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1. Introduction

All natural or synthetic materials ranging from 1 nm up to 1000 nm in size such as proteins,
viruses, or even inorganic particles like quantum dots and carbon allotropes (e.g. fullerenes,
nanotubes, graphene) can be defined as nanomaterials. The interest for these materials has
increased exponentially over the last decades in most scientific areas, especially in the
fields of nanomedicine,™ electronics,’? and cosmetics.®! This is mainly due to the fact that
most of this materials exhibit unique physicochemical properties that can be further
modified by various functionalizations. Carbon-based nanostructures, for example, show
interesting properties such as magnetism, electrical conductivity, as well as optical
properties, depending on the size, shape and particularly the chemical structure.l”
Furthermore, these materials provide large surface areas, which can be used as tuneable
scaffolds for small molecules, bioactive ligands, drugs, and targeting moieties to achieve
polyvalent hybrid-nanoarchitectures. These could be the key elements, especially in the
field of nanomedicine, for developing new urgently needed pathogen inhibitors to fight
viruses and bacteria, which are known to strongly adhere to cells by multivalent
binding.> ® Most pathogens exhibiting large contact areas and multiple receptor sites, due
to their sizes ranging from several nanometers up to micrometer scale. For this reason, there

is a strong need for polyvalent architectures that have pathogen- or cell-like dimensions.

The main focus in this work is the development of novel nanoarchitectures by combining
especially thermally reduced graphene oxide (TRGO) with the biological active
polyglycerol sulfate (PGS) to generate potent inhibitors for heparan sulfate dependent
viruses. dPGS is already known to be an efficient entity which targets inflammatory
diseases and has the potential to inhibit viral infections.’”*® Furthermore, it represents a
synthetic analog of heparin, which is in many cases the standard therapeutic in the field of
medical treatment for inflammatory diseases.[” ™) However, the small size (2-20 nm) and
the spherical shape of dPGS are limiting factors for a potential inhibition. For this reason,
different scaffold materials are used to adapt size of dPGS to pathogen-like dimensions.

In this thesis, the graphene-based hybrid-nanoarchitectures are used as model
system which was systematically varied in the degree of sulfation, the polymer loading, the
sheet size, and the used polymer to evaluate the impact of these parameters on the
inhibition efficacy. Additionally, further functionalized nanomaterials have been developed
by combining dPGS with nanodiamonds, carbon nanotubes, and fullerenes to gain extra

information that could be relevant for prospective inhibitor designs.



1.1 Carbon-based nanomaterials

1.1.1 Graphite / Graphene

Graphite is a multilayer carbon-based material that has already been known since the
artisans of Thrace and Macedonia used it for painting their ceramics at the end of the Late
Neolithic period.'? But after its discovery, it took an additional 4000 years to break down
this mineral into the monolayer level. The so-called graphene was isolated the first time by
Geim and Novoselov, who were awarded with the Nobel prize in 2010 for this. Graphene is
a slightly wrinkled, honeycomb-like monolayer sheet based on a two-dimensional (2D)
arrangement of sp>-hybridized carbon atoms.***! Because of its high flexibility, it can be
seen as a building block for setting up differently dimensional carbon structures like

fullerenes (0D), nanotubes (1D), or the mineral graphite (3D).1**
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Figure 1. Mother of all graphitic forms. Graphene is a 2D building material for carbon materials of all other
dimensionalities. It can be wrapped up into OD buckyballs, rolled into 1D nanotubes or stacked into 3D
graphite. Reproduced with permission from Ref.15, Copyright 2007, Nature Publishing Group.

Graphene's very special physical properties like high mechanical flexibility, optical

transparency, as well as excellent electrical and thermal conductivity make ite an unique



material, one which has aroused enormous interest in nearly all fields of science over the
last decade.l***% Additionally, it offers a huge surface area of approximately 2600 m%g,
which can be functionalized or modified further to pave the way for new fields of
application such as filtration, detection or inhibition in healthcare and environmental
protection.

However, the production of graphene is still challenging, especially on a large scale.
For this reason, different methods have been invented that range from direct exfoliation of
natural graphite, unzipping of carbon nanotubes, chemical vapor deposition (CVD) to
chemical or thermal reduction of graphite oxide (GO).[*%? All the enumerated methods
have their assets and drawbacks, particularly regarding their economic efficiency and
scalability. Therefore the fabrication of graphene starting from GO is one of the most

frequently and convenient procedures worldwide.

1.1.2 Graphite oxide

The first synthesis of graphite oxide relates back to the work of Benjamin C. Brodie in 1855
who oxidized pristine graphite flakes under harsh conditions./?® The major drawback in this
method is that it exposes the highly explosive gas chlorine dioxide. For this reason, various
methods have been developed over the last 160 years, but the most famous and many times
modified procedures are still the oxidation methods of Brodie, Staudenmaier," as well as
Hummers and Offeman.?® Out of this three preparations the oxidation by Hummers and
Offeman is the most convenient one and has the lowest risk during the reaction. In short,
pristine graphite flakes are oxidized by a mixture of concentrated sulfuric acid and
potassium permanganate below 45°C.

