyme material, glucose oxidase (GOx) was PEGylated using NHS-mPEG
with a molecular weight of 5 kDa (GOx(mPEG)s) and epoxy-mPEG with a molecular weight of
2 kDa (GOx(mPEG)ux), respectively. Based on experience acquired for the PEGylation of large
enzymes, the high molecular weight polymer was used to modify the surface of GOx, a 160 kDa
dimeric enzyme. Utilizing a shorter PEG chain, the epoxy modified polymer was selected due to
the high reactivity towards nucleophilic amino acids and additionally the increased stability of this
electrophilic group in aqueous solution.” Under mild alkaline conditions (pH 8) the modification
was petformed at 30 °C for 48 h. GOx from Aspergillus niger shows a maximal activity in a
temperature range of around 40-60 °C.” Thus, the slightly increased temperature should not
denature or disrupt the enzyme. The PEGylation with both polymers leads to slightly yellow

materials that are fully soluble in organic solvents.

Molecular Weight Determination of GOx-Polymer Conjugates by SDS and
MALDI-ToF MS

The monomer of the native enzyme shows a defined protein band at around 80 kDa in the SDS
polyacrylamide gel electrophoresis (Figure 46, lane 1). The use of NHS-mPEGs; results in a GOx
conjugate with a molecular weight of around 110 to 170 kDa. Because of the broad distributed
protein band of this material in the SDS gel, the molecular weight cannot be determined exactly
(Figure 406, lane 2). It can be expected that at least four or even more mPEG chains are introduced
onto the monomer surface, resulting in at least 8 polymer chains of the overall enzyme. In contrast,
the GOx(mMPEG)x material shows a barely detectable increase of the molecular weight in the SDS-

PAGE (Figure 46, lane 3). Only a slightly smeared protein band at around 80 kDa is seen.
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Figure 46: SDS-PAGE (8%) of modified GOx with NHS-mPEGsy (lane 2) and epoxy-mPEG2 (lane 3) in
comparison to native enzyme (lane 1).

To investigate the molecular weights more precisely, a MALDI-ToF MS measurement was
performed. The monomer of GOx shows a molecular weight of 76.18 kDa. Using NHS-mPEGsy
for PEGylation, this leads to products with a molecular weight of 90.14 kDa (Figure 47B). This
result is lower than expected from the SDS-PAGE and indicates that only two polymer chains
were introduced per monomer. The modification with epoxy-mPEGoy results in a material with a
molecular weight of 81.14 kDa, corresponding to two polymer chains per monomer (Figure 47A).
This low conjugation rate is not detectable in the SDS-PAGE but is sufficient to prepare a

lipophilic enzyme material which is soluble in organic solvents.
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Figure 47: MALDI-ToF MS diagram of modified GOx with NHS-mPEGsy (A) and epoxy-mPEGoi (B).
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Structural Integrity of PEGylated GOx Analyzed by CD

Structural investigations of both PEGylated GOx samples in the far-UV area indicate an overall
retention of the secondary structure (Figure 48). A slight decrease of a-helices and an increase in
unordered structure elements were detected by DICROWEB (Table 11). Looking at enzymes
which contain a binding pocket as a catalytic center, structural alterations might have been a higher
impact on the enzymatic activity. Thus, the preservation of the secondary structure of the GOx-
polymer conjugates is essential.

. —GOx

= —=mod. GOx (5kDa)
mod. GOx (2kDa)

N
()]

N
o

(&)}

o

[6] / (deg cm2 dmol-' 103) -
&

N
o

15 . .
190 210 230

A/nm -

Figure 48: Far-UV CD spectra of the GOx(mPEG)s. material (datk yellow dotted line), GOx(mPEG)a.
material (light yellow dotted line) and the native enzyme (green line). The spectra indicates a slight alteration
in secondary structure elements of the modified proteins. A detailed analysis can be found in Table 11.

Table 11: Calculated amounts of secondary structure elements for GOx and the PEGylated variant (in %);
Results calculated with DICROWEB using the CONTIN-LL method (reference Set 7).

GOx GOx(mPEG)sc GOx(mPEG)2

a-helix 31 23 21.7
[-sheet 22.5 26.5 25.7
turns 19.9 211 21.8
unordered  26.6 29.3 30.8
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3.3.2 Dual-Enzyme Nanoparticles

General Procedure

As already described in Chapter 3.1.3, a single emulsion-based method was used for the
formulation of this dual-enzyme-based nanoparticle system. PEGylated samples of GOx and HRP
were dissolved in DCM in different ratios, to obtain overall 2.5 mg modified enzyme material for
the particle preparation. The organic phase was covered with PBS (pH 7.4) and the biphasic
solution was ultrasonicated for 45 s. The nanoemulsion was stirred in a well-ventilated area and
after the evaporation of DCM, a stable nanosuspension was received. The differently composed

nanosystems are described in the following section.

Preparation of GOx-HRP Nanoparticles

Nanoparticles with five different ratios of PEGylated GOx and HRP were prepared (Table 12).
For this, NHS-mPEGs-modified HRP was used for all approaches (HRP(mPEG)s). Additionally,
nanoparticles using only one type of PEGylated enzyme were prepared by the single emulsion
technique and were served as controls (GOx(mPEG)s-NP, GOx(mPEG)x-NP, HRP(mPEG)s;-
NP). In general, the native enzyme quantity in the PEGylated material was determined by an
absorption measurement at 280 nm. Thus, the calculated amount of native enzyme in the
PEGylated material was used for the individual preparations of the dual-enzyme systems. The used

ratios refer to the native enzyme amount in mg, not to the quantity of the PEGylated material.

At the beginning, an excess of HRP referred to GOx molecules (ratio 1:2.5) was used to ensure
the rapid and complete conversion of HO, by HRP. In this ratio, both modified GOx samples
(2k and 5k PEG-modified) were combined with PEGylated HRP, respectively.

Furthermore, corresponding to activity results (see Chapter 3.3.3), only the GOx(mPEG), material
was used for further nanoparticle preparations. Utilizing this material in combination with
HRP(mMPEG)si, two further particulate systems with different amounts of GOx and HRP were

prepared (1:1 and 1:5 ratio).
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Based on first 7z vitro results (see Chapter 3.3.2, Page 88) two additional dual-enzyme systems with

large excesses of PEGylated HRP were produced (ratio 1:10 and 1:20).

Table 12: Composition of dual-enzyme nanoparticles in different GOx and HRP ratios. All samples were
prepared via single emulsion. The used ratios refer to the native enzyme amount in mg, not to the quantity
of the PEGylated material.

ratio GOx : HRP composition of the dual-enzyme NPs

1:1 GOx(mPEG)z - HRP(mPEG)s;
1:2.5 GOx(mPEG)s, - HRP(mPEG)s;
1:2.5 GOx(mPEG)z - HRP(mPEG)s;

1:5 GOx(mPEG)z - HRP(mPEG)s;
1:10 GOx(mPEG)z - HRP(mPEG)s;
1:20 GOx(mPEG)z - HRP(mPEG)s;

Size Determination of Dual-Enzyme Nanoparticles by NTA

Size determinations of the combined enzyme nanosystems were performed by nanoparticle
tracking analysis (NTA). All nanopatticle suspensions (1 mg mL") were diluted in PBS (pH 7.4) to
a final concentration of 10 ug mL.". Concentrations of 20 ug mL" were used, when the number of
nanoparticles was too low for tracking by the NTA software. All particle preparations result in

particulate systems.

Figure 49 shows the NTA data of the solely GOx-NPs using two different polymer lengths. Both
samples show nanoparticles with a diameter of around 200 nm. In general, compared to the other
prepared enzyme-based nanosystems, the use of this protein results in larger nanoparticles. This
outcome can probably be explained by the overall negative surface charge of GOx.”” It is assumed,
that the slight shielding effect of only four introduced mPEG chains does not change the overall
negative surface charge. Thus, the electrostatic interactions of the individual enzymes within the

particle system can lead to a less compact system.
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Figure 49: GOx nanoparticles using only the GOx(mPEG)sk (A) and the GOx(mPEG)2 material (B),
respectively. Both materials result in nanoparticles with a diameter of around 200 nm.

The combination of GOx(mPEG)s: with modified HRP in a ratio of 1:2.5, leads to nanoparticles
with a diameter of 137.4 nm. In comparison, the use of GOx(mPEG) results in slightly smaller
nanoparticles with a diameter of 123.3 nm (Figure 50). It seems that the polymer length has to
some extent a minimal influence on the particle size. Both systems indicate that the addition of
PEGylated HRP results in smaller particles, compared to the GOx-NPs. This can be traced back
to the reduced electrostatic interactions within the particle system. Based on the addition of HRP,
the negative surface charge of GOx are minimized, leading to a lower repulsion of the individual

enzymes and a compacter particle system.

Dual-enzyme systems with either a ratio of 1:5 or equal amounts of both biomacromolecules (ratio
1:1) result in different sized particle materials. A higher amount of PEGylated HRP results in
particles with a diameter of 125.2 nm (Figure 51). Again, it seems that higher amounts of
PEGylated HRP in the dual-enzyme system lead to more compact particles. The use of a higher

GOx(mPEG)x quantity (ratio 1:1) leads to larger nanoparticles (d = 181.8 nm).
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Figure 50: Dual-enzyme NP with a ratio of 1:2.5. The combination of GOx(mPEG)sk with HRP(mPEG) 51
leads to nanoparticles with a dimeter of 137.4 nm (A), using GOx(mPEG)2 with HRP(mPEG)s; results in
a particulate system with a diameter of 123.3 nm (B).
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Figure 51: Dual-enzyme system with a higher amount of HRP(mPEG)sk compared to GOx(mPEG)a in a

1:5 ratio (A) and a system with an equal amount of both enzymes (1:1 ratio, B). Higher amounts of

PEGylated HRP in the dual-enzyme system lead to more compact particles.

Two other combinations were prepared, where the HRP concentration was used in an excess of

10 and 20 compared to GOx. Both sample combinations result in particle systems of around

162 nm and 133 nm in diameter (Figure 52). Comparing these both samples, an increased

PEGylated HRP amount leads to smaller nanoparticles.
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But in comparison with the other prepared dual-enzyme systems, these samples confirm not the

trend, that higher PEGylated HRP amounts lead to overall smaller particles.

In general, NTA data show that all nanosystems which contain both enzymes, tend to be towards

small-sized particles compared to the NPs only consisting of GOx (compare with Figure 49).

Detailed size values of the investigated dual-enzyme nanoparticles are found in Table 13.
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Figure 52: Dual-enzyme systems with high excesses of HRP(mPEG)s compared to GOx(mPEG)2 in a

1:10 ratio (A) and 1:20 ratio (B).

Table 13: Detailed size values obtained by NTA measurements of the dual-enzyme nanoparticles. Particle

10000 10

c/108 mL"' >

133.4

1000

size/nm -

size (diameter) was determined with five individual measurements per sample.

particle mean / nm mode / nm SD / nm
GOx(mPEG)2-NP 268.2 + 8.7 202.5 + 7.7 128.8 + 4.6
GOx(mPEG)s-NP 267.1 £ 4.8 204.1 £ 4.8 1134+ 53
GOx(mPEG)x-HRP(MPEG)s-NP (1:1) 206.6 + 2.3 181.8 + 4.2 81.1 + 3.6
GOx(mPEG)2-HRP(MPEG)s-NP (1:2.5) 169.2 + 6.9 123.3 + 4.1 7251 6.2
GOx(mMPEG)si-HRP(MPEG)s-NP (1:2.5) 179.2 £ 5.6 1374 + 4.7 89.9 + 11.1
GOx(mPEG)x-HRP(MPEG)s-NP (1:5) 174.6 + 6.5 1252+ 6.5 73.51 3.0
GOx(mPEG)2-HRP(MPEG)s-NP (1:10) 193.5+74 162.1 + 16.7 73.0 £ 4.7
GOx(mPEG)2-HRP(MPEG)s-NP (1:20) 181.4 + 4.0 1334+ 3.6 82.5 + 6.1

Mean size and SD (standard deviation) correspond to the arithmetic calculated values based on the sizes of
all particles detected in the NT'A measurement. Mode values describe the average size of the main particle

population.
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TEM Images of GOx-NPs and Dual-Enzyme Nanoparticles

The prepared nanoparticles were visualized by TEM. The images of the GOx nanoparticles show
scattered particles in a size range of 150 to 200 nm (Figure 53A and B) and confirm the already
shown NTA data. Also, TEM images could be obtained from the prepared dual-enzyme
nanoparticle systems (Figure 53C—F). Unlike the low amount of the GOx nanoparticles on the
grid, these materials were found widely distributed in high quantities. Looking at the dual-enzyme
systems with a ratio of 1:2.5 and 1:1, the TEM images mainly confirm the NTA data and show
nanoparticles in a size of approximately 150 nm. NTA data of the dual-enzyme nanoparticles with
a 1:5 ratio indicate a narrow size-distributed system. However, TEM images show larger particles
with a size of around 200 nm. Because the nanoparticles are presented in a dry stage the resulting
size ranges do not always conform to the NTA data, which analyze the particles in solution. Based
on the preparation method the particles could be presented in a flattened state. The interpretation

of all TEM images should be carried out carefully like mentioned in Chapter 3.1.3, Page 49.
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Figure 53: TEM images of GOx nanoparticles and dual-enzyme nanoparticle systems. GOx(mPEG)2-NP
A), GOx(mPEG)s5-NP (B), dual-enzyme systems using GOx(mPEG)a (C) and the GOx(mPEG)s: (D)
material with PEGylated HRP in a ratio of 1:2.5. The lower row represents the combination of
GOx(mPEG)2 with modified HRP in a ratio of 1:1 (E) and 1:5 (F).
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Cell Toxicity of the Dual-Enzyme Nanoparticles

Glucose oxidase causes toxicity to bacteria and cells based on the formation of harmful hydrogen
peroxide. The idea was to determine the cascade reaction of the glucose oxidase-horseradish
peroxidase system from another point of view using the MTT method. The cell viability should be

investigated using HelLa cells which were treated with the dual-enzyme systems.

