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., Alle Wahrheiten sind einfach zu verstehen,

sobald sie entdeckt wurden;

¢

die Schwierigkeit ist sie zu entdecken

Galileo Galilei (1564-1642)
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Abstract

Abstract

This work investigates and utilizes two types of biomolecular motifs that are widely
known for their adhesive properties: carbohydrates and catechols. Carbohydrates are
involved in almost all adhesive interactions between cells and catechols are the prime
molecular groups for biological wet adhesion, e.g. employed by mussels. However,
despite the vigorous research activities in the area of carbohydrate and catechol
adhesion as well as the high demand for smart and accessible adhesives, synthetic
polymers with the nature-equivalent functions and performance were not yet achieved.
This is because our current understanding of how the involved specific adhesion
processes are mechanistically executed, remain fragmented at best. Therefore, this work
quantifies the adhesive interactions of functional catechol and carbohydrate bearing

macromolecules.

First, the adhesive properties of catechol-based molecules inspired by adhesive mussel
foot proteins were investigated. Therefore, different oligomers with varying
combinations and positioning of catechol, tertiary amine, and primary amide on the
oligomer backbone were analyzed. The tertiary amines were chosen to study if the
cation is responsible for the displacement of salt and water layer by which the adhesion
would be amplified. The primary amides were chosen because the mussel foot protein-3
(MFP-3), one of the major constituents of the mussel glue, is rich in primary amides,
which might synergize with catechols and amines for strong underwater adhesion. The
results of the soft colloidal probe adhesion assay (SCP-RICM) over a pH range from
pH3 to pH 8 provides a quantitative insight to the catechol, amine and/or amide
functionalized oligomers on glass surfaces. The combination of amine and catechol
synergize to increase adhesion and show dependence towards the positioning of the
functional groups in the oligomer sequence. Additionally, the distance between both
groups is important. Interestingly, combinations of primary amides with catechol and
amine, respectively, show very high adhesion energies at low pH values. Since these
combinations are present in the MFP-3 this hints at an intricate interplay of intra- and
intermolecular hydrogen bonding of the catechol, amine, and amide groups in the
natural sequence, which is controlled by the positioning of the residues along the

sequence.
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Abstract

The second part is of this thesis is the investigation of carbohydrate mediated specific
adhesion between ligand and receptor. Therefore, the well-known model system
mannose concanavalin A (ConA) is used. First, carbohydrate bearing polymers with
thermoresponsive properties are synthesized. Here, a poly(active ester) is synthesized
and functionalized with amine bearing carbohydrates and isopropylamine, where the
latter gives thermoresponsive poly(N-isopropyl acrylamide) (PNIPAM) repeating units.
The effect of different carbohydrate and PNIPAM ratios and the effect of linkers with
varying hydrophilicity, as well as the effects of the coil to globule transition upon
temperature increase are analyzed. The polymers are used as temperature-dependent
adhesion inhibitors of ConA and Escherichia coli (E. coli) binding to a mannan model
surface. Depending on the amount of carbohydrates incorporated into the polymer,
changes in the adhesion inhibition can be observed. For low amounts of carbohydrates
around 1% or 2%, the inhibitory effect is strongly temperature-dependent but for higher
functionalization degrees the cloud point cannot be reached and, therefore, a coil to
globule transition takes not place. Interestingly, the inhibition of ConA decreases at
elevated temperature whereas for E. coli it increases. This can be explained by the size
of the receptors, where, when collapsed, the accessibility of ligands is reduced for the

molecularly-sized ConA but increased for the micrometer-sized bacteria.

In addition to their inhibitory potential, those polymers are used for adhesion studies to
investigate the ligand-receptor interaction at soft/solid interfaces. Here, the SCP-RICM
adhesion assay is used to quantify adhesion energies. For this experiment, the polymers
are grafted on a poly(ethylene glycol) diacrylamide based hydrogel, the soft colloidal
probe (SCP), and the binding protein ConA on a glass surface. Using reflection
interference contrast microscopy, the contact areas between polymer functionalized
SCPs and protein-coated glass surfaces are measured at different temperatures and
adhesion energies are calculated using the Johnson-Kendall-Roberts (JKR) theory.
These studies showed that for temperatures above the LCST, the adhesion energies can
be switched via temperature change. Additionally, the carbohydrate linker
hydrophilicity shows an influence on the adhesion, where the more hydrophilic linker
improved the temperature switch, whereas the hydrophobic linker shows no clear
temperature dependence. The linker seems to play an important role in the ligand
presentation on either the polymer coil or the collapsed globule. Moreover, the adhesion
shows a strong hysteresis when cooling back to 20 °C indicating that irreversible non-

specific binding may occur at elevated temperatures.
XII



Abstract

Using the JKR model for the SCP adhesion assay requires the determination of the
elastic modulus of the SCPs. Therefore, atomic force microscopy (AFM) indentation
measurements were done to quantify the elastic moduli of the SCPs. PEG-SCPs are
microgels composed of crosslinked bifunctional PEG chains. Non-functionalized PEG
microgels, show an increase in elastic modulus with increasing temperature, which is in
accordance with De Gennes scaling between the temperature and the elastic modulus
for polymer networks in good solvents. When the thermoresponsive polymers are
grafted onto the PEG microgels, this behavior changes. Below the LCST an increase in
elastic modulus can be seen, owing to the decreasing effective mesh size by the
extended PNIPAM chains grafted into the PEG network. When increasing the
temperature, the grafted PNIPAM polymers collapse, which results in decreasing elastic
moduli, in contrast to the De Gennes scaling. Due to the thermoresponsiveness of the
PNIPAM grafts and their collapse at elevated temperature the effective mesh width is
increased, which has a strong influence on the elastic modulus. This unexpected change
in the elastic modulus may be important for different applications, especially in medical
applications, because the stiffness of tissue influences many different cell-cell

interactions and communication processes.
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1. General Introduction

1. General Introduction

The term bioadhesion describes interaction processes between surfaces by interfacial
forces, where at least one of those surfaces is of biological nature.! Bioadhesion
phenomena occur in different settings, e.g. between natural living tissue (e.g. cell-cell
adhesion) or between natural non-living materials (e.g. rocks and mussel byssus threads).
The interaction forces between the adhering interfaces are discriminated between
’specific” and “non-specific”. Broadly speaking, specific bioadhesion are adhesion events
mediated by ligand-receptor interactions, working after the lock-key principle. Hence, non-
specific bioadhesion are adhesion events that do not fit this condition. This differentiation
being more dependent on structural properties, the molecular interactions taking place in
both kinds of bioadhesion are the same.> Non-covalent binding can occur through
different types of interactions. One group of interactions are the van der Waals forces that
can be distinguished in the following: dipole-dipole, induced dipole-dipole, and induced
dipole-induced dipole. Those forces are defined by the IUPAC as following:

“The attractive or repulsive forces between molecular entities (or between groups
within the same molecular entity) other than those due to bond formation or to the
electrostatic interaction of ions or of ionic groups with one another or with neutral
molecules. The term includes: dipole—dipole, dipole-induced dipole and London
(instantaneous induced dipole-induced dipole) forces. The term is sometimes used
loosely for the totality of non-specific attractive or repulsive intermolecular

forces.”

Moreover, the London forces are always present due to polarization of the electron cloud
leading to attraction between nonpolar molecules and explain condensation of noble gases.
Another group of interactions are ionic interactions. These are coulombic interactions that
attract opposing or repulse same charges. Many functional groups can receive or deliver

protons depending on the pH to build ions.

Additionally, there are two “special cases” of non-covalent interactions: hydrogen bonds
and m-stacking or m-m-interactions. Hydrogen bonds occur when a functional group X-H
presenting a hydrogen bound to an electronegative atom, e.g. O, N, and an electronegative
lone pair presenting atom Y, e.g. Cl, N, approach. Here, X and Y can be the same atom. -

stacking occurs when two m-systems or more approach facing with planar sites of the

1



1. General Introduction

molecule.” Those can occur either in a sandwich conformation or in a parallel displaced

0ne.6

These are parts of interactions occurring between molecules in bulk or in solvent.
Considering the combinations of those interactions influencing bioadhesion processes in
many different ways, there are many adjustments that can be done when mimicking

bioadhesives.

Natural bioadhesives show a range of features that are highly desirable in synthetic
adhesives, for example, the strong underwater adhesion of mussel glues or the response to
environmental parameters that lead to well defined specific interaction processes on the
cellular level and downstream biological functions. Therefore, natural bioadhesives inspire
scientists to create technical innovations in the area of hard- as well as soft-tissue
applications.” But for bioadhesion in biological systems, it can be distinguished between

the following types of bioadhesion:®
Type I: adhesion between two biological systems
Type II: adhesion of biological phase to artificial surface

Type III: artificial material adheres to biological substrate

1.1. Mussel inspired adhesion

For a long time, synthetic adhesives were developed to bind dry, water-free material
interfaces, but most bioadhesion processes take place in the presence of water.” Some
organisms for example use mucins with a high amount of water to generate adhesive
secretes for defense'”'" but one of the best-studied underwater adhesives is produced by
marine organisms such as mussels and barnacles.'” Those organisms have developed

adhesion mechanisms that enable the adhesion to natural but also to artificial surfatces,13

even to those that are considered to be anti-adhesive like Teflon™.'* Therefore, for industry
and research it is important to understand the adhesion mechanisms of these mussels to
such surfaces. For example, the marine organism adhesion to ship hulls leads to high costs
in a range of one billion dollars for the US Navy alone (estimation from 2002)"° due to
changes in hydrodynamics of the hull and related higher fuel consumption.'® In the history

of anti-fouling, the used agents were toxic additives to paints or coatings but those are

2



1. General Introduction

. 1 . . . .
banned for environmental reasons.'’ By understanding underlying adhesion mechanisms

that take place it is possible to modify the surfaces to become anti-adhesive.'*"

Additionally, marine organisms not only adhere to surfaces in wet conditions but also at
high salt concentrations, which is quite challenging for existing adhesives. Therefore,
mussel inspired adhesives can have applications in medical areas for example as a tissue
adhesive.”’ Due to biocompatibility mussel inspired adhesives can be applied broadly when
compared to common tissue adhesives such as cyanoacrylate or gelatin-resorcinol-
formaldehyde based adhesives, that are not only toxic but also generate heat during the
consolidation process.”’ Therefore, understanding the process of mussel adhesion is very
important to be able to prevent undesirable marine adhesion or to create synthetic

mimicries with superior underwater adhesive properties.

1.1.1. Mechanism of mussel adhesion

Mussels adhere to surfaces by deposition of a protein mixture onto the surface with the
mussel foot, a distal region usually outside the shell. After deposition, the foot detaches
from the surface forming a byssal filament and a plaque.”” The byssal filament and the
plaque contain at least 20 different proteins that can be localized in the filament and
plaque.” In the footprints of detached mussels, the mussel foot proteins (MFP) MFP-3,
MEFP-5, and MFP-6 were found which are thought to prime the surface for adhesion.”* The
analysis of amino acid sequences in MFP-3*° and MFP-5%* showed high content of 3,4-
dihydroxyphenylalanine (DOPA) of roughly 20% and 30%, respectively. Moreover,
cationic amino acids especially arginine in MFP-3 and lysine in MFP-5 were found (see
Figure 1). These two MFPs are considered to have a high influence on the adhesion

2
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1. General Introduction

surface
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= 3,4-dihydroxyphenylalanine (DOPA) . = primary amide . = cationic side chain

Figure 1 Image of a mussel adhering to a surface after deposition of proteins by mussel
foot and formation of plaque and byssus filament (printed with permission from
Fraunhofer IFAM) and the schematic representation (created with BioRender). The amino
acid sequence of MFP-3% and -5,* that are active in the adhesion process of mussels, with

marking of 3,4-dihydroxyphenylalanine (DOPA), primary amide and cationic side chains.

Every MFP appears to have different functions in the adhesion process. For example,
MFP-6, even when it is found in residues of detached mussels, has, due to its high amount
of thiol groups (nine cysteines”), a strong influence on the reducing activity28 but overall
weak adhesive properties.” Therefore, it is responsible for the reduction of O, and quinone

formation.>®

The mechanism of mussel adhesion is believed to depend on the interactions between
cationic and DOPA residues in MFP-3 and MFP-5. Even though the amount of DOPA in
those proteins is very high, the number of cationic groups is even higher for both of them.
The cationic groups are supposed to initiate the contact between protein and the negatively
charged surface by displacing of the hydration shell and ion barrier due to their cationic
charge.’'* Afterwards, the catechol residues can attach to the surface and form hydrogen

bonds and stronger covalent bonds leading to high adhesion energies (see Figure 2).
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Figure 2 Proposed mechanism of mussel adhesion. The cationic amino acid of MFP-3 or
MFP-5 interacts with the surface removing the hydration layer and building hydrogen
bonds (step 1). Next, the catechol can attach to the surface due to the removal of water
(step 2). In the end the catechol can build hydrogen bonds or other secondary interactions,

coordinative bonds or covalent bonds depending on the surface properties (step 3).>*!

In this proposed mechanism the highly abundant primary amides in the MFP-3 sequence
appear to play no role as described in more detail later in this work in chapter 5.1. The
amount of primary amides in MFP-3 is with 15% in the range of both catechol and cationic
groups but not noted in literature. It is believed that these “helix breaker” amino acids
increase the flexibility of the proteins to enhance the DOPA availability. The first part of
this work investigates the role of amides on DOPA mediated adhesion. We hypothesize
that the amide resonance leads to a partially ionic state (see Figure 3), which can possibly
work the same way as the amine and removing the hydration layer from the surface. The
amount of the zwitterionic form is roughly 30% and thus the potential to influence the
adhesion due to strong electrostatic interactions. Therefore, the amides may play a more

decisive role in natural mussel adhesives.
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SPRE
0~ "NH, 0~ “NH;
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Figure 3 Amide resonance leading to a zwitterionic form of amides. The double bond
between nitrogen and carbon (right) lead to double bond characteristics of this bond
leading to a high rotation barrier for amides. The percentage numbers indicate the amount

of each mesomeric form in solution.*?



1. General Introduction

1.2. Carbohydrate mediated adhesion on the cellular level

Generally, all types of interactions that have a cell involved in the bioadhesive process can
be summed up with the term “cytoadhesion”.** Compared to other bioadhesion processes
cytoadhesion is often based on specific interactions that take place between both cell
surfaces. Specific ligands and receptors at cell surfaces interact with each other and lead to
adhesion, i.e. cell contacts, and downstream processes such as signaling and cell-cell

communication.>>=¢

Pathological cells do not differ in the mechanism when adhering to a
normal cell but in the presentation of certain proteins on the cell surface. Some cancer cells
for example have different proteins that they overexpress such as EGF receptors in
squamous tumors’® or the CD44 receptor in breast cancer cells (see Table 1).*° Thereby
depending on the receptor it is possible to target certain cells by using the receptor-specific
ligand. This is one way for targeted drug delivery or marker applications.*” Moreover, this

142 By targeting bacterial

possibility can be used to target receptors on bacteria or viruses.
or viral receptors the adhesion to cells can be inhibited and, therefore, the infection can
potentially be prevented, because the attachment of bacteria or virus onto the cell is
considered to be the initial step of infection before the protective barrier of the cell is
destroyed.* Due to the high amount of deaths caused by infections of three million in 2012
and increasing problems with bacterial resistances against conservative treatments such as

antibiotics, this field of research has become more important over the past years.44

Table 1 Examples of ligand-receptor pairs that play an important role in different for cell-
cell interactions such as adhesion or communication processes.*>-0:#7:48:49.3031

ligand receptor physiological function
sialic acid sialoadhesin cell adhesion
mannose, glucose concanavalin A model system for sugar-

protein interactions

hyaluronan CD44 cell adhesion

galactose LecA biofilm formation of

P. aeruginosa

fucose LecB biofilm formation of

P. aeruginosa

sialic acid hemagglutinin virus (influenza)

adhesion to cells

mannose FimH E. Coli adhesion




1. General Introduction

1.2.1. The Glycocalyx

Adhesion, communication, and signaling processes that take place between cells are
mediated mainly by carbohydrate interactions, in particular in the first phases of contact.
The carbohydrate layer on cell surfaces is called “glycocalyx” and can be found on every
mammalian cell.”? The carbohydrate chains are bound to lipids from the cell membrane but
can also be bound to proteins (see Figure 4). Those lipids and proteins are therefore called

glycolipids and -proteins.>

recognition units
I

- glycocalyx

- cell membrane

@ Man O Gal H GIlcNAc Bl Neu5Ac A Fuc |III d membrane proteines

Figure 4 Schematic presentation of a cell surface. The cell membrane is decorated with
covalently bound carbohydrate chains. Those carbohydrates can interact with different
receptors like cell proteins or antibodies for signaling and adhesion processes, but also
viruses or bacteria can adhere to those ligands to infect the cell. (Glycans adapted from

54).

Ligands and receptors are molecules that interact with each other on a non-covalent basis
as for example carbohydrates and lectins. The specificity for those ligand and receptor

pairs result from the hydrogen bonds formed between functional groups on the

8



1. General Introduction

carbohydrate and amino acid of the protein or coordination bonds to metal ions needed for
the interactions in certain lectins.” This interaction can be described with the lock-key

principle.

A particularly important factor for carbohydrate-lectin interactions is an effect called
“multivalency”. Single interactions between ligand and receptor are usually very weak due
to its characteristics of being secondary interactions. To overcome this weakness in affinity
nature presents multiple ligands and receptors to form many binding events and therefore
increase the strength of the overall interactions.’® Multivalency is not only important in
specific but also non-specific interactions. With nature as a model, e.g. burr, artificial
materials such as velcro have been invented and adapted for everyday life.”” For weak non-
covalent but highly multivalent carbohydrate interactions in addition to their equilibrium
between bound and unbound, in comparison to burr, not only the strength of those
interactions is an issue but also the association and dissociation. By multivalent binding
ligands and receptors have more bound modes in comparison to single ligand-receptor
interactions were only one bound and unbound mode is possible (see Figure 5). In
comparison, a multivalent interaction of only two ligands and receptors increases the
number of bound modes from one to three. Therefore, multivalent presentation does not
only increase the number of interactions but also decreases the influence of dissociation

due to the other bound ligands.

single interaction

+ ¢ — @ L 4

receptor

ligand

multivalentinteraction

/N

Figure 5 Schematic presentation of ligand receptor interactions as comparison between
bound and unbound state. Single interaction (top) with one unbound and one bound state

and multivalent interaction (bottom) with one unbound and three different bound states.

9



1. General Introduction

Additionally, different multivalent binding effects influence the interactions (see Figure 6).
The fast binding and rebinding of the weak lectin-carbohydrate interaction with a
multivalent ligand is called statistical rebinding. The binding increases due to the physical
proximity of an unbound ligand to a bound ligand. The bound ligand is hereby replaced by
the unbound one.’® The chelate effect is well-known from complexation of metal ions with
ligands that bear more than one functional metal-binding group.”® The principle in
carbohydrate-receptor interactions is the same. One molecule bears two or more
carbohydrate subunits that can bind to the receptor. Presenting those ligands on a rigid
scaffold that fits the distance of binding sites leads to lower entropy loss upon binding
compared to binding of the free non-scaffold bound ligands. This is because the
translational entropy is lower for the rigid scaffold compared to the free separated
ligands.®® This changes when the ligands are presented on a flexible scaffold, where every
single binding entails a loss in translational entropy.®' “Clustering” of multivalent ligand-
receptor pairs is related to the chelate effect. In this case, the multivalent ligand does not
bind to the same receptor as a chelate ligand but instead, it binds more than one receptor
leading to a clustering of receptors. Additionally, receptor-bound ligands can be shielded
by the backbone of the multivalent ligand, preventing other ligands from reaching the
receptor binding site. This steric shielding effect is very important for the development and

design of receptor binding molecules.®

—# s

chelate effect statistical rebinding

clustering sterical shielding

Figure 6 Schematic presentation of different multivalency effects. The chelate effect (left,
top) shows the binding of more than one ligand to one receptor in comparison to clustering

(left, bottom) where one ligand binds to more than one receptor building clusters.

10



1. General Introduction

Statistical rebinding shows, that the number of binding events stays the same but the
ligands bound to the receptor change (right, top) and sterical shielding where the ligands (3
and 4) hinder the others from binding to the second receptor (right, bottom).

Due to the interactions of the glycocalyx and lectins in a multivalent fashion certain
carbohydrate units are found more often at the terminal position of cellular glycans, e.g.
a-p-sialic acid, a--fucose, and B-p-galactose make roughly three quarters of the terminal
sugar moieties on cell-bound carbohydrate chains according to Seeberger (see Figure 7).%
Pathogens can use those sugars for adhesion processes to form biofilms and infect cells.**
The influenza virus uses sialic acid as a ligand for its hemagglutinin receptor and the
bacterial FimH receptor of E. coli binds to mannose units on the cell surface or
p.aeruginosa using galactose and fucose as ligands for their LecA and LecB proteins (see
Table 1). But this specificity can also be used as an advantage to fight bacterial and viral

infection by preventing their adhesion to cell surfaces.
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Figure 7 Structures of terminal monosaccharide moieties found on cell surfaces and their
frequency of occurrence as determined by the group of Seeberger.®® Colored symbols are
the symbol nomenclature of those carbohydrates for a schematic presentation of oligo- and

polysaccharides.
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1. General Introduction

1.2.2. Ligand receptor interactions

Carbohydrates are structural very complex molecules. They bear a huge variability
depending on the positioning of their hydroxyl groups, exchange with other functional
groups or hydrogen atoms and by their binding to other carbohydrate units forming oligo-
and polysaccharides, with the last named option giving the largest variability. A
Combination of only three carbohydrates can lead to a variety of more than 1000 different

6566 The smallest change in their structure can lead from recognition and

oligosaccharides.
binding to non-binding. For example, the receptor concanavalin A binds to a-p-mannose
(Man) and oa-p-glucose (Glu) because the important hydroxyl groups for binding are
located at C3, C4, and C6 but changing one of those for example at C4 to a-p-galactose
and no binding occurs (see Figure 8). However, for recognition of receptors, their pyranose

form is required.

Lectins are carbohydrate binding receptors and, therefore, the counterpart to the
carbohydrate ligands. Lectins are non-enzymatic and non-antibody carbohydrate binding
proteins for not only mono- but also oligo- and polysaccharides.’”*® Additionally, lectins
bear two or more binding sites, leading to cross-linking abilities when interacting with
cells.”” Moreover, lectins can be classified in different lectin families distinguished
between plant and animal lectins. Each family of lectins can be found in different parts of
cells, e.g. C-type- and I-type lectins are mainly membrane bound whereas M-type and L-
type lectins are located in the endoplasmatic reticulum.”® These families of lectins have,
besides their different locations, also different binding mechanisms, as for example C-type

lectins requires calcium ions for binding (see Figure 8).”'
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Figure 8 Binding site of Concanavalin A with manganese and calcium ions and mannose

moiety in the binding site with hydrogen bonds between amino acids and binding partners
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1. General Introduction

(left) (adapted from 71). Additionally, a-p-Glucose and a-p-Galactose for comparison
(right). The hydroxyl group on C2 (red circle) does not have an influence on the binding
between mannose and ConA, therefore glucose can also bind to ConA, whereas the
difference in the binding hydroxyl group at C4 (green circle) leads to non-binding of

galactose.

ConA is a well-known and intensely studied C-type lectin. This protein is, besides of
Urease, one of the first proteins that were purified and crystallized and the first one that
was commercially available.”” It can, in dependence of the pH, be present as a homodimer
below a pH of 6 or, above it, as a homotetramer.”” Each subunit has one binding site
capable of binding to mannose and glucose and, therefore, ConA can work as a crosslinker
in both forms, dimeric or tetrameric.”* Due to its early purification and commercial

availability, ConA has been used in many studies as a model lectin.®*

1.2.3. Glycocalyx mimetics

Oligo- and polysaccharides (also termed glycans) on cell surfaces are very complex
structures. Due to the high amount of sugars and high number of possible structural
permutations to form polysaccharides it is nearly impossible for scientists to synthesize
them via a multi-step or one-pot synthesis.”> To overcome this problem of complexity one
approach is to synthesize cell glycan-like polysaccharides and assemblies thereof (see
Figure 9). Mimetic glycans simplify the carbohydrate structure and only the terminal sugar,
in particular cases like lactose binding the last two, is presented on an artificial scaffold.
Those scaffolds can have multiple architectures such as a polymer,”® dendrimer’’ or
particle’’ and can be used for mechanism studies’® or for the development of diagnostics

and therapeutics.”
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glycocalix -

