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Abstract

Abstract

Many biologically relevant molecules are polyelectrolytes e.g., DNA or proteins, but also
synthetic polyelectrolytes are of great importance in our everyday life e.g., as superabsorbers
or adhesives. When two polyelectrolytes are mixed together, a polyelectrolyte complex is
formed, which can occur in the form of coacervates. Coacervation describes a liquid-liquid
phase separation, in which most of both polymers are deposited in one of the two phases —
the polymer-rich phase or coacervate. This process is based on the electrostatic interaction
between the charged groups of the polymers and is induced at a certain polymer and salt
concentration. Coacervate formation is again relevant both for natural and synthetic
polyelectrolytes. An example from nature is the velvet worm: coacervate formation of its
hunting slime enables its unique hunting skill by forming stiff fibers through mechanical shear
forces out of this slime. Another example is a cell, where phase separation of intrinsically
disordered proteins (IDPs) leads to the formation of membraneless organelles and can thus
protect internal cell processes from the cytoplasm without an additional solid cell membrane.
Despite the wide relevance, the formation of coacervates is not yet fully understood, as not
only polymer-related parameters such as chain length, charge sequence and -density are key
indicators. Many external influences such as salt concentration, temperature or the pH value
can have an impact on the phase separation process by affecting the net charge of the polymer
complex. To gain deeper insights, the tailor-made synthesis of polyelectrolytes with
controllably variable structures supports the research of coacervation formation. In the present
work, the aim was to synthesize sequence-controlled polyelectrolytes in order to investigate
the impact of placing the same charged groups at different positions within the overall
polyelectrolyte structure on the coacervate formation and to explore new possible applications

in the field of biomimetic systems.

The first part of the thesis focuses on the synthesis of such sequence-controlled
polyelectrolytes. Previous studies of coacervation behavior focused on the synthesis of
sequence-controlled polyelectrolytes using solid-phase synthesis, a well-known approach for
the sequential assembly of building blocks towards peptide structures. However, this type of
synthesis is limited in its number of repeating units. Solid-phase synthesis was used in this
work in combination with polymer analogous reactions to access brush-shaped
polyelectrolytes and polyampholytes. For this purpose, oligo-electrolytes and oligo-ampholytes
were sequentially synthesized using Fmoc-based solid-phase synthesis, which were
subsequently coupled onto active ester polymers using the “grafting to” method. The method
benefits from using the same polymer backbone for the conversion to the polyelectrolyte and
polyampholyte structures, which contributed to greater comparability in the further process.

The challenge during oligomer synthesis was to find a suitable protection group to keep the
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amino acids side chains inactive during the overall synthesis to prevent crosslinking during
polymer analogous reaction. Alloc and Allyl protection groups were used to protect lysine and
glutamic acid side chains, because of their good stability in both acidic and alkaline conditions
as well as their general applicability on oligo-electrolyte and oligo-ampholyte synthesis. Active
ester polymers were produced by polymerizing pentafluoro phenyl monomers via RAFT
polymerization. The obtained polyactive ester derivatives were used as a polymer backbone
for the subsequent substitution of the pentafluoro phenyl side chains with terminal primary
amine groups of the oligomers. Comparable linear structures were obtained by conjugating
active ester polymers with glycine and ethanolamine. The targeted functionalization degree of
the oligomers into the polymer was chosen to compare with the linear charged polyelectrolytes.
Final cleavage of the amino acid side chain Alloc and Allyl protection groups after polymer
conversion was challenging, as currently existing cleavage protocols were optimized on solid-
phase synthesis systems which required an adaption to a reaction in solution. A result of this
work is the successful synthesis of sequence-controlled polyelectrolytes and polyampholytes
as well as their characterization by 'H-, "°F-NMR and GPC.

In the second part of this work, the synthesized polyelectrolytes and polyampholytes were
investigated for their coacervation behavior. For the linear charged polyelectrolytes, a phase
diagram was obtained in dependance of the salt- and polymer-concentration in order to define
the liquid-liquid phase separation range. The influence of polymer chain length confirmed
coacervation behavior of longer polyelectrolytes, which lead to a higher salt resistance and
thus to an enhanced phase separation area. However, this increase could only be observed
up to a certain polymer concentration, beyond this concentration salt resistance of longer
polymer backbone dropped drastically and the polyelectrolytes were present in a precipitated
form and no longer in a liquid phase. When comparing linear polyelectrolytes with the brush-
shaped polyelectrolytes, the salt resistance of the coacervate phase decreases significantly.
Also, solubilities of the polymers were strongly impaired by this polymer structure and were

therefore only analyzed at lower polymer concentrations.

The investigation of linear, ampholytic polymers, on the other hand, did not lead to any phase
separation, which could be due to an insufficient accumulation of charges. Coacervation was
found to be favored by high charge densities of equally charged groups, which could not be
guaranteed with this purely randomly constructed polyampholytes. When synthesizing
polyampholytes from sequence-defined oligo-ampholytes, a system with an increased charge
density was obtained to exhibit liquid-liquid phase separation at low salt concentrations. The
first coacervate droplets were already observed from polymer with oligo-ampholytes with two
consecutive, identical charges, even though these systems exhibited significantly lower salt

resistance compared to the linear polyelectrolytes. Nevertheless, a successful initial
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investigation of the coacervation behavior was carried out and the

first comparisons of brush-

shaped polyelectrolytes and polyampholytes were made regarding their polymer length,

charge distribution and charge density.
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Figure 1: Schematic overview of different parts in this thesis

In the final part of this work, glycan presenting polyelectrolytes were synthesized and

investigated for their phase behavior as well as their biomolecular interactions with lectins and

bacteria. For this purpose, mannose and galactose functionalized oligomers were prepared by
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solid-phase synthesis and converted to polyelectrolytes via polymer analogous reaction, using
the same method as described before. First coacervation tests in solution showed that
coacervate droplets can also be formed with these glycan presenting polyelectrolytes, which,
however, show significantly slower phase separation. This may be due to a lower charge
density caused by the carbohydrate units present. Furthermore, these coacervate droplets
were analyzed in biological assays for their specific interactions with lectins and bacteria. It
was found that the coacervates bearing mannose units were able to capture significantly more
of the lectin Concanavalin A, a mannose-specific binding protein, than galactose-containing or
non-glycan presenting coacervate droplets. Furthermore, in first studies with E. coli bacteria it
was observed that both, the mannose-bearing and the unfunctionalized coacervates showed
interaction with the bacteria. This suggests that also non-glycan interactions, most likely from
the charges of the polyelectrolytes, have an influence on the capture of the bacteria within the
coacervate phase. Indeed, E. coli presents a surface charge as well which was investigated
by Zeta potential measurements. If, however, the mannose functionality is blocked by an
access of methyl a-D-mannopyranosid or coacervates containing galactose are used, an
almost shielding effect can be observed, which not only leads to "non-capture" of the E. coli
bacteria but actually repelled them. To summarize this, the introduction of specific binding units
into liquid condensates opens up new possibilities for the investigation of lectin-carbohydrate

interactions and the design of new functional materials.

Overall, this work provides an extended synthesis route that allows access to sequence-
controlled polyelectrolytes and polyampholytes. In addition, initial investigations not only
allowed further conclusions to be drawn about the phase behavior of coacervates, but also

revealed potential for application in the field of biomimetics.
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Introduction

1. Introduction

1.1. Polyelectrolytes
Polyelectrolytes (PEs) are polymeric structures featuring dissociating groups in the side chain
that are either positively or negatively charged under suitable pH and solvent conditions.
Polymers that contain both negative and positive charges are called polyampholytes. If the
groups are not dissociated, PEs behave like ordinary macromolecules." 2 However, if the state
of a single group changes from an uncharged to a charged state, the behavior of the polymer
and its properties such as dissolution behavior, ionic strength etc. will change. These changes
are closely linked to the number of charged groups in the macromolecules, so that PEs
represent two essential categories that can be investigated in combination: 1) polymeric
structures with a 2) high number of charges. Polyelectrolytes can be categorized into different
types based on their origin, charge, shape, composition, charge density or the position of it as

described in Figure 2.

Shape
Rigid
Origin Spherica Charge
Natural Electrolytes
Syn‘:ls{etic | Amp:-zlytes
Types of
polyelectrolytes
/ | \ Composition

Charge density Homo\.{::lymer

i Position of charge Copolymer

We;k Linear

vs.
Branched/crosslinked

Figure 2: Types of polyelectrolytes based on their origin, shape, charge, composition, charge density and position
of the charge (graphic based on’).

The diversity among polyelectrolyte types leads to complex interactions that are often
challenging to understand. In general, interactions of polyelectrolytes are driven by the two
major points, solubility and electrostatic interactions. They can be influenced, for instance, by
the salt concentration or the pH value. Hence, the solubility of PEs can be categorized in

different stages:® *
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Stage 1 Dissolved polyelectrolytes in water can built up more complex structures.

Stage 2 Dissociated groups are surrounded by counterions. Di- or higher valent
counterions can lead to “bridging” effect between two charged polymer chains,

while the polyelectrolytes stay in solution.

Stage 3 With increasing charge density due to high volumes of polymer, PEs can go
from a diluted, liquid stage into a precipitate form, which is also driven by the

concentration of salt within the solution.

Stage 4 At a certain salt concentration, the PEs revert from a solid state to a solution, as

the polymer ions are shielded by the salt ions.

With this, applications for PEs can derive from fields like pharmaceutical industry and medicine,
over to the cosmetic and food industry. In pharmaceutical field PEs can be used as swellable
controlled polymers, coating materials or surfactant, but also as injectable drug delivery
systems. The range of applications expands even further when considering not only individual

polyelectrolytes, but a mixture of differently charged PEs.5>®°

1.1.1. Polyelectrolyte complexes and coacervate formation
Polyelectrolytes tend to interact with oppositely charged polyelectrolytes, and therefore form
Polyelectrolyte complexes (PECs) in aqueous solutions. Interaction between these two
charged polymers is mainly driven by the electrostatic interaction of the opposite charges and
an entropy gain, which arises from the release of counterions.'® As early as 1896, Kossel was
the first to provide an explanation for the phase separation of natural proteins and
carbohydrates, which he attributed to the opposite charges and the resulting electrostatic
interactions.! Further observations were made in 1911 by Tiebackx, who noted the phase
behavior of different acids in solution with gelatin and gum arabic and in 1961 when Michaels
investigated PECs with the synthesis and analysis of poly(4-vinylbenzyltrimethylammonium)

in combination with poly(styrene sulfonate).'? 13

The formation of PECs is divided into three major steps. In the first step, a so-called primary
complex is formed and results in a spontaneous arrangement and interaction of the oppositely
charged polyelectrolytes, without the formation of an ordered structure. In the second step, an
intramolecular rearrangement occurs, in which an ordered secondary complex is formed.
During this process, new connections and conformations of the polymer chains are formed. In
the last step, the secondary complex aggregates, which is highly influenced by hydrophobic
interactions and leads to insolubility in standard solvents.'* '® Therefore, as an supramolecular
order between the polymer chains, two models for PECs are considered here: the chain-

ordered ladder-like model and the disordered scrambled-egg model." '3 16
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Figure 3: Schematic representation of complex aggregate formation of polyelectrolyte complexes. Representation
shows three major steps in PECs aggregation process: First random primary complex, ordered secondary complex
after intramolecular construction and inter-complex aggregation leading to complex aggregates.

Once created, a variety of conditions can readily affect the state of the polyelectrolytes for
instance the concentration of polymers, the pH level, or the ionic strength of the PEs.
Therefore, polyelectrolyte complexes can be classified broadly into three types based on their

phase behavior in aqueous solution:": 1

1. Woater soluble PECs, the macroscopically homogenous systems based on smaller PEC
aggregates.

2. Turbid colloidal stable PECs, which represent a transition stage preceding phase
separation.

3. Complex Coacervates, a liquid-liquid phase separation PEC system."”
Complex Coacervation

Complex coacervation was first described in 1930 by Bungenberg de Jong and Kruyt, when
they observed a liquid-liquid phase separation of a gelatin and gum arabic mixture. They began
to use the term of “coacervation” to describe the intermediate state of segregation, the origin
being based on the latin word "acervus", which can be translated as "heap", while the prefix
"co-" refers to the prior assembly.' The liquid-liquid phase system is formed by a separation
into a polymer-rich (coacervate phase) and a dilute phase (supernatant).® However,
coacervate formation is not limited to the presence of two oppositely charged polyelectrolytes.
Polyampholytes can also lead to the formation of coacervates, whereby the term self-

coacervation is used here.?® 2" This phenomenon is mainly driven by electrostatic interaction
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between differently charged species and the interaction results in a release of the associated

counter ions, which in turn is associated with an entropy gain.??

Usually, the initial indications of coacervate formation are visible to the unaided eye. Turbidity
begins to appear in the solutions due to the formation of small coacervate droplets.? 24
However, these droplets are usually not stable and can coalesce very easily over time to form
larger droplets. At a certain point, enough droplets have accumulated to form a separate phase
that settles to the bottom, like a water-oil separation, which can be accelerated by external
forces such as centrifugation. Nevertheless, stable coacervate droplets that either do not
coalesce or require a significantly longer period to do so can also be formed, based on the
molecular structure of the polyelectrolytes. For example, polyelectrolytes containing large
uncharged blocks in the chain can form micelle-like coacervates that are less prone to
coalescence. They work especially well as a stable encapsulation technique for encapsulating

and delivering proteins or antigens.®

Bulk Coacervates Coacervates-core micelles Coacervates-corona micelles

v K\ ,f
AN AN 7
\\ \\ J/

A Y \ 4

Homopolymers Diblock Copolymers

N\ v NNN
NN\ AN

Figure 4: Schemes of different architectural coacervates based on their polyelectrolyte structure 26

The coacervation phase is sensitive to a variety of external parameters, similar to other forms
of PECs. These conditions include temperature, ionic strength, pH value, polymer
concentration, and many more.?” 2 Regarding the salt concentration, there is less interaction
between the charged polymer chains as the amount of salt in the solution increases, because
the charged groups of the polymer are more thoroughly covered with the counterions of the
salt. The interaction between the polymer chains becomes so insignificant above a specific
concentration of salt that they shift from a liquid-liquid phase separation to a dissolved system.

This effect appears when exceeding the critical salt concentration (CSC).2%2°
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Figure 5: Coacervation phase behavior. a) Schematic phase diagram of coacervation process as a function of salt
and polymer concentration. At a certain salt concentration two phase system transfers to a one phase solution
(critical salt concentration, CSC). b) Coacervation droplets coalescence over time and settle down two a visible two-
phase separation.

The length of the polymer chains, the polymer concentration in the solution, and the valence
of the ions can all affect when the point of CSC is reached.*® The range of the stable two-phase
system also shifts when the polymer concentration is increased concurrently. However, if the
polymer concentration is too high, the system will precipitate because of the excessive

interaction between the polymer chains.

Prior research performed by the group of Perry has demonstrated the influence of charge
density and distribution for the coacervation phase. Here, it was shown that the charge
sequence of polyampholytes is crucial for coacervate formation and that a high charge density
significantly favors stronger coacervate formation. Intrinsically disordered proteins (IDPs)
serve as the basis for these investigations and refer to proteins lacking a defined 3D-structure.
Because they typically possess both positive and negative charges, the majority of them are
also categorized as polyampholytes and are essential to the formation of membraneless
organelles It has been demonstrated that the effects of the polyampholyte studies and the
chain extension of homopolymeric polyelectrolytes on coacervation formation are comparable.
The coacervation phase can be increased by lengthening the charge sequence (or, in the case

of homopolymers, the chain length). 31-3

Apart from investigating the behavior of coacervates in response to external factors, they are
currently being investigated for their use in industries like food, cosmetics, and
pharmaceuticals.3* 3% A study on the use of coacervates to enhance the thermostability of
attenuated live virus vaccines was published in 2020.3¢ Vaccines must be kept well cooled for
a longer period of time in order to maintain their effectiveness. Should this cold chain be
broken, the vaccine's efficacy might be affected. Porcine parvovirus (PPV) was encapsulated

within the coacervate phase through the use of poly(D,L-glutamic acid) and poly(L-lysine) as
5
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polyelectrolytes. This enabled the viruses to maintain their stability for several weeks at
relatively high temperatures, whereas viruses not embedded in coacervate can only maintain

their stability for a few days at comparable temperatures.3®

The aforementioned examples demonstrate how the coacervate process is a highly beneficial
mechanism that is specifically influenced by several kinds of conditions. However, in nature
there are multiple examples of coacervates and their significant roles and functions. Current
studies and investigations are still in the early stages of examining these processes and

exploiting them to establish specific applications.37-4°

1.1.2. Coacervates in biology
An essential class of naturally occurring polyampholytes are proteins. Organized structures
such as beta sheets and alpha helices can be formed through the precise arrangement of
different amino acids, hydrogen bonds or the interaction of charged or hydrophobic units.
These formations are particularly important for assuming biological functions in the body, such
as receptor domains for cell-cell communication. With protein structures that are intrinsically
disordered, this is not the case. In this instance, the protein maintains a partially linear or
partially random coil arrangement and either no or only a partial superordinate structure form.
Their organization is not entirely disorganized, though. Because they typically contain a higher
percentage of charged groups and fewer hydrophobic side chains, IDPs are particularly soluble
in water. Hence, the abundance of charged groups ensures the protein's strong electrostatic
interactions and may lead to the formation of coacervate structures. They can be found as
membraneless organelles in the cytoplasm of cells. Since they don't have a cell membrane
that protects them from the cytoplasm, these membraneless organelles rely on the

compartmentalization of IDPs to maintain their functionality. 414>

The velvet worm's secretion of "super glue" is another outstanding example from nature
utilizing coacervation.*® The worm is an example of the group of soft-skinned invertebrates that
produces a mucus that it uses as for prey hunting or for defence. The worm sprays this fluid
through the mucus papillae next to the jaw region, which turns from a mucus into a solid fiber,
due to the shear forces that have been exerted. As a result, the fiber renders the competitor
or victim immobile. Upon closer inspection, the mucus is found to be composed of tiny droplets
rich in proteins identified as coacervate droplets. Unlike IDP, these originate from the
oppositely charged regions of the proteins and can assemble into nanoparticles because they
typically form an ordered beta sheet structure. The mechanism of spraying out ensures that
these particles aggregate with each other and transition from a liquid-liquid phase separation
to the formation of solid fibers. This process is reversible. As soon as the fiber is exposed to

water, it dissolves and, at the appropriate concentration, reverts to a coacervate phase.46-4¢



Introduction

Fiber formation

Phase separation of proteins

Shearforces and drying

Coacervate droplets

Figure 6: Mechanism of fiber formation of the stumpy-footed worm through shear forces and drying. The fibers are
formed from tiny coacervate droplets that coalesce through the shearing and thus trigger fiber formation. The
coacervate droplets are formed by the electrostatic interaction of proteins (purple: disordered protein structure,
green: beta sheet structure), (Adapted from 49).

While nature uses the formation of coacervates in a targeted manner,®: %051 research has also
been able to show the benefits of coacervates, such as their use in the encapsulation of
proteins or vaccines.? 3¢ 25 The disadvantage here is that no selectivity toward the capsules
molecules can be achieved. Since the principle is based purely on the interaction of charged
structures, no selection can be made, for example, regarding which proteins are encapsulated,
as long as they all contain sufficiently charged subunits. Nature does, however, also provide

alternative methods for targeting specific proteins.

1.2. Carbohydrates in nature

Carbohydrates are one of the key players in many biological processes in our body. They
represent the third major group of biomacromolecules besides proteins and nucleic acids. The
smallest subunits of carbohydrates are called monosaccharides, such as glucose, fructose, or
galactose. Based on monosaccharide units, disaccharide structures like lactose or sucrose as
well as larger, more complex polysaccharide structures can be formed including cellulose,
starch and chitin. By forming glycosidic bonding between monosaccharides units larger di- and
poly saccharides structures can be formed to build up a wide range of different carbohydrates.
In general, carbohydrates, along with proteins and lipids, are rather known from the field of
nutrition and some carbohydrates provide energy supply to biological systems. However, in
recent decades, the carbohydrates have become central to the research of biological

7
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processes.% %6 Starting from the interaction and communication between different cells, to the
fact that they function as a receptor for bacteria causing infections.%”: 58 These processes are
caused by the interaction of the so-called glycocalyx, a complex layer of carbohydrate
structures covering every eukaryotic cell, and some carbohydrate binding proteins, the
lectins.>® %% These lectins are also present on the outside of a cell and lead to the ability for the
cells to specifically interact with each other. The glycocalyx can have a thickness of around
100 nm, whereby the carbohydrates are anchored in the cell membrane as glycoconjugates
such as glycoproteins and glycolipids.®
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Figure 7: Schematic representation of the complex carbohydrate layer (glycocalyx) which is partly bound by lipid
proteins in the lipid double layer. The glycocalyx forms the connection site for receptors of bacteria, viruses, or
antibodies, for example.5?

1.21 Carbohydrates as recognition motifs in biology
Lectins are a class of biomacromolecules that can specifically recognize and bind
carbohydrate structures. They can be derived from plant, animal or bacterial sources.?? The
term “lectin” was first introduced by Boyd et al. in 1954 and comes from the Latin word “lego”,
which translates as “to choose” or “to pick out”.?® The carbohydrates are then recognized via
the so-called carbohydrate recognition domain (CRD), which binds the corresponding mono-
or disaccharide structure. They are classified in different lectin types as C-Type, I-Type, or L-
Type lectins, which, among other things, describes the localization or their function.545” One
of the most investigated lectins is the C-type Concanavalin A (ConA). In 1919, ConA was the
first lectin to be isolated from jack beans by Sumner and was also the first lectin example with
a fully revealed amino acid sequence and quaternary structure.®® % This good understanding
of ConA structure is a reason for being the most investigated lectin by far and was often used
to study carbohydrate lectin interactions.”®”? It belongs to the class of C-Type lectins and
therefore requires Ca?*-ions to bind carbohydrate structures. ConA is able to recognize specific

a-D-mannopyranoside (Man) and a-D-glucopyranoside (Glc) carbohydrate motifs and is

8
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usually composed of a total of four subunits, each of which has a CRD. This tetrameric
structure is present at neutral pH value, whereas at lower, acidic pH values the substructure
changes to a dimeric form which has an impact on carbohydrate binding behavior.”*"” The
orientation and position of the carbohydrate hydroxy groups lead to the formation of the
hydrogen bonds within the CRD, providing the foundation for identifying the carbohydrate
structures. This results in the fact that in the CRD of ConA, mannose can form hydrogen bonds
via the position of the proteins amino acids, while galactose is unable to show binding to ConA
via the axial position of the hydroxyl group at C4. This fact makes galactose a sufficient

negative control for non-binding units in ConA protein assays.