If the cascade reaction takes place as imagined, the co-embedded horseradish peroxidase intercepts
the toxic hydrogen peroxide and the cell viability should not be affected. All prepared GOx
containing materials such as PEGylated GOx and GOx-NPs as well as native GOx and HRP-NPs

serve as a control. The MTT assay was performed as described in Chapter 5.6.1.

Both individual PEGylated GOx samples were investigated separately, in order to exclude that the
polymer length has an influence on the cell viability. The GOx(mPEG)2 material, as well as the
corresponding particle system, show a toxicity up to 96%. Native GOx shows similar toxic effects

in this concentration range, whereby the HRP-NPs alone are non-toxic (Figure 54).
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Figure 54: MTT results of native GOx, the GOx(mPEG)2 material, the corresponding GOx-NPs, the dual-
enzyme system (ratio 1:2.5) and HRP-NPs. The given concentrations refer to the nanoparticle amount (in
mg ml1) and the enzyme concentrations are orientated towards the dual-enzyme system.
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Based on the high amount of H,O, produced by this enzyme, this result was expected. The dual-

enzyme system which was formulated in a ratio of 1:2.5, shows a cell viability of around 4%.

Investigations of the GOx(mPEG)s; material and the corresponding nanoparticles, resulting in the
same high cell toxicity (Figure 55) as already shown for the previous GOx materials. All GOx
samples are toxic on HeLa cells, whereby the HRP-NPs alone, which serve as a control, show no

toxicity again.

The available HRP amount in this particle system seems to be not sufficient in order to intercept
the formed hydrogen peroxide molecules and thus reduce the cellular toxicity. Based on this result,
dual-enzyme nanoparticles with higher HRP amounts were prepared (ratio 1:10 and 1:20, see
Figure 50), in order to investigate, if an adequate quantity of HRP can be achieved due to increase

the cell viability.
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Figure 55: MTT results of native GOx, the GOx(mPEG)s, material, the corresponding GOx-NPs, the dual-
enzyme system (ratio 1:2.5) and HRP-NPs. The given concentrations refer to the nanoparticle amount (in
mg ml1) and the enzyme concentrations are orientated towards the dual-enzyme system.
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Based on the already mentioned assumption that higher HRP concentrations could lead to an
increased cell viability, dual-enzyme particle systems which contain large excesses of PEGylated
HRP (ratio 1:5, 1:10 and 1:20) were investigated using the MTT assay. The hypothesis was
confirmed, since the 1:10 and 1:20 dual-enzyme systems show enhanced cell viability. At a material
concertation of 0.03125 mg, the 1:20 combined nanoparticles show an increased viability up to
25% (Figure 56). Accordingly, the particulate system with a 1:10 ratio shows a cell viability of 25%
at the half of the material concentration (0.015625 mg nanoparticles). This result confirms that the
toxic hydrogen peroxide produced by glucose oxidase is intercepted by the co-embedded enzyme

HRP and the cascade reaction works in this particulate system.
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Figure 56: MTT assay of dual-enzyme nanoparticle system with an excess of modified HRP (1:5 blue, 1:10
yellow and 1:20 orange). The given concentrations refer to the nanoparticle amount (in mg mL-"). At a
material concertation of 0.03125 mg, the 1:20 combined nanoparticles show an increased viability up to
25%, whereby the 1:10 ratio system shows a cell viability of 25% at the half of the material concentration
(0.015625 mg nanoparticles).
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UV /Vis Investigations of the Dual-Enzyme Nanoparticles

In order to verify whether both enzymes are co-embedded in the particle system, absorption
measurements were carried out. The dual enzyme nanomaterial was compared with the individual
single protein-based systems (GOx-NPs and HRP-NPs) by UV /vis spectroscopy (Figure 57). The
spectra of the GOx-NPs and HRP-NPs show a slight absorption at 280 nm respectively, which
refers to the amide bond. The HRP sample shows additionally an increased absorption at 410 nm
caused by the containing heme group. Verifying the dual-enzyme system, the characteristic
absorption at 280 nm and an increase at 410 nm are seen, indicating the presence of both enzymes

in one particle system.
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Figure 57: UV/vis spectra of HRP nanopatticles, GOx nanopatticles and the combined system of both
enzymes in a ratio of 1:1.

In order to investigate whether the cascade reaction takes place within the particle system, the
reaction was detected by UV/vis spectroscopy using ABTS as a chromogenic molecule. This
method enables a rapid qualification and visualization of the enzymatic reaction. For this, the dual-
enzyme system (ratio 1:1) was combined with g-D-glucose and ABTS, and the increase of
absorbance of the generated ABTS™ radical was measured between 405-420 nm. Only the dual-

enzyme nanoparticle system shows an increase in absorbance at 420 nm (Figure 58).
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Figure 58: UV/vis spectra of GOx-NPs, HRP-NPs and the dual-enzyme system in the presence of 1 mM

glucose and 0.25 mM ABTS. The green colored solution represents the formation of the ABTS*® radical
and confirms the successful occurring of the cascade reaction. This generated product can be measured at
405420 nm. In contrast, the HRP and GOx nanoparticles alone are not able to perform this cascade
reaction, which can be visualized by the colotless solution.

This result was assumed, since the co-embedded GOx initiates the cascade reaction by the
conversion of f-D-glucose, yielding D-gluconic acid and H>O,. The available HRP is oxidized in a
following reaction by the generated hydrogen peroxide and reacts with ABTS to a colored product.

This result indicates that both enzymes are presented in their active form within the particle system.

3.3.3 Kinetic Investigations of the Dual-Enzyme Cascade Reaction

Investigation of the Catalytic Activity Using the Amplex Red Assay

To investigate the enzymatic activity of the first prepared dual-enzyme nanosystems (ratio 1:2.5),
an Amplex Red assay was performed. This fluorescent-based assay is ideally suited for the rapid
determination of the GOx-HRP cascade. The reaction starts with the conversion of f-D-glucose
by GOx, yielding D-gluconic acid and hydrogen peroxide. Latter one reacts with HRP and the non-

fluorescent dye Amplex Red in a three-step peroxidase reaction.
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Amplex Red acts as an electron-rich substrate and is oxidized by the oxoferryl porphyrin 7-cation
radical (compound I) of the heme & group to an Amplex Red radical. In a second step, a further
dye radical is formed by compound II of the heme 4. Subsequently, a dismutation of both radicals
leads to the formation of the highly fluorescent dye resorufin (Figure 59A). With the resulting slope
of the individual fluorescence signals over substrate concentration, an assertion about the

enzymatic activity, thus the cascade reaction can be made.
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Figure 59: The Amplex Red Assay with the dual-enzyme NPs. The GOx-HRP cascade reaction within the
nanoparticle system is shown in detail for the PEGylated variants of both enzymes (yellow and brown points
with grey halo): the reaction starts with the conversion of 3-D-glucose by PEGylated GOx, yielding D-
gluconic acid and H2Oz (yellow box). Subsequently, hydrogen peroxide reacts with the HRP in a three steps
reaction cycle, yielding two Amplex Red radicals (first brown box). In a dismutation reaction, these both
radicals react to the highly fluorescent dye resorufin (second brown box) (A). Result of the Amplex Red
assay. The different enzyme materials were investigated over a glucose concentration area of 0—100 uM. The
resulting slope correlates with the enzymatic activity of the individual samples (B).

The main experiment of interest looks at the catalytic activity of the dual-enzyme-NP containing
both PEGylated GOx and HRP within one particle system. As control, we also analyzed native
(non-PEGylated) GOx and nanoparticles which contain only one type of enzyme (GOx-NP and
HRP-NP). The solution of the native GOx contains additionally native HRP (in the same
concentration as presented in the dual-enzyme nanoparticle system), in order to compare the
catalytic activity of the native enzymes with the modified ones in the dual-enzyme nanoparticle

system.
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Additionally, a mix of both individual enzyme-based NPs (i.e. mix of “pure” GOx-NP and “pure”
HRP-NP) was investigated. Here, the idea was to determine whether the proximity of the individual
enzymes in one particle system has an effect on the cascade reaction. Glucose acts as the substrate
in this assay and was incubated in different concentrations (0—100 zM) with the corresponding
enzyme samples for 3 h. After that, the non-fluorescent dye Amplex Red was added and the

solution was shaken for 5 minutes before read out (ex: 563 nm / em: 587 nm).

As expected, no cascade reaction proceeds when only HRP-NPs or GOx-NPs are present. Thus,
side reactions from these materials can be excluded. In contrast, both dual-enzyme nanoparticle
systems show an increased conversion of f-D-glucose compared to the native non-PEGylated
enzymes in solution (Figure 59B). Moreover, the nanoparticle system containing GOx(mPEG)a
material and PEGylated HRP, shows a higher substrate conversion compared to the nanoparticle
system containing GOx(mPEG)si. In general, this result confirms that the cascade reaction takes
place in both enzyme-dual NP systems. Additionally, the PEGylation step and the nanoparticle
preparation seem to have no negative effect on the enzymatic activity of GOx and HRP. A mix
(ratio 1:2.5) of both individual enzyme nanoparticles (GOx-NP, HRP-NP) results in lower
fluorescence signals, indicating a lower conversion rate of f-D-glucose over time. Thus, the
enhanced catalytic activity of the dual-enzyme systems can be credited to the close proximity of

both enzymes within one single particle system.

Investigation of the Catalytic Activity Using the ABTS Assay

To investigate the cascade reaction in more detail and to determine all kinetic parameters according
to the Michaelis-Menten model, an ABTS assay was performed. Like already shown for the other
prepared enzyme materials (see Chapter 3.2.3), this colorimetric method enables a suitable
quantification of initial rates of enzymatic reactions and is based on the already mentioned reaction

cascade shown in Figure 45.

In the beginning, all used materials such as the PEGylated GOx samples, the PEGylated HRP
samples and the corresponding nanoparticles (ratio 1:2.5) were investigated individually. Native

(non-PEGylated) GOx and HRP served as control.
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f-D-glucose represents again the substrate and was added in different concentrations to a solution
of colotless ABTS and the corresponding enzyme samples. The increase in absorbance of the
resulting chromogenic ABTS radical was measured over a time of 3 min at 405 nm. In order to
detect the ABTS radical, the cascade reaction must proceed. Therefore, every solution contains
both enzymes in corresponding amounts and “states” (e.g. as native enzyme, as PEGylated form,

or as NP system). The determined parameters and calculated kinetic values are presented in

Table 14.

Table 14: Calculated kinetic parameters for all used enzyme materials in a 1:2.5 ratio. The investigations
wete divided into the use of 2 kDa PEG and 5 kDa PEG for the GOx modification. The HRP modification
was performed using NHS-mPEGs;.