However, independently of the used oxidation method, the layer distance within the
graphite structure doubled from 0.34 nm to ~0.70 nm due to the insertion of different
functional groups. Scientists are still not 100% clear about the exact structure of the GO.
Although several structural models were proposed in the last century, research is still
ongoing in this field. In one of the first models Hofmann and Holst in 1939 indicated the
presence of hydroxyl and carboxyl groups.’?® Today the most accepted structural model is
derived from studies by Lerf and Klinowski.”*” They showed that GO is a highly oxidized,
nearly amorphous material with different stoichiometries depending on the fabrication
method as well as graphite source. Nevertheless, the structure can be described as a surface
that exhibits hydroxyls, epoxides, ketones, and diols on the basal plains while carbonyl as

well as carboxyl groups are located at the edges. Even if GO is considered as nearly



amorphous material, the suggested stoichiometry (C¢H,03) by Boehm and co-workers for

Hummers compounded graphite oxide is widely accepted.*®

Figure 2. Structural models of GO by Lerf and Klinowski showing hydroxyl, epoxide, ketone, and diol
groups on the basal plains while carbonyl, as well as carboxyl groups, are located at the edges. Reproduced
with permission from Ref. 27 (top) Copyright 1998, American Chemical Society and 29 (bottom), Copyright
2009, Nature Publishing Group.

1.1.3 Reduced graphene oxide

Even though there are several ways to obtain few layer or mono-layer graphene as already
mentioned in Section 1.1.1, one of the most frequently and convenient methods is to reduce
graphite oxide, which can be realized thermally as well as chemically by using a reducing
agent such as hydrazine hydrate or borane tetrahydrofuran complex.® ¥ In the case of a
thermal reduction, no further purification steps are required which makes this method
superior compared to the chemically done procedure. This method relies on the thermal
instability of the graphite oxide that results in an explosive exfoliation at temperatures
above 230 °C.”® The driving force for the massive expansion can be assigned to the
spontaneous release of carbon dioxide, carbon monoxide, and water vapor during the
reduction of the epoxides, ketones, diols, carbonyls, as well as carboxyl's due to rapid

heating.*" 2 In contrast to the ideal graphene structure, the thermally reduced graphene



oxide (TRGO) does not possess a complete sp® hybridization, because many carbon centers
are still sp>-hybridized as a result of the remaining hydroxyl functionalities. These hydroxyl
groups are easily accessible and can be used for further functionalizations to develop potent
pathogen inhibitors which are the focus of this work.

1.1.4 Fullerenes

In 1985 Smalley and coworkers were able to manufacture the first Cgo fullerenes by
vaporizing graphite using a focused pulse laser.*®! The generated Buckminsterfullerene
consists of 60 carbon atoms which are arranged in 12 pentagonal and 20 hexagonal rings
forming a football like structure (See Figure 99). Besides its unique physical and chemical
properties,®!! the Cgo is known to be the most symmetrical molecule possessing 120
symmetrical operations.?® It is fully sp>-hybridized like the pristine graphene but it totally
differs in its electrical behavior.*® The fullerene surface can be decorated with various
functional groups®” like amino™® or carboxylic acids,'* as well as hydroxyl groups*” or
polymeric ligands,*! which leads to a wide range of applications. Some of these
functionalized buckyballs already have shown good results as antiviral compounds®™® and

give hope for future developed fullerene-based virus inhibitors.

1.1.5 Carbon nanotubes

Carbon nanotubes (CNTSs) can be described as rolled up graphene sheets (Figure 1) with
length dimensions from nanometer up to centimeter size that exhibit unique electronical,
mechanical, as well as thermal properties.l*>*I Due to their exceptional characteristics and
their large surface area, a broad spectrum of applications are available that range from
electronic and materials science to the field of nanomedicine.***"! Furthermore, the CNTs
can be oxidized under harsh conditions®®*°® similar to the graphene's to obtain primarily
hydroxyl and carboxyl functionalities on the graphitic surface. These functional groups can
be used for further functionalizations, for example, to enhance the water solubility as well
as the biocompatibility and contemporaneously decrease the toxicity.®”*® In summary,
functionalized CNTs have a tuneable 1D nanoarchitecture which can a high potentially
serve in the future as a novel carbon-based pathogen inhibitor, due to their unique physical

properties, shape, and size.



1.1.6 Nanodiamonds

In contrast to fullerenes, carbon nanotubes, graphene, and graphite, a nanodiamond (ND)
cannot be counted as a graphitic allotrope even if there are graphitic areas in its diamond
lattice structure.’® % In general, NDs are produced on an industrial scale by controlled
detonations of, for example, mixtures of trinitrotoluene and cyclotrimethylene triamine in a
detonation reactor.[® During the preparation and subsequent purification, a heterogeneous
surface is generated, that exhibits various functional groups as shown in Figure 3. The
surface mainly bears hydroxyl-, carboxyl-, and keto-groups as well as several lactones,
amines, and ethers, which all pave the way beside graphitic areas for different modification
methods leading to exceptional characteristics.’®* %! Nanodiamonds dispose excellent
physical and chemical properties such as fluorescence, high hardness, stiffness, and

strength as well as good biocompatibility.[**¢")

hydroxy groups

double bondSOH OH

acids

keto groups

Figure 3. Proposed functional groups on a purified detonation nanodiamond surface. Reproduced under the

term of the Creative Commons Attribution License from Ref. 62.

Overall, nanodiamonds are derived from detonation, in the range of 4 - 6 nm in size, almost
fully sp*-hybridized, and thus provide a large surface area up to 420 m?/g that is decorated
with various functional groups for post-modifications.!® ¢ ¢ Furthermore, they are well
known for their tendency to form aggregates, in particular, dimensions of 100 - 200 nm, 2 -
3 um, and 20 - 30 um.®® This aggregation behavior could be an additional benefit for the
development of novel multivalent inhibitors, because the overall system can reach virus- or

cell-like dimensions.



