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Introduction

Arising of new viruses is uncertain and therefore an unpredictable human danger. Zika,'!
influenza A virus (IAV), 2! and corona virus"®! illustrate how fast pandemics can appear.
Therefore, it is important to develop antiviral drugs or vaccinations™*! to prevent viral
infection. Unfortunately, both approaches are time-consuming.”®! Further, antiviral drugs
and vaccinations are often effective just for a certain period until the targeted virus
mutates, which may lead to ineffective vaccines!® or resistance against the antiviral
drug.l”-8! Therefore, alternative ways to prevent and treat virus infection are required.

A new strategy of antiviral drugs is to block viral proteins, which are involved in
the cell attachment, by so-called binding inhibitors.!”! The advantage of this approach is
that the first step of infection (i.e., binding to the cell membrane) is prevented. Thus,
viruses cannot enter the host cell. Interactions of single virus proteins with cell membrane
receptors (binding entities, e.g., sialic acid structures) are very weak. Therefore, viruses
require the formation of multiple interactions in parallel (i.e., multivalent interaction) for
firm attachment to cell membranes.'” Accordingly, binding inhibitors have to be
designed as well in a multivalent fashion like cell surfaces to ensure sufficient strong
binding to viral proteins. Here the problem arises that on one hand, many parameters (e.g.,
architecture, size, and ligand density) can be varied but the impact of these parameters on
the binding efficiency is typically unknown. On the other hand, methods are lacking to
investigate the influence of binding inhibitors on the multivalent binding process because
until now no method exists that is able to quantify the binding strength of multivalent
virus-receptor interactions under equilibrium conditions.

Nature evolved against viral infection an efficient protection barrier, called mucus,
which is able to prevent virus binding to cell surfaces.!!!! The key players of mucus are
mucins, huge, highly branched glycoproteins, which are responsible for mucus properties
like viscoelasticity and the interaction with infectious agents.['?! Due to the presentation
of multiple ligands, e.g., sialic acids (similar to cell surface receptors) mucins interact
with viral binding proteins and are able to trap these viruses.!'*!*! This effective method
to prevent viral attachment is not virus specific but rather an approach for a broad
spectrum of viruses.!!

In this work, the mentioned problems are addressed by the combination of
macromolecular chemistry (synthesis and functionalization of polymeric scaffolds, which

serve as binding inhibitors) and biophysical methods to investigate the influence of



multivalent binding inhibitors on viral binding. The design of the multivalent binding

inhibitors is inspired by mucins.

1 Fundamentals

1.1 Multivalency

The use of multivalency occurs ubiquitously in nature and is an important type of
interaction in biological systems.!'”! In multivalent-binding multiple ligands of one
species bind non-covalently to multiple receptors on another species simultaneously. !
The resulting overall binding can be much stronger than the sum of the corresponding
monovalent interactions.!'®! The binding strength of monovalent interactions is called
affinity, while the strength of multivalent interactions is stated as avidity. One well-
known example where multivalency applies in nature is the burr. The burdock plant
presents several small hooks that adhere to fur from animals. This principle was copied
by the development of Velcron®, which we use in daily life. Small hooks on a surface
entangle with little loops on another surface. One entanglement alone is very weak but
the high amount of entanglements enhances the interaction to a strong connection. There
are many examples of multivalent interactions in nature, some of them lead to inspired

products. Furthermore, some products possess similar multivalent action principles such

as DNA strands and zippers (Figure 1).



Figure 1. Occurrence of multivalency in nature and inspired products or items with

similar action principles. Octopus and inspired robot arm with suction cups, burdock, and
the inspired Velcron®, DNA strand and similar zipper principle, bacteria, and tent usage
multiple anchor points. Adapted with permission from ref.['-!8]_ Copyright 2012 Klinth
et al. PLoS ONE. Copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
Copyright 2020 OnRobot GmbH.

1.1.1 Multivalency principle

In order to understand the process of multivalent binding the thermodynamics of the
process has to be investigated. The free energy (AG) of a system determines if a binding
process will be performed or not. In case of a negative free energy a process (here binding)
occurs spontaneously. The free energy of association (AGI*!) results from a multivalent
interaction of N ligands and N receptors on two separate entities in an Nth-order and is

composed of enthalpic (AHF**!*!) and entropic (AST*!") components (Equation 1).[%!

AGUHEL — ApmRett _ gt (Equation 1.)

Multivalent scaffolds are able to enhance binding enthalpically due to the fact that the
first ligand binds to a receptor and increases the local concentration of ligands, which
triggers binding to other receptors with greater enthalpy (more favorable).!'> 11 A
multivalent scaffold can also have negative effects on the enthalpy, for instance, scaffolds

with unfavorable ligand density or orientation. The first ligand binds to a receptor and



other ligands interact less favorable due to interference with the first ligand or the scaffold
has to bend to achieve successful binding of further ligands to neighboring receptors.!"!
The entropy component (AST!") in Equation 1 contains the translational, rotational, and
conformational entropy. Here also the scaffold of multivalent system as a great influence.
Very flexible scaffolds with a low number of ligands fail due to entropic reasons.?2!! In
aqueous solution a major reason for increasing entropy is the release of oriented water
from the binding target (e.g., the virus).**?3! Hence, the larger size of multivalent
scaffolds is able to displace more water molecules by formation of hydrophobic and
electrostatic interaction making binding more favorable in comparison to small
monomeric binders.?*!

Furthermore, the collectively binding prevents the dissociation independent even
though individual transient unbinding events occur.!'”! Hence, the rebinding possibility

of unbound ligands is higher because the scaffold forces the ligand to stay in place.**!

1.2 Viruses

All viruses have in common that they need a host to multiply. Hence, the initial step of a
viral infection is binding to the plasma cell membrane of a host cell. Most single virus-
receptor interaction are weak (i.e., equilibrium dissociation constant kp in low mM
range).!?! Therefore, viruses form multiple interactions to achieve a sufficient strong
attachment to the cell surface.'” Viruses leverage multivalency to enhance their weak
monovalent binding interactions. Successful proliferation of viruses requires more than
just the attachment. After attachment the virus have to enter the host cell.?®! Inside the
cell, the genomes of the virus have to be released by uncoating in a pH-controlled
process.!?”] Then, the viral genome has to enter the nucleus of the cell, where transcription
and replication happens.?®! Finally, assembly and release of progeny viruses (new formed
viruses) have to happen in multi-step process.!*®! A viral infection involves all mentioned
steps and is called infection cycle (Figure 2). All steps in the infection cycles have to be
accomplished to achieve a successful infection with a resulting proliferation. Hence,
antiviral drugs targeting certain steps of the infection cycle and try to interfere the process.
For example, one type of antiviral drugs is a binding inhibitor, which try to prevent the

attachment or the release of viruses by binding to membrane proteins of the virus.



attachment

assembly
replication
nucleus

Figure 2. Infection cycle of viruses with main actions: Attachment, entry, uncoating,
replication, assembly, and the release of new generated viruses.

1.2.1 Influenza Virus

This work focuses on influenza viruses because it is estimated that seasonal flu causes
300,000 to 650,000 influenza-associated respiratory deaths worldwide annually.”!
Further, the most fatal pandemic in 1918 with 40 to 50 million deaths as well as many
other pandemics resulted from influenza viruses.?%3!! The most recent influenza
pandemic occurred 2009.?! Until now there is no general antiviral drug available. Hence,
with better knowledge of influenza virus behavior, new approaches to prevent infection
can be developed.

Influenza viruses belong to the family of Orthomyxoviridae and can be divided
into three main types: influenza A, B, and C.**! Among these three, influenza A is the
most relevant since it is responsible for all known major influenza epidemics and
pandemics."*¥ Therefore, influenza type A is studied in this work.

Influenza A viruses (IAVs) are pleomorphic.**! While lab-cultured viruses are
usually spherical (d ~ 100 nm), freshly isolated viruses from patients are generally
elongated.?+3®! The outer membrane of the virus, also known as envelop, is equipped
with the membrane proteins hemagglutinin (HA) and neuraminidase (NA), in addition
M2 ion channel proteins are also placed in the membrane. The structure of the HA
complex consists out of three HA proteins, which are responsible to bind sialylated

receptors at the cell surface. The tetrameric NA complex is responsible to cleave sialic



acids in order to enable the escape of progeny viruses (newly formed viruses) from the
host cell. The whole envelope is stabilized by the M1 protein, which is located below the
membrane. In the inner part of IAVs are eight single-stranded negative-sense RNAs

embedded that carry the genetic information for replication of new viruses (Figure 3).57!

Figure 3. Structure of Influenza A virus with its components hemagglutinin (HA),
neuraminidase (NA), ion channel proteins M2 located in the envelope and the stabilizing
protein M1 below the membrane. The negative-sense single-stranded RNA is embedded
in the virus (left). Cryo-electron microscopy picture of an influenza A virus (middle).
Zoomed cryo-electron measurement of the membrane proteins HA and NA in a viral
membrane (right). Modified with permission of ref.*®, Copyright (2006) National
Academy of Sciences.

This thesis focuses on the binding of viruses and since HA trimers and NA
tetramers are the main actors in the binding process (attachment and detachment), they
will be described here in more detail. Harris et al. quantified the number of HA and NA
proteins of IAV X31 via cryo-electron tomography, which resulted in ~300 HA trimers
and ~50 NA tetramers per virus.[*3 The surface of IAVs is packed closely, with one HA
trimer or NA tetramer occupying 120 nm2. Furthermore, they investigated cluster of NAs
within the envelop.®!

IAVs can be differentiated in subtypes based on the membrane proteins HA and
NA. Known are eighteen types of HA and eleven of NA.**01 Humans are mostly
susceptible to three HA (H1 to H3) and two NA (N1 and N2) until now."*¥ Due to the
high mutation of influenza viruses also other HA or NA subtypes could adapt to humans
in future.!”! Antigenic drift is a continuous process and describes small changes in the
genes of IAVs that could lead to different susceptibility properties due to changes in the

membrane proteins HA and NA.*!"*2I Another type of mutation is called antigenic shift,

which can arise from genetic reassortment (e.g.. mixing genes from avian and human



viruses) in a intermediate host for instance pigs (Figure 4).1*! This major change happens
rarely but its pandemic potential is high. Examples are the Asian flu (1957; H2N2), Hong
Kong flu (1968, H3N2). and the swine flu (2009, HIN1).!?

[V
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Figure 4. Mutations of influenza viruses by antigen-shift can occur by mixing of avian
and human genes in an intermediate host, e.g., a pig during the reassortment. Antigen-
shifts lead to a major change in the virus infection potential and can cause the arise of a
pandemic. Reprinted with permission from ref.**). Copyright 2006, Springer Nature.

The different HA types bind with a high specificity to certain hosts. A
conventional interpretation is that human influenza viruses show preferred binding to a-
2,6-linked sialic acids, whereas avian influenza viruses prefer a-2,3-linked sialic acids.[*!
This interpretation resulted from the location of the sialylated receptors. The upper human
airways (trachea and bronchi) express mainly a-2,6-linked sialic acids, which explains
preferred human infection by easier accessibility to theses receptor moieties.[*
Nevertheless, the lower human airways (non-ciliated bronchial cells and the junction

between bronchiole and alveolus) express also a-2,3-linked sialic acids and are

susceptible to avian influenza viruses but they are harder to reach. According to Zanin et



al., this is an oversimplification since there are numerous o-2,3-linked and a-2,6-linked

sialic acids in the glycocalyx with different length, topology, and complexity.!'

1.2.2 Multivalent interaction — HA / NA balance

The interaction of a single sialic acid-containing receptor to HA within intact IAVs is
weak (a(2,3)-sialyllactose kp = 3.5 mM and o(2,6)-sialyllactose kp = 2.7 mM).[*!
Therefore, multiple bonds have to be formed to accomplish an attachment to the cell
surface.!'”) While HA is responsible to form bonds to sialic acid on target cells, NA is
responsible to cleave sialic acids.[*! The cleavage feature of IAVs is important to release
progeny viruses from the host cell,'*”! prevent their aggregation,*®! and enables the virus
to penetrate the mucus barrier of cells that also present sialic acid moieties to trap
viruses.> 37 ¥1 The interplay of the HA binding properties and the NA cleaving
properties is called HA/NA balance and is essential to fulfill the whole infection cycle.4®!
Without an optimal interplay of receptor binding and cleavage proliferation of viruses
would fail.*®! For better understanding two examples are given in the following, which
explain the extreme cases. A combination of strong binding HA and weak cleaving NA
protein would fail to penetrate the mucus and would not be able to release the host cell.
A combination of strongly cleaving NA and weakly binding HA would not infect cells
due to inability of efficient attachment. Richard et al. showed that a IAV strain with
deficient NA was still able to replicate due to the low affinity of HA for SA binding.>"!

Nowadays, researchers investigate NA’s contribution during the binding process
to sialic acids.[*>>! The analysis of the x-ray structure of sialic acid and NA revealed a
second binding site on NA, which does not cleave sialic acids in contrast to the
enzymatically active binding site of NA.1*?l Recent computational studies indicate that
sialic acid shows two times faster binding to the second binding site compared to the
active binding site.®¥ Zhu et al. supports the idea of NA binding contribution by
investigation of much higher equilibrium dissociation constants between sialosides and
NA (kp ~ uM) compared to sialosides and HA (kp ~ mM).[>4

A lot of studies point out that NA is involved in the attachment to cells and show
the importance of the HA/NA balance.*”- 3353 Nevertheless, the true contribution of NA
in the attachment process and the interplay between HA and NA is still not well
understood. Further, the importance of multivalency during attachment and release is still
under debate in many studies most probably due to insufficient methods to unravel the

multivalent interaction (see Section 1.6).



Parameters that influence the HA/NA balance are different subtype combinations,
host receptor specificity, and stalk length of HA and NA.[*®! Most probably specific
subtype combinations (e.g., H3N2, HIN1) have been developed since their HA/NA

balance enabled to infect hosts more efficiently than others.

1.2.3 Monovalent drugs against influenza

Currently, most antiviral drugs against influenza are highly specific small molecules that
block membrane proteins to prevent infection.’®! They can be divided into two major
classes, namely, M2 channel protein blocker and neuraminidase inhibitor.”® Amantadine
and rimantadine bind to the M2 proton channels, which is important in the process of
uncoating, assembly, and budding.®”! Commercial monomeric neuraminidase inhibitors
are, e.g., zanamivir, peramivir, oseltamivir, and laninamivir.*® However, the weak point
for the attempt of using small specific molecules as antiviral drugs is that influenza
viruses mutate continuously due to antigenic drift. Just small mutational changes at the
membrane protein can cause less specific binding, which may result in a drastically
decrease in binding efficiency. Due to this reason rapid resistance emerged, in particular
to amantadine, rimantadine, and oseltamivir,>°"

As it was shown for viruses, multivalent binding enables to generate sufficient
strong binding even if a single interaction is weak. Therefore, the use of a multivalent
scaffold with several attached binding moieties could enhance the efficiency of binding
inhibitors such as virus binding to the host cell (Figure 5). Further, the backbone of the

multivalent binding inhibitor could also shield the virus, which would support the binding

inhibition process.
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multivalent binding monomeric multivalent
virus to cell inhibitor inhibitor

Figure 5. Multivalent binding of a virus to the cell surface. (a) The virus attaches to the
cell surface, which is the first step of infection. (b) Monovalent binding inhibitors block
some viral binding protein and decrease the avidity of the virus to the cell surface. (c)
Multivalent binding inhibitors prevent virus binding to the surface by efficient binding to
the viral protein and additional steric shielding of the polymer scaffold. Reprinted with
permission from ref.""”). Copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

1.3 Polymers as multivalent scaffold

The use of multivalency is a common approach to enhance binding.!"”! Many features
influences the binding efficiency of multivalent systems, for instance, the type and
number of ligands (valency), their orientation, density and spacing between ligands.! 61!
In addition, the scaffold properties like size, flexibility, and shape play an important
role.[®>%31 Due to huge variety of adaption possibilities synthetic multivalent systems
have a great potential to become tailor-made for a dedicated application such as the
inhibition of IAVs.

With the use of polymeric scaffolds, a systematic probing of ligand valency,
density, linker length, orientation, flexibility, etc., can be performed. The focus of this

chapter will be on polymer architectures, which can be used as multivalent scaffolds

(Figure 6).

10



a 2D

linear
N

dendron star

hyperbranched dendrimer

. NH; ONH HN
Hoj\’o\)\ OH H\IOH MNeo dlN °
j’ HZN—\_H <=
Aol T K e
_\I(/o\)\ HJ'k"‘m'\.rq H
Ho]) . O\/KO,TOH ‘(' "ngv\N —\jl,
HO °~/Eo oH rHJN o NNH;

o~ © ° HNINH N H'z?l
OH g\on on 2 !

OH OH NH,
hyperbranched polyglycerol polyamidoamine (PAMAM) dendrimer
ethylenediamine core
0._OH
Ho P Ho— /_/OH
o o
H o0 N =
HO ° o\\H . _/—o’_l
o} o] ° °
J\L?O (o] _/—0><0
o fl 1 ~ F Ho
(o] o]
0o o 3 o -\—o
Ho)k/\p; No’\) ~ -
HO o
ofo ‘\_OH
poly(glycerol-succinic acid) dendron polyethylene glycol star polymer
pentaerythritol core

Figure 6. Different types of polymer architectures for possible multivalent scaffolds. G
stands for the generation and defines the number of branching points in case of
dendrimers and dendrons (a). Common polymer examples for different polymer
architectures (b).

The schematic presentation of polymer architectures is simplified to show a clear

overview of the differences in polymeric architectures. In reality the shape of polymers

11



depend on many factors like solvent, temperature, polymer concentration, applied shear-

stress, etc.[04-63]

1.3.1 Polymer architectures

Linear polymers — Linear polymers are obtained by conventional polymerizations,
where an initiator starts the propagation of monomers in one direction until the chain gets
terminated. The resulting polymers have two end groups. It has to be taken into account
that the end groups can be shielded by the polymer backbone since the conformation of
the linear polymer is random.[®®! Glick et al. probed linear bivalent virus inhibitors and
investigated no enhancement in comparison of the monomeric binding site.?>?!! Even
though the inner monomers are functionalized to obtain a multivalent scaffold, it is not
sure if the ligands are exposed. On the other hand, the flexible property of linear polymers
is advantageous because the scaffolds can adapt their shape to the target.[*! Linear stiff
scaffolds can be prepared from coiled peptides, where fine-tuned ligand presentation is

possible.[67-68!

Graft polymers — Graft polymers have a linear backbone with attached side chains. They
can be prepared using three different approaches namely grafting-to, grafting-from and
grafting-through.!%®! In the grafting-to method prefabricated polymeric grafts are attached
to the backbone.l’" The grafting-from approach uses reactive moieties on the backbone
to grow polymer chains away from the backbone.’!! Grafting-through is the
polymerization of polymeric monomers, also called macromonomers, which lead to
highly grafted architectures.'’”?’ The density of grafting defines the degree of chain
extension of the grafts. At low-grafting densities, pendant polymer chains collapse to
more globular morphology, which is stated as mushroom shape.!”’! In contrast, high
grafting densities lead to elongated chains, which are packed tightly.[”*! This phenomenon
has to be considered in case of using grafted architectures as multivalent scaffolds since
the end groups of the pendant polymers are not exposed in low grafted polymers. Fully
grafted polymers, where each repeating unit has an attached side chain, are defined as
bottle-brush polymers.l”” The high grafting density results in unique properties for
instance no entanglement like linear block copolymers and self-assembly to stiff

cylindrical structures sized up to several hundred nanometers.’*!