Michaelis turnover catz'llytic
PEG sample substrate constant rate eizl/ejr;;y
Ky (mM) Kkear (s71) (s mM)
GOx + HRP glucose 430+ 1.12 3558.40 827.53
GOx(mPEG) + HRP 30.22 +3.16 460.80 15.24
2kDa  GOx(mPEG) + HRP(mPEG)  glucose 30.85 + 2.12 640.00 20.74
Dual-Enzyme-NP 10.69 + 1.35 1561.60 146.08
GOx-NP + HRP-NP 13.21+0.28 1126.40 85.27
GOx(mPEG) + HRP 9.11 +3.05 3507.20 384.98
5kDa  GOx(mPEG) + HRP(mPEG)  glucose 8.91+1.76 2995.20 336.16
Dual-Enzyme-NP 21.69 £1.25 793.60 36.59
GOx-NP + HRP-NP 29.15 + 2.04 1664.00 57.08

First, the results containing the PEGylated GOx samples with the shorter mPEG chains
(GOx(MPEG)2) will be discussed: The modification of GOx with mPEGu leads to a significant
decrease of the substrate affinity (Ky = 30.22 mM) compared to native GOx, which has a Ky value
of 4.30 mM. In these both investigations, native HRP was used as peroxidase in the assay. Adding
PEGylated HRP to the PEGylated GOx sample, results in similar Ky values (Ky = 30.85 mM). The
PEGylation of HRP seems to have a minimal influence on the cascade reaction. This can be
explained by the small size of the substrate H,O, which can easily reach the heme group of HRP,

even if the enzyme is highly shielded by PEG.
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In addition, separate investigations of HRP samples alone (using H.O»as a substrate) show that
the surface modification has no effect on the catalytic activity (Ky = 0.032 mM for modified HRP,
0.034 mM for the native one, see also Table 9). In contrast, looking at the samples containing
PEGylated GOx, it seems that the polymer chains on the enzyme surface shield off the active site
of GOx and reduce the access for g-D-glucose (Ky = 30.22 mM for GOx(mPEG) + HRP,
Ky = 4.3 mM for native GOx and HRP). The combination of the two PEGylated enzymes into
one dual-enzyme-NP system results in a considerable increase of the enzymatic activity
(Ky = 10.69 mM), in comparison to the individual materials. The spatial proximity seems to have a
high impact on the catalytic activity and results in faster cascade kinetics. When mixing pure GOx-
NPs and HRP-NPs in the same 1:2.5 ratio it results in a Ky value of 13.21 mM. This indicates a
slightly lower affinity for f-D-glucose compared to the dual-enzyme system and confirms the
previous results of the Amplex Red assay. Again, it can be concluded, that the dual-enzyme-NP

system, using GOx(mPEG) and HRP(mPEG)s, shows an improved catalytic activity.

Next, the results containing the PEGylated GOx samples with the longer mPEG chains
(GOx(MPEG)s,) will be discussed: The GOx(mPEG)s. material demonstrates higher substrate
affinities (Kv = 9.11 mM) compared to the GOx(mPEG)x material (Ky = 30.22 mM). One reason
could be, that the introduced polymers were attached to different amines on the surface of the
enzyme, resulting in a changed accessibility of the f-D-glucose substrates to the catalytic center of
GOx. Similar to the previous results, the use of PEGylated HRP again leads to no change of the
overall enzymatic activity (Ky = 8.91 mM). However, looking at the dual-enzyme nanosystem, the
substrate affinity decreases with a Ky value of 21.69 mM compared to the GOx(mPEG)z system
with a higher affinity and a Ky value of 10.69 mM. The use of 5 kDa mPEG seems to lead to a
higher shielding of the catalytic center of GOx within the particle system and results in a decreased
enzymatic activity. Investigating the mix of both individual NP systems (GOx-NPs and HRP-NPs)
results again in slightly higher Ky values (Ky = 29.15 mM). Again, the results highlight the advantage

of the dual-enzyme system in comparison to the individual NPs.

Looking at the catalytic efficiency of the prepared enzyme materials, all calculated turnover rates
do conform to the described substrate affinities. Thus, materials with lower Ky values have high
turnover rates, indicating the conversion of a larger number of substrate molecules by one enzyme

per second.
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Since the GOx(mMPEG)x material combined with PEGylated HRP leads to the best results
regarding catalytic activity for the dual-enzyme-NPs, these compounds were used for further NP
preparations in different ratios. It was the aim to evaluate, whether the individual enzyme quantities
have an influence on the cascade reaction within the particle system. For this, three different
amounts of GOx and HRP were chosen (Table 15). The given ratios refer again to the individual
enzyme concentrations, not to the used amount of PEGylated material. To the already selected
ratio of 1:2.5, a nanoparticle system containing an excess of HRP in proportion to GOx was
prepared (ratio 1:5). Additionally, a particulate system with equal amounts of both enzymes was
formulated (ratio 1:1). In an independent ABTS assay these three particle systems were

investigated.

Table 15: Kinetic Parameters of dual-enzyme nanoparticles in three different ratios. GOx(mPEG)2: and
HRP(mMPEG)sk were used for the three NP preparations.

Michaelis turnover cata'lyuc
. . efficiency
ratio material substrate constant rate o] Ko
1 cat, M
Ky (mM) Kkear (s1) (s mM-)
1:1 472 +0.27 847.75 179.61
GOx(mPEG)z-
1:2.5 ] + 2. 2327.37 198.92
HRP(mPEG)s,-NP giricose 11.70£2.22
1:5 1416+ 1.78 3005.46 212.25

Kinetic investigations of these three materials show that the 1:1 NP system has the highest
substrate affinity (Ku = 4.72 mM). An increase of the HRP amount results in a decreased affinity
for f-D-glucose (Kn = 14.16 mM). Comparing the turnover rates of the three nanoparticle systems,
it should be noted that this kinetic parameter is lower for the 1:1 system than for the 1:5
nanomaterial even though the 1:1 system has a higher substrate affinity. This result raises the
question, why a system which contains a high substrate affinity, shows a lower turnover rate and
consequently a lower catalytic efficiency. To explain these values, the GOx-HRP cascade reaction
within the particle system should be considered. For illustration, we look inside the particle system
which contains equal amounts of both enzymes and imagine exemplary one GOx molecule and
one HRP molecule. The glucose oxidase represents the rate-determining step, as the cascade

reaction only starts after the formation of H,O; by this enzyme.
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A relatively high amount of GOx within the nanoparticle system (in our example 1:1) enables a
fast conversion of the added glucose but leads simultaneously to a relatively high amount of
hydrogen peroxide. This generated H>O, can now only be oxidized by the available HRP molecules.
Consequently, the concentration of generated ABTS™ molecules is lower in the considered period.
The chosen experiment setup does not allow a faster conversion of H,O, by HRP, resulting in
lower reaction speeds in the NP example with the 1:1 ratio, and subsequently lower turnover ratess
and catalytic efficiencies. In contrast, increasing the amount of HRP (in the 1:5 example) can
oxidizes more of the generated H,O: per time and leads to an increased cascade turnover rate and

an overall improved catalytic efficiency.

To validate the results for the dual-enzyme system with the highest glucose affinity, all used
materials were investigated in a ratio of 1:1 (see Table 16; in comparison to the previous detailed
assays in a ratio of 1:2.5 which are shown in Table 14). Applying all materials in equal enzyme
quantities leads in general to lower Ky values (Table 16). In detail, the PEGylated enzymes in
solution show similar affinities (Ky = 2.77 mM) as those calculated for native ones (Kv = 2.73 mM).
The formulation of both PEGylated materials in a dual-enzyme particle system leads to a slight
loss of the substrate affinity (Ku = 4.1 mM). However, comparing this number with the 1:2.5 NP
system (Ky = 10.69 mM, Table 14), an improved binding can be observed. At the chosen
conditions, the turnover rates are lower compared to the previously performed reactions containing
higher HRP amounts (compare with Table 14 and Table 15). This result confirms the already
acquired parameters and the assumption that an increased HRP concentration within the particle
system, leads to higher reaction rates. The mix of the two individual particle systems (GOx-NPs
and HRP-NPs) results again in a slightly higher Ky value (Ky = 6.3 mM), which in turn confirms
the advantage of a dual-enzyme particle system. Also, when comparing the value with the 1:2.5 NP

system (Ky = 13.21 mM, Table 14) the binding is improved.
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Table 16: Determination of Michaelis-Menten kinetics using the ABTS assay with all samples in an enzyme
concentration ratio of 1:1.

Michaelis catatlytlc
turnover rate efficiency
sample substrate constant Kew (5°) ko] Ko
KM (mM) cat cat, M
(s mM)
GOx + HRP 2.73£0.81 1505.19 551.35
GOx(mPEG) + HRP 482+1.27 2128.03 441.50
GOx(mPEG) + HRP(mPEG)  glucose 2.77£0.44 1470.59 530.90
Dual-Enzyme-NP 4.1 £0.66 899.65 219.42
GOx-NP + HRP-NP 6.3+1.78 1799.31 285.60

In conclusion, the combination of both biomacromolecules in equal amounts (1:1) represents a
dual-enzyme nanosystem which exhibits the highest substrate affinity but features at the same time
a lower turnover rate and catalytic efficiency, respectively. Looking at application opportunities for
the dual-enzyme-NP systems, especially as a glucose sensor, the substrate affinity is more important
to obtain a highly sensitive system. In contrast, to achieve a highly efficient system, higher reaction
speeds are preferable. Thus, higher HRP concentrations (like 1:5) should be chosen for the particle
preparation. These findings present the variability of the developed dual-enzyme particle systems.
Depending on the desired application, it is possible to combine the different enzymes in different

ratios to obtain the requested sensitivity or speed.

3.3.4 Application of the Dual-Enzyme Nanoparticles

In this section, the dual-enzyme particle system with the highest glucose affinity (ratio 1:1) was
investigated in more detail for a specific application as glucose sensor. In literature, both enzymes
are described as popular macromolecules for glucose monitoring.”” Using this coupled system,
the enzymes are often immobilized onto electrodes,'™ attached to magnetic particles”™ or silica

nanoparticles.””™ All these sensors show a remarkable glucose detection limit of 0.04 to 400 pM.
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To verify the sensitivity of our prepared dual-enzyme particle system, a buffered solution which
contains glucose concentrations from 0.25-6 mM was investigated using ABTS as a chromogenic

indicator. The absorbance measurements indicate the substrate sensitivity down to concentrations

of 0.25 mM (Figure 60).
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Figure 60: Absorbance measurements of the dual-enzyme particle system with ABTS (0.25 mM) and glucose
concentrations of 6—0.25 mM. The sensitivity of the dual-enzyme particle system can be visualized.

However, in comparison to the best literature known sensors, the prepared dual-enzyme
nanoparticle system does not reach the same sensitivity. This outcome can be explained with the
chosen experiment setup. The investigated 1:1 dual-enzyme particle system has a high substrate
affinity for f-D-glucose, which is preferable. However, this particle material shows lower turnover
rates in the performing ABTS assay in comparison to the developed systems which contain higher
amounts of HRP (ratio 1:2.5 and 1:5, compare Table 14-16). Thus, within a considered time, the
1:1 system leads to the formation of less ABTS™® molecules than the 1:2.5 and 1:5 particles. Since
we only regard the amount of formed cation radicals at a defined substrate concertation, and not
the substrate affinity, only a glucose sensitivity up to a detection limit of this colorimetric assay can

be performed.
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Hence, a further reduction of the substrate concentration would lead to a lower a ABTS"™
formation which results in no detectable absorption values. The combination of these factors leads
to the received result. Nevertheless, the prepared system is 10-times more sensitive than usual urine
test strip methods. The dual-enzyme nanoparticles would be able to detect very low glucose

concentrations in urine, even when a disorder with low glucose levels exists, like in the case of

diabetes.