1.2 Nature as Source for Inspiration

1.2.1 The multivalency principle

Multivalency can be described as an exceptional and useful principle in nature to control
the binding strength and the reversibility in biological processes like self-organization,
adhesion, signal transduction, and cell-cell recognition.[® "™ In general, the principle is
based on non-covalent interfacial interactions between m-valent ligands and n-valent
matching receptors (m, n > 1; and m # n).l®! In this connection the overall binding energy of
a multivalent architecture is defined by the sum of all monovalent binding events (N)
during an interaction process, limited by the contact area between the participants. Due to
this concept, nature is able to regulate the binding efficacy of a biological system by
varying the size, geometry, ligand/receptor density or by disposal of weaker ligand/receptor
pairs.[5’ 72-74]

The adhesion process of viruses,!™ ® bacterial’” ® or fungit™® ® to a targeted cell
is an ideal example for a multivalent interaction as shown below for the influenza virus
(Figure 4)."Y The influenza virus exhibits ~ 600 copies of the trimeric hemagglutinin
ligands per virus particle,™ which are all able to interact simultaneously with the sialic acid
residues of the cellular glycocalyx.®®™ Due to this multivalent adhesion the virus is taken up

to the host cell via endocytosis where it subsequently triggers the infection.
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Figure 4. Multivalent interactions between trimeric hemagglutinin (HA;) on influenza virus and sialic acid
(SA) residues on cells leading to endocytosis and infection. Reproduced with permission from Ref. 70,
Copyright 2014, The Royal Society of Chemistry.

Even if nature frequently uses the principle of multivalency, the question whether a
multivalent binding event is superior to a monovalent analog still has to be answered.
Therefore, the thermodynamics needs to be considered especially the change in the free

energy AG, which is mainly enthalpy driven in case of a monovalent binding and can be



easily explained by the Gibbs equation (Eq. 1), with AG defined as binding affinity, AH as

enthalpic change, and TAS as temperature-dependent entropic change.
AG = AH - TAS (Eq. 1)

For comparison of the overall binding energy of a monovalent with a multivalent system, it
IS necessary to use equilibrium constants, since multivalent interactions are more complex

and have to be considered as a highly dynamic process. By embedding the cooperativity

factor a, it is possible to compare the average binding affinity AG™" of a multivalent

avg
system to its monovalent counterpart AG™™ (Eq. 2-6)."! In this connection the used
superscripts mono and multi represent monovalent or multivalent systems exhibiting N

ligand/receptor pairs and K binding constants.

AGQ\],ZM :AGEUM /N (Eq 2)

AG =-RT In(K) (Ea. 3)

AG;}:;IH — aAGmono (Eq 4)

K:‘]um — (K;T\]/;m )N _ (Kmono )aN (Eq. 5)
| Kmulti

@ = g( m:no )N (Eq 6)
lg(K™™)

The cooperativity factor o depends on the order of multivalent interaction and can be
classified as positively cooperative (synergistic, a > 1), non-cooperative (additive, a = 1),
or negatively cooperative (interfering, a < 1).>® Besides cooperativity, further aspects
like stiffness, flexibility of the multivalent system, as well as ligand geometry also
influence the overall binding. For this reason, Whitesides!”! and coworkers suggested a
simplified interpretation of the binding efficacy expressed by the enhancement factor B,
which represents the ratio of binding constants for a multivalent architecture (K™™) and its

monovalent analog (K™").

K multi

= Eq.7
Kmono ( q )

B

Due to the enhancement factor 8, multivalent efficacy can be determined without knowing
the exact number of the involved ligand/receptor pairs. Furthermore, it directly includes

cooperativity as well as symmetry effects.



1.2.2 Extracellular matrix-inspired inhibitor design

The development of new efficient pathogen inhibitors is a challenging process, since many
factors can significantly influence the inhibition efficacy, especially in the case of
multivalent systems as discussed in Chapter 1.2.1. The very first step in the development
process is to decode the targeted virus or bacterium in order to identify the binding mode
and ideally the kinetics behind it. Furthermore, an accurate model® 84 of the pathogen
surface would be desirable to determine the structure of the receptor as well as their overall
distribution. With this information in hand, well target-oriented designs can be developed
that exhibit an optimized density of precisely fitting ligands. Meyer®! and coworkers
established a sialic acid-functionalized tripod that fit perfectly on the decoded trimeric
hemagglutinin structure,’®®®8 which was located all over the influenza virus particle.
However, the concept of a perfect 'ligand-receptor conformity' totally depends on the

topological decryption of the pathogen and therefore is not applicable for many cases so far.
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Figure 5. Different approaches for pathogen inhibition. (a) Multivalent interaction of a non-inhibited particle
to the cell surface. (b) Particle adhesion to the cell due to an underdose usage of a perfect ligand-receptor
inhibitor. (c) Zero-dimensional, spherical, multivalent systems like functionalized nanodiamonds and
fullerenes are able to bind to several receptors sites simultaneously and additionally decrease the access for
further binding due to their rigidity. (d) Branched and star-like polymer-based architectures can be disposed as

highly adaptive inhibitors to enhance the binding and shielding efficacy. (e) A linear polymer can be used as a



highly flexible inhibitor, which can access numerous receptors at the same time and is able to sterically shield
further binding sites, due to its fluctuating conformations. (f) A flexible 2D architecture like a functionalized
graphene sheet can strongly interact with the pathogen, shield further receptor due to its size, and ideally wrap
the whole infectious particle. Figure (a) - (c) are reproduced with permission from Ref. 6, Copyright 2012,
John Wiley and Sons, Figure (d) - (f) are reproduced with permission from Ref. 89, Copyright 2016,
American Chemical Society.