12



Dendrimers and dendrons — Dendrimers are perfectly branched polymers (degree of
branching 100%), which possess a core from which the branching emanates in several
directions.>! If the branching just occurs to one direction, dendrons are created. Dendrons
can be converted to dendrimers by linking dendrons to a core molecule. Both architectures
have in common that they are prepared stepwise and reach with this approach high
control, which leads to monodisperse systems. Due to the stepwise fashion, the dendrimer
and dendron synthesis is costly and time-consuming. Each new branching point, going
from the core to the periphery, is defined as generation. The first branching point at the
core is generation one (G1), the second on top of that is generation two (G2), etc.[”>!
Dendrimers or dendrons with higher generations have more end groups. Due to the
defined structure all end groups are on the exterior, which is an advantageous for
designing binding inhibitors due to easy availability"”! and capability of high ligand
density functionalizations.”®! The most used dendrimer scaffold is poly amidoamine
(PAMAM). Advanced dendrimer chemistry was performed to design dendrimers with
different orthogonal functional groups at one dendrimer, which enables us to design
controlled multivalent systems with heterogeneous ligands at the exterior (Figure 7).1""!
This method can be important since the binding affinity is also influenced by patterns of
binding sites.!'®! Further, dendrimers with different dendron faces were developed, which
enable heterogenous ligand presentation with local high density of the same ligands
(Figure 7).7871 This approach could be of interest if binding targets possess different

receptor clusters."!

heterofunctional dendrimer Janus dendrimer Tri-faces dendrimer
Figure 7. Advanced dendrimer structures. Different dendrons are assembled to a core

resulting in heterofunctional dendrimer, Janus dendrimer and Tri-face dendrimer.
Modified with permission from ref.®%.Copyright 2012 MDPI
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Hyperbranched polymers — Hyperbranched polymers are polymerized with branching
monomers. Every reacted monomer (ABx) creates two or more possibilities to propagate.
Most common are AB, monomers,®!82! which expose two new possible propagation
sides. AB3 or AB4 monomers are rarely used.®3-34 The branching is not perfect with this
polymerization approach, for instance, hyperbranched polyglycerol has a usual degree of
branching about ~ 60 %.1®3 The main advantage is that the polymerization is done in one-
pot-synthesis, which is convenient, fast, and inexpensive and making it also suitable for
larger-scale applications.'®®! Even though the degree of branching is lower compared to
dendrimers, the properties are similar. Both architectures show excellent solubility, low
solution viscosity, and high number of terminal end group functionalization.®%7! Due to
the ease in functionalization of the terminal end groups at the periphery, hyperbranched

polymers are often used to design multivalent binding inhibitors. 3-8

Star-polymers — Star-shaped polymers can be prepared in two different approaches.
First, the ‘“core-first” approach, where a multifunctional core is used to initiate
propagation of the arms.”® Second, the “arm-first” approach connects prefabricated
linear polymers to a core molecule.”® The chosen core molecule predefines the number
of the resulting arm at one core molecule. Mostly the “arm-first” approach is used.
Extensively studied are controlled radical polymers techniques like reversible addition-
fragmentation chain-transfer (RAFT) and atom transfer radical polymerization (ATRP)
polymerization.”!*3! In the recent years, just a few examples of “core-first” star polymers
are published, mainly using polyethylene glycol as arms.”*>! Common, numbers of star
polymer arms are 3 to 8.°%) Nevertheless, dendrimers can also be used as core molecule.
Lam et al. used a PAMAM G1 and G2 dendrimer as core and grow 16 and 32 arms out
of L-lysine by N-carboxyanhydride (NCA) polymerization on it.[*®!

2D polymers — This polymer architecture is a relative new field in polymer chemistry.”!
These 2D polymers fulfill the definition of Staudinger about macromolecules, which
states that small molecules (repeating units) are covalently linked with each other.[8!
The sheet-like architecture provides a high surface area, which is advantageous for
binding interaction in biological systems. The synthesis of 2D polymers differs from
usual approaches, because the monomers have to be placed in order before they are
covalently linked.” Required for the synthesis is that the monomers do not react

spontaneously rather start to polymerize after inducing an external stimulus like light. The
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assembling of the monomers are done within the layers of a stacked monomer crystal or
they are assembled on the water surface (Langmuir-Blodgett approach) before an external

stimulus initiate the reaction.””!

Hybrid architectures — Various types of polymer architectures are presented, but there
are far more possibilities by the combination of different types of polymer architectures
(Figure 8). Doycheva et al. created a multi-arm star polymer consisting of a hPG core
with PEG arms.!"'%! Wilms et al. synthesized a linear amphiphilic block copolymer where
hPG was grafted on the hydrophilic part to increase the hydrophilicity.!'°!! Reuters et al.
tested different polymer architectures as scaffold for virus binding inhibition also
dendronized linear polymer scaffolds.!'%” Therefore, polymer chemists have a crucial
toolbox for designing multivalent scaffolds with various architectures, which is powerful

for tailoring binding inhibitors for specific applications.

e A e

hyperbranched core dendronized linear polymer amphiphilic copolymer
+ linear attached polymer + hyperbranched side chains

Figure 8. Examples for the combination of different polymer architecture types, here
called hybrid polymer architectures

1.4 Mucus

Mucus is a sticky coating of all wet epithelia and is almost ubiquitously present in all
biological systems.['% Mucus layers fulfill several functions, for instance, as lubricate
for passages of food or excrement, as maintenance of hydration, as barrier for pathogen

and as semipermeable layer for exchange gases and nutrients (Figure 9).!!%!
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Figure 9. Occurrence of mucus in the human body (a). Schema of bronchial epithelia
cells consisting out of ciliated cell (aim mucus transport) and goblet cells, which secret
up to 1 pum big mucus granules (yellow) and proteins (black). Above the cells a mucus
layer is located that prevent pathogen penetration (b). Adapted with permission from
ref [193-1041 Copyright 2016 MDPI. Copyright Massachusetts Medical Society.

The thickness of the mucus layer varies within the human body. On the eye!!%!

and in the trachea'* it is 2 to 10 um, in the stomach!'°”! ~150 um and the thickest mucus
layers appear in the colon!!®! up to 800 um. The certain thickness is adjusted by the rate
of secretion and the rate of degradation and shedding.!'®' Thus, the mucus layer is
replaced by freshly secreted mucus from goblet cells within the epithelial tissue. Each
day around 10 L of mucus is produced and secreted in the gastrointestinal tract.!!!"!

This work focuses on the respiratory tract because this is the target of many viral
infections. The mucus layer is able to trap viruses and prevent that they reach and infect
the cells underneath. Trapped pathogens are cleared within the mucus and are transported
up and out of the lungs by cilia movement to get swallowed or spit out. The 6 — 7 um
long cilia are beating 12 to 15 times per second,!!'!] which results in a velocity of the
mucus layer of ~100 um/s clearing the lung within minutes to hours.!'"” The shear
thinning behavior of mucus is for the clearance an important property, because by
applying shear stress, e.g., by the cilia beats reduces the viscosity of the mucus and helps
to move the mucus layer (Figure 10). In diseases, hyper-secretion or dehydration can
occur. The clearance is supported by coughing, which also reduces the viscosity of the

mucus due to high shear rates.
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Figure 10. Shear thinning behavior of several types of mucus. The viscosity decreases

strong with increasing shear rates. Reproduced with permission from ref.!!®!. Copyright
2008 Elsevier B.V.

Mucus is a hydrogel and is mainly composed out of water (90 — 95 wt.%).
Furthermore, mucus contains 2 — 5 wt.% high molecular weight glycol proteins called
mucins, which have major influence on mucus properties, e.g., viscoelasticity, and
pathogen binding. Minor components are lipids (1 —2 wt.%), salts (up to 1 wt.%), DNA
(0.02 wt.%). The present DNA as well as residues of actin; proteins originate from

cellular debris of epithelial cells.!!!?!

1.4.1 Mucin glycoprotein

Mucins are fibrous glycoproteins in the size of 0.5 to 20 MDa.[!'¥ The linear backbone is
out of a protein sequence with up to 6000 amino acids and is called PTS region due to the
high amount of proline, threonine, and serine residues.!''*! On the protein backbone are
N- and O-glycosylated oligosaccharides with 5 — 15 sugar monomers attached. Most
abbundant sugars are N-acetylgalactosamine, N-acetylglucosamine, fucose, galactose,
and sialic acid (N-acetylneuraminic acid).[''3! Due to the high glycosylation the sugars
ratio comprise 80 wt.% of the mucin.!"">! The high glycosylation is also responsible for
the extended fibrous morphology. Kramer et al. investigated synthetic mucins with
different glycosylation and proven via atomic force microscopy (AFM) the trend of

enhanced extention with a higer degree of glycolization.!!'®! Additionally, the high
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amount of terminal sialic acid and sulfate moieties creates a negatively charged surface,
which supports the elongated morphology of mucins by charge repulsion.!!!?!

At the C and the N termius of the PTS region a high amount of cysteines are
present, which enables mucins to di- or multimerize by disulfide bond-linking to chains
with sizes up to serval microns. Sheehan et al. investigated the multimerization of more
than 16 linked MUC5AC monomers.!''”) Brayshaw et al. visualized via AFM the cleavage
of mucin to its subunits or smaller multimers by reduction of in-chain disulfide bond using
dithiothreitol (DTT).['!8 A schematic drawing of the mucin structure and the
multimerization of is shown in Figure 11. Further, the disulfide-linking also leads to

crosslinking of multimers resulting in an network with a wide mesh size.

VWF D Cys Rich SerThr Pro VWF C Cystine Knot O-linked N-Linked
Domain Domain Repeats Domain Oligosaccharide Oligosaccharide

. SARALLL L L e L L Lt

d o

Figure 11. Schematic drawing of the pig gastric mucin monomer and its multimerization.
(a) Pig gastric mucin monomer with highly glycosylated PTS region and cysteine rich
terminal flanks is a secreted gel-forming mucin. (b) Legend for the different domains of
the mucin structure. (¢c) Mucin dimer is connected via disulfide bonds. (d)
Multimerization of mucin monomers form chains up to pm ranges. Reprinted with
permission from ref.[!'3, Copyright 2005 Published by Elsevier Ltd.

In human, 19 different designated mucin genes are identified,!''* which can be
divided into three subfamilies. First, secreted gel-forming mucins build a hydrogel layer
on top of epithelial cells, e.g., MUCS5B or MUCS5AC in the respiratory tract. Second, cell-
surface mucins are attached at the cell membrane and form the glycocalix. Third, secreted
non-gel-forming mucins, which are not able to multimerize or crosslink due to the lack
of cysteine rich regions.!'!! Nevertheless, mucin research is still ongoing because the

characterization is due to the high molecular weight, multimerization, aggregation, and
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high degree of glycosylation not trivial. An example for the complex analysis of the

respiratory mucins MUCS5B and MUCS5AC is shown in ref.[!!?],

1.4.2 Barrier function of mucus

This thesis investigates multivalent binding interaction of viruses. Hence, the protection
function of mucus against infectious agends is of high interest, therefore it is addressed
here in more detail. Mucus is able to control the permeability of objects selectively
(Figure 12). Nutrients, water, gases, proteins, and antibodies can diffuse through the
mucus layer, while most infectious agents get trapped.l'?°! The filtering principle is not
only physical driven by the mesh size of mucus (20 — 200 nm).!'2!! Lieleg et al. suggested
that the filtering specificity of mucus is mainly controlled by electrostatic interactions
since the diffusion of particles can be regulated by changing the pH value or the salt

concentration.l'??!

a

size induced sieving

interaction based exclusion

Figure 12. Scheme of mucus and the ability of selective filtration by size and interaction
(a). Fixed human cervical mucus imaged with transmission electron microscopy. (b).
Local mucin density varies and the mesh size ranges from 10 to 200 nm. Reproduced
from ref.l?!!, Copyright 2001 The Biophysical Society. Published by Elsevier Inc.

Olmstedt et al. investigated the diffusion of macromolecules and virus-like
partikles (VLPs) in human cervical mucus using fluorescent recovery after
photobleaching (FRAP).!'2!1 The results show 100 to 1000 times lower diffusion of herpes
simplex virus (HSV) VLPs (d = 180 nm) in presence of mucus compared to diffusion in
PBS. The same effect was observed with polystyrene microspheres (d = 59 nm —

1000nm), which suggests that the deacceleration is not only caused by the mesh spacing
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rather than the formation of multiple low-affinity bonds. Surprisingly, the authors also
measured that VLPs of the human papilloma virus (d = 55 nm) and norovirus (d = 38 nm)
diffuse unhindered in mucus. Another study shows as well diffusion retardation and lower
infection of influenza viruses (d = 100 nm) in presence of mucins.!!*!

Furthermore, other low-affinity bonds like hydrophobic interaction or hydrogen
bonding take place and also contribute to the biochemical adhesion.!'! A detailed study
that determines the contribution of each interaction type, which take part in mucin-

pathogen binding is until now not fully investigated.

1.5 Multivalent virus binding inhibitors

The principle design of multivalent virus binding inhibitors inspired by mucins was
introduced by the group of Whitesides.!'”! With this innovative approach many
researchers get inspired and are still developing multivalent virus-binding inhibitors. The
common feature of all here mentioned virus-binding inhibitors and natural mucins are
that they present multiple sialic acids that interact with viruses in a multivalent fashion.
The interplay of multiple weak interactions between the binding inhibitor and the virus
results in much higher binding affinities!'”! compared to a monovalent binding of sialic
acid to HA (kp ~ 2 mM).['?3] This is the reason for the effectiveness of multivalent virus
binding inhibitors.

First virus-binding inhibitors from the group of Whitesides were based on
acrylamide or acrylic acid, which was copolymerized each with sialic acid bearing
monomers. Resulting linear polymers achieved molecular weights up to My= 145 kDa
and possessed pendant sialic acid moieties, which enabled the interaction to HA of
IAVs.['24 The influence of the inhibitor size were studied after preparation of narrow
molecular weight fractions of the inhibitor and revealed that higher molecular weights
were more potent in virus inhibition.[?! From a polymer point of view natural mucins are
linear polymers with densely grafted sugar side chains and can be designated as bottle-
brush architecture. Reuter et al. studied different architectures of virus-binding inhibitors
that are closer to the architecture of mucins.!'%! Linear polyethyleneimine (PEI) and
dendritic polyamidoamine (PAMAM) were combined to design dendrimers, comb-
branched polymers, linear polymers, with dendritic grafting. The study concluded that
specific variation of the dendritic polymer architecture enhances the inhibitor efficiency
towards viruses. Linear-dendron architectures showed better inhibition compared to

spherical dendrimer architectures due to higher flexibility and larger size.!'"?! Though the
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mentioned binding inhibitors are very potent in virus inhibition, all of them possess the
same disadvantage, namely, low biocompatibility due to positively charged polymer
backbones. Excellent biocompatibility is, however, of paramount importance for an
application of synthesized virus-binding inhibitors. One attempt is to use polyglycerol as
scaffold, which is highly biocompatible!>1?! and can be synthesized linear,
hyperbranched and as dendritic architecture. Bhatia et al. investigated the virus inhibition
behavior of 10 kDa linear polyglycerol (LPG), 10 kDa, and 500 kDa hPG with different
degrees of sialylation.!®” These inhibitors showed that the inhibition constant was not
trivial related to the density of the sialic acids, rather an optimal density existed at which
the lowest inhibition constant can be achieved. For 500 kDa LPG an optimal inhibition
efficiency was observed at approximately 20% sialylation. Further, Bhatia showed that
flexible nanogels (250 nm determined by DLS) as virus binding inhibitors were more
efficient than rigid nanogels due to adaption in shape onto the virus surface by multivalent
interaction. [*! The flexible nanogel (consists of LPG and hPG) and more rigid nanogel

(consists of hPG) were prepared by nanoprecipitation.

1.5.1 Mucin-inspired virus binding inhibitors

In order to enhance the virus-binding inhibitor performance, current studies try to mimic
mucins since they possess a high virus-binding efficiency. However, the complex
structure of mucins and their high molecular weights (MDa range) are difficult to
reproduce artificially and reaches the limits of today’s used techniques. Therefore, the
approach of current research is to synthesize mucin-inspired-binding virus inhibitors by
introducing certain features of mucins like functionalization, size, structure, architecture,
and shape.

Liu et al. synthesized an alternating copolymer out of methyl vinyl ether and
maleic anhydride, which was post-functionalized with pendent sialic acids.!'*”) The
resulting mucin-inspired virus-binding inhibitors (up to Mw: 180 kDa) showed a good cell
viability and is able to inhibit different IAV strains. However, this attempt is rather
insufficient in case of size, structure, and architecture. A promising mucin-inspired
approach is the use of ring-opening metathesis polymerization of norbornene
macromonomers with terminal sialyllactose, which results in a brush polymer
architecture.['”®) Using the third generation Grubbs catalyst virus inhibitors with
molecular weights up to 684 kDa were reached. Except for the smaller size compared to
mucins and the uniform functionalization, most of the mucin features were incorporated

in the design of this binding inhibitor. In another study, similar macromonomers without
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sialyllactose were polymerized using the same technique resulted in polymers in MDa
range with dispersities of 1.01 to 1.07.17?! Chen et al. created mucin-inspired bottle-brush
architectures using self-assembly of sugar-decorated polymers with lipid tails and single-
walled carbon nanotubes (SWNTSs)."?! The virus inhibition performance was not tested
and due to the SWNT the inhibitor tended to sediment.

The last examples focused on secreted mucins as model structures. The following
will show briefly some binding inhibitors, which are inspired by membrane-bound
mucins. In the first example, lipid-bearing initiators were used to start the polymerization
of methyl vinyl ketone leading to one lipid end group. The sugars were introduced
afterwards. The lipid end group at the polymer backbone can also be used to anchor the
mucin mimetics in cell membranes. With this approach membrane bound mucins can be
mimicked. Rabuka et al. incorporated these lipid end-functionalized glycopolymers in
supported lipid bilayers (SLB) to create artificial cell membranes with tethered mucin-
inspired structures.!'3"! Kramer et al. also decorated cell surfaces with mucin mimetics
made by N-carboxyanhydride (NCA) polymerization of N-acteylgalactosamine
NCAs.I'61 Afterwards, these constructs could be linked to site-specific unnatural amino
acids in membrane proteins.

A completely different approach was introduced by Cohen et al., where mucin-
inspired polymers were anchored with lipid end groups in the viral membrane.!'3!! Due to
the lipid anchor the mucin-inspired polymer is kept at the viral membrane and shields the
virus in a mucin like in nano environment. The drawback of this innovative method is
that the compound was not able to differentiate between viral and cellular membranes.

As shown many attempts were made to synthesize mucin-inspired virus-binding
inhibitors. Nevertheless, there was no biocompatible binding inhibitor, which was in the
size of natural mucins. Former studies indicated that high molecular weights enhanced
the virus binding efficiency.[®> 12! Vonnemann et al. indicated that optimal binding
inhibition is achieved if the inhibitors were one third of the virus size (e.g., diav ~ 100
nm). As size seems to be an important factor, the development of MDa-sized mucin-

inspired binding inhibitors is of high interest.

1.6 Analytical methods for testing virus binding

In order to study viral-binding analytical methods are required. Due to the dynamic
binding process and the contribution of multiple-binding interactions the investigation of

virus binding and the quantification of the binding strength is challenging. Therefore,
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various assays have been developed in the last decades. Common methods for
investigation of virus binding are briefly introduced. Distinctions and limitations of the

presented methods are in Chapter 1.6.1.

Hemagglutination inhibition (HAI) assay — This is the most common method to
determine binding inhibition of viruses.!'3?! It is fast, inexpensive, and can be performed
with usual lab equipment. Hirst et al. investigated the phenomenon that allantoic fluid
from IAV infected chick embryos triggers agglutination of red blood cells.['*-13 By the
addition of virus binding inhibitors the agglutination can be prevented. The lowest
inhibitor concentration, at which no agglutination occurs is defined as (HAI assay-
derived) inhibition constant ki (Figure 13).1*>! The impact of the red blood cell species on
the binding process is higher due to the expression of different sialic acid receptors and
therefore the source e.g., avian, human, horse) has to be stated."'3% The reproducibility in
different labs can be challenging but Zacour et al. showed that the HAI assay was highly

reproducible if the conditions and materials were standardized.!!*”)
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Figure 13. The principal function and read out of hemagglutination inhibition (HAI)
assay. Sedimentation of red blood cells in V-shaped wells led to a red dot, while no
sedimentation was an indicator for IAV crosslinking. IAV-induced crosslinking of red
blood cells can be prevented by virus binding inhibitors.
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Glycan micro array — Glycan micro arrays are a powerful tool for high-throughput
investigations of receptor-ligand binding. In one experiment it is possible to probe

hundreds of receptors./!*"!

In this technology, many separated small areas are
functionalized with the desired receptors. Most linking approaches are covalent (Figure
14), other approaches use biotin streptavidin linking or electrostatic interactions using a
poly-L-lysine derivatized surface.!'*! The read out of the micro array was mostly done
by fluorescent emission of the fluorescently labeled probe, e.g., viruses and points out the
amount of bound probe. Further it is also possible to investigate each functionalized area
by matrix-assisted laser desorption ionization time-of-flight (MALDI -TOF) mass

spectrometer after the binding experiment.['*) MALDI-TOF enables to measure the mass

of receptor-bound probes, which is useful to identify the binding entities.
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Figure 14. Example for covalent tethered glycan receptors onto an amino-reactive micro
array surface and read out using image analysis. Reprinted with permission from ref.!!3],
Copyright (2004) National Academy of Sciences.

Glycan micro arrays are efficient in probing specific interactions for instance the
preferential binding of IAVs to glycans with 0-2,3-linked or 0-2,6-linked sialic acids.?!
Peng et al. probed different IAV strains and investigated an increased binding to sialoside
receptors with elongated branches due to the fact that these are able to bind to two binding
pockets of HA simultaneously.!14"!

