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“Nothing in life is to be feared, it is only to be
understood. Now is the time to understand more,
So that we may fear less.”

Marie Curie
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Abstract

Abstract

Interactions between carbohydrates and lectins at the surface of cells control numerous
biological processes such as fertilization, cell-cell communication, signaling, and bacterial as
well as viral infections. The interactions of lectins and carbohydrates are usually weak, thus
multivalency is a hallmark of carbohydrate-binding, which is of key importance to increase the
affinity and specificity and to control downstream biological functions. These multivalent effects
on the cell surface are highly complex and not completely understood. A valuable strategy to
decipher these mechanisms are well-controlled glycomimetic structures and studying their
interaction with biological targets. These glycomimetics represent simplified analogues of the
complex oligosaccharide structures found on the cell surface, e.g. by only presenting the
terminal carbohydrate unit on the polymer scaffold. Glycomimetic polymer scaffolds can have
various shapes like linear or branched polymers, 2D polymer arrays or microgels. Furthermore,
polymer scaffolds allow the control over the elastic modulus and the hydrophobicity of the
overall structure, which will, in turn, affect the interaction and adhesion properties to cells.
Using so-called responsive polymers, these parameters can be controlled by remotely
“switching” the temperature, pH or other parameters. Importantly, the multivalent presentation
of carbohydrate ligands on polymer scaffolds and thus the specific adhesion cells could be
controlled by such switchable scaffolds as well. This thesis thus aims at synthesizing
thermoresponsive glycopolymer mimetics and investigating their binding properties upon

temperature stimulus.

In the first part of this thesis, thermoresponsive microgels based on poly(N-
isopropylacrylamide) (P(NIPAM)) are functionalized with carbohydrate ligands. By varying the
glycomonomer concentration, it is possible to synthesize a set of microgels with different
carbohydrate densities in a single reaction step below 1 mol%. The microgels show a decrease
in the lower critical solution temperature (LCST) and an increase in size when the carbohydrate
concentration increases. These microgels are able to undergo a 10-fold change in volume
when crossing the LCST, which allows for a drastic change in the ligand density on the surface
of the microgels. To test this effect, binding studies towards the lectin Concanavalin A (ConA)
are carried out indicating that the binding affinity is increased with temperature and the collapse
of the microgels. Additionally, binding studies with Escherichia coli (E.coli) showed stronger
specific binding when the temperature is raised above the LCST. Further studies with
fluorescence microscopy and shorter incubation times showed that it is possible to catch and

release E. coli upon temperature switch (Figure 1a).
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Abstract

In the second part of this thesis, carbohydrate-bearing thermoresponsive polymers are
synthesized via a two-step approach. In the first step, a poly(active ester) is synthesized. In
the second step, amine-functionalized carbohydrates and isopropylamine are grafted onto the
polymer. Using this technique, a set of ten glyco-functionalized thermoresponsive polymers is
produced, and the effect of different carbohydrate linkers, as well as the ratio of the
carbohydrate to the thermoresponsive N-isopropylacrylamide (NIPAM) units, is investigated.
In the binding studies, the polymers serve as temperature-dependent adhesion inhibitors for
ConA and E. coli and a change in the adhesion inhibition can be observed in dependence of
the carbohydrate concentration within the polymer. Interestingly, for polymers with low
amounts of carbohydrate (below 2 mol%), the binding affinity can be switched by temperature
stimulus, and the inhibition of ConA decreases with elevated temperature while the inhibition
of E. coli is enhanced. The coil-to-globule transition of the polymers leads to a different
accessibility of the ligands and causing a different inhibition towards the different sized

receptors (see Figure 1b).

Based on the encouraging results of the first parts, selected carbohydrate-functionalized
microgels are used to prepare thin films on solid surfaces (see Figure 1c). An inhibition and
direct binding assay are carried out, and it is found out that ConA binding is time-dependent,
where for short incubation times (30 min) the binding above the LCST is favored and at long
incubation times (24 h) the binding towards the swollen microgel surface is stronger due to
diffusion of the receptor into the microgel network. The ability of the surfaces to bind bacteria
is tested with E. coli. As seen before, contradicting results compared to ConA binding are
obtained. For an incubation time of 30 min, no differences in binding above or below the LCST
can be observed, while for 24 h the affinity towards the collapsed microgel surface is enhanced.
Overall, these results show, that diffusion times and the size of the receptor are parameters

that lead to diverging binding affinities above or below the LCST of the glycopolymer scaffolds.
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Figure 1. Schematic presentation of the different assays conducted in this thesis. In the first
part (a.) the temperature-dependent binding of carbohydrate bearing microgels towards E. coli
is shown. By raising the temperature above the LCST (40 °C), the binding of bacteria is
enhanced, and more aggregates are formed. In the second part (b.) a schematic
representation of the temperature-dependent adhesion inhibition assays is given. Green
fluorescent protein (GFP) expressing E. coli or fluorescein isothiocyanate-ConA (FITC-ConA)
adhere to a mannan coated surface. By the addition of glycopolymers the adhesion of the
receptor towards the surface is inhibited. In the third part (c.) glyco-functionalized microgels
are coated onto surfaces, and the adhesion of GFP-expressing E. coli and FITC-ConA is

readout at temperatures below and above the LCST.

To summarize, in this thesis, the effects of ligand density on different thermoresponsive
scaffolds as well as their temperature-dependent binding towards different sized receptors in
solution and on surfaces are demonstrated. The results shed new light on contradicting results
in the literature on the specific binding of glycopolymer scaffolds above or below the LCST.
New insights are provided, not only in carbohydrate-lectin based interactions but also for the

development of catch and release devices for pathogens.
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General Introduction

1. General Introduction

1.1 The sweet nature of carbohydrates

Carbohydrates, or simply sugars, are well-known for their role in nutrition and the
mechanical support of tissue, but their decisive functions in more intricate processes such
as cell adhesion and recognition were underestimated for quite a long time. The research
of sugars started with Emil Fischer in 1891, when he was able to solve the spatial shape of
three monosaccharides.!'! These monosaccharides are chiral polyhydroxyalkanals or
polyhydroxyalkanones consisting of three to nine carbon atoms, which can be aligned in a
ring or a chain.”l By combining a wide array of these monosaccharide building blocks
complex oligo- and polysaccharides can be built.®] Moreover, these structures can be
combined through various chemical linkages enabling complex architectures, e.g. linear or

branched (see Figure 2).14]

Bacteria
Lectin

Glycoproteins

Glycolipids

Figure 2. Schematic representation of the cell surface. The lipid double layer with membrane
proteins is shown. On top of some lipids and membrane proteins, oligosaccharides are attached and,
therefore, form glycolipids or glycoproteins. This dense layer of carbohydrates is called glycocalyx,
and it is shown how different receptors interact with these carbohydrates. Examples for receptors

that interact with the glycocalyx are bacteria, viruses, and lectins. Glycans adapted from [5].
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Though this structural diversity carbohydrates represent one of the three classes of
biomacromolecules in the body besides proteins and nucleotides. It was found that
carbohydrates are not only an energy source and structural elements but also are involved
in important biological processes on the cellular level such as signalling, cell-cell
communication, bacterial or viral infection, and fertilization.[®-81 Carbohydrates, mostly oligo-
and polysaccharides, that are involved in these processes are typically attached to lipids
and proteins and form glycoconjugates.®! These different types of glycoconjugates are
found at the surface of cells and form a dense layer, the so-called glycocalyx (see Figure
2).110]

The thickness of this carbohydrate layer can be up to 100 nm, and the composition of the
sugars, especially the terminal sugars is characteristic for each cell type and its stage of
development.'l In Figure 3, the most common terminal monosaccharides that are found
at the glycocalyx are shown. It can be seen that a-D-sialic acid, a-L-fucose and (-D-
galactose make up nearly three-quarters of the terminal saccharides.l'” The main role of
these carbohydrates is to act as recognition markers for e.g., bacteria, cells, or viruses. For
example, a-D-sialic acid is known to bind to the hemagglutinin receptors of the influenza
viruses or pseudomonas aeruginosa starts the infection and colonialization with binding to

o-L-fucose and B-D-galactose.['314.19]

o]

)LNH HoolH OH
o O .
VWL, @ . Wy
R OH HO OH HO s OH
OH  OH OH A
a-D-Sialic acid 26.1% D-Galactose o]
a-anomer 2.3%  N-Acetyl-3-D-Glucoseamine 8.0 % OH
/\/C'f B-anomer 23.0 % s o
R= HO éH § Re OHOH
HO OH
R s i a-D-Glucose 0.8%
‘ HO N0 . -2 -
m HO' HO ~-OH
OH  OH OH /&Q
a-L-Fucose 23.8% o-D-Mannose 8.2% N-Acetyl-D-Galactoseamine

B-anomer 2.2%
a-anomer 2.3%

Figure 3. Chemical structures of the terminal monosaccharides found at the glycocalyx. Their
appearance frequency was determined by Seeberger et all'? Also shown is the schematic

representation of the carbohydrates by the colored symbols.
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As can be seen in Figure 3, the structural diversity of monosaccharides is high and gets
even higher when two or more of them are combined. Only at one monosaccharide, five
different linkage positions of the second sugar are possible, while there are 100 different
structures for trisaccharides.!'®! This high complexity of the carbohydrate chemistry and the
structural diversity of oligosaccharides leads to problems in understanding the biological
role of carbohydrates. But by looking at the natural processes, e.g. the receptors that bind
to the glycocalyx, we can gain an insight into the complex language of carbohydrates.

Specific proteins, which bind to sugars are called lectins.

1.2 Lectins — The sugar communicators

Proteins that specifically interact via non-covalent bonds with carbohydrates and which are
not enzymes or antibodies are called lectins.l'”-"®I The term lectin was first used by Boyd et
al. in 1954 and originates from the Latin word legere, which means to choose.[?%2"1 But the
discovery of lectins started about one century before in 1853 when Charcot and later Lyden
found crystals in the sputum of asthma patients that were later on identified as Galectin-
10.1'6 One of the most significant achievements in glycobiology was the isolation of
Concanavalin A (ConA) by Sumner in 1919 out of the Jack Bean (Canavalia ensiformis).
Afterwards, it was shown that ConA is able to agglutinate not only with erythrocytes but to
distinguish between malignant cells and healthy cells.?>23] With this knowledge, the
importance of lectins was recognized, and in 1972, the amino acid sequence and the 3D-
structure of ConA were solved.?*?51|In general, lectins can be found in every organism and
can be categorized into plant-, viral-, bacterial- and animal lectins and further into different
lectin types. These different lectin types can be, for example, C-type and I-type lectins,
which are mainly located in the membrane of cells or M-type and L-type, which are situated
in the endoplasmatic reticulum.?6l Besides their location in organisms, these lectin types
can be divided through their function and classification. For example, C-type lectins require
Ca?*-ions for their structural function and carbohydrate-binding, whereas I-type lectins must
contain an immunoglobulin-like fold.* 27-2°1 Nevertheless, all lectins exhibit a domain that
binds to the referring mono- or oligosaccharide, which are called carbohydrate recognition

domains (CRDs).% These CRDs bind specifically to one terminal carbohydrate type.

As mentioned, not only single lectins play an important role in glycobiology, but also their
multivalent presentation on organisms, which interact with multiple sugars at the glycocalyx.
For example, bacteria have developed a “sweet tooth” using lectins to adhere to
carbohydrates on the cell surface of a host’s tissue. This bacterial adhesion can be

advantageous when it appears in an appropriate place for the host, or disadvantageous at

3
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a different area of the body. For example, Escherichia coli (E. coli) adhesion in the intestinal
tract of the human body has positive effects for the host, but it can also cause infections

when E. coli is spread into the urinary tract.[”- 31

Of special interest for this thesis are lectins that bind to a-D-mannose units. a-D-mannose
is the fourth most common terminal sugar that can be found on the glycocalyx and as model
lectins such as ConA bind to this carbohydrate, it is particularly well suited for the

experiments in this thesis.['?

1.3 a-D-mannopyranoside binding lectins

1.3.1 Concanavalin A

One of the most important model lectins that bind to a-D-mannopyranoside (Man) is the
plant lectin Concanavalin A (ConA). It is isolated from the jack beans (Canavalia ensiformis)
and was the first lectin of which the primary, as well as the quaternary structure, were
known.?+ 321 | ke most plant lectins, ConA belongs to the legume family, and as calcium
ions are needed to bind to carbohydrates, it is a C-type lectin.[33 At neutral pH, ConA attains
a homotetrameric structure, which consists of four identical subunits with one carbohydrate
recognition domain (CRD) each and a minimum distance of 7.2 nm between them (see
Figure 4).34 Under acidic conditions (pH < 6) dimers of two of these subunits are formed.
The CRDs of the subunits are equal and bind as mentioned to Man as well as a-D-
glucopyranoside (Glc). Even though being able to bind the two different carbohydrates Man
and Glc, ConA is unable to bind either to a-D- or 3-D-galactopyranoside (Gal). The structural
differences of the carbohydrates at the carbon atoms C3-C6 control whether hydrogen
bonds with the CRD can be formed or not. In the case of Gal at the C4 position, the hydrogen
bond is not formed, and therefore, no recognition is possible.?% As a result, Gal is used as

a non-binding control in binding or inhibition assays.®!
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Figure 4.Schematic presentation of the quaternary structure of ConA with a marker on the proteins
CRD (left) (Protein Database code: 1jbc). Additionally, the amino acids and metal ions (Mn?* and
Ca?*) are shown with their spatial arrangement during a binding event with a-D-mannopyranoside
terminally bound on a scaffold R (right). Adapted from [37].

1.3.2 FimH

In 1908 it was assumed for the first time that bacteria could adhere to cells after it had been
reported that Escherichia coli (E. coli) can agglutinate animal cells.i®8 E. coli have so-called
fimbriae or pili attached to their surface that are responsible for the adhesion to cell
surfaces.?¥ This adhesion is mediated via carbohydrate-lectin interactions between the
adhesin FimH located on the tip of those pili and Man moieties on the cell surface. This step
of bacterial adhesion is the initial step in biofilm formation and colonization, leading to
infections.% Urinary tract infections (UTI) are initiated by E. coli and are mainly treated with
antibiotics.*' Due to the development of resistances against antibiotics, it is of major
interest to find new ways of treating those infections and infections of any kind.#?43 One
way to treat E. coli infections is by inhibiting the initial step: the adhesion to cells.?#4-4%]
Therefore, it is important to understand the mechanism that takes place and the protagonist
of the adhesion processes: the adhesin FimH. Adhesins are proteins on the surface of cells
enabling the attachment to biological surfaces with high selectivity via recognizing molecular
motifs.#6-47] FimH selectively recognizes and binds Man (see Figure 5) and, therefore, can
be additionally classified as lectin.[*8l In contrast to most lectins, FimH is a monovalent lectin
able to bind only one mannose moiety as it has been determined in the X-ray structure of

the protein.*



General Introduction

Asp 47 ‘
,,.if'
L .
Asp 54 |
LY
L
Gin 133 & Prg1as O
\" ‘_\\‘\ :_ lle 13 A, R
« J © o Tyrds”
4 A

Asn 135
- -

Asp 140

Figure 5. Schematic presentation of the CRD of FimH. Amino acids responsible for the development
of hydrogen bonds (grey lines) to Man are shown, as well as hydrophobic interactions between the

CRD and Man (red waves).Adapted from [50]

For the development of inhibitors for lectin or bacteria adhesion, it is important to understand
the underlying adhesion mechanisms taking place between ligands and receptors. Here, it
is essential to know that the interactions between carbohydrate and lectin leading to binding
are secondary, non-covalent interactions such as hydrogen bonds and van der Waals
forces. Carbohydrate-lectin interactions also work after the lock-key principle, meaning that
the recognition is depending on the structural properties of the recognition unit of the lectin
and the structure of the carbohydrate ligand. Therefore, a small change in the ligand
structure, such as a different position of a single hydroxyl group or the change of a linker,
can change the ability of a lectin to recognize and bind a carbohydrate.®"l As a single
carbohydrate-lectin binding is weak and to overcome this problem both, ligand and receptor,
are presented in high numbers to interact simultaneously. This effect leads to a stronger
binding and is called multivalency. When comparing both lectins ConA and FimH, a major

difference is the number of carbohydrate recognition domains presented on the lectin.
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Due to its tetrameric structure, ConA is able to bind up to four mannose units, meaning it is
able to show multivalent behavior on an nm scale.** However, FimH can only bind one Man
unit and is, therefore, presented on bacteria in a multivalent fashion to increase the binding

on a ym scale.?

1.4 Multivalency

As the interactions between carbohydrates and lectins are weak, multivalency plays a very
important role in adhesion processes on the cell surface. As mentioned above, by
increasing the number of ligand-receptor binding pairs, the overall strength of interactions
increases. 53-%8 This effect is also present in non-specific interactions and has already been
taken advantage of for inventions such as Velcro. On cell surfaces, the increased number
of ligand-receptor pairs increases not only the binding strength, but also the number of
bound states. If adhesion processes would only be mediated through single ligand-receptor
interactions, there are only two possible states: bound and unbound. But as association and
dissociation of a single ligand-receptor pair show low affinity constants between 10° and
108 M-" ligands need to be presented in a larger number to enhance overall avidity.®* By
increasing the number of ligands on the same scaffold, the number of bound states in
comparison to the unbound state increases. Consequently, a linear increase in binding

partners leads to a non-linear increase in bound states (see Figure 6).
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Figure 6. Schematic presentation of increasing binding by multivalent presentation of ligands and
receptors. A linear increase in the number in binding partners starting at a single pair (left) going to
two (middle) and up to three (right) and their non-linear increase in bound states from one to seven

are shown.
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When a scaffold presents more than one ligand, it enables additional effects that influence
the binding energies. Four different effects can be distinguished (see Figure 7): 1) statistical

rebinding, 2) chelate effect, 3) clustering and 4) sterical shielding.

1) Statistical rebinding: As mentioned above, ligand-receptor interactions depend on the
association and dissociation of the binding partners. Carbohydrate-lectin interactions bind
and rebind very fast due to their weak non-covalent interactions. Therefore, having an
unbound ligand in proximity to a bound ligand increases the binding due to a fast

replacement of the bound ligand by the unbound one.[6%

2) Chelate effect: The chelate effect occurs when two or more ligands presented on the
same scaffold bind to the same receptor at the same time. After the first binding event takes
place, subsequent binding events are favored due to entropic requirements of the first
binding event.[6'621 Chelate binding is highly influenced by the flexibility and size of the
scaffold, as well as the spacing of binding sites of the receptor, but using an appropriate
structure can lead to up to a million times higher binding affinity compared to the monovalent

ligand.[63-64

3) Clustering: Clustering is the binding of multivalent presented ligands towards more than
one receptor. This means that the multivalent ligand acts as a bridging molecule or
crosslinker between receptors and can lead to clusters of receptors and ligands up to

agglomerates and precipitates depending on the concentrations of both molecules. 6

4) Sterical shielding: Ligands that are bound to a receptor can be shielded by the scaffold’s
backbone, which is called sterical shielding. This prevents other ligands from interacting
with the receptors binding pocket and, therefore, a displacement of the receptor-bound
ligand by a competing ligand presenting molecule. This effect has been determined as a
stabilizing effect for the ligand-receptor complex and, therefore, is important for the design

of molecules used for receptor binding.[©!
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statistical rebinding chelate effect
clustering sterical shielding

* £% 4l1%

K= multivalent receptor = multivalent ligand

Figure 7. Schematic presentation of the effects occurring by a multivalent presentation of ligands
and receptors. Statistical rebinding is shown (top, left), where the bound ligand 2 is replaced by ligand
1 due to their proximity. The chelate effect (top, right) shows the binding of two ligands, presented
on the same scaffold, towards the same receptor. Clustering (bottom, left) is the binding of more than
one receptor to the ligands presented on a scaffold. Sterical shielding (bottom, right) is the repulsion
between the backbones and unbound ligands of two glyco-molecules preventing the displacement

of the bound ligands by an unbound one from the other glyco-molecule.
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1.5 Glycomimetics

The glycocalyx is made of oligo- and polysaccharides bound to lipids and proteins on the
cell surface. Due to the high complexity of those molecules and high numbers of
carbohydrates it is, as of yet, impossible to synthesize those highly complex and partially
branched carbohydrate structures.®’1 One approach to mimic the glycocalyx is to simplify
those complex structures on an artificial backbone, e.g. via glycopolymers or particles such
as metal nanoparticles or polymeric microgels.l® To target a certain lectin and control a
biological function, usually, only the terminal carbohydrates need to be considered.®
Depending on the used carbohydrates for the synthesis of a glycomimetic it can be
distinguished between homo- and heterovalent glycomimetics, whereas homovalent
structures only present one type of carbohydrate and heterovalent present two or more.["°-
21 Here, it has to be noted that a glycomimetic presenting a disaccharide, e.g. lactose (beta-

Gal-Glu), is a homovalent structure that binds via the Gal units in case of lactose.

Different architectures of scaffolds for the presentation of carbohydrates are suitable for
further applications. The architectures used for the multivalent presentation of ligands go
from oligomers and linear polymers to dendrimers and polymeric microgels to metallic

nanoparticles (see Figure 8).[1276]

U 0o 9
Glycopolymers

Glycokalyx / 7 ?
i% Glycomicrogels

Glycofunctlonallzed
surface

— W

Glycofunctionalized
metal nanoparticles

Figure 8. Schematic presentation of the glycocalyx (left) and scaffolds used as a glycomimetic (right).
The glycomimetics vary from glycopolymers and -dendrimers, to glycomicrogels and

glycofunctionalized surfaces as well as nanoparticles (top to bottom). Glycans adapted from [5].
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Due to the incorporation of carbohydrate ligands into these architectures the prefix “glyco”
is used, in accordance with the glycocalyx, as for example in glycopolymer.l’’l These
mimetics can be used for the investigation of the interaction mechanisms between receptors
and ligands as well as for diagnostics and different types of therapeutics.[’8-80
Glycomimetics can be used as therapeutics in many different ways such as inhibitors for
the adhesion of bacteria or viruses and, therefore, as an anti-inflammatory agent.[8'-82
Moreover, they show properties to be used as a targeted drug-delivery system. Additionally,
using polymeric backbones as a scaffold for the presentation of carbohydrate ligands gives
the possibility of incorporating additional properties to the glycomimetic.® By using, for
example, stimuli-responsive polymers and functionalize them with carbohydrates, additional
characteristics can be included. Incorporating these stimuli responses into the backbone
gives a higher level of control over the interactions that take place between the carbohydrate

ligands and the lectin receptors.84

1.5.1 Glycopolymers

One important class of glycomimetics are the glycopolymers. These are synthetic polymers
with carbohydrate ligands incorporated into the side chain, at the terminal position, or
both.[85-861 These types of polymers are suitable for different biomedical applications
because the abilities of these glycomimetics can even exceed the binding properties of the
glycocalyx.®”l Therefore, they can be found in different fields of research, such as
biosensors, drug delivery, inhibition, and drugs.’®-2 The synthesis of glycopolymers is
mainly based on radical polymerization techniques. Controlled radical polymerization
techniques such as atom transfer radical polymerization (ATRP) and reversible addition-
fragmentation polymerization (RAFT) are suitable for the synthesis of glycopolymers and
give additional control over the dispersity of the polymer chains, but also free radical
polymerization (FRP) is utilized.®': 9-%41 Moreover, different ways for the incorporation of
carbohydrates into the polymer are suitable. In general, it can be distinguished between two
approaches: 1) (co-) polymerization of carbohydrate bearing monomers or glycomonomers
(see Figure 9, top), and 2) post-functionalization (see Figure 9, bottom). For the first
approach, a carbohydrate monomer with a polymerizable unit needs to be synthesized.
During the intense research on polymer-based glycomimetics, different methods have been
established for the synthesis of glycomonomers, which are often based on (meth-)acrylate
and (meth-)acrylamide as the polymerizable unit.®>%! Using these monomers during the
polymerization, it is possible to synthesize homopolymers presenting a high density of
carbohydrate ligands. These polymers have such a high density of carbohydrates that they

cause negative effects overruling the benefits of multivalency.®”l Therefore, a comonomer
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can be included to decrease the carbohydrate density. This approach has the advantage
that, when choosing a suitable comonomer, the polymer architecture can be controlled, but
in the worst case, no polymer can be synthesized because a copolymerization of both
monomers is not possible.?® To overcome these difficulties during the polymerization, the
post-functionalization approach can be used. Here, a polymer precursor is synthesized
bearing reactive groups such as carboxylic acids, chlorides, anhydrides or active esters and
are later on functionalized to construct a glycopolymer.®®191 Using the post-
functionalization approach enables the synthesis of copolymers that could not be
synthesized by using the corresponding monomers, and a fast synthesis of a library of
glycopolymers with different ligand densities or different carbohydrate ligands is possible.[’"]
Both of these approaches can be used to incorporate additional properties into the
glycopolymer. One class of polymers has especially caught the attention for the combination

with glycopolymers: stimuli-responsive polymers.