Also, bacteria utilize lectin-carbohydrate binding interactions to infect cells. E. coli is a bacteria
strain that can cause urinary tract infections which is usually treated medically by taking
antibiotics. The so-called fimbriae or pili have lectins on their surface that allow them to attach
and penetrate a cell. The fimbriae interacts with the glycocalyx of a host cell and E. coli
contains the adhesin FimH on the tip of the fimbriae. Mannose units are recognized and bound
by the adhesin FimH. By specifically blocking these receptors, the bacteria can be prevented

from attaching to the cells, which thus prevents the subsequent infection process.”8-8°

A more comprehensive investigation of the binding process between carbohydrates and lectins
is necessary to gain a deeper understanding of both cell communication and the bacterial
process of infection. Because there is no covalent bond between proteins and carbohydrates—
rather, a variety of secondary reversible interactions, including hydrogen bonds and van der
Waals forces — the interactions between single ligand-receptor motifs are very weak. These
interactions are reinforced by the multivalency principle.”® 8- This indicates that numerous
occurrences of the same event taking place on the surface of the cell or bacteria give these
single, weak interactions strength in higher numbers. Y. C. Lee noted this multivalency of
carbohydrate-lectin interactions in his research during the 1970s.°" 2 This effect can
strengthen weak, non-covalent bonding events due to entropic reasons. Higher numbers of
ligands on the same backbone result in a significant increase in overall avidity, since a single
pair of receptor and ligand only has low affinity constants.®® Note that various binding scenarios
that can occur to represent multivalency are explained in Figure 8, covering four different

mechanisms: statistical rebinding, steric shielding, clustering, and the chelate effect.**
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Figure 8: Schematic representation of multivalency binding effects: cluster effect, statistical rebinding, steric
shielding and chelate effect.%

The lectin-carbohydrate bond is a very weak bond and can therefore be easily dissociated, but
also easily rebound. This process, where one ligand is replaced by another, non-bound ligand,

is called statistical rebinding.%* %97

Clustering, or cluster effect describes the ability of a multivalent ligand to bind to multiple
receptors, resulting in increased binding affinity. Depending on the concentration of the
ligands, this effect functions as a bridging or crosslinking process and can also lead to the

formation of bigger agglomerates.%: 7

In the study of complex formation in inorganic chemistry, the term “chelate” is frequently used.
It explains how multiple ligands connected by a shared backbone bind to the same receptor,
creating a bridge-like ligand framework.%® The distance between the ligands and the backbone
properties such as flexibility and spatial orientation both have a significant impact on the
chelate effect. In general, an entropic effect from the first binding events favors the second as

well as the following binding events.%: %

Steric shielding occurs when the backbone, where ligands are present, prevents other
ligands from further binding to the same receptor, resulting in a stabilizing effect for the

receptor-ligand complex.9: 100 101

It is challenging to investigate specific binding effects because of all these multivalency effects
that occur during ligand receptor system interaction. It takes some sort of artificial system to
deconstruct the complexity of these structures in order to gain a deeper understanding of these

events occurring on a cell surface. Therefore, one method to look into these processes and
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occurrences is to design and synthesize glycomimetic structures prior to performing lectin

binding assays.

1.2.2 Carbohydrate conjugates and mimetics
Every eukaryotic cell has a complex layer of carbohydrates called the glycocalyx that is made
up of several glycoconjugates, such as glycolipids and -proteins, generally known as glycans.
It is difficult to follow individual interactions when multiple events occur simultaneously on the
surface where another cell meets the glycocalyx. Glycomimetic systems are therefore ideal for
"downsizing" these structures and focusing on individual interactions. Glycomimetics can
therefore be constructed as simplified glycan structures which do not reflect the complete
carbohydrate structure. Usually, the terminal monosaccharide motifs have the biggest
influence on sufficient lectin binding which is the reason for being able to use the simplified

carbohydrate motifs.

Natural carbohydrate structures
Vs.
Artificial carbohydrate structures

, Star \
Brush N 2 glycopolymers
| | -ll glycopolymers  @— -@

of & ko)
Linear gﬁg
glycopolymers Glycoparticles Glycodendrimers /

2

Figure 9: Schematic Representation of the Glycocalyx structure compared to artificial carbohydrate structures for
the use as glycomimetic.5’

-

The monosaccharides can be varied on different backbones. They can represent a monovalent
system by presenting only binding ligands on the surface or create a hetero-multivalent system
by combining binding and non-binding ligands. By using hetero-multivalent systems more than
one protein receptor can be targeted here.'%% However, not only the presence of binding or
non-binding ligands is decisive for the glycomimetic, but also the sequence and three-
dimensional ligand arrangement. Starting with linear, polymeric backbones, branched
dendrimers, micelles, nanoparticles, microgels, there are multiple possibilities to represent

carbohydrates on particles or surfaces to enhance the protein-carbohydrate interaction.®* In
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the group of Laura Hartmann various numbers of different glycomimetics have been

investigated, varying in their structure, valency, carbohydrate motif and the synthetic route.'%>
109

Application of glycoconjugates is not only important to investigate in the interaction but also to
act as potential treatment to prevent bacterial or viral infections by inhibiting lectin attachment
to the glycocalyx. An underestimated but equivalent variant of inhibitor is the use of
polyelectrolytes and their phase forming complexes. The combined use of polyelectrolytes with
conjugated carbohydrate ligands provides a new class of glycomimetics that could offer

unprecedented possibilities and advantages.

As demonstrated in the previous chapters, it is important to look on both polyelectrolyte
complexes and carbohydrate mimetics in order to gain a better understanding of the daily
mechanisms that operate within the human organism. The majority of groups use solid-phase
synthesis (SPS) to build up synthetically structures defined by a sequence. SPS is the simplest

and most reliable method for creating sequence-defined oligomers and polymers.

1.3. Sequence defined structures
Sequence control is a fundamental prerequisite for many processes in nature to perform their
functions, such as the linear assembly of a DNA sequence, a protein complex or carbohydrate
structure. The best-known example of a natural, sequence-controlled macromolecule is the
DNA. If only one nucleic acid is arranged differently, this can have enormous effects on the
organism by leading to different protein translation as shown in the example of punctual
mutation.”® Thus, the primary amino acid sequence and its precise definition possess an
important role. Nature has its own ways of achieving sequence control, but yielding defined
synthetic structures is usually more challenging. Solid-phase synthesis can be used to
synthesize approximate sequence-defined structures that can represent the naturally given

sequence control. ! 112

1.3.1. Solid-phase synthesis
Solid-phase synthesis is a synthetic methodology to achieve sequence control. Solid-phase
peptide synthesis was introduced by Robert B. Merrifield, who synthesized a tetrapeptide by
using a solid-phase based on chloromethylated polystyrene resin.''® Solid-phase synthesis is
based on iterative coupling and deprotection processes that are applied step by step to provide
sufficient control on monomer assembly.''* The solid-phase resin is the starting point from
which the peptide sequence is built up. The first amino acid is coupled to the reactive group of
the resin bead using suitable coupling reagents. The reactive group of the resin can be adapted
with appropriate functional linkers so that its cleavage conditions can be adjusted as required.

Itis important to ensure that the cleavage from the solid-phase is orthogonal to the deprotection

12
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of the terminal amino acid. During SPS, in order to couple further amino acids step by step to
the resin, the N-terminal amino acid attached must first be deprotected. Traditionally, the
Fluorenylmethoxycarbonyl (Fmoc) or tert-Butyl (tBu) protection group strategy can be used for
this purpose in SPS.""5 ¢ After successful deprotection, the next amino acid can be coupled
to the free amine group. This process is then repeated until the desired sequence has been
build up and cleavage from the resin releases the final product. Since amino acids carry various
side chains, that could also interfere with the coupling or deprotection reaction, orthogonal
protecting groups must be used here to avoid possible side reactions. Especially primary
amines of the amino acids must be adequately protected in order to be used for solid-phase
synthesis. A wide range of different protecting groups, ensuring the desired orthogonality, are

commercially available nowadays and do not have to be synthesized in the laboratory.'

Fmoc-protected
Amino Acid
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Figure 10: Mechanism of solid-phase peptide synthesis showing an iterative coupling and deprotection approach.

On the other hand, SPS is not limited to amino acids. The development and use of specially
designed building blocks allows for the synthesis also of other sequence-defined
macromolecules. The group of Laura Hartmann has developed a library of tailor-made building
blocks that can be used for SPS giving access to non-natural oligpamidoamines. The variation
here concerns the size, functionality and geometry of the macromolecules formed and also
allows for conjugation of biomolecules such as carbohydrates.* 7119 For example, azido-
functionalized carbohydrates can be attached to the alkyne side chains introduced from one
of the tailor-made building blocks by means of copper click reaction."”: 120 121 This has proven
to be particularly useful to generate glycomimetics, as it allows the targeted synthesis of

glycopolymer structures that can be varied in density, distribution, and functionality.

Alongside the advantages, solid-phase synthesis is also limited in some aspects. If the
oligomers reach a certain size, it becomes more difficult to couple further building blocks and

amino acids, as there is a much greater steric demand. This hinders the coupling efficiency,
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which can lead to incorrect sequences and thus monodispersity and sequence definition are
no longer maintained. Although this can be improved by a certain amount of repeated coupling
or deprotection steps, this takes significantly more time. By using peptide synthesizers, the
process can be mostly automated and made more efficient in terms of time, but still a limit is
reached for the macromolecule above a certain size, due to different effects e.g. steric

hindrance.?2-124
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Figure 11: A selection of amino acids and building blocks that can be used for Fmoc solid-phase synthesis. Fmoc
protecting group (pink), free carboxyl group (green) and if necessary, protecting groups for the side chain (blue) are
mandatory for an application in solid-phase synthesis.

An approach to achieve larger polymer structures uses oligomers that have already been
synthesized and can be further converted into brush-shaped polymers by means of the

polymer analogous reaction on a pre-existing polymer backbone.

1.3.2. Polymer analogous reactions
Most linear polymers are produced by simple chain or step growth polymerization of
monomers.'?® Besides the linear form of the polymer, polymer analogous reactions are a
suitable way to synthesize so-called brush-shaped polymers. Already formed oligo- or
polymers are used as an existing side chain or polymer backbone and further converted to
larger and more complex macromolecules. In polymer analogous reactions, a classification is

made between three different methods: grafting to, grafting from and grafting through.

In the grafting from method, an already formed polymer backbone serves as the basis of a
macroinitiator. By adding further monomers, polymer growth can take place starting from the
polymer backbone in order to form the brush side chains. The disadvantage of this technique

is that it is difficult to control the length of the side chains.'26: 127
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By using the grafting through method, on the other hand, an already existing polymer forms
the new side chain of the brush polymer instead of acting as a backbone. A suitable initiator
can polymerize a terminal acrylate group, which forms the actual backbone of the brush
polymer. The fact that the brush polymer's repeating units all carry the same side chain is
advantageous, but it also has the biggest drawback because sterically demanding side chains

severely restrict the number of repeating units that can be created.?3 '2°

Grafting through Grafting from Grafting to
Initiator @ + /YYY\{\ + /\/\/\/\/\
+
Monomer

N b

Brush Polymers

Figure 12: Concept of polymer analogous reactions. The grafting to, grafting through and grafting from methods are
shown.

And finally, in the grafting to method, both the polymer backbone and the side chain already
exist.'?8 127 The backbone contains reactive groups with which another polymer can react with
a terminal reactive group. With the help of the grafting to method, polymers can be produced
that have different side chains, but are all based on the same backbone and thus have the
same size and dispersity, which contributes to the comparability of different effects of the side
chains. The type of polymerization of the polymer backbone is particularly important. By
choosing controlled radical polymerization, such as reversible-addition-fragmentation chain-
transfer polymerization (RAFT), it is possible to specifically control the number of repeat units
with a low dispersity.'3%-'32 Furthermore, the incorporation of the side chain can be controlled
with the grafting to method, and a defined degree of functionalization can be aimed for,

whereby the incorporation is also limited here by the steric size of the side chain.

There are various ways to synthesize sequence-defined and sequence-controlled structures.
Each of these methods has certain advantages and disadvantages. However, if these methods

are combined, new possibilities can be obtained to generate sequence-controlled structures.

15



Aims and Outlines

2. Aims and Outlines

Nature creates some of the most complex structures in such a precise and defined way that
the synthetic development of these systems seems almost unattainable. This precision is
found, for example, on the surface of our cells in the form of complex carbohydrate layers or
also within our cells as intrinsically disordered proteins. One of the greatest challenges is to
understand the underlying mechanisms of such precise molecules interacting with each other
and how their structure governs these interactions. Synthetically produced sequence-
controlled polymers open new opportunities to be used as biomimetic structures and models
to gain new structure-property correlations. In this work, special focus is on the creation of
sequence-controlled polyelectrolytes in order to understand the phase behavior of
coacervates. In Nature intrinsically disordered proteins and their orders disorder leads to the
formation of coacervate phases, which is essential for the membraneless organelles. Based
on the challenge to better understand this behavior, this thesis aims for the synthesis and
investigation of sequence-controlled polyelectrolytes and polyampholytes. The influence of
charge density, charge distribution, size of the polymer chain and the additional introduction of

carbohydrates will be the focus for the investigation of the coacervate behavior.

The first part of this thesis focuses on the synthesis of sequence-controlled polyelectrolytes
and polyampholytes. The aim is to obtain structures of varying length, charge density and
charge sequence. A combination of classical solid-phase synthesis and polymer analogous
reaction is applied to generate oligomers with different charge sequences. During solid-phase
synthesis, lysine and glutamic acid are used as the positively and negatively charged amino
acids. To enable larger polymer structures from these oligomeric electrolytes and ampholytes,
polymer backbones are synthesized. RAFT polymerization is used here to ensure low
dispersity and specific repeat units. A pentafluoro phenyl acrylate is polymerized to form an
active ester polymer, which can then react in a subsequent process with free, primary amines
of the oligomers synthesized to achieve brush-shaped polyelectrolytes. The aim in this part is
to find an appropriate protecting group strategy, without unintended side reactions and to
determine whether this combination of methods is suitable for the preparation of sequence-

defined polyelectrolytes.

The second part deals with the investigation of the phase behavior of these sequence-
controlled polyelectrolytes and polyampholytes. The focus is on drawing initial conclusions
about the phase behavior and to investigate their salt resistance depending on the parameters,
such as polymer length or charge sequence. Phase diagrams are created as a function of salt
and polymer concentration, to determine the region where coacervation occurs. The whole

investigation is examined by using optical light microscopy. The aim is also to identify the
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relationship between the phase behavior of linear to brush-shaped polymers and to compare

the results with existing literature.

The third and last part deals with the investigation of glycan-presenting coacervates as a new
potential glycomimetic system. As in the first part of this work, polyelectrolytes are synthesized
using solid-phase synthesis and the grafting to method of polymer analogous reaction. Using
customized building blocks EDS and TDS, oligomers with sugar functionalities can be
synthesized. Here the oligomers are functionalized with either mannose or galactose units,
which serve as binding or non-binding units in the subsequent protein and bacteria assays. In
addition, polyelectrolytes without any sugar functionality are also prepared to work as a
second, but yet "non-specific’ negative control. Before being used in protein and bacterial
assays, the polyelectrolytes are first tested for their coacervation behavior to identify their salt
resistance. Concanavalin A is used in the protein assays, whereby the uptake capacity of
protein in the coacervates is analyzed regarding the specific binding units carried by them.
This is analyzed using optical microscopy and UV-Vis spectroscopy. Furthermore, in bacterial
assays, E. coli bacteria are used and analyzed with regard to their interaction with the

coacervates.

17



Results and Discussion

3. Results and Discussion

The objective of this work is the synthesis of sequence-controlled polyelectrolytes and
polyampholytes and the characterization of their phase behavior. The synthesis is
accomplished by a combination of solid-phase synthesis and polymer analogous reactions.
The amino acids glutamic acid and lysine were used as building blocks for the solid-phase
synthesis to implement negative and positive charges within the macromolecule side chains.
For the subsequent conversion of the sequence-defined oligomers to polymers, the polymer
analogous reaction with poly active esters was chosen, using the "grafting to" method. Active
ester polymers were prepared by RAFT polymerization, to achieve a low dispersity. After the
conjugation with oligomers to receive brush-shaped polyelectrolytes and polyampholytes,
phase diagrams were obtained in further investigation steps. Hence, liquid-liquid phase
separations were observed and allowed to draw conclusions on the coacervation effect of
charge sequence, density, and polymer length. Finally, comparable polyelectrolytes carrying
carbohydrate moieties were prepared, investigated, and compared with the phase separation
behavior or related polyelectrolytes and polyampholytes. Additionally, they were further

analyzed on their selective binding properties towards lectins and bacteria.

3.1. Synthesis of sequence-controlled polyelectrolytes and
polyampholytes

Variation in charge sequence, charge density and polymer length were reported in literature to
significantly impact on the coacervation process.2" 133140 The first part of this thesis deals with
the synthesis of sequence-controlled polyelectrolytes and polyampholytes, to investigate these
aspects systematically. To this end, a library of charged structures was developed to determine
how these factors were affecting the coacervation process. This library included parameters
such as the incremental increase of charge density, to allow to interpret their effect on the
phase separation process. An overview of the targeted structures for this type of library of
polyelectrolyte structures and their classification into the investigated parameters is shown in
Figure 13. Therefore, a suitable synthesis route was selected, which resulted in promising
outcomes for many coacervation investigations. Solid-phase synthesis provides a suitable way
to synthesize stepwise sequence-defined structures benefiting from the availability of many
different commercial building blocks and aminos acid.'* However, this synthesis is limited by
the size of the targeted product structures, because above certain chain lengths, the coupling
reaction of additional building blocks becomes less efficient and thus more challenging due to
steric reasons.'™ To circumvent this kind of failure sequences, a different macromolecule
architecture was used based on active ester polymers'™' which enabled larger, linear, and
charged structures. But also by the combined application of polymer analogous reactions and
solid-phase synthesis, non-linear brush polymers were synthesized, enabling the analysis of
18
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charge distribution in a non-linear polyelectrolyte. For this reason, sequence-defined precursor
for oligo-electrolytes and oligo-ampholytes were synthesized in the first step by using solid-
phase synthesis, whereas in the second step, they are converted into polymers by polymer

analogous reaction.
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Figure 13: Overview of polyelectrolyte and polyampholyte structures aimed in this thesis. The design was chosen
so that the structures can be compared with each other based on their polymer length, the charge sequence, the
charge distribution and the random charge arrangement.
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3.1.1. Synthesis of sequence-defined oligomers
During oligomer synthesis, it is necessary to ensure that a suitable protection group strategy
is applied and to avoid unintended side reactions. Since solid-phase synthesis was used to
assemble the oligomeric structures, a large selection of commercially available and
synthetically established building blocks or amino acids can be used here. Especially natural
amino acids with charged side chains e.g. lysine, arginine, histidine, asparagine or glutamic
acid, are commonly used to generate polyelectrolyte via solid-phase synthesis.'#? 43 A
tremendous advantage is the large selection of amino acids with various protection groups that
are commercially available.’* For the oligomers targeted here, the amino acids lysine and
glutamic acid were selected to represent the positively and negatively charged units. For the
solid-phase synthesis Fmoc protection strategy was selected.''* The functional groups of these
amino acids were orthogonally protected with “Allyl” and “Alloc” protection groups.'#> 146 As the
synthesized oligomers were subsequently coupled to poly pentafluoro phenyl active esters,
which react particularly well with primary amines, '’ appropriate protection of the amino acid
side chain becomes crucial. Therefore, protection group of the lysine primary amine does not
only need to be orthogonal to the operational protecting strategy during synthesis, but also
stable against the resin cleavage process. So, the choice of the solid-phase resin is important
for the overall synthetic strategy and every involved building block protecting group needed to
be stable under basic and acidic conditions. Two different resins were used here, each with an
acid labile linker. On the one hand, a Tentagel S-Ram resin (S-RAM) was used, which contains
an acid-labile rink amid linker. The other is a chlorotrityl resin, which was additionally
functionalized with an ethylene diamine linker (EDA) and is also cleaved acid-labile. The

resins, amino acids, the coupling process, and the resulting oligomers are shown in Figure 14.
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Figure 14: Synthesis route of sequence-defined oligo-electrolytes and oligo-ampholytes via SPS. The resins used
were S-Ram and an EDA-functionalized chlorotrityl resin and included the amino acids Fmoc-Lys(Alloc)-OH and
Fmoc-Glu(All)-OH. After cleavage from the resin, the oligomers prepared still bear the side chain protection groups.
The oligomeric sequence is abbreviated with the conventional amino acid abbreviations (here: K for lysine and E
for glutamic acid.

One of the more commonly used protecting groups, includes the Alloc group for primary

amines and the Allyl group for carboxylic acids. These protection groups are stable under

alkaline as well as acidic conditions and can only be removed under reductive conditions using

a palladium catalyst and mild reaction conditions.'*® This good orthogonality towards the other

reaction types was the reason for the decision of their favored use in this synthesis.'®
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For the first oligomer, Fmoc-Lys(Alloc)-OH was coupled four times to a chlorotrityl resin
functionalized with an ethylene diamine linker (EDA-resin).'® The resin with the EDA linker
was chosen to yield an N-terminal primary amine group after cleavage from the resin. To
reduce expected sterical issues that may occur later during the polymer analogous reaction,
the choice was made for an EDA-resin. The oligomer synthesis was carried out on an
automated peptide synthesizer. For the coupling process, a fivefold excess of the amino acid
building block, the coupling reagent benzotriazol-1-yloxytripyrrolidinophosphonium
hexafluorophosphate (PyBOP), and a tenfold excess of diisopropylethylamine (DIPEA) were
employed. For the subsequent deprotection process, a 25% piperidine in DMF solution was
used. After successfully completing the amino acid coupling sequence, a final deprotection
step was carried out to remove residual N-Fmoc groups and to proceed with capping of the N-
terminus by acetylation with acetic anhydride. Cleavage from the resin was carried out using
a 95% trifluoroacetic acid (TFA) solution containing 2.5% dichloromethane (DCM) and 2.5%
Triisopropyl silane (TIPS). The same procedure was repeated on a second oligomeric scaffold
containing glutamic acid building blocks, also using the EDA resin. After isolation of the

oligomer, the analysis was performed by RP-HPLC.
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Figure 15: RP-HPLC chromatograms of oligomers glutamic acid EEEE (top, red) and lysine KKKK (bottom, blue).
Gradient from 95/5 H20/MeCN, 0.1% formic acid to 95/5 MeCN/H20, 0.1% formic acid over 30 min at 25°C using
a Poroshell 120 EC-C18 1.8 uM (3.0x50 mm, 2.5 uM) column.

The RP-HPLC-MS analysis data in Figure 15 indicates a relative purity of up to 99%, where
the mass analysis of the glutamic acid oligomer (Figure E50) shows minor cleavage of the Allyl
protecting group. This indicates that the Allyl protecting group was not completely stable
against the coupling or cleavage conditions. Compared to the lysine oligomer, no cleavage
products of the Alloc protecting group were found in mass spectrometry analysis (Figure E51).
When comparing the two protecting groups with each other, Allyl groups ester bond might be

more sensitive to hydrolysis effect and therefore easier to remove.'® But since the absence
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of the protective group here has no influence on the conversion of the polymers and results in
a low level of impurities, the oligos were used without further purification. Only in the case of
lysine oligomers is it important to ensure that all Alloc protecting groups are still present after
cleavage from the resin so that no cross-linking reactions occur in the subsequent polymer

analogous reaction.

For the synthesis of the ampholytic oligomers, the Alloc-protected amino acid lysine and the
Allyl-protected glutamic acid were also used. The synthesis was carried out here using solid-
phase according to the same peptide synthesizer protocol as the previously described oligo-
electrolytes. The only adjustment is the exchange of solid-phase resin a Tentagel S-Ram resin,
which is also cleavable under acidic conditions. However, under these circumstances no free
amine would remain after cleavage from resin, but a C-terminal unreactive amide group.
Therefore, in contrast to the oligo-electrolytes, no acetylation is carried out on solid-phase after
the last deprotection to yield a deprotected terminal amine. Thus, the amine, which was used
for the following polymer conjugation, was no longer at the C-terminal "resin end" but at the
coupling end of the oligomer. After cleavage from resin, the relative purities of the oligomers

achieved values between 93 and 97%, determined by RP-HPLC as shown in Figure 16.
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Figure 16: HPLC chromatograms of ampholytic oligomers based on glutamic acid and lysine with different
sequences. By-products and impurities were highlighted in red circles. Gradient from 95/5 H2O/MeCN, 0.1% formic
acid to 95/5 MeCN/H20, 0.1% formic acid over 30 min at 25°C using a Poroshell 120 EC-C18 1.8 uM (3.0x50 mm,
2.5 uM) column.