The binding of multivalent mucin mimetics to viruses was also investigated in

micro arrays. Sialic acid- or sialyllactose-functionalized RAFT polymers were linked via
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azide moiety to cyclooctyne-derivatized surfaces to probe multivalent binding to

IAVs [141-142]

Biolayer interferometry (BLI) — This label-free, real-time-binding analysis method is
used to study dynamic molecular interactions like IAV-receptors binding. Disposable tips
of the biosensors possess streptavidin, which can be functionalized with biotinylated
receptors.['43] White light in the inner tip is reflected at the surface inside the tip (non-
functionalized, used as reference) and outside of the tip (functionalized surface, here
binding occurs). Binding events to the functionalized surface triggers an increase in
optical thickness, which can be detected as wavelength shift compared to the reference
surface (Figure 15).1"*! Non-bound entities in the solution do not influence the optical
thickness. Hence, this method can be in principal applied in crude samples.!'*! The dip-
and-read capability of BLI makes this method easy to handle.!'*] Nevertheless, the
resulting wavelength shift does not correspond to a certain property of the biolayers rather
depends on various non-trivial properties. Therefore, the interpretation of the wavelength

shift can be difficult.
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Figure 15. Influenza A virus (IAV)-binding measurements using biolayer interferometer
(BLI) with receptor functionalized tip. Binding objects increase the optical thickness,
which can be determined by a shift of the wave length. Modified with permission from

ref.l!43), Copyright 2020 Sartorius AG.
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Benton et al. performed BLI measurements of IAVs to receptor analogs containing
0-2,3-linked or a-2,6-linked sialic acids in absence and presence of NA inhibitor.[4®!
Blocking of the NA enzymatic cleavage led to increased binding. Without NA inhibitor
the IAVs cleave sialic acid moieties, which decrease the relative binding to really low
relative binding (15 to 0%).!'46! Researchers claim that the comparison of the relative
binding of IAV in absence and presence information about the HA/NA balance could be
derived.['*61471 However, the fact that it is not possible to use the BLI setup without a NA
inhibitor due to the cleavage of sialic acid at the tip, the natural HA/NA balance is

drastically interfered and cannot be determined with this setup.

Atomic force microscopy (AFM) — AFM is a method, which measures directly the force
of the interaction between a tip and a probed target. The tip is placed on the end of a
cantilever. A piezoelectric device oscillates the cantilever, which results in a up and down
movement of the tip.["* The oscillation distance can be measured accurately by a laser
beam, which is reflected on the back of the cantilever and detected by a detector. When
the approaching tip gets in contact with the sample the cantilever bends and tip-sample
force can be inferred from a measurement of the cantilever’s deflection.!"*® With this
information force-distance curves can be recorded.

To probe specific binding interactions, the tip can be functionalized or biological
binders can be covalently attached.!'*¥! In order to test virus binding, various viruses were
attached to the tip.!1*"">!] By approaching and withdrawing the anchored viruses to cell
membranes, the binding force of single-binding events can be investigated (Figure 16).
From the recorded data attachment-rates, detachment-rates, and the equilibrium binding
constant of the interaction can be derived.!'*”! The resulting kinetics corresponds to the
unbinding of a non-equilibrium state because the binding and rupture are forced by the
cantilever movement. This is important to mention because the kinetics can deviate from
the kinetics in equilibrium state. AFM measurements with anchored viruses observed
multivalent binding modes to cell membranes. Furthermore, the binding valency was
quantified due to the fact that multiple interactions resulted in higher binding forces than
single interactions.!'>!! Sieben et al. probed the binding of anchored IAVs to cell
membranes and showed a highly dynamic interaction between HA and the cell surface

receptors. 130

26



O/ O ©
2 : .

_g .

5 force distance NN,

Hh@ curve

PEG-linker

Force

Binding gt
T T T §|M(\/\WW0_
9 9 1ms

Time

Figure 16. Atomic force microscopy measurement with anchored virus on the tip to
investigate the interaction to cell surface receptors (left). From the resulting force distance
curves, the binding valency can be quantified (right). Adapted with permission from
ref.['>!1. Copyright 2016, Springer Nature.

AFM can also be applied to investigate the binding strength of binding inhibitors.
Scherer et al. and Cuellar-Camacho et al. functionalized the tip with sialylated
architectures and probed the binding to immobilized IAVs at the surface.!'>>153! Further,
they probed assembled HA and NA monomers individually on a surface and found much
stronger binding strength to NA compared to HA.[">*133] This shows the potency of the
AFM method in probing specific binding processes. However, the obtained information
results from non-equilibrium and does not reflect the properties of naturally occurring
binding processes, which are in equilibrium. Furthermore, individual binding events are

observed, which has to be repeated multiple times to achieve good statistics.

Total internal reflection fluorescence (TIRF) microscopy — TIRF microscopy is an
optical technique to visualize objects at the interface and was invented by Ambrose in
1956.1">% An incident light hits the interface of a glass slide and aqueous sample with an
angle greater than the critical angle and gets totally reflected. The total reflection
generates an evanescent wave and penetrates ~ 100 nm inside the aqueous sample. Within
this depth fluorescently labeled molecules or viruses get excited and can be visualized
due to emission of fluorescence. To ensure specific binding the glass slide is

functionalized with receptors. The binding of single viruses to the surface can be
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visualized. Viruses above the evanescent beam (non-binding viruses) are not visible due
to lack of excitation (Figure 17). TIRF microscopy enables direct visualization of single
binding viruses and does not rely on indirect parameters like shift in wavelength in BLI,
which makes the interpretation of TIRF microscopy measurements more straightforward.
A high number of binding events can be observed in parallel, which generates a good
statistic for binding and release studies. In contrast to the BLI method, the addition of NA
inhibitor to prevent cleavage of sialic acids is not necessary because the used virus
concentration in TIRF measurements is much lower and the receptor concentration
change due to cleaved sialic acids at the surface can be neglected. This is a great
advantage because NA also contributes to the binding. The natural binding process of
IAV cannot be investigated if one membrane binding protein is artificially blocked.

Recently researchers coated glass slides with SLBs to mimic plasma membranes
in TIRF microscopy. Incorporated receptors within the SLB, e.g., natural or synthetic
lipid receptors are still mobile in 2D like in natural cell membrane.!'>>157! Investigation
of receptor clustering effects due to the virus binding or due to cholesterol in the SLB,
which enhances the binding avidity of the virus, can be studied with SLB-coated
surfaces.!*®]

Recent studies using TIRF microscopy in combination with SLBs investigated
binding strength with different binding systems. Wabhlsten et al. probed cell membrane-
derived vesicles and their interaction with immobilized chemokines.!!>®! Bally et al.
investigated immobilized virus like particles on a SLB, which interact with fluorescently
labeled vesicles containing glycosphingolipids.['®! Lee et al. tested IAV binding to
natural lipid receptors in SLBs.!"! These research topics show the current status of the
research using TIRF microscopy for measuring the binding strength of ligand-receptor
interactions. All have in common that they are able to investigate the attachment-rate and
probe survival probabilities. Nevertheless, they were not able to derive the detachment
rate out of the survival probabilities because the detachment rates depend on the binding
valency, which is not known. However, it was possible to determine the binding valency
from the diffusion coefficient of bound liposomes to the SLB using TIRF microscopy.!!6?!

Nevertheless, this was just a model system and has not been applied to viruses yet.
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Figure 17. Characterization of binding interactions between labeled influenza A viruses
(IAVs) and sialic acid receptors using total internal reflection microscopy. Bound
fluorescently labeled IAVs at the supported lipid bilayer are excited in the evanescent
wave (penetration ~ 100 nm), while non-bound IAVs are not visible due to lack of
excitation. Single binding viruses are indicated by a local increase of fluorescent intensity.
Besides the number of newly arriving viruses (attachment-rate) and the survival
probability, the diffusion of bound viruses at the SLB can be extracted. The residence
time can be determined from the length of the virus trajectories but cannot be used to
derive the detachment rate for multivalent interactions as the valency distribution is not
known. Modified with permission from ref.!'®!. Copyright 2016 Lee et al. PLoS ONE.

1.6.1 Distinctions and limitations of the methods

The described methods can be distinct due to various properties and limitations. For
example, methods like HAI assay and glycan micro array are endpoint assay, which
provide more or less just a binary read out like binding yes/no. BLI, TIRF, and AFM
methods are able to observe dynamic binding processes, which is important due the fact
that in nature most binding events are dynamic. Furthermore, TIRF microscopy and AFM
are able to investigate single virus binding, which is crucial if certain information like

binding valency are wanted. The output of HAI assays, Glycan micro arrays and BLI
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corresponds to an average value taken from the entire ensemble, thereby averaging out
individual features hidden in single events. All described methods operate under
equilibrium conditions, except AFM measurements, due to the applied force no natural
binding equilibrium can be adjusted. Additionally, the receptors or targeted glycan
structure differ within the methods. Complex structures, for example, the red blood cell
receptors in the HAI assay and the cell surfaces are also often used for AFM or glycan
micro arrays. These structures are not well defined but are naturally occurring. Well-
defined receptors or glycan structures can be investigated with glycan micro arrays, BLI,
TIRF, and AFM. Furthermore, direct parameters are observed or measured like single
virus motion in TIRF microscopy or the binding fore in AFM measurements. The other
methods rely on indirect parameter like sedimentation in HAI assay, like the wavelength
shift in BLI or the fluorescence intensity in glycan micro arrays.

The overview showed how important the choice of the right method is to
investigate the desired effects. Also, the limitations of each method are stated, which is
the major driving force for the development of new biophysical methods for the

investigation of virus binding.
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2 Scientific goals

The problem of current antiviral drugs is that these highly specific small molecules are
delicate against small mutational changes of the virus (e.g., antigenic drift or antigenic
shift), which may reduce the efficiency of these drugs or even resistance against them.
The aim of this work is the development and assessment of mucin-inspired virus binding
inhibitors, which target viral proteins. The design is inspired by natural mucins, which
creates a very efficient barrier against various viruses. The key player in mucus is mucin,
huge (MDa range) glycoproteins. The high molecular weight of mucins and previous
studies suggest that size is an important factor for efficient virus-binding inhibitors.[®> 19
1241 Vonnemann et al. showed that the optimal size of binding inhibitors for spherical
viruses is one third of the virus size.!'®3 Therefore the size relation of the used polymer
scaffold to the inhibition efficiency can be probed by the synthesis of different molecular
weights of hyperbranched polyglycerol.

One aim of this thesis is to investigate the influence of the synthesized mucin-
inspired-binding inhibitors on the virus-receptor interaction. Since established methods
are not able to determine changes of the virus-receptor interaction under equilibrium
conditions, a new analytical method has to be developed. TIRF microscopy can, in
principle, be used to build up such an analytical tool for the investigation of virus
interactions. For this purpose, SLBs can be used as artificial cell membrane as target for
virus binding. Inhibitors are able to interfere these interactions, which should result in a
reduced number of binding viruses (attachment rate). Further, diffusion measurements of
SLB-bound viruses should allow for deriving the binding valency of virus-receptor
interactions at the membrane. The addition of inhibitors should not only influence the
attachment rate rather induce a change in valency of the binding. This knowledge would
lead to deeper understanding in the mode of action of binding inhibitors.

Due to the high biocompatibility of hyperbranched polyglycerol this polymer is
not only a promising candidate for the development of virus-binding inhibitors but also
used in tissue engineering, as drug carrier or used against chronic infections.['®*! All these
applications are in the biomedical field and require a use of harmless substances, which
involves avoiding residues like toxic solvents. Hence, a solvent-free method is desirable
to avoid the possibility of residual solvents. The challenge is to achieve the same or better
quality compared to the conventional polymerization of hPG, which involves solvents
like tetrahydrofuran (THF) and N-Methyl-2-pyrrolidon (NMP).!¥?! Further, the use of an

automated system can be used to increase the reproducibility. The reproducibility and the
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maximal batch size of the developed automated solvent-free polymerization has to be
verified as well as the resulting hPG properties.

To conclude, the following scientific goals and hypothesis will be addressed in
this thesis: (i) hPGs can be synthesized with high size reproducibility in absence of typical
solvents (THF and NMP) by automatization of the polymerization process, (ii) the
inhibition efficiency of hPG-based IAV binding inhibitors increases as the inhibitor size
approaches the size of IAVs (as suggested by Vonnemann et al.). (iii) TIRF allows for
determining valency distributions by measurement of the diffusion coefficients of
receptor-bound IAVs and thus provides information about the IAV attachment rate,
valency, and valency-dependent detachment rate distributions and how these properties
are modified upon addition of virus inhibitors.

These hypotheses were addressed in three projects. In the first project the TIRF
microscopy-based assay was developed and verified with probing the influence of a
monomeric inhibitor (zanamivir) on the virus-receptor interaction of a typical respiratory
virus (IAV). In the second project an automated solvent-free method for the synthesis of
hPG was established. Online monitoring of the torque value during the polymerization
was used to determine indirectly the molecular weight of the polymer in the reactor. The
objective of project three was the synthesis of a MDa-sized mucin-inspired virus binding
inhibitors and the characterization of their inhibition efficiency against IAVs. In order to
check the size impact on the inhibition efficiency, molecular weights bridging of two to
three order of magnitudes (10 to 2600 kDa) were synthesized. Hence, reaching the MDa-
size range of mucins and hitting the optimal binding inhibitor size for IAVs (diav ~ 100
nm; dnpc2600 kpa ~ 30 nm). All hPGs were functionalized with sialic acid and sulfate groups

to ensure binding to [AVs.

32



i A D=0.12 pm?
Project 1 v ‘{‘;,;ﬂi,(; " um?s

IIII“U

)

'§ influenza A

a - | zanamivir T

virus 3 \
‘ 5 = . \ ‘koff ‘l'

% o °1 N\ AY
APy 2 = g
SLB..?%ﬁ . AN
[ SRS s e 0 vy S—
’\ 1 10 ‘
TIRF 1/D

Project 2 Project 3

L j & w ? online mucin-inspired d=29 nm

it 2 ;};@contmued binding inhibitor =2.6 MDa

ek J{ N torque 4
20 5 |
£ PR
2 S 2
o c
2 o
=] . L
E,.10 < 1
° 1™
- 0 —t * + + +
< 0 102 100 102 104
= conc. inhibitor [pM]

o ) ) ) ) ~ D=2.7um/s?

2 6 10 single virus [ EEES B e B |
molecular weight [kDa] tracking [

Figure 18. Project overview: 1.) IAV binding processes were investigated with an assay
using total internal reflection fluorescence (TIRF) microscopy. Using this assay, the
binding valency of IAVs could be investigated. 2.) development of an automated solvent-
free polymerization of hyperbranched polyglycerol (hPG). Reproducible production of
tailored hPG molecular weights by torque value online monitoring. 3.) mucin-inspired
binding inhibitors were synthesized. The characterization of the IAV inhibition with TIRF
microscopy revealed a biphasic binding behavior. Reprinted with permission from ref.!6-
1661 Copyright 2019 American Chemical Society. Copyright 2020 Wiley-VCH GmbH.
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3 Publications

In this chapter all published articles and submitted manuscripts are listed and the

contribution of the authors are stated.

3.1 Mobility-Based Quantification of Multivalent Virus-Receptor

Interactions: New Insights Into Influenza A Virus Binding Mode

Matthias Miiller, Daniel Lauster, Helen H. K. Wildenauer, Andreas Herrmann, Stephan
Block, Nano Letters 2019, 19 (3), 1875-1882.
https://doi.org/10.1021/acs.nanolett.8b04969
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Figure 19. TIRF microscopy is used to visualize binding influenza A viruses to receptors
in a supported lipid bilayer. Diffusion-derived detachment-rates (kotr) are used to unravel
the average binding valency (1/D). This novel method disclosed an elevated detachment-
rate peak, which could be dose dependently decreased with the addition of the
neuraminidase inhibitor zanamivir. Reprinted with permission from ref.!!%5). Copyright
2019 American Chemical Society.

Author’s contribution: Matthias Wallert (née Miiller) performed all experiments,
analyzed part of the experimental data, and wrote the manuscript. Daniel Lauster grew
and provided IAV viruses. Helen H. K. Wildenauer contributed to TIRF measurements.
Andreas Herrmann provided scientific support and contributed to the interpretation of the
measurements. Stephan Block supervised the project, designed the method, did deeper

analyses of the measurement data, and edited the manuscript.

34



3.2 Automated solvent-free polymerization of hyperbranched
polyglycerol with tailored molecular weight by online torque
detection

Matthias Wallert, Johann Plaschke, Mathias Dimde, Vahid Ahmadi, Stephan Block,

Rainer Haag, submitted to Macromolecular Materials and Engineering

online
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Figure 20. Online torque measurements are used to establish an automated method to
tailor the molecular weight during the solvent-free polymerization of hyperbranched
glycerol.

Author’s contribution: Matthias Wallert established the method, purified reactants,
performed polymerizations, analyzed the data, and wrote manuscript, Johann Plaschke
contributed to the polymerization and distillation of glycidol, Mathias Dimde edited the
manuscript, supported the reactor work. Vahid Ahmadi recorded all MALDI-TOF
measurements. Stephan Block and Rainer Haag provided scientific guidance and

proofread the manuscript.
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Abstract

Polymerization processes with high reproducibility, traceability and non-toxic compounds are
required for biomedical applications. Here an automated solvent-free polymerization of
hyperbranched polyglycerol in multiple hundred-gram scale is established. Performed was an
anionic ring-opening multibranching (ROMB) polymerization with slow addition of glycidol.
The solvent-free approach avoids commonly used toxic solvents during the polymerization
and work-up. Due to the automation of the polymerization process a high reproducibility and
traceability is accomplished. The used reactor is equipped with an anchor stirrer and stirrer
control, which measures the applied torque. A linear correlation of the increasing torque and
the degree of polymerization is observed, which can be used to monitor the molecular weight
in situ during the polymerization. This convenient monitoring can be applied in all reactors
with torque detection and fills the gap of online monitoring methods for the molecular weight

in bulk polymerizations.
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Introduction

Several studies on polyglycerol (PG) have been investigated within the last two decades

with the aim to establish the biocompatible, non-cytotoxic, and water-soluble polymers as an
alternative to polymers being approved for therapeutics and diagnostics, such as polyethylene
glycol (PEG) and poly (vinyl alcohol) PVA.I! Various synthetic processes of PG have been
established in the last couple of years, which have an influence on the polymeric scaffold, its
architecture, size, and functionality. All of them, however, require partially toxic solvents such
as N,N-dimethylformamide (DMF), N-methyl-2-pyrrolidone (NMP) during polymerization or
work-up.
The production and functionalization of hyperbranched polyglycerols (hPGs) have been well
established. Anionic ring-opening multibranching (ROMB) polymerization of glycidol is the
most frequent method for the preparation of hPG. The deprotonated initiator 1,1,1-
trimethylpropane (TMP) enables in combination with a slow monomer addition and a rapid
cation exchange equilibrium a good control over the molecular weight, polydispersity index
(PDI) as well as the multibranched structure of the hPG.[23]

Recently, Kizhakkedathu and coworkers developed a two-step polymerization of
glycidol to extend the maximum of the molecular weight of hPG up to 9 MDa. Here, a
macroinitiator approach in combination with solvent-based ROMB polymerization is used to
achieve mega hyperbranched polyglycerols (mega hPGs).l®! The type of the used solvent
during the polymerization has a major impact on the resulting polymer properties.®! Most
approaches are performed in batch processes, however, the hPG synthesis is also studied in a
continuous flow microreactor.™

Furthermore, linear polyglycerol (IPG) can be produced using an acetal-protected
glycidol derivate as monomer. Ethoxyethyl glycidyl ether (EEGE) was polymerized and the
protective groups were removed by acidic hydrolysis after polymerization, resulting in linear
polyglycerols. The linear conjugates are as useful for many biomedical applications./”-!

Besides variations in architecture and size, the production of biodegradable PGs is of
interest. A cationic polymerization of glycidol by citric acid at ambient and solvent-free
conditions was established to produce degradable polyglycerol units with a molecular weight
of 1-2 kDa in a green chemistry approach.”® Furthermore, one-pot synthesis strategies for
biodegradable co-polymers based on polyglycerol andpo lycaprolactone, polysuccinic acid, or

polylactide were developed and tested for biological applications.['%13] These modifications

2
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and variations offer a toolbox of various PG versions for the development of more complex
architectures, which are relevant for the transportation and release of active compounds in
biomedical applications. Here, stimuli-sensitive groups or cleaving points can be incorporated
to degrade the polymer backbone or more complex architectures like PG based: micelles,
hydrogels, nano capsules; or core-shell structures, in a controlled way and transport and
release the encapsulated therapeutic cargo at the target site.[*18 Furthermore, PG was used
as multivalent scaffold for applications like virus binding inhibition*>2% and anti-inflammatory
therapy.?! In the cosmetic industry PG is also applied as ingredient or used as precursor for
surfactants and emulsifiers.!??!

For polymers that are used in the field of biomedicine it is important to develop a
product with defined parameters and to have good control over reaction parameters and
kinetics. Earlier works by Frey et al. had the goal to study these processes with mechanistic
detail.[>3 23] Laboratory and industrial polymerization processes benefit of online monitoring
due to safety aspects for exothermic reactions as well as for providing information on polymer
composition and quality.?426 Various online production methods are still in development to
realize a key point of the “Industry 4.0” concept by combining manufacturing processes with
networks of machines, products and people driven by software, sensors, and artificial
intelligence.?)