membrane

© Man © Gal @ GlcNAcH Neu5Ac

b

Fue “ ‘J membrane proteines

~~~— polymerbackbone

Figure 9 Schematic presentation of mimicking the membrane bound glycocalyx. The
membrane of the cell (left) is exchanged by a polymer backbone and the terminal sugar of
membrane bound oligo- and polysaccharides are presented on the polymer backbone
(right) in a homovalent (right top) or heterovalent (right bottom) fashion. (Glycans adapted
from 54).
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1.2.3.1. Glycopolymers

A synthetic polymer that has incorporated carbohydrate ligands is called “glycopolymer”.
The ligands in these polymers can either be terminal, in side chains, or both.***" This
biomimetic approach is viable since glycopolymers not only mimic functionalities and
binding of naturally occurring carbohydrate moieties®* but even exceed them.*
Additionally, research confirmed the use of glycopolymers in different fields of biomedical
applications such as drugs,*™ bioassays,®” inhibitors,*® and drug delivery.***’' A
common way to synthesize glycopolymers is by radical polymerization techniques. Due to
their hydroxyl groups, carbohydrates can interfere with other polymerization techniques
and make the ligand inactive for biological applications.”” However, due to the lack of a
radically polymerizable unit on carbohydrates, different methods for the synthesis of
glycomonomers have been established, e.g. acrylate or acrylamide based glycomonomers
have become a part of common educts for glycopolymer synthesis.”” Homovalent
glycopolymers have a high density of ligands and can cause negative multivalent effects.”
To decrease ligand density on glycopolymers different techniques can be used (see Figure
10). Copolymerization is one possibility to decrease ligand density. An advantage of this
technique is that by choosing a certain co-monomer the architecture of the copolymer can
be adjusted from statistical to alternating or gradient- up to block copolymers. But to adjust
the architecture by changing the co-monomer is difficult because the changed co-monomer
can also have an influence on the binding towards the recognition unit and solubility of the
glycopolymer.” Another possibility to decrease the ligand density is by using polymeric
analog reactions. Here, a polymer, such as a poly active ester, can be functionalized with a
nucleophilic modified carbohydrate in the first and any other nucleophile in a second step
resulting in a copolymer. This approach can be used to synthesize many different
copolymers in a short amount of time.”® In contrast to a copolymerization, this method
gives only statistical copolymers but if two monomers cannot be copolymerized with each

other this method can be used to get the copolymer anyway.
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Figure 10 Typical routes providing glycopolymers via radical polymerization.
Homopolymerization of glycomonomer giving a homopolymer with high ligand density
(a), copolymerization of glycomonomer with acrylate or acrylamide based co-monomer
giving a copolymer with adjustable ligand density depending on the ratio of m and n and
potentially adjustable architecture (b) and polymeric analog reaction based on
polymerization of an active ester and functionalization afterwards to adjust ligand density

exemplary on active ester N-acryloxysuccinimide (NAS) (c).
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1.2.3.2. Stimuli-responsive polymers

Special classes of polymers are so-called smart or stimuli-responsive polymelrs.97 When
exposed to a small change in physical-chemical parameters (temperature, solute

%89 There classification can depend on

conditions) they undergo a conformational change.
different aspects. On the one hand, they can be classified by the stimulus they respond to as
named before or by their physical appearances such as covalently bond and
physical/reversible bond hydrogels grafted on surface or chains in solution (see Figure

11).100

+ stimulus + stimulus

—_—
N — Cﬁo
- stimulus - stimulus

stimulus = pH, ionic strength or temperature

covalent binding physical or responsive binding

Figure 11 Illustration of different classification possibilities of stimuli-responsive
polymers. One possibility is the classification by the stimulus (top) and the other one by

physical appearance (bottom).

This classification is very rigorous and, therefore, mostly a combination of both is used in

literature in form of stimulus-responsiveness and physical appearance, e.g.

thermoresponsive polymer'’! or pH-responsive hydrogel.'®

Biological macromolecules also respond to environmental changes, such as pH or

temperature, they undergo a conformational change as for example proteins that unfold or

denature when heated above a certain temperature or when exposed to a change of pH.'"

This response, even if not reversible, has found a major interest in research and has been

104

the impulse to transfer this property onto synthetic polymers. " Many different stimuli

105

have been found and studied besides pH'®” and temperature'® such as ionic strength,'”’
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108 09 0 111

light,'” redox,'” presence of molecules,''® or electric fields''' even though the

temperature is the most studied and understood stimulus.''?

Polymers responsive to the
mentioned stimuli are suitable for biomedical application such as gene' and drug

. 114 . 115 1. . 116 . . 117
delivery " and their controlled release, ~ bioanalytics, ~ and tissue engineering.

1.2.3.2.1. Thermoresponsive glycopolymers

Polymer chains in a solvent react on temperature as an external stimulus and undergo a
change in their physical appearance. Therefore, they are called thermoresponsive
polymers. Two different types of thermoresponsive polymers can be distinguished. On one
hand, some polymers exhibit a so-called upper critical solution temperature (UCST) where

"8 This behavior is also known for

the polymer dissolves with increasing temperature.
many other substances that show increased miscibility with higher temperatures. On the
other hand, some polymers exhibit a lower critical solution temperature (LCST).'" Below
this temperature the polymer is soluble in a polar solvent but after exceeding this LCST the

120

polymer collapses and becomes insoluble. ™ Most of the stimuli-responsive polymers

121

studied show a LCST in water. © Well-known synthetic thermoresponsive polymers are

poly(N-isopropyl acrylamide) (PNIPAM),'** poly(ethylene oxide),'*

poly(oligo(ethylene
glycol) acrylates and methacrylates.'>* PNIPAM is the thermoresponsive polymer that is
studied the most due to the very sharp transition from coil to globule at its LCST of
32°C."*° By synthesizing PNIPAM based copolymers the LCST can be varied and
kinetically as well as thermodynamically controlled.'® By using hydrophilic monomers as
a comonomer the LCST is increased whereas the use of hydrophobic comonomers leads to
a decrease in LCST.'”® Moreover, control of the polymer architecture, e.g. block

copolymers, can change the polymer properties when exceeding the LCST from the

transition solved to precipitated to a transition from sol to gel.'*’

The collapse of polymer chains is mediated by a change in polymer interactions. An LCST
polymer is composed of a hydrophilic and a hydrophobic part'*® and the hydrophilic and
hydrophobic interactions between polymer and solvent are the main driving force for the
collapse.'” Therefore, increasing hydrophilicity or hydrophobicity, especially for
copolymers, can lead to a loss of LCST behavior.”” A thermoresponsive polymer in its
soluble state below the LCST forms an entropically costly solvation shell, e.g. by hydrogen

bonding between hydrophilic polymer parts and water molecules. By increasing the
18
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temperature, the entropy gain upon the release of water prevails and the hydrophobic
polymer parts interact with each other, going from a mainly intermolecular (polymer-
solvent) to a mainly intramolecular (polymer-polymer) interaction, leading to a coil-to-

globule transition (see Figure 12)."3%13113%

- . .
- &
T=LCST “ .
_— h
T < LCST ¥
P ‘
v ¥ N
g polymer backbone Q’ water molecules hydrogen bonds —— water movements

Figure 12 Schematic presentation of a stimulus-responsive polymer undergoing a
temperature induced change in water. Below the lower critical solution temperature
(LCST) the polymer backbone of the polymer coil builds hydrogen bonds to water
molecules. After exceeding the LCST hydrogen bonds are broken and intramolecular
polymer-polymer interactions take place increasing the order in the polymer globule in

comparison to the swollen coil. The release of water increases the systems entropy.

Combining thermoresponsivness and glycopolymers can lead to a combination of
advantages of both polymer classes: thermal control and specific binding. Moreover,
different architectures of thermoresponsive glycopolymers are suitable. Linear polymer
chains can be synthesized via controlled polymerization techniques for analysis of
architectural influence or polymeric analogous reactions for statistical distribution and
unpolymerizable monomers.">*'** But also bigger structures such as hydrogels are suitable
architectures for control of ligand-receptor interactions.”’ Additionally, hybrid materials
are one possibility to control ligand-receptor interactions and protein or bacteria adhesion.
Those are often gold or glass surfaces grafted with thermoresponsive polymers and are,

59135,136,137

therefore, called “smart surfaces and by grafting glycopolymers onto surface

biocompatibility can be improved.'*®
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To get a better insight into the mechanisms of temperature controlled ligand-receptor
interactions, linear polymer chains are suitable. By using the most “simple” architectural
linear polymer chains different analytical methods can be executed. Those polymers can be
analyzed in solution but also at different surfaces when they are grafted onto them.
Therefore, the following work is based on the analysis of linear thermoresponsive
glycopolymers. Those are very promising to get a deeper insight in the mechanisms of

controlled ligand-receptor interactions.
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1.3. Quantification of ligand receptor interactions

To quantify interactions between ligands and receptors different methods can be used. One
very common method that is used is surface plasmon resonance (SPR).'* Even though this
method can be used to determine different parameters for ligand-receptor interactions such
as binding and dissociation constants,'*’ this method is indirect. Moreover, it gives inside
into a solid-liquid interfacial system, because the ligand or the receptor is bound to the
surface and the binding partner is added in liquid phase with a certain flow the same as for
example Quartz Crystal Microbalance (QCM)."*"1*2 A method for a direct measurement
for the forces between two surfaces is atomic force microscopy (AFM). With AFM

143 to

different aspects can be considered. This method can go from unfolding of proteins
single ligand-receptor interactions using single-molecule-AFM (SM-AFM),'** but also
functionalized particles can be used to measure adhesion between two surfaces.'*> One
major disadvantage of this method is, besides the price to operate the AFM during the
measurements using one cantilever for each measured particle, the complex operation
technique, and quantification of the results. Therefore, a fast and easy method has been
developed to overcome these problems: The Soft Colloidal Probe adhesion assay (SCP-

RICM) (see Figure 13).

1.3.1. Reflection interference contrast microscopy-based SCP adhesion assay

The reflection interference contrast microscopy (RICM) method is well known from cell
adhesion studies to determine contact points between cells and surfaces.'*® By conical and
annular illumination, it is possible to display ultrathin sections down to 5 nm, making it

147,148,149 .o
T As the name indicates

possible to measure distances between reflecting surfaces.
RICM is based on the reflection of light, coming from different refractive indices between
two media, in case of cells for example external water and lipid bilayer membranes or
membranes and cytoplasm.'”® Due to the weak reflection intensity at those interfaces,
compared to incoming light intensity, stray reflection has to be reduced and contrast has to
be increased. To reach that the so-called antiflex microscope method, developed by Piller
in 1959, is used, where light has to pass crossed polarizers.””' This method reduces the
stray light giving a darker image background. Additionally, a quarter waveplate and

: . 152,1
polarizers reduce the unwanted reflection.'>*'**
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Figure 13 Schematic image of reflection interference contrast microscopy based soft
colloidal probe (SCP) adhesion assay. When the SCP is not in contact with the glass
surface the interference pattern formed by reflected light leads to a bright spot in the
middle (left). When the SCP gets in contact with the surface the interference pattern has a
dark spot in the middle (right). From this interference pattern radius of contact area (a) and
radius of the particle (R) can be calculated. Two different exemplary images show the

differences visible during the measurement (bottom).

The RICM method can be used to quantify the contact area and adhesion energies by the
JKR method (see section 1.3.1.1) of well-controlled soft particles called soft colloidal
probes (SCPs).

In this assay, SCPs are added to a glass surface in aqueous media. To quantify
biomolecular interactions the SCPs are functionalized with a specific ligand-receptor pair
as specific binding partners or with polymers for investigation of unspecific adhesion.'**
After sedimentation of the SCP a monochromatic light (wavelength around 530 nm) is

used to create the RICM image and read out the contact area. Light is reflected at every

22
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interface between two media with different refractive indices. The light that is reflected at
the glass/SCP interface gives the contact area and the reflected light from the SCP/water
interface gives an interference pattern for calculation of the particle radius (see Figure 14).
The glass/SCP interface is only present when the SCP and the surface interact with each
other and due to the change in refractive index from glass to SCP the contact area is turned
black. When no contact between SCP and glass appears then there are two interfaces:
glass/water and water/SCP and, therefore, a bright area appears. Depending on the probed
system the measurement condition can be varied by adjusting the measurement solution
according to pH, temperature or ionic strength.'”> Due to this huge variety of possible
changes in the measurement conditions this method can be used to measure not only
specific and unspecific interactions'>® but, moreover, distinguish between electrostatic'®’
and hydrophobic interactions and even measure microscopic scale pressures when

combined with AFM.'*®

Figure 14 Schematic light beam path during the RICM measurement leading to the

interference pattern by reflection at the interfaces with different refractive indices.

1.3.1.1. The Johnson-Kendall-Roberts (JKR) theory

The SCP assay takes advantage of the fact that soft bodies deform upon coming in
adhesive contact with another surface. Evaluating mechanical energies that lead to the
deformation of the soft particles gives the adhesion energy between the SCP and the planar

surface.
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The theory of contact between two smooth and elastic bodies was first investigated by
Heinrich Hertz in 1881."° His investigated equation for the contact radius between two

spheres pressed together is as followed:

RiR;
R1+R;

af‘) = % n(k; +ky) Py (1)

With contact radius ag, R; and R; as radii of the spheres, Py as the external load and k; and
k, as elastic constants of the spheres. The elastic constants include the Youngs modulus E

and the Poisson ratio v for each sphere:

1—1)%/

—_ 2
k1/2 = TE, (2)

But Roberts could not prove the results in 1968 using rubber spheres and neither could

160181 Both found larger contact areas (a;) than expected with

Kendall in 1969 using glass.
the Hertz theory (see Figure 15). The results they found agreed with the Hertz model only
at high loading forces, but when reducing the external load up to zero large residual contact
area was observed. Therefore, they investigated, together with Johnson, the influence of
attractive forces onto the contact area between those elastomeric bodies and differentiated
the attractive forces in three parts: the stored elastic energy, the surface energy and the
mechanical energy.'® A detailed mathematical description of this model is shown in

literature 162 and 163. By taking the attractive forces into account the Hertz equation can

be modified according to the JKR theory as followed:

a® = = (P + 3ynR + /6ynRP + (3ynR)? 3)

With R = (R|R,)/(R1+R,), K = 4/3 n(k;+k;) and y as the energy per unit of contact area.
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Figure 15 Schematic display of the difference between Hertz and JKR theory. Two
spheres are pressed together with R; and R, as sphere radii, load Py, and contact radii a
depending on Hertz theory and a; considering additional attractive forces depending on

JKR theory (adapted from 162).

The JKR theory was investigated for two spherical bodies pressed together.'®* The SCP
adhesion assay does not use two spheres for the measurement of adhesion energies. But the
JKR theory can be adapted by assuming that the glass surface in the experiment is a sphere
with an infinite radius. In addition to this, because the SCPs sediment onto the surface and
are not pressed to it with an external load the load during the measurements equals zero.
This leads to the following equation for the calculation of the adhesion energies using the
Soft Colloidal Probe adhesion assay:'°

a’ =6m % R? 4)

With a as contact radius between SCP and surface, W4, as adhesion energy, E. as
effective elastic modulus: E.y = [4E/3*(1-v%)], with the Poisson ratio v and the elastic

modulus £ of the SCP and R as SCP radius.
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1.3.1.2. Determination of elastic modulus

The deformation of a soft material needs less energy compared to a hard material, e.g.
rubber in comparison to glass or steel. Therefore, it is important to know the elastic
properties of the SCP for the calculation of adhesion energy as it is shown in equation 4.
AFM has been shown to be a suitable method to determine the elastic modulus of SCPs.'®
AFM is a nanoscale high-resolution method and was introduced in the middle of the
1980s.'° Due to its use in measurements of forces in the nanoscale between two
surfaces'®’ it can also be used for force-indentation measurements.'®® A setup for AFM
force indentation measurements is shown in Figure 16. In a first step, a glass bead is glued
onto a tipless cantilever with epoxy glue. For the calculation of the E-modulus, the
effective radius of contact has to be calculated. Using a glass bead instead of a pyramidal

tip, that is commonly used for surface scanning, simplifies the calculation of the effective

radius as followed:

=zt )

with R; and R; as the spheres radii.

The glass bead is pressed onto the glass bead to deform the particle and upon contact, the
cantilever bends moving the laser on the photodiode indicating the contact between both
spheres. When retracting the glass bead from the SCP the cantilever bends in the other
direction moving the laser on the photodiode. This peak indicates an adhesive force
between glass and SCP. For calculation of the E-modulus, the extend curve is used. A very
common model for calculation of the elastic modulus is the Hertz model. The equation for

the Hertz model is shown below:

4E
F= 3(1-v2) V Reffsg/2 (6)

with F as applied force, E as elastic modulus, v as Poisson ratio, R as effective radius
between spheres and 0 as indentation. The Poisson ratio can be set to 0.5 for this due to the
assumption of volume conservation during the indentation.'® This model assumes that the
only upper side of the SCP deforms upon contact with the glass bead, but also on the
contact between SCP and glass surface deforms. Therefore, in this work a novel model for

170
.

calculation of E-modulus is used developed by Glaubitz et a taking the deformation at

both sides into account.
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Figure 16 Schematic presentation of an AFM force indentation measurement to determine
the SCP’s elastic modulus. Shown are the three steps that a measurement can be divided
into (top). The first step (left) is the positioning of the cantilever in the center above the
SCP. In the second step (middle) the glass bead glued to the cantilever is pressed onto the
SCP (extend) before it is drawn into the starting position (retract, right). On the bottom
exemplary extend and retract curves are shown. The numbers show the influence of each
step onto the curve. 1) is the starting position, 2) is the contact between glass bead and SCP
and 3) is the energy needed to overcome adhesive interactions between the glass bead the

SCP.
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2. Aims and Outline

The aim of this work is to analyze two archetypical examples of bioadhesion processes: 1)
mussel inspired adhesion of catechol, amine and amide motifs and 2) the adhesion of

stimulus-responsive glycopolymers.

In the first part of this work, the adhesion mussel foot protein (MFP) inspired oligomers,
synthesized by a collaboration partner, are analyzed to get a deeper understanding of how
the combination and the positioning of certain functional groups influence the underwater
adhesion. The synthesis of the oligomers is conducted using solid phase synthesis of
oligo(amidoamines) developed in the Hartmann lab.'”"'”* The functional groups to be
investigated are catechols, tertiary amines and primary amides. These groups are present
MFPs and, especially amines and catechols, are considered to be responsible for the strong
adhesion as assumed and investigated by Israclachvilli and coworkers.’ The cationic
charge of the amines is considered to be important for the displacement of salt and
hydration layer as a prerequisite for underwater adhesion. Therefore, tertiary amines at the
oligo(amidoamines) are used to confirm this hypothesis while also reducing side reactions
with the catechol. Due to the high amount of primary amides present in MFP-3, these are
additionally incorporated into the oligomers. The adhesion of the oligomers to glass
surfaces will be analyzed using the soft colloidal probe (SCP) adhesion assay to determine

the influence of the functional groups positioning and their pH dependence.

In the second part of this work, the specific adhesion between switchable glycopolymers
and lectins is investigated. Smart polymers provide avenues toward drug delivery/carrier
systems or as potential drugs themselves. Therefore, thermoresponsive glycopolymers are
synthesized with varying functionalization degrees of carbohydrates and different linker
hydrophobicity. In the literature, the influence of the temperature-induced coil-to-globule
transition of thermoresponsive glycopolymers on their lectin affinity show inconsistent
results. As thermoresponsive polymer the well-known poly(N-isopropyl acrylamide) is
used. Additionally, the influence of the linker hydrophilicity on the adhesion process is
investigated. After the successful synthesis of these mannose functionalized polymers their
inhibition potential towards mannose-specific ConA and type 1 fimbriated E. coli is
investigated. Additionally, using the SCP adhesion assay, the changes of temperature-

induced polymer collapse towards ligand-receptor interactions is investigated. Moreover,
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due to earlier results generated in the group of Schmidt, showing the influence of the
hydrogel stiffness upon ligand receptor mediated adhesion,'® the influence of temperature

upon thermoresponsive polymer functionalized hydrogels is studied.
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3. Conclusion

The first part of this work was focused on providing a deeper insight into the underwater
adhesion mechanism of catechols. Therefore, the underwater adhesion of a series of MFP-
inspired oligomers with varying composition and positioning of functional groups was
analyzed towards their properties. In total nine different oligomers, provided by a
collaboration partner, were analyzed. For the adhesion studies, the following three
functional groups were combined on the oligomers: catechol, tertiary amine and primary
amide. Catechols are considered to be responsible for the long-term adhesion and amines
to be responsible for removing the hydration and salt layers from underwater surfaces.
MFPs present primary amines in their amino acid sequence and it is believed that the
cationic charge is needed to remove the hydration and ion layer from natural silica surfaces
to induce catechol-based adhesion. To reflect this behavior we used tertiary amines to
reduce side reactions with the catechols. Primary amides were previously not considered to
play any role in the adhesion process of mussels although they are present in MFP-3 at a
molar ratio of >15%. Therefore, to investigate the role of amides on adhesion they were
also chosen as functional groups for the adhesion studies. The oligomers showed all
combinations of functional groups and also the positioning and spacing of functional
groups was varied (see Figure 17). For the adhesion assay oligomer functionalized PEG-
based SCPs were used and allowed to adhere to glass surfaces. To reach high oligomer
functionalization degrees in the SCPs network the functionalization was done twice giving
functionalization degrees of >90% and 13.5-14.2 wt% oligomer per PEG SCP. The SCP
contact areas on glass surfaces were measured via RICM in water with high salt
concentration (0.1 M NaCl) and over a pH range from pH 3 to pH 8. It was noted that the
adhesion energies for most oligomer structures decreased from pH 3 to pH 8 which is
explained by the deprotonation of silanol groups on the glass surface at higher pH values
and the entailed reduction of hydrogen bond donation. Additionally, the deprotonation of
those groups leads to a higher surface charge and a stronger hydration barrier. In
accordance with literature, it could be seen that the combination of catechol and amine lead
to higher adhesion energies as the homovalent catechol-catechol structure. This shows that
cationic charges as imposed by the tertiary amines synergize with catechols to increase
adhesion similarly to the natural primary amines. Moreover, positioning plays an important

role. Having the amine at the terminating end of the oligomer facing the glass surface
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resulted in a smaller decrease in adhesion energies from pH 3 to pH 5 as when compared to
the reversed positioning where the catechol is the terminating functional group. An even
stronger effect was observed when varying the spacing between the functional groups.
Having no building block between amine and catechol, the adhesion energy increased by a
factor of two. Combining catechols with primary amides showed an even higher
dependence on the positioning. In contrast to the amine oligomers, the amide at the
terminating position showed significantly lower adhesion compared to the catechol
terminated oligomer. This result suggests that the amides present in MFP-3 amplify the
adhesion towards the surface. The synergism between amide and catechol might be
conferred due to the ionic resonance structure of primary amides that may help to remove

the hydration and ion layers.

changed positioning
homovalent heterovalent and spacing

CH

HO \N/ \N/ OH
HO
o o) 0 o)
0 [o]
H, N
NH NH,
OH
gy Ay OH
N N HO NH; NH;
HO 0 0
0 o 0 o) 0 o]
O 0 O
H NPT H{ HaN H,N— ]
NH, NH > NH;
HO
NH, NH, NH; TN NH;
0 Q (8] HO (8]
0 o 0 0 0, _Jo
0 0 0
H,N—{ e [ H,N— e [ HaN
MH; MH NH;

N

0 P T 8
:l:f’\ﬁm o M - .AH/\/N\/\HW . - Aﬁf\/ 710/\)'7
Figure 17 Schematic structures of oligomers used for adhesion studies. Three groups of
oligomers can be differed: homovalent structures bearing the same functional groups (left),
heterovalent structures bearing two different functional groups (middle) and heterovalent

structures with changed positioning and spacing (right).
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The second part of this work was focused on the specific interactions between switchable
glycopolymers and lectins. The aim was to obtain a deeper understanding of glycopolymer
interactions and the effect of coil-globule transitions which showed contradicting results in
literature. Additionally, the adhesive interactions were investigated in solution and at soft
solid interfaces. Here, two carbohydrate recognizing species of different size were used.
The lectin ConA and the bacteria E. coli were used. ConA is a well-known lectin that binds
specifically to a-p-mannopyranoside. The FimH receptor on the tips of the fimbriae bound

to the cell surface of E. coli also binds to a-p-mannopyranoside.

First, a scaffold presenting a-p-mannopyranoside with thermoresponsive properties was
synthesized. As a well-known thermoresponsive polymer part poly (N-isopropyl
acrylamide) (PNIPAM) was chosen with a lower critical solution temperature (LCST) in
the range of the human body temperature. To create a series of glycopolymers with
different mannose functionalization degrees and different linkers a polymer analog reaction
approach was chosen. In the first step, the synthesis of the monomer
N-Acryloxysuccinimide was adapted from literature and the reaction yield was improved
by nearly 20%. After successful monomer synthesis, it was polymerized using free radical
polymerization initiator  4,4’-Azobis(4-cyanovaleric  acid) giving poly (M-
Acryloxysuccinimide) (PNAS) with a carboxylic acid end group for further
functionalization and grafting onto SCPs. For functionalizing the PNAS with mannose the
carbohydrate was first functionalized with two different linkers of different hydrophilicity.
The used linkers were an ethyl linker (EL) as hydrophobic and 2-hydroxypropyl (HPL) as
a more hydrophilic one. The polymer analog reaction was then performed in two steps. In
the first step, mannose was grafted onto the polymer backbone followed by quenching all
remaining active esters with isopropyl amine to obtain the thermoresponsive PNIPAM part
of the polymer. Using this synthesis route eight different mannose bearing polymers were
synthesized with different mannose functionalization degrees with the two different linkers
to the polymer backbone in a range from 1% to 97%. Additionally, one negative control
polymer only bearing PNIPAM and one nonbinding control polymer with galactose grafted
were synthesized. The analysis of coil-to-globule transition showed that the polymers
LCST increased with a higher carbohydrate functionalization degree, in accordance with
the literature. At more than 7% carbohydrate functionalization degree a LCST could not be
observed below 45 °C. Additionally, the linker used for linking mannose to the polymer
did not have an influence on the LCST. The first binding studies in solution using ConA as

a receptor that showed that specific binding occurs and that the dissolution of the polymer-
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lectin complex formed is faster for the more hydrophilic linker HPL. Inhibition studies
using the synthesized polymers as an inhibitor for ConA and E. coli binding to mannan
coated surfaces showed that the affinity shifts at low mannose functionalization degrees
<2%. The results of those studies showed different shifts depending on the size of the
mannose-binding species. Inhibition of the micrometer-sized E. coli was increased whereas
the inhibition of the nanometer-sized ConA was decreased when exceeding the LCST of
the glycopolymer. This is likely due to the size-dependent accessibility of mannose units.
ConA binding benefits from extended glycopolymer coils below the LCST where it has
access to more mannose units when compared to the collapsed glycopolymer globules
above the LCST. On the other hand, owing to their large size E. coli has access to the
surface of the glycopolymer coils only. Therefore, E. coli binding benefits from the

collapsed polymer conformation resulting in a high surface density of mannose units.

For analyzing the glycopolymer-lectin interactions at interfaces, the glycopolymers above
were grafted onto PEG-SCPs. To determine the adhesion of those polymers against ConA
coated glass surfaces the SCP-RICM adhesion assay was used. The temperature-dependent
adhesion studies confirmed that increase mannose functionalization degrees lead to
increased adhesion energies and that the adhesion can be switched upon increasing
temperature. Moreover, the linker seems to have an influence upon the switchability of
adhesion. The hydrophilic linker HPL showed an increase in adhesion energies but the
more hydrophobic EL linker did not show any clear temperature dependence. It is
suggested that the linker affects the ligand presentation of grafted glycopolymer chains.
Importantly, cooling back to temperatures below the LCST showed a large hysteresis and
the initial value before starting the heating cycle could not be reached again. Additionally,
E. coli binding to the polymer chains grafted onto the PEG-SCP could not be reduced by
cooling back to 20 °C. These results showed that non-specific binding towards the receptor

needs to be avoided to achieve reversible ligand-receptor binding.

The elastic modulus of the thermosensitive polymers grafted to the SCPs plays a very
important role for ligand-receptor interactions. Therefore, AFM force indentation
measurements were executed to investigate the influence of temperature on the elastic
modulus. When heating from 20 °C to 45 °C SCPs with thermosensitive polymers showed
decreasing elastic moduli, whereas SCPs with non-thermosensitive grafts showed
increasing elastic moduli This can be explained by changes in mesh size. The mesh size

decrease for SCPs without polymer or non-LCST polymers upon temperature increase due
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to the “entropic spring” effect. LCST polymers on the other hand show an increase of the
mesh size due to the collapse of grafted polymer coils. This collapse has a higher influence
on the elastic modulus than the “entropic spring” effect upon heating. Importantly, the
elasticity reaches a maximum value for the initial (ungrafted) SCPs. Due to the high
importance of tissue elasticity on many different biological processes, these results have to