An alternative concept, which is comparable to the optimized ligand-receptor match, is to
use inhibitors with a higher valency because of the larger functionalized scaffolds in order
to target multiple receptor sites simultaneously. A more unspecific mode of binding is
required to realize a system that enables an interaction with various types of receptors. One
way would be to attach of polycationic architectures to the scaffold in order to achieve an
overall positive charge for electrostatic interactions like many viruses.™ Polycations are
well known to easily adhere to the negatively charged cell surface and deliver diagnostic as
well as therapeutic agents, or nanoparticles.®™ °@ Furthermore, they are able to form stable
polyplexes with siRNA or DNA for transfectional therapy, mainly due to the presence of
positive-charge amine functionalities.®™ Unfortunately, application of these polyamines is
often restricted because they are more toxic than polyanions, which can result in lysis of the
cell membrane.[** %4

The other way would be to develop polyanionic architectures with an overall
negative charge that is equal to that of the cellular membrane as well as glycocalyx. This
leads, on the one hand, to weaker cellular interactions due to repulsion and, on the other, to
competitive binding of virus particles. Over the years, it turned out that only envelope
viruses like vesicular stomatitis virus (VSV),®® human immunodeficiency virus (HI1V),!*®
vaccinia virus (VACV),! as well as herpes simplex virus (HSV)!® *! are able to interact
with polyanions. The reason for this can be attributed to the protein layer which provides
the virus particle with positively charged functionalities and simultaneously masks the
negatively charged lipid bilayer.”® So far it looks like the protein interaction differs from
virus to virus but, for the most case the mechanism behind this behavior is still unclear.

In the case of HIV-1, the variable loop V3 of the surface glycoprotein gp120 was
identified to be responsible for the membrane fusion and virus entry into human
lymphocytes or macrophages.™®™ In this connection Moulard*® et al. demonstrated that
gp120 is able to bind polyanions selectively, which was confirmed by Liischer-Mattli®®
due to inhibition experiments of various polyanionic architectures such as negatively

charged proteins, inorganic polyphosphates, or sulfated polysaccharides and polymers.
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Whereby the polysulfated system reached the highest inhibition potential, while
phosphonates only showed a weak or no inhibition for different types of enveloped
viruses.[*® 1% The reason for the good inhibition potential of polysulfates can most likely
be attributed to the affinity of envelope viruses to bind relatively unspecific to heparan

sulfate on the surface of the extracellular matrix.[* 1%
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Figure 6. Functions of heparan sulfate proteoglycans in mammalian cells: (a) HSPGs can act as a coreceptor
for growth factors and (b) enable cell-cell crosstalk with neighboring cells. (c) They transport chemokines
across cells and (d) place them on the cell surface. (¢) Syndecans and glypicans can be shedded from the cell
surface and (f) where the HS is cleaved by heparanase and bound ligands are released. (g) The shedded
glycans can be taken up by endocytosis and (h) then degraded in the lysosomes. (i) HS chains are also
involved in the cell adhesion to the ECM and (j) are able form bridges to the cytoskeleton. (k) Secreted
HSPGs are forming physiological barriers and (I) sequester growth factors and morphogens for later release.
(m) Highly sulfated heparin chains are stored in the secretory granules for secretion into the extracellular
space. (n) So far it is only speculated that HS chains are even presented in the nucleus for an unknown

assignment. Reproduced with permission from Ref. 103, Copyright 2007, Nature Publishing Group.

Heparan sulfate proteoglycans (HSPGs) are a major component of the extracellular matrix
(ECM) and play an essential role in various processes."®®! In general, HSPGs consist of a

core protein and one or more linear heparan sulfate (HS) chains, which are highly

11



negatively charged and enable electrostatic interactions with different protein-ligands.
Additionally the HSPGs can be divided into three active subfamilies the membrane-
spanning proteoglycans, the glycophosphatidylinositol-linked proteoglycans, and the
secreted extracellular matrix proteoglycans.’®® Each of them is involved in many
processes of the mammalian cell physiology like signaling,!***! formation of physiological
barriers,'%! adhesion,!%! or transcellular transport,’®” due to their HS chains as
demonstrated in Figure 6.

In summary, the efficacy of a pathogen inhibitor can be varied by different factors
such as size, flexibility, ligand distribution, or ligand conformation. Studies by Haag and
coworkers recently showed that the geometry of the inhibitor as well as the size ratio of the
pathogen compared to the inhibitor system also affect the overall inhibition potential.[”!
The development of unspecific binding inhibitors seems to be more applicable than an
optimized ligand-receptor-match due to the lack of topological information. Electrostatic
interactions could thereby play an essential role, as impressively demonstrated by nature on

the example of the highly negatively charged heparan sulfate.