All oligomers elute at the exact same retention time, are regioisomeric to each other and share
the same, molecular weight because they only differ in their sequence. Smaller impurity peaks
are also visible in Figure 16 (highlighted in red circles) and were associated with the masses
of by-products, such as cleavage components that have lost one or more Allyl protecting
groups. As described on the oligomer-electrolyte analysis, the Allyl protecting group was

probably partially sensitive against the cleavage reaction. In this case of oligo-ampholyte
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synthesis, these impurities did not affect the further conjugation reactions. These oligomers

were also used for further conjugation reactions without further purification.

In conclusion, the oligomers could be synthesized without significant challenges. Minor
impurities occurred but were negligible for the following process. In the following section, the

active ester polymers for the polymer analogous reactions were prepared.

3.1.2. Synthesis of poly active ester precursor
Several approaches can be employed for the conversion of the obtained oligomeric structures
towards polymers.'3%-1%% Polymer analogous reactions offer the possibility to convert already
formed polymers or oligomers into brush-shaped polymers. This conversion can be realized
using different routes such as the grafting to, grafting from, or grafting through method.'26-129
In this thesis, a reactive polymer backbone was formed where oligomers were conjugated onto
the polymer side chain, whereby this approach is called “grafting to” method. Active ester
polymers represent a commonly used class of polymers, since they can be easily substituted
by strong nucleophiles, especially primary amines. Pentafluoro phenyl polymers (PPFPs) were
already used in a wide range of studies.'" 47. 1% Compared to other poly active esters such
as those derived from N-(methacryloyloxy)succinimide, PPFP has good solubility in organic
solvents, is very stable against hydrolysiss and offers the advantage that the substitution
completion can be tracked by observing pentafluoro phenyl group signals on "*F-NMR. The
monomer was prepared according to established literature; however the purification was
performed by flash chromatography.'' In order to enhance comparability of the structures, the
polymers with different chain lengths were prepared via RAFT polymerization to achieve low
dispersity. Here, Benzylsulfanylthiocarbonylsufanylpropionic acid (BSPA) was used as the

RAFT reagent. The mechanism of the RAFT polymerization is shown in Figure 17.
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Figure 17: Monomer synthesis and RAFT polymerization mechanism.

The aim was to synthesize two different polymer chain lengths based on poly active ester
precursors, one with 100 repeating units (PPFP100) and the other with 200 units (PPFP200).

Benzene was used as a solvent, because it has already been shown in previous studies that

this can result in very low dispersities.'’ The following reaction conditions are shown in Table

1.

Table 1: Reaction conditions for RAFT polymerization.

Monomer
Polymer (PFA) Initiator (AIBN) RAFT agent (BSPA) Time/Temp.
PPFP100 1eq. 0.002 eq. 0.01 eq. 24h at 70°C
PPFP200 1eq. 0.001 eq. 0.005 eq. 24h at 70°C
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The synthesis proceeded without any major challenges and the average repeating units of the
polymers were determined by GPC and NMR after purification. For the evaluation by NMR,
the ratio between BSPA-derived aromatic phenyl signals and backbone acrylate signals gave

information about the amount of average repeating units.
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Figure 18: GPC Analysis of PPFP with 100 and 200 repeating unit. Eluent: THF, Detector: Rl

Table 2: Polymerization degree (Pn), dispersity (PDI), and molecular weight (MW) of PPFP polymers with 100 and
200 repeating units, determined via THF GPC and "H-NMR.

Polymer GPC MW [g/mol] GPC Pn GPCD NMR Pn
PPFP100 23278 96 1.28 ~98
PPFP200 41598 175 1.26 ~180

Compared to results known from the literature, the observed dispersities here are
comparatively high. Dispersities between 1.05-1.15 would have been expected.'s” For the
determination of the polymerization degree by NMR, the integral values of the signals were
added and calculated by the corresponding number of protons of the repeating unit. The
differences in the analysis of the GPC and the 'H-NMR resulted from the integration of the
signals, as no accurate integration is possible due to the broad "H-NMR signals. Overall, the
synthesis of the polymer precursors was successful and further conversion to polyelectrolytes

was proceeded with.
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3.1.3. Polymer  analogous synthesis of sequence-controlled
polyelectrolytes.

After the successful preparation of oligomers and poly active ester precursors, the next step
was the conversion of the polyelectrolytes. However, before conversion of oligomeric
structures took place, linear charged structures were first prepared. For the synthesis of
polyelectrolytes that only have a single charge per repeating unit without the presence of
brush-shaped structural elements, poly active esters precursors were substituted in a different
way. For polyanion synthesis, glycine was used, since the primary amine group was coupled
with the reactive pentafluoro phenyl ester group. The free carboxylic group of glycine did not

participate in this reaction and remained charged after being deprotonated.

"grafting to"
S S OH + OH Y S S OH
%m Y ey %Y Y
oo S (0] o
F F

F F

Figure 19: Synthesis of polyanions using glycine and PPFP active esters via polymer analogous reaction.

For the glycine coupling reaction, 2 eq. of glycine diluted in water were mixed with the PPFP
in DMF and a catalytic amount of triethylamine (TEA). In contrast to known literature on the
conversion of poly active esters, the converted product was not precipitated in organic
solvents, but directly diluted and transferred into an appropriate dialysis tube. The underlying
reason is that previous experiments showed a large yield loss associated with the precipitation.
Thus, purification was carried out by dialysis and pH were adjusted to 7 by using 1 M HCI and
1 M NaOH solution. The procedure for pH value adjustment turned out to be an important
aspect. The order in which the acid and base were added as well as the washing process by
dialysis were decisive factors, as otherwise there was no exchange of counterions, and
triethylamine remained in the solution. The complete TEA removal was detected by 'H-NMR

and thus indicated whether the washing process had been completed.

27



Results and Discussion

T T T T T T T r T T T T T T T T
5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
Chemical shift [ppm]

Figure 20: Comparison of the NMR spectra of P1oo(-) before (red graph, top) and after (blue graph, bottom) sufficient
dialysis. The signals of the triethylamine are highlighted in red circles. The polymer signals were hardly detectable,
due to the high intensities of the triethylamine signals. After successful dialysis, the polymer signals were clearly
visible (highlighted in blue).

Further analysis was carried out with '"H-NMR and '*F-NMR. The latter showed no signals
here, which indicates a complete replacement of the pentafluoro phenyl groups and thus a

complete conjugation with glycine.

Further, for linear charged polycation structures a single sided trityl-protected ethylene diamine

(EDA-Trt) was prepared according to the synthesis demonstrated in Figure 21.
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Figure 21: Designed synthesis of PPFP100 to polycation using single Trt-protected EDA

While the synthesis of the single-sided protected EDA proceeded without further
complications, the polymer analogous reaction was not successful. ®F-NMR demonstrated
that no full conversion of poly active esters precursors with EDA-Trt occured. A reason for this
finding could be, that the trityl-protection group was sterically demanding which did not allow

for the complete substitution of all pentafluoro phenyl groups of the poly active ester.
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Figure 22: Alternative conversion of PPFP1o0 with a high excess of unprotected EDA.

As an alternative route, as shown in Figure 22, the reaction of the polymers was carried out
with unprotected EDA. However, to minimize cross-linking of the second primary amine group,
the EDA was used in 50-fold excess. The remaining purification was adapted from the previous

polyanion synthesis.
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Figure 23: Comparison of the ""F-NMRs of the poly active ester precursor PPFPi0 (bottom), after polymer
analogous reaction with EDA-Trt (middle) and after reaction with unprotected EDA in 50 eq. excess (top).

The "®F-NMR graphs in Figure 23 confirm that after replacement with the unprotected EDA, all
pentafluoro phenyl groups have been removed. Once a suitable synthesis route was found for
both the polyanions and the polycations, the reactions were transferred to the related PPFP2qo
precursors. The results of all linear charged polyanion and polycation synthesis are

summarized in the following Table 3.

Table 3: Overview of reactions and yields for the synthesis of linear charged polyelectrolytes using polymer
analogous reactions.

Reaction
Polyelectrolyte | Precursor After conversion °F-NMR Yield
compound
P1oo(+) PPFP100 50 eq. EDA No signals 86 mg (68%)
P100(-) PPFP100 2 eq. Glycine No signals 100 mg (79%)
P20o(+) PPFP200 50 eq. EDA No signals 80 mg (63%)
P20o(-) PPFP200 2 eq. Glycine No signals 96 mg (77%)

After a successful synthesis improvement of the linear charged polyelectrolyte structures,

polyampholyte structures were also approached. For this purpose, the oligomeric
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intermediated described in section 3.1.1 had already been synthesized, but also linear charged
polyampholytes could arise from this approach using polymer analogous reaction. The target

is to investigate the random arrangement of charges in the same polymer precursor.

sS.__S OH
s.__S OH
%oo\ﬂ/ \/\ﬂ/ 1. 0.5 eq Glycine, 24h 50 50 \[S]/ \/\g/
S o 2.75 eq EDA, 3h O >NH O” °NH
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Figure 24: Conversion of PPFP1o0 to linear charged polyampholytes using glycine and a high excess of EDA.

Glycine and EDA were used here as well, whereby the amount of glycine was reduced to
0.5 eq. and the EDA was added to the synthesis after 24h, to make sure all glycine groups had
reacted. The idea was to synthesize a polyampholyte structure that contains equal amounts of
negative and positive charges, which are randomly distributed within the polymer. The

purification was conducted by dialysis and involved the adjustment of the pH value.

Table 4: Overview of reactions and yields for the synthesis of linear charged polyampholytes using polymer
analogous reactions.

Reaction After conversion "°F-
Polyelectrolyte | Precursor Yield
compound NMR
0,5 eq Glycine (24h) ) 136 mg
P1oo(+/-) PPFP100 No signals
75 eq EDA (3h) 86%
0,5 eq Glycine (24h) ) 122 mg
P20o(+/-) PPFP200 No signals
75 eq EDA (3h) 77%

After successful synthesis of the linear charged polymers, the conversion of the oligomers was
continued, which, however, could not follow the same synthetic route as the linear structures.
Due to different side chain sizes, a complete substitution of the PPFP side chains with the
oligomers is very unlikely or even impossible, analogous to the previous attempts with the
EDA-Trt precursors. Since the focus of this work was not on the complete conversion of the
polymers, but rather the investigation of different charge distributions, only a defined
percentage of the group substitution was aimed. The remaining PFP groups were replaced
with smaller, non-charged molecules. For the fourfold charged oligo-grafted polyelectrolytes,
an incorporation of 25% was aimed for. Polymers should have the same number of charges
but distributed differently within the polymer chain, in this case brush-shaped. This allows a
better comparison of the phase behavior at a later stage with the linear charged
polyelectrolytes. For the ampholytic structures, a reduced functionalization degree of 10% was

targeted due to the higher sterically demand.
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The synthesis and analysis of the oligomer structures has already been discussed in chapter
3.1.1. Hence, it was focused on maintaining the protection group on the primary amines to
avoid undesired crosslinking reactions of the polymer side chains. The cleavage reaction from
the solid-phase needed to be orthogonal to the protection group chemistry to prevent
crosslinking during polymer analogous reaction. The only unprotected and reactive amines
were the N-terminal amines of the oligomer backbone, which were used as a conjugation site

for the active ester.
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Figure 25: Conversion to the P1o0 oligomer-grafted polyelectrolytes using previous synthesized oligo-electrolytes in
0.25 eq. and 4 eq. ethanolamine.

The “grafting to” method was applied similarly to the conversion of the single charged
polyampholytes as described previously. Oligomers were dissolved in DMF and coupling
reaction with the poly active ester was performed for 24h, before remaining PFP groups were
substituted by the addition of ethanolamine to the proceeding reaction. Here, ethanolamine
was chosen for substitution, because of its small molecule size and its low steric demand
compared to the oligomers. After successful conjugation of ethanolamine, the free hydroxyl
group did not contribute to the overall charge of the polymer. Purification and ion exchange
was performed by dialysis and pH adjustment as already mentioned above. The conversion

completion of the PFP groups was confirmed by 'H- and '®F-NMR. Figure 26 shows how the
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conversion of the P1oo(EEEE) is traced using an "H-NMR comparison of the oligomer and the
final oligomer-polymer hybrid structure. In the polymer structure, the Allyl signals were clearly
detectable and broadened which is typical for polymers. In addition, the protons of the phenyl

ring of the polymer backbone can be clearly identified downfield in the NMR spectrum.
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Figure 26: Comparison of the "H-NMR spectra of the EEEE oligomer (bottom) and the conjugated oligomer-grafted
polymer hybrid structure (top). The signals of the Allyl protecting group were highlighted in green. The final
incorporation of the oligomer is determined by the integral ratio of the aromatic polymer backbones (highlighted in
yellow) and the Allyl protecting groups.

Purification of the pure lysine oligomer KKKK has been observed to be much more intricate in
contrast to the other Polymer P1oo(EEEE). Dialysis in water could not be used as a purification
method. Due to a high amount of protection groups per oligomer/polymer, the polymer
appeared to have a significantly higher hydrophobicity, which caused an insolubility in water.
This effect made it more difficult to adequately analyze and purify the polymers directly after
the conjugation process. Since degree of functionalization was determined before the removal

of the side protection groups, incorporation of P1o(KKKK) was not determinable.

The conversion of the oligomer-grafted polyampholytes, on the other hand, could be carried
out without complications as well, as their dialysis purification. Oligomers were used in 0.1 eq.

and reacted for 24h until ethanolamine was added to the reaction solution (see Figure 27).
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Figure 27: Conversion of PPFP100 to oligomer-grafted polyampholyte using previous synthesized oligomers in
0.1 eq. and 5 eq. ethanolamine (top) and the different conjugated oligomers (bottom).

The results of the polymer analogous reactions with the oligomers were summarized in the

following Table 5.

Table 5: Overview of the targeted functionalization degrees of the oligomer-grafted polymer structures and the
calculated incorporation in the polymer.

Polymer Yield Target Func. Degree | Calculated Func. Degree
P10o(EEEE) 70 mg (60%) 25% 10%
P100o(KKKK) 84 mg (59%) 25% not determinable

P1oo(KEKEKEKE) 50 mg (59%) 10% 4.5%
P1oo(KKEEKKEE) 52 mg (61%) 10% 4.8%
P10o(KKKKEEEE) 45 mg (53%) 10% 4.3%

The incorporation was determined using 'H-NMR. As explained above, the aromatic phenyl
polymer backbone signals were compared with the Alloc and Allyl protecting group signals.
The underlying problem involved two aspects: First, it was shown during the oligomer cleavage
from solid-phase that the protecting groups of the Allyl protecting group were partially removed
before the deprotection procedure. Although this effect was relatively small, unfortunately, no
precise assumption of the final functionalization degree could take place after the partial
protection group removal during polymer analogous reactions. Also other polymer signals

could not be clearly assigned in the "H-NMR, due to the large overlapping of the individual
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signals. Therefore, with the given signals of P1oo(EEEE) an functionalization of ca. 10% could
be determined. The second problem was the insufficient purification of the P1o0(KKKK), which
made it impossible to determine the functionalization degree here. Nevertheless, the NMRs
for all polyelectrolytes and polyampholytes which showed clearly assignable signals were

analyzed and summarized in Table 5.

In general, different polyelectrolytes and polyampholytes were successfully obtained, purified
and characterized. Only P10o(KKKK) was not purified according to the standard protocol but

was remedied directly after the deprotection reaction.

Proceeding to the deprotection of the amino acid side chain, the choice of the Alloc and Allyl
protecting group was previously justified as described in section 3.1.1 and is associated with
the orthogonality of the Fmoc-deprotection conditions to the solid-phase synthesis process and
the subsequent cleavage process from the resin. In many examples from literature, Alloc and
Allyl protection groups are often used for solid-phase synthesis and are usually removed
before cleavage from the resin'®® '5° which showed differences to the synthesis strategy
applied in this work. In this process, cleavage of the protection groups should only take place
after completion of the polymer analogous reaction and therefore needed to be performed in
solution. For this purpose, a standard Alloc deprotection protocol was transferred from solid-
phase conditions to a solution-based approach, using barbituric acid and Palladium(0) catalyst
under inert conditions. In a first approach, the polymers P1oo(EEEE) and P10o(KKKK) were
treated with the modified cleavage protocol. Therefore, the polymers were dissolved in DMF
and purged with argon, before tetrakis(triphenylphosphine)palladium(0) and barbituric acid
were added. After 2h, polymer was precipitated in cold diethyl ether and dialyzed. Deprotection
was confirmed by 'H-NMR, but even after two attempts, only the cleavage of the Allyl protection
groups of glutamic acid was accomplished, while cleavage of the Alloc protection groups could
not be reported under described conditions. Although this Alloc deprotection was described in
literature on many examples for solid-phase, a method transfer in solution remained
unsuccessful. The successful deprotection of the Allyl protecting group might be explained by
the significantly higher acid-lability of the ester bond compared to the Alloc group. This
explanation is consistent with the previously established assumption from chapter 3.1.1,
whereby part of the Allyl protection groups were removed during oligomer cleavage from the

resin.
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Figure 28: Deprotection step of P1oo(EEEE) to P1oo(- - - -) and P1oo(KKKK) to P1oo(++++) using two different cleavage
protocols.

Hence, an alternative deprotection protocol, also based on deprotection on solid-phase, was
transferred to the reaction in solution. Here, an exchange of barbituric acid with phenyl silane
was performed.'® These deprotection conditions allowed for cleavage of Alloc protection
groups, but required repetition to achieve full deprotection. The incomplete deprotection
reaction after the first phenyl silane treatment was determined via 'H-NMR (see Figure 29).
The deprotection process was repeated, but it still did not lead to a complete removal of the

protection groups.
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Figure 29: Comparison of "H-NMR of Protected and Deprotected Polyelectrolytes P1oo(- - - -) (red) and P1oo(++++)
(blue).

After the deprotection process for the oligomer-grafted polyelectrolytes was accomplished, the
synthetic approach was transferred to the oligomer-grafted polyampholytes. Here, after the

treatment with phenyl silane, no further residues of the protecting groups were found.

In summary, the methods of solid-phase synthesis and polymer analogous reaction were
successfully combined to give access to sequence-controlled polyelectrolytes and
polyampholytes. There were certain limitations in terms of control over the degree of
functionalization and the position within the polymer, but there is precise control of the side
chain sequence and thus targeted brush-shaped polyelectrolytes were constructed. In addition
to the difficulty of the complete cleavage of the Alloc protection group, the 'H-NMR analysis
was shown to be challenging. There were no significant signals that indicated the degree of
incorporation from oligomer to polymer. Additionally, the partial loss of Allyl protecting groups

during oligomer cleavage made the analysis more difficult. Therefore, it is not advisable to
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determine the degree of incorporation by reference to the Allyl protons, although these are the
most clearly assignable in the spectrum. In the future, it would be advisable to consider new
ways of analysis to determine the degree of functionalization more clearly. This opens the
possibility of creating larger controlled structures for investigating the polyelectrolyte phase
behavior in aqueous solution to acquire more profound knowledge of the impact of sequence,
charge density and distribution within the polyelectrolytes. First studies on this phase behavior

are discussed in the following chapter.
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3.2. Phase behavior investigation of polyelectrolytes and
polyampholytes

The interaction of differently charged polyelectrolytes or polyampholytes in solution leads to
the formation of polyelectrolyte complexes. Coacervation is one type of polyelectrolyte
complexes, which describes a liquid-liquid phase separation that occurs through the interaction
of the charged polymers. The mixture separates into a polymer-rich and a dilute phase. As
already outlined in chapter 1.1.1, coacervates fulfill a major role in nature3® 0. 51. 94,161,162 gng
synthetically prepared coacervates are also used in pharmaceutical industry. However, the
influence of external factors such as temperature, salt or polymer concentration on the
coacervation process is still not fully understood. The impact of charge sequence and charge
distribution were also investigated and published in initial studies, but in this work, a modified
synthesis procedure of such sequence-controlled polyelectrolytes was chosen. These
structures were investigated in the following chapter, focusing on an initial observation of the
charge sequence as a function of the salt and polymer concentration of the solution. An initial
indication that coacervate formation is occurring is the turbidity of the solution caused by the
formation of tiny coacervate droplets. These solutions were analyzed using optical microscopy

to confirm the formation of these two-phase systems.

3.2.1 Phase behavior - polyelectrolytes
First, the investigation of linear-charged polymers was started. A phase diagram was
generated, which shows the dependency between polymer and salt concentration. The
formation of the polyelectrolyte complexes, and particularly, the coacervates, was analyzed
using optical microscopy. The phase diagram was used to visualize the area in which phase
separation occurs and where the limits of the two-phase system exist. To create a phase
diagram, different polymer and salt concentrations of the polyelectrolytes were prepared in
solution and analyzed for coacervate droplets. Only the formation of coacervate droplets was

considered here, regardless of their number and size.

For the preparation of the measurement stock solutions of the respective polyelectrolytes and
a salt solution were prepared. In this instance monovalent salt ions were used, specifically
sodium chloride. Polymer concentrations from 0.1 mM to 100 mM and salt concentrations from
0 mM to 2000 mM were investigated to obtain a complete phase diagram and to identify the
point at which coacervates are no longer formed. The concentration of the polymer stock
solutions was calculated based on the molecular weight of the polymer repeating unit. An
equimolar ratio of polycations and polyanions was used for the polyelectrolytes to ensure the

same amount of positive and negative charges.
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Figure 30: Top: Scheme of polyelectrolyte mixture and coacervate droplets. Left: Phase diagram of P1oo(+) and
P1oo(-) mixture with correlation of salt and polymer concentration. Black line marks the measured critical salt
concentration (CSC) of the coacervate phase at corresponding polymer concentration, separating the one phase
(1¢) area and two-phase area (2¢).Green dots are marking the data points (this was perfromed with every
fowllowing phase diagram). Right: Microscope images of coacervate droplets at different salt and polymer
concentrations A: Polymer conc. 0.2 mM, salt conc. 1500 mM; B: Polymer conc. 0.2 mM, salt conc. 500 mM; C:
Polymer conc. 10 mM, salt conc. 1500 mM; D: Polymer conc. 10 mM, salt conc. 500 mM;

Figure 30 depicts the phase diagram of the mixture of P10o(+) and P100(-). The curve represents
the limit between the two-phase liquid-liquid phase separation and a single-phase solution.
Below the curve, the polyelectrolytes are assembled in coacervate droplets, which is shown in
microscope images (Images B-D). Depending on polymer and salt concentration, these may
vary in both size and number, but also time is also a factor that should not be neglected.
Observations have shown that over time the droplets coalesce and merge into larger droplets.
Clearly discernible is that at higher polymer concentrations and low salt concentrations, the
coacervates were particularly easy to identify. Compared to the other regions, they form
significantly larger coacervate droplets in the same time. Looking at the image A of the phase
diagram, low polymer concentration and high salt concentration, there were no droplets to be
found and the polymers were completely dissolved. Due to the high proportion of dissolved
ions, the side chains of the polyelectrolyte were "blocked" with the salt counterions and could
no longer interact with other polyelectrolytes. The first results of the phase diagram were as
expected from the literature and can therefore be used as a reference standard for the other
polyelectrolytes structures.®! 32 The same procedure was performed with the linear charged
polyelectrolyte with approximately 200 repeating units. Again, a phase diagram was generated

as a function of salt and polymer concentration, which is shown in Figure 31.
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Figure 31: Top: Scheme of polyelectrolyte mixture and coacervate droplets. Left: Phase diagram of P2oo(+) and
P200(-) mixture with correlation of salt and polymer concentration. Black line marks the measured critical salt
concentration (CSC) of the coacervate phase at corresponding polymer concentration, separating the one-phase
(1p) area and two-phase-area (2¢). The area below the red line marks the area in which no coacervates were
found Right: Microscope images of coacervate droplets at different salt and polymer concentrations A: Polymer
conc. 0.2 mM, salt conc. 1500 mM; B: Polymer conc. 0.2 mM, salt conc. 500 mM; C: Polymer conc. 10 mM, salt
conc. 15600 mM; D: Polymer conc. 10 mM, salt conc. 500 mM;

The coacervation droplets were also clearly visible for the P2go polyelectrolyte mixture, but here
a shift of the coacervation area was present. Compared to the previous P1o mixture, a second
transition state in the phase diagram, marked in red, was observed here. This marks the area,
where coacervates could not be clearly verified. It appears that the polyelectrolytes had not
yet been able to interact sufficiently with each other. Even if the salt concentration in the
solution leads to a dissolution of the coacervate phase at too high concentrations, it could be
beneficial to support the coacervate formation.?> 13 %% The drop in the critical salt
concentration, above a polymer concentration of 10 mM, was also remarkable. The range in
which the coacervates were stable decreases rapidly and critical salt concentration lowers to

just 1100 mM at the maximum polymer concentration of 100 mM.