be considered for different applications of polymer hydrogels used as drug delivery

systems or others
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Sequence-defined positioning of amine and amide residues to
control catechol driven wet adhesion.

Lukas Fischer,t” Alexander K. Strzelczyk, t° Nils Wedler,” Christian Kropf,” Stephan Schmidt ® and
Laura Hartmann*®

Catechol and amine residues, both abundantly present in mussel adhesion proteins, are known to act cooperatively by
displacing hydration barriers before binding to mineral surfaces. In spite of synthetic efforts toward mussel-inspired
adhesives, the effect of positioning of the involved functional groups along a polymer chain is not well understood. By
using sequence-defined oligomers grafted to soft hydrogel particles as adhesion probes, we study the effect of catechol-
amine spacing, as well as positioning relative to the oligomer terminus. We demonstrate that the catechol-amine spacing
has a significant effect on adhesion, while shifting their position has a small effect. Notably, combinations of non-charged
amides and catechols can achieve similar cooperative effects on adhesion when compared to amine and catechol residues.

Thus, these findings provide a blueprint for the design of next generation mussel-inspired adhesives.

Introduction

Marine organisms such as mussels, barnacles, or sandcastle
worms are prime examples of biological wet adhesion. They
exhibit strong attachments to inorganic and organic surfaces in
aqueous medium, even in the presence of high salt
concentrations.” 2 In aqueous environment, the adhesion is
inhibited by both water and hydrated salt ions through the
formation of thin layers preventing the direct contact between
adhesive groups at the material surfaces.” * Mussels in
particular have evolved adhesive proteins (mussel foot
proteins, Mfps) that circumvent this problem by displacing the
hydration layers and then bridging to the surface via strong
bonding primarily through L-3,4-dihydroxyphenylalanine
(DOPA) groups.w Recent findings state that the high amount
of DOPA in proximity to cationic amino acids is responsible for
these unique properties. 5% This synergistic effect between
DOPA and primary amines is due to dispatching the hydration
layer of the surface via charged amines allowing the catechol
residues to bind to the surface. Such synergy between catechol
(DOPA) and charged groups could be confirmed using synthetic
polymers combining anionic and cationic residues,'®*? Inspired
by the adhesive properties of the Mfps, a wide range of
polymers with high DOPA content were synthesized toward
advanced adhesives and surface coatings.l' 8 1322 However,
sequence effects like the spacing of the charged groups and
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catechol residues were given little attention for the design of
such mussel-inspired synthetic adhesives.

The adhesive proteins of mussels contain a large amount of
DOPA and amine residues, e.g. Mfp-5 carries 30 mol% DOPA
and 28% mol% amines, which are usually in close proxirnity.zEL
However, another class of residue typically represented at
higher than 10 mol% (in Mfp-2, Mfp-3, Mfp-4, and Mfp-6) is
asparagine carrying a primary amide.??¢ Asparagine as a
“helix-breaker” residue is believed to increase the flexibility of
the Mfps improving the accessibility of the adhesive DOPA
groups. Intriguingly, for Mfp-3 the amide side chains are
predominantly found in direct proximity to amine and DOPA
residues.”® The function of Mfp-3 as a primer for strong
underwater adhesion has been shown by direct adhesion
measurements via atomic force microscopy or the surface
force apparatus,7’ 7 put the role of amide side chains on
adhesion has not been studied so far. Therefore, in this study
we present the synthesis of  sequence-defined
oligo(amidoamine)s carrying selected combinations of
catechol, tertiary amine and primary amide residues, similar to
the arrangement of arginine, DOPA and amine residues found
in Mfp-3 and study their adhesion energies on glass surfaces.

Results and Discussion

Synthesis of sequence defined oligomers

As a cationic residue a tertiary amine was chosen to prevent
crosslinking with the catechols particularly at higher pH. In
addition, choosing this non-natural cationic residue instead of
primary amines might provide additional indication that the
catechol-amine synergy is due to the removal of the hydration
layer by the charge effect and not due to additional hydrogen
bonding by the amines. Along these lines, as a non-natural



spacer building block between the catechol, amine and amide
residues we use a short ethylene glycol chain (EDS block) to
show the feasibility of transferring the catechol driven
adhesion mechanism to synthetic polymers. The oligomer
synthesis was adapted from an already established method
using tailor-made building blocks for solid phase assembly to
generate the sequence-defined structures.”® *? Similar to solid
phase peptide synthesis, the building blocks carry both, a
carboxy and an Fmoc protected primary amine group, that
allow step-wise chain growth on an amine functionalized resin.
Here two new building blocks were synthesized, one carrying a
protected catechol moiety and one carrying an orthogonal
protected primary amine, to later introduce the tertiary amine
and primary amide via amide coupling on solid support (Figure
1).
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Figure 1 New synthesis route towards functional building blocks; a) Fmoc-O5u, 3 eq.
triethylamine in THF at -78°C followed by 1 eq. activated acid; b) 10 eq. TFA in DCM
followed by precipitation and 1 eq. succinic anhydride, 3 eq. triethylamine in DCM

A major challenge in the solid phase synthesis of sequence-
defined polymers is the access to tailor-made building blocks
in sufficient quantity and purity, ideally in a time and cost-
efficient manner. Here, an advanced method providing the
required building blocks was developed streamlining the
previous approach to a straightforward 3-step route with
greatly improved atom economy and higher yietds.zs' 3098

the first step, one of the two primary amines of
diethylenetriamine was protected using trityl chloride.
Afterward, the second primary amine was selectively

converted using Fmoc-OSu in THF at -78°C, with subsequent
addition of an activated acid which carries the desired side
chain functionality. The last step includes the cleavage of the
trityl group and reaction with succinic anhydride. With this
new protocol two different building blocks were synthesized.
The first building block TrDS (1) offers a trityl protected amine,
for further
The second

orthogonal to the Fmoc protection group,
functionalization during solid phase synthesis.
novel building block CDS (2) was developed to introduce a
methyl ether protected catechol moiety in the side chain using
the acyl chloride of 3-(3,4-dimethoxyphenyl)propionic acid.
This protecting strategy ensured stability during acidic
conditions of the building block synthesis as well as basic
conditions during solid phase synthesis. Together with the
previously introduced building blocks EDS, TrDS, and CDS, solid
phase supported synthesis following previously reported
coupling conditions was applied (Figure 2). The oligomer
scaffold was assembled by step-wise amide coupling and

2| J. Name., 2012, 00, 1-3

subsequent Fmoc deprotection of the terminal amine. For the
introduction of side chains presenting a tertiary amine or
primary amide groups, the TrDS building block was used: After
full synthesis of the backbone, the trityl group of TrDS was
cleaved using 0.15M HCl in trifluorethanol, a condition
resulting in full release of the trityl group while maintaining
stability of the acid labile solid s.uppurt.a‘1 Next, the desired
side chain functionalities were introduced by coupling the
corresponding carboxylic acid using PyBOP as a coupling
reagent. After cleavage of the oligomer from the solid phase,
the catechol moieties deprotected using
trifluormethanesulfonic acid and thioanisole in trifluoracetic

were

acid following a procedure previously introduced by Kiso et
al.* Full deprotection and successful isolation of the desired
oligomer structures were confirmed by "H-NMR, ®C-NMR and

HR-ESI MS (see supporting information S4).
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Figure 2 Exemplary scheme for solid phase synthesis of an oligomer using a rink amide
resin; 1) 5 eq. building block, 5 eq. PyBOP, 10 eq. DIPEA in DMF; [I+V) 20% piperidine in
DMEF; 1) 0.15 M HCl in trifluoroethanol; IV} 10 eq. acid, 10 eq. PyBOP, 20 eq. DIPEA; VI)
95% TFA, 2.5% DCM and 2.5% triisoproylsilane; Vil) 16 eq. trifluoromethanesulfonic
acid, 8eg. thicanisole in TFA.

In total 9 different oligomers were synthesized (Figure 3). All
structures carry a terminal amine group for later coupling onto

This journal is ® The Royal Society of Chemistry 20xx



microgels and use in adhesion studies. In order to study
combination and positioning effects of the different functional
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Figure 3 Overview of the oligomers.

groups on adhesion, various sets of oligomers were
synthesized. As homofunctional structures, the oligomers 3-5
each carry two identical functional groups, either catechol,
tertiary amine, or primary amide both in position 1 and 3.
Oligomers 6, 7 and 8 combine two of the functional groups to
form the three possible combinations. Oligomers 9 and 10
change the position of catechol and amine or amide, to
investigate the influence of the order of functional groups. In
addition, oligomer 11 reduces the spacing between amine and
catechaol. All oligomers have a length of six building blocks with
the EDS building blocks serving as spacers between the
functional building blocks keeping the overall size of all
oligomers the same. Importantly, for all catechol bearing
structures, oxidation in water was not observed within several
days {see supporting information $7). Therefore, we assume
that in the course of the following adhesion studies, catechol-
quinone transitions did not take place.

o 1M Na,S0, crotonic acid oligomers
0 Jk/ —_— —_—
= O Irgacure2959 benzophenone EDC,
o) 180 uv MES pH 5.5

This journal is © The Royal Society of Chemistry 20xx

SCP preparation and adhesion measurements

For the adhesion measurements, soft microgels (soft colloidal
probes, SCPs) based on poly(ethlylene glycol) (PEG) were
functionalized with the sequence-defined oligomers (3-11) and

allowed to settle and bind to glass surfaces.”’

The glass
surfaces were used here as a model for inorganic silica-based
materials. To prepare the SCPs, microdroplets of poly(ethylene
glycol diacrylamide) were formed via liquid-liquid phase
separation in a concentrated sodium sulphate solution
followed by UV crosslinking (Fehler! Verweisquelle konnte
nicht gefunden werden.).*® The oligomers were introduced by
grafting of crotonic acid under UV irradiation in presence of
benzophenone followed by the repeated coupling of the
oligomers via carbodiimide chemistry. The degree of oligomer
functionalization in the PEG network was determined in two
steps via titration with toluidine blue, a crotonic acid binding
dye.3? First, the amount of crotonic acid was determined
before coupling the oligomers. Second, the residual, unreacted
crotonic acid residues were titrated after the oligomer
coupling step. The coupling efficiency was larger than 90%,
and the oligomer functionalization degrees were determined
as ~86 umol per gram PEG (see supporting information S5).
Hence, 13.5-14.2 wt% of the PEG-SCPs are oligomers. Using
the SCP elastic moduli as an estimate for the specific volume in
of PEG in water,33 the PEG swelling degree can be calculated
giving an oligomer concentration of 11 mmol I in the SCP
scaffold.*

Upon adhesion, the SCPs mechanically deform and form
distinct contact areas with the glass surface. To quantify the
SCP-adhesion energies (W, 4) on glass, the contact radii (a)
were measured by micro-interferometry (Fehler!
Verweisquelle konnte nicht gefunden werden.) and evaluated
by the Jonson-Kendall-Roberts (JKR) model of adhesion: "

- gﬂRZWadh(l = VZ)
B 2E

aE

where W, is the adhesion energy, E is the elastic modulus of
the SCPs, and v the Poisson ratio. The adhesion energies were
read from the plots of the contact area a and the SCP radius R
(Fehler! Verweisquelle konnte nicht gefunden werden.). The
SCP method allows detecting adhesion energies with high
eg. to study
hydrophobic forces,** and

precision and has been broadly applied,
biomolecular interactions,
analytes in the solute by very sensitive competitive binding

42 .43
assays.

@ crotonic acid
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Figure 5 The SCP adhesion assay. a) Schematic representation of an oligomer-functionalized SCP adhering to a glass slide. The reflection interference contrast microscopy image

{bottom) shows a typical contact area {dark area in the center) and newton rings providing the geometry of the SCP, i.e. the parameters a and R. b) Typical JKR plots and fits (lines)

according to equation 1 depicting the oligomers 3 (empty circles), 4 (squares) and 11 (triangles).

To control the solute conditions, the SCP-adhesion assay was
conducted in 0.1 M sodium chloride and between pH 3-8 (Figure
6). The pH controls the glass surface charge by
protonation/deprotonation of the silanol groups, which broadly
affects the adhesion. At low pH the surface is able to donate
hydrogen bonds to the ethylene glycol groups at the PEG and
EDS backbone, whereas almost complete deprotonation is
expected at pH 7,%2 rendering the surface unable to donate
hydrogen bonds. In addition, the hydration barrier is stronger
far charged surfaces at high pH.*? This explains the observed
overall decreasing adhesion energies with increasing pH for all
oligomers (Figure 6b). The measurements confirmed the
synergistic effect between cationic amines and catechols since
the catechol/amine (6,9,11) combinations always achieve
higher adhesion when compared to catechol/catechol (3). This
shows that the catechol/amine synergy also works with tertiary
amines instead of the natural primary amines supporting the
hypothesis that it is the charge-induced displacement of the
hydration layer that increases catechol binding. With the
sequence-controlled oligomers we could additionally show the
effect of catechol/amine spacing. In case where the catechol
and amine residues are in close vicinity {11), the adhesion
energy is drastically amplified compared to the oligomers with
an additional EDS spacer between catechol and amine {6,9). In
addition, the adhesion was affected by changing the position of
the catechol and amine residues (6,9). When the amine is
located at the terminating position {the free chain end not

4| J. Name., 2020, 00, 1-3

attached to the SCP) (6), the decrease in adhesion between pH
3 and pH 5 is not as strong when compared to the oligomer with
the catechol at the terminating position (9). This could be due
to the increased ionic interactions between the terminal amine
and the partially deprotonated surface at pH 5 compensating
the hydrogen bonding at elevated pH.
Comparison with structures that do not contain catechol but
combinations of amines and primary amide side chains confirm
this trend (4,5,8). The amides can interact with the silica groups
at the surface via hydrogen bonding but when cationic amines
areincluded {8) the adhesion appears to be stronger at elevated
pH on the anionic glass surface due to additional ionic bonding.
Overall, these results agree with earlier studies on the
synergistic adhesion effects of amine and catechol residues,®10
but for the first time show that their positioning and spacing is
of key importance to maximize such synergy.

Surprisingly, the combination of amide and catechol residues
showed an even larger dependence on the residue positioning.
In case the catechol is the terminating group (10), the adhesion
energy is significantly stronger when compared to placing the
amide at the chain end (7). The adhesion is even stronger when
compared to amine/catechal combinations with similar spacing
(6,9). This suggests that there are additional interactions
amplifying the catechol-mediated adhesion with the glass
surface, similar to the amine/catechol synergism. For
amide/catechol combinations this could be in part due to the

loss of silanol
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Figure 6 Adhesion energies measured for oligomer-functionalized SCPs a) Measurements against a glass surface in 0.1 M sodium chloride solution from pH 3 to pH 8. b) adhesion

energies mimicking the pH during protein secretion in initial mussel adhesion.?

ionic resonance structure of the primary amide {25-30% ionic
character)** helping to displace the surface hydration layer on
the glass surface. In addition, we hypothesize that there is an
intricate balance between intra- and intermolecular hydrogen
bond interactions. Intramolecular hydrogen bonding of the
functional side chains would reduce their interaction with the
surface and thus the overall adhesion. It seems that the
introduction of primary amide side chains shifts this balance
toward promoting adhesion. We have observed previously for
sequence-controlled oligomers mimicking biopolymers that
indeed the positioning of residues and the resulting variations
in the conformation of the molecule play a key role for their
intermolecular interactions e.g. when targeting protein
receptors.*> We cannot conclude yet on the mechanisms of
increasing catechol-mediated adhesion when introducing
primary amide side chains but when looking back at the natural
role model, Mfp-3, DOPA moieties are indeed very often
accompanied by neighbouring asparagine building blocks. Thus
the effect we observe here is likely to take place also in the
natural mussel adhesives.

Conclusions

Taken together, combining catechols and amines on a scaffold
promotes wet adhesion in accordance with the literature.10
Intriguingly, the spacing of these residues on the polymer chain
strongly affects adhesion to negatively charged silica surfaces.

5| J. Neme., 2020, 00, 1-3

Charged moieties and catechols should be very close to
maximize adhesion, which is also in accordance with their
positioning in the mussel adhesion proteins. Notably also non-
natural charged residues such as the tertiary amines used here
are capable of increasing the catechol binding due to the
displacement of hydration layers and condensed ions. In
addition, introducing other functional groups present in the
natural sequences such as primary amides may also have
synergistic effects on adhesion as they showed increased
adhesion in comparison to the amine/catechol combinations in
this study. Although details of the potential mechanism remain
unknown, this shows that there is still much to be learned and
much to be gained by controlling the positioning of interacting
residues in bio-inspired sequence-controlled polymers.
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S1 Materials and methods

Materials

Triisopropylsilane (TIPS) (98%), triethylsilane (99%) and 4-(dimethylamino)butyric acid
hydrochloride (98%) were purchased from Sigma-Aldrich. Diisopropylethylamine (DIPEA)
(>99%) was purchased from Carl Roth. Dimethylformamide (DMF) (99.8%, for peptide synthesis),
piperidine (99%), triphenylmethyl chloride (Trt-Cl) (98%) and succinic anhydride (99%) were
purchased from Acros Organics. Dichloromethane (DCM) (99.99%), sodium chloride (99.98%),
tetrahydrofuran (THF) (analytical reagent grade), ethyl acetate (analytical reagent grade) and
sodium hydrogen carbonate (analytical reagent grade) were purchased from Fisher Scientific.
Triethylamine (pure) was purchased from AppliChem. Trifluoroacetic acid (TFA) (99%) and
(benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyBOP) (98%) were
purchased from Fluorochem. Succinamic acid (97%) and Thioanisol (99%) were purchased from
Alfa Aesar. 3-(3,4-Dimethoxyphenyl)propionic acid (99%) was purchased from BLD Pharmatech
Ltd. Fmoc-Osu (99%), trifluoromethanesulfonic acid (98%) and trifluoroethanol (99%) were
purchased from Carbolution. Diethyl ether (contains BHT as inhibitor, >99%) was purchased from
Honeywell. Tentagel® S RAM resin was purchased from Rapp Polymere. Sodium sulfate (99.5%)
was purchased from fisher chemicals. Polyethylene glycol diacrylate (PEG(8000)-DiAc) was
purchased from Alfa Aesar. Irgacure 2959 (98%) and crotonic acid (98%) were purchased from
Sigma-Aldrich. Benzophenone (99%) was purchased from Acros Organics. 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimid-hydrochlorid (EDC HCI) (>99%) was purchased from Carl
Roth. Water was purified with a Milli-Q system (Millipore) obtaining a final resistivity of 18
MQcm.

Oligomer synthesis

All oligomers were synthesized using the building blocks EDS, TrDS and CDS as previously
described.!! The oligomers were assembled via iterative deprotection and amide coupling on a
Tentagel® S RAM resin. For deprotection, the resin was treated with 20% piperidine in DMF (2x
15 min) and washed with DMF (10x). For the coupling step, the building block (5 eq.) and PyBOP
(5 eq.) were dissolved in DMF and DIPEA (10 eq.) was added. The resin was treated with the
coupling solution for 1 hr with subsequent DMF washing (10x). After assembly of the full
sequence, the trityl groups were cleaved by treating the resin with 0.1 M HCI in trifluorethanol
(2x1.5 h). Then the resin was washed with DMF (5x) and the free amines were deprotonated with
20% DIPEA in DMF for 10 minutes. For introducing the side chains, the resin was treated for 1 hr
with a solution of solution of either succinamic acid or 4-(dimethylamino)butyric acid (5 eq.),
PyBOP (5 eq.) and DIPEA (10 eq.) in DMF and washing in DMF (10x) afterward. The structures
were cleaved from solid support with a solution of TFA/TIPS (95/5), precipitated in diethyl ether

and the precipitate was lyophilized. All oligomers with a protected catechol moiety were
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deprotected by treatment with 16 eq. trifluoromethanesulfonic acid and 8 eq. thioanisole per methyl
ether in TFA for 16 h. Afterward the reaction solution was precipitated in diethyl ether and the
deprotected oligomers were lyophilized. The chemical analysis of the building block and oligomers

are shown in the supporting information S1-S4)

Soft colloidal probe (SCP) synthesis
A dispersion of poly(ethylene glycol diacrylamide) (PEGdAAm, 50 mg, 6.3 pmol, Mn = 8000 Da)

microdroplets was prepared by phase separation in 10 mL 1M sodium sulfate solution under
vigorous agitation.”! Irgacure 2959 (2.1 mg, 5.4 pmol) was added and the dispersion was
photopolymerized under UV light for 90 s (Heraeus HiLite Power curing unit (Heraeus Kulzer,
Germany). The diameter of received microgels was between 10-40 pm. After
centrifugation/washing, crotonic acid was grafted onto the SCPs by exchange of water with
ethanol, addition of benzophenone (250 mg, 1.4 mmol) and crotonic acid (1.5 g, 17.7 mmol)
flushing with nitrogen for 60 s followed by UV irradiation for 1080 s.*’ The particles were washed
with ethanol and water to remove all reactants. In the final step, the oligomers with unprotected
amine end groups were coupled to crotonic acid on the SCPs in 0.1 M MES buffer pH 5.5
containing 32.5 mM (1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride), and 0.225
mM oligomers followed by washing with water. The carbodiimide coupling was repeated to

maximize the functionalization degree for all oligomers (supporting information S5).

SCP characterization

AFM force-indentation measurements with a NanoWizard 2 system (JPK instruments AG, Berlin,
Germany) was performed to determine the elastic moduli of the SCPs. As AFM probe a silica
particle with a diameter of 4.6 um was adhered with epoxy glue onto a tipless, non-coated
cantilever (spring constant 0.32 N/m; CSC12, NanoAndMore GmbH). Several force curves were
recorded for different SCPs and analyzed with an appropriate contact model developed by Glaubitz
et al. (supporting information S6). The degree of oligomer functionalization in the SCP network
was determined by titrating crotonic acid residues with toluidine blue O (TBO). 1.0 mL of a
dispersion containing crotonic acid functionalized SCPs were dried by first exchanging the water
by ethanol in the continuous phase and then treating in a vacuum oven at 50°C until constant
weight. After the dry mass was determined, 1.0 mL of 312.5 uM TBO solution at pH10 was added
and shaken in the dark for 12 hrs. Next, 0.3 mL of the TBO solution supernatant of the was diluted
with 1.7 mL water at pH 10 and the absorbance at 633 nm was detected and compared to the TBO
reference (no infusion of SCPs) to calculate the degree of crotonic acid functionalization.
Comparing the amount of SCP crotonic acid functionalization before and after the oligomer

coupling gave the oligomer functionalization degree (supporting information S5).
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S2 Instrumentation
Nuclear Magnetic Resonance Spectroscopy (NMR)

"H-NMR and "*C NMR were recorded on a Bruker Avance III 300, a Bruker Avance DRX-500 or a
Bruker Avance III 600. Chemical shifts were reported as delta (3) in parts per million (ppm) and
coupling constants as J in Hertz (Hz). Multiplicities are stated as following: s = singlet, d =

doublet, t = triplet, q = quartet, m = multiplet.

High Resolution — Mass Spectrometry (HR-MS)

HR-MS measurements were conducted on a Bruker UHR-QTOF maxis 4G with a direct inlet via
syringe pump, an ESI source and a quadrupole Time of Flight (QTOF) analyzer. Samples were

dissolved in water with a concentration of 1 mg/mL.

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

RP-HPLC was performed with an Agilent 1260 Infinity instrument coupled to a variable
wavelength detector (VWD) set to 214 nm. As a column a Poroshell 120 EC-C18 1.8 uM (3.0x50
mm, 2.5 pm) reversed phase column was used. The mobile phase A consisted of 95/5 H,O/MeCN
with 0.1% formic acid and mobile phase B consisted of 95/5 MeCN/H,0O with 0.1% formic acid.

The flowrate for all measurements was 0.4 mL/min.

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

Prep-RP-HPLC was conducted on an Agilent 1260 Infinity instrument coupled to a variable
wavelength detector (VWD) set to 214 nm. As a column a CAPCELL PAL C18 (20mml.D. x 250
mm, 5 pm) reversed phase column was used. The mobile phase A consisted of H;O with 0.1%
formic acid and mobile phase B consisted of MeCN with 0.1% formic acid. All samples were
purified with a flowrate of 10 ml/min and a gradient of 100% A to 50% A over 15 min. Fractions

were collected by an automated collector and were then lyophilized.

Freeze Dryer

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 a pressure of 0.1 mbar.
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S3 Building Block Synthesis and Chemical Analysis

The building block EDS was synthesized according to literature.
Synthesis Route for Functional Building Blocks

o]

H a) H b) R\f
., L
2 2 2 r FmocHN™ > ~">NHTt

O R o

FmocHNNNka/YOH

0]

Figure S1. Overview of building block synthesis route: a) 0.25 eq. trityl chloride in DCM; b) 1 eq.
Fmoc-OSu, 3 eq. triethylamine in THF at -78°C for 2 h followed by 1 eq. activated acid; c¢) 10 eq.
TFA in DCM for 1 h followed by precipitation and 1 eq. succinic anhydride, 3 eq. triethylamine in
DCM for 2 h.

Functional building blocks were synthesized with the new synthesis route shown in Figure S1.

a) To a solution of diethylenetriamine in DCM a solution of trityl chloride (0.25 eq.) in DCM
was added over 1 h at 0°C. The reaction was stirred for 16 h at room temperature and
afterwards extracted with a saturated NaHCOj; solution (3x). The organic phase was dried
with MgSO, and the solvent was evaporated under reduced pressure to give the crude
product as a brown oil.

b) The crude product of a) was dissolved in THF and triethylamine (3 eq.) and a solution of
Fmoc-OSu (1 eq.) in THF was added over 2 h at -78°C. Afterwards the activated acid (1
eq.) in THF was added and the reaction was stirred for 16 h at room temperature. The
reaction mixture was extracted with a saturated NaCl solution (3x) and the organic phase
was dried with MgSQO, and the solvent was evaporated under reduced pressure to give the
crude product as a brown foam.

¢) The crude product of b) was dissolved in DCM and triethylsilane (10 eq.) and 10 vol-%
TFA were added. The reaction was stirred at room temperature for 1 h. Afterwards the
solvent was evaporated under reduced pressure and the product was precipitated in diethyl
ether. The precipitate was dissolved in DCM and triethylamine (3 eq.) and succinic
anhydride (1 eq.) were added. The reaction was stirred for 2 h at room temperature and
afterwards extracted with a citric acid solution (3x). The organic phase was dried with
MgSQ, and the solvent was evaporated under reduced pressure to give the crude product as

a brown foam.
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4-(2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)ethyl) (2-(tritylamino)ethyl)amino)-4-

oxobutanoic acid (TrDS) (1)
OH
0O 6
AT
OAH/\Z/N\g/\H
1 W

TrDS (1) was synthesized following the synthesis route in Figure S1 (step a and b). The crude

product was recrystallized in DCM and diethyl ether (1:1) to give a white powder with a yield of 24
g2 (72%).

'H-NMR (600 MHz, DMSO-d,, 80°C) & [ppm]: 7.86 (d, J= 7.6 Hz, 2H, Fmoc-H), 7.67 (d, J= 7.4
Hz, 2H, Fmoc-H), 7.45-7.35 (m, 8H, Fmoc-H, Trt-H), 7.32 (t, J = 7.6 Hz, 2H, Fmoc-H), 7.29 (t, J
=17.7 Hz, 6H, Trt-H), 7.19 (t, J= 7.3 Hz, 3H, Trt-H), 4.44-4.29 (m, 2H, H-7), 4.25-4.20 (m, 1H, H-
8), 3.30-2.55 (m, 8H, H-1,H-2,H-3,H-4), 2.50-2.20 (m, 4H, H-5,H-6).

BC.NMR (126 MHz, CDCl;+DMSO-dy) & [ppm]: 174.25, 172.26, 156.26, 156.13, 145.16, 143.47,
140.65, 128.05, 127.94, 127.43, 127.15, 126.56, 125.92, 124.70, 124.61, 119.40, 119.38, 70.43,
65.73, 65.21, 53.20, 48.47, 46.73, 45.95, 45.35, 42.00, 38.79, 31.00, 29.24, 29.10, 28.67, 27.67,
27.36,24.93,22.08, 14.81, 13.66.

HR-ESI-MS: calculated mass for C4,H4,N30s [M+H]" 668.3119, found 668.3119.

RP-HPLC (gradient from 0% to 100% eluent B over 30 min at 25°C): t,=20.9 min, relative purity
98%.

DMSO0-ds

acetone

u { J'JU".EE J-';i"'-"'ﬁk_Jl" U'L«E g
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14.0 13.5 13.0 12,5 12.0 11.5 11.0 105 10.0 95 90 85 80 75 . ?E.D )6.5 60 55 50 45 40 35 3.0 25 20 15 1.0 05
1 (ppm
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"H-NMR spectrum of compound 1 (600 MHz, DMSO-d,, 80°C).
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PC-NMR spectrum of compound 1 (126 MHz, CDCl;+DMSO-d).
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RP-HPLC chromatogram of compound 1 (gradient from 0% to 100% eluent B over 30 min at
25°C).

7-(3-(3,4-dimethoxyphenyl)propanoyl)- 1-(9H-fluoren-9-yl)-3, 1 I-dioxo-2-oxa-4,7,10-
triazatetradecan-14-oic acid (CDS) (2)

CDS (2) was synthesized following the synthesis route in Figure S1. The crude product was
recrystallized in acetone and DCM (1:1) to give a white powder with a yield of 17 g (60%).

'H-NMR (600 MHz, DMSO-d;) & [ppm]: 8.1 (m, NH), 7.9 (m, NH), 7.88 (d, J = 7.7 Hz, 2H,
Fmoc-H), 7.68 (d, J = 7.4 Hz, 1H, Fmoc-H), 7.64 (d, J = 7.5 Hz, 1H. Fmoc-H), 7.47 (m, NH), 7.41
(t, J = 7.5 Hz, 2H, Fmoc-H), 7.36-7.29 (m, 2H, Fmoc-H,NH), 6.83-6.60 (m, 3H, H-11, H-12, H-
13), 4.28 (dd, J = 17.4, 7.0 Hz, 2H, H-2), 4.21 (t, J = 7.0 Hz, 0.5H, H-1), 4.16 (t, J = 7.0 Hz, 0.5H,
H-1), 3.75-3.63 (m, 6H, H-14), 3.29 (m, 4H, H-4, H-5), 3.19-3.07 (m, 4H, H-3, H-6), 2.75-2.69 (m,
2H, H-9), 2.60-2.55 (m, 2H, H-10), 2.45-2.38 (m, 2H, H-7), 2.35-2.27 (m, 2H, H-8).

PC-NMR (126 MHz, DMSO-d;) & [ppm]: 174.25, 172.26, 156.26, 156.13, 145.16, 143.47, 140.65,
128.05, 127.94, 127.43, 127.15, 126.56, 125.92, 124.70, 124.61, 119.40, 119.38, 70.43, 65.73,
65.21, 53.20, 48.47, 46.73, 45.95, 45.35, 42.00, 38.79, 31.00, 29.24, 29.10, 28.67, 27.67, 27.36,
24.93,22.08, 14.81, 13.66.
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HR-ESI-MS: calculated mass for Cs,H40N;05 [M+H]" 618.2810, found 618.2807.

RP-HPLC (gradient from 0% to 100% eluent B over 30 min at 25°C):t,=21.1 min, purity 99%.

DME0-2
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'H-NMR spectrum of compound 2 (600 MHz, DMSO-d).
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BC-NMR spectrum of compound 2 (126 MHz, DMSO-dy).
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RP-HPLC chromatogram of compound 2 (gradient from 0% to 100% eluent B over 30 min at
25°C).

S4 Oligomer Synthesis and Chemical Analysis

All oligomers were synthesized on solid support according to literature!"! using the building blocks
EDS, TrDS and CDS.
On Resin Deprotection Of Trityl

The resin was treated with 0.1 M HCI in trifluorethanol (2x1.5 h). Afterwards the resin was washed
with DMF (5x) and the free amines were deprotonated with 20% DIPEA in DMF for 10 minutes.
Side Chain Coupling

After trityl deprotection the resin was treated for 1 h with a solution of 5 eq. acid, 5 eq. PyBOP and
10 eq. DIPEA in DMF. Afterwards the resin was washed with DMF (10x).
Deprotection Of Catechols

10

miZ
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All oligomers with a protected catechol moiety were deprotected in solution. For this they were
treated with 16 eq. trifluoromethanesulfonic acid and 8 eq. thioanisole per methyl ether in TFA for
16 h. Afterwards the reaction solution was precipitated in diethyl ether and the deprotected
oligomers were freeze dried.

Oligomer Chemical Analysis

(3) protected
_o
~0 4
O
3
1 o 2 2 Q H s 5 2 Q H H 2 H
HZNNN/\/N\/\NMN\/\O/\/O\/\NMN\/\NNNH/\)LN/\/O\/\O/\/N}
1 H 2 2 H 2 5 5 H H 4
o O O (e}
O

o\
o/

Compound 3 protected was obtained with a yield of 64% after cleavage from solid support and

lyophilization. .

"H-NMR (600 MHz, D,0) & [ppm]: 6.90 (m, 4H, Hromaic), 6.79 (d, J = 8.3 Hz, 2H, Haromatic), 6.75
(d, J = 8.0 Hz, 2H, Haromaic), 3.80 (s, 6H, OCH;), 3.78 (s, 6H, OCH;) 3.74-3.54 (m, 32H, H-5),
3.40-3.17 (m, 32H, H-2), 2.82 (m, 4H, H-4), 2.64 (m, 4H, H-3), 2.51-2.36 (m, 24H, H-1).

BC-NMR (126 MHz, D,0) & [ppm]: 178.36, 178.23, 176.63, 175.73, 175.68, 175.64, 175.59,
175.55, 175.53, 175.51, 175.49, 175.38, 175.36, 149.04, 147.63, 134.91, 121.82, 113.12, 112.81,
70.55, 70.42, 69.82, 67.36, 56.61, 56.56, 48.05, 45.86, 45.77, 40.09, 39.89, 39.82, 38.29, 37.99,
35.20, 35.14, 31.97, 31.93, 31.90, 31.84, 31.76, 31.70, 31.67, 31.58, 31.17, 31.03.

HR-ESI-MS: calculated mass for C7gH;3,N502 [M+3H]3+ 564.9817, found 564.9825.

RP-HPLC (gradient from 0% to 50% eluent B over 30 min at 25°C):t,=14.0 min, purity 92%.

11
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Deuterium oxide
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H-NMR spectrum of oligomer 3 protected (600 MHz, D,0).
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C-NMR spectrum of oligomer 3 protected (126 MHz, D,0).
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RP-HPLC chromatogram of compound 3 protected (gradient from 0% to 50% eluent B over 30 min

at 25°C).