Paulus et al. developed a computational software model of the hPG polymerization to
describe and control the experimental parameter dependencies.?®l However, organic solvents
for the polymerization process and/or purification of the crude product were used for all
above-mentioned production processes of polyglycerol. Besides automatization and
digitalization, sustainability aspects play a crucial role in today’s society. The reduction of
organic solvents and the moving away from petrochemical compounds to renewable natural
resources increases in the chemical sector and in the field of biopolymers.[29-31

Here, we introduce an automated solvent-free-polymerization of highly biocompatible
hPG, which combines and meets the mentioned requirements for a modern polymerization
via online control over the reaction parameters and a solvent-free green chemistry approach

to produce tailor made polymers in a reproducible manner.

60



Results and Discussion
Online monitoring of polymerization parameters is of high interest because it enables to run
the process in a safe condition, minimizes production cost by controlling the reaction, provides
efficient control of constant quality without batch-to-batch variation, and gives information
about the reaction progress within the reactor.[?! Important for its useful application is the
practicability of the monitoring system. Here a conventional anchor stirrer is used to monitor
the torque development during a solvent-free anionic polymerization of hPG. The hypothesis
in this study is that monitoring of the torque increase during the polymerization provides
information about the actual molecular weight of the polymer in the reactor. To test this
hypothesis the polymerization is performed to serval torque values. Afterwards, the molecular
weight of the resulting polymers is determined. The investigation of the correlation between
torque and molecular weight is addressed in this study.

The model system is an anionic ring-opening polymerization of glycidol. TMP is used as
a trifunctional starter and is partially deprotonated (~10 % of the OH groups) in a methanolic
potassium hydroxide solution. Afterwards, methanol is evaporated under reduced pressure
before the solvent-free polymerization starts with slow monomer addition of glycidol (18 g/h).

The resulting polymer is a hyperbranched polyglycerol (Figure 1).
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Figure 1. Solvent-free polymerization of glycidol in an automated reactor system (LabKit™
HiTec Zang, Herzogenrath, Germany). (i) Partial deprotonation (10 % OH) of the starter TMP
with potassium methoxide for 1 h at 55 °C and subsequent evaporation of methanol by slowly
decreasing pressure to 3 mbar. (ii) Polymerization of glycidol at 100 °C with slow monomer
addition rate 18 g/h. The automatized reactor system is controlled by a computer and process
data like temperature, pressure, torque, etc., is recorded. Magnetic valves control the addition
of monomer or the flow of argon. All controlled parameters are shown live in the software of
HiTec Zang. The system is accessible via an App and enables a wireless remote control using a

tablet or mobile phone.

The polymerization is carried out in an automated reactor system to ensure the same
process work flow for each experiment, which is essential for the reproducibility. The
temperature is controlled via a water-cooling and -heating thermostat (CC-205C with Pilot
ONE controller, Huber, Offenburg, Germany) that is pumping oil through the double wall of

the reactor. The pressure is controlled via a vacuum membrane pump (PC 3001 Vario pro,
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Vacuubrand, Wertheim, Germany). The reactor is additionally equipped with an argon inlet to
create an inert atmosphere, which is required for anionic polymerizations to avoid
spontaneous termination due to oxygen or water.[32 Monomer addition is realized via a supply
flask hanging on a load cell (IL-GRADO1000, HiTec Zang, Herzogenrath, Germany). The high
accuracy of the dosing can be shown by comparison of the added amount of glycerol per
minute, which results in a mean of 0.30 g min'! with a standard deviation of 0.02 g mint. The
rotation speed of the anchor stirrer is controlled (ViscoPakt®-rheo-27, HiTec Zang,
Herzogenrath, Germany) and the applied force (torque) that is needed to achieve a user-set
rotation speed is determined. All mentioned parts are connected to the LabManager® (HiTec
Zang, Herzogenrath, Germany). Here the commands arrive from a computer and are further
translated to actions like open/closing magnetic valves, heating/cooling, adjusting the
pressure, or keeping a certain rotation speed. The lab manager collects also all measured
parameters like temperature, stirrer speed, torque, and pressure, etc. during the
polymerization. Recorded parameter can be observed in time or afterwards. Our focus is on
the torque development during polymerization (blue line, Figure 2a). The torque value
increases as expected with the steady addition of glycidol (18 g h't), while all other parameters
are kept constant. 2.5 h after the start of the polymerization process a steeper rise of the
torque value occurs, which is flattened to the initial ascending slope after additional 2.5 h. An
explanation could be adhesion of the polymer on the reactor wall. In the beginning just the
bottom of the reactor is covered, after a certain time the increasing polymer mass starts to
climb the reactor wall, which is supported by the movement of the anchor stirrer. The steeper
rise of the torque value results probably from the higher contact area of the polymer to the
reactor wall. At a certain polymer amount, the polymer mass is not able to climb higher and
flows to the center of the reactor. In the center the anchor stirrer blades have a smaller
contact area, which leads to relative lower required force to stir and the torque increase is
mostly due to increasing mass and rises in a linear fashion.

The steeper rise of the torque value is investigated for all polymerizations with fresh
distilled glycidol, whereas, at polymerizations with non-distilled glycidol or older distilled
glycidol batches, this steeper rise does not appear. Most probably the water residue within
the polymer mass decreases its viscosity and hinders it to climb the reactor wall. This

hypothesis is supported by the lower measured torque values compared to polymerization
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with freshly distilled glycidol. The explanation concludes that the torque trend would change
with different reactor or stirrer geometry.

After the addition of monomer is stopped, the reaction condition is kept constant for
at least 2 h. During this time the torque value stagnates or shows an increase probably due to
the reaction of remaining monomer, which acts as a solvent, until all monomer is consumed.
The resulting polymer mass in the reactor appears as highly viscous white mixture. The white
color results from dispersed gas bubbles within the viscous polymer mass. The polymerization
is quenched by the addition of water and leads to a drastic decrease of the torque value. The
torque value after quenching is comparable with the torque value before the polymerization.
After the addition of water, the polymer is dissolved and due to the lower viscosity, the
trapped gas bubbles are able to escape, which lead to a slightly golden transparent polymer

solution.
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Figure 2. (a) Recorded parameter during polymerization of hPG until the terminal torque of
21 Ncm (correspond to 10.1 Ncm relative torque; hPG-3a). (b) Comparison of the relative
torque development from all polymerizations with different terminal torque values. The
relative torque value of 10.1 Ncm was performed three times to investigate the

reproducibility.

Seven individual polymerizations are performed to predefined terminal torques. The
absolute targeted torque values are between 15 and 27 Ncm. This range is chosen because
the empty system itself needs already ~10 Ncm for stirring and the engine of the stirrer is
limited to 28 Ncm. The used stirrer seal out of PTFE closes tight to ensure a good vacuum but
causes high friction and therefore high torque values are needed to stir in empty state. This

disadvantage could be overcome by using a magnetic stirrer seal in the future.
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The starting point of the absolute torque values for each polymerization varies. For the
seven polymerizations, the mean starting torque value and the standard deviation is 11.4
1.3 Ncm. To overcome this problem the relative torque increase is compared, which reveals
same torque developments for each batch. The same development of the relative torque
indicates a reproducible process (Figure 2b). After quenching with approximately 350 mL of
water, the polymers are stirred with cation exchanger (DOWEX® Monosphere® 650C;
hydrogen form) overnight before the molecular weight and the dispersity (P) are determined
by gel permeation chromatography. The resulted molecular weight ranges from My= 3.9 kDa

to Mw= 9.7 kDa and the mean dispersity is about 1.75 £ 0.12 for all raw polymers (Table 1).

Table 1. Overview properties of raw hPG

theory GPC

rel. torque glycidol IM]/[1 M Mn Mw b

[Nem] (8] [mol] [-] [kDa]  [kDa]  [kDa] [-]
hPG-1 4.3 58.6 0.79 32.7 2.6 2.2 3.9 1.75
hPG-2 7.5 80.2 1.08 44.7 3.4 2.7 4.9 1.85
hPG-3a 10.1 132.8 1.79 74.1 5.6 3.8 6.5 1.72
hPG-3b 10.1 132.6 1.79 74.0 5.6 3.6 6.5 1.80
hPG-3c 10.1 131.5 1.78 73.4 5.6 3.2 6.1 1.90
hPG-4 13.7 173.3 2.34 93.6 7.3 4.9 8.5 1.72
hPG-5 17.6 253.7 3.42 128.2 10.6 6.2 9.7 1.52

To prove the reproducibility, the polymerization is performed three times until the
relative torque of 10.1 Ncm is reached (Table 1; hPG-3a-c). 10.1 Ncm is chosen because the
terminal torque value is in the middle of the tested torque range.

The measured torque values correspond to the molecular weight of the raw hPG. By
plotting terminal relative torque values against the measured molecular weight of the raw
polymers (obtained by GPC) a linear correlation between these two parameters is observed

(see Figure 3).
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Figure 3. Correlation between terminal torque values and resulting molecular weight of raw
hPG polymers, determined by GPC. Number average M, are shown in blue circles and weight

average My in orange squares. Lines present a linear fit.

A high linear correlation of the weight average (Mw) with R?> = 0.981 and of the number
average (Mn) with R? = 0.961 is discovered. A reason for the slightly lower coefficient of
determination of My could be that small amounts of glycidol does not drop on the bottom of
the reactor rather gets hit by the anchor stirrer blades. In this case the glycidol could get in
contact with the reactor wall, where self-initiation due to the elevated temperature (100 °C)
could occur. The resulting polymers or oligomers are smaller than the main polymers, which
are initiated by TMP at the bottom of the reactor. Since the smaller polymers have a greater
influence on My than My the linear correlation of M, may fluctuate more than the correlation
of Mw. However, the difference of the coefficient of determination is small.

With the knowledge of the correlation of the relative torque value and the molecular
weight, it is possible to translate the online measured torque value to the molecular weight

of the polymer in the reactor. This practicable and easy monitoring approach can be done in

10
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all reactors with torque detection. The method fills the gap of online monitoring systems for
polymerizations with high viscosity, which could not be covered yet by sample withdrawing
systems with following analysis due to difficulties to pump them through the sensor or
adhesion to sensors.[?°]

Purification of polymer amounts in scales of hundreds of grams is mostly done by
precipitation in a non-solvent e.g. for hPG acetone. Since our non-solvent polymerization
approach tries to fulfill most green chemistry principles, precipitation in organic solvent is
refused.®3 Here, tangential flow filtration (TFF) is used to purify big amounts of polymer by
cycling agueous polymer solution over an ultrafiltration membrane. Impurities like oligomer,
monomer, solvents, salts are removed as permeate and the volume is replaced by fresh
water.3¥ The setup of the TFF is shown in the S| (see Figure S6). Due to the usage of certain
ultrafiltration membranes with specific molecular weight cut-off (MWCO) the purification can
be controlled. Unfortunately, the lowest available MWCO is 1 kDa, % which lead to a higher
loss for smaller polymers like hPG-2 (yield: 33.7 %; Table 2). To prevent a high loss of hPG-1,
the polymer is dialyzed in a dialysis tube with a molecular weight cut-off of 500 Da against
water (yield: 85.2 %). All other polymers are purified with TFF using 1 MWCO. The mean
dispersities decrease from 1.75 to 1.37, which shows that oligomers or small polymers are
formed during the polymerization, that can be removed using the TFF purification procedure
(Figure 4c). The here-obtained dispersities are comparable with dispersities out of other
studies. Paulus et al. used NMP and THF during the polymerization and obtained hPGs on a
kilogram scale with disperities of D = 1.9 (target M, = 2.5 kDa), b = 1.4 (target M, =5 kDa) and
D = 2.27 (target M, = 20 kDa).?8 Kainthan et al. achieved hPG without solvent in 27 g scale
with D =1.2 (target M, =3 kDa) and D = 1.6 (target M, = 20 kDa).3% This states that the solvent-

free polymerization method is in case of the dispersity able to produce similar qualities of hPG.
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Table 2. Polymer properties after purification by TFF (MWCO: 1kDa).

theory GPC 3CNMR
M Mn My D) yield DB
[kDa] [kDa] [kDa] [-] [%] [%]
hPG-1° 2.6 3.5 5.0 1.41 85.2 59.0
hPG-2 34 4.2 6.0 1.43 33.7° 58.2
hPG-3a 5.6 5.7 7.5 1.33 74.4 61.5
hPG-3b 5.6 5.2 7.1 1.37 84.5 55.3
hPG-3c 5.6 4.7 6.7 1.41 79.3 60.2
4-hPG 7.3 6.2 9.0 1.45 90.1 61.3
5-hPG 10.6 8.9 11.0 1.24 85.7 58.0

2hPG-1 was dialyzed in a dialysis tube (MWCO: 0.5 kDa).

bl oss occurred due to the TFF membrane cutoff (MWCO: 1 kDa).

The purified polymers are further characterized by *H NMR to verify the structure of the

polymer (Figure 4a). Additionally, the methyl- and methylene group of the starter TMP could

be identified, which indicates that the polymerization started from the deprotonated TMP and

not by thermal self-initiation of glycidol. As discussed before self-initiated polymers are

smaller and might have been removed by the TFF before the NMR measurement.
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Figure 4. Characterization of hPG-3a after TFF purification. (a) *H NMR (300 MHz, D,0). (b)
Inverse-gated '3C NMR (700 MHz, D,0). (c) Gel permeation chromatography (GPC), raw
polymer (dashed line) and after purification with TFF (solid line, 1 kDa MWCO). (d) Matrix-
assisted-laser-desorption-ionization time of flight (MALDI-TOF), peak difference determines
the molar mass of the repeat unit, the two-peak pattern is due to different counter ions

(sodium and potassium).

The different structural units within the polymer like 1,3 linear (L13) or 1,4 linear (L1a),
dendritic (D) and terminal units (T) are investigated from 13C NMR measurements (Figure 4b).
On the basis of the structural units the degree of branching (DB) can be calculated according

to Frey et al.l?

_ 2D
" 2D+ Lis+ 1Ly,

DB

Additionally, matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF)

mass spectrometry is used to characterize the hPGs. Due to the hyperbranched nature of hPG
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not all molecules can be captured at the detector, especially for molecular weights above
5 kDa.[?® The reason might be that not all ionized molecules are able to go into the gas phase.
Therefore, the distribution of the molecular weight based on MALDI is not included in this
study. However, the difference of the mass peaks reveals the molecular weight of the repeat
unit (Figure 4d). The determined difference is 74 g mol! and matches with the expected
molecular weight of the monomer glycidol (74.08 g mol). Therefore, it can be verified that

hyperbranched polyglycerol is obtained with the solvent-free polymerization method.

Conclusion

In this study, a solvent-free green polymerization method for hyperbranched polyglycerol was
established. In order to achieve a high reproducibility and ensure traceability an automated
reactor system is used. The torque development during the slow monomer addition was the
same for all seven polymerizations the same, when the quality of the reactants was kept
constant. Also, the three reproduced polymerizations to the identical relative torque increase
of 10.1 Ncm resulted in the same amount of added glycidol (132.3 £ 0.7 g). The same torque
developments and the repeated polymer batches indicate a good reproducibility of this
method. The produced hPG polymers range in size from My= 3.9 kDa to Mw= 9.7 kDa and have
mean dispersity of 1.75 +0.12 in crude state and 1.37 + 0.07 after purification with TFF as well
as high yield (> 75 %).

Further, it was achieved to detect empirically a linear correlation between the
relative torque values and the molecular weight of the hPG in the reactor by the generation
of a calibration curve. This correlation can be used for future polymer batches to determine
online the molecular weight during the polymerization. This approach is an easy, practical
and inexpensive method for online monitoring of the molecular weight. A drawback of the
method is that a calibration is necessary to revel the torque-molecular weight correlation.
However, the sample-withdrawing systems of common online monitoring methods for the
molecular weight fail for solvent-free polymerizations due to the high viscosity. Therefore,
our presented method fills the gap for probing online molecular weights during bulk
polymerizations. Further, this method does not require further equipment and can be
applied for all reactors with torque detection after the correlation of molecular weight and

torque increase is determined.
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Experimental Section

Material — glycidol (96.0 %) from Sigma Aldrich was purified by vacuum distillation.
1,1,1-trimethylolpropane (TMP, 97.0 %) and Dowex® Monosphere® 650C (hydrogen form)
were obtained from Sigma Aldrich (Steinheim, Germany). Molecular sieves (4 A, type 514,
pearls) were obtained from Roth. Methanol (99.8 %, extra dry over molecular sieves) received
from Acros Organics (Geel, Belgium). Potassium hydroxide (KOH, analytical reagent grade) was
obtained from Fisher Scientific (Schwerte, Germany). Deuterium oxide (D20, 99.9 %) obtained
from Deutero (Kastellaun, Germany). All reagents were used as received without any

purification unless otherwise mentioned.

Distillation of glycidol — The distillation apparatus out of 2 Schlenk flasks connected through
a distillation bridge was dried three times and flushed with argon. The distillation was done
under inert condition. 700 — 800 mL of glycidol was exposed to reduced pressure and slightly
heated to 40 °C. The pre-carriage of approximately 100 mL was collected in a flask at -78 °C
(acetone/ dry ice) until 10 mbar was reached. Afterwards the desired fraction was collected
in a 1 L Schlenk flask filled with activated molecular sieves (pore size 4 A). After 4 h of
distillation at 45 °C and 103 mbar approximately 600 ml distilled glycidol was collected and

stored at 4 °C under argon. A yellow distillation residue (approx. 20 mL) remained.

Solvent-free polymerization of hPG - For all performed polymerization the preparation and
all parameters were kept the same except the added amount of monomer was varied. The
amount of added monomer was stopped when an assigned terminal torque value was
reached. The process sequence was controlled by the automated system. See the flow chart
of the polymerization in the SI (Figure S7).

The 0.5 L reactor was heated to 100 °C and the pressure was decreased to 3 mbar.
Afterwards, the reactor was filled with argon. This evacuation step was repeated after 1.5 h
and 3 h. To ensure that no water residues are left in the system, the temperature was kept at
100 °C and 3 mbar for 17 h. Afterwards, the reactor was flushed with argon and the
temperature was decreased to 60 °C. At that temperature TMP (3.35 g, 24.2 mmol, 1.0 eq.)
was added manually under argon counterflow. By increasing the temperature to 65 °C TMP
was molten at a stirring speed of 50 rpm (anchor stirrer). Possible water content in the TMP

was removed by decreasing the pressure to 3 mbar for 20 min at the molten state. Small gas
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bubbles indicated the evaporation of the water residues. Then the temperature was
decreased to 55 °C and 10 mL methanolic potassium hydroxide (0.52 g, 9.3 mmol, 0.38 eq.)
solution added. TMP was dissolved and partially deprotonated (approx. 10 % of the OH
groups) while a stirring speed of 50 rpm. After 1 h the pressure was decreased to remove the
methanol. This was done in several steps (see flow chart Sl Figure S7) to prevent spilling of by
evaporated methanol. Evaporated methanol was condensed and collected. The final pressure
of 3 mbar was kept for 3 h to remove the whole methanol. Then the reactor was flushed with
argon, the temperature increased to 100 °C and the stirrer speed was increased to 100 rpm.
These parameters were kept during polymerization. With the automated addition (18 g h'?) of
distilled glycidol the polymerization started. The addition continued until an assigned torque
value was reached. The total dosed amount of glycidol was recorded by the system (see
Table 1). After the addition of monomer was stopped, the polymerization condition was kept
for at least 2 h to ensure no unreacted monomer is left. Finally, the polymerization was
guenched with water (approx. 350 mL) and the temperature was decreased to 60 °C. The
added water dissolved the polymer and enabled to take out the polymer through a drain valve

at the bottom of the reactor.

Purification of hPG — The aqueous polymer solution out of the reactor was taken and cation

exchanger beads (DOWEX® Monosphere® 650C) were added and stirred for 20 h to remove
the potassium ions. By filtration trough a frit (size 2) the beads where removed from the
polymer solution. Afterwards, tangential flow filtration (TFF) was performed using an
ultrafiltration cassette (Millipore Pellicon® 2 mini, MWCO 1 kDa) and a mini cassette holder
(Pellicon® XX42PMINI). Aqueous polymer solution of approximately 0.1 g/mL were cycled in
the diafiltration system for 72 h. During the filtration small polymers fractions and small
molecule impurities were removed as permeate (approx. 5 L) and continuously replaced with
fresh deionized water. Afterwards, all polymers were freeze-dried to remove the water and
the yield was determined. The smallest synthesized polymer (15 Ncm) was different purified
due to expected high loss during diafiltration with MWCO 1 kDa. It was dialyzed in a dialysis
tube (500 Da MWCO, cellulose ester, Spectrum Laboratories, Waltham, US) against water for
72 h.
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GPC - The molecular weight distributions (M», My) and the dispersity were determined by
GPC using a refractive index detector (RI) at 40 °C. 100 pL samples with a concentration of
6 mg/mL were injected. Three columns (Polymer Standards Service GmbH (PSSS), Germany;
Suprema 100 A and two 1000 A; 10 um particle size) were used to separate the sample under
a flow of 1 mL min™ sodium nitrate solution as mobile phase (0.1 M) at room temperature.