By comparing the images from Figure 30 and Figure 31, which compare the same polymer
architecture and salt concentrations with different overall polymer lengths, the same trend can
be seen in both examples. Figures B-D all show coacervate droplets, whereby in Figure D

these are particularly clearly visible (see Figure 32).
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Figure 32: Middle: Comparison of the salt resistance of the coacervate phases of P1oo(+) + P1oo(-) and Pzoo(+) +
P200(-). Microscope images show the polymer and salt concentration of the marked area in the diagram of
corresponding polyelectrolytes. Left: P1oo(+) + P1oo(-), polymer conc. 100 mM, salt conc. 1000 mM; Right: P2oo(+)
+ P200(-), polymer conc. 100 mM, salt conc. 1000 mM

Since the calculated polymer concentration of the solution is based on the polymer repeating,
the same number of charges is present in the mixture, only the length of the polymers varies.
A direct comparison of the two-phase diagrams reveals that although the longer polymer
backbone leads to an overall higher CSC, at higher polymer concentrations it switches to a
single-phase system much more rapidly. While the coacervates of the P1go polyelectrolytes are
clearly visible and well defined, there are still noticeable droplets in the P2 polyelectrolytes,
but they are considerably reduced and smaller in size. In addition, they become increasingly
blurred in the background, which indicates that the limit of the CSC is getting gradually closer

at this point.

Continuing with the next phase diagram, a comparison of the polymers based on the charge
distribution in the polymer was aimed for. For this purpose, a phase diagram of P1go(++++) and
P10o(----) was recorded. Here too, the polymer concentration was calculated based on the
polymer repeating unit, but since there were two different repeating units, the molecular weight
of the monomer unit was calculated proportionally, depending on the planed incorporation of
the side chain. The equation below shows the calculation with reference to the Pigo(++++)

polymer.

Mw(Oligomer) * % in Polymer + Mw(Ethanolamine) * % in Polymer = Mw (Repeating unit) (1)

760.58 -2 % 25% + 115.13-L « 75% = 276,49 % (2)
mol mol mol
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Figure 33: Top: Scheme of polyelectrolyte mixture and coacervate droplets. Left: Phase diagram of fourfold
charged oligomer-grafted polyelectrolytes P1oo(++++) and P1oo(- - - -) mixture with correlation of salt and polymer
concentration. Red line marks the maximum salt resistance of the transition phase at corresponding polymer
concentration. Green line marks the area in which coacervates are going over into transition state between liquid-
liquid phase separation and precipitate Right: A: Polymer conc. 20 mM, salt conc. 80 mM; B: Polymer conc. 10
mM, salt conc. 256 mM; C: Polymer conc. 20 mM, salt conc. 0 mM.

There are two things that highlight the phase behavior of the brush-shaped polymers: No
coacervate formation at lower polymer concentrations and significantly lower salt resistance of
the two-phase system. The range in which coacervate droplets can be located is limited to a
range of up to 50 mM polymer concentration. Higher polymer densities could not be measured
due to the decreased polymer solubility. The first coacervate droplets are formed at a polymer
concentration of 2 mM and above, whereby the droplets are not yet clearly noticeable, but
appear more like a transitional state between coacervate formation and the dissolved form
and/or aggregate formation (Figure 33,B). Above the transition state, especially at high
polymer densities, the polymers are not completely dissolved but are clustered in aggregates,
which may be related to the low solubility of the polymers. Within the transition state, the
polymers are in a form which they are partially discernible as droplets, but they showed
tendencies towards forming aggregates. No clear droplets can be detected as with lower
concentrations, only at higher polymer densities droplets are clearly visible, as shown in Figure

33,C. The comparison with the linear polyelectrolytes is summarized in Figure 34.
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Figure 34: Middle: Comparison of the salt resistance of the coacervate phases of Pioo(+) + P1oo(-) and P1oo(++++)
+ P1oo(- - - -), Microscope images show the polymer and salt concentration of the marked area in the diagram of
corresponding polyelectrolytes. Left: Pioo(+) + P1oo(-), polymer conc. 20 mM, salt conc. 50 mM; Right: Pioo(++++)
+ P1oo(- - - -), polymer conc. 20 mM, salt conc. 50 mM.

The direct comparison illustrates the significant low salt resistance of the brush-shaped
polyelectrolytes compared to the linear polymers. This could be due to the lower flexibility of
the polyelectrolytes, which leads to less interaction between the charged side chains. Not
considered here is the option of an imbalance in the charge ratio within the polymer mixture.
The incorporation of the charged oligomers was finally determined by 'H-NMR, which was
already discussed in the previous chapter. It is conceivable that inaccuracies may occur, and
the actual incorporation may be lower. This would in turn lead to an inaccurate charge ratio
and thus affect the coacervate behavior. As further analysis of the polymers to ascertain the
degree of incorporation could not be carried out, this hypothesis could be tested in further

experiments by adjusting the polymer content of the individual polyelectrolytes.

3.2.2 Phase behavior - polyampholytes
Since polyampholytes contain both negative and positive charges, they are able to undergo
coacervate formation on their own, which is referred to as self-coacervation or simple
coacervation. The dependence of the charge sequence on their coacervate behavior has
already been investigated in previous studies with linear polyampholyte structures. It has been
shown that the coacervate behavior is favored with an increased density of consecutive
identical charges.®> The following section investigates the previously prepared
polyampholytes. One type of ampholyte has a linear structure, whereby the arrangement of
the charges is completely random in the polymer. The other polyampholytes are defined in
their sequence but do not have a linear structure, instead, they follow a brush-shaped

arrangement.

Firstly, the behavior of the randomly assembled, linear sequence with variable polymer length
was investigated. For the preparation of a phase diagram, the molecular weight of the polymer
repeating unit and therefore the polymer concentration was determined here, analogous to the

previous oligomer-grafted polyelectrolytes. It was assumed that the negative and positive side
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chains have been incorporated in equal parts, whereby the calculation of a repeating unit was

calculated as follows:
Mw(Glycine) * % in Polymer + Mw(Ethylenediamine) * % in Polymer = Mw (Repeating unit) (3)
151.10 % + 50% + 150.61-Z * 50% = 150.86 - (4)
mol mol mol

The previous phase diagrams of linear charged polyelectrolytes have shown that coacervation
is most favorable at especially high polymer concentrations and low salt concentrations, which

is the reason for using an initial polymer concentration of 100 mM for these structures.

Pioo(+/-)  Paoo(*/-)

Figure 35: Comparison of Pioo and P200 polyampholyte phase behavior to Pioo and P200 polyelectrolyte phase
behavior. Polymer conc. 100 mM, salt conc. 100 mM.

Figure 35 depicts the phase behavior of the polyampholytes of different lengths in comparison
to the corresponding polyelectrolyte compounds. At the highest polymer concentration, no
phase separation behavior could be observed neither for the P1go(+/-) polyampholyte nor the
longer P2oo(+/-). Higher polymer concentrations could not be tested due to limited polymer
solubility. A completely random arrangement within the polymer does not appear to lead to
coacervate formation even with adequate polymer lengths and concentration. Perry et al.
investigated linear polyampholytes in various chain lengths and sequences and showed that
at least eight consecutive units of the same charge must follow each other to allow coacervate
formation.®? This does not seem to be the case here. Compared to the polyelectrolytes, which
already show well-defined coacervate droplets, the randomly arranged polyampholytes were
unable to phase separate. An ordered sequence could not be achieved here for the linear
polyampholytes with the chosen method of polymer analogous reaction, whereas other studies
have already provided good findings here. In these studies, similar polyampholyte structures
were prepared using solid-phase synthesis only without any subsequent active esters coupling
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reactions.3' 32 140 However, the aim of synthesizing these structures was to investigate if such
randomly ordered polyampholytes structures were able to undergo coacervation, which could

not be confirmed with this experiment.

For a comparison with sequence-controlled polyampholytes, the oligomer-grafted
polyampholytes were analyzed in aqueous solution. For the preparation of a phase diagram,
the polymer concentration was determined here as a function of the molecular weight of the
monomer unit, which was calculated using the same method as described above for the

polyelectrolytes (see equation (1)). The highest possible polymer concentration of 50 mM was

tested here as well, initially without the addition of any salt.

_

Salt
concentration

- -
I 4 l l Pyoo(++++----) I
Figure 36: Phase behavior comparison of oligomer-grafted polyampholytes Pioo(+-+-+-+-), Pioo(++--++--) and
P1oo(++++----) at 0 mM and 25 mM salt conc, polymer conc. 100 mM.

o

0mM

In contrast to other studies with linear polyampholytes, in the present experiments, it was
shown on the example of brush-shaped polyampholytes that coacervates are already formed
consisting of two consecutive charges (see Figure 36). The different arrangement within the
overall polymer structure seems to lead to a lowering of the successive charges. The polymers
that have only one consecutive charge, on the other hand, did not lead to coacervate formation,
as the charge density does not seem to be sufficient. Subsequently, the salt resistance of the
formed coacervates was tested. By increasing the salt concentration to 25 mM, the two-phase
systems immediately dissolved again. Compared to the linear structures, this is a significant
drop in the CSC. To clearly differentiate the polymeric structures in their salt resistance, the

measurement points were obtained in smaller steps. The results are shown in Table 6.

Table 6: Overview of salt resistance for polyampholytes at 50 mM polymer concentration and linear charged
polyelectrolyte structures.

Polymer Pioo(+-+-+-+-) Pioo(++--++--) P1oo(++++----) P1oo(+/-) P1oo(+) + P1oo(-)
Salt resistance No 12 mM 18 mM No 1800 mM
Coacervation Coacervation
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Although the polyampholytes showed initial phase separation behavior at a lower number of
consecutive charges, they were again significantly less resistant to the addition of salt. The
same effect was also observed with brush-shaped polyelectrolytes and may be related to a
lower mobility of the polymer chains. However, a comparison of the salt resistance with the
results of other studies of linear polyampholytes showed a similarly low concentration.*
Furthermore, an effect could be confirmed that an increase in salt resistance occurred with an
increased blockiness of the charges. What could not be confirmed is that, in theory, the salt
resistance of ampholytic polymers is higher than that of their comparable homolytic structures.
Neither the linear charged polyelectrolytes nor the brush-shaped polyelectrolytes showed a
higher salt resistance compared to the ampholytic polymers. This could also be due to the
brush-shaped structure of the polymers since the polymer chains and especially the side chain

charges were less flexible and therefore interaction between different charges was hindered.

In summary, through a combination of solid-phase synthesis and the "grafting to" method, via
polymer analogous reaction, access to sequence-controlled polyelectrolytes and
polyampholytes was provided. This allowed good comparability using the same polymer
backbone to investigate the phase behavior in initial studies. Based on this synthesis, further
structures can be built up in a controlled procedure using further extensions such as tailor-
made building blocks. The polyelectrolyte structures obtained showed unambiguous
coacervate behavior and the salt resistance could be determined by creating a phase diagram.
If the polyelectrolytes are compared with each other depending on their length, the longer
polymers show a slightly higher CSC, but are significantly more affected by the ions of the salt
at higher polymer concentrations, which leads to a faster dissolution of the previously formed
coacervates. However, if the arrangement of the charges inside the polymer is changed to a
brush-shaped configuration, the coacervate area will drop drastically. It has not been finally
ascertained whether the exact number of conjugated charges is present, as the incorporation
of the oligomer could not be clearly determined. Therefore, there is the possibility of a lower
number of charges present, which contributes to the lower salt resistance. An unbalanced
charge ratio could also contribute to this effect of decrease in salt resistance, as it can strongly
influence the coacervate behavior by preventing formation in the first place.'* 6% 166 However,
as droplet formation occurs here, the influence here is estimated to be significantly low.
Furthermore, for the ampholytic structures presented in this study, linear, randomly arranged
charges within the polymer chain could not lead to coacervation formation. This confirms the
assumption that a certain number of consecutive identical charges must be present for phase
separation to occur. However, if the arrangement of the charges is converted into brush-
shaped polymers, phase separation already takes place with two consecutive charges,
whereas in comparable studies this was only observed after eight consecutive charges.®? But
here, too, the area of the coacervate phase is relatively small compared to the polyelectrolyte
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structures. However, linear and in some cases shorter polymers were considered here,

whereas only polymers with at least 100 repeating units were investigated in this work.
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The following chapter will present the published work on glycan containing coacervates.'®” The
preparation by solid-phase synthesis and polymer analogous reactions and the investigation

of their phase behavior and lectin/bacteria capture will be discussed.

48



Results and Discussion

3.3. Glycan-presenting coacervates derived from charged

poly(active esters): preparation, phase behavior and lectin capture

Authors: M.lllmann, L.Schéafl, F.Drees, L.Hartmann and S.Schmidt
Journal: Biomacromolecules
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Impact Factor: 6.978 (2023)
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Collaborative synthesis of sequence-defined oligomers containing mannose and galactose
moieties, as well as an AIE Dye. Collaborative synthesis of polyelectrolytes containing glyco-
oligomers via polymer analogous reaction. Investigation of their phase behavior by variation of
polymer and salt concentration. Investigation of incorporation of Concanavalin A within glycan

coacervates. Determination of capture effectivity. Collaborative manuscript writing.

Reprinted with permission from “llimann, M. D.; Schafl, L.; Drees, F.; Hartmann, L.; Schmidt,
S. Glycan-Presenting Coacervates Derived from Charged Poly(active esters): Preparation,
Phase Behavior, and Lectin Capture. Biomacromolecules 2023. DOI: 10.1021”. from the

American Chemical Society

49



72 (. MAROMOLECULES

pubs.acs.org/Biomac

Glycan-Presenting Coacervates Derived from Charged Poly(active
esters): Preparation, Phase Behavior, and Lectin Capture

Michele Denise Illmann, Lea Schifl, Felicitas Drees, Laura Hartmann,* and Stephan Schmidt™

“ Cite This: Biomacromolecules 2023, 24, 2532-2540 Read Online

ACC ESS ‘ [l Metrics & More | Article Recommendations

Q Supporting Information

ABSTRACT: This study presents the preparation and phase behavior of glycan-
functionalized polyelectrolytes for capturing carbohydrate-binding proteins and bacteria
in liquid condensate droplets. The droplets are formed by complex coacervation of
poly(active ester)-derived polyanions and polycations. This approach allows for a
straightforward modular introduction of charged motifs and specifically interacting units;
mannose and galactose oligomers are used here as first examples. The introduction of
carbohydrates has a notable effect on the phase separation and the critical salt
concentration, potentially by reducing the charge density. Two mannose binding species,
concanavalin A (ConA) and Escherichia coli, are shown to not only specifically bind to
mannose-functionalized coacervates but also to some degree to unfunctionalized,
carbohydrate-free coacervates. This suggests non-carbohydrate-specific charge—charge
interactions between the protein/bacteria and the droplets. However, when mannose
interactions are inhibited or when non-binding galactose-functionalized polymers are
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used, interactions are significantly weakened. This confirms specific mannose-mediated binding functionalization and suggests that
introducing carbohydrates reduces non-specific charge—charge interactions by a so far unidentified mechanism. Overall, the
presented route toward glycan-presenting polyelectrolytes enables new functional liquid condensate droplets with specific

biomolecular interactions.

1. INTRODUCTION

Carbohydrate-mediated interactions dictate many biological
processes on the cellular level, for example, adhesion,
communication, signal transduction, or fertilization."” Lectins,
an important class of carbohydrate-binding proteins, decorate
the surface of pathogens and enable adhesion to the cell’s
glycocalyx, which is a critical step in infection processes.’”
Since the interaction of a single carbohydrate ligand with a
protein is rather weak, nature employs multivalency to increase
the binding affinity and selectivity.”” Multivalent synthetic
carbohydrate-presenting scaffolds such as linear glycopolymers,
branched scaffolds, or particle-based glycocalyx mimetics via
gold nanoparticles, micelles, vesicles, or microgels were
developed to acquire insights into the molecular mechanisms
of multivalent carbohydrate interactions.”” " At a high density
of carbohydrate units, these scaffolds can achieve a lectin-
binding avidity that is an order of magnitude larger in
comparison to a single unit.'®'” A potential application of such
glycoconjugates is the treatment and prevention of infections
by binding and blocking pathogenic lectins and their
attachment to the glycocalyx."*™>* Furthermore, responsive
glycopolymers allow controlling the avidity by triggering an
increase or decrease of the carbohydrate density or
accessibility.”* " Mostly so far, thermoresponsive polymers
with uncharged polar repeat units are used to form dense solid
phase-separated aggregates upon a temperature change. In
addition, some work was done on solid carbohydrate-

© 2023 The Authors. Published by
American Chemical Society
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presenting scaffolds that are held together and self-assemble
by electrostatic interactions.”"**

Rather than such solid phase-separated systems, here we
pursue liquid—liquid phase-separated glycopolymers. On the
cellular scale, such liquid—liquid phase-separated systems, also
known as coacervates, play an important role in the formation
of protein-based intracellular membraneless organelles. Also,
the biosynthesis of tough biomaterials such as silks or marine
adhesives is partially based on coacervates.”**® These natural
coacervate systems combine quite ideal functional properties
such as molecular recognition, partitioning of bioactive
molecules, self-assembly, processability, good wetting, low
viscosity, and many more. Therefore, in recent years, synthetic
polymer-based coacervates have attracted renewed interest in
different areas, including food formulations, cosmetics, or as a
means of drug delivery and improving drug stability.””~ The
involved macromolecules are typically charged and phase-
separated via multivalent, electrostatic interactions between
polyanionic and polycationic segments. There is a large body
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Table 1. Synthesis Details of the PPFP-Derived Polyelectrolytes
Mixture, and Reaction Conditions

sample reaction mixture
Pioot+ PPFP (0.84 mmol), triethylamine (2.9 mmol), and
ethylenediamine (63 mmol)
Pyoo— PPFP (0.84 mmol), triethylamine (2.9 mmol), and glycine

(1.7 mmol)

P,po—Man/P,;,—Gal  PPFP (0.84 mmol), triethylamine (2.9 mmol), mannose
(Man) or galactose (Gal) oligomer (0.042 mmol), and

glycine (1.7 mmol)

and Glyco-polyelectrolytes, Composition of the Reaction

reaction conditions

add all reactants to 4 mL of DMF and react at 40°C for 2.5 h

mix PPFP and TEA in 4 mL of DMF, then add pre-dissolved glycine in
1 mL of water, and react at 40°C for 2.5 h
mix PPFP, TEA, and Man/Gal oligomer in 5 mL of DMF, react at 40 °C

for 18 h, then add pre-dissolved glycine in 1 mL of water, and react at
40 °C for 2.5 h

Scheme 1. Synthesis of Polyelectrolyte Structures
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of work describing the phase behavior of polyanion and hexane. Poly(pentafluorophenyl) active ester (PPFP) was analyzed via
polycation mixtures that form so-called complex coacervates. GPC, 'H NMR, and "’F NMR (see Figures $9—S13, Tables S2, and
More recent work has focused on emulating the functional $3). ) )
properties of protein-based coacervates using polyelectro- Next, polyelectrolytes were synthesized via polymer analogous
Tvtes 40—44 Biithad fecail paisiles sos the thare sehaiatin reactions. For polycations, PPFP was reacted with ethylenediamine
iﬁo 'multi le stable subphases i alteratiog and COI:XU'O] of fik pelyuidinti goith glyiie (Sipua-Aldnay Getma): To cliainthe
: f]f ; : lip id ’ d 49 A P carbohydrate-containing polyanions, S mol % of mannose or galactose
EFOten-] i dl nso,s?ul Cl(l)n el}llsates, pal_.tltlomll:ﬁl_ 0 oligomer was added to PPFP before the remaining active ester groups
loactive Comg‘j‘g? $ as well as the conservation or killing were replaced with glycine, see Table 1 for details. For cleanup,
of pathogens.”™ ™ reaction solutions were adjusted to pH 7 using HCl and NaOH and
Here, we present glycan-functionalized polyelectrolytes with purified by VivaSpin (MWCO 3 kDa, Fisher Scientific, Germany).
the ability to form dense coacervate phases. Thus, we The structures of the final glyco-polyelectrolytes and carbohydrate
introduce molecular recognition motifs to macromolecules functionalization degrees were determined by 'H and '°F NMR (see
with well-established liquid—liquid phase-separation behavior. Figures S$14—521). .
The charged glycopolymers are derived from poly(active 2.3. Coacerv_atlon Assays. Stock solutllons of Pjgo— and Pygot+
esters) to enable readily tunable carbohydrate functionalization were prepared with the following concentrations: 200, 100, 40, 20, 10,
and labeling, Next, the coacervates as a new class of high- 4, and 2 mM (based on the repeat unit average molecular weight).
avidity glyco mater,ial will be tested regarding specific binding Stock solutions of sodium chloride with concentrations between 400
f i .riqs i . d 4000 mM in 200 mM st d 100 and 50 mM d.
with a carbohydrate-binding protein and bacteria. Further- = e T oo i
; For each measurement, 12.5 yL NaCl solution, 6.75 uL P o—, and
LIOTey _the EEeFt of formulatmg the Coace.rvates E.md. the rc.’le of 6.75 UL P, + were added and mixed. Mixtures were transferred into
10016 interactions in carbohydrate-mediated binding will be 384-well plates (Greiner, Germany) and observed under a microscope
discussed. after 30 min of equilibration at room temperature.
2.4. Lectin-Binding Assay. For the ConA-binding assays, the
2. EXPERIMENTAL SECTION preparation was performed according to previous work.*’ Polyelec-
2 . . i trolyte stock solutions of 10 mM (based on the average repeat unit
21 Syteeof Gl clgenes.The oot sl v o, T i e o e 325 3
i p ol : o NaCl, 25 mM CaCl,, 25 mM MnCl,, pH 7.4) were prepared. A stock
employmg the Fmoc strategy using an autorr_\ated peptide synthesizer luti tainine 2 mL~" of ConA labeled with Al 647
(CSBio, USA), as established previously.”® Building blocks and R Sl g . valiee MUSIG T1S g
carbohydrate azides were synthesized based on the literature,” >’ (Thermo-Fisher, Germany) . ‘.lX ! e
Fmoc-Lys(Boc)-OH and 1-ethynyl-4-(1,2,2-triphenylethenyl) bene- measurement, 23.5 uL of MilliQ and 4 uL of LBB were prepared.
zene (TPE) dyes were acquired from BLD Pharmatech GmbH, Then 35 uL of each of the polyelectrolytes and 2.5 uL of ConA were
Germany. As a solid support, a Tentagel SRAM resin (Rapp added. The order of polyanion/polycation/ConA addition for
Polymere, Gemany) was used. Boc deprotection, TPE dye coupling, PrEpaling the mixtures was varied. Between each addm.on, the
and copper click reactions were performed manually after peptide solution was s.haken. Afterward, the samples were examined by
synthesis (further details, see Supporting Information Section 2.1). fluorescence microseopys Subsequently, the coacerv.ate phases were
Oligomers were analyzed via 'H NMR and RP-HPLC-MS (see separated by centrifugation (10,000 RCF for 15 min, cooled at 20
Figures S1—S8). °C), and the supernatant was analyzed via microplate reading at 665
2.2. Synthesis of Polyelectrolytes and Glyco-polyelectro- nm on a 384 clear bottom well plate to quantify residual ConA in the
lytes. Pentaﬂuoroﬁphenyl acrylate (PFPA) was synthesized according continuous phz'ase. L
to the literature.*® Briefly, RAFT polymerization was performed by 2.5. Bacterial Binding Assays. Escherichia coli )(PKL1162) were
mixing PFPA (21 mmol), 3-(((benzylthio)carbonothioyl)thio)- prepared and cultivated as described previously.”® Bacteria were
propanoic acid (RAFT agent) (0.2 mmol), and AIBN (0.042 separated from growth media by centrifugation (3000 RCF for 5 min)
mmol) in 20 mL of benzene. The mixture was purged by nitrogen and washed three times with 4X diluted LBB to obtain a clean
and heated to 70 °C for 24 h. The polymerization was stopped by dispersion (4 mg/mL). 0.5 L ultra-pure water, 0.75 xL of LBB, 8.75
using liquid nitrogen, followed by precipitating the polymer in n- UL of each polyelectrolyte (10 mM) and 625 uL of the E. coli
2533 https://doi.org/10.1021/acs.biomac.3c00046
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Figure 1. Overview of the utilized building blocks, amino acids, TPE dye, and synthesized glyco-oligomers. TDS: triple bond-functionalized
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solution were mixed in an Eppendorf tube before examination under To introduce the g[yco.oligomers} the batch was divided,
the microscope. and via copper click reaction, one part was conjugated with
mannose azide and the other with galactose azide via the
3. RESULTS alkyne bearing TDS building block. To avoid side reactions,

carbohydrate azide building blocks were acetylated. The
substitution of PFP groups with the terminal amine group of
the glyco-oligomers was similar to the preparation of the pure
polyelectrolytes P,y+ and P p—. The mannose and galactose
oligomers were incorporated in a 5% ratio with respect to the
glycine units with the goal to obtain polyelectrolytes P;j—Man
and P,p—Gal at a glycine/carbohydrate ratio of 95/5. The
reason for functionalizing the polyanion rather than the