Homopolymerization
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Figure 9. Scheme of different approaches for the synthesis of glycopolymers. The
homopolymerization of glycomonomers can be used to synthesize glycopolymers with high
carbohydrate densities (top, left). Using a second monomer during the synthesis gives copolymers
with variable carbohydrate densities and switchable polymer properties (top, right). For the post-
functionalization approach, a homopolymer with a reactive side group (e.g. active ester, anhydride
or acid) is synthesized. In a second step, it is functionalized with carbohydrates and a nucleophile to

synthesize a glycopolymer with different properties and carbohydrate densities (bottom).
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1.5.2 Stimuli-responsive polymers

Stimuli-responsive polymers are a special class of macromolecules that respond to small
changes in their environment by changing their properties such as shape, physical or
chemical properties.l'92-193 These external stimuli can be a change in pH, light, ionic strength
or temperature and, therefore, are called, in accordance with their stimulus, for example,
pH- or thermoresponsive. 841041061 Dye to their response to different stimuli, those polymers
are of great interest for different applications in biotechnology and medicine.['%] Imaginable
applications range from biosensing and biomimetics to controlled drug-delivery.l'8-1%%1 One
of the most-investigated stimuli is temperature due to the consideration of being convenient
for many of the named applications.l"'% There are two different groups of thermoresponsive
polymers. The first group shows an Upper Critical Solution Temperature (UCST) and
dissolves easier at elevated temperatures. The second group of thermoresponsive
polymers exhibits a so-called Lower Critical solution Temperature (LCST), which shows the
exact opposite behavior, meaning that those polymers precipitate at elevated temperatures.
Most LCST-polymers show this behavior in a polar solvent like water. Therefore, each
thermoresponsive LCST polymer is composed of a hydrophilic and a hydrophobic part. On
the one hand, a hydrophilic part is important to build strong intermolecular interactions such
as hydrogen bonds to the solvent molecules below the LCST. On the other hand, a
hydrophobic part is important to build hydrophobic intramolecular interactions above the
LCST. By increasing the temperature, the intermolecular interactions between polymer and
solvent are weakened, and the intramolecular interactions of the hydrophobic polymer parts
increase. When exceeding the LCST, the polymer collapses from a hydrophilic swollen
polymer coil into a hydrophobic polymer globule.l'"'"! The so-called coil-to-globule transition
is only possible by releasing the water. This release leads to an increase in entropy and,
due to the collapse into a hydrophobic globule, the polymer chains precipitate. Well-known
polymers that show LCST behavior are poly(N-isopropylacrylamide) (PNIPAM),
poly(oligoethylene glycol methacrylates) and poly(N-vinylcaprolactam).l''?113  These
polymers are of special interest because their LCST is in the range of the human body

temperature.

13



General Introduction

1.5.2.1 Thermoresponsive polymer PNIPAM

One of the most-studied thermoresponsive polymers is poly(N-isopropylacrylamide)
(PNIPAM).''81 The interest in PNIPAM is partially based on its sharp coil-to-globule
transition at 32 °C.I'"1 The LCST of PNIPAM can be modified, as for every
thermoresponsive polymer, by the incorporation of comonomers to higher or lower values
depending on the used comonomer. Important for the variation of the LCST is the
comonomer’s hydrophilicity. Using a monomer with higher hydrophilicity, than the
N-isopropylacrylamide (NIPAM) monomer, increases the LCST due to stronger hydrogen
bonding with the solvent molecules, whereas a more hydrophobic monomer leads to a
decrease in LCST. But if the amount of NIPAM is too low, the polymer loses its
thermoresponsiveness.[8-1201 Additionally, not only the LCST can be modified but by using
for example methacrylic acid as a hydrophilic comonomer an additional response, here a
pH response can be incorporated into the polymer making it a duo responsive polymer.l'2"]
The combination of two stimuli responses opens up additional possibilities as well as the

incorporation of a comonomer or end group functionalization.

The end groups of PNIPAM can be used to graft the polymer chains onto different scaffolds.
One scaffold that can be used is, for example, a lectin or a protein that specifically binds to
a ligand such as streptavidin.['?2 By grafting onto such a scaffold, it is possible to control
the specific binding of streptavidin and its ligand biotin by temperature stimulus.['?l
Furthermore, it is possible to synthesize hybrid materials using nanoparticles or silica
surfaces as a scaffold.l'?! Hybrid materials offer the possibility to take advantage of
additional properties. By using metal nanoparticles such as gold, a light response can be
used to heat up the sample leading to a collapse of the grafted PNIPAM chains. Moreover,
properties that only metal particles provide can be incorporated in such hybrid materials

when using, for example, Fe;04 particles showing a response to a magnetic field.[125-126]

In this thesis, it is of special interest to combine thermoresponsive polymers with
carbohydrates, vary their architecture, as well as their ligand density, and to see how the
polymer conformation influences binding towards receptors. As described in section 1.5.1,
two different approaches can be applied to integrate carbohydrate ligands into the polymer.
By using a carbohydrate bearing comonomer during the polymerization step or using a
comonomer with a reactive group that can be used to graft a carbohydrate in a second step
is also suitable for the synthesis of many different thermoresponsive glycomimetics.['27-1301
Besides linear polymers also carbohydrate functionalized microgels, which are based on an
LCST-polymer, such as PNIPAM, are of high interest.['31-132]
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1.5.3 Microgels: Structure and responsivity

Microgels are three dimensional crosslinked macromolecules that form colloidal dispersions
and are swollen in a good solvent.['33-134 But the expression “microgel” is often equated with
many different terms such as hydrogel, microsphere, nanogel or macrogel.['3® The term
hydrogel is defined over the solvent used, whereas microgels, as well as macrogels and
nanogels, are additionally defined over their size.l'*¢ Therefore, microgels are a sub-class
of hydrogels. Due to the use of hydrogels in this thesis that meet the requirements of
microgels, the terms “hydrogels” and “microgels” are used equally. Two different types of
microgels can be distinguished based on their type of crosslinking: physically and
chemically crosslinked microgels (see Figure 10).['37-13] The linkage of physically
crosslinked microgels comes from non-covalent interactions such as hydrogen bonding or
ionic interactions. One well-known physically crosslinked microgel is based on alginate.
Adding alginate solution into a solution of divalent ions such as calcium ions (Ca?*)
hydrogels are formed due to interactions between the ions and the guluronic acid units of
the alginate.l'> However, these physically crosslinked microgels are not mechanically
stable, as their properties change over time when the ions diffuse into the surrounding
medium.['401 Chemically crosslinked hydrogels are linked via covalent bonds during
synthesis and, therefore, they have no reversible linkage and show higher stability.['4 To
synthesize chemically crosslinked microgels, a crosslinker is needed. These crosslinking
molecules present two or more polymerizable units as for example, methylene
bisacrylamide (MBA).
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phyS|caIIy crossllnked chem'icall/y crosslinked

Figure 10. Schematic presentation of different types of crosslinking. Physically crosslinked
microgels, here exemplary based on alginate, have crosslinks via non-covalent electrostatic
interactions between Ca?* ions and the carboxylate groups of the alginate (left). Chemical crosslinked
microgels, here exemplary based on PNIPAM, have PNIPAM chains connected via covalent bonds
formed with the crosslinker MBA (right).

Hydrogels offer a wide range of possible applications. Depending on the polymer, which
builds the gel, the type of crosslinking and the combination with additional materials such
as nanoparticles, they can be used for tissue engineering, controlled-release of molecules
(drug-delivery), biosensors and as biomaterials. 4?43 Due to the high uptake of water,
hydrogels show similar viscoelastic properties as human tissue and, therefore, are good

scaffolds to be used as biomimetics.[146-147]
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1.5.3.1 Thermoresponsive microgels

By combining the three-dimensional microgel architecture with thermoresponsive polymers,
thermoresponsive microgels can be synthesized.l'*l PNIPAM is the most used polymer for
the synthesis of thermoresponsive microgels, which are usually synthesized via
precipitation polymerization. The general synthesis of PNIPAM microgels, and the use of
different comonomers, was established by Pelton et al. and the resulting particles became
popular as drug delivery or tissue engineering systems.!'4®! As mentioned in section 1.5.2.1,
comonomers can be used during the synthesis to add additional responses such as pH or
to functionalize the polymers and microgels, respectively, with additional side chains. For
the synthesis of PNIPAM-based microgels, besides NIPAM and a possible comonomer
such as methacrylic acid (MAA) or 2-aminoethyl methacrylate hydrochloride (AMEA) a
crosslinker such as MBA and a radical initiator, e.g. ammonium persulfate (APS), are
needed.['%0-152] A surfactant is not necessary for the synthesis of PNIPAM-based microgels
but can be added to stabilize the particle growth during the polymerization.['*3 Throughout
the synthesis, the thermoresponsive behavior of PNIPAM is used to synthesize narrowly
dispersed microgels. By using the initiation temperature of around 70 °C as reaction
temperature, the formed polymers collapse, nuclei are formed and grow until a critical size
is reached.['%15% To achieve really monodisperse or narrow dispersed microgels, the time
frame of the nuclei growth has to be longer than the time frame of nuclei formation. By using
thermoresponsive microgels, it is possible to control the elastic properties as well as the
water uptake, by the amount of crosslinker used and via temperature change.['*¢ Here, the
same effects take place as in linear polymer chains. The temperature increase reduces
intermolecular interactions and increases intramolecular interactions leading to a release of

water that was incorporated into the polymeric network.['%7]

Thermoresponsive microgels are, as well, suitable scaffolds for biomaterials.l'5® By
incorporating carbohydrate ligands during the synthesis, they can be used as glycocalyx
mimetics.['* Due to the importance of carbohydrate-lectin interactions in many different
infection processes (see section 1.1) they can possibly be used to prevent adhesion of
bacteria or viruses to cells by inhibiting ligand-receptor interactions. Additionally, due to the
thermoresponsiveness, the adhesion of receptors can be switched, which makes them

suitable for catch-and-release devices.[160]
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Grafting those microgels onto surfaces may be interesting for different applications. As
Schmidt et al. found out, who coated surfaces with P(NIPAM) microgels, that cell adhesion
processes strongly depend on the surface hydrophobicity and the elastic modulus, it is not
only important to mimic the carbohydrates on the surface but further to mimic the elastic
properties of the cell itself.'"l Consequently, it is an aim to create carbohydrate
functionalized microgels to enable a switchability of the elastic modulus, as well as the
ligand density presented on the microgel’s surface. Being able to specifically bind cells and
bacteria upon temperature-stimulus to those microgel coated surfaces, makes them

potentially useful as switchable cell culture dishes or to remove bacteria from wastewater.

1.6 Microgel analysis

Since microgels represent very complex structures and are usually in the nanometer size
range, special analytical techniques are required to characterize these structures. The
analytical techniques can be distinguished in methods that analyze the properties of
microgels in solution and on surfaces. In solution, the stability of microgel dispersions is of
great interest for further applications. Therefore, the {-potential can be measured to get a
deeper inside into the surface charge and the electrostatic stabilization, preventing
microgels from aggregation. Additionally, the particle size is of great interest and, for stimuli-
responsive microgels, swelling properties in dependence of the stimulus.['8? To analyze
those characteristics, dynamic light scattering (DLS) is a very suitable method. Moreover,
analyzing thermoresponsive microgels, DLS is suitable to additionally determine the
particles LCST.['63

To analyze microgels, bound onto surfaces, different techniques can be applied. A
prominent example is atomic force spectroscopy (AFM), which can be used to determine
the elastic modulus of surface grafted microgels and the changes that occur upon
temperature shifts.['64-1651 Additionally, AFM can be utilized to determine the packing of
microgels, grafted onto the surface. Another method that can be used to define the
thickness of microgel-layers at surfaces in dependence of the temperature is

ellipsometry.l68l
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1.6.1 Dynamic light scattering

Dynamic light scattering, or photon correlation spectroscopy, is a method to determine
different parameters of suspended particles.['8”] As microgels in solution scatter light, the
scattered light waves of many particles can interfere with each other, leading to fluctuations
when laser light is used. By analyzing these fluctuations in dependence of time for spherical
particles, two different parameters can be determined: diffusion coefficient D and the
hydrodynamic radius Rn. The relation of those parameters is given by the Stokes-Einstein

relation as following:

kT
B 6T[nRh

with kg as Boltzmann constant, T as temperature, n as viscosity of the solvent.['%8 Moreover,
DLS is a suitable method to determine changes in the size of the microgels at different
temperatures. By measuring the hydrodynamic radii over a temperature range, it is possible

to determine the LCST of a thermoresponsive microgel system.['6°]

1.6.2 Atomic force microscopy

To further analyze the particle properties, atomic force microscopy (AFM) can be used. The
AFM method was developed in 1986 by Binning et al. and allows to image the topography
of a surface.['”® Here, the microgels are coated onto a surface, e.g. glass, and washed to
remove multilayers and generate a monolayer of microgels. This surface can now be
scanned with a cantilever resulting in a height profile of the surface.l'%% These height profiles
are generated due to the interactions such as van der Waals forces and repulsive Coulomb
forces between the surface and the cantilever. Additionally, in contrast to electron-based
microscopy, for example, scanning electron microscopy (SEM), the sample is not damaged.
By using these profiles, an image of the surface can be calculated. These profiles give the
size of the microgels coated to a surface in a dry state as well as in liquid.['""l Additionally,
the profile and the calculated image show how the microgels are arranged, and the spacing
between the single particles on the surface can be determined (see Figure 11).['"2
Moreover, besides the determination of the particle size and the surface coating, the AFM
technique can be used to measure the elastic modulus (E-modulus) of the particle system.
For this technique, a low micrometer-sized silicon dioxide particle is glued on a tipless
cantilever and pressed onto the particle leading to a deformation of those. The force-
distance curve measured can then be used to calculate the E-modulus using different

models.[173-174]
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Figure 11. Schematic presentation of atomic force microscopy used for scanning a microgel coated
surface. The cantilever moves upon interacting with the microgel surface leading to a laser
movement on the photodiode. Those movements are transferred into a height profile of the line
scanned. By using height profiles of multiple scanned lines, an image of the microgel coated surface

can be calculated.
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1.7 Methods to determine and characterize carbohydrate—lectin

interactions

As the importance of glycobiology and the interactions at the glycocalyx rose in the scientific
audience, a wide array of assays was developed to determine and characterize
carbohydrate—lectin interactions. Depending on the setup, the assays can be divided by the
presentation of the ligand and the receptor, which can be bound to a surface or be in
solution. Further, the assays not only differ in the presentation of the ligand or receptor but

also if they are performed in a static or dynamic environment.['7]

One of the easiest and fastest assays to determine if a ligand binds to the regarding receptor
is the turbidity assay.['76-1771 Ligand and receptor are in solution, and since most lectins have
multiple carbohydrate recognition domains (CRDs), so-called glycoclusters can be formed
when a multivalent carbohydrate ligand is present. The formation of these aggregates then
leads to a change in the transmission and, therefore, the turbidity assay is a quick indicator
of ligand—receptor interactions. This technique can be utilized to determine the turbidity at
varying ratios of ligands and receptors and further on to compare different carbohydrate
ligands.['"8179 Additionally, this technique can be used to analyze the temperature-
dependent binding of, for example, ConA to carbohydrate bearing thermoresponsive

polymers or microgels.["9. 180]

1.7.1 Inhibition studies

While turbidity measurements are helpful to observe trends and the change of binding in
dependence of the temperature for thermoresponsive glycopolymers and glycomicrogels,
however, these studies say little about the potential to inhibit a binding event. To investigate
the potency of the referring ligands to inhibit the adhesion of lectins and pathogens towards
a cell surface inhibition studies can be performed. A well-known assay for the measurement
of inhibition of ligand-receptor interactions is the enzyme-linked immunosorbent assay
(ELISA). This assay was first established by Perlimann and Engvall in 1971 and was further
developed. In this assay, an antigen or protein is immobilized onto a microtiter plate, and
an enzyme-labeled antibody is added.['8'-182] By adding the enzyme’s substrate, the binding
between antigen and antibody can be detected due to the reaction catalyzed by the enzyme
giving a dye that can be detected via fluorescence spectroscopy.['83-184 Adding an inhibitor
for the antibody-protein/antigen interaction, an inhibition potential can be determined by the

reduction of the enzyme-catalyzed reaction (see Figure 12).['83]
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Figure 12. Schematic presentation of an ELISA with and without inhibitor added. The binding of the
antibody-enzyme conjugate towards protein/antigen, coated onto the surface, can catalyze a reaction
with a substrate giving a dye that can be read out via UV-vis (1). By adding an inhibitor for the binding
of the antibody towards the functionalized surface, the enzyme-catalyzed reaction is reduced, and

an inhibition potential can be determined (2).

Based on this principle, the inhibition of carbohydrate-lectin or carbohydrate-bacteria
interactions can be quantified (see Figure 13). Here, the main difference is that the binding
of fluorescence labelled lectins or bacteria is inhibited, and no enzyme-catalyzed reaction
is used as an indicator for the binding.['8¢! Therefore, a microtiter surface is coated with
mannan to build a model surface that mimics the glycocalyx.['®”l Mannan is a polysaccharide
that belongs to the group of hemicelluloses, containing only mannose and can be extracted
via alkaline treatment of plants or yeast.['8] Next, a lectin, labelled with a fluorescence dye,
e.g. ConA or green fluorescent protein (GFP) expressing bacteria and an inhibitor are
added. Using a microtiter plate allows the analysis of a series of different inhibitor
concentrations in direct comparison to the non-inhibited binding.['® An important step
before the fluorescence signal is read out is that the inhibited receptor that is hindered from
binding to the mannan functionalized surface is washed off.l'®! This measurement is a fast
method to analyze different inhibitor concentrations at once and to determine the inhibition
potency of the investigated inhibitor. To compare inhibitors with each other, the so-called
ICso-value can be used. This value gives the inhibitor concentration, where 50% of the
receptor is inhibited.['®l The ICso-value can be calculated from the slope of the inhibition
curve in dependence of the inhibitor concentration by using the Hill plot. Moreover, due to

the use of many multivalent inhibitors, the inhibitory potential of a single ligand presented
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on a multivalent scaffold can be compared to a monovalent inhibitor to get the relative

inhibition potential (RIP) per ligand.
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Figure 13. Schemes of adhesion inhibition assays. On the left, GFP-tagged E. coli binds to mannan
functionalized surfaces, and the number of bound bacteria can be determined via fluorescence
readout (1). When an inhibitor is added, the inhibited E. coli can be washed off, and the fluorescence
intensity during the readout decreases (2). On the right, fluorescence labelled ConA binds to mannan
coated microtiter surface. The binding is determined via fluorescence readout (3). Adding an inhibitor
that binds to ConA hinders the lectin from binding to the mannan surface and is washed off. Only

small amounts of ConA can bind to mannan and, therefore, leads to lower fluorescence intensities

(4).

In this work, these inhibition assays were used to investigate the adhesion of ConA as well
as E. coli. Both receptors are well-known for their binding towards mannose, but they need
to be labeled with a fluorescence dye for the readout of the adhered receptor on the surface.
Therefore, the E. coli strain PKL 1162 was used due to its GFP gene and the possibility to
detect the expressed GFP via fluorescence spectroscopy. Additionally, the ConA was
labeled with the fluorescence dye fluorescein (FITC). For the inhibition assays,
thermoresponsive glycopolymers were used as inhibitors for the investigation of
temperature-switchable inhibition of these receptors, as well as thermoresponsive

glycomicrogels.
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2. Aims and Outline

Carbohydrate-lectin based interactions are known to mediate various important processes
at the cell surface such as signaling, fertilization or cell-cell adhesion. Also, in diseased
states, such as viral or bacterial infections these interactions play a pivotal role and,
therefore, it is of great interest to understand the underlying molecular mechanisms in more
detail. Single carbohydrate-lectin interactions are usually weak and show low specificity.
Nature overcomes this problem by presenting the ligands in a multivalent fashion and
thereby enhance the overall binding. Since the fundamental binding mechanisms of
structurally complex natural carbohydrates are hard to decipher, it is an aim to create
glycomimetics based on synthetic polymers. With these glycopolymers, it is the aim of this
thesis to gain new insights into the different effects that could influence the binding events,

such as ligand density, ligand spacing and the scaffold properties.

Furthermore, it is an aim to harness the coil-to-globule transition of responsive polymer
scaffolds to control the carbohydrate presentation and thereby carbohydrate binding. The
responsive polymer scaffolds used in this work are based on the LCST (lower critical
solution temperature) polymer poly(N-isopropylacrylamide) (PNIPAM), which has been
shown to “switch” cell adhesion on and off trough changes in surface hydrophobicity and
the elastic modulus.l"®IHere, an aim is to combine the shifts of these “material cues” upon
crossing the LCST with the changes in carbohydrate presentation to create materials with

tunable specific adhesion to carbohydrate-binding receptors and bacteria.

In the first part of this thesis, carbohydrate functionalized microgels are established and
tested for their switchable binding. Via the synthesis of glycomonomers and the
copolymerization of these monomers to form crosslinked spherical PNIPAM microgels, the
sugar units are incorporated into the polymeric network. Further on, the effects of the
carbohydrate density on the microgels’ hydrodynamic radii and swelling properties are
investigated. The temperature-dependent binding of these glyco-microgels is evaluated in
different binding assays towards Concanavalin A (ConA) and type 1-fimbriated Escherichia

coli (E. col).

In the second part, mannose-functionalized thermoresponsive linear polymers are
synthesized via post-functionalization of a poly(active ester) with different carbohydrates.
The resulting series of glycopolymers differ in their carbohydrate linker hydrophilicity, length
and the amount of sugar units on the polymeric backbone. The coil-to-globule transition of

these glycopolymers likely affects the binding affinity of the carbohydrate units, but the
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literature showed inconsistent results, i.e. higher and lower affinities have been reported
upon phase transition. Therefore, using a series of glycopolymers, the binding towards
different receptors (E. coli and ConA) is systematically tested in an inhibition-competition

assay towards a mannan coated surface.

In the last part of this thesis, thin films composed of the synthesized carbohydrate
functionalized microgels are prepared to enable switchable carbohydrate-binding surfaces.
The optimal microgel surface coverage for ConA and E. coli binding is analyzed via atomic
force microscopy and fluorescence readout. The coated surfaces are analyzed towards
their temperature-dependent binding properties towards E. coli and ConA, and especially
different incubation times are tested. Furthermore, the ability to release the bound receptors

by washing with buffer below or above the LCST is tested.
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3. Conclusion and Perspectives

The synthesis of thermoresponsive carbohydrate-functionalized microgels and polymers
and their binding towards different receptors in solution and on surfaces was studied. The

following main results were obtained:

1) It was confirmed that the binding between carbohydrates and receptors could be
controlled via temperature stimulus.

2) It was shown that the temperature-induced coil-to-globule transition can lead to an
increase or decrease of the binding affinity depending on the accessibility of the
carbohydrate units, which in turn depends on the size of the receptor target.

3) A full reversibility of carbohydrate mediated interactions to the polymer scaffolds by
“switching back” the temperature stimulus was not obtained in most instances. This can

be attributed to a large reswelling hysteresis of the polymer scaffolds.