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Compound 3 was obtained with a yield of 32% after deprotection, purification by preparative RP-

HPLC and lyophilization.

13
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"H-NMR (500 MHz, D,O) & [ppm]: 8.32 (s, NH), 6.91 (dd, J = 8.0 Hz, 1.8 Hz, 2H, Haromaic), 6.85
(s, 2H, Haomacic), 6.75 (d, J = 8.0 Hz, 2H, Haromacc), 3.86-3.64 (m, 32H, H-5), 3.52-3.27 (m, 32H, H-
2), 2.85 (m, 4H, H-4), 2.71 (m, 4H, H-3), 2.62-2.48 (m, 24H, H-1).

BC-NMR (126 MHz, D,0) & [ppm]: 176.46, 176.39, 176.37, 175.40, 175.37, 175.29, 175.20,

175.09, 144.54, 144.48, 142.86, 134.10, 134.07, 121.

17, 121.13, 118.92, 116.82, 116.78, 116.70,

70.12, 69.97, 69.37, 66.90, 45.41, 45.33, 39.67, 39.47, 39.40, 37.88, 37.62, 34.79, 31.61, 31.57,

31.53,31.48,31.42, 31.38, 31.23, 30.96, 30.79, 30.69.

HR-ESI-MS: calculated mass for C,gH;3,N;5026 [M+3»H]3+ 564.9817, found 564.9825.

RP-HPLC (gradient from 0% to 50% eluent B over 30

min at 25°C):t,=12.3 min, purity 93%.
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'H-NMR spectrum of compound 3 (500 MHz, D,0).
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PBC-NMR spectrum of compound 3 (126 MHz, D,0).
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RP-HPLC chromatogram of compound 3 (gradient from 0% to 50% eluent B over 30 min at 25°C).
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Compound 4 was obtained with a yield of 45% after purification by preparative RP-HPLC and
lyophilization."H-NMR (500 MHz, D,0) & [ppm]: 8.47 (s, NH), 3.79-3.58 (m, 32H, H-7), 3.57-
3.28 (m, 32H, H-2), 3.25-3.10 (m, 4H, H-5), 2.89 (s, 12H, H-6), 2.80 (m, 2H, H-8), 2.69 (m, 4H,
H-3), 2.60-2.30 (m, 24H, H-1), 2.98 (m, 4H, 4-H).

3C-NMR (126 MHz, D,0) § [ppm]: 175.85, 175.79, 175.65, 175.60, 175.56, 171.71, 70.42, 69.81,
57.96, 43.63, 39.87, 37.90, 31.98, 31.91, 31.84, 21.01, 20.98.

HR-ESI-MS: calculated mass for CegH ;30N 702, [M+3H]3+ 512.3187, found 512.3183.

RP-HPLC (gradient from 0% to 50% eluent B over 30 min at 25°C):t,=7.1 min, purity 99%.
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'H-NMR spectrum of compound 4 (500 MHz, D,0).
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RP-HPLC chromatogram of compound 4 (gradient from 0% to 50% eluent B over 30 min at 25°C).
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Compound 5 was obtained with a yield of 35% after purification by preparative RP-HPLC and
lyophilization.

"H-NMR (500 MHz, D,O) & [ppm]: 8.49 (s, NH), 3.80-3.59 (m, 32H, H-4), 3.57-3.20 (m, 32H, H-
2), 2.71 (m, 4H, H-3) 2.60-2.46 (m, 28H, H-1).

PC-NMR (126 MHz, D,0) & [ppm]: 175.73, 175.66, 175.63, 175.58, 175.53, 175.50, 175.47,
108.36, 108.21, 100.86, 70.54, 70.40, 69.80, 39.87, 39.80, 32.00, 31.95, 31.91, 31.87, 31.83, 31.79,
31.70, 31.67, 31.64, 28.94, 28.68.

HR-ESI-MS: calculated mass for CesH; 5N 17024 [M+3H]3+ 502.9506, found 502.9499.

RP-HPLC (gradient from 0% to 50% eluent B over 30 min at 25°C):t,=8.3 min, purity 94%.

Deuterium oxide
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'H-NMR spectrum of compound 5 (500 MHz, D,0).
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BC-NMR spectrum of compound 5 (126 MHz, D,0).
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RP-HPLC chromatogram of compound S (gradient from 0% to 50% eluent B over 30 min at 25°C).
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Compound 6 protected was obtained with a yield of 72% after cleavage from solid support and
lyophilization.

'H-NMR (500 MHz, D,0) & [ppm]: 6.92 (m, 2H, Haromatic), 6.81 (m, 1H, Haromaic), 3.81 (s, 3H,
OCHj,), 3.79 (s, 3H, OCHj;), 3.74-3.51 (m, 32H, H-7), 3.50-3.15 (m, 32H, H-2), 3.09 (m, 2H, H-5),
2.85 (m, 8H, 6-H, 9-H), 2.64 (m, 4H, 3-H, 8-H), 2.53-2.25 (m, 24H, 1-H), 1.94 (m, 2H, 4-H).
PC-NMR (126 MHz, D,0) & [ppm]: 178.60, 176.60, 175.81, 175.67, 175.61, 175.58, 175.50,
175.46, 175.35, 149.15, 147.73, 134.99, 130.73, 121.84, 120.71, 118.39, 116.08, 115.65, 113.76,
113.33, 113.05, 70.55, 70.39, 69.78, 67.29, 66.81, 57.95, 56.75, 56.67, 48.06, 47.95, 47.77, 45.91,

45.81, 43.62, 40.09, 39.87, 39.25, 39.07, 38.91, 38.31, 38.17, 38.00, 37.90, 35.17, 33.02, 32.90,
31.99, 31.86, 31.75, 31.62, 30.96, 28.94, 28.85, 20.99, 20.94, 15.04.

HR-ESI-MS: calculated mass for C;3H;31N 6024 [M+3H]3+ 538.6502, found 538.6499.

RP-HPLC (gradient from 0% to 50% eluent B over 30 min at 25°C):t,=10.6 min, purity 87%.
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Deuterium oxide

Diethyl ether
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H-NMR spectrum of compound 6 protected (500 MHz, D,0).
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BC-NMR spectrum of compound 6 protected (126 MHz, D,0).
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HR-ESI (ESI" Q-TOF) of compound 6 protected.
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RP-HPLC chromatogram of compound 6 protected (gradient from 0% to 50% eluent B over 30 min
at 25°C).
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Compound 6 was obtained with a yield of 26% after deprotection, purification by preparative RP-
HPLC and lyophilization.
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"H-NMR (500 MHz, D,0) & [ppm]: 6.84 (d, J = 8.0 Hz, 1H, Haromatic), 6.78 (5, 1H, Haromatic), 6.69
(d, J = 7.5 HzlH, Hawmaic), 3.77-3.55 (m, 32H, H-7), 3.53-3.20 (m, 32H, H-2), 3.12 (m, 2H, H-5),
2.88 (m, 6H, H-6,), 2.78 (t, J = 7.3 Hz, 2H, H-9), 2.68 (t, ] = 6.7 Hz, 2H, H-3), 2.64 (t, ] = 7.3 Hz,
2H, H-8), 2.56-2.30 (m, 24H, H-1), 1.97 (m, 2H, H-4).

BC-NMR (126 MHz, D,0) & [ppm]: 180.71, 178.76, 177.92, 177.82, 177.77, 177.72, 177.69,
177.64, 177.62, 177.59, 177.48, 123.52, 119.08, 72.47, 72.34, 71.74, 69.30, 59.83, 50.01, 49.88,
49.68, 47.79, 47.71, 47.64, 45.58, 42.00, 41.82, 41.76, 40.18, 40.06, 39.92, 39.82, 39.80, 37.20,
34.98, 34.85, 33.93, 33.89, 33.86, 33.79, 33.73, 33.68, 33.36, 32.88, 30.90, 30.81, 23.00, 22.94.

HR-ESI-MS: calculated mass for C7;H;27N16024 [M+3H]3+ 529.3064, found 529.3067.

RP-HPLC (gradient from 0% to 50% eluent B over 30 min at 25°C):t,=8.3 min, purity 97%.

Deuterium oxide

7 | | L. R .. T 0 T LT .S LG | R SO S, L

135 130 125 120 115 11.0 105 100 95 90 85 8.0 75 %:U 60 55 50 45 40 35 3.0 25 20 15 1.0

'H-NMR spectrum of compound 6 (600 MHz, D,0).
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BC-NMR spectrum of compound 6 (126 MHz, D,0).
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HR-ESI (ESI" Q-TOF) of compound 6.
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RP-HPLC chromatogram of compound 6 (gradient from 0% to 50% eluent B over 30 min at 25°C).
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7 protected was obtained with a yield of 52% after cleavage from solid support and lyophilization.

"H-NMR (500 MHz, D,0) & [ppm]: 8.49 (s, NH), 6.98 (d, J = 8.2 Hz, 1H, Haromatc), 6.95 (d, J = 2.0
Hz, 1H, Haromaic), 6.85 (d, J = 8.2 Hz, 2.0 Hz, 1H, Haomaic), 3.85 (s, 3H, OCHs), 3.83 (s, 3H,
OCH;) 3.77-3.49 (m, 32H, H-4), 3.47-3.20 (m, 32H, H-2), 2.87 (t, ] = 7.3 Hz, 2H, H-6), 2.69 (m,
4H, H-3, H-5), 2.62-2.45 (m, 26H, H-1).

PC-NMR (126 MHz, D,0) & [ppm]: 178.64, 176.60, 175.67, 175.65, 175.59, 175.56, 175.52,
175.49, 17545, 175.33, 171.61, 149.16, 147.75, 134.99, 121.84, 113.29, 113.00, 70.57, 70.43,
69.82, 67.33, 56.72, 56.65, 48.07, 46.06, 45.81, 40.11, 39.88, 39.82, 38.31, 38.00, 37.94, 35.21,
31.99, 31.96, 31.92, 31.86, 31.80, 31.74, 31.71, 31.66, 31.24, 31.14, 31.01, 28.93.

HR-ESI-MS: calculated mass for C;;H ;25N 1055 [M+3H]3+ 533.9662, found 533.9665.

RP-HPLC (gradient from 0% to 50% eluent B over 30 min at 25°C):t,=10.7 min, purity 97%.

Deuterium oxide
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'H-NMR spectrum of compound 7 protected (600 MHz, D,0).
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C-NMR spectrum of compound 7 protected (126 MHz, D,0).
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HR-ESI (ESI" Q-TOF) of compound 7 protected.
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RP-HPLC chromatogram of compound 7 protected (gradient from 0% to 50% eluent B over 30 min
at 25°C).
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Compound 7 was obtained with a yield of 24% after deprotection, purification by preparative RP-
HPLC and lyophilization.

"H-NMR (500 MHz, D,0) & [ppm]: 8.45 (s, NH), 6.83 (d, J = 8.0 Hz, 1H, Haromacc), 6.77 (d, T = 2.1
Hz, 1H, Haromatc), 6.68 (dd, J = 8.0 Hz, 2.1 Hz, 1H, Haromaic), 3.78-3.56 (m, 32H, H-5), 3.51-3.20
(m, 32H, H-2), 2.79 (t, ] = 7.0 Hz, 2H, H-4), 2.66 (m, 4H, H-3, H-6), 2.54-2.43 (m, 26H, H-1).

PC-NMR (126 MHz, D,0) & [ppm]: 178.50, 175.91, 175.88, 175.81, 175.74, 175.66, 175.64,
171.96, 171.93, 144.91, 134.45, 117.15, 70.41, 69.81, 67.37, 39.88, 39.81, 38.25, 37.91, 35.23,
31.98,31.94,31.91, 31.85, 31.82, 31.76, 31.75, 31.70, 31.61, 31.60, 29.00.

HR-ESI-MS: calculated mass for C¢oH ;N 16055 [M+3H]3+ 524.6224, found 524.6221.

RP-HPLC (gradient from 0% to 50% eluent B over 30 min at 25°C):t,=6.5 min, purity 85%.
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BC-NMR spectrum of compound 7 (126 MHz, D,0).
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HR-ESI (ESI" Q-TOF) of compound 7.
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RP-HPLC chromatogram of compound 7 (gradient from 0% to 50% eluent B over 30 min at 25°C).
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Compound 8 was obtained with a yield of 34% after purification by preparative RP-HPLC and

lyophilization.

"H-NMR (600 MHz, D,0) § [ppm]: 8.48 (s, NH), 3.75-3.56 (m, 32H, H-7), 3.52-3.17 (m, 32H, H-
2, Methanol), 3.11 (m, 2H, H-5) 2.86 (m, 6H, H-6), 2.67 (m, 4H, H-3, H-8), 2.55-2.27 (m, 26H, H-
1), 1.95 (m, 2H, H-4).

PC-NMR (126 MHz, D,0) § [ppm]: 70.58, 70.47, 70.45, 69.89, 69.86, 69.85, 43.63, 40.11, 39.90,

31.99,31.91,31.88,31.84,31.82,31.78, 31.63.
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HR-ESI-MS: calculated mass for CgsH ;24N 17053 [M+3H]3 "507.6347, found 507.6356.

Deuterium oxde/
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RP-HPLC (gradient from 0% to 50% eluent B over 30 min at 25°C):t,=1.2 min, purity 91%.
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"H-NMR spectrum of compound 8 (500 MHz, D,0).
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PC-NMR spectrum of compound 8 (126 MHz, D,0).
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RP-HPLC chromatogram of compound 8 (gradient from 0% to 50% eluent B over 30 min at 25°C).
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Compound 9 protected was obtained with a yield of 67% after cleavage from solid support and

lyophilization.

"H-NMR (500 MHz, D,0) & [ppm]: 8.62 (s, NH), 7.05 (d, J = 8.2 Hz, 1H, Haromatc), 7.02 (d,J = 1.9
Hz, 1H, Haromae), 6.92 (dd, J = 8.2, 1.9 Hz, 1H, Haromaic), 3.91 (s, 3H, OCH3), 3.89 (s, 3H, OCH),
3.85-3.64 (m, 32H, H-5), 3.60-3.26 (m, 32H, H-2), 3.19 (m, 2H, H-8), 2.95 (m, 8H, 4-H, 9-H), 2.75
(m, 4H, 6-H, 3-H), 2.62-2.35 (m, 24H, 1-H), 2.04 (m, 2H, 7-H).
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BC.NMR (126 MHz, D,0) & [ppm]: 177.88, 176.29, 175.39, 175.36, 175.28, 175.21, 175.16,
175.01, 171.29, 148.70, 147.28, 134.64, 121.50, 112.99, 112.71, 70.12, 69.98, 69.38, 66.91, 57.52,
56.39, 56.32, 47.66, 45.43, 43.24, 39.67, 39.43, 37.92, 37.60, 37.51, 34.68, 32.63, 32.52, 31.60,
31.47,31.38, 31.20, 30.78, 30.65, 28.58, 20.60, 20.55.

HR-ESI-MS: calculated mass for C73H131N16024 [1\/["'31{]34r 5386502, found 538.6503.

RP-HPLC (gradient from 0% to 50% eluent B over 30 min at 25°C): t=10.6 min, purity 89%.
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Deuterium oxide
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H-NMR spectrum of compound 9 protected (500 MHz, D,0).
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BC-NMR spectrum of compound 9 protected (126 MHz, D,0).
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HR-ESI (ESI" Q-TOF) of compound 9 protected.
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RP-HPLC chromatogram of compound 9 protected (gradient from 0% to 50% eluent B over 30 min

at 25°C).
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Compound 9 was obtained with a yield of 27% after deprotection, purification by preparative RP-
HPLC and lyophilization.

"H-NMR (600 MHz, D,O) & [ppm]: 8.4 (s, NH), 6.82 (d, J = 8.0 Hz, 1H, Haromaic), 6.76 (s, 1H,
Haromatic), 6.67 (d, I = 8.0 HZ, 1H, Haomatic), 3.76-3.55 (m, 32H, H-5), 3.51-3.18 (m, 32H, H-2),
33
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3.11 (t, J = 8.1Hz, 2H, H-8), 2.87 (s, 6H, H-9), 2.77 (t, J = 7.2 Hz, 2H, H-4), 2.65 (m, 4H, H-3, H-
6), 2.55-2.28 (m, 24H, H-1), 1.97 (m, 2H, H-7).

PC-NMR (126 MHz, D,0) & [ppm]: 175.76, 175.71, 175.64, 175.54, 171.78, 121.52, 117.10,
70.53, 70.39, 69.79, 67.32, 57.93, 46.02, 45.84, 40.08, 39.86, 39.80, 38.02, 37.94, 37.91, 35.20,
33.04, 32.92,31.99, 31.95, 31.92, 31.86, 31.78, 31.63, 31.40, 31.08, 29.02, 28.97.

HR-ESI-MS: calculated mass for C;;H;27N 6024 [M+3H]3+ 529.3064, found 529.3056.

RP-HPLC (gradient from 0% to 50% eluent B over 30 min at 25°C): t,=6.3 min, purity 97%.
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'H-NMR spectrum of compound 9 (500 MHz, D,0).
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BC-NMR spectrum of compound 9 (126 MHz, D,0).
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RP-HPLC chromatogram of compound 9 (gradient from 0% to 50% eluent B over 30 min at 25°C).
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Compound 10 protected was obtained with a yield of 61% after cleavage from solid support and

lyophilization.

'H-NMR (500 MHz, D,0) & [ppm]: 8.45 (s, NH), 7.04 (d, J = 8.2 Hz, 1H, Haromaic), 7.01 (m, 1H,
Havomatic), 6.91 (m, TH, Haromatic), 3.91 (s, 3H, OCHs), 3.89 (s, 3H, OCHs), 3.84-3.62 (m, 32H, H-5),
3.58-3.25 (m, 32H, H-2), 2.94 (t, J = 7.2 Hz, 2H, H-4), 2.74 (m, 4H, H-3, H-6), 2.64-2.43 (m, 26H,
H-1).

BC-NMR (126 MHz, D,0) & [ppm]: 178.00, 177.88, 176.30, 175.43, 175.36, 175.29, 175.25,
175.21, 175.17, 175.03, 148.69, 147.27, 134.63, 121.49, 112.97, 112.69, 70.12, 69.97, 69.40,
69.37, 66.91, 56.38, 56.31, 47.73, 45.75, 45.43, 39.67, 39.46, 39.39, 37.92, 37.59, 37.52, 34.73,
34.68, 31.60, 31.53, 31.50, 31.47, 31.43, 31.39, 31.34, 31.30, 31.24, 31.19, 30.82, 30.78, 30.73,
30.65, 28.60.

HR-ESI-MS: calculated mass for C;;H;55N602s5 [M+3H]3+ 533.9662, found 533.9661.

RP-HPLC (gradient from 0% to 50% eluent B over 30 min at 25°C): t,=11.8 min, purity 98%.
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Deuterum oxide
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'H-NMR spectrum of compound 10 protected (500 MHz, D,0).
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PC-NMR spectrum of compound 10 protected (126 MHz, D,0).
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HR-ESI (ESI" Q-TOF) of compound 10 protected.
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RP-HPLC chromatogram of compound 10 protected (gradient from 0% to 50% eluent B over

30 min at 25°C).
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(10)
Compound 10 was obtained with a yield of 19% after deprotection, purification by preparative RP-
HPLC and lyophilization.

'"H-NMR (500 MHz, D,0)  [ppm]: 8.5 (s, NH), 6.88 (d, J = 8.1 Hz, 1H, Hpromaic), 7.82 (d, J = 2.0
Hz, 1H, Hawomaic), 6.73 (d, T = 8.1 Hz, 2.0 Hz, 1H, Haromatc), 3.82-3.59 (m, 32H, H-5), 3.57-3.25 (m,
32H, H-2), 2.83 (t, J = 7.1 Hz, 2H, H-4), 2.70 (m, 4H, H-3, H-6), 2.62-2.45 (m, 26H, H-1).
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BC-NMR (126 MHz, D,0) & [ppm]: 178.01, 177.97, 176.35, 176.33, 175.41, 175.36, 175.32,
175.24, 175.21, 175.15, 144.46, 142.84, 134.05, 121.12, 116.73, 116.68, 70.10, 69.96, 69.38,
69.35, 66.88, 47.70, 45.39, 39.64, 39.43, 39.37, 37.91, 37.88, 37.58, 37.50, 34.76, 34.75, 31.61,
31.57,31.53, 31.50, 31.45, 31.38, 31.28, 31.22, 30.93, 30.80, 30.75, 30.71, 30.66, 28.58.

HR-ESI-MS: calculated mass for C¢oH;2;N16055 [M-i-3>H]3+ 524.6224, found 524.6222.

RP-HPLC (gradient from 0% to 50% eluent B over 30 min at 25°C): t,=9.8 min, purity 89%.
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'H-NMR spectrum of compound 10 (500 MHz, D).
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BC-NMR spectrum of compound 10 (126 MHz, D,0).
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Figure 59: HR-ESI (ESI" Q-TOF) of compound 10.
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Compound 11 protected was obtained with a yield of 72% after cleavage from solid support and
lyophilization

'H-NMR (500 MHz, D,0) & [ppm]: 8.50 (s, NH), 7.04 (d, J = 8.2 Hz, 1H, Haromasic), 7.01 (d, J=2.0
Hz, 1H, Haromaic), 6.91 (dd, J = 8.2, 2.0 Hz, 1H, Haromatic), 3.91 (s, 3H, OCHj), 3.89 (s, 3H, OCHs),
3.75-3.52 (m, 32H, H-9), 3.49-3.18 (m, 32H, H-2), 3.10 (m, 2H, H-5), 2.86 (m, 8H, 6-H, 8-H), 2.65
(m, 4H, 3-H, 7-H), 2.55-2.27 (m, 24H, 1-H), 1.94 (m, 2H, 4-H).

PC-NMR (126 MHz, D,0) & [ppm]: 178.62, 176.66, 175.74, 175.68, 175.66, 175.63, 175.59,
175.56, 175.5, 175.39, 171.46, 149.09, 147.67, 135.01, 121.83, 113.33, 113.07, 70.51, 70.36,
69.75, 67.29, 57.91, 56.77, 56.69, 43.62, 40.05, 39.81, 38.19, 37.95, 37.87, 35.14, 33.01, 32.88,
31.99,31.95,31.92,31.84,31.77, 31.72, 31.56, 30.93, 28.92, 28.82, 20.94.

HR-ESI-MS: calculated mass for C73H;3;N16024 [M+3H]3+ 538.6502, found 538.6497.

RP-HPLC (gradient from 0% to 50% eluent B over 30 min at 25°C):t,=11.1 min, purity 92%.

Deuterium oxide
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1

"H-NMR spectrum of compound 11 protected (500 MHz, D,0).
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Methanol

\ Lkl

L LU

0 210 200

190 180 170 160

150 140 130 120 110 100 Qo BO 70 &0 50 40 30
f1 (ppm)
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HR-ESI (ESI" Q-TOF) of compound 11 protected.
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Compound 11 was obtained with a yield of 28% after deprotection, purification by preparative RP-
HPLC and lyophilization.

"H-NMR (500 MHz, D,0) & [ppm]: 8.43 (s, NH), 6.85 (m, 1H, Hawomadc), 6.79 (m, 1H, Haromatic),
6.70 (m, 1H, Haromaic), 3.82-3.60 (m, 32H, H-9), 3.59-3.20 (m, 32H, H-2), 3.15 (m, 2H, H-5), 2.91
(s, 6H, H-6), 2.80 (m, 2H, H-8), 2.69 (m, 4H, H-3, H-7), 2.64-2.30 (m, 24H, H-1), 2.01 (m, 2H, 4-
H).

BC-NMR (126 MHz, D,0) & [ppm]: 178.60, 176.69, 175.73, 175.68, 175.60, 175.54, 175.49,
175.43, 175.39, 175.38, 175.36, 171.57, 144.94, 14332, 134.42, 121.48, 117.11, 117.06, 70.53,
70.39, 69.78, 67.30, 57.93, 43.62, 40.09, 39.86, 39.79, 38.26, 37.99, 37.90, 35.24, 33.01, 32.89,
31.99, 31.95, 31.91, 31.85, 31.80, 31.75, 31.70, 31.38, 30.94, 28.93, 28.83.

HR-ESI-MS: calculated mass for C7;H;27N16024 [M+3H]3+ 529.3064, found 529.3056.

RP-HPLC (gradient from 0% to 50% eluent B over 30 min at 25°C): t,=9.5 min, purity 90%.
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Deuterium oxide
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RP-HPLC chromatogram of compound 11 (gradient from 0% to 50% eluent B over 30 min at
25°C)

S5 Determination of SCP Functionalization Degrees
Oligomer Functionalization of PEG-CA-SCPs

For the functionalization of PEG-CA-SCPs with oligomers 1 mL of SCP dispersion is washed with
2-(N-morpholino)ethansulfonic acid (MES) buffer with a concentration of 0.1 mol L™ with pH 5
via centrifugation (13500 rpm, 5 min). Afterwards, 200 uL of MES buffer is added to the particles.
Additionally, 500 puL of Oligomer in MES buffer is added. The amount of Oligomer was equal to a
10 fold excess in comparison to carboxylic acid groups on the particles (see Table S5). To start the
reaction 100 pL of a solution of 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC) with concentration 100 mg mL™" in ultrapure water is added. The reaction solution is shaken
for 2 h before the reaction solution was removed via centrifugation (13500 rpm, 5 min) and
replaced with a fresh reaction solution. After an additional reaction time of 2 h the supernatant is
removed and the particle are washed with ultrapure water via centrifugation (13500 rpm, 5 min).

The functionalization degree was determined via microscope based TBO titration.
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Table S5: Overview over molecular weight and amount of the oligomers that were used per

reaction step for PEG-CA-SCP functionalization and the functionalization degree of the particles

determine
d via
Oligomer MW Amount of oligomer per Functionalization ]
[¢/mol] reaction step [mg] degree [%] Mmicroscop
IN3N (4) 1650 3.0 88 e based
1C3C (3) 1636 2.9 98 TBO
1D3D (5) 1622 2.9 84 N
titration.
1D3C (6) 1584 2.8 86
IN2C (11) 1584 2.8 87
1C3N (10) 1584 2.8 98
1D3C (7) 1570 2.8 98
1C3D (9) 1570 2.8 98
IN3D (8) 1636 2.9 98

Crotonic Acid Titration via UV-VIS Spectroscopy

The determination of carboxylic acid groups on the PEG-CA particles was done in triplicates. 1 mL
of SCP dispersion was dried after exchanging the water with ethanol via centrifugation
(13500 rpm, 5 min) to determine the amount of particles. To the dried particles 1 mL of TBO
(toluidine blue O) solution with a concentration of 0.3125 mmol L with a pH of 10-11 was added
wrapped in aluminum foil and shaken overnight. After that the solution was centrifuged
(13500 rpm, 5 min) and 0.3 mL were taken and diluted to 2 mL with sodium hydroxide solution
with pH 10-11. The same procedure was done with a blank where no particles were added in the
beginning. The absorption of this solution was measured via UV-VIS spectroscopy and the
absorption at 633 nm was used to calculate the functionalization degree using the following

equation:
Degr = Ng(1 - AS/AE)/WDry

Where Dcgr is the carboxylic acid functionalization degree, Ay and Ay are the UV-VIS absorbances
of sample and reference, W), is the dry weight of 1.0 mL SCPs, Ny is the amount of TBO in the

reference in units of pmol.

Determination of oligomer functionalization degree via microscope based TBO titration
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For the determination of functionalization degree of oligomer functionalized SCPs 100 uL of SCP
solution was washed via centrifugation (13500 rpm, 5 min) with sodium hydroxide solution pH 10-
11. After removing the supernatant 125 uL of TBO solution with 0.3125 mmol L™ were added,
wrapped in aluminum foil and shaken overnight. Next, the TBO solution was removed and the
particles were washed three times with 1 mL of sodium hydroxide solution with pH 10-11 and
afterwards dissolved in 125 pL. The same procedure was done for PEG-CA particles and non-
functionalized PEG particles. Next, for all particle solutions the grey value was determined for

20 particles per batch to calculate the functionalization degree as following:
Dogr = (1 = (Gy — Gscp)/AGp) * 100

Where Dogr is the oligomer functionalization degree, AGg is the difference of grey values between
non-functionalized and carboxylic acid functionalized SCPs (AGg > 0), Gy is the average grey
value of non-functionalized SCPs and Ggcp is the average grey value of oligomer functionalized

SCPs.

S6 Determination of the SCPs elastic modulus

Force-indentation measurement with a NanoWizard 2 AFM provided the elastic modulus of the
SCPs. A silica bead with a raduis of 2.3 um was glued with an epoxy glue onto a tipless, non-
coated cantilever (spring constant 0.32 N/m; NanoAndMore GmbH). Several force curves were
recorded from different particles and analyzed with the novel contact model developed by Glaubitz
et al.”) The model considers deformation of the object at two sites: the indentation site of the AFM
probe and at the contact with the solid support. The respective deformation (J) —force (F)

dependence reads:

wlN

2
3 2
3F 1—v? 3(1 - UZ)(F + 6WnRscp + \/12W”RSCPFc(6W7TRSCP)2) IWn(1—v3)]3 %
S(F)=| 5 —1 + T - £ “Rep
R2 4E - R2

AFM SCpP

where E is the elastic modulus of the indented SCP, Rycp its radius, v the Poisson ratio of the SCP,
W the SCP adhesion energy with the support surface and Ry, the radius of the indenter. The
Poisson ration was assumed to be 0.5 (volume conservation upon indentation). £ and W were free
fit parameters. The elastic moduli of FN SCPs were on the order of 72 kPa and their surface energy

varied only marginally between 20 and 30 pJ/m” for the different fits.

For all SCPs except for the diamine oligomer (4) carrying SCPs the elastic moduli were similar,
around 71.9 + 10.5 kPa. The elastic modulus for the diamine oligomer (4) functionalized SCPs was
103 + 14.4 kPa. The increase in elastic modulus for the diamine carrying SCP is probably the to an
extended conformation of the of the oligomer stiffening the PEG network. But overall, the rather

low variations of the elastic moduli for the different SCPs are expected due to the low density of
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oligomers in the SCP. About 13.5-14.2 wt% of the SCPs material are oligomers. Due to the high

SCP swelling degree the oligomer concentration within the SCP network is 11 mmol 1.

100 —

® 10, amide-catechol
® 11, amine-catechol
4, amine-amine

indentation / nm

&
P
-100 = I I I |
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Figure S5 Typical AFM indentation-force curves for the analysis with the contact model developed by
Glaubitz et al™ The solid lines are fits to the data.

S7 Reflection Interference Contrast Microscopy (RICM) measurements

Setup

RICM on an inverted microscope (Olympus IX73) was used to obtain the contact area between the
microparticles and a hard glass surface. For illumination a monochromatic (530 nm) collimated
LED (Thorlabs, Germany, M530L2-C1) was used. An UPlanFL N 60x/0.90 dry objective
(Olympus Corporation, Japan), additional polarizers and a quarter waveplate (Thorlabs, germany)
to avoid internal reflections and a monochrome CMOS camera (DMK 33UX174, The Imaging
Source Europe GmbH, Germany) were used to image the RICM patterns.

Determination of the Contact Radius

RICM was used to measure the contact radius formed by the SCPs resting on the polymer surface
(Figure S2). Polarized light waves reflected from the upper glass surface (/;) and the surface of the
bead (/,) interact to create an interference image. The intensity at a given position in the image
depends on the separation /(x) between the two surfaces: /(x) = I; + I, + 2-sqrt({; - I,) cos[2k h(x) +

7], where k = 2nn/A, and n and A are the index of refraction of water and the wavelength of the
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monochromatic light, respectively. In order to detect the interference pattern, stray light was

reduced by an ‘antiflex’ technique. This is accomplished by crossed polarizer and analyzer filter

with a M4-plate placed between the objective lens and the analyzer.!”

PEG particle

objective

Figure S6: Schematic drawing of the RICM principle.

Correction Factors

For analysis of the RICM patterns correction factors must be determined for finite aperture and
geometry effects. To obtain the correction factors, we imaged hard, non-deformable glass beads on
a glass surface in RICM mode with a known size and curvature. We recorded 5 glass beads with a
diameter in the range of 20-40 pm (polysciences) and extracted the intensity profile. Using the
profiles, we reconstructed the shape of the beads and compared it to the known spherical shapes of
the glass beads (glass bead radius R measured by light microscope), and determined the correction

factors, see Pussak et al.”

Contact radius determination

To determine the contact radius a of the SCP on the polymer surface we reconstructed the height
profile of the particles from the RICM images (see Figure S3). This was done by determining the
lateral x(i) positions of the i-th minima and maxima by a self-written IgorPro procedure

(Wavemetrics, USA). Next, the vertical position y(7) of the maxima and minima were determined

by
o A
l)=—+¢C.,
y(@@) an T C

where 7 is the refractive index and A the wavelength. The height profile was then reconstructed by
plotting y(7) vs x(i) and fitting the data by a circle equation representing the assumed shape of the

SCP:
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y(x)=y, +VR* = x*.

where R is the independently measured SCP radius and y, the vertical shift of the SCP center due to
flattening of the SCP upon adhesion. The fit with y, as the only free fit parameter intersects with

the x-axis and gives the contact radius a.
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Figure S6 Left: schematic representation of the measurement setup. Bottom right: actual intensity profile of
an adherent SCP showing 5 minima and 5 maxima. Top right: reconstructed surface profile of the SCP and

the contact radius a at the intersection of the profile at y = 0.

S8 Stability of the catechol group

OH
OH
)
0] O H
H2NNN/\/N\/\NMN\/\NiH
o H H o H'4

Compound 12 was used as a model for the investigation of the catechol stability. For this I mg was
dissolved in 500 pl water and the mixture was measured via RP-HPLC directly after dissolving and

after 12 days.
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RP-HPLC of compound 12 directly after dissolving and after 12 days. Peak 1 shows compound 12.
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ABSTRACT: The temperature-dependent binding of copolymers from poly(N-isopropyla- %
crylamide) (PNIPAM) and mannose ligands to Escherichia coli and concanavalin A (ConA) -

is determined. Through polymer analogous reactions using poly(N-acryloxysuccinimide) and
amine-linked mannose residues with different linkers, glycopolymers are prepared with the
variation of the mannose density. Quantitative adhesion inhibition assays show the inhibitory
potential of the glycopolymers as a function of the mannose/NIPAM ratio and linker type
above and below their lower critical solution temperature (LCST). Intriguingly, opposite
temperature effects on the binding to E. coli and ConA are observed. While the E. coli

A STIVEL TN ST

~ FoEr
inhibition is stronger above the LCST, the ConA inhibition is, in overall, weaker at elevated ~ coa “cgqg '%‘r‘if.
temperatures. When going beyond the LCST, the polymers undergo a coil-to-globule WA ge
transition, forming microphases with surface-enriched hydrophilic sugar moieties exhibiting wciwe

increased E. coli inhibition through steric shielding. However, the formation of such
microphases above the LCST renders a fraction of carbohydrate ligands inaccessible,and the
polymers remaining in the solution phase then have coil sizes below the minimum binding
site spacing of the ConA receptor, explaining reduced ConA inhibition. Overall, these results suggest that the coil-to-globule
transition of glycopolymers may induce lower or higher inhibitory potentials due to the adverse effects of steric shielding and
carbohydrate ligand accessibility.

Witk Witk

1. INTRODUCTION

Interactions between carbohydrates and proteins at the surface

concept to glyco-conjugated thermoresponsive polymers in
order to control the interactions with lectins, bacteria, or

of cells or pathogens control numerous biological processes
including infections, fertilization, recognition, or signaling.'
Lectins, as a class of carbohydrate-binding proteins, decorate
the pathogen surface and form complexes with glycans at the
cell’s glycocalyx, which is a critical step in the development of
infectious diseases. The macromolecular glycans involved in
these processes interact with the pathogen receptors through
multiple weak interactions generating sufficient adhesion
across large interfacial areas™ to drive pathogen invasion
and disease progression. The ability to suppress such lectin—
glycan mediated adhesion processes by multivalent carbohy-
drate-presenting inhibitors has been proposed as a strategy to
fight infections.” ® Different glycoconjugates have been
developed for this purpose, for example, nanogels,'_ gold
nanoparticles,g’q and many more, see recent reviews.'"™'* To
improve the viability of such inhibitors in practice, being able
to increase or decrease their affinity toward pathogens by
remote stimulus is desired, for example, to first capture
pathogens at a high-affinity state of the glycoconjugate and to
release the pathogen afterward for diagnosis by switching to a
low-affinity state. Remote stimuli could also reduce side effects,
for example, by locally restricting bacterial inhibition/capture
to the inflamed tissues. For a controlled drug release, many of
such remotely switchable and site specific scaffolds are
successfully established.'’ Recent studies also applied this

@ 2020 American Chemical Society

WACS Publications

2913

viruses via temperature stimulus.”* " The involved polymers
have a lower critical solution temperature (LCST) in the
physiological temperature range. They form extended coils
below the LCST and attain a collapsed globule conformation
above the LCST. It was reasonably assumed that the
temperature-controlled coil-to-globule transition affects the
presentation of carbohydrate ligands as well as the size of the
scaffold and thus controls the binding affinity of the
glycoconjugate. However, the literature shows diverging results
on how temperature changes affect the affinity. One the one
hand, affinities toward single lectins or bacteria were shown to
decrease above the LCST,"*™'® whereas other studies showed
increasing affinities.'” ™" For example, using linear copolymers
composed of N-isopropylacrylamide (NIPAM) and mannose
derivatives, Pasparakis et al. showed that binding to E. coli and
their clustering is preferred below the LCST.'* Using a similar
pair of monomers and additional cross-linkers to form
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microgels, we showed that the binding and clustering of E. coli
is preferred above the LCST."” Other works showed no clear
effect of temperature transition on the binding efh-
Ciency. 18,24,25

This work is aimed at investigating the changes in the
temperature-dependent affinity of thermosensitive glycopol-
ymers to understand the diverging findings and interpretations
in the literature. It could be argued that carbohydrate units
become inaccessible at elevated temperatures when linear
LCST polymers attain a globule conformation and aggregate to
exhibit reduced affinity. On the other hand, the surface
presentation of hydrophilic carbohydrate units of such globules
might increase above the LCST when the polymer becomes
hydrophobic. In addition, the size ratio between the
glycopolymer ligands and their targets are shifted by the coil-
to-globule transition, which may affect their inhibitory
potential due to steric shielding effects.”® Such steric shielding
effects describe the ability of a large inhibitor particle to block
the binding between ligands and receptor-decorated surfaces
due to the steric screening of binding sites.”” Furthermore, the
multivalent binding to receptor sites could be affected because
of the change of the polymer coil size when crossing the LCST,
for example, when the coil size falls below the minimum
binding site of the receptor. Therefore, here, we systematically
vary the compositions of linear PNIPAM/mannose copoly-
mers as well as the linkers between mannose units and the