3.1. Synthesis of Polyelectrolytes. We started out by
preparing the polymeric active ester PFPP via RAFT
polymerization to achieve a low dispersity of 1.1 at a
polymerization degree of 100 (see Supporting Information
S11 for GPC analysis). Next, to obtain polyanions and
polycations, the PFP groups were substituted with glycine or
with ethylenediamine via polymer analogue reactions, giving
the polyanion (P“’O,_) and., respectively, the polycation (Pyo.), polycation is that the mannosylated polyanions bind more
g SChem,e 1. Using thls_ approach, all PEP groups were specifically to the negatively charged targets, E. coli bacteria,
converted mt9 charged residues, as co'nﬁrme‘d b?’ lF NMR and ConA (isoelectric point 4.5—5.5). The polycation already
and by ax_lalyzmg the _numb.er of repeating units via 'H NMR binds electrostatically to the negatively charged bacteria and
(Supporting Information Figures S14—S17). protein surfaces and is thus not suitable for carbohydrate-

To be able to prepare carbohydrate-containing polyelec- mediated binding. Complete conversion of the PEP groups was

trolytes, mannose and galactose-bearing oligomers were shown via '’F NMR, while incorporation of the oligomer into
prepared by solid phase synthesis (Figure 1). The solid the polymer could be quantified by 'H NMR. The final
phase synthesis approach was chosen to obtain multivalent, substitution for P,gy—Man was determined to be about 3% for
more strongly binding carbohydrate ligands. Additionally, the P,0—Gal to about 4%, which is reasonable, considering $%
luminophore TPE was introduced to test the molecular would signify a complete incorporation of all added
flexibility in the coacervate phases. TPE undergoes aggrega- glycooligomers. The final carbohydrate-functionalized poly-
tion-induced emission, i.e., light emission is increased when the mers P,,,—Man and P,,,—Gal are shown in Scheme 2.
molecular mobility is impaired. The building blocks EDS (red, 3.2. Phase Separation and Carbohydrate Binding.
Figure 1), TDS (blue), and Fmoc-Lys(Boc)-OH (gray) were 3.2.1. Phase Separation as a Function of Polymer and Salt
coupled using standard Fmoc peptide coupling chemistry on Concentration. For a first insight into the phase behavior of
an automated peptide synthesizer until the oligomer backbone the prepared polymers, solutions of P o+ and P,,— were
was completed. Afterward, the Boc protective group on the mixed under the variation of the polymer concentration and
lysine residue was selectively removed on support, and TPE ionic strength and studied by optical microscopy. Combining
was coupled to the lysine side chain. the polyanions and polycations at identical concentrations
2534 https://doi.org/10.1021/acs.biomac.3c00046
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Figure 2. Coacervation is affected by the salt and polymer concentrations. Left: Plot of the polymer-dilute part of the phase diagram of the complex
coacervate forming polyelectrolytes P o— and P go+. The single green data point was determined from P,p—Gal and P 4,+ mixtures (5 mM) at
varying NaCl concentrations. Right: A selection of microscopy images showing the solutions in the one-phase (A,C) and two-phase regime (B,D).

Scale bars: 20 ym.

After 0 min

After 60 min

Figure 3. Complex coacervation of P+ and the polyanions with carbohydrates (P,yo—Man, P,5—Gal) results in slower droplet growth compared

to coacervation with the full polyanion P ,—. Scale bars: 20 ym.

from 0.2 to 100 mM and varying the concentration of added
NaCl between 0 and 2 M allowed us to construct the dilute
branch of the phase diagram. In the range of very low salt
concentrations, liquid—liquid phase separation was present,
even at the lowest polymer concentration tested. The addition
of salt led to a smaller number of coacervate droplets. Above
1800 mM NaCl for the highest polymer concentrations, phase
separation was absent, giving an estimate of the critical salt
concentration.

The complex coacervation behavior of Pjp+ and Pjgo—
(Figure 2) implies that droplets will also be formed in
physiological buffers with an ionic strength in the 150 mM
range. This was confirmed by the droplet formation of Pg+
and P p—Man/Gal in lectin-binding buffer (LBB), see Figure
3. However, the addition of a carbohydrate unit to the
polyanionic led to a slower droplet growth and a slightly lower
estimated critical salt concentration when compared to the
unmodified polyanion (Figure 2, green datapoint).

As a side note, the TPE group introduced as a fluorescent
label undergoes aggregation-induced emission and was
supposed to show a potential restriction of molecular flexibility
in the phase-separated state of the polymers. The emission
remained very low in the coacervate droplets (data not
shown), signifying the absence of TPE and high molecular
flexibility and confirming the liquid-like nature of the
condensates.

3.2.2. ConA-Binding Assay. After studying the phase
separation behavior, we tested if the carbohydrate-modified

2535

polyelectrolytes were able to bind and enrich carbohydrate-
binding species in the coacervate droplets. As a carbohydrate-
binding protein, we used ConA, a well-established mannose-
binding lectin that does not bind to Gal. ConA was
fluorescently labeled, and the formed coacervate droplets
were studied by fluorescence microscopy to detect a potential
enrichment of ConA in the polymer-rich phase because of
carbohydrate binding (Figure 4). The polyelectrolytes and
ConA were mixed, varying the order of addition. This allowed
testing for potential differences in binding when ConA first
encounters the already formed coacervate droplets (Figure 4A)
or in homogeneous solution before the coacervate formation.
the polycation (Figure 4B), or polyanion with Man or Gal
(Figure 4C). Indeed, ConA was enriched in droplets
containing the mannose-functionalized polyanion P,,,—Man,
as observed by an increase in fluorescence. The droplets
containing the Gal-functionalized polymer P,y,—Gal showed
only a very weak ConA enrichment in the droplets. On the
other hand, carbohydrate-free droplets formed by the
polyanion Py, also showed readily detectable ConA
absorption. However, here ConA is detected only at the
periphery of the droplets. The fluorescence intensity at the
periphery was not as strong as for the mannose-containing
coacervates, which appear to have taken up significantly more
ConA due to the mannose motif. Similar results were obtained
when changing the addition order of the three components—a
polyanion, a polycation, and ConA (Figure S22).

https://doi.org/10.1021/acs.biomac.3c00046
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Figure 4. Micrographs of the droplets formed by P4+ and the polyanions P,po—Man, P,4,—Gal, and Py,— in the presence of fluorescently labeled
ConA: the upper images in each group were taken by transmission microscopy and the bottom images by fluorescence microscopy detecting ConA
emission (false coloring). Scalebar: 10 um (see the top left image, applies to all images).

To quantify the amount of coacervate-associated ConA, the
polymer-rich phase was separated from the polymer-depleted
phase by centrifugation, and the supernatant was analyzed to
detect non-bound ConA (Figure 5). In line with microscopy
results, the smallest amount of non-bound ConA was found for
mannose-containing complex coacervates. In addition, coac-
ervate phases formed with no carbohydrates were able to bind
more ConA when compared to Gal-containing phases. Again,
the order of polymer and ConA addition did not seem to affect
the ConA capture strongly (Figure $22). Thus, it could be
determined that the mannose-containing coacervates bound
most ConA due to specific carbohydrate interactions.
Coacervates without glycans also bound substantial amounts
of ConA non-specifically to a much larger degree when
compared to the galactose-containing system.

3.2.3. Bacterial Binding Assays. Next, the interaction of
mannose-binding E. coli bacteria with the coacervate droplets
was tested. Here, we assessed the possibility of using liquid—
liquid phase-separated materials to specifically capture or
engulf bacteria, which could lead to new concepts in the fight
against infections. E. coli binds to mannose units via the lectin
FimH positioned at hair-like fimbriae coating the bacteria.”'
With FimH, we could expect a ConA-like binding behavior to
coacervate droplets since FimH also does not bind to
galactose. The bacteria express the GFP-tag to make them
visible under the fluorescence microscope in the presence of
pre-formed coacervate droplets (Figure 6). Binding of E. coli to
coacervate droplets was present in the case of using P;o—Man
or Pp— as a polyanion. No binding was seen in the case of
P,0o—Gal, even if the bacteria swim into direct contact with the
coacervate droplets (Figure 7), see the Supporting Information
for videos). Upon inhibition with methyl @-D-mannose
(MeMan), a well-known FimH binding molecule, the

2536

mannose-binding sites are blocked and E. coli cannot bind to
mannosylated surfaces anymore.”® Indeed, when MeMan was
added, E. coli did not bind to P,o,—Man containing coacervate
droplets, but binding to P,y,— containing coacervates without
mannose units was still possible (Figure 6b). We further noted
that the bacteria were bound independently of the coacervate
droplet size. The droplet size increased over time, as was seen
already when analyzing the phase behavior (Figure 4). As the
droplets grow and form a sediment, wetting and droplet
spreading on the glass surface of the fluid cell occur. The
bacteria were also immobilized by this coacervate surface layer
containing Py40—, Pjgo—Man but not in the case of Py—Gal

Thus, E. coli attachment to the surface of the coacervates can
be attributed on the one hand to the mannose-mediated
binding and on the other hand to the charge—charge
interactions. Such charge—charge interactions are very likely
due to the negatively charged surface of the bacteria and the
presence of the polycation Pj4+. Zeta potential measurements
showed a reversal of E. coli surface charge when treating the
bacteria in a solution of the P+ (Table 2, Supporting
Information Section 3.2). Of note, by exposing the bacteria to
solutions containing the polyanions before the zeta potential
measurements, the negative surface charge was increased
further. This suggests that E. coli always binds to the polycation
P, oo+, which was permanently present to a certain extent in the
continuous phase of the droplet solutions. Consequently,
binding to polycations also implies that E. coli binds to
polyanions, so the bacteria should attach to any polyelectrolyte
coacervate droplets. However, this was not the case for the
carbohydrate-containing coacervates when including the non-
binding galactose or when inhibiting the mannose-FimH
interaction.

https://doi.org/10.1021/acs.biomac.3c00046
Biomacromolecules 2023, 24, 2532—-2540
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Figure 5. Quantification of the ConA binding to the coacervate
droplets by detecting unbound ConA in the supernatant. (A) Sketch
of the experiment; (B) relative amount of the residual, non-captured
ConA in the supernatant. The data represent averages over five
measurements.

4. DISCUSSION

The phase diagram of the pure polycation P+ and polyanion
P,,0— mixture gave a critical salt concentration of around 1.8
M, which appears to be consistent with the literature with
respect to the charge density and the presence of additional
motifs such as amide groups in the polymer.*” The addition of
carbohydrate units on the polyanion resulted only in a minor
decrease in the critical salt concentration. This is to be
expected since replacing ~4% charged residues with
carbohydrate units resulted only in a small decrease of the
charge density. Furthermore, the observed slower droplet
growth for the carbohydrate-functionalized systems could hint
at a lower surface tension or a higher viscosity of the droplets.
Both parameters were not measured here, but it could be
argued that the additional hydrophilic and uncharged sugar
units lower the surface tension by enriching at the periphery of
the droplets to maximize the charge—charge interactions in the
droplet interior.
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Studying the droplets in the presence of the mannose-
binding species ConA and E. coli showed that polyelectrolyte-
derived coacervates can be used as a new type of material with
specific carbohydrate interactions. First, it was found that the
mannose-containing coacervates bound most ConA, while
pure polyelectrolyte-coacervates without glycan units bound
ConA to a much lower degree and only at the periphery of the
droplets. Droplets with the non-binding sugar galactose
showed an even lower take-up of ConA. This agrees with E.
coli-binding studies that also showed no binding in the case of
the galactose droplets but for mannose- and pure polyelec-
trolyte droplets. The binding of ConA and E. coli to the pure
polyelectrolyte droplets without sugars is most likely driven by
charge—charge interactions, as was observed also for other
polyelectrolyte/protein coacervates.””>' For the mannose-
containing droplets, the stronger ConA uptake and the fact
that the E. coli immobilization could be inhibited by the
addition of MeMan show that specific carbohydrate
interactions were involved. Moreover, binding of ConA to
mannose units at the droplet interface appears to form P,y —
Man/ConA complexes that are taken-up entirely, leading to a
homogeneous distribution of ConA in the droplets.

The galactose-containing droplets or mannose droplets
under inhibiting conditions by the addition of MeMan showed
strongly reduced binding. It could be argued that their overall
lower charge density compared to the pure polyanions results
in a reduced charge—charge-binding capability. Nevertheless,
the glycan-presenting polyanions are still highly charged
considering the low functionalization degree of 4% and taking
into account the only minor decrease in the critical salt
concentration compared to the pure polyelectrolyte. Thus, the
strongly reduced binding of the galactose and inhibited
mannose systems was likely not caused by this slightly reduced
charge density. Alternatively, the galactose and mannose units
were likely positioned at the interface of the droplets due to
the lower interaction potential of the uncharged carbohydrates
compared to the charged residues in the droplet interior. The
non-binding carbohydrate layer leads to steric shielding of
charge—charge interactions with the protein and bacteria at the
droplet surface, which lowers their uptake. Such steric
repulsion effects of glycans are quite common, for example,
at the cell glycocalyx and are used for the design of antiviral/
antibacterial glycopolymer drugs.”** Also, the enrichment of
ConA at the periphery of the pure glycan-free polyelectrolyte
droplets (Figure 4, right) suggests such surface effects. Similar
protein surface enrichment was found in different complex
coacervate/protein systems’”** and explained by either a net
surface charge of the droplets or partitioning of non-charged
residues at the interface. In addition, electrostatically self-
assembled block copolymers with uncharged carbohydrate
segments were also shown to present the carbohydrates at the
periphery.”’ Overall, it appears that introducing non-binding
glycans leads to a strong reduction in charge-based
interactions, potentially because of the enrichment of un-
charged sugar units at the droplet interface. However, a direct
confirmation of surface enrichment and a quantification of
related effects such as the reduction of droplet surface tension
and charge density could not be given at this stage.

5. CONCLUSIONS

Here, we established phase-separating glycan-functionalized
polyelectrolytes and confirmed that the formed liquid
condensates can undergo specific interactions with carbohy-

https://doi.org/10.1021/acs.biomac.3c00046
Biomacromolecules 2023, 24, 2532-2540
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Pgo-Gal

Figure 6. Coacervate droplets with E. coli bacteria observed under the fluorescence microscope. The coacervate phases were formed with different
polyanions: P,y,—Man (left), P;yo—Gal (middle), and P,4,— (right). (A) E. coli in the presence of coacervates without inhibitor. The bacteria stick
to P,o—Man and P, — containing droplets but not to P,o,—Gal. (B) In the presence of MeMan as an inhibitor, E. coli do not stick to P,,,—Man

droplets but still bind to P o,— droplets. Scale bars: 10 gm.

Figure 7. Fluorescence microscope time series of a bacterium making contact with a P,,,—Gal-containing droplet while remaining motile within the
coacervate solution. Videos shown in the Supporting Information give a more distinct impression of the bound or motile state of E. coli. Scale bar:

10 pm.

Table 2. Zeta Potential of E. coli and the Effect of Treatment with the Polyelectrolytes Prior to the Measurement

E. coli/H,O
-53 & 2V

E. coli/Pygo—

zeta potential =77+ 1 mV

E. coli/Ppo—Man
—63 + 1 mV

E. coli/P,4—Gal
=50 + 4 mV

E. coli/Pgyt+
42 + 3 mV

drate-binding proteins or bacteria. Mannose-binding E. coli and
ConA were shown to interact more strongly with mannose-
functionalized coacervate droplets, whereas no binding was
found under inhibiting conditions and for galactose function-
alization. These species were also bound to unfunctionalized,
glycan free polyelectrolyte coacervates, likely due to charge—
charge interactions. The degree of specific binding of the
carbohydrate-functionalized, but still highly charged, polyelec-
trolyte droplets was quite surprising. An explanation could not
yet be given here, but future work will look at a possible surface
enrichment of carbohydrate units at the droplet surface and
other explanations. Lastly, the polymer analogous reactions of
a poly(active ester) proved to be quite advantageous to
combine the charged groups and carbohydrate units. This
approach might be easily adapted to introduce other
specifically interacting residues, cross-linkers, labels, etc. to
investigate the molecular mechanism of liquid—liquid phase
separation or to design new functional materials.
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1. Experimental

1.1. Materials

All reagents were used without further purification.

3-(((benzylthio)carbonothioyl)thio)propanoic acid (>98%) was purchased from TCI chemicals.
Toluol-4-Sulfonic acid monohydrate (>99%) and acryloyl chloride (>97%) were purchased from
Merck. Benzene (99.5%), potassium carbonate (99%) and calcium chloride (96%) were purchased
from PanReac AppliChem. Triethylsilane (99%), pentaflurophenol (99%) and D-Galactose
pentaacetate (95%) were purchased from Fluorochem. Diethyl ether (99.5%) was purchased from
Honeywell Riedel de Haen. Succinicanhydride (>99%) was purchased from Carbolution
Chemicals GmbH. Acetic anhydride (99.5%), methanol (>99.8%), Amberlite® IR120 H hydrogen
form, chloramphenicol (>98%), ampicillin sodium salt (BioReagent), diethylentriamine (>98%),
ethylenedioxybisethylamine (98%), acetone (>99.5%), tetrahydrofuran (>99.9%), 2,2'-Azobis(2-
methylpropionitrile) (AIBN) (=98%), sodium sulfate (=99%), sodium bicarbonate (=99.7%),
manganese(Il) chloride (>96%), sodium ascorbate (>98%) and VivaSpin (MWCO: 3.000 Mw)
were purchased from Sigma-Aldrich. Acetonitrile (>99.9%), ethylacetate (>99%), n-hexane
(>95%), 1,4-dioxane (>99.5%), citric acid (>99%), glycine (>99%), trifluoroacetic acid (>99%),
hydrochloric acid, toluene (=99.7%), triethylamine (=99%), dichloromethane (>99.5%) and Cytiva
Vivaspin™ 20 (MWCO 3 kDa) were purchased from Fisher Scientific. N,N-Dimethylformamide
(>99.9%) was purchased from Biosolve. Ethyl trifluoracetate (>99%) was purchased from Apollo
Scientific. 4-pentynoic acid (>95%), bromethanole (>97%), magnesium sulfate (99%), sodium
azide (>99%), triphenylmethyl chloride (98%) and oxalyl chloride (98%) were purchased from
Acros Organics. Sodium hydroxide (>99.5%) was purchased from Chemsolute. HEPES (>99.5%)
was purchased from Fischer BioReagents. AIE TPE Dye (98%) , Fmoc-Lys(Boc)-OH (>98%) and
Fmoc-choride (>98%) were purchased from BLD Pharmatech GmbH. ConA labeled with Alexa-
647 was purchased from Thermo Fisher. TentaGel®S RAM resin was purchased from Rapp
Polymere with a loading of 0.26 mmol/g. Benzotriazol-1-yl-oxytripyrrolidinophosphonium
hexafluorophosphate (PyBOP) (>98%) was purchased from Iris Biotech. DIPEA (99%), D-
Mannose (>99%), ethylenediamine (>99,5%) and sodium chloride (>99,5%) were purchased from
Carl Roth. Sodium diethyldithiocarbamate (99 %) and boron trifluoride diethyl etherate (=98%)
were purchased from Alfa Aesar. Copper(Il) sulfate pentahydrate (98%), piperidine (99%),



sodium methoxide (95%) and triisopropysilane (TIPS) (98%) were purchased from Acros

Organics.

1.2. Instrumentation

Nuclear Magnetic Resonance Spectroscopy (NMR)
'"H-NMR and ""F-NMRwere recorded on a Bruker Avance III 300 or a Bruker Avance III 600.

Chemical shifts were reported as delta (8) in parts per million (ppm) and coupling constants as J
in Hertz (Hz). Multiplicities are stated as follows: s = singlet, d = doublet, t = triplet, q = quartet,

m = multiplet, br = broad/wide.

Reversed Phase — High Pressure Liquid Chromatography (RP-HPLC)

Analytical RP-HPLC-MS measurements were performed on Agilent Technologies 6120 series
coupled with an Agilent quadrupole mass spectrometer with an Electrospray lonization (ESI)
source operating in a m/z range of 200 to 2000. All spectra were measured with solvents A: 95%
H20, 5% ACN, +0.1% formic acid and B: 5% H20, 95% ACN, +0.1% formic acid. As a column,
a Poroshell 120 EC-C18 1.8 uM (3.0x50 mm, 2.5 uM) reversed phase column was used. Indicated
purities were determined by integration of the UV-signal detected by a wavelength detector set to

214 nm with the OpenLab ChemStation software for LC/MS from Agilent Technologies.

Lyophilization

Lyophilization of the final structures was conducted on an Alpha 1-4 LD plus instrument from
Martin Christ Freeze Dryers GmbH. The lyophilization was done at -42°C and a pressure of
0.1 mbar.

MilliQ Water

The MilliQ water (ultra-pure water) was purified using a Thermo Scientific "Barnstead Micropure

ST". The conductivity was 18.20 MQ*cm.

Peptide synthesizer




The CS136XT peptide synthesizer from CS Bio Co. was used for the synthesis of the oligomer

backbone. Used protocols are listed below.

Centrifuges
For the Eppendorf tubes, a "Mini-Centrifuge Rotilabo®" from Carl Roth was used. For samples

with larger volumes, the "Centrifuge 5702" from Eppendorf was used. For polymer purification

by Viva-Spin, a "Heraeus Megafuge 8R Centrifuge" from Thermo Scientific was used.

Gel permeation chromatography

Gel permeation chromatography was performed on a Viscotek GPCmax VE-2001 with a HPLC
pump, two Malvern Viscotek T columns (styrene-divinylbenzene-copolymer, pore size 500 A and
5000 A) and a Viscotek RI detector. The molecular weight was determined according to

polystyrene calibration in the range of 1300 g mol™ to 1373000 g mol™.

Microplate Reader
A "CLARIOstar" from BMG LABTECH was used for absorbance and fluorescence

measurements. 384 well microliter plates from Greiner Bio-One were used, into each of which 30

pL and 25 pL of the samples were added, respectively.