In this work, the focus lies on the development of novel n-valent architectures (n>> 100),
which mimic the extracellular matrix and therefore are able to interact with different
heparan sulfate-dependent viruses such as vaccinia or herpes viruses. In this connection,
different nanomaterials, which are functionalized with dendritic polyglycerol sulfate
(dPGS) or its linear analog (IPGS), are evaluated for their inhibitiory efficacy.

1.2.3 Polyglycerol sulfate

As discussed in Chapter 1.2.2, polyanions, especially polysulfates, could be used to develop
effective polyvalent inhibitors based on electrostatic interactions. An excellent example for
such an efficient polysulfated system is the natural occurring heparin. Heparin is a linear
highly sulfated polyglycan showing the highest negative overall charge density of all

natural macromolecules.[*%]

It has been frequently used as viral entry inhibitor as well as a
therapeutic for thrombosis over the last decades.[******) However, the application of heparin
is limited due to several reasons. The most serious disadvantages of heparin are that it has
to be isolated from mammalian organs, which always bear the potential risk of a
contamination by proteinaceous infectious particles (prions) and the even more important

drawback is the strong anti-coagulant effect.!* 14
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To avoid the anti-coagulant effect and potential contamination by prions, Haag et al.
developed a fully synthetic heparin mimetic, that is comparably activity as heparin but
lacks heparin's typical side effects.’!? The basic module of the mimetic is represented by
polyglycerol (PG), a highly biocompatible and multivalent macromolecule, which can be
synthesized in various sizes up to 20 nm (Figure 7).[) Even sizes in the micrometer range
can be realized due to the formation of microgels via crosslinking processes. The excellent
water solubility, low toxicity, and multiple free hydroxyl groups, which can be
functionalized further by different techniques, make PG a quite variable and suitable

architecture for biomedical applications such as drug delivery.[® **]
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Figure 7. Schematic representation of the molecular structure of dendritic and linear polyglycerol.

The desired synthetic heparin analog can be achieved by a simple polysulfation of dendritic
PG that was established by Alban et al.l? using a SOg/pyridine complex under dry
conditions. During this process, a targeted amount of the suitable hydroxl groups was
converted into sulfates, which led to an highly overall negative surface charge. The sulfated
dPG still showed a very low cytotoxicity, even at degrees of sulfation (DoS) higher than
90%.1M% Additionally, it did not affect the cellular morphology as well as the cell number,
and exhibited a high binding affinity to L- and P-selectin on a low nanomolar level due to
its sulfate functionalities."** ™! The present sulfate groups on the dPGS periphery

(Figure 8) were also able to interact with several proteins in the complementary system,
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leukocytes, and VSV viruses via electrostatic interactions.® ™ As discussed in Chapter
1.2.2 polysulfates have high potential to be considered for novel pathogen inhibitors.
However, the small size and the spherical shape of dPGS could be limiting factors for the
inhibition efficacy, since the largest particles, that have been synthesized so far are below

20 nm in size and therefore much smaller than most viruses.
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Figure 8. Schematic molecular structure of dendritic polyglycerol sulfate, exhibiting hydroxyl groups (blue)

and sulfates (red) on its periphery.

The right geometry, a large contact area between the targeted pathogen and the inhibitor,
and an optimized pathogen-inhibitor-size ratio are essential elements for developing an
efficient inhibitor system (see Figure 5).%% For this reason, flexible polysulfated systems
that operate in pathogen- or cell-like dimensions need to be developed and will be
discussed later in this thesis. Therefore the focus lies on combining different carbon

nanomaterials with the biologically active properties of sulfated polyglycerols.
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1.3 Polyvalent carbon-based virus inhibitors

1.3.1 Design of polymeric 0D, 1D and 2D architectures
The previous sections already pointed out that multivalent interactions are frequently used
by nature for various biological processes. One of the most important is the adhesion
process of viruses!”™ " and bacterial” " to a targeted cell. To avoid this adhesion, novel
inhibitors are required that are able to bind the pathogen and therefore inhibit its cell entry.
As already discussed in this work, there are several parameters, which can significantly
affect the inhibition efficacy and are therefore essential for new inhibitor designs. In this
connection one of the biggest challenges is the enlargement of the inhibitor size to virus- or
cell-like dimensions. Studies by Haag et al.!™® recently showed the dependency of the
inhibitor geometry as well as the pathogen-inhibitor size ratio.

To face this problem new extracellular matrix inspired inhibitors have been

developed by combining different nanomaterials with polyglycerol sulfates.
Size dimensions of different enveloped viruses and carbon based architectures

1-50nm 50 - 200 nm 300 nm —up to Ium

W

~1nm ~5nm primarily in nm size nm up to pm levels

Figure 9. CryoEM micorgraphs of different sized enveloped viruses (a - f) and schematic representation of
different sized carbon based architectures (g —j): (a) Zika virus (ZIKV), (b) vesicular stomatis virus (VSV),
(c) herpes simplex virus type 1 (HSV-1), (d) African swine fever virus (ASFV), (e) vaccinia virus (VACV),
(f) Ebola virus (EBOV), (g) Cg Buckyball, (h) detonation nanodiamond, (i) carbon nanotube, and (j)
graphene sheet. Reproduced with permission from: a) Ref. 117, © 2016, and b) Ref. 118, © 2013, Nature

15



Publishing Group; c) Ref. 119, © 2003, The American Association for the Advancement of Science;
d) Ref. 120 © 1998, e) Ref. 121 © 2001, and f) Ref. 122 © 2014, American Society for Microbiology.