To substantiate our assumption, that the dual-enzyme particles which contain higher amounts of
HRP would lead to the formation of more ABTS™ molecules in the considered time, we investigate
the glucose sensitivity of the 1:5 system (Figure 61). At same glucose concentrations, the 1:5 system
shows higher absorption values than the 1:1 nanoparticle system. A lower glucose detection limit
of 0.0625 mM was determined with this system, in comparison to the 1:1 system (0.25 mM). This
result can be traced back to the higher turnover rates, thus the higher catalytic efficiency of this

system (see Table 15). This presented investigation does not correlate directly with the substrate

affinity.
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Figure 61: Absorbance measurements of the dual-enzyme particle systems with a ratio of 1:1 (black crosses)
and the 1:5 system (red points) in the presence of 0.25 mM ABTS and glucose concentrations of
2-0.0625 mM.
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In conclusion, these absorption studies demonstrate the diversity of the developed dual-enzyme
systems regarding substrate sensitivity and catalytic efficiency. According to the ABTS assay, the
combination of PEGylated GOx and surface-modified HRP in a 1:5 ratio results in highly efficient
systems with higher reaction speeds, in comparison to the 1:1 dual-enzyme nanoparticles. This
could be confirmed with the presented absorption measurement. The particle system which
contains both biomacromolecules in equal amounts (1:1), though showed improved substrate
affinities in the ABTS assay. Unfortunately, this characteristic could not be shown in the presented
absorption measurement, which considers only the amount of formed ABTS™ molecules at a
certain glucose concentration. Nevertheless, it can be stated that it is possible with the presented
emulsion technique to combine GOx and HRP in different ratios to obtain the requested sensitivity

ot speed of a particle system.
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4 CONCLUSION AND OUTLOOK

The main focus of this thesis was the development of catalytically active enzyme-based
nanosystems. The design of the nanoparticles and the investigation of their catalytic performance
revealed new results, leading to the creation of new bio-inspired, catalytic nanomaterials. The

following conclusion will recap the most important findings.

4.1 Enzyme Surface PEGylation under Activity Preservation

The first project of this thesis focused on the evaluation of four different PEGylation methods to
achieve a high-density surface modification of lysozyme. For this, linear PEG chains were end
group activated in order to react with nucleophilic amino acids on the enzyme surface. This
modification led to a lipophilic behavior of the biomaterial. The solubility in organic solvents
allowed the application of an emulsion-based solvent evaporation method as nanoparticle
preparation technique. This led to the formation of stable nanomaterials in the size range of
100-130 nm, without the use of crosslinking or denaturation steps. The resulting nanoparticle
characteristics (size, surface potential, particle stability and toxicity) meet important requirements

necessary for therapeutic applications.

Four different electrophilic linkers, which differ in their chemical functionality, reactivity and
stability were used for the PEG activation. The characteristics of the individual synthesized PEG
chains have an effect on the protein conjugation. It has been shown that the efficiency and the
extent of enzyme modification significantly vary among the different PEGylation methods. The
various reactivities and modification efficiencies are important to consider when differently sized
enzymes are modified. In the case of lysozyme, all methods led to the desired enzyme conjugates
that are soluble in organic solvents. Therefore, other criteria are gaining importance in the selection
of the PEGylation agent. When looking at the initial synthesis of the activated PEG chain, both
epoxy and TFP end groups demonstrated the quickest, easiest and cleanest synthesis routes. Since
the activation with epichlorohydrin required standard -OH terminated mPEG (in comparison to a

carboxylic acid mPEG for TFP reaction) the epoxy activation should be preferred.
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When looking at structural alterations and the protein activity, mild and non-destructive surface
PEGylations are desirable. Again, the modification with epoxy-mPEG represented the method of

choice, due to the relatively minor loss of catalytic activity (20% less compared to native LYZ).

In conclusion, the presented PEGylation methods have the potential to be universally applied for
any enzyme of interest in order to increase its lipophilic character. These results extend the current
toolkit of possible mildly methods for the high-surface PEGylation of enzymes and can advance
the development of new and innovative enzyme-based materials. Furthermore, the developed
protein-based nanoparticles represent remarkable delivery systems due to their biocompatibility,
biodegradability and non-toxicity. The presented emulsion-based technique enables the
entrapment of hydrophobic drugs. Since the successful encapsulation of the anti-cancer drug
doxorubicin was already presented in our group, these carriers can be applied to the delivery of

other pootly water-soluble drugs.
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Figure 62: The LYZ surface PEGylation was performed using four different activated PEG chains. This
results in a lipophilic enzyme material, which can be used for the preparation of enzyme-based nanoparticles

by an emulsion-based technique. The performed method lead to spherical enzyme-based nanomaterials.
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4.2 Design of Catalytically Active Enzyme Nanoparticles

The main goal of this PhD thesis was the development of catalytically active enzyme-based
nanosystems. In the second project, this idea was implemented using three peroxidases Cyt ¢, HRP
and Cat. Non-toxic, enzymatically active biopolymer-based nanosystems (115-145 nm) were

developed, using the single emulsification method.

Looking at the PEGylation step, it has been shown that the first experiences of the lysozyme
surface modification cannot be easily transferred to the conjugation of the peroxidases. Based on
the different reactivity behaviors of enzymes, the most commonly used and highly reactive
NHS-mPEG acylating agent had to be utilized. Moreover, the use of high molecular weight PEGs
(5 kDa) was necessary for the surface PEGylation of large enzymes such as HRP and Cat in order

to achieve a lipophilic enzyme material.

The investigation of the catalytic efficiency of the designed enzyme nanomaterials represented the
main analysis of the second project. Looking at the initial enzyme PEGylation, the surface
modification of Cyt cand HRP led to enzyme-polymer conjugates with a slightly enhanced catalytic
efficiency. The PEGylation of Cat resulted in a significant decrease of the peroxidase activity. Based
on enzyme characteristics such as structural composition, physicochemical stability as well as the
integrity of the catalytic center, the surface alteration had different effects on the enzymatic activity.
The following sonication treatment during the particle preparation showed again no influence on
the catalytic activity of Cyt cand HRP, whereas the processing of the Cat-PEG conjugates led to a
decreased peroxidase efficiency. Nevertheless, the prepared nanoparticles retained a sufficiently
catalytic activity and presented artificial nanomolecular machines which can be used for the
modulation of cellular pathways. This was demonstrated in independently enzymatic activity assays
where the nanosystems act as a redox-active biomaterial and degrade both extra- and intracellular
H:O,. The kinetic results of the developed enzyme materials correlated with the intrinsic catalytic
differences of the used peroxidases. As expected, native catalase showed the highest turnover rates
for H,O, in comparison to native Cyt ¢ and HRP. But looking at the processing of the individual
enzymes, the utilization of Cyt ¢ and HRP resulted in nanomaterials with the best retained catalytic
activity. Since PEGylated Cyt ¢ and the resulting Cyt-NPs showed an enhanced extra- and
intracellular catalysis compared to the HRP materials, Cyt ¢ should be preferred as

biomacromolecule.
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In conclusion, an engineered peroxidase-based nanosystem, which performs catalysis inside of cells
was successfully developed. As demonstrated here, the particle preparation can be universally
applied to other different sized enzymes. Thus, this method offers the possibility to be transferred
to a wide range of enzymes in order to modulate various cellular processes. To get a better insight
of the intervention of the enzyme-based materials within the cellular environment, uptake
mechanisms of the particles should be considered more detailed in future. For this, the assumed
endocytosis pathway can be tracked by using, for example, various fluorescent markers known
from the literature. With the knowledge that the developed nanoparticles are able to reach certain
cellular compartments, more specifically and more efficient enzyme-based systems can be created.
Since the designed enzymatically active NPs can also be considered as classical drug delivery

carriers, combined therapeutic approaches might be possible for treatment of various diseases.

cell cytosol

particle
preparation
E—
PEGylated catalytic
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Figure 63: The enzyme PEGylation and the emulsion-based nanoparticle preparation lead to the design of
catalytically active enzyme-based nanomaterials. After the cellular uptake, these particles are able to perform

catalysis within the cell and to reduce harmful H>O» concentration.

4.3 Cascade Reactions in Enzyme-based Nanoparticles

The third project of this PhD thesis focused on the development of a dual-enzyme system, which
are able to perform a cascade reaction. Utilizing PEGylated GOx and HRP respectively, resulted

in fully active nanoparticle systems in a size range of 120—180 nm.

Starting again with the surface modification, GOx was fully soluble in organic solvents after the

introduction of PEG chains using either the epoxy-mPEGo or the NHS-mPEGs; derivatives.
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Since the PEGylation with epoxy-mPEGu led to the formation of a more reactive GOx-polymer
conjugate within the dual-enzyme particle system, compared to the resulting GOx material when
using the higher molecular weight PEG, this PEGylation agent should be preferred for the
modification of GOx. This result demonstrated again the different behavior of enzymes towards
PEGylation methods and indicates how important it is to consider the individual characteristics of

enzymes in the selection of their PEGylation agent.

Focusing on the cascade reaction and the resulting kinetic parameters of the dual-enzyme particle
systems, promising results regarding reaction kinetic and substrate affinity were determined. The
use of both enzymes in a 1:1 ratio for the particle preparation, resulted in nanoparticles with the
highest substrate affinity. The combination of PEGylated GOx with an excess of modified HRP
led to dual-enzyme systems with higher turnover rates. This result demonstrates the diversity of
the used preparation method. Depending on the desired application, it is possible to combine the

different enzymes in different ratios to obtain the requested sensitivity or speed.

Looking at possible applications, the created 1:1 system represents a suitable biosensor for glucose
monitoring. The presented variability of the dual-enzyme system offers the potential to be generally
applied for other cascade coupled enzyme systems. Inspired by the developed nanoreactors by
Stephen Mann and co-workers, the designed dual-enzyme nanoparticle systems could represent a
catalytically active material within a created compartment, which could undertake a task in order

to imitate catalysis of cells.
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Figure 64: The combination of two PEGylated enzymes in a single emulsion-based technique leads to a
catalytically active dual-enzyme nanomaterial. The co-embedded enzymes are able to perform a cascade
reaction within the particles system, yielding the green ABTS* molecules, which was utilized as a
chromogenic indicator.
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5 EXPERIMENTAL PART

5.1 Materials

5.1.1 Reagents and Solvents

Chemical Supplier CAS

Acetic acid Sigma Aldrich 04-19-7
ABTS Alfa Aesar 30931-67-0
Aceton Sigma Aldrich 67-64-1
Ammoniumperoxodisulfat Carl Roth 7727-54-0
Benzene Carl Roth 71-43-2
Catalase from bovine liver 11000 U/mg Serva Electrophoresis 9001-05-2
Catalase from bovine liver 2000-5000 U/mg Sigma-Aldrich 9001-05-2
Chloroform-4 Deutero 865-49-6
Cytochrome ¢ from horse heart Serva Electrophoresis 9007-43-6
Dichloromethane anhydrous, 299.8%, contains  Sigma-Aldrich 75-09-2
Diethyl ether Carl Roth 69-29-7
DMEM GlutaMAX™ Sigma-Aldrich

Epichlorohydrin TCI 106-89-8
Fetal Calf Serum (FCS) Life Technologies

Fluorescein Fluka 2321-07-5
D-(+)-Glucose Sigma-Aldrich 50-99-7
Glucose Oxidase from Aspergillus niger Sigma-Aldrich 9001-37-0
Glycine Sigma Aldrich 56-40-6
n-Hexylamine Sigma Aldrich 111-26-2
Horseradish peroxidase Alfa-Aesar 9003-99-0
Hydrochloric acid 37% Carl Roth 7647-01-0
Hydrogen peroxide solution 30% Sigma Aldrich 7722-84-1
Lysozyme from chicken egg white Sigma Aldrich 12650-88-3
4-Methylumbelliferyl g-D-N,N',N" Sigma Aldrich 53643-13-3
p-nitrophenyl chloroformate TCI 7693-46-1
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PageRuler Prestained Protein Ladder (SM0671)  Thermo Scientific
Penicillin-streptomycin (5,000 U/mL) Gibco™  Thermo Scientific

Petroleum ether

Phosphate buffered saline (10x concentrate) Sigma Aldrich
Polyethylenglycol (2000) monomethylether Sigma Aldrich 9004-74-4
Polyethylenglycol (5000) monomethylether Sigma Aldrich 9004-74-4

Polyethylenglycol (2000) a-methoxy-w-carboxy ~ Rapp Polymere

Polyethylenglycol (2000) a-methoxy-w-NHS Rapp Polymere

Roti®-Histofix 4% acid free (pH 7) Carl Roth

Rotiload Carl Roth

Rotiphoresegel Gel30 Carl Roth

Sodium chloride Carl Roth 7647-14-5

Sodium dihydrogen phosphate Amresco 7558-80-7

Sodium dodecyl sulfate Carl Roth 151-21-3

Sodium hydroxide Carl Roth 1310-73-2

Sulfo-Cyanine 5 NHS-Ester (Cy5-NHS) Lumiprobe

Tetrafluotophenol Alfa Aesar 769-39-1

Tetrahydrofuran Catl Roth 109-99-9

Thiazolyl blue tetrazolium bromide (MTT) Sigma Aldrich 298-93-1

Toluene (anhydrous) Sigma Aldrich 108-88-3

Trichloro-s-triazine Sigma Aldrich 108-77-0

Triethylamine Carl Roth 121-44-8

Trypsin from bovine pancreas Sigma Aldrich 9002-07-7

Zinc oxide 1314-13-2
HelLa Cells

The carcinoma cell line was derived from a cervical cancer tissue sample of Henrietta Lacks

(February 8 in 1951). Cells with passage numbers of 15-25 were used for all investigations.
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5.1.2 Buffers and Media

All buffers and media were prepared using purified water (Direct-Q®) and filtered through a sterile
syringe filter with a pore size of 0.22 um (CME membrane, Rotilabo®™). Aqueous buffers were

stored at 4 °C to prevent contamination.