In the first part of this thesis, a set of microgels with varying densities of carbohydrate units
was synthesized. Therefore, glycomonomers were synthesized first using the
carbohydrates a-D-mannopyranoside (Man) and 3-D-galactopyranoside (Gal). These two
ligands were used because the tested receptors for the inhibition studies, Concanavalin A
(ConA) and Escherichia coli (E. coli), specifically bind to the Man moiety but are unable to
bind Gal and, therefore, the latter was used as non-binding control. First, Man and Gal were
functionalized with protecting groups to enable the successful functionalization with
hydroxyethyl methacrylamide (HEMAm) in the next step. With the combination of Man and
Gal with HEMAm, two different glycomonomers N-(2-(a-D-
mannosepyranosyloxi)ethyl)methacrylamide (ManEMAmM) and N-(2-(B-D-
galactopyranosyloxi)ethyl)methacrylamide  (GalEMAm) were synthesized. These
glycomonomers were used to construct microgels with different carbohydrate densities in a
single reaction step. By using the radical copolymerization procedure of poly(N-
isopropylacrylamide) microgels with a bifunctional cross-linker (N,N’-
methylenebiacrylamide) (MBA), large amounts of the initiator ammonium persulfate (APS),
the surfactant sodium dodecyl sulfate (SDS), and varying amounts of the glycomonomers

a set of different microgels was synthesized.

The carbohydrate density for the microgels ranged from 0 pmol/g to 67 pmol/g, which
corresponded a maximum carbohydrate/NIPAM ratio of 0.8%. The dynamic light scattering
(DLS) analysis showed that with an increasing amount of carbohydrate ligands, the

hydrodynamic radius, as well as the polydispersity index, increased whereas the swelling
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ratio was in the same range for all microgels. Moreover, the lower critical solution
temperature (LCST) decreased with an increasing Man functionalization degree, which was
unexpected due to the hydrophilicity of the glycomonomers that should reduce the tendency
for a hydrophobic collapse of the PNIPAM. For the investigation of ConA binding towards
the microgels in solution, a Bradford assay was carried out after the incubation of both and
filtration of the aggregates below the LCST. The assay showed that with a carbohydrate
density of 15 umol/g only 8% of ConA could be adsorbed on the microgels but having a
density of 32 ymol/g almost 90% could be bound. The temperature-dependent binding of
ConA was determined via turbidity measurements showing that not only the interactions
were specific but also that the reswelling of the microgel system was hindered when ConA

was bound to the microgels.

The temperature-dependent binding between microgels and receptors as well as the
potential release of receptors upon temperature stimulus was additionally investigated using
E. coli as a receptor. Therefore, temperature-dependent E. coli-microgel aggregation was
investigated showing that, in contrast to the binding of ConA, even for the microgels having
only 32 umol/g Man incorporated, a temperature-dependent aggregation could be
observed. Only at a high Man content of 67 umol/g, no temperature-dependent binding was
observed. Furthermore, an aggregation-filtration assay was carried out to quantify the
number of bacteria that are bound onto the microgels. Microgels and bacteria were mixed
below and above the LCST, and the effectiveness of capturing bacteria was determined by
filtrating the aggregates and quantifying the growth of non-captured bacteria on agar plates.
The results show that for all mannose bearing microgels, the temperature increase leads to
lower numbers of colonies formed, meaning that at above the LCST the binding between
bacteria and microgel is improved. For the microgel sample with 32 umol/g carbohydrates,
nearly all bacteria could be bound during the assay at elevated temperatures. For all these
assays, neither galactose bearing microgels nor non-functionalized PNIPAM microgels
showed any binding, indicating that the microgel-bacteria binding was due to specific

interactions.

Taken together, a straightforward method for the synthesis of carbohydrate-functionalized
microgels was achieved, and the binding of ConA and E. coli to the microgels in solution
proved to be temperature-dependent. All in all, different effects may contribute to the
improved binding above the LCST, like reduced steric repulsion and an increase of sugar
density on the microgel surface but it was shown that a modest temperature change at

around 30 °C enables the control over ligand affinity.
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In the second part of this thesis, the binding of linear, non-crosslinked thermoresponsive
glycopolymers was investigated in solution. All glycopolymers, synthesized via a two-step
approach by a collaboration partner, were composed of PNIPAM and presenting Man or
non-binding control Gal units on the polymer backbone with two different linkers. The linkers
used for the synthesis were an ethyl linker (EL) as well as a 2-hydroxypropy! linker (HPL)
giving a total of ten polymers (eight Man, one Gal, and one unfunctionalized) with a
carbohydrate amount of 0% to 97%. Here, the influence of the receptor size of ConA as well
as E. coli on the temperature-dependent binding strength was investigated. The first
analysis of the polymers showed that with an increasing amount of Man the LCST increased
up to 40.2 °C for 7% of carbohydrate incorporated and with a higher carbohydrate amount
no LCST below 45 °C could be observed and the linkers did not show any influence on the
LCST. After the successful characterization of the polymers, first binding studies with ConA
were carried out. Here, the different linkers influenced the binding, where the more
hydrophobic linker EL showed more stable polymer-lectin complexes via temperature-
dependent turbidimetry studies. Overall, the turbidimetry studies confirmed that an
increased number of Man units leads to a more persistent clustering with ConA and that the
linker affects the cluster formation. Next, these polymers were used as inhibitors for the
binding of ConA and E. coli towards a mannan coated microtiter surface. For the
measurements with E. coli, an increased Man functionalization leads to a stronger inhibition
of the bacteria adhesion towards the surface. By comparison of ManEL and ManHPL
polymers with the same carbohydrate concentration, it can be seen that higher inhibitory
potentials were measured for the more hydrophobic linker ManEL. This was attributed to a
higher lectin-binding affinity of the hydrophobic linker, which was observed before in the
literature.l'®% For polymers with a functionalization degree of 1 to 2%, the inhibition was
increased for globular polymer conformations above the LCST. At higher Man
concentrations within the polymer the cloud point was above 40 °C, indicating that the coil
to globule transition did not take place and, therefore, no differences in the inhibition
potential could be observed. The Hill coefficients were determined, and an increase in
binding cooperativity could be observed at elevated temperatures for all polymers with less
than 5 mol% of Man. This leads to the assumption that the coil-to-globule transition of these
polymers increases the adhesion inhibition of E. coli towards the mannan surface. The
temperature-dependent adhesion inhibition studies with ConA confirmed higher inhibitory
potentials for increased carbohydrate densities. However, it could be noted that for the
temperature-dependent measurements, the majority of the polymers showed no increase
in inhibition when raising the temperature above the LCST. This is explained by the small
size of ConA compared to E. coli. ConA is a nanometer-sized receptor with a CRD-CRD

(carbohydrate recognition domain) distance of a minimum of 7.2 nm (see section 1.3.1).
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Below the cloud point, the polymers were swollen, and in a similar size range, thus the
polymers were able to bind more than one CRD. When exceeding the LCST, the polymer
collapses and shrinks in size only able to bind one CRD even though the hydrophilic ligand
is presented in a higher density on the surface of the globules. Taken together, for polymers
with low functionalization degrees, a large shift in affinity towards the different receptors
was observed. The results from the inhibition studies with ConA and E. coli gave first
insights that the conformation of the glycopolymers and glycomimetics, in general, is an
important factor. Further, first insights into the size-dependence of ligand-receptor

interactions, and first explanations of contradictory results of the literature are given.

In the third part of this thesis, it was the aim to study the temperature-dependent
carbohydrate binding on surfaces. Therefore, a set of three different microgels, which were
synthesized with different carbohydrate densities and different glycomonomers was
synthesized to prepare surface coatings. The surface coatings were prepared on
polystyrene surfaces, and the conditions were optimized to obtain microgel monolayers.
This was confirmed via atomic force microscopy and fluorescence readouts. Next, the
binding of ConA to the prepared surfaces was tested via an inhibition assay and direct
binding assay for different incubation times of 30 min and 24 h. The inhibition showed that
for short incubation times, ConA was more strongly bound above the LCST. For longer
incubation times, the ConA binding strength increased. Importantly, given longer incubation
time ConA binding was stronger below the LCST suggesting diffusion of ConA into the
microgel layer and multivalent binding. On the other hand, when studying the inhibition of
E. coli adhesion to the microgel surfaces, stronger binding was observed above the LCST
at short and long incubation times. This is explained by the inability of E. coli to diffuse into
the microgel network, i.e. binding is restricted to the surface of the microgel layer. Since the
microgel surface attains a smooth structure where the hydrophilic carbohydrates units are
likely in contact with the solution phase, the E. coli binding is always enhanced when raising
the temperature above the LCST. Overall, these experiments showed that by changing the
temperature, the affinity of the surfaces can be changed and that this effect can be different

when different incubation times are applied.

Overall, the main aim was to shed light into carbohydrate-lectin-based interactions and to
see whether it is possible to control the binding affinity towards different receptors by a
temperature stimulus. As shown in this thesis, combining specifically interacting
carbohydrate scaffolds with thermoresponsive properties can result in quite intricate effects.
Nevertheless, this thesis provides first insights into the underlying principles that will allow

for a promising platform to create capture and release devices for pathogens and other
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carbohydrate-binding species. The discussed effects of parameters such as receptor size,
inhibitor size, solution or surface studies and temperature as well as time dependence shed

new light on the ongoing contradicting results in the literature.

Based on the results in this thesis, future studies could be performed on glyco-functionalized
microgels and polymers. Microgels capable of releasing receptors upon temperature
stimulus should be improved in terms of material parameters like the size, the swelling ratio,
the positioning of the ligands, the cross-linking density or by including zwitterionic residues
into the polymer network. For example, the microgels could be designed in a core-shell
structure, where the carbohydrates are located in the core of the microgels and get exposed

via the temperature stimulus.

Additionally, it would be interesting to bind, for example, ConA to microgels or nanometer-
sized silica-particles, to create a medium-sized receptor (compared to ConA and E. coli) for
future binding studies. Furthermore, the coupling of other biological ligands to the microgel
matrix could be investigated. For example, ligands with a different degree of hydrophobicity,
like biotin (hydrophobic) and hyaluronic acid (hydrophilic), could be used. In addition, using

glycan mimicking multivalent ligands would offer interesting prospects for further studies.
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ABSTRACT: The synthesis of carbohydrate-functionalized thermosensitive poly(N-
isopropylacrylamide) microgels and their ability to bind carbohydrate-binding pathogens
upon temperature switch are reported. It is found that the microgels” binding affinity is
increased above their lower critical solution temperature (LCST), enabling thermo-
triggerable capture of pathogens. Here, a series of microgels with comparatively low
mannose functionalization degrees below 1 mol % is achieved by a single polymerization

step. Upon increase in mannose density, the microgel size increases, and the LCST

decreases to 26 °C. Clustering with concanavalin A indicated that binding affinity is enhanced by a higher mannose content and
by raising the temperature above the LCST. Binding studies with Escherichia coli confirm stronger specific interactions above the
LCST and formation of mechanically stable aggregates enabling efficient separation of E. coli by filtration. For small incubation
times above the LCST, the microgels’ potential to release pathogens again below the LCST is confirmed also. Compared to
existing switchable scaffolds, microgels nearly entirely composed of a thermosensitive material undergo a large change in
volume, which allows them to drastically vary the density of ligands to switch between capture and release. This straightforward
yet novel approach is likely compatible with a broad range of bioactive ligands. Therefore, thermosensitive microgels represent a
promising platform for the specific capture or release of cells or pathogens.

KEYWORDS: responsive material, temperature stimulus, LCST, PNIPAM, glycocalyx, lectin, multivalent binding

1. INTRODUCTION

Multifunctional micro- and nanoparticles that can recognize
chemical moieties and capture or release specific compounds
are particularly relevant in biomedical research, for example, in
sensing, targeting, or drug administration."”” With the
discovery of responsive polymer networks, the release of
drugs and the activity of targeting moieties of the particles
could be controlled by various physical stimuli, for example,
temperature, light, pH, or ionic strength.” A particular relevant
class of responsive particle systems are thermosensitive
microgels composed of polymers with an LCST in the
physiological temperature range. Such microgels are typically
composed of poly(N-isopropylacrylamide) (PNIPAM), poly-
(N-vinylcaprolactam), or poly(oligo ethylene glycol acryl-
ates).” Due to entropic reasons, raising the temperature above
the LCST eliminates the hydration layer at the polymer
backbone, and the network forms polymer—polymer contacts
instead. This triggers the transition from a highly hydrated and
swollen state to a hydrophobic state where the microgel
network collapses. The microgels then become hydrophobic,”
the elastic modulus® increases, and the surface roughness and
steric repulsion’~ decrease. The thermoresponsive control
over hydrophobicity, steric repulsion, and elastic modulus of
microgels has been frequently used to construct surfaces for
triggerable bioadhesion. These materials take advantage of the

W ACS Publications  © 2019 American Chemical Society

fact that the adhesion of cells strongly depends on surface
hydrophobicity and elastic modulus.'”™'* An exceptionally
successful application of thermosensitive microgels is the
generation of switchable cell culture surfaces.”"*'" Above the
LCST, these systems allow for cell adhesion and cultivation,
whereas release of cells below the LCST can be triggered for
further processing. Another class of thermoresponsive
materials capable of triggerable bioadhesion are polymer
brushes.”” ™" Compared to microgels, such polymer brushes
offer higher structural precision but require significantly
increased synthetic effort and are considered less robust.

It should be noted that microgels or polymer brushes
composed of thermoresponsive polymers are not selective
regarding the type of cells or bacteria that are adhered or
released by an external stimulus. In this regard, carbohydrates
could prove useful to induce selective binding in thermores-
ponsive polymers since they control nearly all adhesive
processes on the cellular level.'® Such specifically interacting
carbohydrates are particularly interesting for capturing
clinically relevant bacteria or viruses that express carbohydrate

: 1921
receptors at their surface.” Therefore, several groups

Received: May 16, 2019
Accepted: July 8, 2019
Published: July 8, 2019

DOI: 10.1021/acsami.9b08537
ACS Appl. Mater. Interfaces 2019, 11, 26674~26683



ACS Applied Materials & Interfaces

Research Article

described thermoresponsive polymers presenting the corre-
sponding carbohydrate ligands to control the binding of
receptors or bacteria.””~>” As of yet, these systems are typically
based on polymer brushes grafted on nanoparticles or 2D
surfaces. To be able to switch adhesive interactions via a
temperature stimulus, the carbohydrate ligands are either
presented or buried in a polymer brush, which requires a high
degree of structural control and a significant synthetic effort.
For example, Gibson et al. established long PNIPAM brushes
on gold nanoparticles incorporating shorter carbohydrate-
bearing chains that would be exposed predominantly above the
LCST when the PNIPAM chains are collapsed.”

In this work, we present a microgel-based approach to the
thermosensitive display of carbohydrate ligands to control
bacterial adhesion. Compared to polymer brushes, microgels
offer a straightforward synthesis and incorporation of
carbohydrate ligands by copolymerization. In addition, micro-
gels may exhibit increased robustness (no surface chemistry)
compared to the highly optimized brush systems reported
before. However, the simple one-step synthesis of microgels
offers little control of the ligand position in the network, which
may render it difficult to switch the ligands in an activated or
deactivated state upon a temperature stimulus. Nevertheless,
thermosensitive presentation of carbohydrates in microgels
should be achieved by increased ligand density upon microgel
collapse above the LCST (Figure 1). In addition, it could be

T FimH receptor @ Man ligand " PNIPAM backbone

heating

R

-—

cooling
reduced strong
binding binding

T<LCST T=>LCST
Ry, ~ 300 nm Ry ~120 nm

Figure 1. Schematic illustration of carbohydrate-functionalized
PNIPAM microgels and the proposed change of bacteria binding
upon varying the temperature below (left) and above (right) the
LCST. Above the LCST, the microgels become hydrophobic, and the
hydrodynamic radius (R,) decreases by a factor of 2—3. This
potentially leads to surface enrichment and an overall increase in
carbohydrate density, amplifying specific binding to carbohydrate
receptors.

expected that hydrophilic moieties such as carbohydrates tend
to enrich at the surface above the LCST since the PNIPAM
segments become hydrophobic, minimizing contact to the
aqueous phase.zx Such an increase in carbohydrate density and
surface presentation might enable multivalent binding to
receptor units, also called the “cluster glycoside effect”,” ™'
facilitating strong binding to pathogens. The release of
pathogens from microgels below the LCST could be expected
owing to the lower carbohydrate ligand density and repulsive
steric interactions of the swollen polymer network. The aim of
this work is to show the feasibility of temperature-controlled
presentation of carbohydrate ligands in microgels and to apply
this concept for the triggered capture of bacteria. Therefore, we
synthesize @-pD-mannopyranoside (Man)- and f-p-galactopyr-
anoside (Gal)-functionalized microgels at varying degrees of
functionalization and then study temperature-dependent
binding to a Man-specific carbohydrate receptor (concanavalin

A (ConA)) as well as to Escherichia coli as a Man-binding
model pathogen. The binding assays are conducted by
colorimetry, fluorescence microscopy, aggregation/filtration,
and turbidimetry, which allowed us to confirm thermally
controllable adhesion of bacteria and proteins on microgels.

2. EXPERIMENTAL SECTION

2.1. Materials. N-Isopropylacrylamide (NIPAM) (99%), NN'-
methylenebisacrylamide (MBA) (99%), ethanol (>99.8%), acetic acid
(99.8—100%), (3-glycidyloxypropyl)-trimethoxysilane (>98%), p-
toluic acid (98%), phosphate-buffered saline (PBS) tablets, sodium
methoxide (>97.5%), Amberlite IR 120 (hydrogen form), acetic
anhydride (99.5%), concanavalin A from Canavalia ensiformis (type
1V), thodamine B isothiocyanate mixed isomers (RBITC), manganese
chloride (99%), sulfuric acid (95—98%), ammonium persulfate (APS)
(98%), and LB broth (Miller, powder microbial growth medium)
were all purchased from Sigma-Aldrich. Sodium dodecyl sulfate
(SDS) (>99%), tetrahydrofuran (99.8%), ethyl acetate (99.5%), and
dimethyl sulfoxide (>99.9%) were purchased from Acros Organics.
Sodium chloride (99.98%), phenol (99%), acetonitrile (HPLC
gradient grade) (>99.9%), magnesium sulfate (laboratory reagent
grade), and chloroform (99.9%) were purchased from Fisher
Scientific.

2.2. Microgel Synthesis. The polymerization was carried out in a
100 mL three-necked flask fitted with a condenser. In 75 mL of
ultrapure water, 0.7 g of N-isopropylacrylamide (NIPAM, 6.19
mmol), 0.05 g of N,N’"-methylenebisacrylamide (MBA, 0.324 mmol),
and 0.025 g (0.087 mmol) of sodium dodecyl sulfate (SDS) were
added. Additionally, the deprotected glycomonomer was added
(Supporting Information S1). The used amounts of the different
glycomonomers were 180 mg (0.618 mmol), 85 mg (0.309 mmol),
and 18 mg (0.062 mmol) for the Man-containing microgels
(Supporting Information S2). The solution was stirred at 350 rpm
with a magnetic stir bar and heated to 70 °C under a nitrogen purge
for at least 40 min to remove dissolved oxygen. Next, the initiator
ammonium persulfate (0.2 g; 0.9 mmol) was dissolved in 5 mL of
ultrapure water and added to the reaction solution afterward to start
the polymerization. During the reaction, the solution was continu-
ously purged with nitrogen and stirred with 350 rpm. The reaction
was stopped after 55 min by cooling with an ice bath. After filtration
by glass wool, the reactants were removed by repeated centrifugation
at 10,000g and washing with water.

2.3. Colorimetric Assays. The phenol sulfuric acid method was
used to quantify the number of glycomonomers that were included
into the polymeric network. First, a calibration curve was established
using previously reported procedures.”” ** A stock solution of 320
#M methyl @-p-mannopyranoside (MeMan) and dilution series of 20,
40, 80, and 160 uM in water were prepared. To 125 uL of each
solution, 125 L of a 5 wt % phenol solution in ultrapure water was
given and thoroughly mixed, followed by rapid addition of 625 uL of
concentrated sulfuric acid and incubation for 30 min at ambient
temperature. The absorbance intensity was measured at 490 nm via
UV—Vis spectroscopy. For the measurements of the microgel
samples, mixtures of 125 uL of a 0.5 wt % microgel dispersion and
125 pL of a 5 wit% phenol solution in ultrapure water were prepared.
Afterward, 625 pL of concentrated sulfuric acid was added rapidly and
incubated for 30 min at ambient temperature. Cooled solutions were
centrifuged at 10,000g for 20 min, followed by analysis of the
supernatant.

To quantify ConA binding to microgels, the Bradford assay
employing a dye solution of Coomassie brilliant blue G-250 was used.
The dye solution according to Selinger and Zor™” was composed of
0.02% Coomassie brilliant blue G-250, 5% aluminum sulfate hydrate
(18), 5 vol % ethanol, and 10 vol % orthophosphoric acid. All
measurements were carried out on nontreated Corning 96-well clear
flat-bottom polystyrene microplates (Sigma-Aldrich, Steinheim,
Germany). First, a ConA stock solution in lectin binding buffer
(LBB) (0.25 mg mL™"), a dilution seties (down to 5 pg mL™"), and a
calibration curve (Supporting Information $3) was established. For all
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Figure 2. (a) Chemical structures of monomers for the microgel synthesis and (b) resulting microgels with different ligand densities: Man0.2,
Man0.4, and Man0.8. (c) Pictures of colorimetric phenol sulfuric acid assay indicating different carbohydrate concentrations within the microgels.

Table 1. Microgel Preparation Recipes and Carbohydrate Concentration of the Microgels As Determined by Phenol Sulfuric
Acid Method”

microgel NIPAM ManEMAm GalEMAm reaction ratio of carbohydrate/ carbohydrate density carbohydrate/NIPAM ratio in

sample (mmol) (mmol) (mmol) NIPAM (%) (umol g*) microgel (%)
Man0.8 6.2 0.618 0 10 67+ 5 0.8
Man0.4 6.2 0.309 0 5 3Zx3 0.4
Man0.2 6.2 0.062 0 1 152 0.2
Gal0.2 6.2 0 0.062 1 12+ 2 0.15
NIPAM 6.2 0 0 0 0 0

“For the microgel synthesis, the concentration of surfactant (SDS), cross-linker (MBA), and initiator (APS) were, respectively, 87, 0.324, and 0.876
mmol in all cases.

Bradford assays, the absorption at 450 and 590 nm was determined 5 ConA solution (LBB, 1 mg mL™") was slowly added. The final particle
min after adding the dye solution, and then the absorbance ratio at concentration was 0.4 mg mL™", and the final protein concentration
590 and 450 nm was calculated. For microgel samples, a dispersion in was 0.2 mg mL™". During the measurements, a temperature ramp of 1
LBB buffer (0.5 mg mL™') was prepared. Next, 200 uL of the °C/min between 20 and 37 °C and then 37 and 20 °C was run. For
microgel solution was mixed with 200 uL of the ConA stock solution the measurements with a lower microgel concentration, 20 uL of a
followed by shaking (200 rpm) at ambient temperature for 90 min. microgel solution (LBB, 5 mg mL™") was diluted in 1.980 mL of LBB
Afterward, the samples were filtrated by syringe filters (0.2 y#m in pore followed by addition of 0.5 mL of the protein solution (LBB, 1 mg
size, Supor Membrane, Pall Corporation) to separate the microgel mL™"). The final particle concentration was 0.04 mg mL™, and the
from nonbound ConA. Nonbound ConA was quantified by adding 50 final protein convention was 0.2 mg mL™".

uL of the filtrate and 200 L of the dye solution to a well and 2.7. Bacteria—Microgel Aggregation Study. Aggregation
determining the absorption at 450 and 590 nm. studies were carried out according to previously described

2.4. Dynamic Light Scattering. Measurements were performed protocols.”® First, 5 mg mL™" of each microgel sample and 2 mg
using a Malvern HPPS 3.3 instrument (Malvern Panalytical, Kassel, mL™ E. coli (PKL1162)***" in ultrapure water were prepared
Germany) equipped with a 633 nm He/Ne laser with the detector set (Supporting Information S4). In a glass vial, 100 uL of the microgel
in backscattering configuration (171°). Microgel samples (0.05 wt %) sample was combined with 900 uL of E. coli dispersion and incubated
in 1 cm polystyrene cuvettes were analyzed in a temperature range of at 20 or 37 °C overnight. Aggregation in the vials was documented by
20 to 40 °C with a temperature increment of 2 °C and a 10 min photography. Specific binding was tested by adding MeMan to a final
equilibration time lag between the temperature steps. For evaluation concentration of 10 mM in the vials and vortexing. For testing of the
of the autocorrelation functions, the decay constant and first cumulant removal of aggregates by filtration, the samples were filtered with a
were determined by exponential fits, and the hydrodynamic radii were syringe filter (5 pgm). Care was taken to incubate the syringe filters at
calculated by the Stokes—Einstein relation. For comparison, selected the same temperature as the samples. The remaining filtrate was
microgel samples were analyzed on a Nicomp 3000 setup (Particle diluted with ultrapure water at a ratio of 1:1000. Next, 100 uL of the
Sizing Systems, FL, USA) at a scattering angle of 90°, showing good filtrate was spread on agar plates and incubated overnight at 37 °C
agreement with hydrodynamic radii determined in the backscattering followed by counting of the colony-forming units (CFU). For each
setup. sample, this procedure was done three times (in triplicate).