Due to the combination of the nanomaterial's unique propertiest®* *>** 62 and biological
active properties of the polyglycerol sulfates,!” ™ different inhibitor designs become
feasible.

In this context, the fullerenes as well as the detonation nanodiamonds represent
zero-dimensional, spherical scaffolds ranging in 1 nm and 4 - 6 nm in size, respectively,
which exhibit unique physical properties and a tuneable surface area up to
420 m?/g.13* 60-8.89] £y rthermore, both nanomaterials are known for their high aggregation
tendency which could be advantageous for the inhibitor development because the overall
architecture could reach virus- or cell-like dimensions. In general, these globular inhibitor
systems should be able to simultaneously bind several receptor sites and additionally
decrease the access for further binding due to their rigidity (Figure 5c). Nevertheless,
globular inhibitors cannot reach the high contact areas that is possible for the one- or two-
dimensional architectures.

The functionalized carbon nanotubes can be described as one-dimensional inhibitor
systems that range from nanometer up to centimeter in size and exhibit a high flexibility.
Their fluctuating conformations enable access to numerous receptors at the same time and
additionally shield further binding sites.

However, a flexible 2D architecture like a functionalized thermally reduced
graphene sheet exhibits one additional benefit besides its large contact area, high polyvalent
interaction potential, and sterically shielding. The multiple decorated graphene sheet should
ideally be able to surround either part of or even the whole infectious particle and thus
prevent the pathogen cell adhesion. The high flexibility of the graphene-based hybrid
material can be assigned to the functionalization process and can be explained by the partial
conversion of the hybridized honeycomb-like lattice from sp® to sp>.**®! Even if it seems
like a minor operation, this enables bending, extensively folding, or even wrapping of
smaller particles. It can also be assumed that several sheets adhere on one pathogen to fully

surround it, if the size of 2D hybrid material is smaller than the infectious particle.
Two procedures can be used to realize all the enumerated polymeric hybrid architectures,

namely, on the one hand, the "grafting from" and, on the other, the "grafting to™ approach.

Both concepts will be discussed in more detail in the next chapter.
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1.3.2 Ring-opening multibranching polymerization — "'graft from"

The first concept can be described as a “grafting from” approach due to a surface-initiated
ring-opening multibranching polymerization (ROMP) as introduced by Huck et al.l?*! In
this context the polymer architecture is directly built up on the particular scaffold material
(see Figure 10). Komatsu and coworkers demonstrated in 2011 on the example of
nanodiamonds that this concept is also applicable for nanomaterials.*> However, the
pristine graphite, carbon nanotubes, nanodiamonds, and fullerenes are not suitable for this
approach, which is why they have to pretreated by different methods. In the case of
graphite, an oxidiation could initially be carried out by using the Hummer's method!’
followed by a thermal reduction®®*? to obtain a higher exfoliation and a more uniform
surface with multiple hydroxyl groups. Similar harsh conditions are also suitable for carbon
nanotubes®” 12 and nanodiamonds!**® *#1 by using most likely high concentrated mixtures
of HNO; and H,SO,. After the pretreatment of these nanomaterials the polyglycerol
grafting can be realized by a thermally driven ROMB polymerization. In contrast,
fullerenes can also be functionalized with polyglycerol by using an anionic ring-opening
multibranching polymerization as demostrated by Adeli et. al.*"!

The difference between both methods can be located in the initiation step and the
deployment of the latent AB, structured monomer, namely, glycidol. In the anionic ROMB
polymerization potassium tert-butoxide (KOtBu) is generally used as initiator and the
glycidol has to be added slowly in small droplets.’?®! In the thermally driven ROMB
polymerization only the monomer in bulk and a weak nucleophile like a suitable hydroxyl
group of the pretreated nanomaterials is required. At a temperature of 120 °C, the hydroxyl
group of the nanomaterial is able to perform a nucleophilic attack on the - or y-carbon of
glycidol, which is presented in Figure 10. During this attack the epoxide is opened and two
potential products were formed. In this context, it can be assumed that the carbon located in
the y-position to the hydroxyl group of the glycidol is more favored, since it was less
substituted and possessed a lower sterical hindrance.®® Nevertheless a nucleophilic attack
on the B-carbon could not be fully excluded. The termination of the polymerization
processes is achieved either by quenching or cooling down, which should lead to highly
polymer-grafted hybrid nanoarchitectures.

To enable potential electrostatic interactions of these hybrid nanomaterials a simple
polysulfation can be performed by using a SOs/Pyridine complex as described by Alban

and coworkers.!) During this process, a targeted amount of the present hydroxyl groups in
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the polymeric backbone are converted into sulfates, which lead to a highly overall negative

surface charge.

Graphite, fullerenes, nanodiamonds, and carbon nanotubes

E Pre-treatment of the nanomaterial (NM) |

585950005
aged 0eletedeladel
32a%6%s%6 202002050l

Figure 10. Schematic representation of the intended inhibitor development process, starting from the pristine
nanomaterials (graphite, fullerene, nanodiamond, and nanotube) to the polyvalent hybrid architectures. The
nanomaterials have to be pretreated by oxidation and/or reduction before a thermally driven ring opening
multibranching polymerization can be carried out followed by a sulfation, as presented here on the example of
thermally reduced graphene oxide (TRGO).