Borate Buffer (0.1 M, pH 7)
6.18 g boric acid (My 61.83 g mol"') were dissolved in water (1 1) and adjusted with NaOH to
pH 7.

Borate Buffer (0.1 M, pH 10)
6.18 g boric acid (My 61.83 g mol"') were dissolved in water (1 1) and adjusted with NaOH to
pH 10.

Carbonate Buffer (0.1 M, pH 8)
10.60 g sodium carbonate (My 105.99 g mol™) were dissolved in water and the pH was adjusted
with NaOH to pH 8.

CD Buffer (10 mM K;PO,, 50 mM Na,SO, pH 7)
2.12 g potassium phosphate (My- 212.27 g mol™) and 7.10 g sodium sulfate (M 142.04 ¢ mol™)
were dissolved in water (1 L) and the pH was adjusted with NaOH to pH 7.

Coomassie Staining Solution
250 mg Coomassie Brillant Blue R-250 were dissolved in a mixture of water (45 mL), acetic acid

(10 mL) and ethanol (45 mL).

Destaining Solution for Coomassie Stained Gels

A mixture of water (450 mL), ethanol (450 mL) and acetic acid (100 mL) was used.

DMEM for Hel.a cells
DMEM GlutaMAX™ with phenol red was mixed with 10% FCS, 1% pyruvate and 1% penicillin-

streptomycin.
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Glycine Buffer (0.5 M, pH 12.0)
37.5 g glycine (M 75.07 g mol™) and 5.84 g sodium chloride (My- 58.44 ¢ mol") were dissolved in
water (1 L) and adjusted with NaOH to pH 12.0.

Phosphate Buffer (0.1 M, pH 5.2)
12 g sodium dihydrogen phosphate (M 119.98 ¢ mol") were dissolved in water and the pH was
adjusted with NaOH to pH 5.2.

Phosphate Buffer (0.1 M, pH 6)
12 g sodium dihydrogen phosphate (M 119.98 ¢ mol") were dissolved in water and the pH was
adjusted with NaOH to pH 6.

Phosphate Buffer (0.1 M, pH 8)
12 g sodium dihydrogen phosphate (M 119.98 ¢ mol") were dissolved in water and the pH was
adjusted with NaOH to pH 8.

Phosphate Buffer (0.1 M, pH 8.5)
12 g sodium dihydrogen phosphate (M 119.98 ¢ mol™) were dissolved in water and the pH was
adjusted with NaOH to pH 8.5.

Phosphate Buffer (250 mM, pH 6)
30 g sodium dihydrogen phosphate (M 119.98 g mol™) were dissolved in water and the pH was
adjusted with NaOH to pH 6.

Phosphate Buffer (0.05 M, pH 7)
6 mg sodium dihydrogen phosphate (My 119.98 ¢ mol') were dissolved in 1 mL water and the pH
was adjusted with NaOH to pH 7.

Phosphate Buffer (10 mMm, pH 7.4)
1.2 g sodium dihydrogen phosphate (M- 119.98 g mol™") were dissolved in water and the pH was
adjusted with NaOH to pH 7.4.
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Running Buffer for Gel Electrophoresis (5x concentrated)

15.1 g Tris and 94 g glycine and a solution of SDS in water (20%, 25 mL) were dissolved with water

to final volume of 1 L.

SDS 20% in water

20 g sodium dodecyl sulfate were dissolved in water to a final volume of 100 mL.

5.1.3 Disposables

Consumables

Supplier

Amicon® Ultra 15 mIL, MWCO 30 kDa, 100 kDa
CELLSTAR® cell culture flasks 175 cm?2, 25 cm?, 75 cm?
Disposable cuvettes, polystyrene

Disposable hypodermic needles (size: 21 G)
Disposable pipettes 2 mL, 5 mL, 10 mL, 20 mL
Disposable syringes 1 mL, 2 mL, 5 mL, 10 mL, 20 mL.
Filtropur S 0.2 (sterile, non-pyrogenic)

Microplate 12-well, flat bottom, clear, sterile
Microplate 96-well, flat bottom, clear, sterile
Microplate 96-well, flat bottom, clear

Microplate 96-well, flat bottom, clear, UV-Star®

Microplate 96-well, flat bottom, black

Microsep™ Advance Centrifugal Devices (MWCO 30 kDa)

Pipette tips 2 ul, 250 ul, 1000 uL

Slide-A-Lyzer™ Dialysis Cassettes (MWCO 10 kDa, 20 kDa)

u-Slide 8 well plate

Tubes 13 mL, 100X16 mm, polypropylene
Tubes 15 mL, 120X17 mm, polypropylene
Tubes 50 mL, 114X28 mm, polypropylene
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5.2 Equipment

Absorption and Fluorescence Measurements
Equipment:  Infinite® Pro M200 Plate Reader, Tecan Group Ltd., Switzerland. Analysis was

carried out using i-control 1.7 software and Microsoft Excel.

Absorption measurements were performed with clear 96-well microplates (flat bottom).
Absorption measurements to determine protein concentrations (A = 280 nm) were performed with
96-well UV-Star plates. Fluorescence measurements were performed with black 96-well

microplates (flat bottom).

Atomic Force Microscopy

Equipment: ~ Bruker Dimension Icon FastScan AFM, Bruker Corporation, Massachusetts, USA.
Analysis was carried out using the software Gwyddion 2.38 and NanoScopeAnalysis
1.50.

Bath Sonicator

Equipment: ~ Sonorex RK 102 H, Bandelin electronic GmbH & Co. KG, Betlin, Germany.

Biological Safety Cabinet

™

Equipment:  Herasafe ™, Kendro Laboratory Products, Langenselbold, Germany.

All cell culture experiments were performed in a sterile environment using a biological safety

cabinet.

Centrifuge
Equipment:  Heraeus™ Multifuge™ X3R, Thermo Scientific, Waltham, Massachusetts, USA.
Heracus™ Megafuge™ 8 R, Thermo Scientific, Waltham, Massachusetts, USA.
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Circular Dichroism (CD)
Equipment:  J-815 Circular Dichroism Spectrometer, JASCO International co., LTD., Hachioji,
Tokyo, Japan.

Analysis was carried out using the software Spectra Manager 2.12 00.

Measurements were performed at 20 °C in 1 mm and 5 mm path length quartz cuvettes (Hellma

Analytics).

Dialysis
Equipment:  Slide-A-Lyzer™ Dialysis Cassettes, MWCO 10 kDa / 20 kDa, ThermoFischer
Scientific, Waltham, Massachusetts, USA.

Flow Cytometry
Equipment: ~ BD LSRFortessa, BD Bioscience, USA.

Data processing was performed with FlowJo (Version 10.2.).

FT-IR
Equipment: ~ Nicolet Avatar 330-IR ATR-Einheit, Thermo Electron Corporation.

All compounds were measured without further preparation on the diamond crystal surface of the

device.

Gel Permeation Chromatography

Equipment:  Agilent 1100 Series, Agilent Technologies, Santa Clara, USA.

Polymer Standards Service was used as external standard. A HEMA 300/100/40 column (I: 95.0
cm; d: 0.8 cm) was used with a flow rate of 1 mL/min at 50.0 °C. A refractive index detector
(Agilent G1362A) and an UV detector (Agilent G1314A) were used for detection and the results
were obtained with the Fa. PSS WinGPC Unity software.
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Incubator
Equipment: Heraeus® BB15 FUNCTION Line, Thermo Scientific, Waltham, Massachusetts,
USA.

Cell incubations were performed in a humidified incubator at 37 °C with 5% CO, atmosphere.

Inert Gas

Equipment:  Argon gas bomb in 99.998% purity N46, Air Liquide Deutschland GmbH.

Argon was used as inert gas to flood flasks and reaction containers.

Lyophilizer
Equipment: ~ ALPHA 1-4 LSC, Martin Christ Gefriertrocknungsanlagen GmbH.

Mass Spectroscopy (MALDI-ToF MS)
Equipment: ~ Shimadzu Axima CFR MALDI-ToF mass spectrometer, Columbia, Maryland,
USA.

Sinapinic acid was used as matrix. The samples were measured in positive ion and in linear mode

of the spectrometer.

Microscopy
Equipment:  Leica TCS SP5 Microscope (water immersion objective lens HCX PL APO CS
40.0x/1.10 WATER UV and an incubator for temperature and CO; control), Leica

Mikrosysteme Vertrieb GmbH Mikroskopie und Histologie, Wetzlar, Germany.

Nanoparticle Tracking Analysis (NTA)
Equipment:  NanoSight LM 14, NanoSight Ltd., Amesbury, Wiltshire, United Kingdom.

Analysis was carried out using Nanosight NTA 3.1 software.
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Nuclear Magnetic Resonance (NMR)
Equipment:  Bruker Topspin Fourier 300 MHz.

For standard analytical purpose "H-NMR spectra were recorded at 300 MHz. The experiments
were performed at room temperature using the indicated solvents. The chemical shifts were
reported in ppm against the solvent signal of TMS. For the description of the signals the following
abbreviations were used: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet,

br = broad signal. Integrals were calculated by using MestReNova Software.

Particle Sonicator
Equipment:  Bandelin Ultrasonic Homogenisator Sonoplus UW 70 (v220-240w), microtip MS
73 SH70G Stufenhorn 20 kHz, BANDELIN electronic GmbH & CO. KG, Betlin,

Germany.

Sonication of all samples was carried out on an ice bath (Settings: power 75%, cycle 70% MS 72/D)
for 45 s.

pH Measurement
Equipment:  SevenCompact™ pH/Ton S$220 with a InLab® Micro special electrode, Mettler
Toledo, Mettler-Toledo Ltd., Beaumont Leys, Leicester, United Kingdom.

The pH-meter was calibrated with commercial available buffer standards (pH 4.00, pH 7.00, and
pH 11.00).

Rotary Evaporation
Equipment: IKA RV06-ML Janke-Kunkel rotavapor; IKA HB4 basic water bath; Vacuubrand
CVC24 vacuum controller; Vacuubrand 1715550193 Membrane pump.

Sample Incubation

Equipment:  Thermomixer pro, CellMedia, Elsteraue, Germany.
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Scales

Equipment:

Mettler Toledo Excellence Plus. Sartorius™ M-Prove™ Scales AY303, Sartorius,

Gottingen, Germany.

SDS Gel Electrophoresis

Equipment:

Mini Vertical Electrophoresis Unit Hoefer SE260, Hoefer Inc., Holliston,
Massachusetts, USA.

GelDoc XR" with Image LabTM Software, Bio-Rad Laboratories Inc., Hercules,
California, USA.

The stacking gel was running for 45 min at 90 V, whereby the running gel was running for 45 min

at 200 V.

Table 17. Composition of the stacking gel with a total volume of 2 mL for SDS-PAGE.

H,O/ Rotiphorese® 30/ 1M Tris (pH 6.8)/ 20% SDS/ 10% APS/ TEMED/
mL mL mL mL mL mL
1.37 0.34 0.26 0.01 0.02 0.002

Table 18. Composition of running gels with a total volume of 5 mL for SDS-PAGE.

PA Content/ H,0/ Rotiphorese® L3MTrs 50 oo/ 1004 APS/ TEMED/
% mL 30/ mL (pH 8.8)/ mL mL mL
mL
8 2.325 13 13 0.025 0.05 0.003
15 1.125 25 13 0.025 0.05 0.002

Transmission Electron Microscopy (TEM)

Equipment:

Tecnai T12 (FEI, acceleration voltage: 120 keV, electron source: LaB6 BIO-TWIN
cathode, TVIPS-F416 Camera), Hillsboro, Oregon, USA.

300-mesh copper carbon grids from Plano GmbH were used for sample preparation.
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Water

Equipment:  Direct-Q® 5 UV Remote Water Purification System, Merck Millipore, Germany.

Water (dd-H.O) for buffers was purified by a Direct-Q® 5 UV Remote Water Purification System.

Zeta Potential

Equipment: ~ Malvern Zetasizer Nano ZS, Malvern Instruments GmbH, Herrenberg, Germany.