The system was calibrated with pullulan standards from PSS.

NMR - NMR spectra were recorded with 400 Hz using a JEOL ECX spectrometer (JOEL, Freising,
Germany). D,0 was used as solvent and as reference for all proton (*H) and carbon (*3C) NMR
measurements. The chemical shifts were determined in ppm. Carbon NMR was measured with

inverse gated decoupling to allow quantification of the spectra.

MALDI - Resulting hPGs were characterized by MALDI-TOF mass spectrometry to derive the
repeat unit of the polymer. Ultraflex-Il TOF/TOF instrument (Bruker Daltonics, Bremen,
Germany) equipped with a 200 Hz solid-state Smartbeam™ laser was used. a-Cyano-4-
hydroxycinnamic acid (CHCA) was taken as matrix and sample spotting preparation was done
by dried droplet technique. All spectra were acquired in positive linear mode and were

separated by the m/z range of 500 to 20,000.
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ToC

An automated solvent-free polymerization of hyperbranched polyglycerol was developed to
generate reproducible, biocompatible, non-cytotoxic, and water-soluble polymers for
biomedical applications. The empirical investigated correlation between the relative torque

and the corresponding molecular weight enabled to monitor the molecular weight online

during polymerization.

Keyword: hyperbranched polyglycerol
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Details on the characterization of the resulted polymers are presented in this Supplementary
Information. The recorded spectra of hPG-2 (M, =4.2, My, = 6.0, and D = 1.43) are representative
for all synthesized hPGs. Recorded NMR, MALDI-TOF, and GPC results are shown (Figure S1-S5).
Furthermore, an instrumentation scheme of the TFF purification process is shown (Figure S6).
The solvent-free polymerization of hPG is reproducible due to the automatization of the process.
The flow chart of the process with each step and its transition is shown (Figure S7). Due to the

length of the flow chart this figure is separated in four pages.
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Figure S1: 'H NMR of hPG-2
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Figure S2: The invers gated 3C NMR of hPG-2 is used to investigate the structural units
of the polymer; 1,3 linear (Li3.) or 1,4 linear (L14), dendritic (D) and terminal units (T). The

degree of branching (DB = 58.2 %) was calculated from the integrals.
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Figure S3: MALDI-TOF measurements of hPG-2. The characteristic pattern indicates the
repeating of the polymer.
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Figure S4: Zoomed in view of the MALDI-TOF spectrum of hPG-2. The difference
between the mass peaks reveal the molecular weight of the repeating unit. The

difference is 74 g/mol, which coincide with the molecular weight of the monomer

glycidol (74.08 g/mol).
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Figure 21. Mucin-inspired virus binding inhibitors show biphasic binding behavior to
influenza A viruses in the determined attachment-rates measured by TIRF microscopy.

Reprinted with permission from ref.!'®!, Copyright 2020 Wiley-VCH GmbH.
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Mucin-Inspired, High Molecular Weight Virus Binding Inhibitors
Show Biphasic Binding Behavior to Influenza A Viruses

Matthias Wallert, Chuanxiong Nie, Parambath Anilkumar, Srinivas Abbina, Sumati Bhatia,

Kai Ludwig, Jayachandran N. Kizhakkedathu, Rainer Haag,

Multivalent binding inhibitors are a promising new class of antivirals that
prevent virus infections by inhibiting virus binding to cell membranes. The
design of these inhibitors is challenging as many properties, for example,
inhibitor size and functionalization with virus attachment factors, strongly
influence the inhibition efficiency. Here, virus binding inhibitors are synthe-
sized, the size and functionalization of which are inspired by mucins, which
are naturally occurring glycosylated proteins with high molecular weight
(MDa range) and interact efficiently with various viruses. Hyperbranched
polyglycerols (hPGs) with molecular weights ranging between 10 and

2600 kDa are synthesized, thereby hitting the size of mucins and allowing
for determining the impact of inhibitor size on the inhibition efficiency. The
hPGs are functionalized with sialic acids and sulfates, as suggested from the
structure of mucins, and their inhibition efficiency is determined by probing
the inhibition of influenza A virus (1AV) binding to membranes using various
methods. The largest, mucin-sized inhibitor shows potent inhibition at pm
concentrations, while the inhibition efficiency decreases with decreasing the
molecular weight. Interestingly, the concentration-dependent IAV inhibition
shows a biphasic behavior, which is attributed to differences in the binding
affinity of the inhibitors to the two IAV envelope proteins, neuraminidase, and

and Stephan Block*

1. Introduction

Viral infections and resulting pandemics
are a human danger and repeatedly get
into the focus due to the circulation of
newly emerging viruses, such as Zika,
influenza, and corona virusest3l The
development of antivirals to fight viral
infections is often a time-consuming pro-
cess and the generated drugs are often
effective only for a certain period of time
as mutation of the targeted virus may
cause the developed antiviral to become
ineffective, for example due to occur-
rence of resistance. Hence, antivirals
targeting highly conserved structures of
viruses, such as the envelope proteins that
are involved in virus binding to the mem-
brane of the host cell, are entering more
and more the focus of current research.>0l
As virus binding proteins typically show
a very weak affinity to their native attach-
ment factors on the cell membrane,]
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viruses bind to cells by forming many
protein-receptor interactions in parallel,
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thereby generating a multivalent interaction to the cell mem-
brane.®! This first step in the infection cycle of cells can be
inhibited by addition of multivalent binding inhibitors.">)

The design of multivalent virus binding inhibitors is compli-
cated by the fact that many properties, such as inhibitor size and
functionalization with virus attachment factors, have a strong
impact on the inhibition efficiency,!¥ making the process of
finding inhibitor designs with high inhibition efficiency a time-
consuming matter. Nevertheless, the concept of using multiva-
lent interactions to hinder binding of infectious agents (viruses
and bacteria) to cells is already implemented in nature by the bio-
logical hydrogel mucus, which covers almost all epithelia cells.l
It forms the first defense barrier against viruses and bacteria by
capturing such infectious agents before they are able to reach
to the cell surface.l” Mucus is formed by dynamic cross-linking
of mucins, which are highly glycosylated proteins having mole-
cular weights ranging between 0.1 and few MDa and bind with
high specificity and selectivity to viruses while allowing other
species (e.g., nutrients) to pass the hydrogel.'] As mucins are
effective binders of various virus species, our study aims to syn-
thesize virus binding inhibitors, the size and functionalization
of which is inspired by mucins, thereby allowing for potent and
potentially broad band inhibition of virus binding.

In particular, we aim to generate multivalent virus binding
inhibitors reaching molecular weights on the MDa scale, which
is a value being in the middle of the weight range reported for
mucins.¥ Besides mimicking the size of mucins, such large
values are further motivated by the observation that the size of
a binding inhibitor has a strong impact on its efficiency to bind
to viruses,'% which led to the suggestion that the optimal size
of a virus binding inhibitor is approximately one third of the
size of the virus to be inhibited. As many viruses are within
the size range of 30-200 nm, the size of the virus inhibitor
should therefore be on the order of a few tens of nanometers,
corresponding to polymer scaffolds with a molecular weight
hitting the MDa scale. Besides size, the functionalization of
the inhibitor is also known to be an important determinant for
the strength of the virus-inhibitor interaction. Mucins present
a high amount of terminal sialic acid and sulfate moieties,!?!
which are known to play a role in the binding of various viruses.
This motivates to functionalize the virus binding inhibitor with
sialic acid and sulfate groups (at degrees of functionalization
comparable to mucins) to ensure efficient binding to viruses,
thereby offering the perspective to provide broad band virus
binding inhibition activity.

The performance of the synthesized, mucin-inspired virus
binding (MuVib) inhibitors is investigated by probing the
binding inhibition of a H3N2 influenza A virus (IAV) strain
using various assays, including a new binding assay based on
total internal fluorescence (TIRF) microscopy. MuVib inhibitors
with molecular weights ranging between 10 and 2600 kDa are
synthesized, which allows to probe the inhibition efficiency as a
function of inhibitor size.

2. Results and Discussion

The aim of this study is to synthesize virus binding inhibitors,
the size and functionalization of which have been motivated

Small 2020, 2004635

2004635 62 of 12)
9

www.small-journal.com

by mucins. With respect to size, this aim requires to synthe-
size macromolecules having molecular weights on the MDa
scale, which can then serve as scaffold for further function-
alization with virus attachment factors. Recent studies have
demonstrated the synthesis of virus inhibitors hitting the MDa
range, which were based on polyacrylamide, polyamidoamine,
polyethylene imine or copolymers of them,™ but showed only
little biocompatibility due to their positive charges. In order
to generate a high molecular weight (MDa-sized) multivalent
virus binding inhibitor, we therefore decided to use hyper-
branched polyglycerols (hPG), which are known to be highly
biocompatible and the synthesis of single hPG molecules with
molecular weights of several 100 kDa has recently been demon-
strated.’>1% The strategy for the synthesis of MDa-sized hPG
molecules for use as mucin-inspired virus binding (MuVib)
inhibitor is shown in Figure 1a. In addition to this inhibitor,
hPGs with lower molecular weights (ranging between 10 and
500 kDa) have been synthesized, which allows for investigating
the effect of the inhibitor size on the inhibitor efficiency as sug-
gested in a recent work by Vonnemann et al."! While single
hPG molecules up to 600 kDa can be synthesized in a single
step,l”l the synthesis of the 2600 kDa hPG molecules required
an additional step, in which 600 kDa hPGs served as macroini-
tiator for a further polymerization (Figure 1a) to generate a
mucin-sized polymer.' This approach yielded 4 different hPG
scaffolds with molecular weights of 10, 100, 500, and 2600 kDa
(Table 1). DLS measurements yielded hydrodynamic diameter
of =6 nm (10 kDa), 9 nm (100 kDa), 13 nm (500 kDa), and
29 nm (2600 kDa), respectively.

Besides size, the functionalization of a polymer scaffold sur-
face with chemical groups is also an important parameter for
its efficiency to serve as virus inhibitor, as it determines the
amount and strength of interactions formed between a virus
and the inhibitor.”] In this work, the hPG-based inhibitors were
functionalized with sialic acids (SAs) and sulfate groups, which
is motivated by the fact that many terminal glycans in mucins
terminate either with a sialic acid (SA) or a sulfate group.!’]
Furthermore, both groups are known attachment factors for
various viruses:!'¥! SAs are, for example, involved in the attach-
ment of influenza virus and many corona virus strains,[>2%
while viruses such as the vesicular stomatitis virus or herpes
simplex virus bind to sulfated glycosaminoglycans.?22 As
these two chemical groups already enable interaction with
various virus species, we simplified the complex structure of
mucins by regarding only these two terminal functional groups
and thus by functionalizing the hPG scaffolds with SAs and
sulfate residues as shown in Figure 1b.

Various values for the content of SA and sulfate groups in
mucins have been reported in the literature, typically ranging
between 4-20 wt% for sialic acid and 1.2-11.9 wt% for sul-
fates.224 In this study, 5 mol% of the hydroxyl groups were
substituted with SA and sulfate moieties (Figure 1b), respec-
tively, which resulted in 15 wt% SA and 5 wt% sulfate (Table 1),
being close to the middle of the ranges reported for mucins.
In addition, for the 2600 kDa inhibitor two control polymers
were prepared, carrying only one of the two moieties. All func-
tionalized inhibitors show a negative zeta potential ranging
from —22 to —27 mV (Table 1), which is caused by the incor-
poration the negatively charged sulfate and SA moieties. Both,

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 1. Synthesis of mucin-inspired virus binding (MuVib) inhibitors based on high-molecular weight hPG. a) Polymerization of the MDa hPG in
two steps i) potassium methoxide in dry 1,4 dioxane at 95 °C and glycidol addition (0.5 mL h™), ii) potassium hydride in dry DMF at 95 °C and glycidol
addition (0.9 mL h™"). b) Functionalization of the MDa hPG, all reactions were carried out in dry DMF under argon atmosphere, iii) mesylation with
mesyl chloride and triethylamine at room temperature for 20 h, iv) azidation using sodium azide at 80 °C for 20 h, v) sulfation with sulfur trioxide
pyridine complex at 60 °C for 20 h, vi) copper-catalyzed alkyne-azide cycloaddition using copper sulfate pentahydrate, sodium ascorbate at 50 °C for
20 h, vii) deprotection with sodium hydroxide at room temperature for 2 h.

unfunctionalized and functionalized hPG polymers are highly
water soluble. Furthermore, a predominantly spherical mor-
phology of the MuVib inhibitor was verified using cryo-electron
microscopy (see Figure S1, Supporting Information).

In a next step, we assessed the applicability of the synthe-
sized inhibitors to hinder binding of viruses to cell membranes.
These investigations were done using influenza A virus (IAV),
being a highly important representative of the viruses that bind
to cells via SAs. In particular, we employed the IAV strain X31
(H3N2), which is often used for assessing the efficiency of IAV
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binding inhibition and thus allows for comparing the measured
inhibition efficiency with literature values.”>?] Interestingly,
two membrane proteins are involved in this binding process of
all TAVs: Hemagglutinin (HA) and neuraminidase (NA). Both
proteins are able to interact with SAs, but while HA is known
to promote IAV attachment to the cell membrane, NA is known
to possess SA cleavage activity and is therefore believed to
promote IAV egress (after the virus replication cycle has been
completed).?®3% The interplay between HA and NA is known
to be important for completion of the virus life cycle and started

© 2020 The Authors. Published by Wiley-VCH GmbH
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Table 1. Properties of synthesized virus binding inhibitors based on hPG.

www.small-journal.com

d?

SAY )

L-pot.? SO, Neuifate” nsp
[nm] [mV] [mol%] [wt%] [mol%] [wt9%] [ -
hPGo-SA-SO, 49+42 ~26.3+0.9 7.2 6.2 7.0 19.3 7 7
hPG00-SA-SO, 120+7.2 ~224£1.0 5.0 47 5.5 16.5 68 75
hPGs0-SA-SO, 16.3+9.7 —243+0.8 39 37 5.7 17.1 268 392
hPGa600-SA-SO,4 28.1+£17.1 -26.8+1.1 5.0 4.7 5.6 16.7 1724 1931
hPGag00-SA 29.2%15.3 —234+0.5 - - 5.6 17.7 - 1931
hPG600-SOs4 208114 ~17.1£0.9 43 5.3 - - 1482 -
hPGe00 28.9+14.9 9.5+0.5 - - - - - -

AHydrodynamic diameter obtained by DLS at sample concentration of 1 mg mL™" in PBS (10 mm, pH 7.4); ®Zeta-potential measurement in 10 mwm phosphate buffer
(pH 7.4); 9amount of converted hydroxyl groups in percent, determined by elemental analysis, degree of sialic acid based on fully conversion of azide moieties; 9calculated

number of sialic acid and sulfate per polymer based on M,,.

to attract the focus of recent research.BUl According to Harris
et al.B? there are =300 copies of HA compared to 50 copies
of NA in the membrane of the influenza A virus strain X31.
To prevent NA-mediated cleavage of SAs at our synthesized
binding inhibitor, a thioether bond was used to link the sialic
acid to the polymer scaffold, which cannot be cleaved by NA.

In this study, the inhibitor performance was first investigated
using the hemagglutination inhibition (HAI) assay (Figure S2,
Supporting Information), which takes advantage of the feature
that red blood cells become crosslinked upon interaction with
1AVs (called hemagglutination).?¥! By addition of virus binding
inhibitors, the interaction between the virus and the mem-
branes of red blood cells can be inhibited and the lowest inhib-
itor concentration at which no agglutination occurs anymore
is defined as (HAI assay-derived) inhibition constant k;. This
assay is a well-established means for determining the amount
of inhibitor (concentration) that has to be added in order to
efficiently inhibit IAV binding to RBC membranes.¥ For the
10 and 100 kDa inhibitors we observed k; values in the low um
range (Table 2), whereas the 500 kDa inhibitor approached the
nM range and the most potent inhibition was exhibited by the
2600 kDa MuVib inhibitor (31 pm; 0.1 ug mL™), irrespective
if this hPG was functionalized with SA and SO, or SA alone.
The inhibitors lacking SA (i.e., the sulfated hPGs) showed no
notable inhibition.

Although the HAI assay is often used to assess the inhibi-
tory potential of compounds, it does not allow to directly probe
the interaction of IAVs with their attachment factors or how

Table 2. Inhibitor performance in comparison of HAI and TIRF
measurements.

HAI k; TIRF ICso
[mol L fug mL) [mol L [ug mL
hPG1-SA-SO, 82x10° 1214 2x10°° 30
hPGy00-SA-SO, 5x10°¢ 685 0.6 x10°° 82
hPGi00-SA-SO, 50 x 10~° 35 0.4x10°° 279
hPGo600-SA-SO,4 31x 1072 0.1 30 x 10712 0.1
hPG600-SA 31x 1072 0.1 3x10712 0.01
hPGy600-SO4 no inh. no inh. no inh. no inh.
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this interaction is altered by addition of inhibitors. In order to
obtain such information, we extended a recently introduced
virus-membrane binding assay based on total internal reflec-
tion fluorescence (TIRF) microscopy (Figure 2).3% In this
assay, a supported lipid bilayer (SLB), which is supplemented
with the attachment factor of the virus of interest, is formed
at a glass interface and the (transient) binding of fluorescently
labeled viruses to the SLB is monitored using TIRF microscopy
(Figure 2a). By choosing TIRF illumination, the excitation light
hits the SLB-glass interface at the critical angle of total internal
reflection, which generates an evanescent wave with a pen-
etration depth of =100-150 nm,3% so that fluorescence is only
excited in very close vicinity of the SLB. Hence, to resolve fluo-
rescently labeled viruses for an appreciable time period in TIRF
microscopy, they have to be bound to the SLB, while unbound
viruses are not visible.

For probing the IAV-SA interaction, a SLB based of POPC
(96.2 wt%, 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine) and
DSPE-PEG2k (3.8 wt.%, 1 mol%, 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[carboxy(polyethylene  glycol)-2000]
(sodium salt)) was supplemented with the ganglioside GD1la
(2.5 wt%, 1 mol%), which presents SAs and thus provides the
IAV attachment factor for the interaction studies. Although
“human” AV strains, such as X31 (H3N2), are known to prefer
o-2,6-linked over ¢-2,3-linked SAs,1”! it has been shown that the
corresponding difference in binding affinity is only minor (with
HA-SA dissociation constants of Ky = 2 and 3 mwm for o+2,6 and
02,3 linkage, respectively).l®! Despite the fact that GD1a pre-
sents o-2,3-linked SAs, its use in IAV-SA interaction studies is
therefore justified and is, for example, in line with the fact that
HAI assays probing X31 binding inhibition have been done in
the past with RBCs presenting any of the two linkages.>*4°l

In order to image the viruses, the envelope of the IAVs was
labeled with the dye rhodamine octadecyl and TIRF microscopy
was used to follow [AV attachment to/release from the SA-con-
taining SLBs (Figure 2a). Single particle tracking (SPT) applied
to the resulting TIRF microscopy videos allowed for tracking
the motion of single viruses interacting with the SLB with high
spatial accuracy (<15 nm) and subsequent application of the
equilibrium fluctuation analysis (EFA)I* yielded informa-
tion on the rate of IAV attachment to the SLB, the IAV diffu-
sion coefficient (which is a qualitative measure for the average

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 2. Experimental setup used to study IAV X31 binding to sialic acids (SAs) and the modification of this interaction upon addition of hPG inhibi-
tors. a) Supported lipid bilayers (SLBs) containing the sialic acid-presenting ganglioside GD1a were used as artificial cell membranes. Fluorescently
labeled IAVs (R18 dye incorporated in the virus envelope) bind to sialic acids exposed by the SLB, a process which is followed by TIRF imaging (always
performed at room temperature; 20 °C). b) The cumulative number of newly arriving 1AVs, as calculated using the EFA procedure, increases linearly
with time. The slope of these traces is proportional to the rate of IAV attachment to the SA-containing SLB and allows for determining IAV binding
inhibition upon addition of hPG inhibitors. The plot shows a representative example using the inhibitor hPG;y-SA-SO,.

number of attachment factors bound by the tracked IAV), and
the TAV residence time distribution as described previously.’”!
As the inhibitors were designed to prevent IAV binding to
membranes, it is straightforward to assess their inhibition effi-
ciency by quantifying the change of the rate of AV attachment
to the SA-presenting SLB as function of the inhibitor concentra-
tion (Figure 2b). According to the EFA procedure,1* this rate
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is extracted by calculating, for each recorded TIRF movie sepa-
rately, the total number of IAVs that have been newly bound to
the SLB since the beginning of the TIRF movie. Under equi-
librium conditions (i.e., if SLB-bound and solution-dissolved
viruses are in thermodynamic equilibrium) this number, the
so-called cumulative number of newly arising viruses, increases
linearly with measurement time, and the slope of this function

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 3. Change in IAV attachment rates upon hPG inhibitor (10, 100, 500, 2600 kDa) addition. Shown is the relative on-rate, which was calculated by
normalizing the IAV attachment rate at a given hPG inhibitor concentration by the IAV attachment rate in absence of the inhibitor (i.e., at 0 m inhibitor
concentration). Dashed lines are fixed to a relative on-rate value of one and thus show, if the rate of IAV attachment increases (>1) or decreases (<1)
upon inhibitor addition. Surprisingly, both cases are observed for all SA-presenting inhibitors (except for the 100 kDa compound), generating a biphasic
behavior in 1AV binding inhibitor (see main text for details). Solid lines are fits of a Langmuir-type inhibition model to the data, allowing to determine
the 1Csq value of the inhibitors. Symbols indicate average values * standard deviation of at least five measurements.

corresponds to the TAV attachment rate for the area probed./*#2
Addition of the inhibitors changed the slope of the cumulative
number of newly arising IAVs, which indicates a change of the
rate of IAV attachment to the SLB caused by the presence of
the inhibitors (Figure 2b). Strong inhibition of IAV binding is
reflected by a strong decrease in the IAV attachment rate, so
that the change in the IAV attachment rate (with respect to its
value in absence of any inhibitor) is indicative for the inhibition
efficiency.’? Hence, in the following all IAV attachment rates
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will be normalized by the value in absence of any inhibitor,
which is denoted as relative on-rate in this work.