18



1.3.3 [2+1] Cycloaddition — "'graft to"

An alternative procedure for functionalizing carbon-based nanomaterials is the so-called
“grafting to” approach. In contrast to the “grafting from” approach, the desired ligand is
directly attached to the nanomaterial and has not to built up on the surface. In general, there
are two feasible ways to realize this concept. The first option is a direct post-modification
of already existing functionalities on the carbon surface. Thereby, the present epoxy groups,
for example, are suitable for covalent modification via a ring-opening reaction in presence
of a primary amine derivative.*¥ Additionally, amines could also perform an amide
formation by reacting with an available carboxly group on the nanomaterial surface. Further
procedures like click-chemistry,*) host-guest complexes,**?! covalent attachments by
using either phenyl diazonium derivatives,™* or diazonium salts followed by an atom

13 Duye to fullerene!*® and

transfer radical polymerization are also applicable.
nanotube™® research, it is also well known that the conjugated m-system of the
nanomaterial can directly be targeted by using a nitrene addition. In the case of graphite
oxide even more reactions!**" *¥! become possible such as a Diels-Alder reaction on the
edges of the sheet-like material.[**% 14"

However, in this work the focus is on the nitrene addition™*?*¥! and therfore
represented in more detail on the example of a thermally reduced graphene sheet, as shown
in Figure 11. Due to thermally activation at 160 °C, the azido moities of the polyglycerol
azide should be converted into highly reactive nitrenes under the release of nitrogen gas.
The high reactivity of the nitrene spezies will initiate a pericyclic [2+1] cycloaddition on
one of the carbon double bonds of the nanomaterial. Due to this, an aziridine ring will be
formed, which might affect the overall conjugated m-system. It can be assumed that the
disordered electron systems will undergo a rearrangement to restore the order of the
electronic conjugation of the carbon surface. In the end an analog polysulfation as for the
“grafting from” procedure has to be performed to enable the potential pathogen interaction
of the functionalized nanoarchitectures.

In summary, two advantages can be exspected for the nitrene addition compared to
the described "grafting from™ approach. First of all, by using the “grafting to” approach it
should be possible to facilitate a defined covalent linkage of an azido-ligand onto the
nanomaterial, which generally allows to evaluate the impact of different ligand
conformations on the inhibition efficacy. Secondly, the implementation of the FTIR-

traceable azido moiety should offer a simple possibility to monitor the reaction conversion.
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Figure 11. Schematic representation of a proposed mechanism for the functionalization of a graphitic surface
by using a nitrene addition. Due to a thermal activation, the azido derivative is transformed into the highly
reactive nitrene species resulting in a cheletropic attack on the conjugated n-system of the nanomaterial. An
aziridine ring is formed in the process, which has an effect on the overall conjugated m-system. A
rearrangement can be assumed to restore the order of the electronic conjugation. (a) and (b) are schematic

representations of the molecular structure of linear polyglycerol and dendritic polyglycerol.
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1.4 Interaction and inhibition of virus particles
The intended polyvalent architectures should provide an overall negative charge, which is
equal to the cellular membrane as well as the glycocalyx, and thereby cause weaker cellular
interactions due to repulsion effects. Furthermore, the highly sulfated, grafted polymer
backbone of these hybrid nanomaterials should mimic the extracellular matrix and therefore
enables potential interaction with different heparan sulfate-dependent viruses. Polyanions
are well known to be exclusively capable of interacting with enveloped viruses via
electrostatic interactions.!®® * 1% |n this context, Moulard™® and Liischer-Mattli®®®!
figured out by inhibition experiments of various polyanionic architectures that the
polysulfated systems exhibit the highest inhibition potential for different types of enveloped
viruses.’? The reason for this can be attributed, on the one hand, to the protein layer,
which provides an overall positive surface charge and simultaneously masks the negatively
charged lipid bilayer, and, on the other, to the affinity of the viral proteins to bind relatively
unspecifically to heparan sulfate-containing extracellular matrix.[°¢ %1031

In order to evaluate a potential inhibition efficacy of the intended polyvalent hybrid
architectures and to identify the factors, which can have a significant impact on the
inhibition potential, binding studies, as well as inhibition experiments with viruses, are
essential and have to be performed. In this connection, different types of enveloped viruses
should be tested, especially heparan sulfate-oriented viruses should serve as perfect
candidates for the biological experiments (e.g. members of the poxviridae and herpesviridae

families).

1.4.1 Orthopoxvirus particles

In general, there are four orthopoxviruses that are known to be harmful to humans, namely,
vaccinia virus (VACV), monkeypox virus (MPXV), cowpox virus (CPXV), and variola
virus (VARV).!#4 1 A of them are members of the poxviridae family and can be
classified as enveloped viruses. The whole orthopoxvirus particles have a brick-shaped
geometry and a size around 300 - 400 nm in diameter (see Figure 9¢).** 2"l The trimeric
viral protein A27 is expressed all over the surface and is known for its high affinity to bind
cell-associated heparan sulfate thus enabling the viral uptake into the target cell via
endocytosis.!**? 148 141 [nside the cell, the linear double-stranded DNA genome is released
in the cytoplasm where it starts to produce two different types of virions, the intracellular
mature virion (IMV) and the extracellular enveloped virion (EEV).***1 Altogether

orthopoxvirus particles are interesting candidates for the biological evaluation of the newly
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developed inhibitor models due to their high affinity to bind polysulfates by charge

interactions of the partially positive charged A27.