Microscope

Optical analysis of the coacervates was performed on an "Olympus IX73" microscope using a 60x

oil objective.

Zetasizer

Zetasizer measurements were performed on a “Zetasizer Nano ZS” from Malvern Panalytical.

1.3. Abbrevations

ACN Acetonitrile
AIE Aggregation Induced Emission
DIPEA N,N-Diisopropylethylamine



EDS
PyBOP
RI
TDS
TFA
TIPS
TPE

Ethylene glycol-Diamine-Succinic acid
Benzotriazol-1-yloxytripyrrolidinophosphonium hexafluorophosphate
Refractive index

Triple bond-Diethylenetriamine-Succinic acid

Trifluoroacetic acid

Triisopropysilane

Tetraphenylethane

Ultraviolet



2. Synthesis and analytical data

2.1. Synthesis procedures

Building block and sugar azide synthesis
Building block EDS and TDS and sugar azides Mannose and Galactose were synthesized based

on literature.'?

Standard synthesizer protocol
Oligomer backbone was synthesized using a peptide synthesizer. Following protocols refer to

0.3 mmol resin.

Swelling protocol
The resin was swollen twice in 15 mL DCM for 15 minutes each. It was then washed three times

with 15 mL DMF for one minute each.

Deprotection/coupling protocol

The resin was washed three times for 10 min with 15 mL each of a 25% piperidine in DMF
solution. Between the deprotection steps, the resin was washed three times with 15 mL DMF for
1 min each. After the last deprotection step, the resin was washed ten times with 15 mL DMF for
1 min each. For the coupling, 4 mL of the amino acid (AA) or building block (BB) solution (5eq
in 4 mL), 4 mL of 1 molar DIPEA in DMF solution and 4 mL of PyBOP solution (5eq in 4 mL)
were premixed and shaken with the resin for 90 minutes. The resin was then washed ten times for
one minute each with 15 mL DMF.

This protocol was repeated for every amino acid and building block until the desired structure was

synthesized

Swelling protocol after coupling
After coupling of the last AA or BB resin was swelled twice with 15 mL DCM for 15 minutes

each. It was then washed three times with 15 mL DMF for one minute each.



AIE TPE coupling

First, the Boc protecting group on the side chain of the lysine was removed. A solution of 4M HCl
in dioxane was added, and the mixture was shaken for 30 min. The resin was washed several times
with DMF. For coupling the dye, PyBOP (1.35 mmol) and TPE (1.35 mmol) were dissolved in
5 mL DCM and DIPEA (10.8 mmol) was added. The solution was shaken for 1 h. Afterwards, the

resin was washed thoroughly with DMF several times.

Copper-click reaction

Oligomer backbone batch was divided into three smaller batches of 0.1 mmol. One batch was
functionalized with a-D-mannose azide, the other with galactose azide.

Sugar azide (1 mmol) was dissolved in 3 mL DMF. CuSO4 (0.5 mmol) and sodium ascorbate (0.5
mmol were each dissolved in approximately 10 drops of ultra-pure water. The solutions were
added to the resin and mixtures were shaken for 17 h. Then, the resin was repeatedly washed with

DMEF, sodium diethyldithiocarbamate solution and DCM until the wash solution became clear.

Capping

Fmoc protecting group was removed from both batches, by using 5 ml of 25 vol% piperidine in
DMF. The mixtures were shaken for 15 min. The resin was washed with DMF and the process
was repeated. Afterwards, resin was washed several times with DMF and 7 mL acetic anhydride

were added. Mixture was shaken for 1h and resin was washed again with DMF.

Cleavage

Resin was mixed with 4 mL of a cleavage solution consisting of 95 vol% TFA, 2.5 vol% TIPS,
and 2.5 vol% DCM and were shaken for 1 h. The products were then precipitated in cold diethyl
ether and centrifuged off. The diethyl ether was decanted off, and the residues were dissolved in

approximately 8 mL of MilliQ water and lyophilized.

Determination of functionalization degree of Pioo-Man and P100-Gal
The determination of the functionalization degree of Pigo-Man and Pioo-Gal was calculated by
using NMR. The NMR integrals are normalized to the number of triazole protons of the sugar

oligomer. Therefore, the remaining aromatic protons in the NMR represent the remaining TPE and



aromatic polymer backbone protons. For this purpose, the number of aromatic protons of a
polymer backbone (5 protons) was divided by the value of the difference between the number of
aromatic protons in the NMR and the number of protons of a TPE unit (19 protons). The following

calculation demonstrates it using the example of Pigo-Man (Figure S18)

Aromatic protons of one polymerbackbone 5

- = = 2.94%
Aromatic protons from NMR — TPE protons 20,7 — 19

Function.Degree =

2.2. Analytical data

Oligomer backbone (1)

A

(0]
(o] (0]

H O y T H
HZN{@/\)L”/\/N MN\/\O/\/O\/\HJ\‘/\E\AHNO\/\O/\/N\FWE
NH,

b

After synthesis of oligomer backbone, a first analysis by RP-HPLC and ESI-MS was made, before
it was further reacted. The Boc protecting group was not considered here because it is cleaved

during the cleavage process with TFA for analysis.

RP-HPLC-MS: tr = 12.5 min, >97% relative purity (UV), from 95/5 to 5/95 Vol. %

Water/acetonitrile with 0,1% formic acid in 30 min at 25 °C
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Figure S1: RP-HPLC-MS chromatogram of (from 95/5 to 5/95 Vol. % Water/acetonitrile
with 0,1% formic acid in 30 min at 25 °C) of compound (1).

ESI-MS calc. for CosH 37N1sOs3: [M+4H]*" 473, [M+3H]** 630.34, [M+2H]*" 945.01; found
[M+4H]* 473.2, [M+3H]®' 630.6, [M+2H]*" 945.2
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Figure S2: ESI-MS spectrum of oligomer backbone (1) (positive mode)

11



Mannose oligomer (acetylated) (2)

TH-NMR (600 MHz, MeOD-d4): 8 (ppm) = 7.90 (s, 4H, H-1), 7.59-7.54 (m, 1H, aromatic protons
TPE), 7.14-7.07 (m, 8H, aromatic protons TPE), 7.04-6.97 (m, 4H, aromatic protons TPE), 5.23—
5.12 (m, 13H, H-3, H-4, H-5), 4.84 (s, 4H, H-2), 4.67 (s, 9H, -C(O)NHCHCH>—~(TDS and EDS)),
4.18-4.14 (m, 4H, H-6), 4.03 (br.d, 4H, H-7), 3.94 (t,%J=6.47 Hz, 4H, H-7"), 3.77 — 3.28 (m, 87H,
-C(O)NHCH:CH>—~(TDS and EDS)), 3.20 — 2.75 (m, 24H, -C(O)NHCH,CH>—~(TDS and EDS)),
2.56 —2.42 (m, 26H, -C(O)NHCH:CH>—(TDS and EDS)), 2.18-2.10 (m, 12H, -C(O)CH3), 2.09—
2.00 (m, 24H, -(C(O)CHs)2), 1.95 (d,12H, -C(O)CH5).
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Figure S3: TH-NMR of Mannose oligomer (acetylated) (2)
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Mannose oligomer (deacetylated) (3)

OH

HO,

RP-HPLC-MS: tr = 14.87 min, >98% relative purity (UV), from 95/5 to 5/95 Vol. %

Water/acetonitrile with 0,1% formic acid in 30 min at 25 °C
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400 -
=) tz= 14.87 min
< 300
E
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2
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£
100
17
0 ! T ! T ' T " T X T ’ 1
0 5 10 15 20 25 30
Time (min)

Figure S4: RP-HPLC-MS chromatogram of (from 95/5 to 5/95 Vol. % Water/acetonitrile
with 0,1% formic acid in 30 min at 25 °C) of compound 3.
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ESI-MS calc. for C139H212N31047:[M+5H]*" 613.7, [M+4H]*" 766.88, [M+3H]*" 1022.17; found
613.8 [M+5H]*", 767 [M+4H]*", 1022.2 [M+3H]*"

[M'*'4H]4+
767
100 -
[M+3H]3*
80 - 1022.2
iy
2
S 60+
IS
0 [M+5H]>*
s 40 613.8
o
1
20 4
0 I........l....LI Licalisatale L.I ke L
400 600 800 1000
m/z

Figure S5: ESI-MS spectrum of Mannose oligomer (deacetylated) (3) (positive mode)
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Galactose oligomer (acetylated) (4)

OAc

"H-NMR (600 MHz, MeOD-ds): § (ppm) = 7.79 (m, 4H, H-1), 7.56 (d, *J=8.33 Hz, 1.5H, aromatic
protons TPE), 7.10 (m, 9H, aromatic protons TPE), 7.04-6.97 (m, SH, aromatic protons TPE),
5.38 (d, 3J=3.42 Hz, 4H, (TDS and EDS)), 5.14 - 4.99 (m, 9H, H-3, H-4, H-5), 4.66 (dd, *J=7.84
Hz, *J=2.52 Hz, 5H, H-2), 4.59 (s, 9H, (TDS and EDS)), 4.24 — 4.18 (m, 4H, H-6), 4.16 —4.10 (m,
13H, H-7), 4.00 (s, 5H, H-7"), 3.74 — 3.26 (m, 98H, (TDS and EDS)), 3.19 — 2.73 (m, 30H, (TDS
and EDS)), 2.15 — 2.11 (m, 12H, -C(O)CHj3), 2.05 — 1.99 (m, 14H, -C(O)CHs;), 1.98 — 1.95 (m,
12H, -C(O)CHj3), 1.94 — 1.91 (m, 12H, -C(O)CH}3).
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Figure S6: "TH-NMR of galactose oligomer (acetylated) (4)
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Galactose oligomer (deacetylated) (5)

OH

o (¢} H 0] H o H
HZN{R/\)LN/\/N\/\NMN\/\O/\/O\/\N)KLT}/\)‘\N/\/O\/\Q/\/N\(
H Hi4 H H

RP-HPLC-MS: tr = 14.81 min, >96% relative purity (UV), from 95/5 to 5/95 Vol. %

Water/acetonitrile with 0,1% formic acid in 30 min at 25 °C
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Figure S7: RP-HPLC-MS chromatogram of (from 95/5 to 5/95 Vol. % Water/acetonitrile
with 0,1% formic acid in 30 min at 25 °C) of compound 5.
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ESI-MS calc. for Ci39H215N3,047:[M+SH]** 613.7, [M+4H]*" 766.88, [M+3H]** 1022.17; found

613.8 [M+SH]*, 767 [M+4H]*, 1022.2 [M+3H]**

[M+4H]*
100 - 767
80
2
g [M+5H]*
|5 60 - 613.8
s
— [M+3H]3*
.g 1022.2
© 40 -
o)
e
20
[ TR ']hl. .nlL'hL-mI- lu| s
400 600 800 1000
m/z

Figure S8: ESI-MS spectrum of Galactose oligomer (deacetylated) (3) (positive mode)
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Pentafluorophenyl acrylate monomer (6)
DY
g~ =0
F

F F

"H-NMR (600 MHz, CDCL): & (ppm) = 6.72 (dd, J = 17.3, 0.9 Hz, 1H, CH,=CH-), 6.37 (dd, J =
17.3, 10.6 Hz, 1H, CH,=CH-), 6.18 (dd, J= 10.5, 0.9 Hz, 1H, CH»=CH-).

0“0

F /I.F
T ;

F 3 cDCl,
F

H.O
L_‘ UL PR _/JC_“ 5
b
1.00 0.95 1.03
45 40 35 30 25 20 15 10 0.5 00

T T T T T T T T T T
9.5 9.0 85 80 7.5 70 6.5 6.0 5.5 50
Chemical shift [ppm]

Figure S9: '"H-NMR of Pentafluorophenyl acrylate monomer (6)

20



YE-NMR (600 MHz, CDCls): § (ppm) = -152.54 (m, 2F), -157.92 (t, 1F), -162.32 (m, 2F)

1o 20 EN 4o -50 60 -0 80 -0 100 -110 120  -130 | -140  -150  -160  -170  -180  -190
Chemical shift [ppm]

Figure S10: F-NMR of Pentafluorophenyl acrylate monomer (6)



Poly(pentafluorophenyl acrylate) 100 (7)

S S OH
%Oo\g \/\ﬂ/
O
0™ ™o
F F

Polymerization degree was determined by Gel permeation chromatography (GPC) and 'H-NMR
analysis.

Table S1: Average Polymerization degree determined by GPC and 'H-NMR of
Poly(pentafluoro-phenyl acrylate) 100 (7)

Method Pn
'H-.NMR | ~98

Table S2: GPC analysis of Poly(pentafluorophenyl acrylate) 100 (7)

Detector uv RI
Mw 22619 23278
Mn 17228 18140
D 131 1.28
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Figure S11: GPC measurement (Eluent: THF) of compound (7)

"H NMR (600 MHz, CDCL3): & (ppm) = 7.18 (d, J= 7.6 Hz, 4H), 3.64 (s, 2H), 3.08 (m, 90H), 2.88
—2.72 (m, 17H), 2.50 (bs, 40H), 2.11 (m, 151H).

oy
> s b8 8 OH
S
< O (o]
i
b
\
X
A i
F
cDCl,
/
J H,0
LJLI i |
iy B i i A
2.72 2.00 90.52 16.48 40.97 151.32
T T T T T T T T T T T T T T T T T T T T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0 0.5 0.0
Chemical shift [E?"']

Figure S12: "TH-NMR of Poly(pentafluorophenyl acrylate) 100 (7)
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YF-NMR (600 MHz, CDCls): & (ppm) = -153.21 (m, 2F), -156.7 (m, 1F), -162.16 (m, 2F)
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Figure S13: ’F-NMR of Poly(pentafluorophenyl acrylate) 100 (7)



Proo- (8)

kfo

) Na®

TH-NMR (600 MHz, D,0): § (ppm) = 9.67 — 9.10 (m, 12H), 7.47 — 7.16 (m, SH, Huromaiic), 4.36 —
3.29 (m, 190H,-NHCH,COO-), 3.07 — 1.01 (m, 300H, CH. packbone)

S S OH
%100\“/ \/\ﬂ/
o S (o]
NH
kfo
o ®
© Na

D=0

T T
12.06 5.00 189.95 300.19
T T T T T T T T T T T T T T T T T T T
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Figure S14: "TH-NMR of P100(-) (8)
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YF-NMR (600 MHz, CDCls): & (ppm) = -no signals
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Figure S15: YF-NMR of P1oo(-) (8)



Proot+ (9)

'H NMR (600 MHz, D,0): & (ppm) = 7.45 — 7.19 (m, 5H, Haromatic), 3.71 — 3.00 (m, 402H,

NHCH>CH>NH23), 2.39 — 1.11 (m, 335H, CH> Backbone)-

T T
40093 33625

T T T T T
3.5 3.0 &85 80 7.

T T T

AN
—
5.00
5 70 65 6.0

Chemische Verschiebung [ppm]

T T T T T T T T

35 30 5 2.0 1.5 1.0 0.5 0.0

Figure S16: "H-NMR Pi00(+) (9)
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F-NMR (600 MHz, CDCl3): § (ppm) = -no signals

Figure S17: YF-NMR P100(+) (9)

28




Proo-Man (acetylated) (10)

NH NH o a (¢]
o \% o H " Y i M NH,
) /\/O\/\N/u\/\g NS ST p N H
®
Na

"H-NMR (600 MHz, D>0): 8 (ppm) = 7.99 — 7.78 (m, H-1), 7.57-6.96 (m, aromatic protons), 5.30-
5.05 (m, H-3, H-4, H-5), 4.74 — 4.55 (m, H-2, protons of oligomer and polymer backbones), 4.22
(s, H-6),4.10-3.89 (m, H-7, H-7"), 3.87 — 2.27 (m, protons of oligomer and polymer backbones),

2.19-1.89 (m, H-8), 1.86 — 1.03 (m, protons of oligomer and polymer backbones).
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Figure S18: "TH-NMR of P1oo(-)Man (acetylated) (10)
YF-NMR (600 MHz, CDCIl3): § (ppm) = -no signals
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Pioo-Man (deacetylated) (11)

HO
> OH
Ho.. o
2 44,(
o !
J 1
S__S OH N
95 5 \/\g/ N
07 NH NH n o) - o
0 \% y o y W NH,
° Oy e il G TN H
®
Na

'H-NMR (600 MHz, D-0): § (ppm) = 7.91 — 7.78 (m, H-1), 7.60 — 6.94 (m, aromatic protons),
4.62 (s, H-2),4.22 (s, H-6),4.06 (s, H-7, H-7"), 3.93 — 0.83 (m, H-3, H-4, H-5, protons of oligomer

and polymer backbones).
b A
oL D=0
Mty " ?
o - ,E»‘!,J. h“% “y i
~ O
DY
g
i f] g
A A iy \
400  17.98 2.87 1.722.78 255.38
9,'5 9:0 8.[5 8f0 7:5 7.‘0 G:S 6.’0 5.’5 SIO 4:5 410 3,’5 3:0 Z.lS ZTD 1:5 L'O 0:5 0.‘0
Chemical shift [ppm]

Figure S19: "H-NMR P190(-)Man (deacetylated) (11)
YF-NMR (600 MHz, CDCl;s): § (ppm) = -no signals
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Pr1o0-Gal (acetylated) (12)

TH-NMR (600 MHz, D-0): § (ppm) = 7.84-7.66 (m, H-1), 7.58-6.71 (m, aromatic protons), 5.42
(s, H-3), 5.15 (s, H-4), 4.99 (s, H-5), 4.59 (s, H-2, protons of oligomer and polymer backbones),
4.31-4.08 (m, H-6, H-7, H-7"), 3.85 — 2.29 (m, protons of oligomer and polymer backbones), 2.26-
1.85 (m, H-8), 1.75 — 1.03 (m, protons of oligomer and polymer backbones).
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Figure S20: "H-NMR P100(-)Gal (acetylated) (12)

PYF-NMR (600 MHz, CDCls): 8 (ppm) = -no signals
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P1o0-Gal (deacetylated) (13)
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'H-NMR (600 MHz, D-0): 8 (ppm) = 7.89 (s, H-1), 7.66 — 6.92 (m, aromatic protons), 4.07 —0.76
(m, H-2, H-3, H-4, H-5, H-6, H-7, H-7’, protons of oligomer and polymer backbones).
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Figure S21: "H-NMR P100(-)Gal (deacetylated) (13)
PF-NMR (600 MHz, CDCl3): 8 (ppm) = -no signals
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3. Measurements
3.1 ConA uptake under variation of addition order

A) addition order: anion, cation, ConA
[
"

B) addition order: cation, ConA, anion

C) addition order: anion, ConA, cation

Figure S22: Micrographs of the droplets formed by Pioo+ and the polyanions P10-Man, P1oo-Gal
and Pigo- in the presence of fluorescently labeled ConA and under variation of the addition order.
The top images were taken by transmission microscopy, the bottom images by fluorescence
microscopy. Scalebar: 10 pm (applies to all images).
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3.2. Protein assays

Table S3 Final concentrations in solution for protein assays

Polyanion [mM] | Polycation [mMM] | ConA [ug/mL] | Order of Addition

3.5 3.5 50 Anion -> Cation -> ConA
3.5 3.5 50 Anion -> ConA -> Cation
3.5 35 50 Cation -> ConA -> Anion

3.3. Zeta potential

Table S4: Zetapotential results of E.coli bacteria with differnet polyelectrolytes

E. coli

E. C()li/Pmo-

E. coli /| Pypo-Man

E. coli / Pyoo-Gal

E. coli | Pyoot+

-53+2mV

-77+1mV

-63 £ 1 mV

-50+4 mV

42 £3mV

Zeta potential

For zetapotential measurements 35uL of Polyelectrolyte (Stocksolution 10mM) were mixed with
25uL E. coli solution (Stock solution 4mg/mL in milliQ water) and 940pL milliQ water. The

mixture was allowed to stand for 5 minutes before measurement.

Supporting references
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Mimics: Binding to Mammalian Lectin and Induction of Immunological Function. JACS 2007,
129 (49), 15156-15163. DOI: 10.1021/ja072999x.
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uniform degradation fragments via sequence-controlled macromonomers. Polymer Chemistry
2016, 7 (46), 7086-7093. DOI: 10.1039/c6py01700b.
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Conclusion and Outlook

4. Conclusion and Outlook

Polyelectrolytes and their phase change behavior are of major importance, as they are the
natural drivers of several phenomena and mechanisms such as the formation of
membraneless organelles or the fiber formation from the slime of the red velvet worm. Since
these modes of operation have not yet been fully understood, the studies conducted here were
aimed at identifying a new synthesis route to gain access to sequence-controlled
polyelectrolytes and polyampholytes. These systems were then investigated for their
coacervation behavior in order to gain further insights into the mechanism of this class of liquid-
liquid phase separation. Furthermore, new possibilities should be investigated to consider
coacervates as potential glycomimetics and to further analyze their behavior in lectin and

bacterial assays.

The first part of this thesis focused on the establishment of a new synthesis route for sequence-
controlled polyelectrolytes. Therefore, solid-phase synthesis further developed in the
Hartmann group, based on a Fmoc protection strategy, was used to build up sequence-defined
oligomers. The charge sequences of the oligomers were constructed using amino acids lysine
and glutamic acid. The challenge here was to find a suitable protecting group strategy that
would keep the amino acid side chains protected even after cleavage from the solid-phase.
This described protection group stability is crucial for the subsequent process, ensuring that
they remain unreactive in further conversion reactions. For this purpose, the Alloc and Allyl
protecting groups were used, which are both stable under basic conditions during solid-phase
synthesis and are not affected by the acidic cleavage conditions of the resin. The synthesis of
the oligomers showed no major challenges; only a small amount of by-product was found with
partial Allyl protecting group removal. However, this part only consisted of a relatively small
amount, which allowed the structures to be used without further purification steps. As an
innovation for the controlled synthesis of polyelectrolytes, in the next step oligomers were
converted into brush-shaped polymers by using polymer analogous reaction. For this purpose,
a pentafluoro phenyl acrylate was converted by RAFT polymerization to an active ester
polymer, which could then be converted to larger polymer structures in a subsequent reaction
with the free amines of the oligomers. Protection groups of oligomers were remained during
polymer analogous reaction so that no cross-linking occurred during the polymer conjugation.
The complete conversion was observed using "°F-NMR. When converting the polycations, an
one-sided trityl-protected EDA building block was initially used, which did not lead to full
conversion of the active esters due to the excessive steric requirement of the protection group.
By using unprotected EDA building blocks in high excess, this problem could be circumvented
and crosslinking reactions could be avoided. When incorporating the protected oligo-

electrolytes, there was a complication with the lysine structures during purification, as the high
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proportion of Alloc protecting groups decreased the water solubility and therefore dialysis could
not take place. Hence, the determination of lysine incorporation into the oligomer was difficult,
as 'H-NMR interpretation was not possible due to signal overlapping. The use of optimized
dialysis methods using alternative solvents, could be considered for purifying structures in the
future. Meanwhile, the synthesis of the polyampholytes, both the linear and the protected
brush-shaped polymers, proceeded without further problems. For the brush-shaped polymers,
initial assumptions could be made about the final incorporation of the oligomers based on the
ratio of the protecting group signals to the polymer backbone protons in the '"H-NMR. The
challenge in the next step was the removal of the Alloc and Allyl protecting groups to expose
the charges of the amino acids. A solid-phase based deprotection protocol using phenyl silane
was successfully transferred to a solution-based deprotection reaction and was used in this
synthesis. Only for the polyelectrolytes with the fourfold charged lysine residues of the Alloc
protecting group could be detected in the 'H-NMR. While the amount of the remaining
protection group is relatively small, there is still scope for optimization here for more efficient
future processes in order to maximize deprotection efficiency and minimize the loss of yield
due to the need for multiple deprotection steps. Nevertheless, a precise determination of the
incorporation degree for the brush-shaped polymers could not be achieved with the analytical
methods chosen. GPC and MALDI TOF provided no reliable results and the clear identification
of the polymer backbone or the oligo side chain signals in "H-NMR turned out to be a significant
challenge. However, initial assumptions could also be made here and further methods of
analysis, such as titration, should be considered here when being used in subsequent
investigations. Despite this, polyelectrolytes and polyampholytes were successfully produced

and were analyzed in the further course of the thesis.