As expected for binding inhibitors, all SA-presenting hPGs
showed a decrease in the relative on-rate for a sufficiently large
inhibitor concentration (Figure 3). Fitting a Langmuir-type
inhibition curve to the relative on-rate in this concentration
range allowed for determining the inhibitor concentration, at
which the IAV binding rate to the SLB has been reduced by
50% (the so-called ICjs, value; Table 2). While the 10 to 500 kDa

© 2020 The Authors. Published by Wiley-VCH GmbH
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hPG inhibitors showed ICs, values in the pm molar range, the
2600 kDa hPG inhibitors reached pm values. This impressive
value is not only due to the high molecular weight of these
large inhibitors, but also by an improved inhibition potential
as indicated when comparing the ICs, values expressed in mass
concentrations (Table 2); compared to the smaller inhibitors, a
virus inhibition is achieved for the 2600 kDa hPGs at a three
order of magnitudes lower mass concentration, which is indica-
tive for a multivalency-based enhancement of the inhibition.
In addition, both SA-functionalized 2600 kDa hPGs showed
comparable inhibition efficiency, that is, hPGs with SA and
sulfate functionalization is not notably more effective than the
inhibitor with just SA, while the one lacking SA but carrying
sulfates did not show any IAV inhibition. Both observations are
expected, as IAVs bind with much higher affinity to sialic acids
than to sulfates, so that the interaction is dominated by sialic
acids for the SA-containing inhibitors and negligible (for the
inhibitor concentrations investigated) if only sulfates are pre-
sent on the inhibitor.

As inhibition is only observed for inhibitors presenting
SAs (which are known to be the IAV attachment factor) and as
SA-presenting inhibitors (see Table 1) as well as SA-presenting
bilayers are negatively charged,! IAV inhibition must be due
to binding of the hPG-based inhibitors to the viruses. This con-
clusion is in line with the observations of related SA-presenting
inhibitors and the measurement of size distributions of [AVs in
presence and absence of the inhibitor (Figure S3, Supporting
Information).[’]

In contrast, the non-functionalized MDa hPG also showed
inhibition in the TIRF-based assay with an apparent ICs, value
of =1000 pm, while no inhibition was observed in the HAI assay.
We attribute this behavior to the slightly positive zeta poten-
tial (Table S1, Supporting Information) of this polymer, which
promotes its binding to negatively charged sialic acid groups
presented by the SLB and thus blocks the interaction between
IAVs and the SLB by steric depletion of the attachment factors.
This view is confirmed by the lack of any inhibition potential
of hPG,400-SO,, which possesses, as all functionalized hPGs, a
negative surface charge and is therefore not able to bind to the
negatively charged SLB. A reason for its positive zeta potential
of the non-functionalized MDa hPG could be the incorpora-
tion of salt ions although the polymer was excessively dialyzed
against water. A treatment of the polymer solution with cation
exchanger before the measurement of the zeta potential did not
change the slightly positive zeta potential result. All functional-
ized hPGs showed the expected zeta potential, which verifies
the measurement principle.

Nevertheless, for all SA-presenting inhibitors the results on
IAV binding inhibition obtained using the HAI- or TIRF-based
assays are qualitatively in good agreement (Table 2), although
the TIRF-based assay reports in general slightly smaller ICj,
values than the HAI-assay. Both assays show that the ICj,
values generally decrease with increasing inhibitor size, that is,
that the inhibitors become more potent for increasing size of
its scaffold. This trend is in fact expected based on the theo-
retical considerations of Vonnemann et al.,’% who show based
on geometrical considerations that an optimal size for binding
inhibitors exists. These considerations show that increasing the
inhibitor size also increases the contact area between inhibitor
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and virus and thus the virus-inhibitor interaction. Neverthe-
less, as the inhibitor mass also scales with the third power of
the inhibitor size, this increase in inhibitor size also increases
the applied mass concentration of the inhibitor, which partially
cancels the enhancement caused by the increase in binding
strength. Hence, there exists an optimum inhibitor size at
which the lowest (total) mass of inhibitor is required for inhi-
bition and which is, according to Vonnemann et al."! approx-
imately one third of the size of the virus to be inhibited. As
IAV X31 typically shows spatial extensions ranging between
80 and 120 nm, an optimum in binding inhibition is expected
for inhibitor diameters on the order of 30 nm, which is real-
ized by the MuVib inhibitor (hPGy4o-SA-SO,, Table 1). In this
context, the decrease of the ICs, value with increasing inhibitor
size qualitatively matches to the predictions of Vonnemann
et al.l% A test, if the 2600 kDa MuVib inhibitor indeed achieves
optimum inhibition efficiencies was, however, not possible, as
this would have required to synthesize notably larger hPG scaf-
folds, which was not achievable in this study. A complementary
approach to achieve related inhibitors with larger sizes is nano-
precipitation, in which smaller hPGs are crosslinked to form
nanogels. For example, Bhatia et. al. recently introduced hPG-
based nanogel inhibitors with sizes of =250 nm and achieved
ICs, values of about 30 pug mL .1 This performance is two to
three magnitudes lower than the one of the 2600 kDa MuVib
inhibitor and indicates that the optimum inhibitor size for IAV
binding inhibition is in between of 30 and 250 nm.

Nevertheless, while the HAI assay provides a rather binary
readout (i.e., if the inhibitor concentration is sufficient to
inhibit agglutination of red blood cells),*® the changes in the
IAV attachment rate measured by TIRF showed biphasic pro-
gression: Starting at small inhibitor concentrations (<<ICs),
the attachment rates first increased with increasing inhibitor
concentration, followed by a saturation and a strong decrease at
large inhibitor concentrations (=ICsg). This surprising behavior
indicated that the SA-functionalized hPG inhibitors promoted
AV attachment at relatively low inhibitor concentrations, while
IAV binding inhibition was observed for sufficiently large inhib-
itor concentrations. The first phase (increase in IAV attachment
rate) is not resolvable in the HAI-assay, as the IAV concentra-
tion is chosen such that IAV-induced agglutination is observed
in absence of the inhibitor. This means that an increase in the
[AV attachment rate to the cell membranes is not resolved by
HAI, as in absence of inhibitors the IAV attachment rate is
already sufficiently large to achieve agglutination.

This biphasic behavior, which was observed for all inhibi-
tors except for hPGyo-SA-SO, and which first increases the
IAV binding rate to membranes at low inhibitor concentrations
until a decrease is observed at large concentrations, was unex-
pected. Nevertheless, the observed increase in IAV attachment
rate resembles changes to the IAV binding properties observed
upon application of neuraminidase inhibitors.?>! Hence, the
biphasic behavior suggests that at relatively low concentra-
tions the inhibitors bind first to the NA and therefore act as NA
inhibitors, while binding to HA and thus binding inhibition
requires higher inhibitor concentrations. This interpretation
is consistent with measurements on the affinity of the enve-
lope proteins to sialosides,**! showing that the dissociation
constant Ky of the NA-SA interaction is 3 order of magnitude

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 4. a) Changes of the IAV off-rate and b) diffusion coefficient distribution upon addition of the hPGy¢00-SA-SO, MuVib inhibitor. The biphasic
binding behavior is also observed in these distribution, as addition of small amounts of the inhibitor (<20 pm) leads to a decrease in the off-rate distri-
bution and a shift of the diffusion coefficient distribution from large to small values (indicating an increase in average binding valency), while addition
of larger amounts of the inhibitor (>20 pm) restores the off-rate distribution and shifts the diffusion coefficient distribution from small to large values

(indicating an decrease in average binding valency).

smaller than the one of the HA-SA interaction (=M vs. =mwm,
respectively) and supporting the hypothesis that also the inhibi-
tors exhibit higher affinity (lower K; value) towards NA than
HA. Furthermore, evidence is accumulating that NA also con-
tributes to the process of IAV binding to membranes.[334]

If the hypothesis is correct that the inhibitors bind preferen-
tially to NA at relatively low inhibitor concentrations and to HA
at sufficiently large ones, one would expect to see inhibitor con-
centration-dependent changes of the IAV off-rate and valency
distribution, as both IAV binding properties strongly depend on
the functional balance between HA and NA.®! In order to test
this hypothesis, we extracted IAV off-rate and valency distribu-
tions from the TIRF measurements as recently described.’!
In brief, here we make use of the fact that the diffusion coef-
ficient of SLB-bound IAVs, D, decreases with increasing valency
(=number of bound GD1la gangliosides), so that the changes to
the TAV valency distribution also induce changes to the distri-
bution of IAV diffusion coefficients. Although the exact rela-
tionship connecting IAV valency and diffusion coefficient has
not yet been resolved, all theoretical models indicate that both
properties are connected by a monotonously decreasing func-
tion, that is, large values of the diffusion coefficient correspond
to a small value of the average valency and vice versa.¥] Fur-
thermore, the measurement of the IAV diffusion coefficient
also allows to deconvolute the IAV residence time distribu-
tion from valency effects, yielding valency-resolved off-rate
distributions.’l

In absence of any inhibitor (open circles, Figure 4a), the
observed off-rate distribution is dominated by a decrease for
increasing apparent average valency D7}, but also shows a peak
structure, leading to elevated off-rates at intermediate average
valencies (D! = 8 s um™2).The presence of a peak structure
matches to previous observations,*” in which it is shown that
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this structure is caused by the opposing functionalities of HA
and NA and vanishes upon application of NA inhibitors such
as zanamivir. Furthermore, the addition of zanamivir also
increased the rate of IAV attachment and both effects together
yielded a strong increase in the number of bound IAVs. Inter-
estingly, exactly the same behavior is observed here at rela-
tively low inhibitor concentrations, at which the relative IAV
on-rate increases (Figure 3) and the IAV off-rate decreases with
increasing inhibitor concentration (open triangles and squares,
Figure 4a). Hence, at relatively low concentrations, the inhibi-
tors behave like a NA inhibitor with respect to the induced
changes in IAV attachment and off-rate distribution.

Additional evidence is provided by the diffusion coefficient
distributions (Figure 4b), which showed a shift from large to
small values upon addition of small amounts of the inhib-
itor (<<ICsp) and a shift from small to large diffusion coef-
ficient values upon addition of large amounts of the inhibitor
(>>ICsp). As the diffusion coefficient D is indicative for the
average valency of the IAV-SA interaction, these changes indi-
cate that the addition of inhibitors modifies the IAV valency dis-
tribution. In particular, the shift from large to small D-values
observed for inhibitor concentrations below ICs, indicates an
increase of the average binding valency (“NA-like inhibition”),
while the opposite behavior is observed above ICs, and thus
indicates a decrease in average binding valency (“HA inhibi-
tion”). There is, however, a lower limit for the valency, below
which the interaction of the IAV to the membrane becomes too
small to maintain IAV binding to the membrane. This limit is
reached for D-values exceeding =1 um?2 s, so that the D-distri-
butions exhibit an edge at =1 um?2 s7! and, in connection with
the transfer of events from small to large D-values, a peak-like
structure, which raises with increasing inhibitor concentration
added.

© 2020 The Authors. Published by Wiley-VCH GmbH
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control hPG¢00-SOy4 (yellow symbol). The cell-based assay also shows a biphasic change of IAV binding inhibition as observed in the TIRF-based binding
assay. IAVs were labeled with DiO (green structures in the cell images), while the MDCK Il cells were labeled using Hoechst 33258 (blue structures).
Symbols indicate average values + standard deviation of four measurements. Dashed lines are to guide the eye.

Nevertheless, in order to probe, if the phenomenon of
increased IAV attachment rates at small inhibitor concentra-
tions (<<ICsy) can also be observed for native cell plasma
membranes, we further investigated the IAV binding to
MDCK-II cells, which are known to expose ¢~-2,6-linked and
o-2,3-linked SAs and are an established cell line for investi-
gating 1AV binding to and infection of cells.*®! Here, labelled
[AVs were mixed with different concentration of the inhibitor
hPGy400-SA-SO, at room temperature for 45 min. Afterwards,
the virus-inhibitor mixture was incubated with MDCK-II cells
for 2 h on ice. Non-bound IAVs were removed by washing twice
with PBS buffer, while bound IAVs remained at the cell sur-
face. Using confocal laser scanning microscopy Z-wide images
of the cell layer were taken and stacked to visualize all viruses at
the cell surface, followed by quantifying the number of bound
viruses using Image].*”! The number of MDCK-II cell-bound
IAVs (Figure 5) showed the same dependence of the inhibitor
concentration as the relative on-rate determined using TIRF
microscopy (Figure 3), verifying an increased IAV attachment at
low concentrations and a decrease in IAV attachment at higher
concentrations. The sulfated derivative (hPGy400-SO,4) was used
as negative control and showed no impact on the IAV binding.
Hence, the biphasic change in the IAV binding behavior upon
inhibitor addition is observed for IAVs interacting with attach-
ment factor-equipped SLBs as well as with cell membranes,
which further supports our view that these inhibitors behave
as NA-like inhibitors at low inhibitor concentrations and as HA
inhibitors at high concentrations. Furthermore, as MDCK-II
cells present o-2,6-linked as well as ¢+2,3-linked SAs, obtaining
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the same inhibition curve as in the TIRF assay post-validates
that GD1a is a suitable attachment factor for probing the inter-
actions between IAV X31 and GDl1a.

3. Conclusions

In this study, hyperbranched polyglycerol (hPG)-based virus
binding inhibitors have been synthesized, the size and func-
tionalization of which have been inspired from mucins. The
resulting mucin-inspired virus binding (MuVib) inhibitor was
based on a 2.6 MDa hPG core that was functionalized with
sialic acids and sulfate groups (5 mol% of the hPGs OH groups,
respectively). In addition, hPG-based inhibitors having the same
functionalization but lower molecular weights (ranging between
10 and 2600 kDa) were synthesized as well, which allowed to
probe the impact of the inhibitor size on its inhibition efficiency.
This efficiency of the synthesized compounds in inhibiting the
binding of a common respiratory virus, a H3N2 influenza A
virus (IAV), was assessed using a cell binding and the hemag-
glutination inhibition assay, both of which provide informa-
tion about the minimum inhibitor concentration that needed
to inhibit IAV binding to membranes. Furthermore, a recently
developed TIRF-based assay was employed to quantify, how
inhibitor addition modified the multivalent interaction arising
between IAVs and their native attachment factor, sialic acids.
Surprisingly, the inhibition of IAV binding to membranes
showed a biphasic behavior for increasing inhibitor concentra-
tions: At relatively low inhibitor concentrations, the AV binding
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first increased with increasing inhibitor concentrations, fol-
lowed by a second regime at higher inhibitor concentrations,
at which the expected decrease in IAV binding was observed
for increasing inhibitor concentrations. The results of the
TIRF-based assay and the cell binding assay indicate that the
inhibitors bind at low inhibitor concentrations preferentially to
the IAV envelope protein neuraminidase (NA), leading to an
enhancement of the IAV binding to lipid membranes, while at
larger inhibitor concentrations, it binds additionally to another
IAV envelope protein, hemagglutinin (HA), causing [AV binding
inhibition. Potent inhibition of IAV binding (HA inhibition) by
the 2600 kDa MuVib inhibitor is observed in all these assays
already at pm concentrations, while decreasing the molecular
weight of the inhibitors decreased their inhibition efficiency
(increase in their ICs, value), which is in qualitative agreement
with the prediction by a recent study of Vonnemann et al.l'%}

4. Experimental Section

Synthesis of High-Molecular Weight hPG: The synthesis of the MDa
hPG was perfomed in two steps,'® as previous investigations showed
that using one step approaches the molecular weight of hPGs can be
increased to only 800-900 kDa.[":30 This limitation has been attributed
in the past to the decrease in the concentration of active alkoxide
units on polyglycerol, which are key elements to chain/branching and
propagation of the hPG systems.P!l

First, a macroinitiator was synthesized in a heterogenous reaction
mixture in dioxane. Dry trimethylolpropane (120 mg, 0.89 mmol, 1.0 eq.)
was partially deprotonated (30% OH) with potassium methoxide
(67 pL, 0.27 mmol, 0.3 equiv., 25% in methanol) in argon atmosphere
at 60 °C for 30 min. After the addition of 24 mL dioxane (dry) the turbid
mixture was heated to 100 °C. Glycidol (12 mL, 0.18 mol, 201 equiv.) was
slowly added (0.5 mL h™) via syringe pump into the reaction mixture.
The polymer was purified by removing the dioxane, precipitation as
methanolic solution in acetone and dialysis against water in regenerated
cellulose membrane (10 kDa MWCO). The resulted hPG (Mn: 600 kDa,
D 1.1) was obtained with a yield of 93.6 %.

In the second step, this hPG was used as macroinitiator to grow the
polymer further. 2.5 g (0.034 mol, total OH groups) of the lyophilized
polymer was dissolved in dry DMF (35 mL). The polymer was partially
deprotonated with the addition of potassium hydride in oil (30 wt%)
(80 g, 272 uL, 2.0 pmol). The temperature was increased to 100 °C
and glycidol (25 mL, 0.37 mol) were added with a rate of 0.9 mL h7".
After precipitation in acetone and dialysis against water in regenerated
cellulose membrane (50 kDa MWCO) the resulted molecular weight was
2.6 MDa with a D of 1.4.

Mesylation and Azidation: Both reactions were performed sequentially
in one pot. 1300 mg hPG (2.6 MDa) (0.88 mol OH to be functionalized)
was dissolved in dry DMF (18 mL). The mesylation was done with
methanesulfonyl chloride (201 mg, 1.8mmol, 2.0 eq.) in the present of
triethyl amine (306 pL, 2.2 mmol, 2.5 mol eq.) at room temperature for
16 h. Afterwards the azidation was directly performed by the addition
of sodium azide (456 mg, 7.0 mmol, 8 equiv.) at 80 °C for 20 h under
argon atmosphere. Purification was done by dialysis against water
(2 kba MWCO, benzoylated). The product was analyzed by '"H NMR and
elemental analysis to determine the amount of introduced azide groups
(see Figure S5, Supporting Information).

Sulfation: The azidated hPG (400 mg, 0.27 mmol OH to be
functionalized, 1.0 equiv.) was sulfated using sulfur trioxide pyridine
complex (55.9 mg, 0.4 mmol, 1.3 equiv.) in dry DMF (12 mL) at 60 °C
for 20 h under argon atmosphere. After the reaction time was over the
pH value was increased to pH 10 by the addition of sodium hydroxide
solution (0.3 mol L™). The product was dialyzed against sodium
hydroxide solution (0.3 mol L), 10 wt% NaCl and water. The yield of the
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sulfation was analyzed by elemental analysis. Further, a '"H NMR of the
product was performed (see Figure S6, Supporting Information).

Click Protected Propagylated Sialic Acid by CuAAC: The sulfated
polymer hPG,600-N3-SO,4 (150 mg, 0.11 mmol OH to be functionalized,
1.0 equiv.) was mixed with acetyl protected propagylated sialic acid
(72.9 mg, 1.3 mmol, 1.2 equiv.) in DMF. Copper sulfate pentahydrate
(111 mg, 0.04mmol, 0.4 equiv.) and sodium-L-ascorbate (88.3 mg,
0.4 mmol, 4 equiv.) were dissolved separately in a small amount of water
and combined afterwards. The solution was transferred to the polymer
solution. The reaction was performed at 50 °C for 20 under argon
atmosphere. Infrared spectroscopy indicated complete conversion by the
disappearance of the azide band (2100 cm™; see Figure S7, Supporting
Information) within the resolution limit of the instrument (determined by
multiple repetitions of the measurement and calculation of the standard
error). Hence, it is reasonable to assume that the functional degree of
conjugated sialic acid is almost the same as the initial degree of azidation
(=5-7 mol%). The pH value was increased to pH 10 with sodium
hydroxide solution (2 mol L™) to cleave the acetyl protection of the sialic
acid within 2 h. EDTA disodium salt (14.0 mg, 0.04 mmol, 0.4 equiv.)
was added to improve the removal of copper ions during dialysis against
water. The purified polymer was analyzed by '"H NMR (see Figure S9,
Supporting Information) and elemental analysis.