2.5. Atomic Force Microscopy (AFM). AFM of dried microgel 2.8. Fluorescence Microscopy. The green fluorescent protein
films was conducted on a JPK NanoWizard 2 (JPK Instruments AG, (GFP)-expressing E. coli (PKL1162) was imaged on an inverted
Berlin, Germany) using cantilevers with a nominal spring constant of microscope (Olympus IX73, Japan) equipped with an Olympus 60X
300 N/m (HQ:XSC11, MikroMash, Bulgaria) in tapping mode. NA 1.35 oil-immersion objective (Olympus, Japan), and a CMOS

2.6. Turbidimetry. Turbidity measurements were performed on a camera (DMK 33UX174L, The Imaging Source, Germany) was used
Tepper turbidity photometer. The instrument contains a 630—690 for imaging of the bacteria. To control the temperature on the
nm laser with an intensity of 1 mW. For the measurements with a microscope, a Petri dish heater (JPK Instruments AG, Germany) was
high microgel concentration, 200 uL of a microgel solution (LBB, § used. Images of the bacteria—microgel dispersions at final
mg mL™') was diluted in 1.8 mL of LBB in a QS quartz cuvette concentrations of 100 uL of a 0.5 wt % solution of Man0.2 in PBS
(Hellma Analytics, Miillheim, Germany). Afterward, 0.5 mL of the and 900 uL of the E. coli solution in PBS (2 mg mL™", ODgy = 0.4)

26676 DO 10.1021/acsami.$b08537
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Figure 3. (a) Hydrodynamic radius versus temperature profiles for the carbohydrate-functionalized microgels (Man0.8, Man0.4, Man0.2, and
Gal0.2) and unfunctionalized microgels (NIPAM) as a reference. The error bars represent the microgels’ polydispersity. (b) AFM images of the

microgels (image size, S X § um; size scale, 20 nm for all images)

were taken immediately after mixing at 20 °C, then after heating to 37
°C and incubation for 30 min, and finally after switching off the heater
and cooling back to 20 °C and equilibrating for another 30 min.

3. RESULTS AND DISCUSSION

3.1. Synthesis of Carbohydrate-Functionalized Micro-
gels with Different Ligand Densities. The synthesis of
microgels is based on copolymerization of NIPAM in the
presence of Man- and Gal-functionalized methacrylamide
monomers in a single reaction step. Radical copolymerization
procedure of PNIPAM microgels with methacrylamide
comonomers and a bifunctional cross-linker (N,N'-methyl-
enebisacrylamide) is well established.”** Here, microgels were
prepared using comparatively low amounts of surfactant and a
large amount of APS initiator to achieve microgels in the
desired size range of 400—S00 nm. To construct microgels
with varying carbohydrate densities, the carbohydrate mono-
mers N-(2-(@-pD-mannosepyranosyloxi )ethyl)methacrylamide
(ManEMAm) and N-(2-(ff-p-galactopyranosyloxi)ethyl)-
methacrylamide (GalEMAm) were used (Figure 2 and
Supporting Information S1). The density of carbohydrate
ligands in the microgels was varied by using different
concentrations of ManEMAm or GalEMAm monomers in
the microgel reaction mixture (Table 1). Three microgel
samples with different amounts of Man were prepared
(Man0.2, Man0.4, and Man0.8). The number in the sample
name signifies the percentage of Man with respect to NIPAM
repeat units. Microgels without carbohydrate ligands
(NIPAM) and microgels with f-p-galactose (Gal0.2) were
synthesized for later use as negative controls. The ratio of
carbohydrate monomers incorporated into the microgels was
quantified by a phenol sulfuric acid assay, giving a colorimetric
readout for the monosaccharides. For all microgel samples, the
molar ratio between carbohydrate repeat units and NIPAM
was less than 1%, which is rather low when compared to the
molar ratio in the reaction mixture (1, 5, and 10% in relation to
NIPAM for Man0.2, Man0.4, and Man0.8, respectively). We
suspect that the carbohydrate monomers are included into the
microgels at significantly lower rates as compared to NIPAM.
This could be rationalized as ManEMAm and GalEMAm are
methacrylamides exhibiting slower polymerization kinetics
compared to acrylamides such as NIPAM. Nevertheless,
depending on the amount of carbohydrate monomer used
during synthesis, different degrees of functionalization could be
achieved (Table 1).

3.2. Size Distribution and Temperature-Dependent
Swelling of Microgels. Dynamic light scattering (DLS)
measurements in water and AFM images of microgels in a dry
state showed that, with increasing ManEMAm concentration,
the microgel hydrodynamic radii (R,) were increased (Figure
3). Similar observations were made with other hydrophilic
comonomers,”~ which may swell the microgel precursor
droplets, thus reducing the cross-linking efficiency during the
reaction. In addition, the DLS polydispersity index increased
when raising the concentration of ManEMAm in the reaction
mixture. This could be attributed to reduced stabilization of
microgel precursor droplets through the anionic surfactant in
the reaction mixture in the case of adding more hydrophilic
comonomers. Nevertheless, except for the highest comonomer
concentration (Man0.8), all microgel samples were near-
monodisperse (Table 2). Regarding temperature-dependent

Table 2. Hydrodynamic Radii (R;), PDI, and Swelling
Degree from DLS Measurements

microgel R, at 20 °C PDI swelling ratio
sample (nm) (DLS) (Ryspc/ Rygorc)
Man(0.8 361 + 27 0.33 2.3
Man0.4 365 + 16 0.16 25
Man0.2 244 + 21 0.14 21
Gal0.2 236 + 20 0.09 2.6
PNIPAM 229+ 7 0.006 2.3

deswelling, all microgels showed a comparatively broad phase
transition temperature range with swelling ratios of about 2.3.
The broad phase transition is likely due to relatively high cross-
linker concentrations (5%) and anionic sulfate groups in the
microgel, owing to a comparatively large initiator concen-
tration during the reaction. Interestingly, the LCST decreased
when increasing the Man concentration within the microgel.
This is unusual since hydrophilic monomers should reduce the
tendency for hydrophobic collapse of the NIPAM network, as
has been seen with charged” or neutral®” hydrophilic
comonomers. Moreover, the swelling curve for Man0.4
suggests two transitions at 26 and 35 °C. Although Man
comonomers were only incorporated at a low concentration in
the PNIPAM network, these effects suggest that the
carbohydrate ligands strongly affect polymer—polymer or
polymer—solvent interactions. Furthermore, we suspect that,
due to the different reactivity of ManEMAm and NIPAM,
carbohydrate units are unevenly distributed and could be
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expected to be enriched on the microgel surface. This could
then also influence the LCST behavior, as has been shown for
the high localization of functional monomers in microgels’”
and will be explored for the carbohydrates in future studies in
more detail.

3.3. Binding of ConA to Carbohydrate-Functionalized
Microgels. For all protein binding studies, the Man-specific
lectin ConA was used as a well-established model for
investigating carbohydrate interactions. At physiological pH,
ConA attains a homotetrameric structure with four binding
sites at a minimum spacing of 7.2 nm."' Activated by Mn*" or
Ca**, ConA specifically binds Man and glucose.”* ™" To detect
the amount of bound ConA to the microgels, the Bradford
Coomassie brilliant blue assay was used for quantification of
protein in the solution.”**"” After incubating the microgels in
the ConA solution and then separating the microgels form the
solution by filtration, unbound ConA remaining in the filtrate
was quantified (Figure 4).

ey _
icht\.:: shaking,‘ * Bradford %%%‘%g:gss A

- filtration @ reagent .J.) _,'._ @
o 6e0eeed
™ - ) .’...
. @ ‘

colorimetric test

microgels

Figure 4. Procedure of the Bradford Assay for microgels. First,
microgels and ConA were mixed in the solution, incubated, and
shaken at 25 °C temperature for 90 min. Next, the solution was
filtered through syringe filters to remove the microgel from the
solution. Afterward, Coomassie brilliant blue solution was given to the
filtered solutions to detect the remaining ConA via absorption
measurements.

As expected, the higher the amount of Man units in the
microgel, the higher the amount of bound protein (Figure 5).
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Figure 5. Relative amount of ConA bound to 100 ug of microgels at
25 °C. The amount of ConA in microgel dispersion was fixed to 50 ug
(455 pmol of tetrameric ConA). The concentrations were 125 ug
mL™" ConA and 50 ug mL™"' microgels. The absolute quantities of
microgel-bound ConA are shown in Supporting Information S5.

Man0.2 was only able to adsorb 8% of ConA, although the
total amount of Man units in the microgels exceeds the amount
of ConA in the solution by a factor of 3. This suggests that a
significant number of Man in the microgel is inaccessible to
ConA. Alternatively, the binding of ligands in Man0.2 gels is
too weak to permanently bind to ConA because Man0.4 with a
Man density only twice as high as Man0.2 was able to bind
almost 90% of ConA. This order-of-magnitude increase in

affinity could be explained by favorable multivalent binding
modes at a certain threshold of Man density in the
microgels."*"” The microgel sample Man0.8 captured 100%
of ConA in the solution with the number of Man units
exceeding the amount of ConA by a factor of 15. Overall,
loading of the microgels with ConA appears to be quite high;
up to 50% of the microgel mass was ConA after incubation.

To confirm that ConA binding to microgels was specific,
unfunctionalized microgels without carbohydrate moieties
(NIPAM) and Gal-functionalized microgels (Gal) were
examined. Both NIPAM and Gal microgels showed no ConA
binding. Taken together, we could show that only Man-
containing microgels bind ConA specifically at ambient
temperature. The strong increase in ConA binding with a
higher degree of Man functionalization suggests that changing
the Man density by a temperature stimulus might be suitable to
switch between low and high ConA affinity.

3.4. Temperature-Dependent Binding of ConA. Next,
we studied the effect of temperature-induced changes for
specific binding of microgels to ConA. In this case, ConA
quantification by Bradford assay proved to be difficult since
temperature control is particularly challenging in the filtration
step. An alternative readout for protein binding is aggregation.
Since ConA has four binding sites, multiple ConA receptors
can form large aggregates with polymeric carbohydrate ligands,
which is termed glycoclustering. DLS proved to be unreliable
for the temperature-dependent affinity assays due to the
formation of highly polydisperse aggregates. Therefore,
turbidimetry is often used to study glycoclustering.’”*" In
turbidimetry, aggregation can be studied in real time due to the
increase in light scattering intensity by the sixth power of
aggregate size. To study the temperature dependence of ConA
binding, the temperature was varied between 20 and 37 °C ata
rate of 1 K min~". To ensure cluster formation, the amount of
(monomeric) ConA was set to 19 nmol, roughly matching the
quantity of presented carbohydrate units in the measurement
cell, that is, 32 and 15 nmol for Man0.4 and Man0.2,
respectively. The sample Man0.8 showed granular-sized
aggregates and fast sedimentation under these conditions;
therefore, this sample was excluded from further experiments.

Not surprisingly, all microgel systems showed an increase in
turbidity with temperature (Figure 6). In the absence of ConA,
microgels show a slight increase in turbidity with temperature
also (Supporting Information S6), which is mainly due to an
increase in the microgel refractive index above the LCST. In
the presence of ConA, the turbidity increase with temperature
is significantly stronger for all microgel systems, except for
Gal0.2. A sharp increase in turbidity at around 34 °C for pure
PNIPAM microgels was observed, which appeared to be less
steep at increased Man concentration in the microgels. Here,
the increase in turbidity starts at lower temperatures for the
Man-bearing microgels compared to PNIPAM microgels. This
could be explained by the LCST shift to a lower temperature in
the case of Man-functionalized microgels and by glycocluster-
ing owing to ConA binding. The strong aggregation behavior
of NIPAM microgels in the presence of ConA might question
the role of specific carbohydrate binding in cluster formation.
However, Gal0.2 showed no cluster formation above the
LCST. The difference in cluster formation of NIPAM and
Gal0.2 microgels indicates that introducing small amounts of
nonbinding hydrophilic galactose units into the microgels
significantly suppressed nonspecific binding. Consequently, for
Man microgels with a higher concentration of hydrophilic
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Figure 6. Turbidity under heating (red) and cooling (blue) at 1 K min~" of microgel samples in the presence of 0.2 mg mL™" (1.75 nmol) ConA.

All microgel systems show increasing turbidity above the LCST. (a) Man-bearing microgels at 0.4 mg mL™"

(solid squares) and 0.04 mg mL™

(empty circles). Man0.2 shows delayed aggregate dissolution at elevated concentration; Man0.4 forms very large aggregates at a high concentration
above the LCST, obstructing turbidimetry (Supporting Information $6). Swelling hysteresis is visible at a low concentration. (b) Negative control
samples. Upon cooling, the presence of @-p-mannopyranoside leads to rapid dissolution of Man0.2 aggregates. Gal0.2 aggregates show reduced
turbidity upon heating and hysteresis. Pure PNIPAM aggregates rapidly dissolve upon cooling,
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Figure 7. At the top, a schematic overview of the aggregation studies is presented. Pictures of the experiments are shown at 20 and 37 °C. Green
check marks indicate a formation of aggregates, and red crosses indicate dispersed bacteria.

sugar units, strong clustering above the LCST is likely
explained by specific binding with ConA. Importantly, by
again lowering the temperature below the LCST, the turbidity
of Man0.2 microgels did not immediately return to the original
value. This suggests that aggregation of Man0.2 was stronger
when compared to NIPAM microgels where only a small
hysteresis between heating and cooling cycles was observed.
For Man0.4, the heating/cooling hysteresis appears to vanish
completely. Upon visual inspection above the LCST, Man0.4
microgels formed large stable aggregates that could not be
analyzed properly with turbidimetry (Supporting Information
S7). When reducing the Man0.4 microgel concentration 10
times, turbidimetry could be conducted, and the curves
showed similar heating—cooling hysteresis compared to
Man0.2 (Figure 6a).

26679

In the case of NIPAM microgels, it could be argued that,
above the LCST, the hydrophobicity of microgels leads to
nonspecific aggregation in the presence of ConA. The
aggregation of PNIPAM microgels with proteins above the
LCST is well established.’"** Below the LCST, the hydro-
phobic interactions between these microgels and ConA are
reduced, and steric repulsion of the fuzzy microgel surface is
increased; hence, the aggregates dissolve quickly. This did not
occur when cooling down the Man-decorated microgels, where
specific interactions between ConA and carbohydrates may
take place. The ConA—Man interactions hinder reswelling of
the microgels, thereby reducing steric repulsion between
microgels; hence, the aggregates remained rather large below
the LCST. Similar reduction of microgel reswelling due to the
presence of macromolecules interacting with the microgel
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network has been termed the “corset effect” and is often
observed for core—shell microgel systems.”” To confirm the
presence of specific ConA—Man interactions, methyl a-b-
mannopyranoside (MeMan) was added prior to incubation of
microgels and ConA. MeMan acts as monovalent inhibitor by
blocking ConA binding sites, thus reducing interactions with
Man-functionalized microgels. Indeed, this resulted in faster
reswelling of Man0.2 upon cooling (Figure 6b). Overall, the
turbidity measurements showed that specific interactions
between ConA and Man-presenting microgels are increased
above the LCST, which appears to be reversible by cooling
down below the LCST. This provides a first indication that the
presentation of hydrophilic ligands is enhanced above the
microgels’ LCST.

3.5. Aggregation Studies with E. coli. The results of the
turbidity measurements indicated that specific binding of Man-
presenting PNIPAM microgels could be controlled by a
temperature stimulus. Therefore, we then tested the microgels’
ability to capture carbohydrate-binding pathogens in a
temperature-dependent fashion. Type 1-fimbriated E. coli
(PKL1162) presenting the Man-specific receptor FimH®’
was used for these studies. To unambiguously compare
bacteria binding between the samples, the dispersed microgels
were added to the bacterial suspension, and aggregate
formation was documented visually (Figure 7). At 20 °C,
aggregate formation was only observed for Man0.8; all other
samples were in a dispersed state. All samples that were
incubated at 37 °C show aggregate formation, except for
Gal0.2, confirming low nonspecific binding above the LCST.
Man0.2 and Man0.4 microgels as well as NIPAM microgels
formed cloudy aggregates above the LCST. As described
above, in the case of pure NIPAM microgels, the increased
hydrophobicity may lead to nonspecific interaction and
aggregation with bacteria. To differentiate between specific
and nonspecific interactions, we tested the mechanical stability
of the aggregates in the presence and absence of the inhibitor
MeMan. In the absence of an inhibitor, aggregates with
Man0.8 microgels were still present after cooling and
vortexing; that is, the aggregates were mechanically stable at
room temperature. The surprising stability of aggregates when
cooled down below the LCST could be caused by
interdigitation of bacterial fimbria into the microgel network
given the long incubation time at 37 °C. When adding
MeMan, aggregates slowly dissolved even without agitation,
indicating specific interactions between E. coli and Man-
presenting microgels (Figure 8b). Furthermore, aggregates of
NIPAM and bacteria readily resuspended at 37 °C by

2. nNPaM 4 =
E : | 2
g' vortexin . .
_ = .~
b -
¥ (=3 3
b Man0.8 q\ ‘u '
i vonexing . | + MeMan W
| "o
LA [ \J A

Figure 8. E. coli microgel aggregate resuspension by vortexing. (a)
Aggregates with pure NIPAM microgels can be readily resuspended at
25 °C, whereas (b) aggregates with Man0.8 microgels could not be
resuspended at 25 °C by mechanical agitation alone, only when
adding @-p-mannopyranoside as an inhibitor.

vortexing (Figure 8a). Resuspension by mechanical agitation
was not possible in the case of any Man-presenting microgels
above the LCST, indicating strong specific interactions to F.
coli. This confirms that the binding between Man-presenting
microgels and E. coli was mainly due to specific interactions.
Importantly, as indicated by Man0.2 and Man0.4 aggregation
exclusively occurs above the LCST, thus these specific
interactions were shown to be strongly dependent on
temperature.

Next, we studied the ability of the microgels to capture
bacteria from a solution as a function of temperature. We
observed that Man-presenting microgels result in mechanically
stable aggregates above the LCST that could be suitable for
filtration to separate carbohydrate-binding bacteria or cells. To
test such a procedure, microgel and E. coli dispersions were
mixed and incubated overnight at either 20 or 37 °C. The
samples were then filtered with a syringe filter with a pore size
of S um, allowing nonbound bacteria to pass into the filtrate
while keeping large bacteria/microgel clusters in the filter.
Next, the filtrates were spread on an agar plate and incubated
overnight to then quantify the bacteria in the filtrate by the
number of colony-forming units (CFU). Man-decorated
microgels overall showed reduced CFU from the filtrate,
correlating with the concentration of Man units in the microgel
(Figure 9). The number of colonies was further reduced when
incubating above the LCST. This overall confirmed that E. coli
formed mechanically strong clusters with Man-bearing micro-
gels that can be readily removed by filtration. Pure PNIPAM or
Gal-functionalized microgels did not result in efficient bacteria
capture regardless of temperature. This confirmed that the
nonspecifically bound bacteria/PNIPAM microgel clusters
were not stable under the shear forces during syringe filtration.

As argued above, crossing the LCST may result in an
increase in microgel ligand density and surface presentation,
which then leads to stronger binding of E. coli. This implies
that, in the opposite direction, that is, when swelling the
microgels by cooling down, the bacteria could be released from
the aggregates. However, the aggregation experiments (Figure
7) showed that the bacteria—microgel aggregates incubated
above the LCST overnight did not readily dissolve when
cooled down to room temperature. To study this process in
more detail, a fluorescence microscope was used to image
aggregates of the GFP-expressing bacteria and microgels upon
heating and cooling (Figure 10). E. coli and Man0.2 microgels
were shown to form aggregates above the LCST already after a
short incubation time of 30 min. Upon cooling down below
the LCST, the size and number of aggregates were reduced,
indicating that the release of bacteria from microgels is possible
for a limited incubation time above the LCST. We therefore
suspect that the prolonged incubation above the LCST during
aggregation studies results in entanglements between the
polymer network and bacterial fimbriae, which might hinder
redispersion of the aggregates. To improve the release of
bacteria from microgel aggregates, several parameters such as
cross-linking density and positioning of the Man ligands in the
microgel could be tuned. In addition, monolayer coatings of
PNIPAM microgels might reduce interpenetration of bacterial
structures with the polymer network for improved release
below the LCST, as has been observed with cells.”"*"*

4. CONCLUSIONS

Taken together, a straightforward single-step copolymerization
procedure of NIPAM with methacrylamide-bearing carbohy-
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Figure 9. Aggregation-filtration experiment indicates a reduced presence of bacteria in filtrates from suspensions treated with Man-decorated
microgels and increased temperature. (a) Image of the culture plate with the filtrates after overnight incubation. (b) Extracted CFU number from
the culture plate images for the different microgel systems. The graph presents average values and standard deviations (error bars) obtained from

three Petri dishes for each sample (for statistics, see Supporting Information S8).
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Figure 10. Top: Schematic illustration of bacteria cluster formation in the presence of microgels above the LCST and release of bacterial below
LCST. Bottom: Fluorescence microscopy images of a dispersion of Man0.2 and E. coli before heating (left), after heating to 37 °C and 30 min
incubation (middle), and after cooling down to 20 °C and incubating for 30 min (right). Scale bars, 10 pm.

drates was used to prepare microgels at varying degrees of Man
density and nonbinding Gal moieties. Although the overall
efficiency of carbohydrate insertion was below 1%, all assays
showed that the Man-functionalized microgels specifically bind
to ConA and type l-fimbriated E. coli. The temperature-
dependent swelling of the microgels showed a shift of the
LCST to a lower temperature for carbohydrate-functionalized
microgels, while the overall swelling degree remained
unaffected. Binding to ConA and E. coli proved to be
temperature-dependent, where microgels with Man densities
of 0.2 to 0.4% showed no clustering with ConA or E. coli below
the LCST but showed mechanically stable clusters above the
LCST. Improved binding above the LCST might be attributed
to reduced steric repulsion,” *smoothening of the microgel
surface, and enhanced accessibility of Man groups. Similar
mechanisms have been proposed previously to explain the
afhnity increase of ligand-functionalized polymer brushes
above the LCST.””™"° Compared to polymer brushes,
microgels additionally exhibit a strong increase in ligand
density above the LCST since their volume decreases by an
order of magnitude.”® Hence, the density of ligands is
drastically varied, promoting a large difference in affinity
below and above the LCST. The variation of ligand density
affects the affinity due to sheer statistical reasons,” which was
used here for the first time to enable stimulus control over
ligand affinity. The control of affinity by simple density
variations should be applicable to a large range of biomolecular
moieties in the switchable polymer network. Considering their
straightforward synthesis and well-established applications in
surface coatings, thermosensitive microgels represent a

promising platform for the capture and release of specific
pathogens or cells.
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S1 Glycomonomer synthesis

Synthesis of N-(2-hydroxyethyl)-2-methacrylamide (HEMAm)

H
)\gN\/\OH

Scheme Sla (HEMAm)

N-(2-hydroxyethyl)-2-methacrylamide was synthesized according to a protocol published by
Parry et al.' Briefly, ethanolamine (8 mL, 132 mmol) was dissolved in anhydrous dry
chloroform (100 mL) and cooled with an ice bath to 0 °C. Then a solution of methacroloyl
chloride (6.4 mL, 67 mmol) and chloroform (75 mL) were slowly added, followed by stirring
for 2 h at 0 °C. The formed solid was filtered off and the remaining chloroform was removed
in vacuo. Next, the crude product was again dissolved in 250 mL chloroform and stirred over
basic alumina for 15 h. On the next day the basic alumina was filtered off and the remaining
solvent was removed under reduced pressure to give a pale-yellow oil. The product was purified
by column chromatography (ethyl acetate/n-hexane 1:1). The overall yield of the synthesis was

80% (6.92 g).