5.3 Enzyme PEGylation
5.3.1 Activation of mPEG

mPEG Activation with Tetrafluorophenol (TFP-mPEG)

mPEG was activated according to Zhang e 2/ DCC (24.8 mg, 0.12 mmol) was added at room
temperature to a solution of g-methoxy-w-cartboxy PEG 2000 (200 mg, 0.1 mmol) and
tetrafluorophenol (18.3 mg, 0.1 mmol) in dichloromethane (DCM) (15 mL). After being stirred for
24 h, the mixture was diluted with acetone (50 mL) and filtered. The solvent was removed under

reduced pressure and the product was dried 7 vacuo (61.43%).

'H NMR (300 MHz, CDCl;, Me,Si) d(ppm) = 7.05-6.95 (m, 1H), 6.60-6.52 (m, 1H), 3.64
(s, 184H), 3.38 (s, 3H), 3.04 (t, ] = 7.0 Hz, 2H), 2.64 (¢, ] = 7.2 Hz, 2H)

3C NMR (600 MHz, CDCls, Me,Si) 6(ppm) = 103.32, 70.69, 39.55, 30.54, 28.92

IR ¥ (max/cm) = 2882vs (CHs), 1651s (CO)
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mPEG Activation with Epichlorohydrin (epoxy-mPEGy)

The activation of mPEG (2 kDa) with epichlorohydtin was synthesized according to Park e a/!'*?
Sodium hydride (137 mg, 5.7 mmol) and epichlorohydrin (531 mg, 5.7 mmol) were added to
20 mL of dry tetrahydrofuran (THF) under argon atmosphere. mPEG (1 g, 0.5 mmol) was added
at 40 °C and stirred for 2 h. After the reaction, the mixture was filtered and poured into 200 mL
of cold diethyl ether. The light-yellow solid was filtered, dissolved in THF and precipitated again
with diethyl ether and dried 2 vacuo (92%).

'H NMR (300 MHz, D,0, Me,Si) d(ppm) = 3.98-3.90 (m, 2H), 3.69 (s, 163H), 3.37 (s, 3H),
3.36-3.30 (m, 1H), 2.95 (t, ] = 4.3 Hz, 1H), 2.78-2.74 (m, 1H)

3C NMR (300 MHz, DMSO, Me,Si) d(ppm) = 42.57, 49.96, 69.96

IR ¥ (max/cm) = 2882vs (CHs), 1466br (CO)

mPEG Activation with Epichlorohydrin (epoxy-mPEGsy)

The activation of mPEG (5 kDa) with epichlorohydrin was synthesized according to the synthesis
using the low molecular weight mPEG (2 kDa). Sodium hydride (115.15 mg, 4.8 mmol) and
epichlorohydrin (444.14 mg, 4.8 mmol) were added to 40 mL of dry tetrahydrofuran (THF) under
argon atmosphere. mPEG (2 g, 0.4 mmol) was added at 40 °C and stirred for 2 h. After the reaction,
the mixture was filtered and poured into 400 mL of cold diethyl ether. The light-yellow solid was
filtered, dissolved in THF and precipitated again with diethyl ether and dried 7z vacuo (85%).

'H NMR (300 MHz, D,0, Me,Si) d(ppm) = 3.70 (s, 474 H), 3.37 (s, 3H), 3.36-3.31 (m, 1H),
2.95 (t, ] = 4.3 Hz, 1H), 2.78-2.74 (m, 1H)
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mPEG Activation with p-nitrophenyl chloroformate (carbonate-mPEG)

Methoxypolyethylene glycol was activated according to Qi e /" mPEG 2000 (1 g, 0.5 mmol)
was dissolved in 100 mL of dry tetrahydrofuran (THF) at room temperature. p-nitrophenyl
chloroformate (300 mg, 1.5 mmol) and triethylamine (150 mg, 1.5 mmol) were added, followed by
stirring for 48 h at room temperature. The obtained carbonate mPEG mixture was purified by

recrystallization of the product from diethyl ether and dried 2 vacuo (70%).

'H NMR (300 MHz, CDCl;, Me,Si) d(ppm) = 8.28 (d, ] = 9.2 Hz, 2H), 7.40 (d, ] = 9.2 Hz, 2H),
4.51-4.37 (m, 2H), 3.64 (s, 178H), 3.38 (s, 3H)

“C NMR (300 MHz, CDCl;, MeSi) d(ppm) = 70.90, 121.74, 125.25

IR ¥ (max/cm) = 2882vs (CHs), 1766s (CO), 1616vw and 1594vw (NO)

mPEG Activation with TsT (TsT-mPEG)

TsT-activated mPEG 2000 was synthesized according to Inada e a/!"*" a-Methoxy-w-hydroxy
polyethylene glycol (mPEG) (1 g, 0.5 mmol), molecular sieve (4 A, 1g), zinc oxide (1.14 g,
14 mmol) and 2,4,6-trichloro-1,3,5-triazine (T'sT) (46.1 mg, 0.25 mmol) were added to 3 mL of
anhydrous benzene and stirred at 80 °C for 72 h. The mixture was centrifuged (15000 g,
15 min.) and zinc oxide was separated. The supernatant was added drop wise with vigorous stirring
to petroleum ether (30 mL). The product was isolated by centrifugation (15000 g,
15 min). The resulting pellet was redissolved in benzene and precipitated in petroleum
ether (30 mL) again. The washing step was repeated for five times. The white solid was dried under
reduced pressure and stored under argon atmosphere at —20 °C (74.28%).

Elemental analysis was performed to determine the nitrogen content (Found: C, 52.17; H, 10.88;
N, 0.9. Cis1H35sN3Cl requires C, 52.87; H, 8.71; N, 1.02%), indicates a modification of 88% of TsT

with two mPEG chains per molecule.
PC NMR (300 MHz, DMSO, Me,Si) d(ppm) = 68.77

IR ¥ (max/cm) = 2882vs (CH), 1729s (CO), 759w (CCI)

120



Experimental Part

Size Exclusion Chromatography (SEC)

The activated mPEGs were analyzed by size-exclusion chromatography (SEC). The measurements
were performed in DMF containing 1 g I” lithium bromide (LiBt) with a sample concentration of
1-3 mg mL" on an Agilent 1100 Series, using PSS (Polymer Standards Service) as standard. A
HEMA 300/100/40 column (% 95.0 cm; & 0.8 cm) was used with a flow rate of 1 mL min™ at
50.0 °C (Agilent G1316A). A refractive index detector (Agilent G1362A) and an UV detector
(Agilent G1314A) was used for detection and the results were obtained with the Fa. PSS WinGPC
Unity software. The measurement was performed by Monika Schmelzer of the working group of

Prof. Dr. H. Frey (JGU Mainz, Germany).

5.3.2 Fluorescence Labeling of Cyt ¢, HRP and Cat

The enzymes were respectively dissolved in 1 mL of 0.1 M borate buffer pH 7 and combined with
sulfo-cyanin 5 NHS ester (used amount see Table 19). The mixture was stirred for 1 h at room
temperature and shielded from light. The modified protein was purified by column

chromatography (NAP™-25 Columns Sephadex™ G-25 DNA Grade, buffer: dd-HO). After

lyophilization a fluffy blue product was obtained.

Table 19: Used amounts of Cyt ¢, HRP, Cat and the corresponding Cy5 concentrations.

enzyme m/mg n/pmol mcys/mg ncys/ pumol

Cyt¢ 5 0.40 0.31 0.40
HRP 5 0.11 0.09 0.11
Cat 10 0.02 0.02 0.02

The fluorescent labelling was quantified by measuring the fluorescence (ex: 605 nm; em: 675 nm)
of the modified protein in comparison to free Cy5 in triplets of 100 uL., using an Infinite® 200 PRO
plate reader. The Cy5 standard was prepared in 0.1 M borate buffer pH 7. Cy5-labeled enzymes

were dissolved in the same buffer and diluted to a corresponding concentration (see Table 20).
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Table 20: Cy5 content of labeled enzymes.

enzyme c¢/uM M/kDa Cy5:protein ratio content of Cy5-labeled

enzymes
Cyte 38.57 12.96 0.0168:1 59
HRP 11.32 44.73 0.1968:1
Cat 2.08 240.56 0.3103:1 3

5.3.3 Enzyme PEGylation

Lysozyme PEGylation with TFP-mPEG, epoxy-mPEG and carbonate-mPEG

Lysozyme [EC 3.2.1.17] (15.0 mg, 1.0 zmol) was dissolved in 3 mL of 0.1 M carbonate buffer pH 8
and combined respectively with TFP-mPEG (48.4 mg, 22.0 ymol), epoxy-mPEG (44.0 mg,
22.0 gmol) or carbonate-mPEG (44.0 mg, 22.0 zmol). The mixture was stirred at room temperature
for 48 h. The product was purified by dialysis (Slide-A-Lyzet® Dialysis Cassettes, 10000 MWCO)

against water for 3—7 days and was then lyophilized.

Lysozyme PEGylation with TsT-mPEG

Lysozyme [EC 3.2.1.17] (5.0 mg, 0.3 #mol) was dissolved in 1 mL of 0.1 M borate buffer pH 10
and combined with activated TsT-mPEG (195.7 mg, 48.9 zmol). After 2 h at 40 °C the reaction
was stopped with 2 mL 0.1 M phosphate buffer pH 6. The excess of mPEG was removed with
Microsep™ centrifugal devices (MWCO 30 kDa) and the resulting solution was lyophilized.

Cytochrome ¢ PEGylation with NHS-mPEG

Cyt ¢ [EC 232-700-9] or fluorescent labeled Cy5_Cyt (5.0 mg, 0.4 #mol) was dissolved in 1 mL of
0.1 M phosphate buffer pH 8.5 and combined with NHS-mPEG (2 kDa, 12.1 mg, 6 #mol). The
mixture was stirred overnight at 4 °C. The reaction mixture was separated by column
chromatography (NAP™-25 Columns Sephadex™ G-25 DNA Grade, buffer: dd-H,O), yielding

the modified enzyme in the first fraction. The product was lyophilized subsequently.
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Horseradish Peroxidase PEGylation with NHS-mPEGs;,

Horseradish peroxidase [EC 1.11.1.7] or fluorescent labeled Cy5_HRP (5.0 mg, 0.11 zmol) was
dissolved in 1 mL of 0.1 M phosphate buffer pH 8.5 and combined with NHS-mPEG (5 kDa,
68.68 mg, 13.6 #mol). The mixture was stirred 48 h at 4 °C. The reaction mixture was purified by
centrifugal filter (Amicon Ultra centrifugal filter units, MWCO 30 kDa) for four times with water.

The product was lyophilized subsequently.

Catalase PEGylation with NHS-mPEGs;;

Catalase [EC 1.11.1.0] or fluorescent labeled Cy5_Cat (5.0 mg, 0.02 zmol) was dissolved in 1 mL
of 0.1 M phosphate buffer pH 8.5 and combined with NHS-mPEG (5 kDa, 56 mg, 11.2 #zmol). The
mixture was stirred 48 h at 4 °C. The reaction mixture was purified by centrifugal filter (Amicon
Ultra centrifugal filter units, MWCO 100 kDa) for four times with water. The product was

lyophilized subsequently.

Glucose Oxidase PEGylation with NHS-mPEGs;, and epoxy-mPEG

Glucose oxidase [EC 232-601-0] (2.5 mg, 0.015625 #mol) was diluted in 0.5 mL of 0.1 M phosphate
buffer pH 8 and combined with either NHS-mPEG (5 kDa, 23.43 mg, 4.68 zmol) or epoxy-mPEG
(2 kDa, 18.75 mg, 9.375 #mol). The mixture was stirred for 48 h at 30 °C. The reaction mixture
was purified with a NAP-25 column (buffer: dd-H>O). The product was lyophilized subsequently.
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5.3.4 Analysis of Protein-Polymer Conjugates

SDS Gel Electrophoresis

SDS-PAGE was performed as described elsewhere!™ using  15% polyacrylamide gel
(Rotiphorese® 30 gel mix) for low-molar weight enzymes (LYZ, Cyt ¢) and 8% polyacrylamide gel
(Rotiphorese®™ 30 gel mix) for high-molecular weight proteins (HRP, Cat, GOx) with a thickness
of 0.75 mm (T Spacer, Hoefer, USA). The gel was stained with Coomassie Brilliant Blue G. 5 uLL
of PageRuler Pre-Stained Protein Ladder (10-170 kDa) were used as marker. Samples of native
enzymes (1 mg mL") and PEGylated ones (4 mg mL.") were dissolved in water. The proteins were
denaturized by adding 5 ul. of Roti®-Load 1 (Carl Roth) to 15 ul. protein solution and heating in
a boiling water bath for 10 min. 20 zL was loaded on each bag. Images of SDS-PAGE gels were
taken with the GelDoc™ XR+ (Bio-Rad Laboratories Inc.) and processed with the Image Lab™

Software (camera filter 1).