The synthesized virus binding inhibitors were characterized in regard
to size with dynamic light scattering (DLS) and in respect of surface
charge by zeta potential measurements.

Dynamic Light Scattering: The hydrodynamic diameter was
measured by dynamic light scattering at a concentration of 1 mg mL™
in PBS buffer using Zetasizer Nano series (1 = 532 nm) from Malvern
Panalytical (Kassel, Germany). Disposable cuvettes (ZEN0040) from
Brand (Wertheim, Germany) out of polystyrene were used. Before the
measurement all samples were filtered through a 0.2 um Minisart RC
15 syringe filter from Satorius (Géttingen, Germany). Temperature
equilibration was done for 1 min at 25 °C. The measurements were
performed for ten scans each 15 s in back scattering mode (173°). The
stated values result from at least three measurements.

Zeta-Potential: The surface charge was investigated by zeta-potential
measurement with Zetasizer Nano series (4 = 532 nm) using folded
capillary zeta cells (DTS 1070) from Malvern Panalytical (Kassel,
Germany). The sample concentration was 1 mg mL™" in 10 mm phosphate
buffer solution (0.411 g L' NA,HPO,, 0.178 g L' KH,PO,, pH 7.4).
All samples were filtered through a 0.2 um Minisart RC 15 syringe filter
from Satorius (Géttingen, Germany). Five measurements with ten
scans (each 15 s) were done to obtain the zeta potential based on the
Smoluchowski model.

The virus binding performance was investigated by two independent
methods: hemagglutination inhibition (HAI) assay and total internal
reflection fluorescence (TIRF) microscopy.

Hemagglutination Inhibition Assay: The inhibitors were two-fold
diluted with PBS in a v-shaped microtiter plate. Afterwards, 2 HA X31
virus were transferred to each inhibitor dilution. After 30 min incubation
time at room temperature 50 uL of 1% chicken RBC solution (Robert
Koch-Institute, Berlin) was added to each well. Then, it was incubated
for 60 min at room temperature before the read out was done. The
lowest concentration where the sedimentation of red blood cells was
still inhibited by hemagglutination represents the inhibitor constant k;
(see Figure S2, Supporting Information).

Total Internal Reflection Fluorescent Microscopy: Single virus tracking
was done on a supported lipid bilayer (SLB), which represents the
cell surface. 1AV bind in a multivalent fashion to incorporated GDla
gangliosides (1 mol%). Extruded vesicles out of POPC and 1 mol% GD1a
were exposed in an aqueous solution (0.33 mg mL™) on a cleaned glass,
absorb, deform, and form a cohesive supported lipid bilayer by rupturing
on the glass surface. Sialic acids on the GDla are the natural target of
IAVs. After 10 min excess vesicles were removed by washing with PBS
buffer. Then, IAV solution with or without containing binding inhibitor
was injected. Through excitation in TIRF mode, an evanescent light
beam (white light + m-cherry filter) penetrates approximately 100 nm
in the solution and reaches therefore just bound viruses (=100 nm) on
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the membrane. This ensures that rhodamine (R18) labeled viruses in the
evanescent region get excited and emit light, non-bound labeled virus in
the solution are not visible. Videos with 0.11 fps were taken to visualize
the virus attachment, diffusion and detachment on the GD1la receptor
containing SLB. The videos were analyzed by homemade MATLAB
scripts using equilibrium fluctuation analysis (EFA).

IAV Binding to MDCK-1I Cells: The cultured MDCK Il cells were seeded
in 8-well confocal slides and cultured for 1-2 days till confluency. 100 uL
X31 solution (protein content: 0.36mg mL™, 1.1 x 10" particles mL™)
was incubated with 2uL of 20um DiO (in ethanol, D4929 in Merck,
Darmstadt, Germany) for 30 min in dark. The free dyes were removed
by spin column then. A mixture of 90 uL inhibitor (in PBS) and 10 uL
labelled virus was added after 45 min at room temperature on the cell
layer (culture medium was removed before by washing with PBS twice).
After an incubation for 2 h on ice, non-binding viruses were removed
by washing twice with PBS. The cell nucleus was labelled with Hoechst
33258 and the cells fixed with 4% paraformaldehyde. Finally, Z-wide
images were taken with confocal laser scanning microscopy from the
whole cell layer (30 images, step size 0.4 um). The number of binding
viruses was determined from the stacked images using Image).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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1. Synthesis

1.1 Material

Glycidol was obtained from Sigma Aldrich (Steinheim, Germany) and was vacuum distilled
over CaH, at 45 °C and stored over 4 A molecular sieves at 4 °C. Trimethylolpropane,
potassium methoxide (25 % in methanol), anhydrous 1,4-dioxane (99,8 %), potassium hydride
(30 wt.% in oil), methanesulfonyl chloride, triethyl amine (=99.5 %), sulfur trioxide pyridine
complex (98 %), sodium L-ascorbate (= 98 %), sodium hydroxide (= 98 %), DMF (max.
0.005 % water), sodium azide (>99.5 %), dialysis tube (benzoylated, 2 kDa MWCO) were
obtained from Sigma Aldrich. Regenerated cellulose dialysis tubes (50 kDa, 10 kDa MWCO)
were obtained from Spectrum Laboratories (Waltham, US). Sodium chloride was obtained

2
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from Fisher Scientific (Schwerte, Germany). Sodium hydroxide (>98 %), copper(Il) sulfate
pentahydrate (p.a.) were obtained from Merck (Darmstadt, Germany). All reagents were used
as received without any purifications, unless otherwise mentioned. Acetylated propagyl sialic
acid (sialic acid derivative prop-2-ynyl a-thiosialoside) was prepared by procedure as reported
in literature.!"-?!

1.2 Synthesis of hyperbranched polyglycerols (hPG)

The recent published two step synthesis of hPG enables to reach molecular weights in the
MDa region.””! The molecular weight and dispersity were determined by GPC (see Figure S4)
with a Waters 2695 separation module, a DAWN HELEOS II multi angle laser light
scattering (MALS) detector coupled with Optilab T-rEX refractive index detector (Wyatt
Technology, Santa Barbara, US). Using Waters ultrahydrogel columns (guard, linear and 120)
the GPC measurements were performed in aqueous NaNOs (0.1 M, pH 7). The used dn/dc
value for polyglycerol was 0.12 mL g'. Further, all polymers were characterized by 'H NMR
and invers gated °C NMR using the solvent deuterated water as reference. The used NMR
spectrometer are AVANCE700 (700 MHz, Bruker, Karlsruhe, Germany) and ECP500
(500 MHz, Jeol, Freising Germany).

The scaffold hPGye00 was stored the whole time in aqueous solution because after drying
processes (e.g., lyophilization) problems to redissolve the polymer can occur. The dry high-
molecular weight hPG,¢ 1s white and has a marshmallow like texture.

1.3 Functionalization of hyperbranched polyglycerols

The general synthesis sequence was the same for all hPG sizes (Figure 1b, main
manuscript). Five percent of the hydroxy groups of the hPG were mesylated and subsequently
converted to azide groups. Afterwards, five percent of the initial hydroxy groups were

sulfated with sulfur trioxide pyridine complex. Subsequently acetyl protected propagylated

sialic acid was linked via copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC) to the
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polymer. The deprotection of the sialic acid was done by the addition of sodium hydroxide
2M).

1.3.1 Mesylation and azidation

1300 mg of hPGygp0 (0.88 mmol OH to be functionalized, 1 eq.) was weighted from
aqueous solution in a 25 mL round bottom flask. Under reduced pressure, 50 °C water was
evaporated until almost no water was left. Dry DMF (4 mL) was added and the polymer
dissolved again. Under reduced pressure, S0 °C DMF was evaporated until approximately 0.5
mL DMF was left. The addition and evaporation of dry DMF was repeated three times to
remove water residues. Afterwards, the polymer was dissolved in 18 mL dry DMF. The
reaction flask was equipped with a magnetic stir bar, a rubber septum and flushed with argon
to exchange the gas face. Triethyl amine (306 pL, 2.2 mmol, 2.5 eq.) was added via Hamilton
syringe in the reaction mixture. For 15 min argon was bubbled through the reaction mixture.
Afterwards, methanesulfonyl chloride (136 pL, 1.8 mmol, 2.0 eq.) was added via Hamilton
syringe slowly direct in the stirred reaction mixture. The flask was equipped with a balloon
filled with argon and stirred at room temperature for 20 h. Afterwards, sodium azide (456 mg,
7.02 mmol, 8 eq.) were added and the flask was placed in an oil bath at 80 °C for 20 h. The
reaction mixture was transferred in a dialysis tube (2 kDa MWCO, benzoylated) and dialyzed
against water. A sample was taken and lyophilized to calculate the overall polymer amount in
the solution. The obtained amount was 902.8 mg (yield 68.4 %) with a degree of azidation of
5.7 mol% (determined by elemental analysis). Further, a '"H NMR (D,0, 500 MHz) was
performed (see Figure S5).

1.3.2 Sulfation

The azidated polymer hPGye00-N3 (400 mg, 0.27 mmol OH to be functionalized, 1.0 eq.)
was weighted from aqueous polymer solution in a 25 mL round bottom flask. Under reduced
pressure at 50 °C the water was evaporated until almost no water was left. Dry DMF (3 mL)

was added to dissolve the polymer. Under reduced pressure, 50 °C DMF was evaporated until
4
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approximately 0.5 mL DMF was left. To remove all water residues the addition, evaporation
step of dry DMF was repeated thrice. Afterwards the polymer was dissolved in 8 mL dry
DMF. The flask was equipped with a magnetic stir bar, a rubber septum and argon was
bubbled through the polymer solution for 15 min. Sulfur trioxide pyridine complex (55.9 mg,
0.4 mmol, 1.3 eq.) was added in the stirred reaction mixture. The wall of the round bottom
flask was washed with 4 mL dry DMF. After additional 10 min of bubbling argon through the
solution the flask was equipped with a balloon filled with argon and placed in an oil bath at
60 °C for 20 h. The reaction was quenched with 7 mL sodium hydroxide solution (0.3 mol L~
", pH value 10. The reaction mixture was transferred in a dialysis tube (2 kDa MWCO,
benzoylated) and dialyzed for 24 h against 0.3 mol L NaOH (two changes), 24 h against
10 wt.% NaCl solution and 72 h (9 changes) against water. 421.8 mg hPGye00-N3-SO4 was
obtained, which results in a yield of 97.7 %. By elemental analysis 5.0 mol% degree of
sulfation was determined and the degree of azidation was verified. Further an "H NMR (500
MHz) spectrum was performed in D,O (see Figure S6).

1.3.3 Click protected propagylated sialic acid by CuAAC and deprotection

The polymer hPGy600-N3-SO4 (150 mg, 0.11 mmol OH to be functionalized, 1.0 eq.) was
weighted from aqueous solution in a 25 mL round bottom flask. Under reduced pressure,
50 °C the water was evaporated until almost no water was left. The polymer was dissolved
again by the addition of 3 mL DMF (dry). Under reduced pressure, 50 °C DMF was
evaporated until approximately 0.5 mL DMF was left. The addition and evaporation of DMF
was repeated once again. Then 12 mL DMF was added and the polymer dissolved. The flask
was equipped with a magnetic stir bar and rubber septum. Acetyl protected propagylated
sialic acid (72.9 mg, 0.13 mmol, 1.2 eq.) were added and the wall of the flask was washed
with 6 mL DMF. Argon was bubbled through the solution for 15 min. In a glass vial CuSO4
SH,0O (11.1 mg, 0.04 mmol, 0.4 eq.) were dissolved in 150 uLL H,O (blue, clear solution). In

another glass vial sodium-L-ascorbate (88.3 mg, 0.45 mmol, 0.4 eq.) were dissolved in
5
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150 uL H,O (colorless, clear solution). The sodium ascorbate solution was transferred into the
copper sulfate solution and mixed by shaking. A color change occurred from dark brown to
bright brown to an orange turbid mixture. The orange mixture was transferred dropwise into
the stirred polymer solution. For 10 min ultrasound was applied while argon bubbled through
the solution. After that, the flask was equipped with a balloon filled with argon and placed in
an oil bath at 50 °C for 20 h. The absence of the azide band in the infrared spectra at 2100 cm”
! indicated the complete conversion of the click reaction with respect to the detection limit
and the standard error of the measurement (see Figure S7). To deprotect the acetylated sialic
acid 4 mL H,O were added to increase the solubility and afterwards the pH value was
increased to pH 10 with approximately 6 mL NaOH (2 mol L") solution. At this pH value the
mixture was stirred for 2 h. EDTA disodium salt (14.0 mg, 0.04mmol, 0.4 eq.) was added to
improve the removal of copper ions. Dialysis was done in a dialysis tube (2 kDa MWCO,
benzoylated) against H,O. The conversion of the azide groups was shown by infra-red
spectroscopy. Therefore, the functional degree of sialic acid was assumed to be almost equal
to the initial degree of azidation (5.6 mol%). Furthermore, a 'HNMR (700 MHz) was

performed in D,0 (see Figure S9).

2. Characterization

2.1 Material

POPC  (1-palmitoyl-2-oleoyl-glycero-3-phosphocholine), the  ganglioside @ GDla
(disialoganglioside-GD1a (porcine brain, diammonium salt)), DSPE-PEG2k carboxylic acid
(1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy(polyethylene  glycol)-2000]
(sodium salt)), were purchased from Avanti Polar Lipids Inc. (Alabaster, AL). Tris-HCI
(tris(hydroxymethyl)aminomethane hydrochloride), Dulbecco’s phosphate buffered saline
(DPBS), chloroform (=99.9 %), R18 (octadecyl rhodamine B chloride), calcium chloride

(297 %), Liquinox (critical-cleaning liquid detergent) were obtained from Sigma Aldrich
6
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(Steinheim, Germany). Potassium dihydrogen phosphate (for analysis), Disodium hydrogen
phosphate were obtained from Merck (Darmstadt, Germany). Potassium chloride (>99.5 %)
was obtained from Griissing (Filsum, Germany). 10x PBS buffer concentrate was used to
prepare PBS buffer, according to the manufacturer’s instructions. Propagation and labeling of

influenza A/X-31 (H3N2) virus (IAV) was done in the same way as in our previous study."!

2.2 Cryo-electron microscopy

A perforated carbon film-covered microscopical 200 mesh grid (R1/4 batch of Quantifoil,
MicroTools GmbH, Jena, Germany) was cleaned with chloroform and hydrophilised by 60 s
glow discharging at 8 W in a BAL-TEC MED 020 device (Leica Microsystems, Wetzlar,
Germany) before 5 ul of the hPG2600-SA-SO4 solution (0.7 mM) in PBS was applied to the
grid. The sample was vitrified by automatic blotting and plunge freezing with a FEI Vitrobot
Mark IV (Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA) using liquid ethane
as cryogen. The vitrified specimen was transferred to the autoloader of a FEI TALOS
ARCTICA electron microscope (Thermo Fisher Scientific Inc., Waltham, Massachusetts,
USA). This microscope is equipped with a high-brightness field-emission gun (XFEG)
operated at an acceleration voltage of 200 kV. Micrographs were acquired on a FEI Falcon 3
direct electron detector (Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA) using
the 70 um objective aperture at a nominal magnification of 28,000 x, corresponding to a
calibrated pixel size of 3.69 A/pixel.

To generate stereo images, the same image section was recorded at two different tilt angles
(4° and -4°) using the Compustage of the microscope. The corresponding micrographs were
aligned with the software StereoPhoto Maker (Masuji Suto, Japan) and the resulting

stereograms were inspected using Stereo shutter glasses.
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2.3 Total internal reflection fluorescence microscopy

Vesicle preparation - Vesicles were used to form supported lipid bilayers. The vesicle
composition consisted out of POPC (96.2 wt.%), ganglioside GD1a (2.5 wt.%, 1 mol %) and
DSPE-PEG2k carboxylic acid (3.8 wt.%, 1 mol%). DSPE-PEG2k carboxylic acid was
incorporated to promote unilamellarity of the vesicles and an enhanced fluidity of the formed
SLBs after small volume extrusion. All lipids were stored in chloroform separately. The
vesicle solution of (1 mg mL™") was prepared by mixing the dissolved lipids in a 50 mL round
bottom flask. Afterwards, the lipids were dried under nitrogen stream and subsequently dried
under vacuum for 1 h. The dried lipid mixture was rehydrated with 0.5 mL Tris-HCI buffer
(0.1 M Tris-HCI, 50 mM potassium chloride, 5 mM calcium chloride; adjusted pH 7.4 with
HCI). The mixture was homogenized via vortex for 30 s and extruded for 31 time through a
polycarbonate membrane (100 nm pore size; Avanti Polar Lipids Inc., Alabaster, AL). The
aqueous solution was stored in a glass vial at 4 °C and were used for one month.

SLB formation - Glass slides (coverslips, 25 mm; VWR, Darmstadt, Germany) were
placed in a holder in a 250 mL beaker (high) and cleaned with 150 mL deionized water (Milli-
Q; Merck, Darmstadt, Germany) and 0.5 mL Liquinox. The beaker was heated for 75 min at
85 °C. Afterwards, every glass slide was taken out separately and cleaned intensively with
deionized water. Clean glass slides were stored in a 50 mL falcon tube in 10 mL deionized
water until further use, but discarded after one day.

Cleaned glass slides were dried at room temperature and self-made wells out of
polydimethylsiloxane (PDMS) were mounted at the glass slides. Vesicle solution (0.33 mg
mL™") was added into the wells and the SLB is formed by the rupture of the adsorbed vesicles
at the glass surface. After 10 min the remaining vesicles in the solution were removed by
washing with PBS buffer (10 times) using a micropipette, followed by injection influenza A
virus (IAV) solution with or without containing inhibitor. The inhibitor concentration was

changed, while the virus concentration was kept constant.
8
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TIRF microscopy — A Nikon Eclipse Ti-E microscope (Nikon, Diisseldorf, Germany) was
equipped with a T-SFL TIRF illuminator, a 100x Plan-Apo oil immersion objective (NA
1.45), a Lumen 200 (Prior Scientific, Cambridge, UK) white light source and an Andor Zyla
4.2 sCMOS camera (Oxford Instruments, Oxford, UK).

Virus interactions with the SLB were investigated by recording 5 TIRF microscopy videos
(each 1000 frames, fps=0.11, exposure time 80 ms, 2 x 2 binning, 25 % light intensity, field
of view 133 um x 133 um, pixel size 130 nm x 130 nm; mCherry filter cube). Single virus

tracking was done using homemade MATLAB scripts described earlier,

yielding
information about virus binding kinetics like attachment-, detachment-rates and the diffusion

coefficient of SLB-bound viruses. Out of this data the on-rate and off-rate of the IAV-SLB

interaction were extracted by equilibrium fluctuation analysis (EFA).1®!

2.4 Cell binding of IAV X31 to MDCK-II cells

Madin-Darby Canine Kidney-II (MDCK) epithelial cells (ATCC, Manassas, US) were
grown using Dulbecco's Modified Eagle Medium (PAN Biotech, Aidenbach, Germany;
containing 10 % fetal bovine serum, 2 mM L-glutamine, 100 pg ml™! streptomycin and
100units mI™ penicillin) at 37 °C and 5 % carbon dioxide. The cultured MDCK II cells are
seeded in 8-well confocal slides and cultured for 1-2 days till confluency. 100 pL X31
solution (protein content: 0.36 mg mL™, 1.1 x 10'" particles mL™") was incubated with 2 pL
DiO (20 uM, 3,3'-Dioctadecyloxacarbocyanine perchlorate in ethanol, D4929 in Merck) for
30 min in dark. The free dyes were removed by spin column then. The to be tested MuVib
inhibitors were diluted in PBS to desired concentrations and 90 puL inhibitor was incubated
with 10 pL labelled virus for 45 min at room temperature with constant gentle shaking. The
cells are washed twice with PBS to remove culture medium and the MuVib inhibitor mixture
was applied and incubated on ice for 2 hours. Afterwards, the non-binding viruses were

removed by washing twice with PBS. The cell nucleus was labelled with Hoechst 23358 for

110



WILEY-VCH

10 min and then the cells were washed once with PBS to remove free dyes. The cells were
then fixed with 4 % paraformaldehyde for 10 min at r. t. and washed again with PBS. Finally,
Z-wide images were taken with confocal laser scanning microscopy (Leica SP8, Wetzlar,
Germany) by setting the glass slide as the bottom and the last layer above the cell surface to
see the viruses on top. From bottom to top, 30 images with step size around 0.4 um were
taken to visualize the virus on the cells. The images were stacked to see all the virus on the
surface. The processing and the counting of the virus number were performed as described

recently.m

2.5 Nanoparticle tracking analysis (NTA)

The virus binding to the synthesized MuVib inhibitor hPGyg00-SA-SO4 is studied by
nanoparticle tracking analysis (NTA; NanoSight NS500, Malvern). The fluid channel and
chamber were washed thoroughly by MilliQ water prior to the experiment. Then, 1 mL X31
solution (I pg/mL in PBS) with different concentrations of inhibitor was loaded via a
peristaltic pump and a 30-second video (749 frames, 25 fps) of particles was captured at 25
°C with more than 10* particles being recorded. The video was analyzed with the default
script for particle sizes. The experiment was repeated for 3 times for each inhibitor

concentration tested (see Figure S3).