'H-NMR (600 MHz, CDClz): 5 6.41 (s, 1H, -NH), 5.73 (t, °*Juzr = 1.0 Hz, 1H, -C=CH, E to -
CH3),5.37—-5.33 (m, 1H, -C=CH2 Z to -CH3), 3.75 (dd, *Juz = 5.5, 4.5 Hz, 2H, -NHCH2CH»),

3.50 — 3.46 (m, 2H, -NH-CH-CH>), 2.57 (s, 1H, -OH), 1.97 — 1.95 (m, 3H, -CH3).
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Figure Sla. 'H-NMR (600 MHz, CDCl3) HEMAm.

2"-acrylamidoethyl-2,3,4, 6-tetra-O-acetyl-f-d-galactopyranoside

AcoOAc

AcO&O
OAc \\v,f’\\~t1..ll~5]],f’

Scheme S1b 2,3, 4, 6-tetra-O-acetyl-f-d-galactopyranoside

The synthesis was adapted from Gibson et al.>. In a 1000 mL round bottom flask 1,2,3,4,6-

Penta-O-acetyl-B-D-galactopyranoside (20.6 g, 52.8 mmol) and N-(2-hydroxyethyl)-2-

methacrylamide (6.2 g, 48.2 mmol) were dissolved in dichloromethane (500 mL). Followed the

solution was cooled to 0 °C and additionally purged with nitrogen for at least 15 min. After that

slowly boron trifluoride diethyl etherate (35 mL, 276.2 mmol) was added to the solution. After

the addition of boron trifluoride diethyl etherate was completed the reaction solution was
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allowed to reach room temperature. After 48 h stirring at ambient temperature organic layer
was washed with ice water, two times with saturated sodium hydrogen carbonate solution,
distilled water and brine. The solution was dried with MgSQy, filtered and the remaining
dichloromethane was removed under reduced pressure. The crude colorless gummy was
additionally purified by column chromatography (ethyl acetate/n-hexane 1:1). The overall yield

of the colorless gum was 25% (5.54 g).

'H NMR (600 MHz, CDCl3): 8 6.23 (s, 1H, NH), 5.70 — 5.66 (m, 1H, -C=CH>), 5.38 — 5.35(mm,
1H, -C=CH>), 5.33 — 5.30 (m, 1H, H4), 5.16 (dd, *Jun= 10.5, 7.9 Hz, 1H, H2), 4.99 (dd, *J 1
=10.5,3.4 Hz, 1H, H3), 4.46 (d, /i = 7.9 Hz, 1H, H-1), 4.12 — 4.09 (m, 2H, H6), 3.92 — 3 .85
(m, 2H, -OCH,CH,NH), 3.74 — 3.68 (m, 1H, H5), 3.60 — 3.51 (m, 1H, -OCH>CH,NH), 3.48
—3.40 (m, 1H, -OCH2CH:NH), 2.12 (s, 3H, -COCH3), 2.02 — 2.01 (m, 6H, -COCH3), 1.96 (s,

3H, -COCH3), 1.94 (s, 3H, -CH3).

13C NMR (600 MHz, CDCls3): & 170.43(1C, -COCH3), 170.21 (1C, -COCH3), 170.12 (1C, -
COCH3), 169.65 (1C, -COCH3),168.38 (1C, -CONH), 139.98 (1C, COC(CH3)CH>), 119.72
(1C, COC(CH3)CH2),101.37 (1C, C1), 70.89 (1C, C2) , 70.82 (1C, C3), 68.99 (1C, C4), 68.90
(1C, C5), 67.06 (1C, -OCH2CH>), 61.38 (1C, C6), 39.39 (1C, NHCH2CH>), 20.86 (1C, -

COCH3), 20.72 (1C, -COCH3), 20.71 (1C, -COCH3), 20.63 (1C, -COCHsz), 14.27 (1C, -CH3).

MS for C20H20NO 11 (ESI) m/z [M+ H]" calc. 460.17; found 460.20, [M+Na']" calc.: 482.16;

found 482.27.
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For polymerizations in water the glycomonomer had to be deprotected. Therefore, 0.5 g of the
glycomonomer was given into 6.5 mL of a 0.3 M sodium methanolate solution in methanol and
shaken for at least 2 h. The monomer formed a precipitate and was separated. The solid was
washed with methanol 3 times. Afterwards, the remaining solid was dried in vacuo. The overall

yield of the deprotection and the resulting white solid was 90 % (0.27 g).

HOOH

HO%%O\/\NLW
H

Scheme S1c ManEMAm (deprotected)

2"-acrylamidoethyl-2,3,4, 6-tetra-O-acetyl-a -D-mannopyranoside (AcManEMAm)

OAc

AcO
AcO 4
CACO 0

~~"N
H

Scheme S1d AcManEMAmM

The synthesis was adapted from Gibson et al.? In a 1000 mL round bottom flask 1,2.3.4.6-
Penta-O-acetyl-a-D-mannopyranoside (20.6 g, 52.8 mmol) and N-(2-hydroxyethyl)-2-
methacrylamide (6.2 g, 48.2 mmol) were dissolved in dichloromethane (500 mL). Followed
the solution was cooled to 0 °C and additionally purged with nitrogen for at least 15 min. After
that slowly boron trifluoride diethyl etherate (35 mL, 276.2 mmol) was added to the solution.
After the addition of boron trifluoride diethyl etherate was completed the reaction solution was
allowed to reach room temperature. After 48 h stirring at ambient temperature organic layer
was washed with ice water, two times with saturated sodium hydrogen carbonate solution,

distilled water and brine. The solution was dried with MgSQOy, filtered and the remaining
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dichloromethane was removed under reduced pressure. The crude colorless gum was
additionally purified by column chromatography (ethyl acetate/n-hexane 1:1). The overall yield

of the colorless gum was 21% (4.65 g).

I'H NMR (600 MHz, CDCl3) § 6.29 (s, 1H, NH), 5.69 — 5.67 (m, 1H, -C=CH3) 5.38 — 5.35(m,
1H, -C=CH>), 5.34— 531 (m, 1H, H2), 5.29 (dd, *Jam = 10.1, 3.4 Hz, 1H, H3), 5.25— 5.20 (m,
2H, H4), 4.80 (d, *Jum = 1.8 Hz, 1H, H1), 4.21 (dd, *Jun = 12.2, 5.7 Hz, 1H, H6), 4.08 — 4.05
(m, 2H, 1H, H6"), 3.95 — 3.90 (m, 1H, H5), 3.82 — 3.77 (m, 1H, -OCH2CH3), 3.63 — 3.52 (m,
2H, -OCH2CHa, -OCH2CH2NH), 3.51 - 3.44 (m, 1H, -OCH2CH,NH), 2.12 (s, 3H, -COCH3),

2.06 (s, 3H, -COCH3), 2.01(s, 3H, -COCH3), 1.96 (s, 3H, -COCH3), 1.94 (s, 3H, -CH3).

3C NMR (600 MHz, CDCl3) & 170.66(1C, -COCH3), 170.11 (1C, -COCH3), 170.05 (1C, -
COCH3), 169.70 (1C, -COCH3),168.51 (1C, -CONH), 139.84 (1C, COC(CH3)CHb»), 119.93
(1C, COC(CH;3)CH2) ,97.69 (1C, C1), 69.42 (1C, C2), 69.06 (1C, C3), 68.87 (1C, C4), 67,32
(1C, C5), 66.15 (1C, -OCH2CH3) , 62.52 (1C, C6) , 39.29 (1C, NHCH:CH>) , 21.10 (1C, -
COCH3), 20.92 (1C, -COCH3), 20.76 (1C, -COCH3), 18.68 (1C, -COCH3), 14.25 (1C, -

CH3).

MS for C20H29NO 11 (ESI) m/z [M+ H']' calc. 460.17; found 460.22, [M+Na']' calc.: 482.16;

found 482.22.
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'H NMR (600 MHz, D>0): & 5.73 — 5.66 (m, 1H, -C=CH2), 5.47 — 5.45 (m, 1H, -C=CH), 4.87
(d, *Jun = 1.7 Hz, 1H, H1), 3.93 (dd, *Jun = 3.5, 1.7 Hz, 1H, H2), 3.85 (dd, *Jun = 12.2, 2.2
Hz, 1H, H6), 3.83 — 3.80 (m, 1H, H3), 3.78 (dd, */um = 9.5, 3.4 Hz, 1H, H4), 3.74 (dd, *Jim =
12.2, 5.9 Hz, 1H, H6"), 3.71 — 3.62 (m, 2H, -OCH>CH>NH), 3.61 — 3.57 (m, 1H, H5), 3.56 —

3.51 (m, 1H, -OCH,CH,NH), 3.49 — 3.44 (m, 1H, -OCH,CH,NH), 1.93 (s, 3H, -CH3).
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S2 Microgel synthesis, composition of the reaction mixtures overview
Table S1. Used chemicals for the synthesis of the different microgel samples.
Microgel NIPAM MBA Sugar/Glycomonomer | SDS APS
sample
Man0.8 0.7 g (6.2 mmol) 50 mg (324 180 mg (0.618 25 mg (87 200 mg
nmol) mmol) nmol) 0.876 mmol
Man0.4 0.7 g (6.2 mmol) 50 mg (324 85 mg (0.309 25 mg (87 200 mg
nmol) mmol) nmol) 0.876 mmol
Man0.2 0.7 g (6.2 mmol) 50 mg (324 18 mg (0.062 25 mg (87 200 mg
nmol) mmol) nmol) 0.876 mmol
Gal0.15 0.7 g (6.2 mmol) 50 mg (324 18 mg (0.062 25 mg (87 200 mg
nmol) mmol) nmol) 0.876 mmol
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PNIPAM

0.7 g (6.2 mmol)

50 mg (324

nmol)

25 mg (87

nmol)

200 mg

0.876 mmol

S3 Bradford assay calibration curve

For the calibration curve the amount of ConA was varicd between | and 20 pg per well. The absorption

ratio at 590 nm and 450 nm was determined 5 min afler the dye solution was added.

3.5+

3.0

2.5 1

2.0 -

1.5 1

Absorbance ratio (5590 nm / 450 nm)

1.0

Equation y=a+bx
Direct Waighting

Weight

Residual Sum of 0.00245

Squares
Pearson's ¢

Adj. R-Square 0.06494

Intercept

G Siope

Standard Emor
0 05681
0.00412

T
10

Con A (ng / well)

Figure S3. Bradford assay calibration curve

S4 Bacteria cultivation, buffer and media

T

20

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.

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
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(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.

Agar plates (PK1.1162)

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), yeast extract
(2.5 g) and 6.0 g agar agar were added. Afterwards the solution was sterilized for 30 min at 121
°C and cooled to 50 — 60 °C. Then 50.0 mg of ampicillin and 25.0 mg of chloramphenicol were

added and the petri dishes were coated with the medium and cooled to room temperature.

PBS buffer
Five tablets of phosphate buffered saline were 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), 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%

S5 absolute quantities of microgel-bound ConA

Sample Carbohydrate ConA quantity Captured Captured Captured mass of
quantity (nmol)  in filtrate (pmol) =~ ConA (pmol) = ConA (%) = ConA per microgel
(wt/wt)
Man0).8 6.7 249 4539 99.6+2.0 0.49
Man0.4 3.2 47+£2 408+2 89.7+0.6 0.45
Man0.2 1.5 41945 365 8.3£1.3 0.04
Galo.2 1.2 45545 0.0£5 0.0+2.0 0
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PNIPAM 0 44545

10+£5

1.6+1.0 0.01

S6 Turbidity measurements on microgels in absence of ConA

Additionally, measurements without concanavalin A were carried out to check whether all

detected effects are related to the interaction of microgel and protein. Therefore, 200 uL of the

microgel stock solution was diluted with 2.3 mL LBB for the measurements with a higher

microgel concentration.

a)
100 4 ﬂ
80

g 60 4
=
n
&
£ 40
20 4
U T T T T T T T
20 25 30 35 40
temperature (°C)
Chioo a
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é 60
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E 40
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g 1 T T T
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temperature (°C)

b)

intensity (%)

100

40

20+

T T T T T

20 25 30 35 40

temperature (°C)

Figure S4. Turbidity measurements with a micorgel concentration of 0.04 mg/mL without

ConA in LBB. a) Man0.2 b) Man0.4 ¢) Man0.8. Black lines denote heating cycle. Red line

denotes cooling cycle.
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S7 Turbidity measurements, granular-sized aggregates

Man02 Man04
40°C — 20°C 40°C —— 20°C

Figure S5. Left: Images of Man0.2 microgels in presence of ConA indicate largely microscopic
aggregates suitable for turbidity measurements. Right: Images of Man0.4 in presence of ConA

indicate granular sized aggregates that may give rise to artifacts in turbidity measurements

S8 Colony forming units (CFU) data from filtration-cultivation assay

Table S2
CFU
sample temp. platel plate2 plate3 | average st.Dev
Gal02 20°C 338 460 552 450 107
37°C 467 472 320 420 86
Man0.8 20°C 171 187 147 168 20
37 °C 51 20 21 31 18
Man0.4 20°C 153 216 224 198 39
37 °C 6 11 11 9 3
Man0.2 20°C 585 450 334 456 126
37°C 246 251 209 235 23
NIPAM 20°C 576 478 578 544 57
37°C 5171 530 574 538 32
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S9 Instrumentation

Nuclear magnetic resonance (NMR) spectroscopy

'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). All chemical shifts are reported in delta
(0) expressed in parts per million (ppm). The following abbreviations were used to indicate

multiplicities: s = singlet, d = doublet, t = triplet, m = multiplet.

Reversed phase high pressure liquid chromatography — mass spectrometry (RP-HPLC-MS)

All RP-HPLC-MS measurements were performed on an Agilent 1260 infinity instrument
(Agilent Technologies, Waldbronn, Germany). The instrument is coupled to a variable
wavelength detector (VWD) and was set to 214 nm and a 6120 Quadrupole LC/MS containing
an Electronspray Ionization source (operating in positive ionization mode in a m/z range of 200
to 2000). A Poroshell 120 EC-C18 1.8 pm (3.0 x 50 mm, 2.5 pm) RP column was used as
HPLC column. The mobile phase A was 95/5 H2O/MeCN and B 5/95 H20/MeCN, both
containing 0.1 % formic acid. Samples were analyzed with a flow rate of 0.4 mL/min using a
linear gradient from 100 % A to 50 % B in a time range of 17 min at 25 °C. Using OpenLab
ChemStation software for LC/MS from Agilent Technologies (Waldbronn, Germany) spectral

analysis of UV and MS data was performed.

Optical microscopy

For microscope measurements an inverted microscope (Olympus 1X73, Japan) equipped with
an Olympus 60 x NA 1.35 oil-immersion objective (Olympus, Japan). A CMOS camera (UI-
3360CP-M-GL, IDS, Germany) was used for imaging of the surfaces. As a light source a
collimated LED (530 nm, Thorlabs, Germany, M530L2-C1) was used. For image acquisition

uManager (v.1.4.16) was used and image analysis was performed with Imagel.
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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
calculation of the Con A concentration the absorption from 270-320 nm was measured. Using
the Lambert-Beer law the concentration was calculated using the molar extinction coefficient

€280= 30150 M"' cm™' for tetravalent Con A.

Zela polential measurements

All Zeta potential measurements were performed at a Zetasizer Nano-Z instrument (Malvern)
using a DTS1070 folded capillary cell. To operate the instrument, the Zetasizer software version
7.11 (Malvern) was used. For all measurements a 0.05 wt% microgel dispersion in 5 mM
Na2HPO4 buffer (pH 7.4) was used. All measurements were carried out at 20 °C. For all
microgel samples a zeta potential of -1.0 mV to 0.3 mV was measured. The slightly negative

charge can be attributed to the negative charges of the used initiator.
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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
inhibition is stronger above the LCST, the ConA inhibition is, in overall, weaker at elevated
temperatures. When going beyond the LCST, the polymers undergo a coil-to-globule
transition, forming microphases with surface-enriched hydrophilic sugar moieties exhibiting
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

WL, W,
™ _ R

) HELLN

) TN

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.

1. INTRODUCTION

Interactions between carbohydrates and proteins at the surface
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
nanoparticies,“’g 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
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concept to glyco-conjugated thermoresponsive polymers in
order to control the interactions with lectins, bacteria, or
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. 82425

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-j-
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 (999%,
VWR Chemicals), ethyl acetate (freshly distilled), sodium bicarbonate
(1009, 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. o
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,YJq = 17.4, 0.8 Hz, 1H,
HI), 6 6.38—6.27 (dd,}Juuy = 16.6, 10.3 Hz, 1H, H2), § 6.20—6.14
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(dd,*Jyy = 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 pmol) 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 $4) and the size exclusion chromatography (Supporting
Information SS) of the polymers.

2.5. Phenol Sulfuric Acid (PSA) Method. To determine the
glycopolymer Man/Gal functionalization degree, the PSA method was
used.”” At first, a calibration curve was measured using a methyl a-,-
mannopyranoside (MeMan) dilution series in water (160, 80, 40, and
20 uM). To 125 uL of each MeMan solution, 125 uL of a 5 wt %
phenol solution in water was added and vigorously shaken. Afterward,
625 uL 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 pL of the polymer solution at a known concentration was used
(Supporting Information S6).

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 uL 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 (50 uL) 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 L of PBS and then filled
with 100 L 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 § 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.0c00676
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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 pL 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-
@-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-p-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, ManHPL?7 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 F,. T LCST man/gal functionalization

sample [kDa]” [“C%b [2C]° degree [pmol g'l]d
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 11.53 126 402 23 + 0.1
ManHPL34 16.24 133 >45° 99 + 03
ManHPL97 27.24 123 >45° 298 + 2.2
ManEL1 10.45 125 356 35+ 0.1
ManEL2 10.59 128 36.7 68 + 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 ‘})revious 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 t};pically
forms clusters with multivalent c:arboh)u:{rates.23'3 ® 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 $9a-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
$9). 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
ManHPL?2 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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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 $9k). 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 affinity, 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 @-;-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 ICy, 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 IC, 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 1C;,
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 eftect.
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
ManHPL1 0.5+ 02 31+ 04
ManHPL2 0.4 + 05 2.7+02
ManHPL7 11 +01 23+ 08
ManHPL34 0.6 +0.2 0.3 + 1.0
ManHPL97 0.4 + 0.2 0.1 + 1.6
ManEL1 14 +£ 02 33+ 11
ManEL2 1.2 £ 04 4.0 + 2.7
ManELS 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 ICs, 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 I1Cs, 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 ICy, 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 ICy; 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-

ConA - ‘;’;( K %

40 °C

aggregates, b ..
inaccessible 100 1
ligands 80

60
40
20

inhibition | %

- ManHPLT at 20°C

o 222 2R OO 0 ManHPL7 at 40°C
iRtk o v
mannan coated microplate ManHPL7 concentration / mM

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 ICg, 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 ManHPL?7. The full set of
inhibition curves is shown in Supporting Information S11.
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Figure 6. Left: IC,; values for the inhibition of ConA with ManHPL glycopolymers at 20 °C (solid blue bars) and 40 °C (solid red bars). Right:
ICS0 values for ManEL glycopolymers. All measurements were performed in triplicate.

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
a).

Table 3. Hill Coefficients from the ConA Inhibition Curves

hill coefficient at 40 °C

sample hill coefficient at 20 °C
ManHPL1 52+ 14 1.8 +£ 04
ManHPL2 1.8 + 0.4 34+ 1.0
ManHPL7 20+ 07 26+ 12
ManEL1 1.7 +£ 0.9 3.6 +08
ManEL2 25+ 01 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).
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Figure S1a: "H-NMR (600 MHz, CDCls3) of NAS.
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Figure S1b: *C-NMR (600 MHz, CDCl;) of NAS.

S2 Synthesis of polymer precursor poly (N-acryloxysuccinimide)

9 CN 1"'23 *
Hown
H
g10° O ?
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47 47

Scheme S2: Structure of polymer precursor poly (N-acryloxysuccinimide).

'H-NMR (600 MHz, CDCls) & 3.28 - 3.00 (s, 90H, H3), § 2.85-2.74 (s, 360H, H4-7), &
2.25-1.90 (s, 180H, HI+2) 5 1.40 - 1.33 (s, 3H, H8-10).
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Figure S2: 'H-NMR (600 MHz, CDCls) 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-()-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, *Jun = 67.2, 1.8 Hz 1H, HI), § 5.50 - 5.09 (m,
3H, H2-9), 54.34 - 424 (m, 1H, H5), 8 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), 5 2.06 - 2.02 (s,
3H, H6-20), 8 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-o-p-mannopyranoside.

Synthesis of allyl-2,3,4,6-tetra-(-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-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 (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, 3Jmr = 11.3, 5.3, 0.9 Hz, 1H, HS), § 5.38 - 5.35 (dd, *Jumr = 10.0, 3.5 Hz, 1H, H4), &
5.33 - 5.26 (m, 2H, H9+10),  5.26 - 5.22 (m, 2H, H2+3), 5 4.88 - 4.85 (d, *Jun= 1.7 Hz, 1H,
HI), §4.30-426(dd, *Jur = 12.1, 5.3 Hz, 1H, H23+24), 6 4.21 - 4.16 (ddt, *Jun = 12.8, 5.3,
1.4 Hz, 1H, H5), 8 4.12 - 4.08 (dd, *Jur = 12.3, 2.4 Hz, 1H, H23+24), § 4.05 -3.99 (m, 2H,
H6+7),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, *Juir = 113, 4.9 Hz, 1H, H8), § 5.48 - 5.40 (dd, *Jur =3.7, 1.0 Hz, 1H, HI), § 5.39 - 5.32
(m, 1H, H3), §5.31-5.25 (dd, *Jun = 17.2, 1.4 Hz, 1H, H2), § 5.22 - 5.18 (dd, *Juu = 10.4,
1.1 Hz, 1H, H5), § 5.15-4.97 (m, 2H, H9+10), § 425 -4.19 (t, *Juy = 6.4 Hz, 1H, H4),
§4.19-4.13 (dd, *Jun =13.0, 5.1 Hz, 1H, H23+24), §4.13 - 4.03 (m, 2H, H6+7), 8 4.03 - 3.96
(dd, *Jurr=13.1,6.1 Hz, 1H, H23124),82.14 - 2.11 (s, 3H, H11-22), 8 2.08 - 2.04 (s, 3H, H1 I-
22),52.04-201 (s, 3H, H11-22),8 1.97 - 1.94 (s, 3H, H11-22).
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Figure S3b: 'H-NMR (600 MHz, CDCl5) allyl-2,3,4, 6-tetra-O-acetyl-o-p-mannopyranoside.
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Synthesis of 2’°,37-epoxypropyl-2,3,4,6-tetra-O-acetyl-a-p-mannopyranoside and 27,3’-
epoxypropyl-2,3,4,6-tetra-O-acetyl-p-p-galactopyranoside
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Scheme S3c: Structures of 2’3’-epoxypropyl-2,3,4,6-tetra-O-acetyl-o-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 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), §5.32 - 5.26 (m, 2H, H2+3), 5 4.93 - 4.84 (dd, *Jun = 34.3, 1.6 Hz,
IH, HI), §4.30-426 (m, 1H, H5), 8 4.14-4.10 (m, 1H, H23+24), & 4.07-4.02 (m, 1H,
H23+24), §3.92-3.79 (ddd, *Juz = 57.3, 11.9, 3.0 Hz, 1H, H6+7), & 3.59-3.52 (ddd,
3Jur=25.0,11.7,5.6 Hz, 1H, H6+7), §3.22 - 3.18 (m, 1H, H8), 5 2.85 - 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, HI11-22), §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) &
548-542(m, 1H, HI), §5.39-5.33 (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 - 425 (ddt, "Juz=6.7,3.3,1.2 Hz, 1H, H5),54.13 -4.05
(m, 2H, H23+24),83.92-3.79 (ddd, *Juz=55.5, 11.8, 3.0 Hz, 1H, H6+7), 5 3.64 - 3.46 (ddd,
I =82.8,12.2,5.4Hz, 1H, H6+7),83.20 -3.12 (m, 1H, H8), 52.84 - 2.77 (dd, *Jurr = 10.2,
4 8 Hz, 1H, H9+10), §2.69 - 2.58 (ddd, *Juiy =46 .4,5.3,2.7 Hz, 1H, H9+10),52.16 - 2.12 (d,
=18 Hz, 3H, H11-22),82.10 - 2.06 (d, *Jurr = 2.9 Hz, 3H, H11-22), § 2.04 - 2.02 (s, 3H,
H11-22),62.00-1097 (s, 3H, HI1-22).
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Figure S3d: 'H-NMR (600 MHz,

CDCl3) 27°,3’-epoxypropyl-2,3,4,6-tetra-O-acetyl-o-p-

mannopyranoside.
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Figure S3d: 'H-NMR (600 MHz, CDCl3) 2’,3’-epoxypropyl-2,3,4,6-tetra-O-acetyl-0-p-

galactopyranoside.