MALDI-ToF MS Measurement

MALDI-ToF MS measurements were obtained with a Shimadzu Axima CFR MALDI-ToF mass
spectrometer, equipped with a nitrogen laser delivering 3 ns laser pulses at 337 nm. Samples were
prepared by dissolving the sample in CH;CN/TFA 0.1% at a concentration of ~ 1 mg mI". 1 ul.
of this mixture was applied to a multistage target to evaporate and create a thin analyte film.
Sinapinic acid was used as matrix and applied in the target before adding the sample. The samples

were measured in positive ion and in linear mode of the spectrometer.

Fluorescamine Assay of Native LYZ and PEGylated Variants

A protocol for quantification of primary amines on the protein surface, based on fluorescence, was
carried out. All samples were dissolved in PBS pH 7.4 at a concentration of 2 mg mL" and native
lysozyme at a concentration of 0.2 mg ml.". Hexylamine was used as external standard in a
concentration range of 19-40 ug mI." and was prepared similar. 125 uI. PBS pH 7.4 was pipetted
into each well of a black 96-well-microplate (flat bottom).
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25 ul. sample dispersion or 25 ul. PBS (blank) or 25 uL. standard were added in triplets to each
well. Finally, 50 ul. of 0.3 mg mL" fluorescamine solution (in acetone) was added, mixed and
measured immediately. The emission was measured with a Tecan Plate Reader. For all

measurements, the excitation was set to 380 nm, the emission was set to 460 nm.

Circular Dichroism (CD)

CD spectra were recorded on a J-815 (JASCO) using the software Spectra Manager 2.12.00. Far-
UV CD spectra (240—190 nm) were recorded at 20 °C with a total concentration of 0.1 mg mL" in
10 mM K5PO,/50 mM NaSO4 pH 7 buffer using quartz cells with a path length of 1 mm. Neat-
UV CD spectra (320—-260 nm) and Soret band spectra (350450 nm) were recorded at 20 °C with
a total enzyme concentration of 0.32 mg mL" using the same buffer and a quartz cell with a path
length of 5 mm. All spectra were corrected by subtraction from the background (buffer). Data
points were collected at a resolution of 1 nm. Secondary structure contents were predicted with
DICHROWEB using the CONTIN-LL method (reference set 7).'""# The Soret CD spectra was
smoothed using the Spectra Manager (Version 2.12.00) means-movement with a convolution

width 13.

5.4 Nanoparticle Preparation

5.4.1 Single Emulsion-Based Nanoparticle Preparation

Enzyme-based nanoparticles were prepared using a single emulsion method."""* If not mentioned
separately, the PEGylated enzyme (2.5 mg) was dissolved in ice cold dichloromethane (DCM,
0.5 mL) and added to 2.5 mL of ice cold PBS buffer pH 7.4. The mixture was sonicated for 45 s
on ice, using an ultrasonicator (Bandelin Ultrasonic Homogenisator Sonoplus UW 70, microtip MS
73 SH70G Stufenhorn 20 kHz). The emulsion was stirred in a well-ventilated hood overnight for
the evaporation of DCM.

125



Experimental Part

5.4.2 Nanoparticle Analysis

Nanoparticle Tracking Analysis (NTA)

Nanoparticle Tracking Analysis (NTA) was performed on a NanoSight LM 14 equipped with a
green laser (532 nm) and a marlin charged coupled device (CCD) camera. Samples (NP stock
solution 1 mg mL" in PBS) were diluted in a ratio of 1:100 or 1:50 in PBS and loaded into the
measurement cell. Movements of particles in the samples were recorded as videos for 30 seconds
at 25 °C. The videos were analyzed with the NanoSight NTA 3.1 software showing the mean values

of five individual measurement.

Transmission Electron Microscopy (TEM)

The nanopatticle suspension (1 mg mI.") was drop-casted on a 300-mesh copper carbon grid from
Plano GmbH for TEM measurements (5 uL). The image acquisition was done with a transmission

electron microscope Tecnai T12 equipped with a TVIPS-F416 camera.

Atomic Force Microscopy (AFM)

A freshly prepared NP solution (I mgml' in PBS) was diluted with ultrapure water to
200 ug mI.". 40 ul. of this NP solution was spotted on a freshly cleaved mica and was incubated
overnight. To remove undesired buffer salts, the mica was rinsed three times with 100 L ultrapure
water. After drying overnight, the sample was measured on a Bruker Dimension Icon FastScan
AFM in tapping-in-air mode. Several AFM images were acquired at different areas of the mica
surface to ensure the reproducibility of the results. The obtained data was processed and analyzed

by using the software Gwyddion 2.38 and NanoScopeAnalysis 1.50.
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5.5 Enzyme Activity Assays

5.5.1 Enzymatic Activity of Lysozyme

PEGylated LYZ was dissolved in 0.1 M phosphate buffer pH 5.2 and diluted to a final protein
concentration of 2 uM. A solution of 4-methylumbelliferyl-5-D-N,N'N" triacetylchitotrioside
((GleNAc)sMeU) (20 uM in the same buffer) was preheated to 42 °C for 5 min. 200 uL. of each
solution were combined and further incubated at 42 °C. Every 30 min 50 uL. of each sample was
transferred to 300 L. 0.5 M glycine buffer pH 12 to stop the catalytic activity of the protein and
enhance the fluorescence intensity of methylumbelliferone. The fluorescence of the samples was
determined with a Tecan Plate Reader (ex. 380 nm; em. 460 nm). A solution of native lysozyme
(2 uM), treated under the same conditions, was used as a reference. The remaining activity of the

PEGylated protein was calculated in comparison to native lysozyme.

5.5.2 Enzymatic Activity of PEGylated Peroxidases and Peroxidase-NPs

Kinetic Parameters of Cyt(mPEG) and Cyt-NPs by ABTS Assay

The peroxidase activity of Cyt ¢ the PEGylated Cyt ¢ and the NP were measured by using 2,2-
azinobis-(2-ethylbenzthiazoline-6-sulfonate) (ABTS, final concentration in well: 1 mM). 10 mM
potassium phosphate buffer pH 7.4 were used as buffer. 100 uL. of ABTS solution and 50 uL. of
each sample (native enzyme, the PEGylated sample or the NP, final concentration in well: 6.45 uM
of Cyt ¢) were pipetted in a 96-well-microplate (flat bottom). The reaction was initiated by addition
of 50 ul. HO; (final concentration in well: 0.1-2 mM). The increase in absorbance at 405 nm was
measured with a Tecan Plate Reader. All measurements were performed for 3 minutes. Michaelis-

Menten kinetics were calculated with GraFit (Version 7.0.3).
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Kinetic Parameters of HRP(mPEG) and HRP-NPs by ABTS Assay

The peroxidase activity of HRP, PEGylated HRP and the NP were measured by using 2,2-
azinobis-(2-ethylbenzthiazoline-6-sulfonate) (ABTS, 0.25 mM). The assay mixture contained
250 mM potassium phosphate buffer pH 6, hydrogen peroxide (0.025—-1 mM), the native enzyme,
the PEGylated sample and the nanoparticles (7.244 nM of enzyme) and ABTS in a total volume of
200 pL. The reaction was initiated by addition of H,O,. The assay was performed in a 96-well-
microplate (flat bottom) and the increase in absorbance at 405 nm was measured with a Tecan
Plate Reader. All measurements were investigated for 3 minutes. Michaelis-Menten kinetics were

calculated uisng GraFit Version 7.0.3.

Kinetic Parameters of Cat(mPEG) by H,0, Assay

The peroxidase activity of the catalase samples was determined using an enzyme-specific assay
according to Shangari e# a/"* Native catalase or the PEGylated sample was diluted in 0.05 M
phosphate buffer pH 7 to a final enzyme concentration of 100 U mL". 145 uL of the enzyme
sample were combined with 5 uL. of H,O, (0.0625-200 mM) in 96-well UV-Star plates and the
decrease in absorption was investigated at 240 nm with a Tecan Plate Reader for 3 minutes.

Michaelis-Menten kinetics were calculated using GraFit Version 7.0.3.

Extracellular Activity of Peroxidase Materials by Amplex Red Assay

Hel a cells were seeded at a density of 2:10° cells per well, in a 12-well plate and allowed to attach
overnight. The cells were washed with PBS and then stimulated with TNF-a (10 ng mL.") diluted
in phenol red-free DMEM medium for 16 h to generate ROS. The ROS-containing medium was
removed from the cells and used for investigations. Cyt ¢, PEGylated Cyt cand the Cyt-NP (500 uL,
0.32 mg Cyt ¢ mL."), HRP, PEGylated HRP and HRP-NP (500 uI, 0.17 mg HRP mL.") or Cat,
PEGylated Cat and Cat-NP (500 I, 0.28 mg Cat mL.") were respectively incubated with the ROS-
containing cell medium (1 mL) in microcentrifuge tubes for 3 h under shaking. The extracellular

hydrogen peroxide concentration was measured using Amplex Red.
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For this 50 uL of the cell medium-sample mixture was combined with 50 uI. Amplex Red working
solution, containing 100 uM Amplex Red and 0.4 U mL."' HRP, and read out directly. The emission
was measured with a Tecan Plate Reader. For all measurement, the excitation was set to 563 nm,

the emission was set to 587 nm.

Flow Cytometry of Peroxidase-NPs

Hel a cells were seeded at a density of 6-10* cells per well in a 12-well-plate (Greiner Bio-One) and
allowed to attach overnight. The cells were washed with PBS and incubated with either cell medium
(control) or the Cy5_labeled enzyme-NPs (Cy5_Cyt-NP, Cy5_HRP-NP, Cy5_Cat-NP) (0.25 mg
particles mI.") for 24 h. The cells were detached with trypsin, quenched with DMEM medium and
collected by centrifugation. The cell pellet was dissolved in 1 mL of 10 uM PY1 (from 5 mM stock
solution in DMSO) in PBS with CaCl, and MgCl, (100 mg L") and incubated for 30 min at 37 °C,
5% COs,. The cell solution was divided into two portions, one for ROS treatment and one for
control conditions. For ROS treatment, H.O- with a final concentration of 100 uM was added to
the cell suspension and incubated for 30 min (37 °C, 5% COy). The other cell suspension remained
untreated. Each cell solution was analyzed by flow cytometry (BD LSRFortessa) using excitation
by a 488-nm laser and collection by a 530/30-nm band pass filter for the boronate-based dye (PY1)
and an excitation by a 640-nm laser and collection using a 670/30-nm band pass filter for Cy5.

Data processing was performed with FlowJo (Version 10.2.).

Live-cell Microscopy of Cyt-NP

All steps were carried out at 37 °C and 5% CO.. Hel.a cells were seeded at a density of 6:10* cells
per well in u-Slide 8 well plate (ibidi GmbH) and allowed to attach overnight. The cells were treated
for 24 h with 0.25 mg mI." Cy5_Cyt-NP diluted in 200 L. cell culture medium. The control cells
remained untreated. Cells were washed with PBS before staining for 30 min with 10 zM PY1 (from
5 mM stock solution in DMSO) in PBS with CaCl, and MgCl (100 mg 1."). Subsequently, H2O: in

a final concentration of 100 uM was added to the cell solution and incubated for 30 min.
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Live-cell imaging was performed with a Leica TCS SP5 Microscope, equipped with a water
immersion objective lens HCX PL APO CS 40.0x/1.10 WATER UV and an incubator for
temperature and CO, control. PY1-loaded cells were excited at 488 nm with an Argon laser and
emission was collected between 498 and 571 nm using a HyD detector. The Cy5 was excited with
a 633 nm HeNe laser, while the emission was collected between 649 and 774 nm using a PMT
detector. Image analysis was performed with Fiji software (Version 1.51q). The fluorescence
intensity of raw images was determined via a binary mask, created automatically through
thresholding (isodata algorithm). The mean grey value (sum of the gray values of all the pixels in
the selection divided by the number of pixels) of CY5_Cyt-NP treated cells (n = 203) was

compared to untreated cells (n = 183).