1.4.2 Herpesvirus

The family of herpesviridae consists of more than 120 enveloped viruses that are able to
infect various species.'®? Eight of them are known to be harmful to humans like the herpes
simplex virus type-1 (HSV-1) and -2 (HSV-2),%¥ varizella zoster virus (VZV),**4 and
cytomegalovirus (CMV)."*® In general, the geometry of a herpesvirus can be described as
spherical to pleomorphic with particles ranging from 155 to 240 nm in diameter that
contain an icosahedral capsid with a diameter of around 125 nm (see Figure 9c).[**® %6 157]
The virus adheres to the cell by a charge interaction of the viral proteins gB and gC with the
extracellular matrix.®® > Both viral proteins provide several positive-charged amino
acids that have a high affinity to interact with the present negatively charged heparan
sulfate. The virus particle is subsequently taken up via endocytosis, which is followed by
the release of linear double-stranded DNA genome into the cytoplasm. M%%1%4 After the
first infection, all herpesviruses establish lifelong latency and cannot be removed from the
host via immune elimination, which results in a perseverative disease under stress
conditions.[*®® %%, For this reason and due to the lack of anti-viral drugs that can inhibit the

herpesvirus entry, a prophylactic entry inhibitor is strongly required.

1.4.3 African swine fever virus

The African swine fever virus (ASFV) is so far the only known member of the asfarviridae
family and is one of the enveloped viruses.*®® The general morphology of the ASFV
particle is quite similar to the herpesviridae. It is spherical to pleomorphic in shape with a
size of 175 to 215 nm in diameter containing an icosahedral capsid with side-to-side
dimensions of 172-191 nm (see Figure 9d).'*"** For a number of years it was assumed
that the viral particles entered the host cells via receptor-mediated endocytosis. New studies
by Sanchez et al., however, have proposed a macropinocytic mechanism of endocytosis.™*
Although the exact mechanism for cell entry is not yet known, one can assume that the
virus releases the double-stranded DNA genome into the cytoplasm where the replication
process is started. As there is no prophylaxis or treatment for ASFV, new inhibitor systems

definitely have to be developed.*™
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2. Motivation and Objective
The demand for novel pathogen inhibitors is an urgent and most likely never-ending
process in medical science, especially when the usual small monovalent antiviral agents
have not shown the desired efficacy. Multivalency could be an optimal solution to improve
the efficacy, because most viruses and bacteria exhibit multiple polyvalent binding sites. As
described in the introduction, polysulfates could play a major role, like the dendritic
polyglycerol sulfate (dPGS),/" which is already known to be an excellent candidate for
targeting inflamed endothelium and may has also the potential to act as virus entry inhibitor
for various types of viruses. Nevertheless, it should be mentioned that polysulfates are
exclusively capable of interacting with enveloped viruses via charge interaction to
positively charged virus binding sites.[?® %1%

However, dPGS can only be synthesized in size dimensions of around 2 - 20 nm so
far,® and therfore are much smaller than the typical pathogens, which range from 100 nm

up to micrometers in size. Due to the studies of Whitesides' and Haag,!"

it seems logical
that an enlarged polyglycerol sulfate architecture, operating in pathogen- or cell-like
dimensions, could act as efficient entry inhibitors. Materials that offer a large surface area
and are capable of being functionalized with polyglycerol sulfate are very in demand to
enhance the overall contact area and thereby the interaction potential. In this context
carbon-based nanomaterials (graphene, nanotubes, nanodiamonds, and fullerenes) could
serve as excellent scaffolds possessing high surface areas in different sizes and geometries.
In this thesis, the focus is on the development and evaluation of such polyvalent hybrid
materials and their antiviral efficacy in vitro, especially in the case of the flexible 2D-
hybrid architectures. Due to a “grafting from” or “grafting to” approach it should be
possible to attach multibranched or linear polyglycerol sulfates on the pre-treated
nanomaterial and thereby transfer properties of the biologically active PGS to the combined
hybrid-architecture leading to novel, polyvalent pathogen inhibitors. Binding studies as
well as inhibition experiments with different viruses could be carried out to evaluate the
inhibition efficacy of the individual hybrid materials. Heparan sulfate-dependent viruses
like orthopox or herpes virus should be ideal candidates for these biological studies, since
the general inhibitor design was intended as heparin mimetic to imitate the heparan sulfate-
containing extracellular matrix. These novel architectures could ultimatively lead to the
wrapping of the virus (see Figure 12)
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Figure 12. Schematic representation of a polysulfated graphene-based hybrid architecture that mimics the
heparan sulfate-containing cell surface and thereby serves as an efficient polyvalent 2D inhibitors for various

types of heparan sulfate binding viruses like the illustrated orthopoxvirus.

The three main objectives of this thesis were (a) to develop novel polyvalent 2D inhibitors
that mimic the extracellular matrix to inhibit heparan sulfate-dependent viruses by
combining carbon nanomaterials with polyglycerol sulfates. (b) Modification of the
inhibitor design by varying the degree of sulfation and polymerization, inhibitor sizes, and
ligand conformation by using polysulfate functionalized graphene sheets as model systems
to identify which parameters can directly and significantly affect the inhibition efficacy. (c)
Synthesis and evaluation of further potent pathogen inhibitors in the form of PGS-coated

nanomaterials differing in size and geometry like nanodiamonds, fullerenes, and nanotubes.
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3. Publications

In this chapter all 