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

B-p-galactopyranoside

13+14 13+14

H
2 9+10,

9+10

Scheme S3d: 3-amino-2-hydroxypropyl-o-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:

3.71g, 61%).

'H-NMR 3-amino-2-hydroxypropyl-a-p-mannopyranoside (600 MHz, CD30D) & 4.80 - 4.76
(s, 1H, HI), 5 3.87 - 3.81 (m, 3H, H8-10), 53.76 - 3.68 (dd, *Jur = 12.4, 1.5 Hz, 3H, H2+6+7),
§3.63-3.58 (m, 1H, HY), 6 3.56-3.51 (m, 1H, H3), 5347 -3.42 (m, 1H, H5), 5 2.95 - 2.68
(m, 2H, H11+12), 5 1.91 - 1.89 (s, 1H, H13+14),

'H-NMR 3-amino-2-hydroxypropyl-B-p-galactopyranoside (600 MHz, CD3;0D) & 4.85 - 4.83
(s, 1H, HI), $3.84 - 3.65 (m, 8H, H2-4+6-10), 5 3.91 - 3.77 (td, *Jumr = 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 S3e: 'H-NMR (600 MHz, CD30D) 3-amino-2-hydroxypropyl-a-p-mannopyranoside.
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Synthesis of ethyl-linker functionalized ligand

Synthesis of 2-aminoethyl-a-p-mannopyranoside
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Scheme S3e: 2-aminoethyl-o-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-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, *Jus = 8.9, 1.4 Hz, 1H, HI), 8 3.66 - 3.62
(dd, 3Ty = 11.6, 2.1 Hz, 1H, Hi4-16), § 3.62 -3.59 (dd *Jur = 3.5, 1.7 Hz, 1H, HI4+16),
§3.59-3.54 (m, 1H, H14-16), 5 3.49 - 3.45 (dd, *Ju = 8.9, 3.4 Hz, 1H, H17), § 3.45 - 2.41
(dd, 3Jum = 11.6, 6.1 Hz, 1H, H2), § 3.39 - 3.28 (m, 3H, H3-7+12+13), §3.17-3.16 (s, 4H,
H3-7+12+13), 5 2.77 - 2.63 (0, *Jun = 6.1 Hz, 2H, H8+9), § 1.85 - 1.78 (s, 2H, H10+ 11).



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

mannopyranoside acrylamide)
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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-p-p-galactopyranose was used.
Polymer Amount of sugar added [mg] Yield
3-amino-2- 2-aminoethyl-a- | [mg] [%]
hydroxypropyl-o- | p-
D- mannopyrannose
mannopyranose*
Man0 - -—- 452 67
ManHPL1 60 -—- 438 64
ManHPL2 120 - 435 63
ManHPL7 150 -— 540 74
ManHPL34 1600 -—- 855 81
ManHPL97 3200 — 1358 80
ManELI -— 26 415 61
ManEL2 -— 53 421 61
ManEL5 -— 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
Functionalization Functionalization Molecular wel ht
do%ree ("H-NMR) | degree (PSA) [%] | (PSA) [g mol f
Man0 0 0 10300
ManHPLI 1.3 1.4 10480
ManHPL2 1.8 1.9 10650
ManHPL7 7.4 7.5 11525
ManHPL34 31.1 33.6 16240
ManHPL97 89.3 96.9 27770
ManEL1 1.3 1.1 10450
ManEL?2 2.8 2.2 10600
ManEL5S 472 4.6 11040
GalHPL3 2.6 2.7 10825
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Scheme S4b: Structure of PNIPAM. Bold numbers showing functionalization degree.

'H-NMR PNIPAM (600 MHz, CDCl3) 8 7.15 - 5.90 (s, 1H, H4), 8 4.15-3.90 (s, 1H, H5), §
2.32-1.96 (s, 1H, H3) 8 1.95 - 1.30 (s, 2H, HI+2), § 1.28 - 0.94 (s, 6H, H6-11).
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Figure S4a: "H-NMR (600 MHz, CDCl3) of PNIPAM.



Scheme S4c: Structure of ManHPL1. Bold numbers showing functionalization degree.

'H-NMR ManHPL1 (600 MHz, CDCl3) § 7.14 - 6.03 (s, 1H, H#) 5 4.97 - 4.85 (s, 1H, H12),8
4.07-3.95 (s, 75H, H5) 6 2.32 - 1.99 (s, 76H, H3), § 1.93 - 1.55 (s, 152H, H1+2), 8 1.31 - 0.94

(s, 305H, H6-11).

[£1]
LR

x
223

CHCI,

T T T T T T T
50 43 4.0 35 30 25 20

T T T T T T T T T T T
05 100 95 %0 85 81 75 70 65 60 55
f1 (ppm)

Figure S4b: '"H-NMR (600 MHz, CDCls) of ManHPLL.
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Scheme S4d: Structure of ManHPL2. Bold numbers showing functionalization degree.

'H-NMR ManHPL2 (600 MHz, CDCl3) § 7.03 - 5.57 (s, 55H, H4), 8 4.92 - 4.86 (s, 1H, H12),
& 4.07-3.92 (s, 56H, H5) & 2.65-1.98 (s, 55H, H3), 6 1.95-125 (s, 111H, HI+2), &
1.19 - 1.03 (s, 334H, H6-11).

| 800D

o 7 o £ o~
- @ o — @ o —
o b ™ b -
| Pl B | L 7500
L7000
L 6500
L6000
L5500
L5000
| 4500
4000
{3500
6-11
L3000
L2500
L2000
CHCI ; L 1500
4 12 fl') 3 142 | 1000
L 500
i N Ly
T T S L TR ] 1500
E) = = & N =
o = = = = b
T 7 T T T T T T T T T T u
10.5 10.0 93 9.0 8.5 B.0 15 70 65 6.0 4.0 15 3.0 25 24 1 1.0 0.5 1.0

Figure S4c: 'TH-NMR (600 MHz, CDCls) of ManHPL2.



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

'H-NMR ManHPL7 (600 MHz, CDCl5) § 6.95 - 5.68 (s, 14H, H+), 5 4.95 - 4.83 (s, 1H, H12),
54.07-3.92 (s, 14H, H5) $2.40 - 1.92 (s, 14H, H3), 5 1.91 - 1.25 (s, 28H, H/+2), 5 1.17 - 0.98
(s, 84H, H6-11).
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Figure S4d: 'H-NMR (600 MHz, CDCls) 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), 8
1.85-1.40 (s, SH, H/+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, D20) & 4.95 - 4.85 (s, 1H, H12), §2.60 - 1.96 (s, 1.18H, H3),
81.95-1.25(s, 2.14H, HI+2) 5 1.18 - 1.12 (s, 0.12H, H6-11).

34000

201
1.77

4.90
1.68
1

= =

32000
30000
28000
26000
24000

22000

/ 20000
/ HDO 18000

16000
14000
12000
10000
8000
5000

6-11
4000

12 3 142

1 2000
JL M—J\« L _L)-‘\L'___ )

e

-2000

5180

T T, T T T T T T Y T T T T T T

05 0 95 90 B5 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
f1 {(ppm)

=

Figure S4f: 'H-NMR (600 MHz, D,0) of ManHPL97.
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Scheme S4h: Structure of ManEL1. Bold numbers showing functionalization degree.

'H-NMR ManELI1 (600 MHz, CDCl3) § 7.10 - 5.85 (s, 75H, H4), 54.90 - 4.85 (s, 1H, H12),
4.07-3.91 (s, 77H, H5) 5 2.40 - 1.95 (s, 79H, H3), 5 1.90 - 1.30 (s, 158H, HI+2), 5 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, CDCls) § 7.00 - 6.05 (s, 32H, H4), 5 4.91 - 4.87 (s, 1H, H12),
4.20 - 3.82 (s, 40H, H5) § 2.40 - 1.98 (s, 35H, H3), $2.00 - 1.31 (s, 72H, H1+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 ManELS (600 MHz, CDCls) § 6.97 - 5.68 (s, 24H, H4), 54.90 - 4.84 (s, 1H, H12),
4.09 - 3.87 (s, 29H, H5) §2.66 - 1.98 (s, 24H, H3), 5 1.95 - 1.25 (s, 48H, HI+2), § 1.20 - 0.96
(s, 149H, H6-11).
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Figure S4i: '"H-NMR (600 MHz, CDCl3) of ManELS.
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Scheme S4k: Structure of GalHPL3. Bold numbers showing functionalization degree.

'H-NMR GalHPL3 (600 MHz, CDCl5) § 6.79 - 5.82 (s, 22H, H4), § 4.97 - 4.90 (s, 1H, H12),
§4.06-3.90 (s, 31H, H5)52.72 - 1.95 (s, 30H, H3),51.91 - 1.25 (s, S1H, H/+2), 5 1.17 - 1.05
(s, 151H, H6-11).
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Figure S4j: '"H-NMR (600 MHz, CDCl;) 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 D-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 SSa: 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 S5c: Size exclusion chromatographies of glycopolymer ManHPL?7 (left) and negative
binding control GalHPL3 (right).
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Figure S5d: Size exclusion chromatographies of glycopolymers ManELT1 (left) and ManEL2
(right).
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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
ManHPI 34 0.22
ManHPL97 0.12
ManEL1 5.74
ManEL2 2.66
ManELS 1.26
GalHPL3 2.92
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-0O-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
ManHPL1 (right).
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Figure S8c: DSC measurements of glycopolymer ManHPL2 (left) and glycopolymer
ManHPL?7 (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 ManEL1 (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 ManHPL1 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 ManEL2 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 ManHPLI1. 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, night: 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.
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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.
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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 77/ (2.

hydrodynamic dispersit

polymer Y dian*?/eter (BLS) Y
ManHPLI 7.9 0.36
ManHPL?2 7.3 0.33
ManEL1 8.3 0.38
ManEL?2 8.0 0.37
ManHPL.34 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 TIII 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, DMSO-ds: 'H 2.50). All chemical shifts are
reported in delta (8) 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 RIdetector 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, Fwr. J. Org. Chem., 2012, DOI:
10.1002/¢j0c.201200277, 3765-3780.

2 W. Hayes, H. M. 1. Osborn, S. D. Osborne, R. A. Rastall and B. Romagnoli,
Tetrahedron, 2003, 59, 7983-7996.
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Abstract

The straightforward preparation of thermoresponsive mannose-functionalized monolayers of
poly(N-1sopropylacrylamide) microgels and the analysis of the specific binding of concanavalin A
(ConA) and Escherichia coli (E. coli) above and below the lower critical solution temperature
(LCST) are shown. Using an inhibition and direct binding assay, it was found that ConA binding
18 time-dependent, where at short incubation times binding is preferred below the LCST. Given
sufficient time for binding to the microgel network above the LCST, the interaction of ConA to
the microgel network was increased, possibly due to the flexibility of the mannose-functionalized
network. For E. coli which 1s too large to diffuse into the network and presents only a monovalent
lectin (FimH), binding is enhanced above the LCST. This is due to the increased mannose density
of the microgel layer above the LCST, increasing the interaction to E. coli due to statistical binding.
Importantly, once bound to the microgel layer above the LCST, neither ConA or E. coli could be
released by a significant degree by cooling down below the LCST. Overall, this suggests that the
microgel layers enable the controllable specific adhesion of carbohydrate binding species at low
reversibility and that multivalent binding of small receptors in polymer networks can be enhanced

by an increased network porosity and flexibility.



1. Introduction

Carbohydrates as a major component of cell surfaces mediate countless processes at the cell
surface like adhesion, cell-cell communication, signal transduction and fertilization.!? Also
pathogenic bacteria can harness surface-anchored carbohydrates, e.g. at the glycocalyx of the cell,
to attach to cells, to colonize and to start infections.®** On the bacteria side these interactions are
mediated by lectins, i.e. receptors at the tip of long hair-like protein complex called fimbriae. ° A
prominent example of pathogens adhering to glycosylated cell surfaces is Escherichia coli (E. coli)
via the mannose-specific binding site FimH at the tip of the fimbriae. E. coli can cause numerous
infectious diseases including neonatal meningitis leading to high fatality rates of new-born
children in developing countries.” Due to the ongoing antimicrobial resistance crisis'® making it
increasingly harder to fight such infections, the inhibition of bacterial lectins has been proposed as
a new freatment strategy.!' Such inhibitors are based on multivalent natural carbohydrates or
glycoconjugates that bind to lectins with high avidity, thereby blocking them, resulting in reduced

pathogen adhesion and invasion.'*!’

On the other hand, surface coatings of such glycoconjugates are quite auspicious for capturing
specific bacteria, e.g. in water purification, for the detection of biological contaminants or for
quantifying carbohydrate-cell interactions.'®*° For practical considerations and to improve the
viability of such surfaces, it is desirable to be able to remotely control the binding of bacteria to
such surfaces. For example, to capture the bacteria in a first stage to remove the contaminant and
to release the bacteria in a second stage for diagnostics or simply reusing the coating. As of yet,
several groups reported on the synthesis of remotely switchable thermoresponsive carbohydrate
presenting LCST-polymer brushes and tested their binding to bacteria and other lectins.? 2° Upon
temperature increase, these polymer brushes collapse and thereby increasing the density of the

3



carbohydrates residues and decreasing the steric repulsion by reducing the excluded volume of the
polymer chains, which leads to an increase of carbohydrate receptor binding.*’ Although the
capture of lectins and bacteria could be readily switched “on” by raising the temperature above the
phase transition temperature of the polymer, the release of bacteria or protein by lowering the
temperature was not yet reported perhaps due to the strong hysteresis of the switchable

glycopolymers brushes in the bound and collapsed state.®

In comparison to polymer brushes, microgels allow quite simple coating procedures, and a special
surface functionalization step is not needed.” Furthermore, when compared to thin polymer
brushes microgel monolayers in water exhibit thicknesses of several hundred nanometers, and
mimic the mechanical properties of the cell environment.***! In addition, several groups presented
the synthesis of carbohydrate functionalized microgels for the switchable binding of carbohydrate
binding proteins.**3* Typically, such thermosensitive microgels are composed of poly(N-
isopropylacrylamide) or poly(oligo ethylene glycol acrylates) ** Quite similarly to thermosensitive
polymers, by increasing the temperature above the LCST carbohydrate functionalized microgels
form polymer-polymer contacts and collapse, thereby decreasing the steric repulsion while

303136 which increases E. coli

increasing the carbohydrate density as well as the elastic modulus,
clustering in solution.** The temperature-dependent shifts in the microgels’ elastic modulus and
surface roughness can be used to create switchable cell culture surfaces that enable the controlled
attachment and detachment of cells even without addressing specific cell adhesion receptors.3! 3¢
37 However, microgel coatings specifically targeting selected cells, e.g. bacteria via lectin, have
not been studied so far. Therefore, in this work we aim at coatings of mannose-functionalized
poly(N-1sopropylacrylamide) microgels to test their specific temperature-dependent binding of

E. coli in comparison to a mannose-specific model lectin (concanavalin A, ConA). We target at

4



the underlying mechanisms of lectin and bacterial adhesion at the soft, fuzzy microgel networks
as a function of the temperature and mannose ligand density. The carbohydrate interactions of
these coatings are studied via a direct binding assay and an inhibition assay at different incubation
times. Finally, the requirements to again release bound bacteria and lectin from the microgel

coatings are tested as well.

2. Experimental Section

2.1 Materials

N-isopropylacrylamide (NIPAM) (99%), N, N'-Methylenebisacrylamide (MBA) (99%), ethanol
(>99.8%), acetic acid (99.8-100%), p-toluic acid (98%), phosphate buffered saline tablets (PBS),
sodium methoxide (>97.5%), Amberlite IR 120 (hydrogen form), acetic anhydride (99.5%),
manganese chloride (99%), sulfuric acid (95-98%), ammonium persulfate (APS) (98%), LB Broth
(Miller, powder microbial growth medium), ethanolamine (>98%), dichloromethane (>99.9%),
triethylamine (>99.5%), N-hydroxyethyl acrylamide (97%), Concanavalin A from Canavalia
ensiformis (Jack bean) (FITC conjugate, Type IV, lyophilized powder), HEPES (>99.5%), methyl
o-D-mannopyranoside (>99.0%), mannan from Saccharomyces cerevisiae (prepared by alkaline
exfraction), TWEEN® 20 (for molecular biology), chloramphenicol (>98%) and ampicillin
sodium salt (BioReagent) were all purchased from Sigma Aldrich. Sodium dodecyl sulfate (SDS)
(>99%), tetrahydrofuran (99.8%), ethyl acetate (99.5%), dimethyl sulfoxide (299.9%),
methacryloyl chloride (97%) and o-D-mannose were purchased from Acros Organics. Sodium
chloride (99.98%), phenol (99%), acetonitrile (HPLC gradient grade) (>99.9%), magnesium
sulfate (laboratory reagent grade), chloroform (99.9%), methanol (99.99%) were purchased from

Fischer Scientific. n-hexane (99.9%) was purchased from VWR chemicals. Sodium hydrogen



carbonate (99%) was purchased from Appli Chem. Boron trifluoride diethyl etherate (98%) was

purchased from Alfa Aesar.

2.2 Microgel synthesis

The polymerization was carried out as described previously.*® In a 100 mL three-necked flask
fitted with a condenser 75 mL ultrapure water, 0.7 g N-Isopropylacrylamide (NIPAM, 6.19 mmol),
0.05 g N,N'-Methylenebisacrylamide (MBA, 0.324 mmol), 0.025 g (0.087 mmol) sodium dodecyl
sulfate (SDS) and the deprotected glycomonomer were added (supporting information S2). The
used amount of deprotected glycomonomers differ for each polymerization batch (supporting
information S2). The solution was stirred at 350 rpm with a magnetic stir bar and heated to 70 °C
under a nitrogen purge for at least 40 min to remove dissolved oxygen. Next, the imtiator
ammonium persulfate (0.2 g, 0.9 mmol) was dissolved in 5 mL ultrapure water and added to the
reaction solution to start the polymerization. During the reaction the solution was continuously
purged with nitrogen and stirred at 350 rpm. The reaction was stopped after 55 min by cooling
with an ice bath. After filtration by glass wool, the reactants were removed by repeated

cenfrifugation at 10000 g and washing with water.

2.3 Phenol- sulfuric acid method (PSA)

The phenol-sulfuric acid method was used to quantify the number of glycomonomers that were
included into the microgel network. First, a calibration curve was established using previously
reported procedures.’*** Using a stock solution of 320 puM methyl o-D-mannopyranoside
(MeMan) a dilution series of 20 ,40 ,80 160 uM was prepared in water. To 125 pL of each solution,
125 pL 5 wt% phenol solution in ultrapure water were given, thoroughly mixed, followed by the
rapid addition of 625 pL concentrated sulfuric acid and incubation for 30 min at ambient

temperature. The absorbance was measured at 490 nm via UV-Vis-spectroscopy. For the
6



measurements of the microgel samples mixtures of 125 uL ofa 0.5 wt% microgel dispersion and
125 uL of a 5 wt% phenol solution in ultrapure water were prepared. Afterward 625 pL
concentrated sulfuric acid were added rapidly and incubated for 30 min at ambient temperature.
After cooling, the solutions were centrifuged at 10000 g for 20 min, followed by analyzing the

supernatant.

2.4 Dynamic light scattering

Measurements were performed on a Malvern NanoZS (Malvern Panalytical, Kassel, Germany)
equipped with a 633 nm He/Ne-laser in backscattering configuration (171°). Microgel samples
(0.05 wt%) 1n 1 cm polystyrene cuvettes were analyzed in a temperature range of 20 °C to 40 °C
with a temperature increment of 2 °C and a 10-minute equilibration time between the temperature
steps. For evaluating the autocorrelation functions, the decay constant and first cumulant were
determined by exponential fits and the hydrodynamic radin were calculated by the Stokes-Einstein
relation. For comparison, selected microgel samples were analyzed on a Nicomp 3000 setup
(Particle Sizing Systems, FL, USA) at a scattering angle of 90° showing good agreement with

hydrodynamic radii determined in the backscattering setup.

2.5 Atomic Force Microscopy (AFM)
AFM of dried microgel films was conducted on a JPK NanoWizard 2 (JPK Instruments AG,
Berlin, Germany) using cantilevers with a nominal spring constant of 300 N/m (HQ:XSCl11,

MikroMash, Bulgaria) in tapping mode.



2.6 Microplate microgel coating
For coating of the 96-well plates 120 puL of a 0.1 mg/mL solution of microgel in ultrapure water
were filled in each well. The plates were dried at 37 °C and shaken at 120 rpm overnight. On the

next day, the plates were washed with PBST (PBS with 0.5 wt% Tween 20, 3 x 120 pL per well).

2.7 FITC-ConA adhesion inhibition assay

In the microgel coated microplate a dilution series of MeMan was prepared. 50 L of FITC-ConA
solution in LBB (¢ = 0.1 mg/mL) was added to the wells and the plates were incubated for 30 min
or 24 h at 100 rpm at either 20 °C or 40 °C. Afterward, the plates were washed three times with
120 pL of LBB and then filled with 100 pL of LBB per well. The LBB washing buffer was
tempered either at 20 °C or 40 °C. Finally, the fluorescence intensity was detected at 485 nm/535
nm and plotted as a function of the MeMan concentration to construct the inhibition curves

(supporting information S4).

2.8 E. coli adhesion inhibition assay

The E. coli adhesion assay was carried out according to a recent protocol.*” In the microgel coated
microplate a dilution series of MeMan was prepared. A suspension of the GFP-expressing E. coli
(50 pL, 2 mg/mL, OD = 0.4) was added to the wells (supporting information S5), followed by
incubation for 30 min or, respectively, 24 h on a shaker (100 rpm) at either 20 °C or 40 °C.
Afterward, the plates were washed three times with 120 pL. of PBS and then filled with 100 pL of
PBS per well. The PBS washing buffer was tempered at either 20 °C or 40 °C. Finally, the
fluorescence intensity of the adhered E. coli was detected at 485 nm/535 nm, see supporting

information S6 for the inhibition curves.



2.9 Fluorescence microscopy

The green fluorescent protein (GPF)-expressing E. coli. (PKL1162) and FITC-ConA were imaged
on an inverted microscope (Olympus IX73, Japan) equipped with an Olympus 60x NA 1.35 oil-
immersion objective (Olympus, Japan), and a CMOS camera (DMK 33UXI174L, The Imaging
Source, Germany) was used for imaging. Pictures were taken immediately after the washing cycles

of the microplates.