5.5.3 Enzymatic Activity of Dual-Enzyme NPs

Dual-Enzyme-Nanoparticle Activity by Amplex Red Assay

Hel a cells were seeded at a density of 2:10° cells per well, in a 12-well plate and allowed to attach
overnight. The cells were washed with PBS and then stimulated with TNF-a (10 ng mL.") diluted
in phenol red-free DMEM medium for 16 h to generate ROS. The ROS-containing medium was
removed from the cells and used for further investigations. Native GOx with native HRP, dual-
enzyme NPs (using GOx(mPEG)z, 500 ul, 0.152 mg GOx mL", 0.41 mg HRP mL."), dual-enzyme
NPs (using GOx(mPEG)s, 500 ul., 0.161 mg GOx mL", 0.41 mg HRP mL"), HRP-NPs (diluted
to the same concentration as in the dual-enzyme particle system), GOx-NPs (diluted to the same
concentration as in the dual-enzyme particle system) and a mix of both individual NP systems (mix
HRP-NP and GOx-NP) were respectively incubated with the ROS-containing cell medium (1 mL)
in microcentrifuge tubes for 3 h under shaking. The extracellular hydrogen peroxide concentration
was measured using Amplex Red. For this 50 uL of the cell medium-sample mixture was combined
with 50 uL. Amplex Red (100 uM Amplex Red), and read out directly. The emission was measured
with a Tecan Plate Reader. For all measurement, the excitation was set to 563 nm, the emission

was set to 587 nm.
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Kinetic Parameters of Dual-Enzyme NPs by ABTS Assay

The enzymatic activity of all samples was measured by using 2,2’-azinobis-(2-ethylbenzthiazoline-
6-sulfonate) (ABTS, final concentration in well: 0.25 mM). The catalytic activity of all HRP samples
was determined like mentioned in section 5.5.2. All GOx samples and the dual-enzyme NPs were
treated as follows. 250 mM potassium phosphate buffer pH 6 were used as buffer. 100 uL. ABTS
solution and 50 uL. of each sample (native enzymes, PEGylated samples or the NPs) were pipetted
in a 96-well-microplate (flat bottom). The reaction was initiated by addition of 50 uL glucose (final
concentration in well: 1-200 mM). The increase in absorbance at 405 nm was measured with a
Tecan Plate Reader. All measurements were performed for 3 minutes and Michaelis-Menten

kinetics were calculated using GraFit (Version 7.0.3).

5.6 Cell Toxicity of PEGylated Materials and NPs

HelLa cell lines were grown in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
10% (v/v) fetal calf serum (FCS), 1% pyruvate and 1% penicillin/streptomycin. Cell incubations
were performed in a humidified incubator at 37 °C with 5% CO, atmosphere. All used buffers
were either autoclaved, sterile filtered or already sterile when supplied and were preheated to 37 °C.

Cells were grown in 175 cm?, 75 cm” or 25 cm”® standard cell culture flasks.

5.6.1 Cell Viability

The cell viability of human HelLa cells in presence of native enzymes, PEGylated ones and all
prepared NP was determined using the MTT method. Cells were seeded in 96-well plates with a
density of 1.5:10" cells per well and allowed to attach overnight. 100 ul. of different dilutions of
the samples in culture media were added as triplets to the well plate. After an incubation time of
48 h (37 °C, 5% COy) a solution of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphen-yl-2H-tetrazolium
bromide (MTT) in medium (40 uL., 3.0 mg mL") was added directly to each well and the plate was
incubated for additional 20 min. The medium was then replaced and a mixture of DMSO
(200 pL/well) and 0.1 M glycine buffer (25 uL/well, pH 10) was added. 50 uL/well of purple
DMSO solution was added to another clear-bottom 96-well assay plate (Greiner Bio-One)

containing a mixture of glycine buffer (17 uL/well, pH 10) and DMSO (133 uL/well).
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The absorbance at 570 nm was measured using an Infinite® 200 PRO Tecan plate reader. The
absorbance at 690 nm was subtracted as background. Cell viability was normalized to the

absorbance measured from untreated cells.
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6 APPENDIX

6.1 List of Abbreviations

ABTS
AFM
ATRP
BLG
BSA
Cat
Cat-NP
Cy5_Cat-NP
CCD
CD
CNS
Cyt ¢
Cyt-NP
Cy5_Cyt-NP
dd

Da
DCM
DMSO
e.g.

em.

eq.

et al.

ex.
EtOH
FAD
FCS
FDA

2,2’-azinobis-(2-ethylbenzthiazoline-6-sulfonate)
atomic force microscopy
atom-transfer radical-polymerization
f-lactoglobulin

bovine serum albumin

catalase

catalase nanoparticles

Cyb5-labeled catalase nanoparticles
matlin charged coupled device
circular dichroism

central nervous system

cytochrome ¢

cytochrome ¢ nanoparticles
Cy5-labeled cytochrome ¢ nanoparticles
double distilled

dalton (1 Da equals 1 g mol)
dichloromethane

dimethyl sulfoxide

exempli gratia

emission

equation

et alil

excitation

ethanol

flavin adenine dinucleotide

fetal calf serum

food and drug administration
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GIcNAc

GOx

GOx-NP
GOx(mPEG)x
GOx(mPEG)s
GOx(mPEG)a.- HRP(mPEG)s
GOx(mPEG)s.- HRP(mPEG)s;
GSH

h

HSA

HRP

HRP-NP
HRPINHS-mPEG)s
Cy5_HRP-NP

Rocat

K

A

LYZ
LYZ(carbonate-mPEG)
LYZ(epoxy-mPEG)
LYZ(TFP-mPEG)
LYZ(TsT-mPEG)

m

M

MALDI ToF MS

min.

mPEG

mPEG:

mPEGs;

MS

MTT

N-acetylglucosamine

glucose oxidase

glucose oxidase nanoparticles

glucose oxidase modified with epoxy-mPEGo
glucose oxidase modified with NHS-mPEGs
dual-enzyme system of these materials
dual-enzyme system of these materials
glutathione

hour(s)

human serum albumin

horseradish peroxidase

horseradish peroxidase nanoparticles

HRP modified with NHS-mPEG (5 kDa)
Cy5-labeled horseradish peroxidase nanoparticles
turnover rate

Michaelis constant

wavelength

lysozyme

lysozyme modified with carbonate-mPEG (2 kDa)
lysozyme modified with epoxy-mPEG (2 kDa)
lysozyme modified with TFP-mPEG (2 kDa)
lysozyme modified with TsT-mPEG (2 kDa)
mass

molar (1 M equals 1 mol ')

matrix-assisted laser desorption/ionization time of flight
minute(s)

monomethoxy poly(ethylene glycol)
monomethoxy poly(ethylene glycol), 2000 g mol”
monomethoxy poly(ethylene glycol), 5000 g mol”
mass spectroscopy
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-

tetrazoliumbromide
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MWCO
NADP

NHS
NHS-mPEGu2:
NHS-mPEGsy
NP

NTA

OVA

PBS

pdb

PEG
PEG-pAsp-(DET)
PLGA
PNIPAAmM
RAFT

rel.

rt.

SD
SDS-PAGE
SEC

SOD

SPARC

TAT
TEM
TEMED
TsT

U

uv

v

Vimax

molecular weight cut-off

Nicotinamide adenine dinucleotide phosphate
N-hydroxysuccinimide

NHS activated mPEG (2 kDa)

NHS activated mPEG (5 kDa)

nanoparticle

nanoparticle tracking analysis

ovalbumin

phosphate buffered saline

protein data bank

poly(ethylene glycol)
PEG-poly[N-{N-2-aminoethyl} -aspartamide]
poly(lactid-co-glycolid)
poly(IN-isoporpylacrylamide)

reversible addition-fragmentation chain transfer
relative

room temperature

standard deviation

sodium dodecyl sulfate polyacrylamide gel electrophoresis
size exclusion chromatography

superoxide dismutase
secreted protein acid rich in cysteine

trans-activator of transcription
transmission electron microscopy
tetramethylethylenediamine
trichloro-s-triazine

units

ultra violet

volume

maximal rate
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6.3 Supplemental Data
6.3.1 Data of the First Project

IR Data of Activated PEG
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Figure 65: IR diagram of tetrafluorophenol (TFP, blue), mPEG 2000 (green) and TFP-mPEG (red). The
activated mPEG shows one peak that can be assigned to TFP (1651 cm™).
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Figure 66: IR diagram of epichlorohydrin (blue), mPEG 2000 (green) and epoxy-mPEG (red). The activated
mPEG shows one peak that can be assigned to epichlorohydrin (1466 cm ™).
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Figure 67: IR diagram of p-nitrophenyl chloroformate (blue), mPEG 2000 (green) and the activated mPEG
with p-nitrophenyl chloroformate (carbonate-mPEG, red). Three peaks can be assigned to p-nitrophenyl
chloroformate (1766, 1616, 1594 cm™).
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Figure 68: IR diagram of 2,4,6-trichloro-1,3,5-triazine (TsT, blue), mPEG 2000 (green) and TsT-mPEG
(red). The activated mPEG shows two peaks that can be assigned to TsT (1729, 759 cm™).
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SEC of Activated PEG
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Figure 69: SEC diagrams of activated mPEG. Diagram of TFP-mPEG indicates that TFP is modified with
one mPEG chain (V. = 21.70 mL) (A). SEC diagram of epoxy-mPEG show that epoxy-mPEG present one
mPEG chain (V. = 21.66 mL) (B). SEC diagram of carbonate-mPEG. The diagram indicates that carbonate-
mPEG present one mPEG chain (V. = 21.59 mL). At V. = 20.00 mL a small “barrow” is present which
can be ascribe to mPEG itself (see other SEC diagrams) (C). SEC diagram of TsT-mPEG. This diagram
shows, that most T'sT molecules are modified with two mPEG chains (V. = 19.40 mL; compare elementary
analysis). As byproduct, TsT with one mPEG chain exists (V. = 21.62 mL) (D). mPEG itself produces a RI
signal at 21.65 mL and no UV-signal and show a small “barrow” at V. = 20.00 mL.
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NMR Data of Activated PEG
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Figure 70: "UINMR of TFP-mPEG.
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Figure 71: BCNMR of TFP-mPEG.
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Figure 74: "HINMR of epoxy-mPEGs.
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Figure 75: "INMR carbonate-mPEG.
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Figure 76: BCNMR TsT-mPEG.

Fluorescamine Assay of LYZ-PEG Conjugates
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Figure 77: Fluorescamine assay of the PEGylated LYZ samples. For the LYZ sample modified with TFP-
mPEG and epoxy-mPEG only one free amine was measured. For LYZ(carbonate-mPEG) only 0.5 free
amines were calculated in average. No amines can be detected in the LYZ(TsT-mPEG) sample. Unmodified
lysozyme contains 7 free amines on its surface (red bar on the left).
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6.3.2 Data of the Second Project

Michaelis-Menten Diagrams of Peroxidase Materials
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Figure 78: Michaelis-Menten kinetic of the Cyt ¢ materials calculated by GraFit.
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Figure 79: Michaelis-Menten kinetic of the HRP materials calculated by GraFit.
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Figure 80: Michaelis-Menten kinetic of native Cat and the PEGylated material calculated by GraFit.

6.3.3 Data of the Third Project

Michaelis-Menten Diagrams of GOx-HRP Materials
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Figure 81: Michaelis-Menten kinetic of native GOx calculated by GraFit.
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Figure 82: Michaelis-Menten kinetic of GOx(mPEG)2x material with the native HRP, HRP(mPEG)s, and

the corresponding dual-enzyme system (ratio 1:2.5) calculated by GraFit. Enzyme materials were used in a
ratio of 1:2.5.
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Figure 83: Michaelis-Menten kinetic of GOx-NPs (using GOx(mPEG)2) mixed with HRP-NPs calculated
by GraFit. Enzyme materials were used in a ratio of 1:2.5.
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Figure 84: Michaelis-Menten kinetic of GOx(mPEG)s, material with the native HRP, HRP(mPEG)s,, HRP-

NPs and the corresponding dual-enzyme system (ratio 1:2.5) calculated by GraFit. Enzyme materials were
used in a ratio of 1:2.5.
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Figure 85: Michaelis-Menten kinetic of dual-enzyme systems in different ratios calculated by GraFit.
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Figure 86: Michaelis-Menten kinetic of GOx(mPEG)2x material with the native HRP, HRP(mPEG)s,, HRP-

NPs and the corresponding dual-enzyme system (ratio 1:1) calculated by GraFit. Enzyme materials were
used in a ratio of 1:1.
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