polymer backbone. We study their binding via inhibition assays
with concanavalin A (ConA) as a well-known mannose-specific
lectin with a minimum binding site distance of 7.2 nm™ and E.
coli, a bacteria binding to mannose via monovalent FimH
receptors.”” By choosing these targets with broadly different
properties and systematically varying the glycopolymer
mannose density and linker type, we aim to elucidate the
phase transition effects in glycopolymer binding.

2. EXPERIMENTAL SECTION

2.1. Materials, a-,-mannopyranoside (99%, Acros Organics), fi-,-
galactose pentaacetate (95%, Fluorochem), acetonitrile (>99.9%,
PanReac AppliChem), p-toluenesulfonic acid (98%, Alfa Aesar),
sodium methanolate (98%, Alfa Aesar), isopropylamine (99 + %, Alfa
Aesar), acetic anhydride (=98%, VWR Chemicals), n-hexane (99%,
VWR Chemicals), ethyl acetate (freshly distilled), sodium bicarbonate
(100%, Fisher Chemicals), Amberlite-IR120 (Fisher Chemicals),
magnesium sulfate (62—70%, Fisher Chemicals), tetrahydrofuran
(99.99%, Fisher Chemicals), chloroform (99.97%, Fisher Chemicals),
dimethylsulfoxide (99.99%, Fisher Chemicals), allyl alcohol (>99%,
Merck KGaA), trimethylamine (>99.0%, Merck KGaA), acryloyl
chloride (96%, Merck KGaA), boron trifluoride diethyl etherate
(>98%, TCI), hydrogen (Air Liquide), and N,N-dimethylformamide
(>99.8%, Biosolve Chemicals). All other chemicals were obtained
from Sigma-Aldrich (Germany).

2.2. Synthesis of N-Acryloxysuccinimide (NAS). The synthesis
of NAS was carried out according to previously published protocols.'
In 200 mL of chloroform, N-Hydroxysuccinimide (14.4 g, 125 mmol)
and triethylamine (22 mL, 155 mmol) were dissolved at 0 °C. Then,
acryloyl chloride (10 mL, 125 mmol) was added dropwise under
stirring at 0 °C for 30 min. The organic phase was washed three times
with a saturated sodium bicarbonate solution and dried over sodium
sulfate. The volume was then reduced to 1/3 and NAS was
precipitated by the addition of n-hexane. The supernatant n-hexane
was removed under reduced pressure. The remaining yellow oil was
dissolved in chloroform. This cycle was repeated until the remaining
oil was not soluble in chloroform giving a yield of 18.09 g (88%).'H-
NMR (300 MHz, CDCL,) & 6.74—6.67 (dd ¥,y = 17.4, 0.8 Hz, 1H,
HI), 6 6.38—6.27 (dd,}Jyy = 16.6, 10.3 Hz, 1H, H2), § 6.20-6.14
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(dd,*Jy = 10.7, 0.8 Hz, 1H, H3), and & 2.89—2.81 (s, 4H, H4—7)
(Supporting Information S1).

2.3, Synthesis of Poly(N-Acryloxysuccinimide) (PNAS). NAS
(15.3 g, 90 mmol) in 140 mL of N,N-dimethylformamide (DMF) was
heated to 80 °C and flushed with nitrogen for 15 min. The
polymerization was initiated by the addition of 4,4’-Azobis(4-
cyanovaleric acid) (255.6 mg, 0.9 mmol) in 10 mL of DMF. After
20 h, the polymer was precipitated in cold tetrahydrofuran, filtered,
and dried under vacuum. A brown solid was obtained (yield 12.21 g,
79%, M, = 15,340 Da).'H-NMR (600 MHz, CDCl,) § = 12.38—
12.14 (s, 1H, H9) 3.28—3.00 (s, 1H, H3), 2.85—-2.74 (s, 4H, H4—7),
and 2.25-1.90 (s, 2H, HI + 2) 1.40—1.33 (s, 3H, H8) (Supporting
Information S2).

2.4. Synthesis of Glycopolymers. Poly(N-acryloxysuccinimide )
(1.00 g, 65 umol) was dissolved in 10 mL of dimethyl sulfoxide
(DMSO) and heated to 40 °C. Depending on the Man/Gal
functionalization degree, different amounts of amine-functionalized
sugar (Supporting Information S4) were added. After 2 h of the
reaction, isopropylamine (1.5 mL, 17.7 mmol) was added to react for
additional 2 h. The reaction solution was cooled down and diluted
with 35 mL of water and dialyzed for 48 h followed by freeze drying.
The Supporting Information shows the 'H NMR analysis (Supporting
Information S4) and the size exclusion chromatography (Supporting
Information S5) of the polymers.

2.5. Phenol Sulfuric Acid (PSA) Method. To determine the
giycopoiymer Man/Gal functionalization degree, the PSA method was
used.”” At first, a calibration curve was measured using a methyl o-,-
mannopyranoside (MeMan) dilution series in water (160, 80, 40, and
20 uM). To 125 uL of each MeMan solution, 125 uL of a § wt %
phenol solution in water was added and vigorously shaken. Afterward,
625 L of concentrated sulfuric acid was added, vigorously shaken,
and reacted at 30 °C for 30 min. Next, the absorbance at a wavelength
of 490 nm was measured. For analyzing the functionalization degree,
125 uL of the polymer solution at a known concentration was used
(Supporting Information $6).

2.6. Turbidimetry. Turbidity measurements were performed with
a Tepper turbidity photometer using a 1 mW laser at 630—690 nm.
Solution (2 mL) of 5 mg mL™" polymer in LBB was poured into a QS
quartz cuvette (Hellma Analytics, Miillheim, Germany). After
reaching the starting temperature of 20 °C, 0.5 mL of a ConA
solution (1 mg mL™") was added followed by heating and cooling
cycles from 20 to 44 °C and back to 20 °C at a temperature rate of 1
°C min™'. To determine the cloud point as an indication for the
LCST of the polymers, the measurement was executed without
proteins (Supporting Information $9). From the transmission-
temperature traces, the onset of the transmission decrease was used
to determine the cloud points.

2.7. Mannan Coating. For coating the 96-well plates, mannan
from Saccharomyces cerevisiae (Sigma-Aldrich) was used. A volume of
120 pL of mannan solution (1.2 mg mL™") in carbonate buffer (pH
9.5) was filled into each well. The plates were dried at 37 °C
overnight followed by washing with PBST (PBS with 0.5 wt % Tween
20, 3 X 120 uL per well).

2.8. GFP-Based Bacterial Adhesion Inhibition Assay. The
adhesion assay was carried out according to previously previous
protocols.”” For blocking nonspecific binding, each well was filled
with 120 pL of 1 wt % polyvinylalcohol (22,000 g/mol) in PBS at 37
°C followed by shaking at 120 rpm for 1 h. Next, the plates were
washed three times with 120 uL of PBST and one time with PBS.
Then, a dilution series of the polymers was prepared and added to the
well plates. The bacteria suspension (S0 pL) at a concentration of 2
mg mL™' (OD = 0.4) was added to the wells, and the plates were
incubated for 1 h. at 100 rpm at either 20 or 40 °C. Afterward, the
plates were washed three times with 120 uL of PBS and then filled
with 100 uL of PBS per well. Finally, the fluorescence intensity of the
adhered E. coli was detected at 485 nm/535 nm.

2.9. FITC-ConA Adhesion Inhibition Assay. The mannan-
coated surfaces were blocked with a 5 wt % solution of bovine serum
albumin in carbonate buffer (pH 9.5) by adding 120 uL of a BSA
solution into each well and shaking at 120 rpm for 1 h at ambient

https://dx.doi.org/10.1021/acs biomac.0c00576
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Figure 1. Schematic of the synthesis of active ester and grafting of different sugars. Grafting of (a) ManHPL, (b) ManEL, and (c) GalHPL at
different carbohydrate densities on the polymer backbone is followed by the addition of isopropylamine to quench the remaining active esters and

to form thermoresponsive NIPAM residues.

temperature. After blocking, the plates were washed three times with
120 uL of PBST and one time with 120 uL of LBB. A dilution series
of the polymers was prepared on the mannan-coated, BSA-blocked
well plates. A solution of FITC—ConA at a concentration of 0.1 mg
mL ™" in LBB was prepared. The ConA solution (50 #L) was added to
each well, and the plates were incubated for 1 h at 100 rpm either at
20 or at 40 °C. After 1 h, the plates were washed three times with 120
uL of LBB and filled with 100 uL of LBB per well. The fluorescence
intensity of the adhered FITC—ConA was determined at 485 nm/535
nm.

3. RESULTS AND DISCUSSION

3.1. Synthesis of Thermoresponsive Glycopolymers.
The key objective of this work is to control the sugar density
and linker type in thermoresponsive glycopolymers and to test
the effect of these parameters on the inhibition of ConA and E.
coli FimH receptors. Ten different polymers with varying
carbohydrate densities and different linkers were prepared. For
straightforward variation of the sugar densities and linker type,
a polymer analogous reaction was chosen (Figure 1). By
postfunctionalization of a poly(active ester), the NIPAM
repeating units and the sugar ligands were introduced. First,
the succinimide-based poly(active ester) was synthesized
according to a previously published protocol.'® Using free
radical polymerization (FRP) with 4,4"-azobis(4-cyanovaleric
acid) as the initiator, an active ester polymer poly(N-
acryloxysuccinimide) (PNAS) was synthesized. As expected
from FRP, PNAS exhibited a dispersity of 1.51 and a number
average molecular weight (M,) of 15.34 kDa as determined via
size exclusion chromatography (SEC) and 'H-NMR. As
carbohydrate ligands, varying quantities of 2-aminoethyl-a-p-
mannopyranoside (ManEL) and 3-amino-2-hydroxypropyl-
a-p-mannopyranoside (ManHPL) were then reacted with
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PNAS. The two carbohydrates have different linkers, where the
hydroxypropyl (HPL) linker can be considered slightly more
hydrophilic due to the added hydroxy group as compared to
the ethyl (EL) linker. In the second reaction step, isopropyl-
amine was added to quench the remaining active esters and to
create thermoresponsive NIPAM repeating units.

The incorporation of carbohydrates into the polymers took
place with an efficiency of roughly 50% (Supporting
Information S4). Because of the presence of hydroxyl groups,
it is possible that a fraction of sugar units was grafted to the
polymer backbone via ester groups. However, as evidenced by
the absence of ester groups in the IR traces (Supporting
Information S7), the esters were likely substituted by
isopropylamine groups in the second grafting step under
basic conditions. With this synthetic route, five glycopolymers
bearing ManHPL with carbohydrate functionalization degrees
from 1 to 97% and three glycopolymers bearing ManEL with
carbohydrate functionalization degrees from 1 to 5% were
produced. As negative controls, two non-Man-presenting
polymers were prepared: pure PNIPAM without sugar ligands
and a galactose-decorated polymer via grafting of 3-amino-2-
hydroxypropyl-f-,-galactopyranoside (GalHPL). In Table 1,
the synthesized polymers are listed and named by the grafted
carbohydrate followed by a number representing the
functionalization degree, for example, ManHPL7 signifies 7%
Man units compared to NIPAM. The polymer’s carbohydrate
functionalization degree was determined using a quantitative
colorimetric test for sugars (PSA-test).”"”” In addition, the
degree of carbohydrate functionalization was confirmed by AT-
FTIR. The glycopolymer molecular weights were determined
by considering the M, of PNAS as determined by NMR and
the degree of carbohydrate functionalization as determined by

https://dx.doi.org/10.1021/acs.biomac.0c00676
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Table 1. Glycopolymers Functionalized with Different
Quantities of Man and Gal, M,, Tg, Cloud Point, and
Carbohydrate Functionalization Degree are Listed’

polymer M, T, LCST man/gal functionalization

sample [kDa]” [“C%” [°C] degree [umol g~']"
PNIPAM 10.30 117 326 0.0
ManHPL1 10.48 122 359 42 + 0.1
ManHPL2 10.65 126 36.8 57 +0.1
ManHPL7 11.53 126 40.2 23 £ 0.1
ManHPL34  16.24 133 >45° 99 + 0.3
ManHPL97 27.24 123 >45° 298 +2.2
ManEL1 10.45 125 356 3501
ManEL2 10.59 128 36.7 6.8 +£ 0.1
ManELS 11.04 129 40.8 14 + 0.1
GalHPL3 10.83 132 40.8 83+ 0.1

“The M, of the active ester polymer (PNAS) was determined by 'H-
NMR. “DSC measurements. “Turbidimetry measurements. “Phenol
sulfuric acid assay. “No sigmoidal curve, LCST could not be
determined. The polymers are named by the sugar type and the
functionalization degree in mol %.

the PSA-test. Size exclusion chromatography confirmed the
shifts in M,, with varying degrees of functionalization because
of the higher molecular weight of the carbohydrates compared
to isopropylamine. Also, the glass transition temperature (Tg)
increased with a higher carbohydrate content (Supporting
Information S8), in agreement with the literature.”” The cloud
point of the polymers, as determined by turbidimetry,
increased at higher carbohydrate functionalization, in line
with Previous studies on carbohydrate-functionalized micro-
gels.“ For ManHPL97 and ManHPL34, no temperature
responsive behavior could be observed owing to a high
carbohydrate content.

3.2. Aggregation of ConA with Glycopolymers.
Turbidity measurements were conducted to test the temper-
ature dependent binding of the glycopolymers to ConA. ConA
exhibits a homotetrameric structure at neutral pH, with four
Man-binding sites and a minimum spacing of 7.2 nm."* All
studies were carried out in lectin-binding buffer (LBB)
containing Mn** and Ca* to activate the ConA-binding
sites.”” " Since ConA exhibits four binding sites, it typically
forms clusters with multivalent carbohydrates.”®”® The
formation of such ConA—glycopolymer clusters can be studied
using turbidimetry in real time, due to the increase of light
scattering for increased cluster sizes.””

The temperature-dependent cluster formation was tested
under a heating/cooling rate of 1 °C min~' between 20 and 44
°C. Without adding ConA, all polymers showed an increase in
turbidity above the phase transition temperature as indicated
by the cloud point. This can be attributed to the formation of
polymer—polymer aggregates (Supporting Information S9a-h).
All measurements in the absence of ConA reach the starting
turbidity value after cooling back to 20 °C. However, when
ConA is added to the measurement cell, the turbidity value
does not return to the starting value upon cooling for all Man-
bearing polymers (Figure 2). This hysteresis effect can be
assigned to ConA—glycopolymer binding and the formation of
clusters that dissolve only very slowly below the cloud point.
Moreover, this hysteresis effect is stronger for the polymers
bearing ManEL. This suggests that the more hydrophobic
linker leads to slower cluster dissolution. For the non-
carbohydrate-bearing polymers PNIPAm and GalHPL3, the
hysteresis effect was not observed (Supporting Information
S9). This indicates that the delayed cluster dissolution for
Man-bearing polymers is because of the specific binding to
ConA. In addition, when inhibiting ConA binding using an
excess of MeMan, the hysteresis was significantly reduced
confirming specific binding. When the cooling rate was
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Figure 2. . Turbidity under heating (solid red line) and cooling (solid blue line) at 1 °C min~" of glycopolymer samples in the presence of 0.2 mg
mL™" of ConA. (a) Three different Man functionalized polymers are shown. ManEL2 showed a stronger heating/cooling hysteresis compared to
ManHPL2 as indicated by the lower transmission value after cooling. (b) Negative control samples PNIPAm and GalHPL3 showed a reduced
hysteresis. The inhibitor MeMan also led to a reduced hysteresis upon cooling.
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an increased Man surface density above the cloud point. (b) A typical inhibition curve at 20 and 40 °C for ManEL2. The full set of inhibition

curves is shown in Supporting Information S10.
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reduced to 0.1 °C min~, the starting turbidity value was

reached indicating that glycoclusters with Man functionaliza-
tion degrees up to 2% as tested are not stable below the phase
transition temperature but their dissolution is merely delayed
(Supporting Information S9k). Overall, these measurements
confirm a statistical /additive effect on glycopolymer binding,*”
that is, an increased number of Man units leads to larger and
more persistent clustering with ConA. Moreover, the linker
chemistry affects the cluster dissolution, where the more
hydrophilic linker in ManHPL leads to faster dissolution than
the more hydrophobic linker in ManEL.

3.3. Temperature-Dependent Adhesion Inhibition of
E coli. The turbidity measurements confirmed the phase
behavior of glycopolymers. To understand the phase transition
effect on the glycopolymer aflinity, a quantitative binding assay
is required. Therefore, we carried out adhesion inhibition
assays with E. coli. These bacteria have evolved hairy adhesive
organelles, called pili or fimbriae, allowing the bacteria to
adhere to cells via carbohydrate—lectin interactions and cause
infections.” One of the best characterized adhesive organelles
is the type 1 fimbriae, which comprises various protein
subunits and the monovalent a-,-mannopyranoside-binding
lectin FimH.*"**

To evaluate the Man-specific adhesion of the GFP-tagged
type 1-fimbriated pKL1162 strain, we used a mannan-coated
microtiter plate, added the bacteria, incubated/washed with
glycopolymers, and then quantified the number of adhered
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bacteria using a fluorescent readout (Figure 3). In this manner,
glycopolymers compete with the mannan-coated surface for
binding to FimH. Therefore, by increasing the concentration of
the Man-presenting glycopolymers, a larger inhibition of the
bacterial adhesion was achieved as measured by a reduction of
the fluorescence signal.”” From the changes in fluorescence
intensity as a function of glycopolymer concentration, the
inhibitory concentration at half maximum intensity (ICs;) was
determined. The IC;, value represents the concentration of
glycopolymers, where 50% of the bacterial adhesion to the
surface was inhibited. If the IC;, value is low, the inhibitory
potency of the glycopolymers is high and vice versa.

At increased Man functionalization, a stronger adhesion
inhibition took place (Figure 4). Furthermore, GalHPL3
showed only a small inhibition effect due to the low affinity to
FimH. Comparing ManEL and ManHPL with the same Man
concentration, it can be seen that the ICy, values for ManEL
are lower. This is likely due to a higher lectin-binding affinity of
the hydrophobic linker, which was also observed by Lindhorst
and co-workers.”” For low Man functionalization degrees of
less than 5%, an affinity increase is observed for both ManEL
and ManHPL when heating to 40 °C, where ManHPL
polymers show a stronger temperature response. At elevated
Man content larger than 5%, the cloud point was above 40 °C
for all polymers, indicating that coil-to-globule transition and
glycopolymer aggregate formation did not take place.

https://dx.doi.org/10.1021/acs.biomac.0c00676
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Consequently, no clear temperature dependence on the 1Cs,
was observed for these polymers.

A comparison of the Hill coefficients shows the degree of
cooperative binding, Cooperative binding is observed when
ligand/receptor complex formation between multivalent
structures yields a higher binding energy as compared to the
sum of energies from single ligand/receptor subunits.”” A Hill
coefficient below 1 represents negative cooperativity, and a
value higher than 1 stands for a positive cooperativity effect.
For all polymers incorporating less than 5 mol % Man, the Hill
coefficient increases above the cloud point, which was below
40 °C for these polymers (Table 2). This could be attributed

Table 2. Hill Coefficients from the E. coli Adhesion
Inhibition Curves

sample hill coefficient 20 °C hill coefficient 40 °C
ManHPLI 0.5+02 31+ 0.4
ManHPL2 0.4 + 05 2.7+ 02
ManHPL7 1.l + 6.1 23+ 08
ManHPL34 0.6 +02 0.3+ 1.0
ManHPL97 04 02 0.1 £ 1.6
ManEL1 1.4 + 02 33+ 11
ManEL2 1.2 + 04 40+ 2.7
ManELS5 0.1 +14 0.7 + 0.1

to the formation of highly multivalent glycopolymer
aggregates, which likely show an increased surface presentation
of hydrophilic Man units as these polymers aggregate via
hydrophobic polymer—polymer contacts. This results in
increased sugar surface densities and explains the increased
binding cooperativity and reduced ICy, values. Furthermore,
the glycopolymer aggregates can block additional areas on the
bacteria besides the Man-FimH binding sites, that is, steric
shielding by these aggregates amplifies the inhibitory potential.
The fraction of glycopolymers not incorporated into aggregates
above the cloud point still attained a collapsed coil
conformation since their LCST likely exceeded, thus showing
improved affinity to FimH due to the increased carbohydrate
surface density. For polymers with a larger Man functionaliza-
tion degree (ManHPL7, ManHPL34, ManHPL97, and
ManELS), the Hill coefficients tend to decrease at elevated
temperatures since their cloud point was not reached, that is, a
complete coil-to-globule transition and aggregate formation
did not take place.

These results overall showed that the coil-to-globule
transition of glycopolymers followed by aggregate formation

and steric shielding increased the E. coli adhesion inhibition, In
particular, polymers with low Man-functionalization degrees
showed a large temperature response, most likely due to the
high fraction of thermoresponsive repeating units. The
inhibitory potential of polymers with hydrophobic linkers
(ManEL) did not benefit significantly from the coil-to-globule
transition since they exhibit strong inhibition in the coiled state
below the LCST. In addition, owing to the linker hydro-
phobicity, the proposed effect of increased surface presentation
of sugars on collapsed coils could be reduced compared to
ManHPL.

3.4. Temperature-Dependent Adhesion Inhibition of
ConA. We compared E. coli inhibition studies to inhibition
studies employing ConA as carbohydrate-binding species
(Figure 5). The microplates were again coated with mannan
and the IC;; values were determined by incubating a
glycopolymer concentration series in the presence of
fluorescein-labeled ConA.

As observed in the E. coli assay, increasing the degree of Man
functionalization reduced the ICs, values (Figure 6). However,
the results from the inhibition assay with ConA show two
striking differences compared to the E. coli assay. First, the
majority of compounds now shows increasing IC;, values
(weaker inhibition) when increasing the temperature above the
cloud point. Second, changing the linker type does not affect
the ICy, values significantly. Regarding the temperature
dependence of the IC;, values, it should be noted that ConA
offers four binding sites with a minimum spacing of 7.2
nm,”™** whereas E. coli’s FimH receptor has only a single
binding site and is positioned with a larger spacing on the
bacteria."* Dynamic light scattering of the glycopolymers
showed that their coil size was around 8 nm at 20 °C
(Supporting Information S12). Therefore, the glycopolymers
may bind to more than just one ConA binding site, whereas
this is not possible when binding to FimH. At elevated
temperatures where the polymer forms small globules, such
multivalent binding to ConA is not possible leading to reduced
affinity and increased 1Cy; values. In addition, an extended coil
conformation at 20 °C may increase the accessibility of Man
units for small receptors in solution phase (ConA), whereas a
large fraction of Man units was rendered inaccessible due to
aggregate formation above the cloud point temperature. The
presence of microscopic aggregates thus effectively reduced the
glycopolymer inhibitory potential for ConA but not for E. coli
as the bacteria are also of microscopic size, that is, their
inhibition benefits less from an excess of low-affinity
glycopolymers in solution but more from similar-sized high-
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Figure 5. (a) Temperature-dependent inhibition of ConA binding. Below the phase transition temperature, the extended glycopolymer coil can
bind to multiple ConA-binding sites resulting in low IC;, values, whereas this is not possible in the collapsed state where a large fraction of
carbohydrate units is inaccessible due to aggregate formation. (b) A typical inhibition curve at 20 and 40 °C for ManHPL7. The full set of

inhibition curves is shown in Suppm'ting Information S11,
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affinity aggregates capable of additional steric shielding.*
Therefore, the temperature-induced phase transition upon
heating resulted in weaker inhibition of ConA but stronger
inhibition of E. coli. Nevertheless, the proposed increase in
affinity in a compact globule state at elevated temperatures due
to an increased surface density of Man units should also be
present in case of binding to ConA. Therefore, the
thermoresponsive binding of the glycooligomers to ConA is
mediated by adverse effects: (1) reduced multivalent binding
and lower Man accessibility above the LCST and (2) increased
binding due to increased surface density of Man in the globule
state. These opposing contributions may explain the less
obvious temperature trend for inhibiting ConA as compared to
inhibiting E. coli. This is also reflected in the comparatively
small changes of the Hill coefficients at 20 and 40 °C (Table

3).

Table 3. Hill Coefficients from the ConA Inhibition Curves

sample hill coefficient at 20 °C hill coefficient at 40 °C
ManHPL1 52+ 14 1.8 + 0.4
ManHPL2 1.8 + 0.4 34+ 1.0
ManHPL7 20+ 07 26+ 12
ManELI 1.7 + 0.9 3.6 +08
ManEL2 25401 27 +11
ManELS 34+ 11 44 + 0.8

The reduced influence of the linker on inhibiting ConA
binding when compared to E. coli binding could be explained
by structural differences of the binding sites. The ConA
binding pocket mainly has hydrophobic amino acids favoring
hydrophobic linkers but at the binding pocket’s entrance
hydrophilic amino acids such as asparagine reside are
present.””"* These residues may serve as hydrogen bond
acceptors for the hydrophilic HPL linker or, alternatively,
hydrogen bonding bridged by a hydration shell may increase
binding to these residues.*® In addition, such hydration layer-
mediated hydrogen bonding is generally less favored at
increased temperatures,’’ which reduces the inhibitory
potential at elevated temperatures, as observed.

4. CONCLUSIONS

Taken together, the straightforward synthesis of a poly(active
ester) followed by grafting of carbohydrates with varying linker
hydrophobicity and isopropylamine to induce thermorespon-
siveness was carried out. A set of polymers was synthesized
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with carbohydrate functionalization degrees between 1 and
97% and tested using inhibition assays with ConA and type 1-
fimbriated E. coli at 20 and 40 °C. For polymers with low
functionalization degrees of 1 to 2% reaching the cloud point
at around 40 °C, a large shift in affinity was observed.
Importantly, the inhibition of E. coli was increased under cloud
point conditions, whereas the inhibition of ConA had a
tendency to decrease at elevated temperatures although the
results are not fully consistent in the case of ConA binding.
This confirms the contradicting observations by several groups
studying the effect of temperature-induced coil-to-globule
transition on glycopolymer-binding affinities. We propose that
the enhanced inhibition of E. coli binding is driven by an
enhanced presentation of carbohydrate units in the collapsed
state where the glycopolymers form micrometer-sized high-
affinity aggregates capable of steric shielding. ConA binding is
reduced above the LCST because of reduced multivalent
binding and reduced accessibility of the Man units compared
to the extended coil state below the phase transition
temperature. This suggests that small receptor targets such as
single lectins in the solution phase are bound strongly by
nonaggregated multivalent glycopolymers in the extended coil
conformation, whereas the inhibition of large targets with
surface-anchored receptors having access only to the exterior of
polymer coils (bacteria and viruses) benefits from the
increased surface density of ligands and steric shielding of
polymer aggregates above the phase transition temperature.
Overall, these results shed light on the conformation-
dependent binding of glycopolymers and provide the blueprint
for the design of switchable ligand-presenting polymers for
biomedical applications.
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S1 Synthesis of N-acryloxysuccinimide
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Scheme S1: Structure of monomer N-acryloxysuccinimide with numbering of protons (left)

and carbons (right).

'H-NMR (600 MHz, CDCl3) 6 6.74 - 6.67 (dd, *Jux = 17.4, 0.8 Hz, 1H, HI), § 6.38 - 6.27 (dd,
3 Jur = 16.6,10.3 Hz, 1H, H2), 6 6.20 - 6.14 (dd, *Jurr = 10.7, 0.8 Hz, 1H, H3), $2.89 - 2.81 (s,

4H, H4-7).

BC-NMR (600 MHz, CDCl3) 8 169,17 (Cquar., 1C, C3), 8 161,18 ppm (Cquar, 2C, C4+3), 8
136,33 (CHa, 1C, C1), § 123,08 (CH, 1C, C2), § 25,75 (CHy, 2C, C6+7).
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Figure Sla: '"H-NMR (600 MHz, CDCl5) of NAS.
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Figure S1b: *C-NMR (600 MHz, CDCl3) of NAS.
S2 Synthesis of polymer precursor poly (N-acryloxysuccinimide)
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Scheme S2: Structure of polymer precursor poly (N-acryloxysuccinimide).

'H-NMR (600 MHz, CDCls) & 3.28 -3.00 (s, 90H, H3), 5 2.85-2.74 (s, 360H, H4-7),
2.25-1.90 (s, 180H, HI+2) & 1.40 - 1.33 (s, 3H, H8-10).
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Figure S2: 'H-NMR (600 MHz, CDCl3) of PNAS.

S3 Synthesis of carbohydrate ligands with different linkers
Synthesis of 3-amino-2-hydroxypropyl-linker functionalized ligands

Synthesis of 1,2,3.4,6-penta-O-acetyl-a-p-mannopyranoside

Scheme S3a: Structure of 1,2,3,4,6-penta-O-acetyl-a-p-mannopyranoside.

a-p-mannose (30.0 g, 166.6 mmol) was dissolved in 500 mL acetonitrile at 0 °C. Then
p-toluenesulfonic acid (3.18 g, 18.5 mmol) was added and the solution was flushed with
nitrogen for 20 min and over the next 20 min acetic anhydride (100 mL, 1.1 mole) was added
and the solution was stirred at room temperature for 48 h. Afterwards the solvent was removed

and the residue was dissolved in 600 mL ethyl acetate and washed with saturated sodium



bicarbonate solution, water and dried over magnesium sulfate. Solvent was removed under

reduced pressure and the product was dried under vacuum (yield: 64.2 g, 99%).

'H-NMR (600 MHz, CDCl3) § 6.11 - 5.83 (dd, *Jurr = 67.2, 1.8 Hz 1H, HI), § 5.50 - 5.09 (m,
3H, H2-4), 5 4.34 - 424 (m, 1H, H5), §4.18 - 3.75 (m, 2H, H2/+22), §2.23 - 2.20 (s, 3H, H6-
20), §2.18 - 2.15 (d, 3Juir = 2.4 Hz, 3H, H6-20), § 2.09 - 2.07 (s, 3H, H6-20), § 2.06 - 2.02 (s,
3H, H6-20), 6 2.02 - 1.96 (s, 3H, H6-20).
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Figure S3a: '"H-NMR (600 MHz, CDCls) 1,2,3,4,6-penta-O-acetyl-a-p-mannopyranoside.
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Synthesis of allyl-2,3,4,6-tetra-(J)-acetyl-a-p-mannopyranoside and allyl-2,3,4,6-tetra-O-acetyl-

B-p-galactopyranoside

11-22




Scheme S3b: Structures of allyl-2,3,4,6-tetra-O-acetyl-a-p-mannopyranoside (left) and allyl-
2,3,4,6-tetra-O-acetyl-B-p-galactopyranoside (right).

The synthesis was done according to literature.! The protected sugar (25.5 g, 65.4 mmol) was
dissolved in 410 mL dichloromethane before allyl alcohol (25 mL, 360.9 mmol) was added.
After 30 min of flushing with nitrogen at 0 °C boron trifluoride diethyl etherate (250 mL,
1.97 mol) was added dropwise over 15 min and the solution was then stirred for 72 h at room
temperature. Afterwards the solution was poured into 1000 mL of ice water. The organic phase
was washed with saturated sodium bicarbonate, water and dried over magnesium sulfate.
Solvent was removed and product was purified via column chromatography using n-

hexane:ethyl acetate (1:1) (yield mannose: 15.99 g, 63%; galactose 17.75 g, 69%).

'H-NMR allyl-2,3,4,6-tetra-O-acetyl-a-p-mannopyranoside: (600 MHz, CDCl3) § 5.93 - 5.86
(tdd, *Jur = 11.3, 5.3, 0.9 Hz, 1H, HS8), § 5.38 - 5.35 (dd, *Jur = 10.0, 3.5 Hz, 1H, H4), &
5.33-5.26 (m, 2H, H9+10), § 5.26 - 5.22 (m, 2H, H2+3), 6 4.88 - 4.85 (d, °*Ju;r = 1.7 Hz, 1H,
HI), 6430 -4.26 (dd, *Jurr = 12.1, 5.3 Hz, 1H, H23+24), § 4.21 - 416 (ddt, *Junr =128, 5.3,
1.4 Hz, 1H, H5), 8 4.12-4.08 (dd, *Jun = 12.3, 2.4 Hz, 1H, H23+24), § 405 - 3.99 (m, 2H,
H6+17),82.17-2.14 (s, 3H, H11-22), § 2.12 - 2.09 (s, 3H, H11-22), § 2.05 - 2.03 (s, 3H, H11-
22),82.00-1.97 (s, 3H, H11-22).

'H-NMR allyl-2,3,4,6-tetra-O-acetyl-B-p-galactopyranoside (600 MHz, CDCl3) § 5.90 - 5.80
(td, *Jun = 11.3, 49 Hz, 1H, HS), § 5.48 - 5.40 (dd, *Jun=3.7, 1.0 Hz, 1H, HI), § 539 -5.32
(m, 1H, H3), §5.31-5.25 (dd, *Juy = 17.2, 1.4 Hz, 1H, H2), § 5.22 - 5.18 (dd, 3Junr = 10.4,
1.1 Hz, 1H, H5), § 5.15 -4.97 (m, 2H, H9+10), & 4.25 -4.19 (t, *Juy = 6.4 Hz, 1H, HY),
84.19-4.13 (dd, *Ji=13.0, 5.1 Hz, 1H, H23+24), 84.13 - 4.03 (m, 2H, H6+7), 5 4.03 - 3.96
(dd, *Jur=13.1,6.1 Hz, 1H, H23+24),82.14 - 2.11 (s, 3H, H11-22), 8 2.08 - 2.04 (s, 3H, H1I-
22),82.04-2.01(s, 3H, H11-22),81.97 - 1.94 (s, 3H, H11-22).
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Figure S3c: 'H-NMR (600 MHz, CDCl5) allyl-2,3,4,6-tetra-O-acetyl-a-p-galactopyranoside.



Synthesis of 2’,3’-epoxypropyl-2,3,4,6-tetra-O-acetyl-a-p-mannopyranoside and 2°,3’-
epoxypropyl-2,3,4,6-tetra-O-acetyl-B-p-galactopyranoside

9+10

Scheme S3c: Structures of 2’ 3’-epoxypropyl-2,3,4,6-tetra-()-acetyl-a-p-mannopyranoside

(left) and 2°,3’-epoxypropyl-2,3,4,6-tetra-O-acetyl-B-p-galactopyranoside (right).

The allyl-functionalized sugar (15.5 g, 40 mmol) was dissolved in 300 mL dichloromethane
and flushed with nitrogen. Then m-chloroperoxybenzoic acid (14 g, 81.2 mmol) was added and
the solution was stirred for 48 h. After that additional m-chloroperoxybenzoic acid (4.24 g,
24.2 mmol) was added and stirred for another 24 h. After that 20 ml of dichloromethane was
added and washed with saturated sodium bicarbonate before dried with sodium sulfate. Solvent
was removed under reduced pressure and product was puritied via column chromatography

using n-hexane:ethyl acetate (3:2) (yield mannose: 10.1 g, 63%; galactose: 9.86 g, 61%)).

'H-NMR 2’,3’-epoxypropyl-2,3,4,6-tetra-O-acetyl-o-p-mannopyranoside (600 MHz, CDCl3) &
5.39-5.33 (m, 1H, H4), §5.32-5.26 (m, 2H, H2+3), 5 4.93 - 4.84 (dd, 3Juy = 34.3, 1.6 Hz,
IH, HI), 54.30-426 (m, 1H, H5), 8 4.14-4.10 (m, 1H, H23+24), § 407 -4.02 (m, 1H,
H23+24), §3.92-3.79 (ddd, *Juy = 57.3, 119, 3.0Hz, 1H, H6+7), § 3.59-3.52 (ddd,
3Jun=25.0,11.7, 5.6 Hz, 1H, H6+7), §3.22 - 3.18 (m, 1H, H8), 52.85 - 2.82 (m, 1H, H9+10),
$2.65-2.62 (m, 1H, H9+10), §2.18 -2.14 (s, 3H, H11-22), §2.11 - 2.08 (s, 3H, H11-22), §
2.06-2.03 (s, 3H, H11-22), 5 2.02 - 1.98 (s, 3H, H11-22).

'H-NMR 2’3’ -epoxypropyl-2,3,4,6-tetra-O-acetyl-B-p-galactopyranoside (600 MHz, CDCl5) §
5.48 -5.42 (m, 1H, H1), § 5.39 - 533 (m, 1H, H3), § 5.20 - 5.14 (dd, *Juz = 17.2, 3.7 Hz, 1H,
H2),85.14-5.11 (m, 1H, H4), 54.30 - 4.25 (ddt, "Jur=6.7,3.3, 1.2 Hz, 1H, H5),54.13 - 4.05
(m, 2H, H23+24),83.92 - 3.79 (ddd, °Jur = 55.5, 11.8, 3.0 Hz, 1H, H6+7), § 3.64 - 3.46 (ddd,
SJu=82.8,12.2,54Hz, 1H, H6+7),53.20 -3.12 (m, 1H, H8), §2.84 - 2.77 (dd, *Jurr = 10.2,
4 8Hz, 1H, H9+10), 52.69 - 2.58 (ddd, *Juy = 46.4,5.3,2.7 Hz, 1H, H9+10),52.16 - 2.12 (d,
*Ju=1.8Hz, 3H, H11-22),8 2.10 - 2.06 (d, *Jun = 2.9 Hz, 3H, H11-22), § 2.04 - 2.02 (s, 3H,
H11-22),82.00-1.97 (s, 3H, H11-22).