2.10 Washing experiments

The beforehand measured microplates were again washed with cold (20 °C) or warm (40 °C)
buffer solution. Therefore, in each washing cycle the microwells were filled with 120 pL bufter,
which was removed afterward, and then the wells were filled again with 120 pL and the

fluorescence intensity was readout.

3. Results and discussion

3.1. Synthesis of Carbohydrate-Functionalized Microgels

By copolymerizing different amounts of the mannose comonomers (ManEAm or ManEMAm)
with NIPAM and a bifunctional crosslinker, we obtained microgels with varying mannose
densities in a single synthesis step.** The mannose functionalization degree in the microgel, i.e.
the amount of mannose monomer as compared to NIPAM repeat units, was 0.4 to 0.8 mol%. The
samples are termed by the type and of the mannose functionalization degree, e.g. Man0.5 signifies
microgels with a functionalization degree of 0.5% ManEAm. ManMO0.4 and ManMO0.8 describes
microgels with a functionalization degree of 0.4% and, respectively, 0.8% ManEMAm. To

characterize the hydrodynamic radii and swelling ratio between 20 °C and 40 °C, dynamic light



scattering (DLS) was used (see Table 1). DLS measurements show that both microgels with
ManEMAm as comonomer have nearly the same hydrodynamic radii and the same swelling ratio
although the amount of carbohydrate within the microgels 1s doubled. It appears that ManEMAm
was incorporated into the microgel network at a higher rate as compared to ManEAm, since for
Man0.5 and ManMO0.8 the same molar ratios of comonomer were used, but a significantly larger
amount of comonomer was incorporated for ManMO0.8. From the polymerization kinetics the
opposite behavior could be expected, 1.e. acrylamides (ManEAm) polymerize and integrate into
the microgel network faster than methacrylamides (ManE Am). However, the polymerization was
conducted above the LCST of PNIPAM where small surfactant-stabilized hydrophobic microgel
precursors are formed first.** It is likely that the more hydrophobic ManEAm is incorporated better
to these growing microgel precursors as compared to the more hydrophilic monomer ManE Am.
Such differences in microgel growth may explain varying microgel compositions and differences
in hydrodynamic radius and swelling ratio.*! Here, Man0.5 with ManEAm as comonomer was
smaller but exhibited a higher swelling ratio as compared to the ManMO0.4 and ManMO0.8

microgels.

Table 1. Hydrodynamic radii (Ry) and PDI of microgel samples determined via DLS, and their

swelling degree additional to their carbohydrate density.

sample Ry at PDI swelling mannose mannose
name 2076 (DLS) ratio functionalization functionalization
[nm] Rin20/Rnao degree [umol g'] | degree [%monomer]
Man0.5 [ 268 + 28 0.07 3.2 43+ 4 0.5
ManM0.4 | 365+ 16 0.16 2.8 32+3 0.4
ManM0.8 | 361 +27 0.33 2.3 675 0.8
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With the three different microgels, the functionalization of microwell plate surfaces was tested to
find the optimum microgel density. For consistent results in ConA and E. coli binding assays, it 1s
important that the microgel films in the microwells were reproducible. Therefore, microplate
surfaces were coated by straightforward drop-casting method, which included drying a microgel
suspension on the multiwells followed by annealing and washing with the measurement buffer. To
find out the optimal microgel surface density, different microgel concentrations (120 uL, 1 mg/mL
to 0.002 mg/mL) of ManMO0.4 were drop-casted in a microwell plate, and the fluorescence
intensity was read out after incubation/washing with E. coli. or FITC labeled ConA (Figure 1).
The results showed a plateau of bound ConA and E. coli at around 0.1 mg/mL of microgels. AFM
measurements showed that at this microgel concentration closed monolayers are formed.
Therefore, all following binding assays were conducted with microgel coatings prepared from this
microgel concentration and the same drop-casting procedure to assure reproducible microgel

monolayers.
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Figure 1. ManMO0.4 microwell plate coatings a) E. coli and ConA binding as measured by
fluorescence readout depended on the microgel dispersion concentration used to coat the
microplate surface. Reproducible results are obtained in the plateau region around 0.1 mg/mL. b)
AFM 1images prepared at this concentration showed monolayers. The average spacing between
microgels centers coincides with the microgels’ hydrodynamic diameters indicating close packed

monolayers in solution.

3.2. ConA binding to microgel surfaces

Having identified the conditions for surface microgel coating, microwell plates were prepared for
adhesion studies using ConA as receptor. ConA is a well-known homotetrameric model lectin that
binds o-D-mannopyranoside.** In the inhibition assay different amounts of the inhibitor a-D-
methyl mannopyranoside (MeMan) were added to determine the inhibitory concentration (ICso-
values, Figure 2, left). ICso-values show the amount of inhibitor necessary to reduce the amount
of bound receptor by 50%. This means that at higher ICs¢-values a larger amount of inhibitor was
necessary to inhibit the binding between ConA and the microgel surface, thus the interaction was
stronger. Comparing the ICso-values at different temperatures show how the microgel phase
transition affects the binding between protein receptor and the microgel surface. To directly

measure the amount of bound ConA, microscope-based fluorescence measurements were carried
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out on microgel layers adsorbed to the same polystyrene microwell plates used for the inhibition
assay (Figure 2, right). The inhibition assay shows how strong ConA 1s bound to the microgel

surfaces whereas the direct binding assay shows how much ConA binds to the microgel surfaces.

inhibitonassay directbinding assay
MeMan.. ., ConA IC. 50 read out

-,E 3 100
ik Mani.5
205C

flunre scence readout

Figure 2. Schematic presentation of the ConA inhibition assay (left) and direct binding assay

(right).

3.2.1. Inhibition assay

The thermoresponsive specific binding between mannose bearing microgel surfaces and ConA
was analyzed with the inhibition assay by incubation with FITC-ConA and a MeMan solution
series at 20 °C and 40 °C for either 30 min or 24 h. The surfaces were washed and the amount of
bound FITC-ConA was determined by reading the fluorescence signal with a plate reader. The
resulting inhibition curves yield the ICso-values and the Hill coefficient, the slope of the curve,
which is a measure for the degree of binding cooperativity (Figure 3).*** In this experimental
setup higher 1Cso-values would indicate that more MeMan was required to inhibit the ConA-
microgel adhesion. This could be the case for a higher mannose ligand density on the surface. ¢
For an incubation time of 30 min with ConA, the ICso-values were larger above the LCST (see

Figure 3) indicating stronger binding due to a larger mannose density in the collapsed state.

However, at incubation times of 24 h, the ICso-values show the opposite behavior, where stronger
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ConA-microgel binding i1s observed below the LCST. Furthermore, at 24 h of incubation, the
slopes of the inhibition curves as signified by the Hill coefficients were clearly smaller below the
LCST, which suggests that the degree of cooperative ConA binding to the microgel layer was
larger below the LCST. A clear mannose functionalization degree dependence is observed only at
short incubation times where large ICso-values and stronger binding is observed for increased
functionalization degrees. Such concenfration dependence on ligand umts is expected due to
statistical effects, 1.e. rapid binding and rebinding of ConA due to the short lifetime of single
carbohydrate-lectin complexes.*’* The fact that this mannose concentration dependence is not
seen at long incubation times hints at a larger degree of multivalent binding where statistical effects
do not dominate. Therefore, the inhibition assay suggests that binding of ConA to the microgel
layer requires long incubation times to reach an equilibrium. Initially, ConA binding to collapsed
microgels above the LCST 1s stronger compared to swollen microgels below the LCST. Given
longer incubation times below the LCST, it seems that ConA is able to bind additional mannose
units via multivalent binding in the more flexible microgel network. This 1s different above the
LCST, where the microgels are collapsed and rigid the degree of multivalent cooperative binding

was lower.
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Figure 3. [Cso-values and Hill coefficients measured for microgel coated surfaces using Man0.5,
ManMO0.4 and ManMO0.8 after 30 min incubation (left) and after 24 h incubation (r1ight) using ConA

as receptor. Blue bars represent measurements at 20 °C and red bars at 40 °C.

3.2.2. Direct binding assay

To directly compare the amount of bound ConA to the microgel surfaces the fluorescence intensity
of ConA-FITC at the microgel surface was determined by optical microscopy above and below
the LCST and at different incubation times (Figure 4). Microscope-based fluorescence analysis
showed that more ConA was bound to microgels with larger functionalization degrees.
Significantly more ConA binds after 24 h incubation, which again hints at long equlibration times.
Notably, raising the temperature above the LCST resulted in an increase of bound ConA. However,

when compared to the large changes in ICs¢ upon temperature increase, these effects were small.
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Figure 4. Fluorescence intensities measured of FITC-ConA bound to microgel surface at 20 °C

(blue bars) and 40 °C (red bars) after 30 min (left) and 24 h (r1ght) of incubation.

We interpret these findings with a delayed diffusion of the ConA molecules into the “fuzzy”, less
crosslinked corona of the microgel particles. Such radial crosslinking density gradients are due to
the larger polymerization rate of the bifunctional crosslinker when compared to the NIPAM and
the mannose comonomers. For short incubation times, the ConA binding to microgels below the
LCST was small, and the binding can easily be inhibited by the addition of MeMan since the ConA
molecules could only bind the surface-exposed mannose ligands (Figure S, left). For collapsed
microgels it 1s likely that the accessibility of mannose units is increased due to the reduced steric
repulsion of the network and the potential enrichment of the hydrophilic mannose units at the
surface of the hydrophobic layer. Thus, for short incubation times, the amount of bound ConA and
ICso-values are larger above the LCST. When increasing the incubation time, the ConA molecules
are allowed to diffuse into the microgel corona below the LCST enabling multivalent binding due
to the flexible network as signified by increased ICs¢-values (Figure 5, right). However, in the
collapsed state above the LCST such diffusion into the gel is not possible, and the network 1s more

rigid, reducing multivalent binding and lower ICsp-values.
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Figure 5. Schematic presentation of the surface of the microgel layer where binding and diffusion

of ConA molecules 1s controlled by a loosely crosslinked network (microgel corona). For short
diffusion times binding 1s overall lower below the LCST due to steric repulsion and low mannose
accessibility (left). For long incubation times ConA can diffuse in the swollen network and bind
multiple mannose units due to the flexibility of the network. Such multivalent binding is reduced

in the collapsed state due to the more rigid network.

3.3. E. coli binding to microgel surfaces

To show the ability to capture carbohydrate-binding bacteria by temperature stimulus on microgel
coatings, we investigated the adhesion of E. coli, a well-known mannose-binding bacterium. The
E. coli adhesion was again quantified by fluorescence-based microplate readout, using the green
fluorescence protein expressing type 1-fimbriated strain pKL1162.*° The inhibition assays were
conducted like the ConA binding assays. For the direct binding assay, the amount of adhered
bacteria was determined using a plate reader instead of an optical microscope to increase the size

of the sampled area.

LE



3.3.1. Inhibition assay

For an incubation time of 30 min, the comparison of ICso-values at 20 °C and 40 °C showed only
small effects when crossing the LCST and the Hill coefficients were close to unity as expected for
the monovalent FimH receptor (Figure 6). It is likely that an incubation time of 30 min was too
small to observe clear effects given the small diffusion constants of the large E. coli bacteria
compared to the molecular ConA. After an incubation time of 24 h, the changes in ICso-values
were similar for all microgel surfaces, and a clear temperature response was observed. All microgel
surfaces showed an increase in ICs¢-values at elevated temperature, 1.e. more inhibitor was
required to remove the bacteria from the surfaces at 40 °C. This was caused by an increase in
mannose density above the LCST compared to the microgel film below the LCST. An increase in
the surface density of binding motifs often correlates with increasing ICso-values.*’ In case of weak
carbohydrate-binding, higher rates of rebinding events for higher densities of ligands may explain
this effect.*® For collapsed microgels above the LCST, the accessibility of mannose units might be

improved at the surface, which would also lead to increased binding.*’
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Figure 6. ICso-values and Hill coefficients measured for microgel coated surfaces using Man0.5,
ManMO0.4 and ManM0.8 after 30 min incubation (left) and after 24 h incubation (right) using

E. coli as receptor. Blue bars represent measurements at 20 °C and red bars at 40 °C.
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3.3.2. Direct binding assay

A microscope-based readout for E. coli adhesion towards the microgel surface was unsuitable due
to the small areas that were covered with the images. Therefore, the maximum fluorescence value
measured during the microplate-based adhesion assay were analyzed. Microscope 1mages also
showed that for short incubation times of 30 min, the adhesion of E. coli varied strong, perhaps
due to the slow diffusion of the bacteria compared to ConA. Therefore, here only the results for
long adhesion times (24 h) are shown in Figure 7. The results show that for small microgels with
low mannose density ManM0.4 and Man0.5 more E. coli were bound above the LCST. This mught
again indicate an increase in the mannose density and improved accessibility of mannose above
the LCST, due to the collapse of the microgels. For ManM0.8 there was no difference in the
number of adhered bacteria when changing the temperature. This suggests that the density of

mannose units was sufficiently large below the LCST to bind a large number of bacteria.
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Figure 7. Direct E. coli binding adhesion assay. a) Fluorescence intensities measured for the direct
E. coli adhesion on microgel surfaces after 24 h incubation. Blue bars represent measurements at

20 °C and red bars at 40 °C. b) Typical microgel surfaces after E. coli incubation for 24 h.
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3.4. Releasing/Washing experiments

Since we have shown that the binding of microgel surfaces and the tested receptors is specific, we
now wanted to see, whether the bound bacteria and lectins can be released from the surfaces. This
1s especially interesting for the surfaces that were incubated with E. coli at 40 °C for 24 h as it was
seen that in this case, the collapse of the microgel leads to increased adhesion of the bacteria. In
Figure 8 1t can be seen that only by washing with cold buffer (Ieft) there 1s no significant decrease
of the relative fluorescence intensity in comparison to the surfaces that were washed with warm
buffer (Figure 8, right). Summarized the reswelling of the microgels upon cooling was not
sufficient to release bound receptors by a substantial degree owing to a strong swelling hysteresis

or persistent specific binding

I ManD.5 1 o
[ ManMO.4 100 40 °C
I ManMO.8

20°C

B Man0.5
I ManMO0.4 |
B anMO0.8

1

realtive fluorescence intensity [%]
realtive fluorescence intensity [%]

wash cycle wash cycle

Figure 8. Relative fluorescence intensity after washing the E. coli incubated surfaces (24 h, 40 °C)

with cold (20 °C, left) and warm buffer (40 °C, right).
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Conclusion

PNIPAM microgel monolayer films decorated with mannose units were prepared on polystyrene
microwell surfaces to study the binding of ConA and E. coli below (20 °C) and above (40 °C) the
LCST of PNIPAM for short (30 min) and long incubation times (24 h). For long incubation times,
1t was shown that when increasing the temperature above the LCST, the interaction of E. coli with
the microgel layer as measured by ICso-values was increased. Also, the number of bound E. coli
was increased. This 1s explained by a higher mannose density and reduced steric repulsion in the
collapsed state of the microgel layer above the LCST. In contrast to strong E. coli binding above
the LCST, for ConA the interaction to the microgel layer after 24 h incubation was stronger below
the LCST. This might be explained by multivalent binding of the tetrameric receptor to the flexible
swollen polymer network, which is not possible for E. coli since its receptor (FimH) 1s monovalent,
and the bacteria are too large to diffuse into the microgel network. For short incubation times, the
ConA binding was weaker below the LCST perhaps due to delayed diffusion of ConA in the soft
swollen microgel corona. Reswelling of the microgels upon cooling was not sufficient to release
bound receptors by a substantial degree owing to a strong swelling hysteresis or persistent specific
binding. Overall, these results show that the capture of E. ¢oli via ligand decorated microgel layers
can be significantly increased above the LCST, whereas this was not possible for small multivalent
receptors. Furthermore, the temperature-dependent swelling of the microgel layer could be
combined with other stimuli-responsive residues, e.g. light or chemical stimuli to enable coatings

with more controlled capture and release capabilities.
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S1 Materials

N-isopropylacrylamide (NIPAM) (99%), N,N'-Methylenebisacrylamide (MBA) (99%), ethanol
(= 99.8%), acetic acid (99.8-100%), p-toluic acid (98%), phosphate buffered saline tablets (PBS),
sodium methoxide (> 97.5%), Amberlite IR 120 (hydrogen form), acetic anhydride (99.5%), manganese
chloride (99%), sulfuric acid (95-98%), ammonium persulfate (APS) (98%), LB Broth (Miller, powder
microbial growth medium), ethanolamine (> 98%), dichloromethane (> 99.9%), triethylamine
(= 99.5%), N-hydroxyethyl acrylamide (97%), Concanavalin A from Canavalia ensiformis (Jack bean)
(FITC conjugate, Type IV, lyophilized powder), HEPES (> 99.5%), methyl a-D-mannopyranoside
(= 99.0%), mannan from Sacc haromyces cerevisiae (prepared by alkaline extraction), TWEEN® 20 (for
molecular biology), chloramphenicol (> 98%) and ampicillin sodium salt (BioReagent) were all
purchased from Sigma Aldrich. Sodium dodecyl sulfate (SDS) (= 99%), tetrahydrofuran (99.8%), ethyl
acetate (99.5%), dimethyl sulfoxide (> 99.9%), methacryloyl chloride (97%) and o-D-mannose were
purchased from Acros Organics. Sodium chloride (99.98%), phenol (99%), acetonitrile (HPLC gradient
grade) (= 99.9%), magnesium sulfate (laboratory reagent grade), chloroform (99.9%), methanol
(99.99%) were purchased from Fischer Scientific. n- hexane (99.9%) was purchased from VWR
chemicals. Sodium hydrogen carbonate (99%) was purchased from Appli Chem. Boron trifluoride

diethyl etherate (98%0) was purchased from Alfa Aesar.
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S2 Glycomonomer synthesis

Synthesis of N-(2-hydroxyethyl)-2-methacrylamide (HEMAm)

o
\[H\N/\/OH
H

Structure of N-(2-hydroxyethyl)-2-methacrylamide (HEMAm).

N-(2-hydroxyethyl)-2-methacrylamide was synthesized according to a protocol published by Parry et
al.! Briefly, ethanolamine (8 mL, 132 mmol) was dissolved in anhydrous dry chloroform (100 mL) and
cooled with an ice bath to 0 °C. Then a solution of methacroloyl chloride (6.4 mL, 67 mmol) and
chloroform (75 mL) were slowly added, followed by stirring for 2 h at 0 °C. The formed solid was
filtered off and the remaining chloroform was removed in vacuo. Next, the crude product was again
dissolved in 250 mL chloroform and stirred over basic alumina for 15 h. On the next day the basic
alumina was filtered off and the remaining solvent was removed under reduced pressure to give a pale-
yellow oil. The product was purified by column chromatography (ethyl acetate/n-hexane 1:1). The
overall yield of the synthesis was 80% (6.92 g).

'H-NMR (600 MHz, CDCL): 8 641 (s, 1H, -NH), 5.73 (t, *Juz= 1.0 Hz, 1H, -C=CH; E to -CH), 5.37

—5.33 (m, 1H, -C=CH, Z to -CH3), 3.75 (dd, /i =5.5, 4.5 Hz, 2H, -NHCH,CHa), 3.50 — 3.46 (m, 2H,
“NH-CH.-CH,), 2.57 (s, 1H, -OH), 1.97 — 1.95 (m, 3H, -CHs).
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Figure 1: 'H-NMR (600 MHz, CDCl;) HEMAm.
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Synthesis of 1,2,3,4,6-penta-O-acetyl-a-D-mannopyranoside

OAc

cO.0
AcO
AcO

OAc

Structure of 1,2,3,4,6-penta-O-acetyl-o-D-mannopyranoside.

o-D-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 mol) 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) 5 6.11 - 5.83 (dd, *Jur=67.2, 1.8 Hz 1H, HI), § 5.50 - 5.09 (m, 3H, H2-
4),54.34 -4.24 (m, 1H, H5), §4.18 - 3.75 (n, 2H, H21+22), § 2.23 - 2.20 (s, 3H, H6-20), 5 2.18 - 2.15
(d, T = 2.4 Hz, 3H, H6-20), §2.09 - 2.07 (s, 3H, H6-20), 5 2.06 - 2.02 (s, 3H, H6-20), 5 2.02 - 1.96
(s, 3H, H6-20).
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Figure 2: '"H-NMR (600 MHz, CDCL) 1,2,3.4,6-penta-O-acetyl-o-D-mannopyranoside.
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Synthesis of 2'-methacrylamidoethyl-2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside
(AcManEMAm)

OAc

cQO.0
AcO
AcO 0

O\/\NJ\’_(
H

Structure of 2’-methacrylamidoethyl-2,3 4,6-tetra-O-acetyl-o-D-mannopyranoside (AcManEM Am).

The synthesis was adapted from Gibson et al.> In a 1000 mL round bottom flask 1,2,3,4,6-Penta-O-
acetyl-o-D-mannopyranoside (20.6 g, 52.8 mmol) and N-(2-hydroxyethyl)-2-methacrylamide (6.2 g,
48.2 mmol) were dissolved in dichloromethane (500 mL). Followed the solution was cooled to 0 °C and
additionally purged with nitrogen for at least 15 min. After that slowly boron trifluoride diethyl etherate
(35 mL, 276.2 mmol) was added to the solution. After the addition of boron trifluoride diethyl etherate
was completed the reaction solution was allowed to reach room temperature. After 48 h stirring at
ambient temperature organic layer was washed with ice water, two times with saturated sodium
hydrogen carbonate solution, distilled water and brine. The solution was dried with MgSOs, filtered and
the remaining dichloromethane was removed under reduced pressure. The crude colorless gum was
additionally pwrified by column chromatography (ethyl acetate/n-hexane 1:1). The overall yield of the

colorless gum was 21% (4.65 g).

'H NMR (600 MHz, CDCL3) & 6.29 (s, 1H, NH), 5.69 — 5.67 (i, 1H, -C=CH.) 5.38 — 5.35(m, 1H, -
C=CH,), 5.34 — 531 (n, 1H, H2), 5.29 (dd, *Juzr= 10.1, 3.4 Hz, 1H, H3), 5.25 — 5.20 (m, 2H, H4), 4.80
(d, *Jur= 1.8 Hz, 1H, H1), 4.21 (dd, *Jum = 12.2, 5.7 Hz, 1H, H6), 4.08 —4.05 (n, 2H, 1H, H6"), 3.95 —
3.90 (m, 1H, H5), 3.82 — 3.77 (m, 1H, -OCH>CHa), 3.63 — 3.52 (m, 2H, -OCH:CH,, -OCH>CH:NH),
3.51 —3.44 (m, 1H, -OCH,CH,NH), 2.12 (s, 3H, -COCH3), 2.06 (s, 3H, -COCHa), 2.01(s, 3H, -COCH3),
1.96 (s, 3H, -COCH3), 1.94 (s, 3H, -CH3).

13C NMR (600 MHz, CDCls) 8 170.66(1C, -COCH3), 170.11 (1C, -COCH3), 170.05 (1C, -COCH3),
169.70 (1C, -COCH3),168.51 (1C, -CONH), 139.84 (1C, COC(CH3)CH.), 119.93 (1C, COC(CH3)CH>)
97.69 (1C, C1), 69.42 (1C, C2) , 69.06 (1C, C3), 68.87 (1C, C4), 67,32 (1C, C5), 66.15 (1C, -
OCH,CHb) , 62.52 (1C, C6) , 39.29 (1C, NHCH,CH>) , 21.10 (1C, -COCH3), 20.92 (1C, -COCH3),
20.76 (1C, -COCHs), 18.68 (1C, -COCH3), 14.25 (1C, -CHa).
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Figure 3: 'H-NMR (600 MHz, CDCl3) AcManEMAm.
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Synthesis of 2'-acrylamidoethyl-2,3,4,6-tetr a-O-acetyl-a-D-mannopyranoside
(AcManEAm)

OAcC

cO.
AcO °
AcO 0

H |

Structure of 2’-acrylamidoethyl-2,3,4,6-tetra-O-acetyl-o-D-mannopyranoside (AcManEAm).