The second part of this thesis was therefore dedicated to the investigation of the phase
behavior of the synthesized polyelectrolytes and polyampholytes. The structures were
analyzed regarding their length and charge distribution, in terms of their charge density and
sequence. To compare the structures with each other, phase diagrams were recorded in
aqueous solution as a function of salt and polymer concentration using optical microscopy.
The linear charged polyelectrolytes showed successful coacervate formation even at low
polymer and salt concentrations. Increasing polyelectrolyte chain length had the effect of
partially increasing salt resistance, but significantly decreased the possible polymer
concentrations. When comparing the brush-shaped polyelectrolytes, there was an even
greater reduction of the coacervate phase salt resistance. This effect could be explained by
the limited flexibility of the polymer chains or by the presence of partially unbalanced charge
ratios within the structures. This could be investigated in future studies by setting a charge
balance through the verification of the final incoporation of charged oligomers or the variation
of the proportions of polycations to polyanions. In contrast, no phase separation effects could
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be observed when analyzing the linear polyampholytes, which leads to the assumption that
the number of consecutive identical charges is lower than required for coacervation formation.
The brush-shaped polyampholytes, on the other hand, have a defined charge sequence in the
side chain and lead to a phase separation, albeit not a remarkably stable formation, even with
two consecutive, identical charges. Even with the smallest amounts of additional salt ions,
coacervates could be dissolved. However, the salt resistance increases with the length of the
successive charges. Finally, the newly synthesized polyelectrolyte and polyampholyte
structures provided initial insights into the coacervate behavior of brush-shaped polymers and

the potential of the newly applied method of production for future structures.

The combined use of solid-phase synthesis and polymer analogous reactions gave access to
brush-shaped polyelectrolyte structures and allowed for the investigation of their coacervation
behavior. This synthesis strategy also offers the potential to build further, more complex
structures for the future. For instance, an entirely new class of carbohydrate containing
polyelectrolyte structures could be generated through a combination with tailor-made building

blocks, such as those introduced in the Hartmann group.

Carbohydrate-containing oligomers were produced using customized building blocks EDS and
TDS, which served both as spacers and as conjugation sites for carbohydrates. Oligomers
containing mannose and galactose were synthesized, which were used in binding studies on
ConA. Whereas mannose structures showed binding towards ConA, the galactose-
functionalized compounds served as negative controls. The oligomers were converted into
brush-shaped polyelectrolytes via a polymer analogous reaction. Previous studies with the
single-charged polyelectrolytes have shown that they exhibit high salt resistance. This effect
allowed studies on protein binding assays which usually required stability in buffered media. A
significantly slower progression of coalescence was observed in the phase separation of the
carbohydrate-containing polyelectrolytes. The carbohydrate-containing coacervates were then
examined for interaction with the lectin ConA, which can specifically bind mannose but not
galactose. By using fluorescence microscopy, it was observed that both the mannose-
containing coacervates and the non-functionalized coacervates were able to partially
incorporate the lectin. On the other hand, the galactose-containing coacervates showed no
uptake of ConA. The captured portion of ConA was also quantitatively determined and showed
that the mannose-containing coacervates were also able to bind the largest amount of ConA.
Finally, the carbohydrate structures were investigated with E. coli bacteria, which are also able
to specifically bind mannose due to their cell surface protein FimH. Here, the behavior was
again investigated using fluorescence microscopy. While the mannose-containing and non-
functionalized coacervates were able to capture and immobilize the bacteria, the bacteria

repelled after contact with the galactose-containing coacervates. If the FimH binding sites were
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blocked with alpha methyl mannose, the mannose containing coacervates did not bind to the
bacteria, whereas the non-functionalized coacervates continued their interaction with the
bacteria. This can be explained by the charged surface of the bacteria, which continues to
interact with the polyelectrolytes of the coacervates in an unspecific manner. The lectin and
bacterial assays have shown that glycan-presenting coacervates can be used as a new
material in the study of specific carbohydrate binding structures and therefore open new

possibilities in the development of biomimetic systems.

Overall, in this work, a successful synthesis of sequence-controlled polyelectrolytes and
polyampholytes has been achieved. The extended synthesis route can be used to gain
improved access to new and more complex polyelectrolyte structures and thus further
investigate the coacervate behavior as a function of charge density sequences and polymer
size. In addition, initial investigations of coacervates as glycan presenting coacervate droplets
were performed, which showed the potential of this new method and thus paves the way for

further investigations of specific biological processes.
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5. Experimental Part
5.1. Materials

All reagents were used without further purification.

3-(((benzylthio)carbonothioyl)thio)propanoic acid (>98%) was purchased from TCI chemicals.
Acryloyl chloride (297%) were purchased from Merck. Benzene (99.5%), potassium carbonate
(99%) and calcium chloride (96%) were purchased from PanReac AppliChem. Triethylsilane
(99%), pentafluoro phenol (99%) and D-Galactose pentaacetate (95%) were purchased from
Fluorochem. Diethyl ether (99.5%) was purchased from Honeywell Riedel de Haen.
Succinicanhydride (>99%) and Fmoc-Lys(Alloc)-OH (99%) was purchased from Carbolution
Chemicals GmbH. Acetic anhydride (99.5%), methanol (=99.8%), Amberlite® IR120 H
hydrogen form, chloramphenicol (298%) and ampicillin sodium salt (BioReagent),
diethylentriamine  (>98%), ethylenedioxybisethylamine (98%), acetone (299.5%),
tetrahydrofuran (299.9%), 2,2'-Azobis(2-methylpropionitrile) (AIBN) (298%), barbituric acid
(99%), phenylsilane (97%), sodium sulfate (299%), sodium bicarbonate (299.7%),
manganese(ll) chloride (296%), sodium ascorbate (298%) and VivaSpin (MWCO: 3.000 Mw)
were purchased from Sigma-Aldrich. Acetonitrile (299.9%), ethylacetate (=99%), n-hexane
(295%), 1,4-dioxane (299.5%), citric acid (299%), glycine (299%), trifluoroacetic acid (299%),
hydrochloric acid, toluene (299.7%), triethylamine (299%), dichloromethane (=99.5%) and
Cytiva Vivaspin™ 20 (MWCO 3 kDa) were purchased from Fisher Scientific. N,N-
Dimethylformamide (299.9%) was purchased from Biosolve. Ethyl trifluoracetate (299%) was
purchased from Apollo Scientific. 4-pentynoic acid (295%), bromethanole (297%), magnesium
sulfate (99%), sodium azide (299%), triphenylmethyl chloride (98%), trityl chloride (98%) and
oxalyl chloride (98%) were purchased from Acros Organics. Sodium hydroxide (299.5%) was
purchased from Chemsolute. Fmoc-choride (=298%) were purchased from BLD Pharmatech
GmbH. TentaGel®S RAM resin (Loading of 0.28 mmol/g) and Tentalgel® chlorotrityl resin
(0.22 mmol/g) were purchased from Rapp Polymere. Benzotriazol-1-yl-
oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) (298%) and Fmoc-Glu(OAIl)-OH
(99%) was purchased from Iris Biotech. DIPEA (99%), ethylenediamine (299,5%) and sodium
chloride (299,5%) were purchased from Carl Roth. Sodium diethyldithiocarbamate (99%) and
boron trifluoride diethyl etherate (=298%) were purchased from Alfa Aesar. Copper(ll) sulfate
pentahydrate (98%), piperidine (99%), sodium methoxide (95%), triisopropysilane (TIPS)

(98%) were purchased from Acros Organics.
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5.2. Instrumentation

Centrifuges

For the Eppendorf tubes, a "Mini-Centrifuge Rotilabo®" from Carl Roth was used. Samples
with larger volumes, the "Centrifuge 5702" from Eppendorf was used. For polymer purification

by Viva-Spin, a "Heraeus Megafuge 8R Centrifuge" from Thermo Scientificl was used.
Gel permeation chromatography

Gel permeation chromatography was performed on a Viscotek GPCmax VE-2001 with a HPLC
pump, two Malvern Viscotek T columns (styrol-divinylbenzene-copolymer, pore size 500 A and
5000 A) and a Sykam S3250 UV/Vis detector.

Lyophilization

Lyophilization was conducted on an Alpha 1-4 LD plus instrument from Martin Christ Freeze

Dryers GmbH. It was performed at -42°C and a pressure of 0.1 mbar.
Microplate Reader

For absorbance and fluorescence measurements a "CLARIOstar" from BMG LABTECH was
used. 384 well microliter plates from Greiner Bio-One were used, into each of which 30 yL and

25 L of the samples were added, respectively.
Microscope

Optical analysis of the coacervates was performed on an "Olympus IX73" microscope using a
60x oil objective. 384 well microliter plates from Greiner Bio-One were used, into each of which

30 pL of the samples were added, respectively.
MilliQ Water

The MilliQ water (ultra-pure water) was purified using a Thermo Scientific "Barnstead

Micropure ST". The conductivity was 18.20 MQ*cm.
Nuclear Magnetic Resonance Spectroscopy (NMR)

"H-NMR and "*F-NMR were recorded on a Bruker Avance Il 300 or a Bruker Avance Il 600.
Chemical shifts were reported as delta (8) in parts per million (ppm) and coupling constants as
J in Hertz (Hz). Multiplicities are stated as follows: s = singulet, d = doublet, t = triplet, q =

quartet, m = multiplett, br = broad/wide.
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Peptide synthesizer

The CS136XT peptide synthesizer from CS Bio Co. was used for the synthesis of the oligomer

backbone. The used protocols are listed below.
Reversed Phase — High Pressure Liquid Chromatography (RP-HPLC)

Analytical RP-HPLC-MS measurements were performed on Agilent Technologies 6120 series
coupled with an Agilent quadrupole mass spectrometer with an Electrospray lonization (ESI)
source operating in a m/z range of 200 to 2000. All spectra were measured with solvents A:
95% H20, 5% MeCN, +0.1% formic acid and B: 5% H20, 95% MeCN, +0.1% formic acid. As
a column, a Poroshell 120 EC-C18 1.8 pyM (3.0x50 mm, 2.5 uM) reversed phase column was
used. Indicated purities were determined by integration of the UV-signal detected by a
wavelength detector set to 214 nm with the OpenLab ChemStation software for LC/MS from

Agilent Technologies.
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5.3. General Methods

Standard synthesizer protocol

Oligomer backbones were synthesized using a peptide synthesizer. Following protocols refer

to 0.3 mmol resin.
Swelling protocol

The resin was swollen twice in 15 mL DCM for 15 minutes each. It was then washed three

times with 15 mL DMF for one minute each.
Deprotection/coupling protocol

The resin was washed three times for 10 min with 15 mL each of a 25% piperidine in DMF
solution. Between the deprotection steps, the resin was washed three times with 15 mL DMF
for 1 min each. After the last deprotection step, the resin was washed ten times with 15 mL
DMF for 1 min each. For the coupling, 4 mL of the amino acid (AA) or building block (BB)
solution (5 eq. in 4 mL), 4 mL of 1 molar DIPEA in DMF solution and 4 mL of PyBOP solution
(5 eq. in 4 mL) were premixed and shaken with the resin for 90 minutes. The resin was then

washed ten times for one minute each with 15 mL DMF.

This protocol was repeated for every amino acid and building block until the desired structure

was synthesized.
Swelling protocol after coupling

After coupling of the last AA or BB resin was swelled twice with 15 mL DCM for 15 minutes

each. It was then washed three times with 15 mL DMF for one minute each.

Capping

Fmoc protecting group was removed from both batches, by using 5 ml of 25 vol% piperidine in
DMEF. The mixtures were shaken for 15 min. The resin was washed with DMF and the process
was repeated. Afterwards, resin was washed several times with DMF and 7 mL acetic

anhydride were added. Mixture was shaken for 1h and resin was washed again with DMF.
Cleavage

Resin was mixed with 4 mL of a cleavage solution consisting of 95 vol% TFA, 2.5 vol% TIPS,
and 2.5 vol% DCM and were shaken for 1h. The products were then precipitated in cold diethyl
ether and centrifuged off. The diethyl ether was decanted off, and the residues were dissolved

in approximately 8 mL of MilliQ water and lyophilized.
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Determination of functionalization degree

The determination of the functionalization degree was calculated by using 'H-NMR. The
aromatic protons in the NMR represent aromatic polymer backbone protons. For this purpose,
the number of aromatic protons of a polymer backbone was set to five protons to represent
one polymer molecule. The signal of the protection group at 5.7-6 ppm was integrated and
divided by the number of protection groups present (four for the oligo-electrolytes and eight for

the oligo-ampholytes). A calculation example for the P1oo(EEEE) is shown below:

Protons of PG at 5.7 —6ppm 40 10%
Number of protecting groups 4 °

Function. Degree =

An overview of the calculated functionalization is shown in Table 5.
Coacervation of linear charged polyelectrolytes and ampholytes

The general coacervate formation of the linear polyelectrolytes was performed according to
the following protocol. 200 mM stock solutions of the anionic and cationic polymers were
prepared with respect to the molecular weight of the polymer repeating unit. A 4 M NaCl
solution was prepared. For the microscope measurement, 50 uL of the salt solution was
prepared in a 0.5 mL reaction tube and mixed with 25 pL of the anionic polymer for 10 seconds.
Next, 25 uL of the cationic polymer was added and mixed again. The concentration of the salt
and the polymers in the final solution was therefore half the concentration of the stock solution.
The finished coacervate solution was then analyzed under a microscope. For the ampholytic
structures, the measurement was carried out as described above with the exception that 50 uL
of salt solution was first added and then 50 uL of the ampholytic polymer solution was added

and mixed.
Coacervation of brush-shaped polyelectrolytes and -ampholytes

To measure the brush-shaped polymers, the molecular weight of the repeating unit was first
determined. Since the polymer was made up of two different repeating units, the molecular

weight was calculated as a percentage of the targeted incorporation of the side chains.
Mw of repeating unit =

% in Polymer * Mw of Ethanolamine + % in Polymer * Mw of Oligomer =

0.75 + 115,13 —-9— + 0,25 * 668,62 —2— =
mol mol
276,49
mol

The coacervate measurement was then carried out as described above for the linear polymers.
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5.4. Syntheses
5.4.1. Oligomers

All Oligomers were synthesized using the standard protocol described in Chapter 5.3. The
solid support was either TentaGel® S RAM resin with a capacity of 0.28 mml/g or TentaGel®
S TRT-ClI resin functionalized with an EDA linker according to literature'" with a subsequent

capacity of 0.2 mmol/g.
Oligomer: EEEE

The oligomer was synthesized on an EDA functionalized chlorotrityl resin according to the
standard synthesizer protocol and was obtained with a yield of 84% and a relative purity of
98%.

O\/\

e

"H-NMR (600 MHz, MeOD-d4): & (ppm) = 6.01 — 5.86 (m, 4H, H5), 5.31 (m, 4H, H6) 5.22 (m,
4H, H6), 4.59 (m, 8H, H4), 4.30 — 4.12 (m, 4H, H2), 3.58 — 3.36 (m, 2H, H1), 3.16 — 2.97 (m,
2H, H1), 2.62 — 2.37 (m, 8H, H3), 2.25 — 1.90 (m, 12H, H3, H7).

RP-HPLC-MS: tr = 13.21 min, >98% relative purity (UV), from 95/5 to 5/95 Vol. %

Water/acetonitrile with 0,1% formic acid in 30 min at 25 °C.

ESI-MS: calc. for CssHssNeO1a: [M+2H]2* 390.19, [M+H]* 779.38; found 390.0 [M+2H]?*, 779.2
[M+H]".
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Oligomer: KKKK

The oligomer was synthesized on an EDA functionalized chlorotrityl resin according to the
standard synthesizer protocol and was obtained with a yield of 79% and a relative purity of
99%.

H-NMR (600 MHz, MeOD-d4): & (ppm) = 5.94 (m, 4H, H5), 5.30 (m, 4H, H6), 5.19 (m, 4H,
H6), 4.53 (m, 8H, H4), 4.26 — 4.12 (m, 4H, H2), 3.61 — 3.41 (m, 2H, H1), 3.12 (m, 10H, H1,
H8), 2.04 (s, 3H, H7), 1.92 — 1.68 (m, 8H, H3), 1.63 — 1.50 (m, 8H, H3), 1.49 — 1.35 (m, 9H,
H3) .

RP-HPLC-MS: tr = 13.35 min, >99% relative purity (UV), from 95/5 to 5/95 Vol. %

Water/acetonitrile with 0,1% formic acid in 30 min at 25 °C.

ESI-MS: calc. for CasH74N1O13: [M+2H]?* 476.28, [M+H]* 951.55; found 476.4 [M+2H]**, 951.6
[M+H]".
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Oligomer: KEKEKEKE

The oligomer was synthesized on Tentagel S-RAM resin according to the standard synthesizer

protocol and was obtained with a yield of 65% and a relative purity of 95%

!&J *@f *qg

"H-NMR (600 MHz, D,O/MeCN-d3): & (ppm) = 5.86 (m, 8H, H4), 5.33 — 5.03 (m, 16H, H5),
4.61—4.38 (m, 16H, H3), 2.99 (m, 9H, H7), 2.51 — 2.31 (m, 9H, H6), 2.16 — 1.97 (m, 9H, H6),
1.78 = 1.17 (m, 34H, H2).

RP-HPLC-MS: tr = 16.48 min, >95% relative purity (UV), from 95/5 to 5/95 Vol. %

Water/acetonitrile with 0,1% formic acid in 30 min at 25 °C.

ESI-MS: calc. for CroH111N13Oz2s: [M+2H]?* 771.9, [M+H]* 1542.79; found 772.0 [M+2HJ?*,
1544.6 [M+H]".
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Oligomer: KKEEKKEE

The oligomer was synthesized on Tentagel S-RAM resin according to the standard synthesizer

protocol and was obtained with a yield of 70% and a relative purity of 97%

'H-NMR (600 MHz, D-O/MeCN-d3): & (ppm) = 6.00 — 5.74 (m, 8H, H4), 5.34 — 5.04 (m, 16H,
H5), 4.57 — 4.40 (m, 16H, H3), 4.10 (m, 9H, H1), 2.99 (m, 8H, H7), 2.52 — 2.34 (m, 8H, H6),
2.17 —1.99 (m, 9H, H6), 1.79 — 1.10 (m, 29H, H2).

RP-HPLC-MS: tr = 16.48 min, >97% relative purity (UV), from 95/5 to 5/95 Vol. %

Water/acetonitrile with 0,1% formic acid in 30 min at 25 °C.

ESI-MS: calc. for CroH111N13O24: [M+2H]2* 771.9, [M+H]* 1542.79; found 772.0 [M+2H]?",
1543.8 [M+H]".
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Oligomer: KKKKEEEE

The oligomer was synthesized on Tentagel S-RAM resin according to the standard synthesizer

protocol and was obtained with a yield of 86% and a relative purity of 93%.

'H-NMR (600 MHz, D,O/MeCN-d3): & (ppm) = 5.97 — 5.75 (m, 8H, H4), 5.30 — 5.06 (m, 16H,
H5), 4.55 — 4.37 (m, 17H, H3), 4.14 — 4.00 (m, 8H, H1), 2.98 (m, 9H, H7), 2.58 — 2.31 (m, 8H,
H6), 2.13 — 1.99 (m, 8H, H6), 1.81 — 1.14 (m, 32H, H2).

RP-HPLC-MS: tr = 16.48 min, >93% relative purity (UV), from 95/5 to 5/95 Vol. %

Water/acetonitrile with 0,1% formic acid in 30 min at 25 °C.

ESI-MS: calc. for CroH111N13O024: [M+2H]2* 771.9, [M+H]* 1542.79; found 772.0 [M+2H]?",
1543.8 [M+H]".
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5.4.2. Polymers

Pentafluoro phenyl acrylate monomer — PFPA

The monomer was synthesized according to literature and was obtained with a yield of 58%.'%°

0”0
F F
F F

1H-NMR (600 MHz, CDCl3): & (ppm) = 6.72 (dd, J = 17.3, 0.9 Hz, 1H, H1), 6.37 (dd, J = 17.3,
10.6 Hz, 1H, H2), 6.18 (dd, J = 10.5, 0.9 Hz, 1H, H1).

19F-NMR (600 MHz, CDCls): & (ppm) = -152.54 (m, 2F), -157.92 (t, 1F), -162.32 (m, 2F).
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Poly(pentafluoro phenyl acrylate) 100 - PPFP1q

The polymer was synthesized with reference to the literature.'® PFPA (21 mmol, 1 eq.), BSPA
(0.21 mmol, 0.01 eq.) and AIBN (0.042 mol, 0.002 eq.) were dissolved in 20 mL benzene. The
mixture was in an ice bath and flushed with nitrogen for 30 min. Afterwards the mixture got
heated in an oil bath to 70°C for 24h. The reaction is terminated by purging the mixture with
air and freezing it with liquid nitrogen. The polymer was precipitated in hexane, centrifuged

and dried under vacuum. The polymer was obtained with a yield of 65%.

1%0\”/8\/\”/OH
o S o)

0
F F
F F

H-NMR (600 MHz, CDCls): & (ppm) = 7.18 (m, 4H), 3.64 (s, 2H), 3.08 (m, 90H), 2.88 — 2.72
(m, 17H), 2.50 (bs, 40H), 2.11 (m, 151H).

19F-NMR (600 MHz, CDCls): & (ppm) = -153.21 (m, 2F), -156.7 (m, 1F), -162.16 (m, 2F).

GPC analysis

Table E1: GPC analysis of Poly(pentafluoro phenyl acrylate) 100 (PPFP100)

Detector uv RI
Mw 22619 23278
Mn 17228 18140
b 1.31 1.28
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Poly(pentafluoro phenyl acrylate) 200 — PPFP2q

The polymer was synthesized with reference to the literature.'® PFPA (21 mmol, 1 eq.), BSPA
(0.105 mol, 0.005 eq.) and AIBN (0.021 mol, 0.001 eq.) were dissolved in 20 mL benzene. The
mixture was in an ice bath and flushed with nitrogen for 30 min. Afterwards the mixture got
heated in an oil bath to 70°C for 24h. The reaction is terminated by purging the mixture with
air and freezing it with liquid nitrogen. The polymer was precipitated in hexane, centrifuged

and dried under vacuum. The polymer was obtained with a yield of 68%.

2%(ﬁ]/s\/\[(OH
o S 0]

0
F F
F F

H-NMR (600 MHz, CDCl): & (ppm) = 7.18 (m, 4H), 3.67 (m, 2H), 3.26 — 2.63 (m, 218H), 2.60
—1.77 (m, 405H).

19F-NMR (600 MHz, CDCl3): & (ppm) = -153.20 (m, 2F), -156.77 (m, 1F), -162.29 (m, 2F).

GPC analysis

Table E2: GPC analysis of Poly(pentafluoro phenyl acrylate) 200 (PPFP200)

Detector uv RI
Mw 40896 41598
Mn 31680 32981
b 1.29 1.26
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Ethylene diamine-Trt (EDA-Trt)

EDA (0.08 mmol, 4 eq.) was dissolved in 150 mL DCM and cooled in an ice bath.
Triphenylmethyl chloride (0.02 mmol, 1 eq.) was dissolved in 90 mL DCM and dropwise added
to the EDA mixture. After the addition, the ice bath got removed and the reaction solution was
stirred for 16h at room temperature. The solution was concentrated to approximately 50 mL
using a rotary evaporator and washed three times with saturated NaHCO3 solution. Organic
phase was dried using MgSO. and solvent was removed. Product was obtained with a yield of
85%.