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'H-NMR (600 MHz, CDCls) 2’,3’-epoxypropyl-2,3.4,6-tetra-O-acetyl-o-p-

mannopyranoside.
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Figure S3d: 'H-NMR (600 MHz CDCl;) 2’,3’-epoxypropyl-2,3,4,6-tetra-O-acetyl-a-p-
galactopyranoside.



Synthesis of 3-amino-2-hydroxypropyl-a-p-mannopyranoside and 3-amino-2-hydroxypropyl-

B-p-galactopyranoside

11+12

Scheme S3d: 3-amino-2-hydroxypropyl-a-p-mannopyranoside (left) and 3-amino-2-

hydroxypropyl-B-p-galactopyranoside (right).

The epoxy-functionalized sugar (9.7 g, 24.2 mmol) was dissolved in 3 mL acetonitrile. After
dissolving the sugar ammonia solution (25%, 21 mL) was added and stirred for 72 h. After that
the solvent was removed under vacuum and the residue was dissolved in acetone, precipitated
in diethyl ether, filtered and dried under vacuum (yield mannose: 5.16 g, 85%; galactose:

3.71 g, 61%).

'H-NMR 3-amino-2-hydroxypropyl-o-p-mannopyranoside (600 MHz, CD;0D) & 4.80 - 4.76
(s, 1H, HI), § 3.87 - 3.81 (m, 3H, H8-10), §3.76 - 3.68 (dd, *Jimr=12.4, 1.5 Hz, 3H, H2+6+7),
6 3.63-3.58 (m, 1H, H4), 6 3.56 -3.51 (m, 1H, H3), 6 3.47 - 3.42 (m, 1H, H5), § 2.95 - 2.68
(m, 2H, H11+12),8 191 -1.89 (s, 1H, HI13+14),

'H-NMR 3-amino-2-hydroxypropyl-B-p-galactopyranoside (600 MHz, CD;0D) & 4.85 - 4.83
(s, IH, HI), 53.84-3.65 (m, 8H, H2-4+6-10), § 3.91 - 3.77 (td, *Jumr = 10.3, 3.4 Hz 1H, H5),
6299-277(m,2H, H11+12),5 191 - 1.88 (s, 2H, HI3+14).
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Figure S3e: 'H-NMR (600 MHz, CD30D) 3-amino-2-hydroxypropyl-a-p-mannopyranoside.
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Figure S3f: '"H-NMR (600 MHz, CD;0D) 3-amino-2-hydroxypropyl-a-p-galactopyranoside.



Synthesis of ethyl-linker functionalized ligand

Synthesis of 2-aminoethyl-a-p-mannopyranoside

12+13
NH,
14-17
OH gag” 10411
B+7 "
HO™
14-17

14-17

14-17

Scheme S3e: 2-aminoethyl-a-p-mannopyranoside.

2-azidoethyl-2,3,4,6-tetra-O-acetyl-o-p-mannopyranose was synthesized according to
literature.” 0.2 M sodium methoxide in methanol solution (8 mL) was added to 2-azidoethyl-
2.3 ,4,6-tetra-O-acetyl a-p-mannopyranose (1.5 g, 3.6 mmol) and shaken for 48 h. Afterwards
Amberlite-IR120" was added until pH6 was reached. Afterwards, Amberlite-IR 120 was filtered
off and methanol was added to the filtrate up to a volume of 25 mL. Then palladium on charcoal
(10wt%, 106.5 mg, 1 mmol) was added and the solution was flushed three times with hydrogen.
The solution was stirred for 24 h under hydrogen atmosphere, filtered and dried under vacuum

giving 0.68 g product (yield: 84%).

'H-NMR (600 MHz, DMSO-ds) & 4.63 - 4.57 (dd, *Jurr = 8.9, 1.4 Hz, 1H, HI), 8 3.66 - 3.62
(dd, *Jum = 11.6, 2.1 Hz, 1H, HI4-16), § 3.62 -3.59 (dd *Jun = 3.5, 1.7 Hz, 1H, H14+16),
83.59-3.54 (m, 1H, HI4-16), 5 3.49 -3.45 (dd, °Juu = 8.9, 3.4 Hz, 1H, HI17), § 3.45-2.41
(dd, *Jur = 11.6, 6.1 Hz, 1H, H2), § 3.39 - 3.28 (m, 3H, H3-7+12+13), 5 3.17 - 3.16 (s, 4H,
H3-7+12+13),82.77 - 2.63 (0, *Juir= 6.1 Hz, 2H, H8+9), § 1.85 - 1.78 (s, 2H, H10+11).



S4 Synthesis of Poly(N-isopropylacrylamide-co-N-(2-hydroxypropyl) a-p-
mannopyranoside acrylamide) and Poly(/N-isopropylacrylamide-co-N-ethyl a-p-

mannopyranoside acrylamide)

NC St F 3 NC #
m P m P
HO @] HO O H
HO 0
9 0]
OH HO
0]
0 8
Ho~ Y OH
HO

Scheme S4a: General structures of Poly(N-isopropylacrylamide-co-N-(2-hydroxypropyl) a-p-
mannopyranoside  acrylamide)  (left), Poly(N-isopropylacrylamide-co-N-ethyl  a-p-
mannopyranoside  acrylamide)  (right) and  Poly(N-isopropylacrylamide-co-N-(2-
hydroxypropyl) a-p-galactopyranoside acrylamide) (middle) polymers.

Table S4a: Amount of sugar added during polymer functionalization and reaction yield after

dialysis.
*for GalHPL3 3-amino-2-hydroxypropyl-B-p-galactopyranose was used.
Polymer Amount of sugar added [mg] Yield
3-amino-2- 2-aminoethyl-a- | [mg] [%]
hydroxypropyl-a- | p-
D- mannopyrannose
mannopyranose*
Man0 --—- -—- 452 67
ManHPL1 60 -—- 438 64
ManHPL2 120 - 435 63
ManHPL7 150 - 540 74
ManHPL34 1600 -—- 855 81
ManHP1.97 3200 -—- 1358 80
ManEL1 --—- 26 415 61
ManEL2 - 53 421 61
ManELS - 132 441 61
GalHPL3 150 -- 456 63

Molecular weight of PNAS was calculated from '"H-NMR spectroscopy giving a M,, = 15340 g
mol™', divided by the molecular weight of the monomer giving a number of repeating units of
90. The ratio of the anomeric hydrogen integral at the carbohydrate in comparison to the
backbone CH-group integral gave similar results to the colorimetric carbohydrate assay (PSA
method). The PSA functionalization degrees were used due to higher accuracy of the method.
By multiplication of functionalization degrees with number of repeating units and molecular

weight of the monomers the molecular weights were calculated.



Table S4b: Funtionalization degrees determined by 'H-NMR-spectroscopy and phenol
sulphuric acid (PSA) method and the molecular weight calculated from PSA methods

functionalization degree.

Polymer Results

Functionaljzation Functionalization Molecular wei%ht

?(%ree ("H-NMR) | degree (PSA) [%] | (PSA) [g mol™

0

Man0 0 0 10300
ManHPL1 1.3 1.4 10480
ManHPIL2 1.8 1.9 10650
ManHPL7 7.4 7.5 11525
ManHPL34 31.] 33.6 16240
ManHPLO97 893 96.9 27770
ManEL1 1.3 1.1 10450
ManEL2 2.8 22 10600
ManEL5 4.2 4.6 11040
GalHPL3 2.6 2.7 10825




Scheme S4b: Structure of PNIPAM. Bold numbers showing functionalization degree.

'H-NMR PNIPAM (600 MHz, CDCl3) § 7.15 - 5.90 (s, 1H, H4), § 4.15 - 3.90 (s, 1H, H5), &

2.32-1.96 (s, 1H, H3) 8 1.95 - 1.30 (s, 2H, HI1+2), 3 1.28 - 0.94 (s, 6H, H6-11).
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Figure S4a: '"H-NMR (600 MHz, CDCl3) of PNIPAM.
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Scheme S4c: Structure of ManHPL1. Bold numbers showing functionalization degree.

'H-NMR ManHPL1 (600 MHz, CDCl3) & 7.14 - 6.03 (s, 1H, H4) § 4.97 - 4.85 (s, 1H, H12), 8
4.07-3.95 (s, 75H, H5) §2.32 - 1.99 (s, 76H, H3), 8 1.93 - 1.55 (s, 152H, H1+2), § 1.31 - 0.94
(s, 305H, H6-11).
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Figure S4b: 'H-NMR (600 MHz, CDCls) of ManHPLI.



Scheme S4d: Structure of ManHPL2. Bold numbers showing functionalization degree.

'H-NMR ManHPL2 (600 MHz, CDCl3) § 7.03 - 5.57 (s, 55H, H4), $4.92 - 4.86 (s, 1H, H12),
& 4.07-3.92 (s, 56H, H5) § 2.65-198 (s, 55H, H3), § 1.95-125 (s, 111H, HI+2), &
1.19 - 1.03 (s, 334H, H6-11).
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Figure S4c: 'TH-NMR (600 MHz, CDCl;) of ManHPL2.



Scheme S4e: Structure of ManHPL7. Bold numbers showing functionalization degree.

'H-NMR ManHPL7 (600 MHz, CDCl3) § 6.95 - 5.68 (s, 14H, H+), 8 4.95 - 4.83 (s, 1H, H12),
84.07 -3.92 (s, 14H, H5) §2.40 - 1.92 (s, 14H, H3), 5 1.91 - 1.25 (s, 28H, HI+2), 5 1.17 - 0.98
(s, 84H, H6-11).
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Figure S4d: 'H-NMR (600 MHz, CDCl5) of ManHPL?7.



Scheme S4f: Structure of ManHPL34. Bold numbers showing functionalization degree.

'H-NMR ManHPL34 (600 MHz, D;0) & 4.91 - 4.88 (s, 1H, H12), §2.37 - 1.87 (s, 3H, H3), 5

1.85-1.40 (s, SH, H1+2) 8 1.25 - 0.80 (s, 6H, H6-11)
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Figure S4e: 'H-NMR (600 MHz, D,0) of ManHPL34.



Scheme S4g: Structure of ManHPL97. Bold numbers showing functionalization degree.

'H-NMR ManHPL97 (600 MHz, D,0) & 4.95 - 4.85 (s, 1H, H12),52.60 - 1.96 (s, 1.18H, H3),
§1.95-125(s, 2.14H, H1+2) 8 1.18 - 1.12 (s, 0.12H, H6-11).
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Figure S4f: '"H-NMR (600 MHz, D,0) of ManHPL97.



HG  oH
Scheme S4h: Structure of ManEL1. Bold numbers showing functionalization degree.

'H-NMR ManELL1 (600 MHz, CDCl3) § 7.10 - 5.85 (s, 75H, H+), 54.90 - 4.85 (s, |H, H12),
4.07-3.91(s, 77H, H5) 5 2.40 - 1.95 (s, 79H, H3), 5 1.90 - 1.30 (s, 158H, H1+2), & 1.24 - 0.95
(s, 463H, H6-11).
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Figure S4g: 'H-NMR (600 MHz, CDCl3) of ManELL.
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Scheme S4i: Structure of ManEL2. Bold numbers showing functionalization degree.

'H-NMR ManEL2 (600 MHz, CDCl3) § 7.00 - 6.05 (s, 32H, H4), §4.91 - 4.87 (s, |H, HI2),
4.20 - 3.82 (s, 40H, H5) §2.40 - 1.98 (s, 35H, H3), 8 2.00 - 1.31 (s, 72H, HI+2), § 1.30 - 0.75
(s, 203H, H6-11).
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Figure S4h: 'H-NMR (600 MHz, CDCl5) of ManEL2.
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Scheme S4j: Structure of ManELS. Bold numbers showing functionalization degree.

'H-NMR ManELS5 (600 MHz, CDCl3) § 6.97 - 5.68 (s, 24H, H+), 5 4.90 - 4.84 (s, |H, H12),
4.09 - 3.87 (s, 29H, H5) 8 2.66 - 1.98 (s, 24H, H3), § 1.95 - 1.25 (s, 48H, H1+2), 5 1.20 - 0.96
(s, 149H, H6-11).
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Figure S4i: '"H-NMR (600 MHz, CDCI5) of ManELS.
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Scheme S4k: Structure of GalHPL3. Bold numbers showing functionalization degree.

'H-NMR GalHPL3 (600 MHz, CDCls) & 6.79 - 5.82 (s, 22H, H4), § 4.97 - 4.90 (s, 1H, H12),

84.06-3.90 (s, 31H, H5) §2.72 - 1.95 (s, 30H, H3), 8 1.91 - 1.25 (s, S1H, H/+2),51.17 - 1.05
(s, 151H, H6-11).

L 1 4500
i =
1 2 S
| 4000
1 3500
| 3000
| 2500
1 2000
611
L1500
/leHel, -0
/’
4 12 5 3 142 i
L
’f‘\—jk_RA__/@‘U
=T = & Syt e i
2 o % § 8 8 8
i = = e 2 & =
W5 mwo o5 60 85 8 5 65 0 5 50 45 40 35 30 25 20 15 10 05 O
f1 (ppm)

Figure S4j: 'TH-NMR (600 MHz, CDCl5) of GalHPL3.



S5 Size exclusion chromatography
ManHPL34 and ManHPL97 were insoluble in DMF, therefore, no SEC measurements were

executed for these samples. Having only polystyrene standard at hand and without suitable
Marc-Houwink parameters, the SEC measurements were done for determination of P-values
and not for molecular weight. These measurements show that carbohydrate ligand does not act
as intermolecular bridges between two polymer backbones. The molecular weight was

calculated using number of repeating units from PNAS determined via "H-NMR spectroscopy

and PSA test for determining the amount of incorporated carbohydrate.
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Figure SS5a: Size exclusion chromatographies of polymer precursor poly(N-
acryloxysuccinimide) (left) and negative control PNIPAM (right).
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Figure S5b: Size exclusion chromatographies of glycopolymers ManHPL1 (left) and
ManHPL2 (right).
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Figure SSc: Size exclusion chromatographies of glycopolymer ManHPL7 (left) and negative
binding control GalHPL3 (right).
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Figure S5d: Size exclusion chromatographies of glycopolymers ManEL1 (left) and ManEL2

(right).
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Figure SSe: Size exclusion chromatography of glycopolymer ManELS.



S6 Phenol sulfuric acid method (PSA)

For analysis of the polymer samples to 125 pL of polymer solution with a specific concentration
depending on the expected functionalization degree of the polymer (see Table S6) was used.
Procedure for polymer sample was the same as for the calibration curve.

Table S6: For sulfuric acid phenol method used concentration of polymer concentration based
on the expected functionalization degree.

Polymer Amount of polymer used [mg mL™"]

PNIPAM 5.84

ManHPL1 5.83

ManHPL2 2.75

ManHPL7 0.62

ManHPL34 0.22

ManHPL97 0.12

ManEL1 5.74

ManEL2 2.66

ManELS 1.26

GalHPL3 292
S7 ATR- FTIR
Spectroscopy

To show the successful functionalization of PNAS with isopropyl amine to PNIPAM ATR-
FTIR measurements were executed. Comparison of both measurements (see Figure S7a) show

an increase in V(NH) and a loss of v(CO-0-R) indicating a successful functionalization.
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Figure S7a: Comparison of ATR-FTIR measurement of PNIPAM and PNAS.

As an indication of the successful functionalization of PNAS with isopropyl amine and

carbohydrate ligands ATR-FTIR measurements were executed. Comparison of ATR-FTIR



measurements of PNIPAM and ManHPL glycopolymers (see Figure S7b) show a decrease in

amide vibrations and an increase in carbohydrate vibrations.
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Figure S7b: Comparison of ATR-FTIR measurement of PNIPAM and ManHPL
glycopolymers.

Magnification of wave number range 1250-2000 cm™' (see Figure S7¢) show that in the area of

expected ester vibration no signal is visible for ManHPL glycopolymers. Therefore, no

Carbohydrate unit is linked to the polymer backbone by an ester bond.
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Figure S7c¢: Magnification of ATR-FTIR measurement of PNIPAM and ManHPL
glycopolymers from wave numbers 1250-2000 cm™.



Comparison of ManEL glycopolymers (see Figure S7d) show and confirm an increase in
carbohydrate vibrations at increasing functionalization degree and a decrease in amide

vibrations.
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Figure S7d: Comparison of ATR-FTIR measurement of ManEL glycopolymers.

Magnification of wave number range 1250-2000 cm™ (see Figure S7e) show that in the area of
expected ester vibration no signal is visible for ManEL glycopolymers. Therefore, no

Carbohydrate unit is linked to the polymer backbone by an ester bond.
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Figure S7e: Magnification of ATR-FTIR measurement of PNIPAM and ManHPL
glycopolymers from wave numbers 1250-2000 cm™.



S8 Differential scanning calorimetry (DSC)

Below the DSC measurements are shown. Nine heating/cooling segments were done during the
measurement. The segments were done as following: Heating segment 1 (black), cooling
segment 1 (red), Heating segment 2 (blue), cooling segment 2 (magenta), Heating segment 3
(olive), cooling segment 3 (navy blue), Heating segment 4 (violet), cooling segment 4 (purple),
Heating segment 5 (brown). The first heating segment was done to remove solvent leftovers
and therefore, the measurements end with a heating segment. Ty was determined by the average

values of turning points during the heating segments.
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Figure S8a: DSC measurements of polymer precursor PNAS (left) and negative control
PNIPAM (right).
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Figure S8b: DSC measurements of non-binding control GalHPL3 (left) and glycopolymer
ManHPLI1 (right).
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Figure S8c: DSC measurements of glycopolymer ManHPL2 (left) and glycopolymer
ManHPL7 (right).
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Figure S8d: DSC measurements of glycopolymer ManHPL34 (left) and glycopolymer
ManHPL97 (right).
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Figure S8e: DSC measurements of glycopolymer ManELI1 (left) and glycopolymer ManEL?2
(right).
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Figure S8f: DSC measurement of glycopolymer ManELS.

S9 Turbidimetry studies
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Figure S9a: Turbidity measurements of ManHPLI1 with a polymer concentration of 5 mg mL"!

in LBB. left: without ConA, right: with ConA. Red lines denote heating cycle. Blue line denotes
cooling cycle.
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Figure S9b: Turbidity measurement of ManHPL2 with a polymer concentration of 5 mg
mL'in LBB, left: without ConA, right: with ConA.
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Figure S9c: Turbidity measurements of ManHPL7 with a polymer concentration of 5 mg
mL'in LBB, left: without ConA, right: with ConA.
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Figure S9d: Turbidity measurements of ManHPL34 with a polymer concentration of 5 mg
mL" in LBB, left: without ConA, right: with ConA.
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Figure S9e: Turbidity measurements of ManHPL97 with a polymer concentration of 5 mg
mL™" in LBB, left: without ConA, right: with ConA.
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Figure S9f: Turbidity measurements of ManEL1 with a polymer concentration of 5 mg mL"!
in LBB, left: without ConA, right: with ConA.
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Figure S9g: Turbidity measurement of ManEL?2 with a polymer concentration of 5 mg mL"!
in LBB, left: without ConA, right: with ConA.
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Figure S9h: Turbidity measurement of ManELS with a polymer concentration of 5 mg mL™’
in LBB, left: without ConA, right: with ConA.
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Figure S9i: Turbidity measurements of GalHPL3 with a polymer concentration of 5 mg mL™’
in LBB, left: without ConA, right: with ConA.
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Figure S9j: Turbidity measurements of PNIPAM with a polymer concentration of 5 mg mL"!
in LBB, left: without ConA, right: with ConA.
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Figure S9k: Turbidity measurement of ManHPL2 with a polymer concentration of 5 mg mL"!
in LBB, left: with ConA at a heating rate of 0.1 °C min™', right with ConA and 10 mM MeMan.



S10 Temperature dependent adhesion inhibition of E. coli
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Figure S10a: Representative inhibition curves obtained in testing of ManHPL1. The curves

result from one experiment and the depicted standard deviations from triplicate determinations
on one plate, left: 20 °C, right: 40 °C.
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Figure S10b: Representative inhibition curves obtained in testing of ManHPL2. The curves

result from one experiment and the depicted standard deviations from triplicate determinations
on one plate, left: 20 °C, right: 40 °C.
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Figure S10c: Representative inhibition curves obtained in testing of ManHPL7. The curves

result from one experiment and the depicted standard deviations from triplicate determinations
on one plate, left: 20 °C, right; 40 °C.
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Figure S10d: Representative inhibition curves obtained in testing of ManHPL97. The curves

result from one experiment and the depicted standard deviations from triplicate determinations
on one plate, left: 20 °C, right: 40 °C.
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Figure S10e: Representative inhibition curves obtained in testing of ManEL1. The curves

result from one experiment and the depicted standard deviations from triplicate determinations
on one plate, left: 20 °C, right: 40 °C.
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Figure S9f: Representative inhibition curves obtained in testing of ManEL2. The curves result

from one experiment and the depicted standard deviations from triplicate determinations on one
plate, left: 20 °C, right: 40 °C.
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Figure S10g: Representative inhibition curves obtained in testing of ManELS. The curves

result from one experiment and the depicted standard deviations from triplicate determinations
on one plate, left: 20 °C, right: 40 °C.



S11 Temperature dependent adhesion inhibition of ConA
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Figure S11a: Representative inhibition curves of ConA obtained in testing of PNIPAM. The

curves result from one experiment and the depicted standard deviations from triplicate
determinations on one plate, left: 20 °C, right: 40 °C.
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Figure S11b: Representative inhibition curves of ConA obtained in testing of ManHPL1. The

curves result from one experiment and the depicted standard deviations from triplicate
determinations on one plate, left: 20 °C, right: 40 °C.
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Figure S11c: Representative inhibition curves of ConA obtained in testing of ManHPL2. The

curves result from one experiment and the depicted standard deviations from triplicate
determinations on one plate, left: 20 °C, right: 40 °C.

100 i
1 i | |
00 ., " . .
L - 40+ T
80 . ]
—_— E)D_
F 60- 6 F 1
=
§ . :g 4Q- z
& 404 B .
€ ' 2
20 4 204 1
04 04
0,01 0.1 ! 10 100 0,01 0.1 1 10 100

concentration [mi]

concentration [mh]

Figure S11d: Representative inhibition curves of ConA obtained in testing of ManHPL7. The

curves result from one experiment and the depicted standard deviations from triplicate
determinations on one plate, left: 20 °C, right: 40 °C.
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Figure S10e: Representative inhibition curves of ConA obtained in testing of ManEL1. The
curves result from one experiment and the depicted standard deviations from triplicate
determinations on one plate, left: 20 °C, right: 40 °C.
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Figure S11f: Representative inhibition curves of ConA obtained in testing of ManEL2. The
curves result from one experiment and the depicted standard deviations from triplicate
determinations on one plate, left: 20 °C, right: 40 °C.
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Figure S11g: Representative inhibition curves of ConA obtained in testing of ManELS. The
curves result from one experiment and the depicted standard deviations from triplicate
determinations on one plate, left: 20 °C, right: 40 °C.

S12 Dynamic light scattering of the glycopolymers
Table S12: Hydrodynamic diameters as measured on a Malvern Nano ZS, scattering angle

173°C, temperature 20°C, the dispersity was calculated from the cumulant I/ (2.

hydrodynamic dispersit
y y (BLS)y

polymer diameter
ManHPL1 1.9 0.36
ManHPL2 13 0.33
ManEL1 8.3 0.38
ManEL2 8.0 0.37
ManHPL34 7.9 0.33
ManHPL97 7.6 0.30

S13 Instrumentation

Nuclear Magnetic Resonance Spectroscopy (NMR)

'H-NMR and *C-NMR (600 MHz) were measured on a Bruker AVANCE III 600 (Bremen,
Germany). As internal standard chemical shifts were referenced to the residual non-deuterated
solvents (CDCls: 'H 7.26, °C 77.16, D,0: 'H 4.79, DMSO-ds: 'H 2.50). All chemical shifts are
reported in delta (&) expressed in parts per million (ppm). The following abbreviations were

used to indicate multiplicities: s = singlet, d = doublet, t = triplet, m = multiplet.
Size exclusion chromatography (SEC)

SEC measurements were performed using a ViscotekGPCmax VE2001 system. The System
has a column set compromising one TSK HHR-H, 100 A pore size and 10 um particle size, 800
% 5.0 mm [Length x ID]pre-column and two Viskotek TSK GMHHR-M linear, 10 um particle



size, 300 x 8.0 mm [Length x ID]columns. The columns were constantly heated to a
temperature of 60 °C. N,N-Dimethylformamide (0.05 M LiBr) was used as eluent at a flow rate
of 1 mL min™. For detection a Viscotek VE 3500 Rldetector was used. The system was
calibrated with polystyrene standards of a molecular range from 1280 gmol! to
1373000 g mol™.

ATR-FTIR Spectroscopy

For ATR-FTIR spectroscopy measurements a NICOLET 6700 ATR-FTIR spectrometer from
Thermo Scientific was used. For each measurement a background measurement was executed

that was subtracted from the sample measurement.
Freeze Dryer

An Alpha 1-4 LD plus instrument from Martin Christ Freeze Dryers GmbH (Osterrode,
Germany) was used for lyophilization of all polymer samples. The main drying method was set

to -54 °C and 0.1 mbar.
UV-Vis Spectroscopy

On a dual-trace spectrometer Specord® 210 Plus from Analytik Jena AG (Jena, Germany) all
UV-Vis measurements were performed at 25 °C. Using Win ASPECT PLUS software the
instrument was operated. Protein concentration measurements were performed in a cuvette QX
quartz cuvette (d = 1 cm, V = 3.5 mL) from Hellma Anayltics (Mihlheim, Germany). For
determination of sugar concentration the absorption from 350-550 nm was measured. Using the

absorption and a calibration curve the concentration of carbohydrates was calculated.
Dynamic differential scanning calorimetry (DSC)

Dynamic differential scanning calorimetry (differential scanning calorimetry, DSC) was
performed on a DSC 3 equipped with a FRS 5/5+ Sensor, an IntraCooler Julabo FT900 and a
GCO005 Gas controller of the company Mettler Toledo. Aluminum crucible with a volume of
40 uL without pin were used for the measurements. The heating and cooling rates were

15 K min™ with a total of nine segments each in a temperature range from -50 °C to 200 °C.
Microplate reader

All adhesion inhibition measurements were performed on a CLARIOstar® microplate reader

from BMG LABTECH (Freiburg, Germany) at ambient temperature. Using the BMG Mars



software the measurements were evaluated. For all measurements F-bottom 96 black well plates
from Greiner BIO-ONE were used.

S14 Buffer and Media
LB-Medium (PKL1162)

12.5 g of LB Broth (Miller) (powder microbial growth medium) were dissolved in 500 mL
ultrapure water. The powder contains tryptone (5.0 g), sodium chloride (5.0 g) and yeast extract
(2.5 g). Afterwards the solution was sterilized for 30 min at 121 °C and cooled to room

temperature. 50.0 mg of ampicillin and 25.0 mg of chloramphenicol were added.
PBS buffer

Five tablets of phosphate buffered saline was dissolved in 1 L of ultrapure water. The final
concentrations of the buffer were 0.01 M phosphate buffer, 0.0027 M potassium chloride and
0.137 M sodium chloride. The pH was checked with a potentiometer and set to 7.4.

LBB buffer

Lectin binding buffer (LBB) was used for all measurements with Concanavalin A. Lectin
binding buffer contains 10 mM HEPES ((4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
as buffering agent, which was adjusted to a pH of 7.4 with 1 M NaOH. Thereafter, calcium
chloride (1 mM) and manganese chloride (1 mM) and sodium chloride (50 mM) were dissolved
in the solution. To prevent bacterial growth in the buffer sodium azide was added to a final

concentration of 0.05 wt%
Carbonate-buffer solution

For the carbonate-buffer solution 1.59 g sodium carbonate and 2.52 g sodium hydrogen

carbonate were dissolved in 1 of ultrapure water. Afterwards the pH was adjusted to pH 9.5.
Bacterial culture

E. coli PKL 1162 were grown in LB medium (PKL 1162) overnight in a sterilized test tube,
which was covered with aluminum foil at 37 °C. The tubes were shaken with a speed of 140

rpm to guarantee a constant mixing of the solution.

1. J. A, Himanen and P. M. Pihko, Fur. J. Org. Chem., 2012, DOLI:
10.1002/ej0c.201200277, 3765-3780.

2 W. Hayes, H. M. I. Osborn, S. D. Osborne, R. A. Rastall and B. Romagnoli,
Tetrahedron, 2003, 59, 7983-7996.
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Abstract

Thermosensitive polymers enable externally controllable biomolecular interactions but
hysteresis effects hamper the reversibility and repeated use of these materials. To quantify
the temperature-dependent interactions and hysteresis effects an optical adhesion assay
based on PEG microgels (soft colloidal probes, SCPs) on mannose binding concanavalin A
(ConA) surfaces is used. A series of thermoresponsive glycopolymers is synthesized
varying the carbohydrate type, their density and linker type and then grafted to the SCPs.
The carbohydrate mediated adhesion is influenced by the density of sugar ligands and
increased above the lower critical solution temperature (LCST) of the glycopolymer.
Importantly, a strong hysteresis was observed, i.e. cooling back below the LCST did not
reduce the adhesion back to the initial value before heating. The hysteresis was stronger for
hydrophobic linkers and for low carbohydrate functionalization degrees suggesting
insufficient reswelling of the polymers due to hydrophobic interactions. The results are
confirmed by studying the adhesion of E. coli to the SCPs, where an enhanced capture of
the bacteria was observed above the LCST while the detachment upon cooling was not
possible. Overall, the quantitative data on the switchable adhesion of specifically binding
polymers may provide potential avenues for the design of the next generation interactive

biomaterials.

Introduction

Stimuli responsive polymers provide avenues toward smart, interactive materials with a
broad range of potential applications, e.g. in sensing, as actuators, in tissue engineering, in
controlled drug release, and many more.[""?! Stimuli responsive polymers that enable the
remote activation or deactivation of specific ligand-receptor interactions are being
developed to facilitate site specific drug carriers, externally controlled binding to proteins,
or capture / release of pathogens.”™ Most of these systems rely on thermoresponsive
polymers undergoing a coil-to-globule transition in the physiological temperature range,
thereby shifting the affinity of linked biomolecules, e.g. by varying their accessibility to
control their specific binding. Thermoresponsive polymers with a lower critical solution
temperature (LCST) between 30-40°C are most frequently used for such applications,
where poly (N-isopropyl acrylamide) (PNIPAM), poly (N-vinyl caprolactam) or
poly(oligoethylene glycols) are well-known examples.”” As bioligands conjugated to such
LCST polymers, carbohydrates have recently gained attention since they dominate
biomolecular interactions on the cellular level and drive numerous physiological processes

in the healthy or diseased state.!'” For example, carbohydrate binding proteins, so called
2



. . . . . J . . . 11.12
lectins, mediate cell adhesion, communication, fertilization, or pathogen invasion.!'""'*! To

target carbohydrate binding pathogens or lectins directly, responsive carbohydrate-ligand

[13-15] [16-18]

presenting polymers are being employed in microgels, on nanoparticle surfaces,

2D-surface coatings,[4] and linear or branched polymers.[w'zzl

Although for most of these materials a temperature controllable shift of affinity was
achieved, the cause for this behavior and the molecular details are not well understood. For
example, when increasing the temperature above the LCST, some studies found that the

15,16,23
d,[ ,16,

affinity increase ] whereas other studies obtained decreasing carbohydrate binding

(419200 1 addition, the use of these materials is often motivated by being able to

affinities.
remotely “switch” the ligand-receptor interaction on and off, implying reversible ligand-
receptor complex formation and dissociation. However, such reversible binding of LCST
polymers was rarely shown and typically limited to LCST polymer coatings without
specific adhesion motifs targeting receptors.***®! Furthermore, the shifts in binding affinity
via temperature change were usually indirectly quantified detecting the amount of bound
binding partners (e.g. by fluorescence microscopy or SPR) but not via direct interaction
energy measurements. Therefore, here we use so called soft colloidal probe (SCP)
adhesion studies, to directly measure the specific interactions of carbohydrate ligands on
an LCST polymer. The overall aim is to quantify the change in specific receptor binding

when increasing the temperature above the LCST and to test whether these changes are

reversible by cooling down below the LCST.

In this work, the SCP method employs soft poly(ethylene glycol) microgels that are
functionalized with copolymers composed of PNIPAM and mannose or, respectively,
galactose, repeat units (Figure 1). As binding partner for the polymers, we use
concanavalin A (ConA), a mannose-specific lectin, coated on a glass slide. The SCP
approach mimics soft contacts between bio-interfaces and allows sensitive measurements
of adhesion energies based on weak carbohydrate interactions.*”"?*"2°! When adhering on
the ConA coated glass surface, the carbohydrate functionalized SCPs deform due to their

[

soft gel-like structure.’®*") The mechanical deformation can be related to the Johnson-

Kendall-Roberts (JKR) model of adhesion:?**

a® = 6m Wathz/Eeff (1
with the contact radius a, the SCP radius R, the adhesion Energy W,; and the effective
elastic modulus Eejf:[4E/3(1-V2)], with the Poisson ratio v and the elastic modulus E of the

SCP. The straightforward optical detection of the contact radius a, and SCP radius R via
3



reflection interference contrast microscopy (RICM) allows for the consistent analysis of
the SCP adhesion energies as a function of temperature. Furthermore, the findings obtained
from the SCP model system are compared to a bacteria binding assay, where the adhesion

of type 1 fimbriated E. coli to the thermoresponsive polymers is quantified by fluorescence

microscopy.
screened ligands exposed ligands
@ = poly(NIPAm)
heating o
—_— Q) @ = a-D-mannose
“ooing ©
cooling = linker
@)

= concanavalin A

heating
—

cooling

Figure 1 The SCP adhesion assay with thermoresponsive glycopolymers grafted onto the
SCP network. The SCP radius R and contact radius a are read out by optical microscopy to
calculate the adhesion energy with the JKR-model of adhesion (see eq.1). It is expected
that a temperature stimulus exposes or hides the carbohydrate units and leads to a change
in adhesion energy. Previous work on carbohydrate decorated LCST polymers suggest an

increase in binding at elevated temperature.”

2. Results and Discussion
2.1. Synthesis of ligand bearing polymers

The overall aim of this work is the analysis of carbohydrate interactions on a soft,
thermoresponsive scaffold via SCPs. Additionally, the influence of different linkers
between the sugar-ligands and the scaffold were analyzed. The preparation of the
thermoresponsive glycopolymers is based on the functionalization of a poly(active ester)
(Figure 2). Free radical polymerization in DMF gives poly(N-acryloxysucinimide) with
active ester groups enabling the conjugation of carbohydrate ligands and isopropyl amine,
where the latter gives thermoresponsive NIPAM repeat units. To be able to bind the
thermoresponsive  glycopolymers to SCPs by carbodiimide coupling, the

4



poly(N-acryloxysucinimide) precursor was synthesized with 4,4’ Azobis(4-cyanovaleric
acid) giving carboxylic acid end groups. The poly(active ester) was functionalized with
sugar-ligand first, followed by isopropyl amine. The carbohydrate ligands were prepared
with two different amine linkers at the anomeric position, a 2-hydroxypropyl (HP) and,
respectively, an ethyl (E) linker. During the functionalization it was observed that the
amount of carbohydrates incorporated to the polymer was only half compared to the
amount available for coupling. This can be explained by side reactions via the hydroxyl
groups present in the sugar-ligand competing with the amine during the reaction. The
hydroxyl-linked carbohydrate ligands were cleaved off during isopropyl amine coupling
due the excess of the basic compound. This proves to be advantageous for the preparation
of bioactive glycopolymers since the carbohydrates are strictly linked via their anomeric
position. The carbohydrate functionalizing degree was quantified via the sulfuric acid
phenol test.”" Nine different polymers were synthesized containing different amounts of
ligands between 0% and 97% for polymers, see Table 1. A galactose containing polymer
was synthesized with a ligand functionalization degree of 2.7% as a negative control
sample. By functionalizing the carboxylic end groups of all polymers, as incorporated by
the initiator, with ethylene diamine in an additional step, grafting of the polymers onto the