The synthesis was adapted from Gibson et al.> In a 1000 mL round bottom flask 1,2,3,4,6-Penta-O-
acetyl-o-D-mannopyranoside (20.6 g, 52.8 mmol) and N-(2-hydroxyethyl)-2-acrylamide (5.5 g, 48.2
mmol) were dissolved in dichloromethane (500 mL). Followed the solution was cooled to 0 °C and
additionally purged with nitrogen for at least 15 min. After that slowly boron trifluoride diethyl etherate
(35 mL, 276.2 mmol) was added to the solution. After the addition of boron trifluoride diethyl etherate
was completed the reaction solution was allowed to reach room temperature. After 48 h stirring at
ambient temperature organic layer was washed with ice water, two times with saturated sodium
hydrogen carbonate solution, distilled water and brine. The solution was dried with MgSOs, filtered and
the remaining dichloromethane was removed under reduced pressure. The crude colorless gum was
additionally pwrified by column chromatography (ethyl acetate/n-hexane 1:1). The overall yield of the
colorless gum was 31% (6.65 g).

'H NMR (600 MHz, CDC13) 8 6.28 (dd, *Jur=17.0, 1.5 Hz, 1H, -HC=CH>), 6.25 (s, 1H, NH), 6.14 (dd,
Jur=17.0, 10.3 Hz, 1H, -HC=CH>), 5.65 (dd, Juxz = 10.3, 1.5 Hz, 1H, -HC=CH>), 5.29 (dd, *Jux =
10.0, 3.5 Hz, 1H, H3), 5.25 - 5.19 (m, 1H, H2), 4.80 (d, *Jur= 1.7 Hz, 1H, H1), 4.22 (dd, *Jmr=12.2,
5.7 Hz, 1H, H6), 4.07 (dd, *Jur = 4.8, 2.5 Hz, 1H, H6"), 3.95 (ddd, *Juz = 10.1, 5.7, 2.5 Hz, 1H, H5),
3.82 —3.77 (m, 1H, -OCH,CH,), 3.62 —3.55 (m, 2H, -OCH:CH,, -OCH,CH,NH), 3.53 —3.45 (m, 1H,
-OCH,CH,NH), 2.13 (s, 3H, -COCH3), 2.06 (s, 3H, -COCH3), 2.02 (s, 3H, -COCH3), 1.97 (s, 3H, -
COCHa).

13C NMR (600 MHz, CDCls) 8 171.23(1C, -COCH3), 170.71 (1C, -COCH3), 170.14 (1C, -COCHs),
169.75 (1C, -COCH3),165.72 (1C, -CONH), 130.66 (1C, COC(CH3)CH.), 126.95 (1C, COC(CH3)CH>)
,97.83 (1C, C1) , 69.42 (1C, C2) , 69.07 (1C, C3), 68.83 (1C, C4), 67,42 (1C, C5), 66.22 (1C, -
OCH,CH2) , 62.57 (1C, C6) , 39.20 (1C, NHCHCH>) . 21.12 (1C, -COCH3). 20.94 (1C, -COCH3).
20.80 (1C, -COCHs), 20.77 (1C, -COCH3).
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Deprotection of the glycomonomers

For polymerizations in water the glycomonomers had to be deprotected. Therefore, 0.5 g of the
glycomonomer was given into 6.5 mL of a 0.3 M sodium methanolate solution in methanol and shaken
for at least 2 h. Afterward the solution was neutralized with Amberlite IR120 and the remaining solvent

was removed.

Structure of 2’-methacrylamidoethyl-a-D-mannopyranoside (ManEM Am)

'H NMR (600 MHz, D20): 8 5.73 —5.66 (m, 1H, -C=CH,), 5.47 — 5.45 (m, 1H, -C=CH,), 4.87
(d, 3 =1.7 Hz, 1H, H1), 3.93 (dd, *im=3.5, 1.7 Hz, 1H, H2), 3.85 (dd, *im=12.2,2.2 Hz,
1H, H6), 3.83 —3.80 (m, 1H, H3), 3.78 (dd, *Jimr = 9.5, 3.4 Hz, 1 H, H4), 3.74 (dd, *Jim=12.2,
5.9 Hz, 1H, H6"), 3.71 — 3.62 (m, 2H, -OCH2CH,NH), 3.61 — 3.57 (m, 1H, H5), 3.56 — 3.51
(m, 1H, -OCH,CH,NH), 3.49 — 3.44 (m, 1H, -OCH,CH,NH), 1.93 (s, 3H, -CHs).
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Figure 7.'H-NMR (600 MHz, D>O) ManEMAm.

Microgel Synthesis

The polymerization was carried out in a 100 mL three-necked flask fitted with a condenser. In 75 mL
ultrapure water 0.7 g N-Isopropylacrylamide (NIPAM, 6.19 mmol), 0.05 g NN"-
Methylenebisacrylamide (MBA, 0.324 mmol) and 0.025 g (0.087 mmol) sodium dodecyl sulfate (SDS)
were added. Additionally, the deprotected glycomonomer was added. The used amount of deprotected
glycomonomers differ for each polymerization bactch (see Table 1). The solution was stirred at 350
pm with a magnetic stir bar and heated to 70 °C under a nitrogen purge for at least 40 min to remove
dissolved oxygen. Next, the initiator ammonium persulfate (0.2 g, 0.9 mmol) was dissolved in 5 mL
ultrapure water and added to the reaction solution afterwards to start the polymerization. During the
reaction the solution was continuously purged with nitrogen and stirred with 350 rpm. The reaction was
stopped after 55 min by cooling with an ice bath. After filtration by glass wool, the reactants were
removed by repeated centrifugation at 10000 g and washing with water.
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Table 1. Used chemicals for the synthesis of the different microgel samples.

Microgel NIPAM MBA Mannose monomer SDS APS
sample
ManMO0.8 0.7 g, 6.2 mmol 50 mg, 324 180 mg ,0.618 mmol 25 mg 200 mg
nmol ManEMAmM 87 nmol 0.876 mmol
ManMO0.4 0.7 g, 6.2 mmol 50 mg, 324 85 mg, 0.309 mmol 25 mg 200 mg
nmol ManEMAmM 87 nmol 0.876 mmol
Man0.5 0.7 g, 6.2 mmol 50 mg, 324 180 mg ,0.62 mmol 25 mg 200 mg
nmol ManEAm 87 nmol 0.876 mmol
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S3 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
7.26,13C 77.16,D,0: 'H 4.79). All chemical shifts are reported in delta (8) expressed in parts per million
(ppm). The following abbreviations were used to indicate multiplicities: s = singlet, d = doublet, t =
triplet, m = multiplet.

Reversed phase high pressure liquid chromatography — mass spectrometry (RP-HPLC-
MS)

All RP-HPLC-MS measurements were performed on an Agilent 1260 infinity instrument (Agilent
Technologies, Waldbronn, Germany). The instrument is coupled to a variable wavelength detector
(VWD) and was set to 214 nm and a 6120 Quadrupole LC/MS containing an Electronspray Ionization
source (operating in positive ionization mode in a m/z range of 200 to 2000). A Poroshell 120 EC-C18
1.8 um (3.0 x 50 mm, 2.5 pm) RP column was used as HPL.C column. The mobile phase A was 95/5
H20/MeCN and B 5/95 H20/MeCN, both containing 0.1% formic acid. Samples were analyzed with a
flow rate of 0.4 mL/min using a linear gradient from 100% A to 50% B in a time range of 17 min at 25
°C. Using OpenlLab ChemStation software for LC/MS from Agilent Technologies (Waldbronn,
Germany) spectral analysis of UV and M S data was performed.

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 (Mtihlheim, Germany).

Zeta potential measurements

All Zeta potential measurements were performed on a Zetasizer Nano-Z instrument (Malvern) using a
DTS1070 folded capillary cell. To operate the instrument, the Zetasizer software version 7.11 (Malvern)
was used. For all measurements a 0.05 wt% microgel dispersion in 5 mM Na2HPO4 buffer (pH 7.4)
was used. All measurements were carried out at 20 °C. For all microgel samples a zeta potential of -1.0
mV to 0.3 mV was measured. The slightly negative charge can be attributed to the negative charges of

the used initiator.
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Microplate reader

All adhesion inhibition measurements were performed on a CL ARIOstar® microplate reader from BMG
LABTECH (Freiburg, Germany) at ambient temperature. Using the BMG Mais software the
measurements were evaluated. For all measurements F-bottom 96 black well plates from Greiner BIO-

ONE were used.

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.

Dynamic light scattering

Measurements were performed at a Malvern HPPS 3.3 instrument (Malvern Panalytical, Kassel,
Germany) equipped with a 633 nm He/Ne-laser with the detector set in backscattering configuration
(171°). Microgel samples (0.05 wt%)in 1 cm polystyrene cuvettes were analyzed in a temperature range
of 20 °C to 40 °C with a temperature increment of 2 °C and a 10-minute equilibration time lag between
the temperature steps. For evaluating the autocorrelation functions, the decay constant and first cumulant
were determined by exponential fits the and the hydrodynamic radii were calculated by the Stokes-
Einstein relation. For comparison, selected microgel samples were analyzed on a Nicomp 3000 setup
(Particle Sizing Systems, FL, USA) at a scattering angle of 90° showing good agreement with
hydrodynamic radii determined in the backscattering setup.

Atomic Force Microscopy (AFM)

AFM of dried microgel films was conducted on a JPK NanoWizard 2 (JPK Instruments AG, Berlin,
Germany) using cantilevers with a nominal spring constant of 300 N/m (HQ:XSC11, MikroMash,
Bulgaria) in tapping mode.
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S4 Temperature dependent adhesion of ConA to microgelsurfaces
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Figure 8: Inhibition measurements for Man0.5 with receptor ConA after 30 min of incubation at 20 °C
(left) and 40 °C (right).
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Figure 9: Inhibition measurements for Man0.5 with receptor ConA after 24 h of incubation at 20 °C
(left) and 40 °C (right).
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Figure 10: Inhibition measurements for ManMO0.4 with receptor ConA after 30 min of incubation at
20 °C (left) and 40 °C (right).
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Figure 11: Inhibition measurements for ManM 0.4 with receptor ConA after 24 h of incubation at 20 °C
(left) and 40 °C (right).
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Figure 12: Inhibition measurements for ManMO0.8 with receptor ConA after 30 min of incubation at
20 °C (left) and 40 °C (right).
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Figure 13: Inhibition measurements for ManM 0.8 with receptor ConA after 24 h of incubation at 20 °C
(left) and 40 °C (right).



SS Bacteria cultivation, 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, calciun 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%

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 1pm to guarantee a

constant mixing of the solution.
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S6 Temperature dependent adhesion of E. coli to microgel surfaces
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Figure 14: Inhibition measurements for Man0.5 with receptor E. coli after 30 min of incubation at 20 °C
(left) and 40 °C (right).

100 — 100 —
£ e
° 80 — < 80 —
:g“_ 60 - z E 60 - I
B b=
S 40 S 40 T
L= €
20 - 20
0 s L
468! 2 468 2 468 2 468 2 468/ 2 468! 2
1 10 100 1 10 100

[MeMan] | mM [MeMan] | mM

Figure 15: Inhibition measurements for Man0.5 with receptor E. coli after 24 h of incubation at 20 °C
(left) and 40 °C (right).
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Figure 16: Inhibition measurements for ManMO0.4 with receptor E. coli after 30 min of incubation at
20 °C (left) and 40 °C (right).
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Figure 17: Inhibition measurements for ManMO0 4 with receptor E. coli after 24 h of incubation at 20 °C
(left) and 40 °C (right).
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Figure 18: Inhibition measurements for ManMO0.8 with receptor E. coli after 30 min of incubation at
20 °C (left) and 40 °C (right).
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Figure 19: Inhibition measurements for ManMO0.8 with receptor E. coli after 24 h of incubation at 20 °C
(left) and 40 °C (right).



General methods

Phenol-sulfuric acid method (PSA)

The phenol-sulphuric acid method was used to quantify the number of glycomonomers that were
included into the polymeric network. Firstly, a calibration curve was established using previously
reported procedures.>> A stock solution of 320 pM methyl o-D-mannopyranoside (MeMan) and dilution
series of 20 ,40 ,80 160 uM in water was prepared. To 125 pL of each solution 125 pl. 5 wt% phenol
solution in ultrapure water were given and thoroughly mixed, followed by the rapid addition of 625 pL
concentrated sulfuric acid and incubating for 30 min at ambient temperature. The absorbance intensity
was measured at 490 nm via UV-Vis-spectroscopy. For the measurements of the microgel samples
mixtures of 125 pl. of a 0.5 wt% microgel dispersion and 125 pL. of a5 wt% phenol solution in ultrapure
water were prepared. Afterward 625 puL concentrated sulfuric acid were added rapidly and incubated for
30 min at ambient temperature. Cooled solutions were centrifuged at 10000 g for 20 min, followed by

analyzing the supernatant.

Microplate surface preparation

For coating of the 96-well plates 120 pL. of a 0.1 mg/mL of microgel in ultrapure water were filled in
each well. The plates were dried at 37 °C and shaken at 120 1pm overnight. On the next day the plates
were washed with PBST ( PBS with 0.5wt% Tween 20, 3 x 120 pL per well).

FITC-ConA Adhesion Inhibition Assay

In the washed and microgel coated microplate a dilution series of MeMan was prepared. Afterwards
50 pL of FITC-ConA solution in LBB (c = 0.1 mg/mL) was added to the wells and the plates were
incubated for 30 min or 24 h at 100 1pm at either 20 or 40 °C. Afterward, the plates were washed three
times with 120 pl. of LBB and then filled with 100 pl. of LBB per well. Finally, the fluorescence
intensity was detected at 485 nm/535 nm.

GFP-Based Bacterial Adhesion Inhibition Assay

The adhesion assay was carried out according to a previous published protocol.® In the washed and
microgel coated microplate a dilution series of MeMan was prepared. The bacteria suspension (50 pL)
at a concentration of 2 mg/mL (OD = 0.4) was added to the wells, and the plates were incubated for 30
min or 24 h at 100 1pm at either 20 or 40 °C. Afterward, the plates were washed three times with 120
pL of PB S and then filled with 100 pl. of PBS per well. Finally, the fluorescence intensity ofthe adhered
E. coli was detected at 485 nm/535 nm.
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Fluorescence Microscopy

The green fluorescent protein (GPF)-expressing E.coli (PKL1162) and FITC-ConA were imaged on an
inverted microscope (Olympus IX73, Japan) equipped with an Olympus 60x NA 1.35 oil-immersion
objective (Olympus, Japan), and a CMOS camera (DMK 33UXI174L, The Imaging Source, Germany)

was used for imaging. Pictures were taken immediately after the washing cycles of the microplates.
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6 Appendix

6.1 List of abbreviations

6.1.1 General abbreviations

e.g.
et al.
E. coli
uTI
CRD
UCST
LCST
ATRP
RAFT
FRP
DLS
AFM
3D

2D
PDI
GFP
MS
ESI
calc.
NMR

RP-HPLC-MS

VWD
PSA

oD

exempli gratia (for example)

et alii (and others)

Escherichia coli

urinary tract infection

carbohydrate recognition domain

upper critical solution temperature

lower critical solution temperature

atom transfer radical polymerization
reversible addition-fragmentation polymerization
free radical polymerization

dynamic light scattering

atomic force microscopy

three dimensional

two dimensional

polydispersity index

green flurescent protein

mass spectrometry

Electronspray lonization

calculated

nuclear magnetic resonance spectroscopy

reversed phase high pressure liquid chromatography-mass
spectrometry

Variable wavelength detector
Phenol Sulfuric Acid

optical density
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SEC

DSC

GFP

size exclusion chromatography
infrared
differential scanning calorimetry

green fluorescent protein

6.1.2 Carbohydrate abbreviations

Man

Gal

MeMan

ManEMAmM

GalEMAmM

AcGalEMAmM

AcManEMAmM

ManEL

ManHPL

GalHPL

ManEAmM

a-D-mannopyranoside

B-D-galactopyranoside

methyl a-D-mannopyranoside
N-(2-(a-D-mannopyranosyloxi)ethyl)methacrylamide
N-(2-(B-D-galactopyranosyloxi)ethyl)methacrylamide

2’ -acrylamidoethyl-2,3,4,6-tetra-O-acetyl-3-D-galactopyranoside
2’-acrylamidoethyl-2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside
2-aminoethyl-a-D-mannopyranoside
3-amino-2-hydroxypropyl-a-D-mannopyranoside
3-amino-2-hydroxypropyl-3-D-galactopyranoside

N-(2-(B-D-galactopyranosyloxi)ethyl)acrylamide

6.1.3 Chemical abbreviations

N

O

ConA
PNIPAM
FesO4
Ca2+

MBA

nitrogen

oxygen

Concanavalin A
poly(N-isopropylacrylamide)
magnetite

calcium ions

methylene bisacrylamide

190



Appendix

MAA methacrylic acid

NIPAM N-isopropylacrylamide
AMEA 2-aminoethylmethacrylatehydrochloride
APS ammonium persulfate

PBS phosphate buffered saline
RBITC rhodamine B isothiocyanate
SDS sodium dodecyl sulfate

LBB lectin binding buffer

He helium

Ne neon

Mn2* manganese ions

H hydrogen

CDClIs deuterochloroform

HEMAmM hydroxyethylmethacrylate
Ac acetyl

C carbon

NAS N-acryloxysuccinimide
PNAS poly(N-acryloxysuccinimide)
DMF N,N-dimethylformamide
DMSO dimethyl sulfoxide

BSA bovine serum albumine
HPL Hydroxypropyl

EL ethyl

LiBr Lithium bromide

FITC fluorescein isothiocyanate
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6.1.4 Units, parameters and symbols

nm
M

°C

mol %

mL

mmol
mg
rpm
min
MM
ML

wt %
nm

%

vol %

MY

cm

mW

mM

nanometer

mole per liter
degree Celcius
diffusion coefficient
hydrodynamic radius
Boltzmann constant
temperature
viscosity
percentage of substance
milliliter

gram

millimole

milligram

rounds per minute
minute

micromole per liter
microliter

weight percentage
nanometer

percent

volume percentage
microgram
centimeter

Newton

meter

milliwatt

millimole per liter
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Mm

CFU

nmol

MHz

Hz

pmol

ppm

kDa

ICs0

micrometer

colony forming units
degree Kelvin

nanomole

hour

megahertz

Hertz

picomole

parts per million

millivolt

number average molecular weight
kilodalton

glass transition temperature

Inhibitory concentration at half maximum intensity
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6.2 List of Figures

Figure 1. Schematic presentation of the different assays conducted in this thesis. In the first
part (a.) the temperature-dependent binding of carbohydrate bearing microgels towards
E. coliis shown. By raising the temperature above the LCST (40 °C), the binding of bacteria
is enhanced, and more aggregates are formed. In the second part (b.) a schematic
representation of the temperature-dependent adhesion inhibition assays is given. Green
fluorescent protein (GFP) expressing E. coli or fluorescein isothiocyanate-ConA (FITC-
ConA) adhere to a mannan coated surface. By the addition of glycopolymers the adhesion
of the receptor towards the surface is inhibited. In the third part (c.) glyco-functionalized
microgels are coated onto surfaces, and the adhesion of GFP-expressing E. coli and FITC-

ConA is readout at temperatures below and above the LCST............ccoooiiiiiiieeiieeeniennn, Xl

Figure 2. Schematic representation of the cell surface. The lipid double layer with
membrane proteins is shown. On top of some lipids and membrane proteins,
oligosaccharides are attached and, therefore, form glycolipids or glycoproteins. This dense
layer of carbohydrates is called glycocalyx, and it is shown how different receptors interact
with these carbohydrates. Examples for receptors that interact with the glycocalyx are

bacteria, viruses, and lectins. Glycans adapted from [5]. ...........evvviiiiiiiiiiiiiiiiiiiiieiiieieeiiaes 1

Figure 3. Chemical structures of the terminal monosaccharides found at the glycocalyx.
Their appearance frequency was determined by Seeberger et al.['?l Also shown is the

schematic representation of the carbohydrates by the colored symboils. ............cccevvvennees 2

Figure 4.Schematic presentation of the quaternary structure of ConA with a marker on the
proteins CRD (left) (Protein Database code: 1jbc). Additionally, the amino acids and metal
ions (Mn?* and Ca?*) are shown with their spatial arrangement during a binding event with

a-D-mannopyranoside terminally bound on a scaffold R (right). Adapted from [37]. .......... 5

Figure 5. Schematic presentation of the CRD of FimH. Amino acids responsible for the
development of hydrogen bonds (grey lines) to Man are shown, as well as hydrophobic

interactions between the CRD and Man (red waves).Adapted from [50]...........cccooeuiineeen. 6

Figure 6. Schematic presentation of increasing binding by multivalent presentation of
ligands and receptors. A linear increase in the number in binding partners starting at a single
pair (left) going to two (middle) and up to three (right) and their non-linear increase in bound

states from 0NE t0 SEVEN @& SNOWN. . .c... i 7
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Figure 7. Schematic presentation of the effects occurring by a multivalent presentation of
ligands and receptors. Statistical rebinding is shown (top, left), where the bound ligand 2 is
replaced by ligand 1 due to their proximity. The chelate effect (top, right) shows the binding
of two ligands, presented on the same scaffold, towards the same receptor. Clustering
(bottom, left) is the binding of more than one receptor to the ligands presented on a scaffold.
Sterical shielding (bottom, right) is the repulsion between the backbones and unbound
ligands of two glyco-molecules preventing the displacement of the bound ligands by an

unbound one from the other glyco-moIleCuUIe. ...............uuuuuiiiiiiiiiaaes 9

Figure 8. Schematic presentation of the glycocalyx (left) and scaffolds used as a
glycomimetic (right). The glycomimetics vary from glycopolymers and -dendrimers, to
glycomicrogels and glycofunctionalized surfaces as well as nanoparticles (top to bottom).

Glycans adapted frOmM [5]. . ... 10

Figure 9. Scheme of different approaches for the synthesis of glycopolymers. The
homopolymerization of glycomonomers can be used to synthesize glycopolymers with high
carbohydrate densities (top, left). Using a second monomer during the synthesis gives
copolymers with variable carbohydrate densities and switchable polymer properties (top,
right). For the post-functionalization approach, a homopolymer with a reactive side group
(e.g. active ester, anhydride or acid) is synthesized. In a second step, it is functionalized
with carbohydrates and a nucleophile to synthesize a glycopolymer with different properties

and carbohydrate densities (bOttom)..........cooooiiiiiiiiiii 12

Figure 10. Schematic presentation of different types of crosslinking. Physically crosslinked
microgels, here exemplary based on alginate, have crosslinks via non-covalent electrostatic
interactions between Ca?* ions and the carboxylate groups of the alginate (left). Chemical
crosslinked microgels, here exemplary based on PNIPAM, have PNIPAM chains connected

via covalent bonds formed with the crosslinker MBA (right). ..., 16

Figure 11. Schematic presentation of atomic force microscopy used for scanning a microgel
coated surface. The cantilever moves upon interacting with the microgel surface leading to
a laser movement on the photodiode. Those movements are transferred into a height profile
of the line scanned. By using height profiles of multiple scanned lines, an image of the

microgel coated surface can be calculated. .................ccoii 20

Figure 12. Schematic presentation of an ELISA with and without inhibitor added. The
binding of the antibody-enzyme conjugate towards protein/antigen, coated onto the surface,

can catalyze a reaction with a substrate giving a dye that can be read out via UV-vis (1). By
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adding an inhibitor for the binding of the antibody towards the functionalized surface, the

enzyme-catalyzed reaction is reduced, and an inhibition potential can be determined (2).

Figure 13. Schemes of adhesion inhibition assays. On the left, GFP-tagged E. coli binds to
mannan functionalized surfaces, and the number of bound bacteria can be determined via
fluorescence readout (1). When an inhibitor is added, the inhibited E. coli can be washed
off, and the fluorescence intensity during the readout decreases (2). On the right,
fluorescence labelled ConA binds to mannan coated microtiter surface. The binding is
determined via fluorescence readout (3). Adding an inhibitor that binds to ConA hinders the
lectin from binding to the mannan surface and is washed off. Only small amounts of ConA

can bind to mannan and, therefore, leads to lower fluorescence intensities (4). .............. 23
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