O

H-NMR (300 MHz, CDCl3): & (ppm) = 9.50 — 9.44 (m, 6H, H3), 9.29 — 9.21 (m, 7H, H3), 9.18
~9.08 (m, 3H, H3), 4.78 (t, J = 6.0 Hz, 2H, H2), 4.19 (t, J = 6.0 Hz, 2H, H1).
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P1oo(+)

The polymer analogous reaction was performed by dissolving PPFP10 (0.84 mmol, 1 eq.) in
4 mL DMF. TEA (2.8 mmol, 3.4 eq.) and EDA (42 mmol, 50 eq.) were added to the reaction
mixture and stirred for 3h at 40°C. Afterwards the polymer was diluted with distilled water and
purified by Viva Spin (MWCO 3 kDa, Fischer Scientific, Germany). PH was adjusted to 7 by
using 1 M NaOH and 1 M HCI, purified by Vivaspin and lyophilized. It was obtained with a yield
of 68%.

'H-NMR (600 MHz, D-O): & (ppm) = 7.45 — 7.19 (m, 5H, Haomaic), 3.71 — 3.00 (m,
402H, -NHCH.CH:NHs*), 2.39 — 1.11 (m, 335H, CH. gackbone)-

9F-NMR (600 MHz, D,0): & (ppm) = no signals.
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P100(-)

The polymer analogous reaction was performed by dissolving PPFP10 (0.84 mmol, 1 eq.) in
4 mL DMF. TEA (2.8 mmol, 3.4 eq.) was added to the reaction mixture. Glycine (1.68 mmol,
2 eq.) was dissolved in 1 mL MilliQ water, added to the reaction mixture and stirred for 3h at
40°C. Afterwards the polymer was diluted with distilled water and purified by Viva Spin (MWCO
3 kDa, Fischer Scientific, Germany). PH was adjusted to 7 by using 1 M NaOH and 1 M HCI,
purified by Vivaspin and lyophilized. It was obtained with a yield of 79%.

1%WSV\[(OH
S 0]

O™ “NH

'"H-NMR (600 MHz, D2O): d (ppm) = 9.67 — 9.10 (m, 12H), 7.47 — 7.16 (m, 5H, Haromatic), 4.36
—3.29 (m, 190H, -NHCH2COO"), 3.07 — 1.01 (m, 300H, CH2 Backbone)-

9F-NMR (600 MHz, D,0): & (ppm) = no signals.
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P200(+)

The polymer analogous reaction was performed by dissolving PPFP2y (0.84 mmol, 1 eq.) in
4 mL DMF. TEA (2.8 mmol, 3.4 eq.) and EDA (42 mmol, 50 eq.) were added to the reaction
mixture and stirred for 3h at 40°C. Afterwards the polymer was diluted with distilled water and
purified by Viva Spin (MWCO 3 kDa, Fischer Scientific, Germany). PH was adjusted to 7 by
using 1 M NaOH and 1 M HCI, purified by Vivaspin and lyophilized. It was obtained with a yield
of 63%.

'H-NMR (600 MHz, D.O): & (ppm) = 7.46 — 7.22 (m, 5H, Haomaic), 3.67 — 2.95 (m,
752H, -NHCH.CH:NHs*), 2.57 — 0.93 (m, 590H, CHz sackbone)-

9F-NMR (600 MHz, D,0): & (ppm) = no signals.
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P200(-)

The polymer analogous reaction was performed by dissolving PPFP2y (0.84 mmol, 1 eq.) in
4 mL DMF. TEA (2.8 mmol, 3.4 eq.) was added to the reaction mixture. Glycine (1.68 mmol,
2 eq.) was dissolved in 1 mL MilliQ water, added to the reaction mixture and stirred for 3h at
40°C. Afterwards the polymer was diluted with distilled water and purified by Viva Spin (MWCO
3 kDa, Fischer Scientific, Germany). PH was adjusted to 7 by using 1 M NaOH and 1 M HCI,
purified by Vivaspin and lyophilized. It was obtained with a yield of 77%.

2%()\”/8\/\[(OH
S 0

O™ “NH

'H-NMR (600 MHz, D.O): & (ppm) = 7.43 — 7.15 (m, 5H, Haomaic), 4.30 — 3.29 (m,
373H, -NHCH.COO"), 2.52 — 1.08 (m, 619H, CHz sackbone).

9F-NMR (600 MHz, D,0): d (ppm) = no signals.
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P1oo(+/-)

The polymer analogous reaction was performed by dissolving PPFP10 (1.05 mmol, 1eq.) in
5 mL DMF. TEA (3.5 mmol, 8.5 eq.) was added to the reaction mixture. Glycine (0.5 mmol,
0.5 eq.) was dissolved in 0.5 mL MilliQ water, added to the reaction mixture and stirred for 24h
at 40°C. Afterwards EDA (75 mmol, 78.75 eq.) was added to the reaction mixture and stirred
for 3h at 40°C. The polymer was diluted with distilled water and purified by Viva Spin (MWCO
3 kDa, Fischer Scientific, Germany). PH was adjusted to 7 by using 1 M NaOH and 1 M HCI,
purified by Vivaspin and lyophilized. It was obtained with a yield of 86%.

50 50 g 5
O” 'NH O” 'NH
O H
o} NH;
@ 0O X
Na Cl

'H-NMR (600 MHz, D:0): & (ppm) = 7.40 — 7.21 (m, 5H, Haromaic), 4.26 — 3.01 (m,
198H, -NHCH2COO-, -NHCH-CHzNHs*), 2.52 — 1.08 (m, 329H, CHz sackbone)-

9F-NMR (600 MHz, D,0): & (ppm) = no signals.
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P2oo(+/-)

The polymer analogous reaction was performed by dissolving PPFP2 (1.05 mmol, 1eq.) in
5 mL DMF. TEA (3.5 mmol, 8.5 eq.) was added to the reaction mixture. Glycine (0.5 mmol,
0.5 eq.) was dissolved in 0.5 mL MilliQ water, added to the reaction mixture and stirred for 24h
at 40°C. Afterwards EDA (75 mmol, 78.75 eq.) was added to the reaction mixture and stirred
for 3h at 40°C. The polymer was diluted with distilled water and purified by Viva Spin (MWCO
3 kDa, Fischer Scientific, Germany). PH was adjusted to 7 by using 1 M NaOH and 1 M HCI,
purified by Vivaspin and lyophilized. It was obtained with a yield of 77%.

'H-NMR (600 MHz, D.O): & (ppm) = 7.40 — 7.21 (m, 5H, Haomaic), 4.46 — 2.93 (m,
421H, -NHCH,COO-, -NHCH:CHzNH3"), 2.86 — 1.03 (m, 672H, CHz sackbons).

F-NMR (600 MHz, D20): & (ppm) = no signals.
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Pioo(++++)

The polymer analogous reaction was performed by dissolving PPFP100 (0.42 mmol, 1 eq.) in
2 mL DMF. TEA (0.71 mmol, 1.7 eq.) was added to the reaction mixture. The oligomer KKKK
(0.11 mmol, 0.25 eq.) was dissolved in 5 mL DMF, added to the reaction mixture and stirred
for 24h at 40°C. Afterwards ethanolamine (1.65 mmol, 3.9 eq.) was added to the reaction
mixture and stirred for 3h at 40°C. The polymer was lyophilized without further purification. For
the deprotection of Alloc protection groups, the molecular weight was set equal to the mass of
the oligomer. Deprotection was performed by dissolving the obtained P1oo(KKKK) (0.025 mmol,
1eq.) in 2mL DMF. Phenyl silane (1.2 mmol, 48 eq.) and Tetrakis-(triphenylphosphine)-
palladium(0) (0.02 mmol, 0.8 eq.) dissolved in 1 mL DMF were added to the reaction mixture
and stirred for 15 min under nitrogen atmosphere. The reaction mixture was precipitated in
diethyl ether, centrifuged and dissolved in MilliQ water. PH was adjusted to 7 by using 1 M
NaOH and 1 M HCI. The polyelectrolyte was purified by Vivaspin (MWCO 5 kDa, Fischer

Scientific, Germany) and lyophilized. It was obtained with an overall yield of 45%.

S.__S OH
75 25 \n/ \/\H/

s 0
0" NH O NH P ONH, 06
H \H CI~ ~NH;
H
0 o o .
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o H T
0
0O
o ONH,

Functionalization degree was not determinable, because no purification could be performed

after polymer analogous reaction.

9F-NMR (600 MHz, D,0): d (ppm) = no signals.
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Experimental Part

P100(--==)

The polymer analogous reaction was performed by dissolving PPFP100 (0.42 mmol, 1 eq.) in
2 mL DMF. TEA (0.71 mmol, 1.7 eq.) was added to the reaction mixture. The oligomer EEEE
(0.11 mmol, 0.25 eq.) was dissolved in 5 mL DMF, added to the reaction mixture and stirred
for 24h at 40°C. Afterwards ethanolamine (1.65 mmol, 3.9 eq.) was added to the reaction
mixture and stirred for 3h at 40°C. The polymer was diluted with MilliQ water, purified by Viva
Spin (MWCO 3 kDa, Fischer Scientific, Germany) and lyophilized. Functionalization degree
was determined by 'H-NMR. For the deprotection of Allyl protection groups, the molecular
weight was set equal to the mass of the oligomer EEEE. Deprotection of Allyl protection groups
was performed by dissolving the obtained P1o(EEEE) (0.025 mmol, 1 eq.) in 2 mL DMF.
barbituric acid (1.2 mmol, 48 eq.) and Tetrakis-(triphenylphosphine)palladium(0) (0.02 mmol,
0.8 eq.) dissolved in 1 mL DMF were added to the reaction mixture and stirred for 15 min under
nitrogen atmosphere. The reaction mixture was precipitated in diethyl ether, centrifuged and
dissolved in MilliQ water. PH was adjusted to 7 by using 1 M NaOH and 1 M HCI. The
polyelectrolyte was purified by Vivaspin (MWCO 5 kDa, Fischer Scientific, Germany) and

lyophilized. It was obtained with an overall yield of 57%.
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Only aromatic and protection group signals were integrated in 'H-NMR to calculate

functionalization degree. Final functionalization degree: 10%

'H-NMR (600 MHz, D-0): Signals were used to calculate functionalization degree.

F-NMR (600 MHz, D20): & (ppm) = no signals.
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Experimental Part

P1oo(+-+-+-+)

The polymer analogous reaction was performed by dissolving PPFP10 (0.32 mmol, 1 eq.) in
1.5 mL DMF. TEA (1.07 mmol, 2.6 eq.) was added to the reaction mixture. The oligomer
KEKEKEKE (0.032 mmol, 0.1 eq.) was dissolved in 1 mL DMF, added to the reaction mixture
and stirred for 16h at 40°C. Afterwards ethanolamine (1.6 mmol, 5 eq.) was added to the
reaction mixture and stirred for 2h at 40°C. The polymer was diluted with MilliQ water, purified
by Viva Spin (MWCO 5 kDa, Fischer Scientific, Germany) and lyophilized. Functionalization
degree was determined by 'H-NMR. For the deprotection of Alloc and Allyl protection groups,
the molecular weight was set equal to the mass of the oligomer KEKEKEKE. Deprotection of
Allyl protection groups was performed by dissolving the obtained P10o(KEKEKEKE)
(0.025 mmol, 1eq.) in 2mL DMF. Phenylsilane (0.72 mmol, 29 eq.) and Tetrakis-
(triphenylphosphine)palladium(0) (0.012 mmol, 0.5 eq.) dissolved in 1 mL DMF were added to
the reaction mixture and stirred for 15 min under nitrogen atmosphere. The reaction mixture
was precipitated in diethyl ether, centrifuged and dissolved in MilliQ water. PH was adjusted
to 7 by using 1 M NaOH and 1 M HCI. The polyampholyte was purified by Vivaspin (MWCO 5

kDa, Fischer Scientific, Germany) and lyophilized. It was obtained with an overall yield of 52%.

Only aromatic and protection group signals were integrated in 'H-NMR to calculate

functionalization degree. Final functionalization degree: 4.5%

"H-NMR (600 MHz, D,O): Signals were used to calculate functionalization degree.

9F-NMR (600 MHz, D,0): & (ppm) = no signals.
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Experimental Part

Pioo(++--++--)

The polymer analogous reaction was performed by dissolving PPFP10 (0.32 mmol, 1 eq.) in
1.5 mL DMF. TEA (1.07 mmol, 2.6 eq.) was added to the reaction mixture. The oligomer
KKEEKKEE (0.032 mmol, 0.1 eq.) was dissolved in 1 mL DMF, added to the reaction mixture
and stirred for 16h at 40°C. Afterwards ethanolamine (1.6 mmol, 5 eq.) was added to the
reaction mixture and stirred for 2h at 40°C. The polymer was diluted with MilliQ water, purified
by Viva Spin (MWCO 5 kDa, Fischer Scientific, Germany) and lyophilized. Functionalization
degree was determined by "H-NMR. For the deprotection of Alloc and Allyl protection groups,
the molecular weight was set equal to the mass of the oligomer KKEEKKEE. Deprotection of
Allyl protection groups was performed by dissolving the obtained P1oo(KKEEKKEE)
(0.025 mmol, 1eq.) in 2mL DMF. Phenylsilane (0.72 mmol, 29 eq.) and Tetrakis-
(triphenylphosphine)palladium(0) (0.012 mmol, 0.5 eq.) dissolved in 1 mL DMF were added to
the reaction mixture and stirred for 15 min under nitrogen atmosphere. The reaction mixture
was precipitated in diethyl ether, centrifuged and dissolved in MilliQ water. PH was adjusted
to 7 by using 1 M NaOH and 1 M HCI. The polyampholyte was purified by Vivaspin (MWCO 5

kDa, Fischer Scientific, Germany) and lyophilized. It was obtained with an overall yield of 42%.

H3N
®
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Only aromatic and protection group signals were integrated in 'H-NMR to calculate

functionalization degree. Final functionalization degree: 4.8%

"H-NMR (600 MHz, D,O): Signals were used to calculate functionalization degree.

9F-NMR (600 MHz, D,0): & (ppm) = no signals.
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Experimental Part

Pioo(++++----)

The polymer analogous reaction was performed by dissolving PPFP100 (0.32 mmol, 1 eq.) in
1.5 mL DMF. TEA (1.07 mmol, 2.6 eq.) was added to the reaction mixture. The oligomer
KKKKEEEE (0.032 mmol, 0.1 eq.) was dissolved in 1 mL DMF, added to the reaction mixture
and stirred for 16h at 40°C. Afterwards ethanolamine (1.6 mmol, 5 eq.) was added to the
reaction mixture and stirred for 2h at 40°C. The polymer was diluted with MilliQ water, purified
by Viva Spin (MWCO 5 kDa, Fischer Scientific, Germany) and lyophilized. Functionalization
degree was determined by 'H-NMR. For the deprotection of Alloc and Allyl protection groups,
the molecular weight was set equal to the mass of the oligomer KKKKEEEE. Deprotection of
Allyl protection groups was performed by dissolving the obtained Pi10o(KKKKEEEE)
(0.025 mmol, 1eq.) in 2mL DMF. Phenylsilane (0.72 mmol, 29 eq.) and Tetrakis-
(triphenylphosphine)palladium(0) (0.012 mmol, 0.5 eq.) dissolved in 1 mL DMF were added to
the reaction mixture and stirred for 15 min under nitrogen atmosphere. The reaction mixture
was precipitated in diethyl ether, centrifuged and dissolved in MilliQ water. PH was adjusted
to 7 by using 1 M NaOH and 1 M HCI. The polyampholyte was purified by Vivaspin (MWCO 5

kDa, Fischer Scientific, Germany) and lyophilized. It was obtained with an overall yield of 38%.
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Only aromatic and protection group signals were integrated in 'H-NMR to calculate

NH3

functionalization degree. Final functionalization degree: 4.3%

"H-NMR (600 MHz, D,O): Signals were used to calculate functionalization degree.

9F-NMR (600 MHz, D,0): & (ppm) = no signals.
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6. Appendix
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Figure E1: "H-NMR spectrum of Oligomer EEEE (600 MHz, MeOD-d4)
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Figure E2: "H-NMR spectrum of Oligomer KKKK (600 MHz, MeOD-d4)
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Figure E3: "TH-NMR spectrum of Oligomer KEKEKEKE (600 MHz, D20/MeCN-d3)
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Figure E4: "H-NMR spectrum of Oligomer KKEEKKEE (600 MHz, D2O/MeCN-d3)
D,0
-
/
MeCN | -
/
PEG
/
L oo e A
8.00 16.47 17.74 8.19 9.45 7.84 786 3178
9I 5 9‘.0 BI.S B‘ 0 7I.5 7I.0 6‘.5 6‘.0 5I.5 5‘.0 4‘ 5 4‘.0 3‘.5 3I.0 2‘.5 2‘.0 1I.5 1‘.0 0‘.5
Chemical shift [ppm]

Figure E5: "TH-NMR spectrum of Oligomer KKKKEEEE (600 MHz, D20/MeCN-d3)
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Figure E6: "H-NMR spectrum of Pentafluoro phenyl acrylate monomer (600 MHz, CDCls)
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Figure E7: "9F-NMR spectrum of Pentafluoro phenyl acrylate monomer (600 MHz, CDCl3)
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Figure E8: "H-NMR spectrum of Poly(Pentafiuoro phenyl acrylate) 100 (PPFP100) (600 MHz, CDCl3)
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Figure E9: ""F-NMR spectrum of Poly(Pentafluoro phenyl acrylate) 100 (PPFP100) (600 MHz, CDCl3)
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Figure E10: TH-NMR spectrum of Poly(Pentafluoro phenyl acrylate) 200 (PPFP200) (600 MHz, CDCl3)
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Figure E11: TH-NMR spectrum of Poly(Pentafluoro phenyl acrylate) 200 (PPFP200) (600 MHz, CDCl3)
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Figure E12: "H-NMR spectrum of single Trt-protected ethylene diamine linker (600 MHz, CDCl3)
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Figure E13: "9F-NMR spectrum of P1oo(EDA-Trt) (600 MHz, CDCl3)
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Figure E14: "H-NMR spectrum of P1oo(+) (600 MHz, D20)
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Figure E15: "9F-NMR spectrum of P1oo(+) (600 MHz, D20)
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Figure E16: "H-NMR spectrum of P1oo(-) with triethyl amine (TEA) impurities (600 MHz, D20)
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Figure E17: "H-NMR spectrum of P1o0(-) (600 MHz, D20)
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Figure E18: ""F-NMR spectrum of P1oo(-) (600 MHz, D20)
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Figure E19: "H-NMR spectrum of Pzoo(+) (600 MHz, D20)
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Figure E20: ""F-NMR spectrum of P2oo(+) (600 MHz, D20)
D,0
|~
T
AR
I T
5.00 373.19 619.31
T T T T T T T T T T T T T T T T T T T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
Chemical shift [ppm]

Figure E21: "H-NMR spectrum of P2oo(-) (600 MHz, D20)
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Figure E22: ""F-NMR spectrum of P200(-) (600 MHz, D20)
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Figure E23: "H-NMR spectrum of P1oo(+/-) (600 MHz, D20)
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Figure E24: "F-NMR spectrum of P1oo(+/-) (600 MHz, D20)
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Figure E25: TH-NMR spectrum of P2oo(+/-) (600 MHz, D-20)
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Figure E26: ""F-NMR spectrum of Pzoo(+/-) (600 MHz, D20)

DMSO

D,O

5.00 40.28 83.24
T T T T T T T T T T T T T T T T T T T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5

Chemical shift [ppm]

Figure E27: "H-NMR spectrum of P1oo(EEEE) (600 MHz, D20)
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Figure E28: ""F-NMR spectrum of P1oo(EEEE) (600 MHz, D20)
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Figure E29: "H-NMR spectrum of Pioo(- - - -) (600 MHz, D20)
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Figure E30: Comparison of "TH-NMR of P10o(EEEE) (bottom) and P1oo(- - - -) (top)
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Figure E31: TH-NMR spectrum of P1oo(KKKK) (600 MHz, DMSO-d6)
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Figure E32: "F-NMR spectrum of P1oo(KKKK) (600 MHz, DMSO-d6)
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Figure E33: TH-NMR spectrum of Pioo(++++) after first deprotection (600 MHz, D20)
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Figure E34: "H-NMR spectrum of Pioo(++++) after second deprotection (600 MHz, D20)

A

T T T T T T T T T T T T T T T T T T T T
.5 6.4 6.3 6.2 6.1 6.0 5.9 5.8 5.7 5.6 5.5 5.4 5.3 5.2 5.1 5.0 4.9 4.8 4.7 4.6
Chemical shift [ppm]

Figure E35: Comparsion of P1oo(KKKK) (bottom), P1oo(++++) after first deprotection (middle) and Pioo(++++) after
second deprotection (top)
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Figure E36: "H-NMR spectrum of P1oo(KEKEKEKE) (600 MHz, DMSO-d6)
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Figure E37: F-NMR spectrum of P1oo(KEKEKEKE) (600 MHz, DMSO-d6)
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Figure E38: "H-NMR spectrum of P1oo(+-+-+-+-) (600 MHz, D20)
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Figure E39: "H-NMR spectrum of P1oo(KKEEKKEE) (600 MHz, DMSO-d6)
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Figure E40: "*F-NMR spectrum of P1oo(KKEEKKEE) (600 MHz, DMSO-d6)
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Figure E41: "H-NMR spectrum of Pioo(++- -++- -) (600 MHz, D20)
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Figure E42: "H-NMR spectrum of P1oo(KKKKEEEE) (600 MHz, DMSO-d6)
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Figure E43: "*F-NMR spectrum of P1oo(KKKKEEEE) (600 MHz, DMSO-d6)
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Figure E44: "H-NMR spectrum of Pioo(++++- - - -) (600 MHz, D20)
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6.2. RP-HPLC
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Figure E45: RP-HPLC Run of EEEE

100 -
80
60

40
20 -
o

20 S

intensity [mAuU]

: . . : : : :
0 5 10 15 20 25 30
time [min]

Figure E46: RP-HPLC Run of KKKK
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Figure E47: RP-HPLC of KEKEKEKE.
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Figure E48: RP-HPLC of KKEEKKEE.
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Figure E49: RP-HPLC of KKKKEEEE.

6.3. ESI-MS
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Figure E50: ESI-MS spectrum of oligomer EEEE (positive mode).
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Figure E51: ESI-MS spectrum of oligomer KKKK (positive mode)
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Figure E52: ESI-MS spectrum of oligomer KEKEKEKE (positive mode)
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Figure E53: ESI-MS spectrum of oligomer KKEEKKEE (positive mode)
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Figure E54: ESI-MS spectrum of oligomer KKKKEEEE (positive mode).

149



Appendix

6.4. GPC
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Figure E55: GPC measurement (Eluent:THF) of Poly(Pentafluoro phenyl acrylate) 100 (PPFP100)
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Figure E56: GPC measurement (Eluent:THF) of Poly(Pentafluoro phenyl acrylate) 200 (PPFP200)
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6.5.
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IDP Intrinsically disordered proteins
Man a-D-mannopyranoside

MgSO, Magnesium sulfate
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mL Millilitre

mM Millimolar

MS Mass spectrometry

MWCO Molecular weight cut-off

NaHCO3 Sodium bicarbonate
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NMR Nuclear magnetic resonance spectroscopy

PE Polyelectrolyte

PEC Polyelectrolyte complex

PEG Polyethylene glycol

PFP Pentafluoro phenyl

PFPA Pentafluoro phenyl acrylate
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ppm parts per million

PPV Porcine parvovirus
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'‘Cause I'm a real tough kid

| can handle my shit

They said, "Babe, you gotta fake it 'til you make it" and | did

| cry a lot, but | am so productive, it's an art

Taylor Swift, “I can do it with a broken heart”