SCPs via the amine group was enabled.

(e}
% HO st
n 1 z\r\g Ne m ’
CN o . .
__ DMF 80°C 0”0 - =, 07 NH 07 “NH
Nooeno N (@) o
N Ho o © o K[

7

= a-D-mannopyranoside

= B-D-galactopyranoside

Figure 2 Synthesis route toward ligand bearing thermoresponsive polymers. Glycopolymer
functionalized with a) 2-hydroxypropyl linked mannose, b) ethyl linked mannose, c) 2-
hydroxypropyl linked galactose. The carboxylic acid end groups of the polymers are used
as residues for the grafting of the polymers on the SCPs.
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Table 1 List of the glycopolymers, showing the molecular weight (MW), dispersity (Pwm),
the functionalization degree and the LCST as measured via turbidimetry.

Polymer MW B functionalization = LCST
[g mol™] degree [%] [°Cl
ManO 10300 1.47 0 32.6
Man(HP)1.4 10500 147 14 35.9
Man(HP)1.9 10650 1.43 1.9 36.8
Man(HP)7.5 11500 1.44 7.5 40.2
Man(HP)97 27800 n.a. 97 n.a.
Man(E)1.1 10400 1.39 1.1 35.6
Man(E)2.2 10600 1.46 2.2 36.7
Man(E)4.6 11000 1.46 4.6 40.8
Gal(HP)2.7 10800 1.39 2.7 40.8

2.2 The LCST behavior of the glycopolymers in solution.

The thermosensitivity of the polymers was assessed by turbidity measurements. With an
increasing carbohydrate functionalization degree, the LCST increases (Figure 3). This is
expected from the hydrophilic moieties conjugated to PNIPAM. The only polymer that
does not show any phase transition is Man(HP)97 since it bears not enough
thermoresponsive NIPAM units. The linker chemistry appears to have no effect on the
LCST, the more hydrophilic HP-linker and the more hydrophobic E-linker show similar
LCST values.
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Figure 3 Turbidity measurements from 20°C to 50°C of the synthesized polymers. a)
polymers with hydrophilic the HP-linker, b) polymers with the E-linker. Increasing the

mannose functionalization degree shifts the phase transition to larger temperatures.

2.3 Synthesis of SCPs and functionalization with thermoresponsive ligand bearing
polymers

Polyethylene glycol based SCPs were synthesized by UV-initiated crosslinking of
poly(ethylene glycol diacrylamide) (PEGdAAm) microdroplets in aqueous solution
containing 1 M sodium sulfate to facilitate the liquid-liquid phase separation of PEGdAAmM
(Figure 4).5°% To introduce functional groups into the PEG network of the SCPs, crotonic
acid was grafted by UV irradiation in presence of benzophenone.””! The crotonic acid
functionalization degree was 90 pmol per gram PEG-SCPs, which corresponds to roughly
seven crotonic acid residues in a 10x10x10 nm® volume of the SCP scaffold, as calculated
from the SCP elastic modulus as an estimate for the swelling degree.”® The glycopolymers
were grafted onto the SCPs by coupling the amine end groups of the polymers to crotonic
acid at the SCPs via carbodiimide chemistry. To quantify the polymer functionalization
degree, a TBO titration was conducted using a microscope-based readout, giving
functionalization degrees above 95% for all grafting reactions. The elastic moduli of the
SCPs were determined by AFM force-indentation measurements. To evaluate the
temperature effect on adhesion the JKR model (eq. 1) the SCPs elastic moduli were
determined at 20°C and 45°C. Between the different samples and temperatures the elastic

moduli varied between 40 kPa and 60 kPa, as is expected from previous studies.””
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Figure 4 The synthesis of PEG based SCPs using UV irradiation (1) followed by UV

mediated functionalization with crotonic acid using benzophenone (2) for further
functionalization and polymer functionalization using carbodiimide chemistry (3) to obtain

thermoresponsive SCPs for adhesion measurements.

2.4 Quantifying thermo-switchable adhesion on ConA surfaces

To study the temperature-dependent interactions of the glycopolymers, we determine the
adhesion of the SCPs on ConA coated glass slides. ConA is a well-known model system
for carbohydrate binding studies, which binds to mannose but not to galactose.[***!) To
form stable ConA coatings, we used epoxy functionalized glass slides as described
previously."*? All preparation steps were done at pH 7.4, where ConA attains a tetrameric
structure with four mannose binding sites at a minimum spacing of 7.2 nm. The tetrameric
structure ensures that each ConA molecule at the glass surface has binding sites facing the

solution and are available for binding.

After adding the SCPs to the ConA slides they sediment and make contact to the ConA
surface (Figure 5). The SCPs form distinct contact areas with the glass slide that can be
visualized by RICM, where a dark area in the center of the particles signifies the contact
area. The evaluation of the newton fringes in the RICM images give the contact radii and
SCP radii required for JKR analysis. Each measurement consisted of the following
temperature cycle: first adhesion measurements at 20°C, second measurements after
heating to at 45°C, third measurements after cooling to 20°C. To confirm that the adhesion
was due to specific interaction between mannose and ConA, a-p-mannopyranoside
(MeMan) was added to reach a concentration of 2 mM in the measurement cell (final
measurement step). MeMan competes with the glycopolymer at the SCPs for binding sites,
thus a reduction of the contact area after MeMan addition confirmed the specific SCP-

surface interaction.
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Figure 5 Schematic presentation of a measurement cycle starting 20°C and equilibration
for 30 min (a) followed by heating to 45°C and equilibration for 60 min (b) before cooling
down to 20°C again and equilibration for another 30 min (c) before MeMan was added and
equilibrated for 30 min to prove the specificity of the sugar-protein interaction (d).
Exemplary images for each step are show for an SCP functionalized with Man(HP)7.5
(bottom). For each step twenty SCP contact areas are imaged to calculate the adhesion

energies.

To estimate the amount of specific and non-specific adhesion we first compared the
adhesion energies of the control samples (Figure 6). Man0 contains no sugar but is
essentially PNIPAM, thus is fully thermoresponsive. Man(HP)97 contains virtually only
mannose and is not thermoresponsive. Gal(HP)2.7 should be thermoresponsive, but does
not bind to the ConA surface. The results of the adhesion assay confirmed these
expectations. Man(HP)97 showed, no temperature response but largest adhesion due to
mannose-ConA binding, which could be inhibited upon MeMan addition. Gal(HP)2.7 and
Man0 showed no change in adhesion upon MeMan addition since their interaction with the
surface was not due to specific binding. Both polymers also showed no temperature
response, suggesting, that the hydrophobicity shift of PNIPAM when crossing the LCST
does not affect the interaction with the surface. This could be due to the comparatively low
amount of grafted polymer in the SCPs. In addition, in the hydrophobic state of the
9



polymers above the LCST they more likely interact with each other in the PEG network,
but not with the surface. Overall, there was a clear adhesion energy difference between the
mannose functionalized polymer Man(HP)97 and Gal(HP)2.7 and Man0. The
comparatively large non-specific adhesion for Man0 (pure PNIPAM) was reduced when
introducing carbohydrates in the polymer chain as can be seen from the strong reduction in

adhesion after inhibiting Man(HP)97.

550 1

[l 20°C before heating

500

450- Bl 45°C
g 400 . [ 20°C after cooling
3 350 B 20°C after cooling
& 300 +2 mM MeMan
g 250+
£ 200

ManO Man(HP)97 Gal(HP)2.7

Figure 6 Temperature-dependent adhesion energies at 20°C (black), 45°C (red), after
cooling back to 20°C (blue) and after MeMan addition (pink) for control polymers Man0
without ligand, Man(HP)97 lacking thermoresponsivity and Gal(HP)2.7 with nonbinding

galactose.

For the mannose bearing thermoresponsive polymers with the hydrophilic linker
Man(HP)1.4, Man(HP)1.9 and Man(HP)7.5 (Figure 7a) the adhesion was strongly
thermoresponsive. All polymers showed no adhesion after MeMan addition. Thus, their
surface interaction was largely driven by specific binding. Additionally, these polymers
showed an increase in adhesion from 20°C to 45°C, presumably due to the collapse of
hydrophobic polymer chains, followed by enrichment of the hydrophilic mannose units at
the polymer globule surface and reduced steric repulsion. Moreover, with mannose
functionalization degree the initial adhesion at 20°C decreases from 50 pJ m™ for
Man(HP)1.4 down to 0 pJ m™ for Man(HP)7.5. This suggests, that a rather low density of
mannose was sufficient to saturate the binding sites at the ConA surface. Indeed, due to the
large spacing of ConA binding sites (~7.2 nm) there is an excess of glycopolymer
competing for the binding sites, as it was estimated that in an SCP volume of 10x10x10
nm’ on average seven grafted polymers were present. On the other hand, upon heating to

45°C higher adhesion energies from 110 uJ/m?® to 150 pJ/m* for Man(HP)1.4 and

10



Man(HP)7.5, were observed, indicating that more sugar ligands lead to a higher
interaction. Also the highly mannose functionalized polymer Man(HP)97 achieves
significantly larger adhesion energies. This could be explained by additional subsite
binding at the ConA binding pocket occurring for multivalent structures with closely

(4244 Tmportantly, cooling the

arranged mannose residues leading to increased adhesion.
measurement cell back to 20°C did achieve a reduction of adhesion energies but the initial
values obtained before heating were not reached. The adhesion energy decrease appeared
to be stronger for polymers containing more sugars suggesting that the polymer re-swelling
to the original conformation is increased in case more hydrophilic residues were
incorporated. Possibly the specific interactions with the ConA surface lead to a strong

hysteresis effect that keep the polymers “locked” in the adhered state with the surface.!"”

Polymers with the hydrophobic linker Man(E)1.1, Man(E)2.2 and Man(E)4.6 (Figure 7b)
generally show larger adhesion at 20°C compared to the polymers with the hydrophilic
linker and no clear response upon temperature change. In the ConA binding pocket many

45,46
s46] However,

hydrophobic amino acids are present thus the hydrophobic linker is favored.!
the increased polymer hydrophobicity above the LCST in the collapsed polymer globule
might render the mannose units with hydrophobic linker inaccessible resulting in lower
adhesion energy. Such decreasing interactions above the LCST of mannose functionalized
PNIPAM for bacteria and glucose polymers was reported before.*” Only Man(E)4.6
showed an increase in adhesion above the LCST. It could be argued here that the collapse
to a compact globule was not as strong due to the increased amount of hydrophilic
mannose units rendering the ligands accessible above the LCST. Alternatively, since the
Man(E)1.1 and Man(E)2.2 were the polymers with the lowest degree of functionalization
and having the more hydrophobic linker their overall adhesion might be dominated by non-
specific interactions, similar to the pure PNIPAM chains. Therefore, SCPs functionalized
with Man(E)1.1 or Man(E)2.2 behave similar as compared to SCPs functionalized with
Man0. After cooling down from 45°C back to 20°C Man(E)4.6 and Man(E)2.2 did not
show a decrease in adhesion energy, possibly due to slow re-swelling of the polymer

chains as observed for the HP-linked polymers.

All in all, the strong hysteresis of the adhesion measurements with ConA surfaces suggests
that persistent polymer-surface contacts were formed, possibly reinforced by ConA-
polymer entanglements. In addition, the hydration barrier of the SCP scaffold (PEG) and

ConA coating normally preventing adhesion might be removed above the LCST due to the

11



elevated temperature and the strong adhesion, which was primed by ligand-receptor
binding leading to irreversible nonspecific binding.*”! A possible means to reduce the
hysteresis and to achieve reversible adhesion could the taking control of duration an
intensity of the temperature stimulus, e.g. by using light in combination with metallic
nanoparticles to trigger the temperature stimulus."”"® In addition, to maintain the

hydration barrier at the polymer scaffold zwitterionic polymer scaffolds could be used.!**
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Figure 7 Temperature-dependent adhesion energies at 20°C (black), to 45°C (red), cooled
back to 20°C (blue) and after addition of MeMan (pink). (a) Mannose bearing polymers
with the hydrophilic linker (HP) and (b) polymers with the hydrophobic linker (E). Bars

without errors indicate non-adhering SCPs (W 4z, =0 nJ rn'z)

2.5 E. coli binding assay.

To study the switchable adhesion of the polymers to a natural system, we used E. coli with
mannose binding FimH receptors at their fimbriae. Fluorescence images were taken of
SCPs after incubation with green fluorescent protein (GFP) tagged E. coli (Figure 8). Non-
binding SCPs decorated with Gal2.7 and Man0 as well as SCPs functionalized with
Man1.9 and Man7.5 were incubated with bacteria for 1 h below and above the LCST
before taking fluorescence images. Man0 and Gal2.7 were not binding as expected. For
Man1.9 the bacteria bind below the LCST and to a stronger degree above the LCST,
whereas for Man7.5 the binding was only observed above the LCST. These findings are
quite similar to the adhesion measurements on ConA surfaces. However, a reduction in E.
coli adhesion was not observed when cooling down the mannose functionalized SCPs to
20°C. We suspect, that the prolonged incubation above the LCST enabled entanglements
between the polymer network and bacterial fimbriae which might hinder detachment of the

bacteria.

12



Man0 20°C Gal2.7 20°C Man1.9 20°C Man7.5 20°C

Man0 40°C Gal2.7 40°C Man1.9 40°C Man7.5 40°C

<,
e
&

¥ 4

Figure 8 Fluorescence microscope measurements with polymer bearing particles and GFP-
tagged E. coli at 20°C (top) and 40°C (bottom). For negative control samples Man0 and
Gal2.7 no binding to bacteria was observed at both temperatures. Man(HP)1.9 showed an
increase in number of bound bacteria above the LCST whereas Man(HP)7.5 showed no-
binding at 20°C and binding at 40°C. Red circles indicate the SCP location taken from

transmitted light images taken prior to fluorescence microscopy imaging.

3. Experimental Section

Materials: o-p-mannopyranoside (99%, Acros Organics), -p-galactose pentaacetate (95%,
Fluorochem) acetonitrile (>99.9%, Panreac AppliChem) p-Toluenesulfonic acid (98%,
Alfa Aesar), acetic anhydride (>98%, VWR Chemicals), ethyl acetate (distilled), sodium
bicarbonate (100%, Fisher Chemicals), magnesium sulfate (62-70%, Fisher Chemicals),
allyl alcohol (>99%, Merck KGaA), boron trifluoride diethyl etherate (=98%, TCI), n-
hexane (99%, VWR Chemicals), sodium methanolate (98%, Alfa Aesar),
Amberlite-IR120® (Fisher Chemicals), hydrogen (Air Liquide), tetrahydrofuran (99.99%,
Fisher Chemicals), chloroform (99.97%, Fisher Chemicals), trimethylamine (>99.0%,
Merck KGaA), acryloyl chloride (96%, Merck KGaA) N,N-dimethylformamide (>99.8%,
Biosolve-Chemicals), dimethylsulfoxide (99.99%, Fisher Chemicals) isopropylamine
(99+%, Alfa Aesar), sodium sulfate (99.5%, Fisher Chemicals), Benzophenone (99%,
Acros Organics), Polyethylene glycol diacrylate (M.W. 8000, Alfa Aesar), 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimid-hydrochlorid (=99%, Carl Roth). All other chemicals

were obtained from Sigma-Aldrich (Germany). All water used here was produced by
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purification system with a resistivity higher than 18.2 MQ-cm at 25 °C and UV treatment

to break down organic impurities.

Synthesis of Poly(N-acryloxysuccinimide):N-Acryloxysuccinimide (15.3 g, 90 mmol) was
dissolved in 140 mL N,N-dimethylformamide, heated to 80°C and flushed with nitrogen
for 15 min. To initiate the polymerization 4,4’-Azobis(4-cyanovaleric acid) (255.6 mg,
0.9 mmol) dissolved in 10 mL DMF was added to the preheated solution. After reacting for
20 h at 80°C the polymer was precipitated in cold tetrahydrofuran, filtered and dried under
vacuum. A brown solid was obtained (yield 12.21 g, 79%, M,= 15340 Da). '"H-NMR (600
MHz, Chloroform-d) & 12.38 - 12.14 (s, 1H, H9) 6 3.28 - 3.00 (s, 1H, H3), 6 2.85 - 2.74 (s,
4H, H4-7),8 2.25-1.90 (s, 2H, HI1+2) 8 1.40 - 1.33 (s, 3H, HS), (supporting information
S1).

Synthesis of Poly(N-isopropylacrylamide-co-N-(2-hydroxypropyl) a-p-mannopyranoside
acrylamide) and  Poly(N-isopropylacrylamide-co-N-ethyl ~ o-p-mannopyranoside
acrylamide): Poly(N-acryloxysuccinimide) (1 g, 65 umol) was dissolved in 10 mL
dimethyl sulfoxide and heated to 40°C. Depending on the sugar functionalization degree
different amounts of amine functionalized sugars were added (supporting information S2).
After reacting for 2 h Isopropylamine (1.5 mL, 17.7 mmol) was added and stirred for 2 h.
The reaction solution was cooled down and diluted with 35 mL of water and dialyzed for
48 h. The remaining solution was freeze dried. In the next step 24 umol of polymer were
dissolved in 10 mL 0.1 M MES-buffer pH 5.0 containing 32.5 mM EDC-HCI and 48 mM
ethylenediamine and reacted for 2 h. Afterward the solution was dialyzed in water for 48 h
and freeze dried. NMR and GPC showed that the molecular weight of the polymers was
between 10.3 and 27.8 kDa depending on the mannose functionalization degree
(supporting information S3-S6) The functionalization degree was determined via the

sulfuric acid phenol test.[*”!

Soft colloidal probe (SCP) preparation: SCPs were synthesized by crosslinking a
dispersion of the macromonomer poly(ethylene glycol diacrylamide) (PEGdAAm) in
aqueous solution as previously described.®” Sodium sulfate (1.42 g, 0.01 mol) is dissolved
in 10 mL water. The photo initiator Irgacure 2959 (2.1 mg, 5.4 umol) and PEGdAAm
(Mn =8000 Da) (50 mg, 6.3 umol) were added followed by vigorous shaking. The
obtained dispersion was then photopolymerized under UV light for 90 s (HiLite, Kulzer
GmbH, Germany). The SCPs were washed with water via several centrifugation cycles.
The diameter of received particles was between 10-70 pm. Next, crotonic acid was grafted
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onto the SCPs. Briefly, water was exchanged by ethanol, then benzophenone (250 mg,
1.4 mmol) and crotonic acid (1.5 g, 17.7 mmol) were added and the dispersion was flushed
with nitrogen for 60 s followed by UV irradiation for 1080 s. The particles were washed
with ethanol and water to remove all reactants. In the final step, the glycopolymers with
amine end groups were coupled with crotonic acid on the SCPs in 0.1 M MES buffer
pH 5.5 containing 32.5 mM EDC-HCI and 0.225 mM polymer followed by washing with

water.

SCP mechanical characterization: AFM force indentation studies with a NanoWizard 2
system (JPK instruments AG, Berlin, Germany) were performed to determine the elastic
moduli of the SCPs. As AFM probe a glass bead with a diameter of 4.6 um was glued with
an epoxy glue onto a tipless, non-coated cantilever (spring constant 0.32 N/m; CSC12,
NanoAndMore GmbH). Several force curves were recorded for the different SCPs at 20°C
and 45°C and analyzed with an appropriate contact model developed by Glaubitz et al.

(supporting information $7).3%

Surface preparation: Round glass coverslips (25 mm #1, Menzel Glidser, Germany) were
cleaned in a mixture of ammonia, hydrogen peroxide (30%) and water (1:1:5) at 70°C for
20 min. The glass slides were then immersed in a mixture of 200 mL ethanol, 10.5 mL
water, 200 pL acetic acid, and 2100 pL (3-glycidyloxypropyl)trimethoxysilane, shaken for
120 min, flushed with ethanol, followed by annealing at 80 °C overnight. For ConA
functionalization, the glass slides were immersed in PBS (pH 7.4) containing 0.05 mg ml™
ConA for 1 h, followed by rinsing with PBS, rinsing with 10 mM HEPES buffer (pH 7.4),
then rinsing with lectin binding buffer (pH 7.4).

Determination of the polymer functionalization degree: The colorimetric quantification of
carbohydrates via the sulfuric acid phenol test was based on a well-established
procedure.*”) Briefly, a calibration curve was measured using a dilution series of MeMan
(320 uM, 160 uM, 80 uM, 40 uM and 20 uM) in microplates. To 125 pL of each solution
125 pL of a 5wt% solution of phenol in water was added and vigorously shaken. 625uL of
concentrated sulfuric acid were added afterward, vigorously shaken and reacted at 30°C for
30 min. Next, the absorbance for each solution was analyzed at a wavelength of 490 nm
(FLUOstar Omega, BMG Labtech, Germany). For analysis of the polymer samples 125 uL
of polymer solution at varying concentration depending on the expected functionalization

degree was used for analysis using the same procedure.
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Determination of the SCPs functionalization degree via TBO titration: First the crotonic
acid functionalization degree of the SCP before polymer conjugation was determined: 1.0
mL of a dispersion containing crotonic acid functionalized SCPs were dried by first
exchanging the water by ethanol and then treating in a vacuum oven at 50°C until constant
weight was reached. After the dry mass was determined, 1.0 mL of 312.5 uM toluidine
blue O solution at pH 10 was added and shaken in the dark for 12 h. Next, 0.3 mL of the
toluidine blue O solution supernatant of the was diluted with 1.7 mL water at pH 10 and
the absorbance at 633 nm was detected to calculate the degree of functionalization with the
following equation Dcgr = Ng(1-As/Ag)/Wp,, where Dcgr is the carboxylic acid
functionalization degree, As and Ay is the UV-VIS absorbance of the sample and reference,
Whpyy 1s the dry weight of 1.0 mL SCPs, Ny is the amount of TBO in the reference in units
of umol. For each group of SCPs, the TBO titration was repeated three times and the
average carboxylic group functionalization degree to obtain the average degree of
functionalization with crotonic acid. To determine the SCPs’ polymer functionalization
degree, the decrease in the adsorption of toluidine blue O of polymer functionalized SCPs
compared to crotonic acid functionalized SCPs was determined: 125 pL of polymer
functionalized SCPs dispersion were dyed by removing the storage water and adding 125
uL of 312.5 uM TBO solution at pH 10 and shaking in the dark overnight (as for the
crotonic acid functionalized SCPs). Afterward the SCPs were washed with water at pH 10
and the grey value was measured by optical microscopy and compared to the grey values
of non-functionalized SCPs and carboxylic acid functionalized SCPs to determine the
functionalization via the equation Dpgr = (1-(GN/Gscp)/AGp where Dpgr is the polymer
functionalization degree, 4G is the difference of grey values between non-functionalized
and carboxylic acid functionalized SCPs (AGg > 0), Gy is the grey value of
non-functionalized SCPs and Gscp is the average grey value of polymer functionalized

SCPs.

SCP adhesion measurements: To obtain the contact area between SCPs and glass
coverslips RICM on an IX 73 inverted microscope (Olympus, Japan) was applied. For
illumination, an Hg-vapor arc lamp was used with a green monochromator (546 nm). An
UPlanFL N 60x/0.90 dry objective (Olympus Corporation, Japan), and uEye CMOS camera
(IDS Imaging Development Systems GmbH, Germany) were used to image the RICM
patterns. The contact radius and the particle radius were determined using the RICM
patterns (supporting information S8). Images with RICM patterns were read out using self-

written image analysis software, contact areas and particle profiles were evaluated using
16



home written software.’!! After adding the SCPs to the ConA coated glass slides the
temperature dependent adhesion measurement were conducted in three cycles: 1) at 20°C
after 30 min equilibration, 2) at 45°C after 60 min equilibration, 3) 20°C after 60 min

equilibration.

Fluorescence microscopy: For fluorescence microscopy measurements 100 pL of polymer
functionalized particles were centrifuged, the supernatant was exchanged by 100 puL of
PBS and afterward 400 pL of type 1 fimbrated E. coli in PBS with an optical density of 0.4
at 600 nm (OD600) were added to the SCPs and shaken for 1 h at either 20°C or 40°C.
After that 20 puL of this solution was added into microwells (u-slide 18 well ibidi GmbH,
Germany). The fluorescence images were taken from the same particles for location of
particles in fluorescence images. For illumination of fluorescence images an Hg-vapor arc

lamp in combination with a GFP filter set.

Conclusion

In summary, a series of different thermoresponsive glycopolymers was synthesized
varying the mannose density and linker hydrophobicity and grafted onto soft colloidal
probes to quantify their temperature-controlled adhesion on ConA surfaces. It was found
that the ligand receptor interactions were influenced by the number of sugar ligands
incorporated into the polymer and that they could be switched upon temperature increase.
When increasing the temperature above the LCST the glycopolymers with the hydrophilic
linker showed larger adhesion, whereas the polymers with the hydrophobic showed no
clear temperature dependent adhesion. Thus, linker-type may have played an important
role in the accessibility of the ligands in the extended coil and collapsed globule
conformations of the polymers. Importantly, a strong hysteresis was observed, i.e. cooling
back to 20°C did not reduce the adhesion back to the initial value before heating. Also the
adhesion of E. coli with the mannose presenting SCPs could be facilitated by a temperature
increase, whereas the detachment upon cooling was not possible. This suggests, that the
design of polymer surfaces with externally controllable ligand-receptor interactions should
avoid entanglements and nonspecific interaction between the polymer scaffold on order to
achieve reversible adhesion upon temperature stimulus. These results give a first
quantitative insight into the changes of in carbohydrate mediated adhesion of
thermoresponsive glycopolymers and provide avenues for the design of capture-release

materials addressing drugs or pathogens.
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S1 Synthesis of N-acryloxysuccinimide

The synthesis of N-acryloxysuccinimide was adapted from Dalier et al.' N-
Hydroxysuccinimide (14.4 g, 125 mmol) was dissolved in 200 mL chloroform at 0°C.
Triethylamine (22 mL, 155 mmol) was added and afterwards acryloyl chloride (10 mL,
125 mmol) was added dropwise. After addition the solution was stirred at 0°C for 30 min
and washed with sodium hydrogencarbonate solution, dried over sodium sulfate.
Chloroform was removed under vacuum until 1/3 of volume was left. By adding 70 mL of
n-hexane the NAS was precipitated. The turbid supernatant was removed and hexane was
removed under reduced pressure (yield 18.09 g, 88%). The remaining yellow oil was
dissolved in Chloroform. This cycle was repeated until the remaining oil was not soluble in

chloroform.

'H-NMR (600 MHz, Chloroform-d) & 6.74 - 6.67 (dd, °J = 17.4, 0.8 Hz, 1H, HI),
8 6.38 - 6.27 (dd, J=16.6, 10.3 Hz, 1H, H2), § 6.20 - 6.14 (dd, *J=10.7, 0.8 Hz, 1H, H3),
§2.89 - 2.81 (s, 4H, H4-7).

3C-NMR (600 MHz, Chloroform-d) & 169,17 (Cquare, 2C, C3), & 161,18 ppm (Cquar, 2C,
C4+5), 8 136,33 (CH, 1C, CI), 8 123,08 (CH, 1C, C2), § 25,75 (CHa, 2C, C6+7).
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Figure Sla 'H-NMR (600 MHz, CDCl;) N-acryloxysuccinimide.
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Figure S1b *C-NMR (600 MHz, CDCl;) N-acryloxysuccinimide.

S2 Synthesis of carbohydrate ligands with different linkers
Synthesis of 3-amino-2-hydroxypropyl-linker functionalized ligands
Synthesis of 1,2,3,4,6-penta-O-acetyl-o-p-mannopyranoside
(:DAC
ACO:C/\OAC
AcO T °
OAc
Scheme S2a: Structure of 1,2,3,4,6-penta-O-acetyl-a-p-mannopyranoside.

a-p-mannose (30.0 g, 166.6 mmol) was dissolved in 500 mL acetonitrile at 0 °C. Then
p-toluenesulfonic acid (3.18 g, 18.5 mmol) was added and the solution was flushed with
nitrogen for 20 min and over the next 20 min acetic anhydride (100 mL, 1.1 mole) was
added and the solution was stirred at room temperature for 48 h. Afterwards the solvent
was removed and the residue was dissolved in 600 mL ethyl acetate and washed with
saturated sodium bicarbonate solution, water and dried over magnesium sulfate. Solvent
was removed under reduced pressure and the product was dried under vacuum (yield:

64.2 g, 99%).
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'"H-NMR (600 MHz, CDCl3) § 6.11 - 5.83 (dd, *Jy;r = 67.2, 1.8 Hz 1H, HI), § 5.50 - 5.09
(m, 3H, H2-4), § 4.34 - 424 (m, 1H, H5), § 4.18 - 3.75 (m, 2H, H21+22), § 2.23 - 2.20 (s,
3H, H6-20), § 2.18 - 2.15 (d, *Juy = 2.4 Hz, 3H, H6-20), §2.09 - 2.07 (s, 3H, H6-20), &
2.06 - 2.02 (s, 3H, H6-20), § 2.02 - 1.96 (s, 3H, H6-20).
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Figure S2a: 'H-NMR (600 MHz, CDCl,) 1,2,3,4,6-penta-O-acetyl-a-p-mannopyranoside.

Synthesis of allyl-2,3,4,6-tetra-O-acetyl-a-p-mannopyranoside and allyl-2,3,4,6-tetra-O-
acetyl-B-p-galactopyranoside

OAc OAc
A R A
COﬁ(\ OAc Co\é(\ OAc
0] K 0]
AcO” Y AcO"

RS AN

Scheme S2b: Structures of allyl-2,3,4,6-tetra-O-acetyl-a-p-mannopyranoside (left) and
allyl-2,3,4,6-tetra-O-acetyl-p-p-galactopyranoside (right).

The synthesis was done according to literature.” The protected sugar (25.5 g, 65.4 mmol)
was dissolved in 410 mL dichloromethane before allyl alcohol (25 mL, 360.9 mmol) was
added. After 30 min of flushing with nitrogen at 0 °C boron trifluoride diethyl etherate
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(250 mL, 1.97 mol) was added dropwise over 15 min and the solution was then stirred for
72 h at room temperature. Afterwards the solution was poured into 1000 mL of ice water.
The organic phase was washed with saturated sodium bicarbonate, water and dried over
magnesium sulfate. Solvent was removed and product was purified via column
chromatography using n-hexane:ethyl acetate (1:1) (yield mannose: 15.99 g, 63%;
galactose 17.75 g, 69%).

'H-NMR  allyl-2,3,4,6-tetra-O-acetyl-a-p-mannopyranoside: (600 MHz, CDCl;) &
5.93-5.86 (tdd, *Juy = 11.3, 5.3, 0.9 Hz, 1H, HS8), 5 5.38 - 5.35 (dd, *Jyi = 10.0, 3.5 Hz,
1H, H4), 8 5.33 - 5.26 (m, 2H, H9+10), 8 5.26 - 5.22 (m, 2H, H2+3), 8 4.88 - 4.85 (d, *Jun
= 1.7 Hz, 1H, HI), 430 - 4.26 (dd, *Jyy = 12.1, 5.3 Hz, 1H, H23+24), § 4.21 - 4.16 (ddt,
Jun=12.8, 5.3, 1.4 Hz, 1H, H5), 5 4.12 - 4.08 (dd, *Juy = 12.3, 2.4 Hz, 1H, H23+24), &
4.05-3.99 (m, 2H, H6+7), 6 2.17-2.14 (s, 3H, H11-22), 6 2.12-2.09 (s, 3H, HI11-22),
02.05-2.03(s,3H, H11-22),82.00 - 1.97 (s, 3H, H11-22).

'H-NMR allyl-2,3,4,6-tetra-O-acetyl-p-p-galactopyranoside (600 MHz, CDCly) 3§
5.90 - 5.80 (td, *Juy = 11.3, 4.9 Hz, 1H, HS8), 5 5.48 - 5.40 (dd, *J=3.7, 1.0 Hz, 1H, HI),
8 5.39-5.32 (m, 1H, H3), 85.31-5.25 (dd, *Juy = 17.2, 1.4 Hz, 1H, H2), § 5.22-5.18
(dd, *Juy = 10.4, 1.1 Hz, 1H, H5), § 5.15-4.97 (m, 2H, H9+10), & 4.25 - 4.19 (t, *Jyy =
6.4 Hz, 1H, H4), 8 4.19 - 4.13 (dd, *Juy = 13.0, 5.1 Hz, 1H, H23+24), § 4.13 - 4.03 (m,
2H, H6+7), 8 4.03 - 3.96 (dd, *Jyn = 13.1, 6.1 Hz, 1H, H23+24), 5 2.14 - 2.11 (s, 3H, Hl -
22),82.08-2.04 (s, 3H, H11-22), 8 2.04 - 2.01 (s, 3H, H11-22), 5 1.97 - 1.94 (s, 3H, H1 -
22).
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Figure S2b: "H-NMR (600 MHz, CDCl;) allyl-2,3,4,6-tetra-O-acetyl-a-p-mannopyranoside.
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Figure S2¢: "H-NMR (600 MHz, CDCl;) allyl-2,3,4,6-tetra-O-acetyl-a-p-galactopyranoside.
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Synthesis of 2’°,3’-epoxypropyl-2,3,4,6-tetra-O-acetyl-a-p-mannopyranoside and 2’°,3’-
epoxypropyl-2,3,4,6-tetra-O-acetyl-p-p-galactopyranoside

OAc OAc
AcOﬁ(\ OAc ACO\C(\O Ac
Aco” C Aco™ ©

0 o}

A A

Scheme S2c¢: Structures of 2°,3’-epoxypropyl-2,3.,4,6-tetra-O-acetyl-a-p-mannopyranoside
(left) and 2°,3’-epoxypropyl-2,3,4,6-tetra-O-acetyl-pB-p-galactopyranoside (right).

The allyl-functionalized sugar (15.5g, 40 mmol) was dissolved in 300 mL
dichloromethane and flushed with nitrogen. Then m-chloroperoxybenzoic acid (14 g,
81.2 mmol) was added and the solution was stirred for 48 h. After that additional m-
chloroperoxybenzoic acid (4.24 g, 24.2 mmol) was added and stirred for another 24 h.
After that 20 ml of dichloromethane was added and washed with saturated sodium
bicarbonate before dried with sodium sulfate. Solvent was removed under reduced pressure
and product was purified via column chromatography using n-hexane:ethyl acetate (3:2)

(yield mannose: 10.1 g, 63%; galactose: 9.86 g, 61%).

'H-NMR  2°,3’-epoxypropyl-2,3,4,6-tetra-O-acetyl-a-p-mannopyranoside (600 MHz,
CDCl3) & 5.39 - 5.33 (m, 1H, H4), 8 5.32 - 5.26 (m, 2H, H2+3), 5 4.93 - 4.84 (dd, *Juy =
34.3, 1.6 Hz, 1H, HI), 64.30-4.26 (m, 1H, HS5), 6 4.14-4.10 (m, 1H, H23+24), o
4.07 - 4.02 (m, 1H, H23+24), 83.92 - 3.79 (ddd, *Juy = 57.3, 11.9, 3.0 Hz, 1H, H6+7),
3.59-3.52 (ddd, *Juy=25.0, 11.7, 5.6 Hz, 1H, H6+7), & 3.22-3.18 (m, 1H, HS), &
2.85-2.82 (m, 1H, H9+10), 6 2.65 - 2.62 (m, 1H, H9+10),  2.18 - 2.14 (s, 3H, HIl1-22),
02.11-2.08(s,3H, H11-22),6 2.06 - 2.03 (s, 3H, H11-22), 6 2.02 - 1.98 (s, 3H, H11-22).

'H-NMR  2°,3’-epoxypropyl-2,3,4,6-tetra-O-acetyl-B-p-galactopyranoside (600 MHz,
CDCl3) 6 5.48 - 5.42 (m, 1H, HI), § 5.39 - 5.33 (m, 1H, H3), 8 5.20 - 5.14 (dd, "y =17.2,
3.7 Hz, 1H, H2), § 5.14 - 5.11 (m, 1H, H4), § 4.30 - 4.25 (ddt, *Juy = 6.7, 3.3, 1.2 Hz, 1H,
H5), 8 4.13-4.05 (m, 2H, H23+24), § 3.92 -3.79 (ddd, *Jun = 55.5, 11.8, 3.0 Hz, 1H,
H6+7), & 3.64 - 3.46 (ddd, *Jyy=82.8, 12.2, 5.4 Hz, 1H, H6+7), & 3.20-3.12 (m, 1H,
HS), 5 2.84-2.77 (dd, *Jup=10.2, 4.8 Hz, 1H, H9+10), & 2.69 - 2.58 (ddd, *Juy = 46.4,
5.3, 2.7 Hz, 1H, H9+10), & 2.16 - 2.12 (d, *Jyy = 1.8 Hz, 3H, H11-22), § 2.10 - 2.06 (d,
=29 Hz, 3H, H11-22), 8 2.04 - 2.02 (s, 3H, H11-22), § 2.00 - 1.97 (s, 3H, H11-22).
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Figure S2d: 'H-NMR (600 MHz, CDClL) 2’,3’-epoxypropyl-2,3,4,6-tetra-O-acetyl-o-p-
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CDCly) 2’°,3’-epoxypropyl-2,3.4,6-tetra-O-acetyl-a-p-
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Synthesis  of  3-amino-2-hydroxypropyl-a-p-mannopyranoside  and  3-amino-2-

hydroxypropyl-B-p-galactopyranoside

OH OH

H B H
Oﬁ(\OH O\@OH
o 0]

HO Y © HO' Y

o) o)

HO]\ HO]\
NH> NH»>

Scheme S2d: 3-amino-2-hydroxypropyl-a-p-mannopyranoside (left) and 3-amino-2-
hydroxypropyl-B-p-galactopyranoside (right).

The epoxy-functionalized sugar (9.7 g, 24.2 mmol) was dissolved in 3 mL acetonitrile.
After dissolving the sugar ammonia solution (25%, 21 mL) was added and stirred for 72 h.
After that the solvent was removed under vacuum and the residue was dissolved in
acetone, precipitated in diethyl ether, filtered and dried under vacuum (yield mannose:

5.16 g, 85%; galactose: 3.71 g, 61%).

'H-NMR  3-amino-2-hydroxypropyl-o-p-mannopyranoside (600 MHz, CD;OD) &
4.80-4.76 (s, 1H, HI), §3.87-3.81 (m, 3H, H8-10), & 3.76 - 3.68 (dd, *Juy = 12.4,