10
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3. Figures and tables

A

Figure S1. Cryo-electron microscopy of hPG600-SA-SO4 in PBS. The micrograph shows that
the polymers are of spherical or partly slightly elongated shape. In order to verify that these
projection images do not contain large aggregates, but mostly individual polymers,
stereograms were created to obtain additional information in the z-direction. The stereograms

were evaluated with the help of stereo shutter glasses and showed absence of large aggregates.
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Figure S3. Size distributions of the IAV strain X31 (blue) and of mixtures of this AV with
either 0.05 pM (red trace), 1 pM (purple trace), or 1000 pM (green trace) of the MuVib
inhibitor hPG2600-SA-SO4. These size distributions were determined using nanoparticle
tracking analysis (NTA) and normalized by the peak frequency. The size distribution of the
IAV strain X31 exhibits a mean value of 99.2 + 2.7 nm (average value + standard deviation
from 3 measurements), which shifts to 95.6 = 2.4 nm, 105.4 + 2.7 nm, and 173.6 = 6.3 nm
after addition of 0.05 pM (red trace), 1 pM (purple trace), and 1000 pM (green trace) of the
MuVib inhibitor hPGy600-SA-SO4, respectively. Application of a student’s t-test indicates that
the changes to the size distribution between 0 pM and 0.05 pM are statistically not significant
(p < 0.16), while the increase in mean diameter caused by addition of 1 pM and 1000 pM is
statistically significant (p < 0.05 and p < 0.0001, respectively), thereby proving binding of the
MuVib inhibitor to the IAVs. This interaction causes only a relatively small increase of the
average size after adding 1 pM of the MuVib inhibitor, which indicates that the [AVs are only
partially covered with inhibitors in this case. For 1000 pM, however, the size distribution
shifts by ~ 70 nm, which matches very well with twice the size of the MuVib inhibitor (~ 60
nm) and thus indicates full coverage on the IAVs. Both observations can be understood based
on the notation that neuraminidase has been shown to form clusters in the IAV envelope,

while hemagglutinin is rather homogenously distributed in the envelope.™
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Figure S4. GPC measurement of hPGs90 shows a monomodal distribution
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Figure S6. "H NMR (500 MHz, D,0) of hPG2600-N3-SO4
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Figure S11. '"H NMR (700 MHz, D,0) hPG 4-SA-SO4
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Figure S13. '"H NMR (500 MHz, D,0) of hPGa00-SO4

RH2110055SA_ghprA7.1.fid

0055SA D20 30§K 1Hpr 900

4.79
—4.05
3.77
3.73
—2.99
—2.84
—2.05
—1.79
0.08

/s,

850

800

750

700

650

r 600

550

500

450

400

350

300

250

200

150

100

50

0

o
g

r-50
.0 1.5 1.0 0.5 0.0 -0.5

<}
W
n
w
<}
N
wu

Figure S14. 'H NMR (500 MHz, D,0) of hPGj600-SA, 6: 7.99 (bs, 1H, triazolyl proton), 4.51-
3.28 [m, 9H (SA), dPG backbone], 2.84 (bs, 1H, SA H-3e), 2.05 (s, 3H, NHACc), 1.79 (bs, 1H,
SA H-3a).

19

120



WILEY-VCH

Table S1. Overview of hPGs used as scaffold for virus binding inhibitor

M My P°? DB’ ¢-pot. ¢
sample [kDa] [kDa] [-] [%] [nm] [mV]
hPG;y 6.9 10.9 1.66 60 6.2+5.7 -3.9+0.7
hPGipp 100.6 126 1.26 53 8.5+4.1 -52+2.0

hPGspp 509 549 1.08 57 13.0+4.0 39+1.2
hPGayeoo 2554 3608 141 57 289+149 95+£05

T M,, My, and dispersity (D) were determined by GPC using a MALLS detector; ” Degree
of branching (DB) was determined from inverse gated >°C NMR integrals;"”! © hydrodynamic
diameter (volume distribution, error half width, n=3) was investigated by DLS measurements
1 mgmL™ sample concentration in PBS buffer; ¢ Zeta-potential measurements 1 mg mL™ in
10 mM phosphate buffer solution (error standard deviation, n=5)

Table S2. Overview functionalization of hPG based binding inhibitor

azidation sulfation click sialic acid

N3 yield SO4 N3 yield yield

[mol%] [%] [mol%] [mol%)] [%] [%]

hPG;9-SA-SOy4 7.2 98.6 7.2 7.0 61.5 95.6

hPG99-SA-SOy4 5.0 91.0 5.0 5.5 81.9 77.3

hPGs00-SA-SO4 6.1 86.8 3.9 5.7 78.8 97.8

hPG2600-SA-SOy4 5.0 5.6 97.7 99.0

hPG2400-SA 7 684 - . . 99.5
hPG3600-SO4 - - 4.3 - 81.4 -

percentage of functionalization are based on elemental analysis (see Table S3)
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Table S3. Overview elemental analysis data after each functionalization

azidation
C H O N S
[70] [7o] [70] [7o] [7o]
hPG19-N3 46.57+0.27  8.02+0.06 n.a. 3.99+0.04 0.005+0.002
hPG09-N3 47.85+0.04 7.99+0.01 n.a. 2.83+£0.03 0.000+0
hPGs5¢9-N3 47.40+0.05  7.56+0.06 n.a. 3.36 £ 0.003 0.000+0
hPG2600-N3 46.79£0.17  9.94+0.03 n.a. 3.19+£0.02 0.007 £0.001
sulfation
C H O N S
[70] [70] [70] [7o] [7o]
hPG9-N3-SOy4 4533+0.15  7.79+0.03 n.a. 3.82+0.01 2.76 £0.05
hPG199-N3-SOy4 44.60 £0.04  7.61 £0.08 n.a. 2.864 £0.05 2.004 +£0.001
hPGs509-N3-SO4 4590+ 0.04  7.58+0.11 n.a. 2.989+0.01 1.549+0.04
hPG2600-N3-SO4 4483 +0.04  8.38+0.03 n.a. 2.862+0.01 1.977+0.01
hPG2600-SO4 46.71 £0.13  7.51+0.02 n.a. 0.001+0 1.720 £ 0.02
click sialic acid
C H O N S
[70] [70] [70] [7o] [7o]
hPG9-SA-SO4 4260043  8.46+0.25 n.a. 3.85+0.01 3.60 +0.09
hPG19-SA-SO4 4330+£0.14  7.00+0.02 n.a. 3.07£0.01  2.72+0.001
hPG5(-SA-SOy4 4525+0.01  7.96+0.01 n.a. 3.15+0.03 2.64 +£0.01
hPG2600-SA-SO4 4468 +0.12  6.97+0.02 n.a. 3.00+£0.004 3.06+0.01
hPG3600-SA 45,66 £0.06  6.99+0.01 n.a. 3.11+£0.02  2.00+0.003

Given error 1s the standard deviation (n > 2)
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4 Summary and conclusion

This work focused on the development of mucin-inspired virus binding inhibitors and
their influence on the multivalent binding process of influenza A viruses (IAVs). New
approaches of influenza virus inhibition are required, due to continuous mutations of
influenza viruses by antigenic drift and shift, which lead to a decreased efficiency or
resistance of currently used monovalent antiviral drugs. To this end, hyperbranched
polyglycerols (hPG) were functionalized with typical terminal functional groups
occurring in mucins: sialic acid and sulfate moieties. As recent theoretical investigations
indicated a strong impact of inhibitor size on inhibitor efficiency,!'%’! the polymeric
scaffold was systematically varied in size bridging 2 to 3 order of magnitudes in
molecular weight (10 kDa to 2600 kDa). The inhibition efficiency was tested with HAI
assay and cell binding experiments. Neither these methods nor other established methods
like glycan micro array, BLI and AFM are able to detect the induced change of the
multivalent virus-receptor binding interaction by the addition of inhibitor. Hence, the
establishment of a new approach was necessary to monitor inhibitor-induced changes of
multivalent virus-receptor interaction.

This goal was accomplished in the first project, in which a TIRF-based assay for
investigation of multivalent IAV binding events was developed. Here, the binding of
single IAVs to sialic acid containing GD1a receptors within a fluid phase-supported lipid
bilayer (SLB, serving as artificial membrane) out of phosphatidylcholine (POPC) lipids
was investigated. As expected, an increasing content of GD1a receptors within the SLB
led to higher number of binding viruses (= higher attachment rate) and at a certain GD1a
concentration the attachment rate saturated. The analysis of the virus mobility (2D
diffusion) of bound IAVs was used to deconvolute the residence time distribution from
valency effects. It was hypothesized that bound IAVs with high average binding valency
show slow and IAVs with low average binding valency fast diffusion coefficients. By
sorting the IAVs binding events in similar diffusion coefficient ranges (= same average
binding valency) the detachment rate distributions for each average binding valency were
derived. The detachment rate distribution showed the expected decrease in detachment
rate with increasing valency but also exposed an unexpected peak with elevated
detachment rates at a certain average valency. The detachment rate peak decreased in a
dose-dependent manner with the addition of zanamivir, a monovalent neuraminidase

(NA) inhibitor. This indicated that the interplay of hemagglutinin (HA) and NA was
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responsible for the peak and due to the NA inhibitor, the balance was shifted to HA
interactions. Additionally, the attachment rate increased in the presence of NA inhibitor.
This powerful method was used to characterize the influence of mucin-inspired-binding
inhibitors to IAV-binding processes in project 3.

In the second project, an automated solvent-free method was established to
synthesize hyperbranched polymers, which served as a multivalent scaffold for the
synthesis of mucin-inspired virus inhibitors. The polymerization was performed with
slow monomer addition and controlled by online-monitoring of the torque value of the
anchor stirrer. This investigation showed that the torque value can be used as indirect
indicator for the molecular weight of the hPG in the reactor. Since the molecular weight
of the polymer increases with the amount of monomer, the viscosity increases as well as
the mass in the reactor. Due to these two factors, an increasing force to stir (torque) is
necessary to keep the stir frequency constant. The relation between measured torque and
the corresponding molecular weight was determined empirically in terms of a calibration
curve. Knowing this relation, an automated, reproducible method was established to
synthesize hPGs with defined molecular weights.

The third project focused on the synthesis and characterization of mucin-inspired
virus binding inhibitors with different sizes (ranging between 10 to 2600 kDa). Small
hPG (10 kDa) was provided by the solvent-free polymerization method out of project 2.
Higher molecular weights of hPG were synthesized using a recently developed two-step
synthesis approach. Each hPG was functionalized with sialic acid (5 mol%) and sulfate
(5 mol%) in a multivalent fashion. The highest molecular weight meets the size of natural
mucins (MDa range) and resulted after the functionalization in a mucin-inspired virus-
binding inhibitor. The investigated binding inhibition in the HAI assay and ICso value of
the TIRF assay-derived attachment rate showed enhanced inhibition with increasing
inhibitor size. The most effective was the mucin-inspired virus binding inhibitor based on
the 2600 kDa hPG scaffold. Interestingly, the TIRF measurements revealed a biphasic
binding behavior. An unexpected attachment rate increase at low inhibitor concentrations
and an expected decrease at high inhibitor concentrations were observed. This
phenomenon was verified by binding of IAVs to MDCK-II cells. The biphasic binding
behavior indicated that the inhibitor binds preferably to NA of the IAV at low inhibitor
concentrations, resulting in increased virus attachment to the receptors in the SLB (higher
attachment-rate). At higher inhibitor concentrations, the inhibitor also binds to HA and

causes a decrease in attachment of IAV (lower attachment rate). The effect can be
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explained with higher affinities of NA to sialic acids compared the affinity of HA to sialic

acids and supports the idea that NA also contributes to the attachment process.
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5 Outlook

This work demonstrated the high inhibition efficiency of MDa-sized, mucin-inspired
virus-binding inhibitors. Although only being demonstrated using IAVs, the
functionalization of the mucin-inspired inhibitors exhibits two chemical groups often
involved in virus binding, sialic acid and sulfate. This suggests broad-band activity for a
variety of different viruses, including vesicular stomatitis virus (VSV), herpes simplex
virus (HSV), and respiratory syncytial virus (RSV), which should be assessed in future
experiments. Preliminary measurements probing VSV already showed efficient inhibition
by the mucin-inspired virus binding inhibitor. Currently, the synthesized mucin-inspired
binding inhibitors mimic the size and the surface functionalization of mucins. In order to
get even closer to the architecture of mucins, their shape should be mimicked by the
inhibitor as well. Natural mucins appear as elongated chains due to the high glycosylation.
Hence, the inhibition efficiency of MDa-sized, linearly dendronized polymer
architectures is of high interest, in particular, as the impact of inhibitor shape on the
inhibition efficiency is yet unknown.

Further, the TIRF-based assay turned out to be a powerful tool because it allowed
new insights in the mode of action of inhibitors. Since, this assay is not limited to [VAs,
it could be established as generic tool for the characterization of virus-receptor

interactions and how the interaction is changed by the addition of inhibitors.
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6 Zusammenfassung

Diese Arbeit beschreibt die Entwicklung von Mucin-inspirierten
Virenbindungsinhibitoren und deren Einfluss auf den multivalenten Bindungsprozess von
Influenza A Viren (IAVs). Neue Herangehensweisen fiir die Inhibition von Influenza
Viren sind nétig, da die kontinuierliche Mutation von Influenza Viren durch Antigendrift
und -shift hdufig zu einer niedrigeren Effizienz oder sogar Resistenz von den zurzeit
benutzten monovalenten antiviralen Wirkstoffen fiihrt. Zu diesem Zweck wurden
hochverzweigte Polyglycerole mit typischen in Mucinen vorkommenden terminalen
funktionellen Gruppen, Sialinsduren und Sulfatgruppen, funktionalisiert. Da kiirzlich
theoretische Untersuchungen einen starken Einfluss der InhibitorengroBe aufgezeigt
haben, wurde das Polymergeriist systematisch in der GroBe so variiert, dass das
Molekulargewicht 2 bis 3 GroBenordnungen umfasst (10 kDa bis 2600 kDa). Die
Inhibitoreneffektivitit wurde mit dem Hémagglutination Inhibition (HAI) Test und
Zellbindungsexperimenten untersucht. Diese Methoden und auch andere etablierte
Methoden wie Glykan-Mikroarray, Bio-Schicht-Interferometrie ~ (BLI) oder
Rasterkraftmikroskopie ermoglichen nicht, die Veridnderung der multivalenten Virus-
Rezeptor-Wechselwirkung durch Zugabe der Inhibitoren zu messen.

Im ersten Projekt wurde ein  Assay basierend auf Interne
Totalreflexionsfluoreszenzmikroskopie (TIRF) fiir die Untersuchung von multivalenten
IAV Bindungsvorgingen entwickelt. Hierbei wurden Bindungsvorgéinge von einzelnen
Viren an GDla Rezeptoren mit Sialinsduren innerhalb einer festkorperunterstiitzten
Lipiddoppelschicht aus Phosphatidylcholin (POPC; in Fliissigphase) untersucht. Wie
erwartet fiihrte eine hohere GD1a Rezeptorkonzentration in der Lipiddoppelschicht zu
einer groBeren Anzahl an bindenden Viren (hohere Anbindungsrate) und ab einer
bestimmten GD1a Konzentration war die Anbindungsrate abgesittigt. Die Analyse der
Virusmobilitdt (2D Diffusion) von gebundenen Viren wurde verwendet, um die
Verteilung der Verweildauer von den Valenzeffekten zu bereinigen. Die Hypothese war,
dass gebundene Viren mit einer hoheren Bindungsvalenz langsamere und IAVs mit
niedrigeren Bindungsvalenzen schnellere Diffusionskoeffizienten aufweisen. Mit der
Sortierung der IAV Bindungsvorgéinge in dhnliche Diffusionskoeffizientenbereiche (=
gleiche mittlere Bindungsvalenz) konnte die Abldseratenverteilung fiir jede mittlere
Bindungsvalenz abgeleitet werden. Die AblOseratenverteilung zeigte eine erwartete

Verminderung der Abloserate mit steigender Valenz, aber deckte auch einen
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unerwarteten Peak mit erhohter Abloserate bei einer bestimmten Valenz auf. Der
Abloseratenpeak konnte mit der Zugabe von Zanamivir, einen monovalenten
Neuraminidase-Inhibitor, dosisabhingig verringert werden. Das zeigt an, dass das
Zusammenspiel von Himagglutinin (HA) und Neuraminidase (NA) verantwortlich fiir
den Peak ist und durch den NA-Inhibitor das Gleichgewicht zu HA Wechselwirkungen
verschoben wurde. Zusitzlich erhohte sich die Anbindungsrate in Anwesenheit von NA-
Inhibitoren. Diese leistungsfihige Methode wurde benutzt, um den Einfluss von Mucin-
inspirierten Bindungsinhibitoren auf den Bindungsvorgang von IAVs in Projekt 3 zu
charakterisieren.

Im zweiten Projekt wurde eine automatisierte 16semittelfreie Methode erarbeitet,
um hyperverzweigtes Polyglycerol zu synthetisieren, welches als Geriist fiir die Synthese
von Mucin-inspirierten Virenbindungsinhibitoren dient. Die Polymerisation wurde mit
einer langsamen Monomerzugabe durchgefiihrt und iiber Online-Uberwachung des
Drehmomentes des Ankerrithrers gesteuert. Das Drehmoment kann als indirekter
Indikator fiir das Molekulargewicht fiir das im Reaktor befindlichen hPG benutzt werden.
Da sich das Molekulargewicht mit steigender Zugabe von Monomer erhoht, nimmt die
Viskositit und die Masse in dem Reaktor zu. Wegen diesen zwei Faktoren ist eine erhohte
Riihrkraft (Drehmoment) nétig, um die Drehfrequenz des Riihrers konstant zu halten. Das
Verhiltnis der gemessenen  Drehmomentwerte und der dazugehorigen
Molekulargewichte wurden empirisch ermittelt. Mit dem Wissen des Verhiltnisses
konnte eine automatisierte, reproduzierbare Methode zur Synthese von hPG mit
definiertem Molekulargewicht erstellt werden, das Grundlage fiir das dritte Projekt ist.

Das dritte Projekt fokussierte sich auf die Synthese und Charakterisierung von
Mucin-inspirierten Virusbindungsinhibitoren mit unterschiedlichen Gréen (im Bereich
von 10 kDa bis 2600 kDa). Kleines hPG (10 kDa) wurde von der l&semittelfreien
Polymerisierungsmethode aus Projekt zwei bereitgestellt.['®”] Hohere Molekulargewichte
wurden mit einer kiirzlich von Kizhakkedathu et al. entwickelten Zweistufensynthese
hergestellt. Jedes hPG wurde mit Sialinséure (5 mol%) and Sulfatgruppen (5 mol%) in
multivalenter Weise funktionalisiert. Das hochste Molekulargewicht erreicht die Grofle
von natiirlichen Mucinen (MDa Bereich) und ergab nach der Funktionalisierung ein
Mucin-inspirierten Virenbindungsinhibitor. Die untersuchten Bindungsinhibitoren im
HAI Assay und die ermittelten 1Cso Werte des TIRF Assays zeigten eine gesteigerte
Inhibition mit zunehmender Inhibitorengrofe. Am effektivsten war der Mucin-inspirierte

Virenbindungsinhibitor basierend auf dem 2600 kDa hPG Geriist. Interessanterweise
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deckten die TIRF-Messungen ein biphasisches Bindungsverhalten auf, bei dem ein
unerwarteter Anstieg der Anbindungsrate bei geringen Inhibitorkonzentrationen und die
erwartete Abnahme bei hoheren Inhibitorkonzentrationen beobachtet wurde. Dieses
Phinomen wurde mit Bindungsexperimenten von IAV an MDCK-II Zellen verifiziert.
Das biphasische Verhalten legt nahe, dass der Inhibitor bevorzugt an NA der IAVs bei
geringen Inhibitorkonzentrationen bindet und resultiert in einer erhohten viralen
Anbindungsrate an den Rezeptoren in der Lipiddoppelschicht. Bei hdoheren
Konzentrationen bindet der Inhibitor auch an HA und verursacht eine Abnahme der
viralen Anbindungsrate. Der Effekt kann durch eine hohere Affinitit von NA zu
Sialinsdure verglichen mit HA zu Sialinsdure erklidrt werden. Diese Beobachtung
unterstiitzt die Hypothese, dass NA auch bei dem Bindungsprozess an die Zellmembrane

mitwirkt.
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atom transfer radical polymerization
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