1.5 Hz, 3H, H2+6+7), 6 3.63 - 3.58 (m, 1H, H4), § 3.56 - 3.51 (m, 1H, H3), 3 3.47 - 3.42
(m, 1H, H5), 5 2.95-2.68 (m, 2H, H11+12),5 1.91 - 1.89 (s, 1H, HI3+14),

'"H-.NMR  3-amino-2-hydroxypropyl-p-p-galactopyranoside (600 MHz, CD;OD) 3§
4.85-4.83 (s, 1H, HI), 53.84 - 3.65 (m, 8H, H2-4+6-10), & 3.91 - 3.77 (td, *Jyy = 10.3,
3.4 Hz 1H, H5), $2.99 - 2.77 (m, 2H, H11+12), 5 1.91 - 1.88 (s, 2H, H13+14).
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Figure S2e: "H-NMR (600 MHz, CD;0D) 3-amino-2-hydroxypropyl-a-p-mannopyranoside.
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Synthesis of ethyl-linker functionalized ligand
Synthesis of 2-aminoethyl-a-p-mannopyranoside

OH

HDE’(\DH
Ho” ~°
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1

NH

Scheme S2e: 2-aminoethyl-a-p-mannopyranoside.

2-azidoethyl-2,3,4,6-tetra-O-acetyl-a-p-mannopyranose was synthesized according to

literature.’

0.2 M sodium methoxide in methanol solution (8 mL) was added to 2-
azidoethyl-2,3,4,6-tetra-O-acetyl a-p-mannopyranose (1.5 g, 3.6 mmol) and shaken for
48 h. Afterwards Amberlite-IR120° was added until pH6 was reached. Afterwards,
Amberlite-IR120 was filtered off and methanol was added to the filtrate up to a volume of
25 mL. Then palladium on charcoal (10wt%, 106.5 mg, 1 mmol) was added and the

solution was flushed three times with hydrogen. The solution was stirred for 24 h under

hydrogen atmosphere, filtered and dried under vacuum giving 0.68 g product (yield: 84%).

'H-NMR (600 MHz, DMSO-d;) & 4.63-4.57 (dd, *Juy = 8.9, 1.4Hz 1H, HI),
83.66 - 3.62 (dd, *Juy = 11.6, 2.1 Hz, 1H, HI14-16), & 3.62 - 3.59 (dd *Jyy = 3.5, 1.7 Hz,
1H, HI4+16), §3.59 - 3.54 (m, 1H, H14-16), & 3.49 - 3.45 (dd, *Juy = 8.9, 3.4 Hz, 1H,
HI7),83.45-2.41(dd, *Juy=11.6, 6.1 Hz, 1H, H2), 5 3.39 - 3.28 (m, 3H, H3-7+12+13),
8 3.17-3.16 (s, 4H, H3-7+12+13), & 2.77-2.63 (0, *Jun=6.1Hz, 2H, H8+9), &
1.85-1.78 (s, 2H, H10+11).
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S3  Synthesis of  Poly(N-isopropylacrylamide-co-N-(2-hydroxypropyl)  a-p-
mannopyranoside acrylamide) and Poly(N-isopropylacrylamide-co-N-ethyl a-p-
mannopyranoside acrylamide)

NC st * NC st * NC st *
m p m m P
0 47:OH HO” 0 Hoij HO” o rJ

HO
(0]
(0] 0]
O\
OH OH HO
O- OH @)
HO OH
HO OH "9 “on
HO
HO

Scheme S3a: General structures of Poly(N-isopropylacrylamide-co-N-(2-hydroxypropyl)
a-p-mannopyranoside acrylamide) (left), Poly(N-isopropylacrylamide-co-N-ethyl a-p-
mannopyranoside  acrylamide) (right) and  Poly(N-isopropylacrylamide-co-N-(2-
hydroxypropyl) a-p-galactopyranoside acrylamide) (middle) polymers.

32



Supporting Information

Table S3a: Amount of sugar added during polymer functionalization and reaction yield

after dialysis.

Polymer Amount of sugar added [mg] Yield
3-amino-2-hydroxypropyl- 2-aminoethyl-o-p-
a-D-mannopgranos}éE" by mannopyra};mos% [mg]  [%]

Man(Q -— -— 452 67
Man(HP)1.4 60 - 438 64
Man(HP)1.9 120 -— 435 63
Man(HP)7.5 150 - 540 74
Man(HP)97 3200 - 1358 80

Man(E)1.1 - 26 415 61
Man(E)2.2 - 53 421 61
Man(E)4.6 - 132 441 61
Gal(HP)2.7 150 - 456 63

*for Gal(HP)2.7 3-amino-2-hydroxypropyl-B-p-galactopyranose was used.

Molecular weight of PNAS was calculated from 'H-NMR spectroscopy giving a

M,, = 15340 g mol”", divided by the molecular weight of the monomer giving a number of

repeating units of 90. The ratio of the anomeric hydrogen integral at the carbohydrate in

comparison to the backbone CH-group integral gave similar results to the colorimetric

carbohydrate assay (PSA method). The PSA functionalization degrees were used due to

higher accuracy of the method. By multiplication of functionalization degrees with number

of repeating units and molecular weight of the monomers the molecular weights were

calculated.

Table S3b: Funtionalization degrees determined by 'H-NMR-spectroscopy and phenol

sulphuric acid (PSA) method and the molecular weight calculated from PSA methods

functionalization degree.

Polymer Functjonalization Functionalization ~ Molecular weight
degree ( H-NMR) [%]  degree (PSA) [%] (PSA) [g mol ]

Man0 0 0 10300
Man(HP)1.4 1.3 1.4 10480
Man(HP)1.9 1.8 1.9 10650
Man(HP)7.5 7.4 7.5 11525
Man(HP)97 89.3 96.9 27770
Man(E)1.1 1.3 1.1 10450
Man(E)2.2 2.8 22 10600
Man(E)4.6 4.2 4.6 11040
Gal(HP)2.7 2.6 2.7 10825
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Scheme S3b: Structure of Man0. Green circle indicating a-p-mannopyranoside.

'"H-NMR Man0 (600 MHz, CDCl3) § 7.15 - 5.90 (s, 1H, H4), § 4.15 - 3.90 (s, 1H, H5),
2.32-1.96 (s, 1H, H3) § 1.95 - 1.30 (s, 2H, H1+2), 5 1.28 - 0.94 (s, 6H, H6-11).
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Figure S3a: "H-NMR (600 MHz, CDCls;) of Man0.
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Scheme S3c: Structure of Man(HP)1.4. Green circle indicating a-p-mannopyranoside.

'"H-NMR Man(HP)1.4 (600 MHz, CDCls) & 4.97 - 4.85 (s, 1H, H12), 4.07 - 3.95 (s, 75H,
H5)§2.32-1.99 (s, 76H, H3), 6 1.93 - 1.55 (s, 152H, HI+2), § 1.31 - 0.94 (s, 305H, H6-
11).
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Figure S3b: 'H-NMR (600 MHz, CDCl;) of Man(HP)1.4.
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Scheme S3d: Structure of Man(HP)1.9. Green circle indicating a-p-mannopyranoside.
'H-NMR Man(HP)1.9 (600 MHz, CDCl3) & 7.03 - 5.57 (s, 55H, H4), 5 4.92 - 4.86 (s, 1H,
HI12),64.07-3.92 (s, S56H, H5) 8 2.65 - 1.98 (s, 55H, H3), 6 1.95-1.25 (s, 111H, HI+2),
0 1.19-1.03 (s, 334H, H6-11).
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Figure S3c: "H-NMR (600 MHz, CDCl;) of Man(HP)1.9.
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Scheme S3e: Structure of Man(HP)7.5. Green circle indicating a-p-mannopyranoside.
'H-NMR Man(HP)7.5 (600 MHz, CDCl3) & 6.95 - 5.68 (s, 14H, H4), 5 4.95 - 4.83 (s, 1H,
HI12),84.07-3.92 (s, 14H, H5) 6 2.40 - 1.92 (s, 14H, H3), 6 1.91 - 1.25 (s, 28H, HI+2), §
1.17 - 0.98 (s, 84H, H6-11).
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Figure S3d: "H-NMR (600 MHz, CDCl;) of Man(HP)7.5.
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Scheme S3g: Structure of Man(HP)97. Green circle indicating a-p-mannopyranoside.

'"H-NMR Man(HP)97 (600 MHz, D,0) & 4.95 - 4.85 (s, 1H, H12), § 2.60 - 1.96 (s, 1.18H,
H3),81.95 - 1.25 (s, 2.14H, HI1+2) 8 1.18 - 1.12 (s, 0.12H, H6-11).
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Figure S3f: "H-NMR (600 MHz, D,0) of Man(HP)97.

38



Supporting Information

st
NC

O NH O7 "NH

HO™ 0 KCL))\

Scheme S3h: Structure of Man(E)1.1. Green circle indicating a-p-mannopyranoside.

'H-NMR Man(E)1.1 (600 MHz, CDCl;) § 7.10 - 5.85 (s, 75H, H4), 3 4.90 - 4.85 (s, 1H,
HI2),54.07-3.91 (s, 77H, H5) & 2.40 - 1.95 (s, 79H, H3), & 1.90 - 1.30 (s, 158H, HI+2),
5 1.24 - 0.95 (s, 463H, H6-11).
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Figure S3g: '"H-NMR (600 MHz, CDCl;) of Man(E)1.1.
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Scheme S3i: Structure of Man(E)2.2. Green circle indicating a-p-mannopyranoside.

NH

'"H-NMR Man(E)2.2 (600 MHz, CDCls) § 7.00 - 6.05 (s, 32H, H4), § 4.91 - 4.87 (s, 1H,
HI2),54.20 - 3.82 (s, 40H, H5) & 2.40 - 1.98 (s, 35H, H3), 5 2.00 - 1.31 (s, 72H, HI+2), &

1.30 - 0.75 (s, 203H, H6-11).

649

45

3im

i
161
163

r//
-
|
- - / ,
== = o ¢ / >4
CHCI 3
- I 1 | _/K_. _,n-_ﬁ___—J-u_»J-’L_.AJJ K\_H_____\__
T T T T £
g g 2 " 4 =
T T T T T T T T "I T T I'- T *l T T = T T ml T
05 1.0 85 a0 8.5 8.0 75 7.0 8.5 6.0 5.5 50 45 40 3.5 25 2 15 10 0.0
i1 (ppm}

Figure S3h: 'TH-NMR (600 MHz, CDCl;) of Man(E)2.2.
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Scheme S3j: Structure of Man(E)4.6. Green circle indicating o-p-mannopyranoside.

'"H-NMR Man(E)4.6 (600 MHz, CDCl3) § 6.97 - 5.68 (s, 24H, H4), 5 4.90 - 4.84 (s, 1H,
HI2),5 4.09 - 3.87 (s, 29H, H5) & 2.66 - 1.98 (s, 24H, H3), § 1.95 - 1.25 (s, 48H, HI+2), §
1.20 - 0.96 (s, 149H, H6-11).

+ =3 ES T8 s =

5 - o R sl
| PN
| 5000
L4500
L4000
| 3500
| 3000
| 2500
L2000
| 1500
CHCI,
L1000
1
300
|
)

by 1 - =y 500
P r ) o & s

i = = : = o

fus) = I fus] feel i

T T T r = .. T T T ' I 1 =7 717 [ T T T T T T b | T T T
ws 100 95 9 85 80 7.5 0 6.3 55D 4.0 3.5 0252 15 1 05 0
f1 (ppm)

Figure S3i: '"H-NMR (600 MHz, CDCl;) of Man(E)4.6
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Scheme S3k: Structure of Gal(HP)2.7. Green circle indicating B-p-galactopyranoside.

'H-NMR Gal(HP)2.7(600 MHz, CDCl3) & 6.79 - 5.82 (s, 22H, H4), § 4.97 - 4.90 (s, 1H,
H12),84.06 - 3.90 (s, 31H, H5) § 2.72 - 1.95 (s, 30H, H3), 5 1.91 - 1.25 (s, S1H, HI+2),
1.17 - 1.05 (s, 151H, H6-11).
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Figure S3j: "H-NMR (600 MHz, CDCl;) of Gal(HP)2.7.
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S4 Size exclusion chromatography

Man(HP)97 was insoluble in DMF, therefore, no SEC measurement were executed for this
samples. Having only polystyrene standard at hand and without suitable Marc-Houwink
parameters, the SEC measurements were done for determination of P-values and not for
molecular weight. These measurements show that carbohydrate ligand act as
intermolecular bridges between two polymer backbones. The molecular weight was

determined via 'H-NMR spectroscopy.
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Figure S4a: Size exclusion chromatographies of polymer precursor poly(N-acryloxysuccinimide)
(left) and negative control ManO (right).
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Figure S4b: Size exclusion chromatographies of glycopolymers Man(HP)1.4 (left) and Man(HP)1.9
(right).
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Figure S4c: Size exclusion chromatographies of glycopolymer Man(HP)7.5 (left) and negative
binding control Gal(HP)2.7 (right).
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Figure S4d: Size exclusion chromatographies of glycopolymers Man(E)1.1 (left) and Man(E)2.2
(right).
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Figure S4e: Size exclusion chromatography of glycopolymer Man(E)4.6.
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S5 Phenol sulfuric acid method (PSA)

For analysis of the polymer samples to 125 pL of polymer solution with a specific
concentration depending on the expected functionalization degree of the polymer (see
Table S5) was used. Procedure for polymer sample was the same as for the calibration

curve.

Table S5: For sulfuric acid phenol method used concentration of polymer concentration

based on the expected functionalization degree.

Polymer Amount of polymer used [mg mL'l]

Man0 5.84
Man(HP)1.4 5.83
Man(HP)1.9 2.75
Man(HP)7.5 0.62
Man(HP)97 0.12
Man(E)1.1 5.74
Man(E)2.2 2.66
Man(E)4.6 1.26
Gal(HP)2.7 2.92

S6 Determination of the SCPs elastic modulus

Force-indentation measurement with a NanoWizard 2 AFM provided the elastic modulus
of the SCPs. A silica bead with a radius of 2.3 pm was glued with an epoxy glue onto a
tipless, non-coated cantilever (spring constant 0.32 N/m; NanoAndMore GmbH). Several
force curves were recorded from different particles and analyzed with the novel contact
model developed by Glaubitz et al.* The model considers deformation of the object at two
sites: the indentation site of the AFM probe and at the contact with the solid support. The

respective deformation (d) —force (F) dependence reads:

2
3
3F 1-—1v?
6(F)—<4E- T >+
Rirm

where E is the elastic modulus of the indented SCP, Rgcp its radius, v the Poisson ratio of

wlN

3(1 - UZ)(F + 6W7TRSCP + \/12WT[RSCPF‘C(6WT[RSCP)Z)
1

4E - R.?CP

2
B [9W7T(1 - vz)]3 . R%
E SCP

the SCP, W the SCP adhesion energy with the support surface and R4ry, the radius of the
indenter. The Poisson ration was assumed to be 0.5 (volume conservation upon
indentation). £ and W were free fit parameters. The elastic moduli of FN SCPs were on the
order of 72 kPa and their surface energy varied only marginally between 20 and 30 pJ/m’

for the different fits.
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S7 Reflection Interference Contrast Microscopy (RICM) measurements
Setup

RICM on an inverted microscope (Olympus 1X73) was used to obtain the contact area
between the microparticles and a hard glass surface. For illumination a monochromatic
(530 nm) collimated LED (Thorlabs, Germany, M530L2-C1) was used. An UPlanFL N
60x/0.90 dry objective (Olympus Corporation, Japan), additional polarizers and a quarter
waveplate (Thorlabs, germany) to avoid internal reflections and a monochrome CMOS
camera (DMK 33UX174, The Imaging Source Europe GmbH, Germany) were used to
image the RICM patterns.

Determination of the Contact Radius

RICM was used to measure the contact radius formed by the SCPs resting on the polymer
surface (Figure S2). Polarized light waves reflected from the upper glass surface (/;) and
the surface of the bead (/,) interact to create an interference image. The intensity at a given
position in the image depends on the separation /4(x) between the two surfaces: I(x) = I; +
I, + 2-sqrt(l; - ) cos[2k-h(x) + ], where k = 2nn/A, and n and A are the index of refraction
of water and the wavelength of the monochromatic light, respectively. In order to detect
the interference pattern, stray light was reduced by an ‘antiflex’ technique. This is
accomplished by crossed polarizer and analyzer filter with a A/4-plate placed between the

objective lens and the analyzer.’

PEG particle

objective

Figure S7a: Schematic drawing of the RICM principle.
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Correction Factors

For analysis of the RICM patterns correction factors must be determined for finite aperture
and geometry effects. To obtain the correction factors, we imaged hard, non-deformable
glass beads on a glass surface in RICM mode with a known size and curvature. We
recorded 5 glass beads with a diameter in the range of 20-40 pm (polysciences) and
extracted the intensity profile. Using the profiles, we reconstructed the shape of the beads
and compared it to the known spherical shapes of the glass beads (glass bead radius R

measured by light microscope), and determined the correction factors, see Pussak et al.®

Contact radius determination

To determine the contact radius a of the SCP on the polymer surface we reconstructed the
height profile of the particles from the RICM images (see Figure S3). This was done by
determining the lateral x(i) positions of the i-th minima and maxima by a self-written
IgorPro procedure (Wavemetrics, USA). Next, the vertical position y(i) of the maxima and

minima were determined by

N
=—+c,
(@) 4, 6

where n is the refractive index and A the wavelength. The height profile was then
reconstructed by plotting (i) vs x(i) and fitting the data by a circle equation representing

the assumed shape of the SCP:

(X)) =y, +VR ="

where R is the independently measured SCP radius and y, the vertical shift of the SCP
center due to flattening of the SCP upon adhesion. The fit with ) as the only free fit

parameter intersects with the x-axis and gives the contact radius a.
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Figure S7b Left: schematic representation of the measurement setup. Bottom right: actual intensity
profile of an adherent SCP showing 5 minima and 5 maxima. Top right: reconstructed surface

profile of the SCP and the contact radius a at the intersection of the profile at y = 0.

S8 Instrumentation

Nuclear Magnetic Resonance Spectroscopy (NMR)

'H-NMR and “C-NMR (600 MHz) were measured on a Bruker AVANCE III 600
(Bremen, Germany). As internal standard chemical shifts were referenced to the residual
non-deuterated solvents (CDCls: 'H 7.26, °C 77.16, D,O: 'H 4.79). All chemical shifts are
reported in delta (3) expressed in parts per million (ppm). The following abbreviations

were used to indicate multiplicities: s = singlet, d = doublet, t = triplet, m = multiplet.

Size exclusion chromatography (SEC)

SEC measurements were performed using a ViscotekGPCmax VE2001 system. The
System has a column set compromising one TSK HHR-H, 100 A pore size and 10 pm
particle size, 800 x 5.0 mm [Length x ID]pre-column and two Viskotek TSK GMHHR-M
linear, 10 pm particle size, 300 x 8.0 mm [Length x ID]columns. The columns were
constantly heated to a temperature of 60 °C. N,N-Dimethylformamide (0.05 M LiBr) was
used as eluent at a flow rate of 1 mL min™'. For detection a Viscotek VE 3500 Rldetector
was used. The system was calibrated with poly(methyl methacrylate) standards of a

molecular range from 1430 g mol™ to 1250000 g mol ™.
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Freeze Dryer
An Alpha 1-4 LD plus instrument from Martin Christ Freeze Dryers GmbH (Osterrode,
Germany) was used for lyophilization of all microgel samples. The main drying method

was set to -54 °C and 0.1 mbar.

UV-Vis Spectroscopy

On a dual-trace spectrometer Specord® 210 Plus from Analytik Jena AG (Jena, Germany)
all UV-Vis measurements were performed at 25 °C. Using Win ASPECT PLUS software
the instrument was operated. Protein concentration measurements were pereformed in a
cuvette QX quartz cuvette (d = 1 cm, V = 3.5 mL) from Hellma Anayltics (Miihlheim,
Germany). For determination of sugar concentration the absorption from 350-550 nm was
measured. Using the absorption and a calibration curve the concentration of carbohydrates

was calculated.

Turbidity measurements

Turbidity measurements were executed on a Tepper turbidity photometer with a class 2

laser with a wavelength from 630-690 nm and a light intensity of < 1 mW.

Buffer and media
LB-Medium (PKL1162): 12.5 g of LB Broth (Miller) (powder microbial growth medium)

were dissolved in 500 mL ultrapure water. The powder contains tryptone (5.0 g), sodium
chloride (5.0 g) and yeast extract (2.5 g). Afterwards the solution was sterilized for 30 min
at 121 °C and cooled to room temperature. 50.0 mg of ampicillin and 25.0 mg of

chloramphenicol were added.

PBS buffer

Five tablets of phosphate buffered saline was dissolved in 1 L of ultrapure water. The final
concentrations of the buffer were 0.01 M phosphate buffer, 0.0027 M potassium chloride
and 0.137 M sodium chloride. The pH was checked with a potentiometer and set to 7.4.

LBB buffer

Lectin binding buffer (LBB) was used for all measurements with Concanavalin A. Lectin
binding buffer contains 10 mM HEPES ((4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid) as buffering agent, which was adjusted to a pH of 7.4 with 1 M NaOH. Thereafter,

calcium chloride (1 mM) and manganese chloride (1 mM) and sodium chloride (50 mM)
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were dissolved in the solution. To prevent bacterial growth in the buffer sodium azide was

added to a final concentration of 0.05 wt%

Bacterial culture

E. coli PKL 1162 were grown in LB medium (PKL 1162) overnight in a sterilized test

tube, which was covered with aluminum foil at 37 °C. The tubes were shaken with a speed

of 140 rpm to guarantee a constant mixing of the solution.
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6. Unpublished results

The stiffness of cellular microenvironments is an important factor controlling many
biological processes.'” Changes in material stiffness of cell environments are translated
into biochemical signals and this translation 1is called mechanotransduction.
Mechanotransduction is responsible for a lot of different processes, e.g. stem cell
differentiation or sensing.m’175 Moreover, it could be shown in previous work, how the
elasticity influences ligand-receptor interaction.'® Due to its high influence on ligand-
receptor binding the changes in elastic modulus of thermoresponsive polymer

functionalized SCPs were investigated in dependence of temperature.

At first, thermoresponsive polymers were synthesized via a polymer analog reaction using
the poly (active ester) poly (N-Acryloxysuccinimide) as a polymer precursor. In the next
step, an amine functionalized carbohydrate was reacted towards the polymer backbone
before the remaining active esters were quenched with isopropylamine to create
thermoresponsive polymers with different amounts of carbohydrates and lower critical
solution temperatures (LCST). These polymers were then grafted onto poly (ethylene
glycol) based SCPs. After functionalization, six different SCPs were obtained. One
unfunctionalized SCP only presenting carboxylic acid groups and five SCPs functionalized
with thermoresponsive polymers with different amounts of carbohydrates incorporated in a

range from 0 to 97%.

The elastic modulus was measured via AFM colloidal probe force indentation
measurements. AFM Cantilevers were prepared by UV/Ozone cleaning and application of
two-component epoxy adhesive. The adhesive was used to attach a SiO; colloidal probe
with a diameter of 4.6 um onto the cantilever. After the curing of the glue, the
measurements were performed in lectin binding buffer (LBB). This buffer was used
because it is mandatory for measuring ligand-receptor interactions between the
carbohydrate and lectin due to the activation of lectin binding sites by Ca®" and Mn*"
cations added in the buffer. The measurement was performed by pressing the glass probe
onto the SCPs at below and above the LCST of the thermoresponsive polymers grafted
onto the SCPs (see Figure 18). The polymers LCSTs were between 32.6 °C for PNIPAM
and 40.2 °C for polymer containing 7% carbohydrates. The polymer bearing 97%

carbohydrate did not show LCST behavior and was, therefore, used as a non-LCST control
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polymer. To guarantee a full collapse of polymer chains above the LCST a temperature of

45°C was chosen.
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Figure 18 Scheme of AFM colloidal probe force indentation measurements. The SiO;
colloidal probe glued to the cantilever is pressed onto the SCP (Extend) and retracted

again. The elastic modulus is calculated from the extend curve (red).

As a control experiment crotonic acid (CA) functionalized SCPs were measured at the
same temperatures. Here, the elastic modulus increases with increasing temperature, which

1s in accordance with De Gennes:

~ (7

with E as elastic modulus, T as temperature and & as mesh size of the particle. Not only the
increase in temperature explains the increase in elastic modulus, but also the decrease in
mesh size. The decrease in mesh size comes from the so-called “entropic spring” effect.
The polymer chains crosslinked in the SCPs are in a coiled conformation and, due to
temperature increase, pulling the chain ends together resulting in a contraction and

decreasing mesh size (see Figure 19).
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Figure 19 Scheme explaining the entropic spring effect. Upon temperature increase the
crosslinking ends of polymer chains (black dots) contract due to an expansion of the coiled

polymer chains.

SCPs functionalized with thermoresponsive polymers show a completely different
behavior. The first effect of polymer functionalization is that the mesh size is decreased
because the polymers “fill out” the space between PEG chains (see Figure 20). When
increasing the temperature, according to the temperature dependence of De Gennes, the
elastic modulus should increase but instead, it decreases. The thermoresponsive behavior
leads to a collapse of the grafted polymer chains instead of an expansion. Therefore, the
effective mesh size that was decreased by grafting before is now increased again due to the
polymer collapse. Thus, the decrease in mesh size shows a higher influence than the
temperature increase which is again in accordance with De Gennes. Moreover, the polymer
with 97% of incorporated carbohydrates shows the same behavior as the CA functionalized

SCPs before due to its lack of thermoresponsiveness.

Figure 20 Schematic explanation of increase of the effective mesh size of the SCPs when

crossing the LCST of the thermoresponsive polymer. The swollen polymer coils (left)
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decrease the mesh size of the SCP but when exceeding the LCST they collapse and the

mesh size increases.

The elastic moduli for all thermoresponsive polymers decrease for around 20% (see Figure
21). Due to the use of the same polymer precursor for the synthesis of all those polymers, it
can be analyzed in further studies how the number of repeating units of the polymer can

influence the changes of the elastic modulus.

Additionally, it should be noted that the maximum value for elastic modulus seems to be
given by the polymeric network of the SCP. This is because the values for SCPs
functionalized with CA, PNIPAM and polymer with 97% carbohydrate show the same
maximum value for elastic modulus. This threshold may be reached when the mesh size of

the SCP cannot decrease any further.

clastic modulus [kPa|
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Figure 21 Elastic modulus measured for CA and polymer functionalized SCPs in
dependence of sugar amount. Blue bars show values at 20 °C and red bars show values at

40 °C.
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7.1. List of Abbreviations

General abbreviations

e.g.
IUPAC
uUsS
MFP

P. aeruginosa

UCST
LCST
SPR
QCM
AFM
SM-AFM
SCP-RICM
RICM
SCP

JKR

E. coli

E-modulus

exempli gratia (for example)

International Union of Pure and Applied Chemistry
United States

mussel foot protein

Pseudomonas aeruginosa

upper critical solution temperature

lower critical solution temperature

surface plasmon resonance

quartz crystal microbalance

atomic force microscopy
single-molecule-atomic force microscopy
Soft Colloidal Probe adhesion assay
reflection interference contrast microscopy
soft colloidal probe
Johnson-Kendall-Roberts

Escherichia coli

Elastic modulus / Youngs modulus

Carbohydrate abbreviations

Man
Glu

Gal
GlcNAc
NeuSAc
Fuc

C2

C3

C4

mannose
glucose

galactose

N-Acetyl-glucoseamine
N-Acetylneuraminic Acid

fucose

carbonatom number 2 of carbohydrate
carbonatom number 3 of carbohydrate

carbonatom number 4 of carbohydrate
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C6

carbonatom number 6 of carbohydrate

Amino acid abbreviations

A/Ala
S/Ser
Y

Tyr
G/Gly
P/Pro
N/Asn
R/Arg
W/Trp
K/Lys
D/Asp
H/His
T/The
L/Leu

alanine
serine
dihydroxyphenylalanine
tyrosine
glycine
proline
asparagine
arginine
tryptophan
lysine
aspartate
histidine
threonine

leucine

Chemical Abbreviations

O

N

C

Cl
DOPA
NAS
PNAS
PNIPAM
E/EL
HP/HPL
PEG
CA
ConA
NaCl
LBB

oxygen
nitrogen

carbon

chlorine
3,4-dihydroxyphenylalanine
N-acryloxysuccinimide
poly(N-acryloxysuccinimide)
poly(N-isopropyl acrylamide)
ethyl linker

2-hydroxypropyl linker
poly(ethylene glycol)
crotonic acid

concanavalin A

sodium chloride

lectin binding buffer
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Units, parameters and symbols

% percent

°C degree Celsius

T temperature

nm nanometer

n refractive index water

no refractive index glass

Iy starting light intensity
Lin refracted light intensity

a contact radius

R sphere radius

P external load

k elastic constant of sphere
E Youngs modulus/elastic modulus
v Poisson ratio

Y Energy per unit of contact area
Wadn adhesion energy

Eetr effective elastic modulus
Regr effective radius

F Force

wt% weight percent

M mol/liter

< below

> above

mol% percent of molecules

uv ultra violoett

kg Boltzmann constant

£ mesh size
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7.2. List of Figures

Figure 1 Image of a mussel adhering to a surface after deposition of proteins by mussel
foot and formation of plaque and byssus filament (printed with permission from
Fraunhofer IFAM) and the schematic representation (created with BioRender). The amino
acid sequence of MFP-325 and -5,24 that are active in the adhesion process of mussels,
with marking of 3,4-dihydroxyphenylalanine (DOPA), primary amide and cationic side

chains.

Figure 2 Proposed mechanism of mussel adhesion. The cationic amino acid of MFP-3 or
MFP-5 interacts with the surface removing the hydration layer and building hydrogen
bonds (step 1). Next, the catechol can attach to the surface due to the removal of water
(step 2). In the end the catechol can build hydrogen bonds or other secondary interactions,

coordinative bonds or covalent bonds depending on the surface properties (step 3).**""

Figure 3 Amide resonance leading to a zwitterionic form of amides. The double bond
between nitrogen and carbon (right) lead to double bond characteristics of this bond
leading to a high rotation barrier for amides. The percentage numbers indicate the amount

of each mesomeric form in solution.*?

Figure 4 Schematic presentation of a cell surface. The cell membrane is decorated with
covalently bound carbohydrate chains. Those carbohydrates can interact with different
receptors like cell proteins or antibodies for signaling and adhesion processes, but also

viruses or bacteria can adhere to those ligands to infect the cell.

Figure 5 Schematic presentation of ligand receptor interactions as comparison between
bound and unbound state. Single interaction (top) with one unbound and one bound state

and multivalent interaction (bottom) with one unbound and three different bound states.

Figure 6 Schematic presentation of different multivalency effects. The chelate effect (left,
top) shows the binding of more than one ligand to one receptor in comparison to clustering
(left, bottom) where one ligand binds to more than one receptor building clusters.
Statistical rebinding shows, that the number of binding events stays the same but the
ligands bound to the receptor change (right, top) and sterical shielding where the ligands (3
and 4) hinder the others from binding to the second receptor (right, bottom).
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Figure 7 Structures of terminal monosaccharide moieties found on cell surfaces and their
frequency of occurrence as determined by the group of Seeberger.”® Colored symbols are
the symbol nomenclature of those carbohydrates for a schematic presentation of oligo- and

polysaccharides.

Figure 8 Binding site of Concanavalin A with manganese and calcium ions and mannose
moiety in the binding site with hydrogen bonds between amino acids and binding partners
(left) (adapted from 71). Additionally, a-D-Glucose and a-D-Galactose for comparison
(right). The hydroxyl group on C2 (red circle) does not have an influence on the binding
between mannose and ConA, therefore glucose can also bind to ConA, whereas the
difference in the binding hydroxyl group at C4 (green circle) leads to non-binding of

galactose.

Figure 9 Schematic presentation of mimicking the membrane bound glycocalyx. The
membrane of the cell (left) is exchanged by a polymer backbone and the terminal sugar of
membrane bound oligo- and polysaccharides are presented on the polymer backbone
(right) in a homovalent (right top) or heterovalent (right bottom) fashion. (Glycans adapted
from 54).

Figure 10 Typical routes providing glycopolymers via radical polymerization.
Homopolymerization of glycomonomer giving a homopolymer with high ligand density
(a), copolymerization of glycomonomer with acrylate or acrylamide based co-monomer
giving a copolymer with adjustable ligand density depending on the ratio of m and n and
potentially adjustable architecture (b) and polymeric analog reaction based on
polymerization of an active ester and functionalization afterwards to adjust ligand density

exemplary on active ester N-acryloxysuccinimide (NAS) (¢).

Figure 11 Illustration of different classification possibilities of stimuli-responsive
polymers. One possibility is the classification by the stimulus (top) and the other one by

physical appearance (bottom).

Figure 12 Schematic presentation of a stimulus-responsive polymer undergoing a
temperature induced change in water. Below the lower critical solution temperature
(LCST) the polymer backbone of the polymer coil builds hydrogen bonds to water
molecules. After exceeding the LCST hydrogen bonds are broken and intramolecular
polymer-polymer interactions take place increasing the order in the polymer globule in

comparison to the swollen coil. The release of water increases the systems entropy.
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Figure 13 Schematic image of reflection interference contrast microscopy based soft
colloidal probe (SCP) adhesion assay. When the SCP is not in contact with the glass
surface the interference pattern formed by reflected light leads to a bright spot in the
middle (left). When the SCP gets in contact with the surface the interference pattern has a
dark spot in the middle (right). From this interference pattern radius of contact area (a) and
radius of the particle (R) can be calculated. Two different exemplary images show the

differences visible during the measurement (bottom).

Figure 14 Schematic light beam path during the RICM measurement leading to the

interference pattern by reflection at the interfaces with different refractive indices.

Figure 15 Schematic display of the difference between Hertz and JKR theory. Two
spheres are pressed together with R1 and R2 as sphere radii, load PO, and contact radii a0
depending on Hertz theory and al considering additional attractive forces depending on

JKR theory (adapted from 162).

Figure 16 Schematic presentation of an AFM force indentation measurement to determine
the SCP’s elastic modulus. Shown are the three steps that a measurement can be divided
into (top). The first step (left) is the positioning of the cantilever in the center above the
SCP. In the second step (middle) the glass bead glued to the cantilever is pressed onto the
SCP (extend) before it is drawn into the starting position (retract, right). On the bottom
exemplary extend and retract curves are shown. The numbers show the influence of each
step onto the curve. 1) is the starting position, 2) is the contact between glass bead and SCP

and 3) is the energy needed to overcome adhesive interactions between the glass bead the

SCP.

Figure 17 Schematic structures of oligomers used for adhesion studies. Three groups of
oligomers can be differed: homovalent structures bearing the same functional groups (left),
heterovalent structures bearing two different functional groups (middle) and heterovalent

structures with changed positioning and spacing (right).

Figure 18 Scheme of AFM colloidal probe force indentation measurements. The SiO2
colloidal probe glued to the cantilever is pressed onto the SCP (Extend) and retracted

again. The elastic modulus is calculated from the extend curve (red).

Figure 19 Scheme explaining the entropic spring effect. Upon temperature increase the
crosslinking ends of polymer chains (black dots) contract due to an expansion of the coiled

polymer chains.
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Figure 20 Schematic explanation of increase of the effective mesh size of the SCPs when
crossing the LCST of the thermoresponsive polymer. The swollen polymer coils (left)
decrease the mesh size of the SCP but when exceeding the LCST they collapse and the

mesh size increases.

Figure 21 Elastic modulus measured for CA and polymer functionalized SCPs in
dependence of sugar amount. Blue bars show values at 20 °C and red bars show values at

40 °C.
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