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Abstract

The adhesion of cells and microorganisms fundamentally dependents on carbohydrate-receptor
interactions. Examples where such bonds play a major role are cell-cell communications,
fertilization or infections by pathogenic bacteria. The focus of this work is the study of such
interactions in a controlled manner to support development of future compounds which might
have antiadhesive and antibiotic effects. To mimic the composition of biological membranes, a
fitting scaffold must be chosen to allow adjustments in multivalency, physical and chemical
behavior. In this work, microgels are used as they have proven to have a great versatility and
tunability. Synthesized from smart polymeric materials, the colloids are combined with
carbohydrates or proteins as common biological motifs. The resulting responsive and bio-
conjugated microgels represent a great tool for investigation of ligand-receptor interaction with
an additional possibility for external control. Synthesis, functionalization and deposition, is
straightforward and adjustments of physiochemical properties can be made in order to obtain
all necessary functions allowing for easy remote control through changes in temperature or pH
of the solvent. Additionally, the physical properties of microgel particles are very close to many
biological gel-like equivalents in terms of high water content and softness, qualifying the
system for biomimetic application. As interactions between cells or microorganisms are a
complex overlay of several processes, it is challenging to perform in-vivo studies with
microorganisms. Therefore, the extensive control of functionalization, size, stiffness and
responsivity opens up a possible way to mimic and study biological interactions on a cellular

level and transfer the results to industrial or medicinal applications.

This work aims to investigate how carbohydrate ligands interact with lectins and how non-
specific interactions and properties of the scaffold can influence binding. First, the adhesion of
E. coli to a mannose functionalized microgel monolayer is quantified via single-cell force
spectroscopy (SCFS). The aim of this work is to investigate the ability of carbohydrate-
presenting responsive microgels to bind specific bacteria controlled by a remote trigger. In this
case, the trigger is a temperature change above or below the microgels volume phase transition
temperature (VPTT) where the scaffold polymer undergoes a change in solubility from
hydrophilic to hydrophobic. This results in collapse or swelling of the microgels and a drastic
change in volume and surface area. This process is used to change the mannose density as the
ligands are distributed further apart in the swollen state and close together in the collapsed state,
changing the avidity and specific binding strength of the mannose units. For the measurements,

a single E. coli bacteria was attached to a glass bead on the tip of a AFM cantilever. The fixation
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of the bacteria was done via poly-dopamine, a non-invasive wet adhesive, to ensure viability
over the course of the experiments. The immobilized E. coli is pressed against a monolayer of
mannose functionalized poly(N-isopropylacrylamide) (pNIPAM) and poly(OEGMA-co-
MEO;MA) (pOEGMA) microgels, which are deposited on a hard surface via drop-casting.
Upon retraction adhesion specific values, such as adhesion force, work of adhesion and

retraction distance for separation can be obtained.

Throughout the experiments, microgels with different compositions regarding monomer and
crosslinker showed great variability in potential for switchable binding, therefore in the next
article the structural properties of this type of microgels were investigated. It is well known that
crosslinker amount and type changes elastic properties of microgels, which in turn affect
adhesion of cells and organisms. To characterize our microgel systems in greater detail, we
implemented high resolution force mapping in solution. Reducing the crosslinker content leads
to decreased stiffness, and an increased swelling degree and thus a higher impact on adhesion
upon volume phase transition. Therefore, we studied the spatial elastic modulus distribution of
pNIPAM and pOEGMA microgels in presence and absence of bifunctional crosslinker. The
microgels were deposited on glass and immersed in water prior to recording high resolution
maps at 25 °C. The distribution of polymer of a single microgel as well as the elastic modulus

are important factors for the microgel’s ability to bind and release pathogens.

The final part focuses on binding studies of E. coli bacteria by ultra-low crosslinked
carbohydrate presenting microgels in solution with the aim of gentle capture and release
controlled by a temperature switch. Such catch and release devices could be useful for detecting
and cultivating certain sugar-binding cells, such as cancer cells. Here the E. coli was used as a
well-controlled model system for testing the capture and release of sugar-binding cell.
Microgels synthesized in absence of bifunctional crosslinker show the lowest elastic modulus,
a relatively smooth surface structure at room temperature and in sum the greatest potential for
controlled capture and release of mannose binding bacteria. So for the experiments, E. coli
bacteria are mixed with either mannose bearing ultra-low crosslinked p(NIPAM) or
p(OEGMA) microgels and incubated at 37 °C. After the formation of visible clusters, the
solution is cooled down back to room temperature unit cluster dissolution is completed.
Additionally, cluster formation and dissolution are tracked with optical microscopy throughout
heating and cooling. Overall, this work showed how to construct microgels for the efficient

capture and release of sugar binding cells.
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Zusammenfassung

Die Adhédsion von Zellen und Mikroorganismen hidngt grundlegend von Kohlenhydrat-
Rezeptor-Wechselwirkungen ab. Beispiele, bei denen solche Bindungen eine wichtige Rolle
spielen, sind die Zell-Zell-Kommunikation, die Befruchtung einer Eizelle durch ein Spermium
oder Infektionen durch Pathogene, wie Bakterien oder Viren. Der Schwerpunkt dieser Arbeit
liegt auf der Untersuchung solcher Wechselwirkungen unter kontrollierten Bedingungen, um
die Entwicklung kiinftiger Verbindungen zu unterstiitzen, die antiadhisive und antibiotische
Wirkungen haben kdnnten. Um die Zusammensetzung biologischer Oberfldchen zu imitieren,
muss ein geeignetes Gerlist gewéhlt werden, welches Anpassungen in Bezug auf Multivalenz,
physikalisches und chemisches Verhalten ermdglicht. In dieser Arbeit werden Mikrogele
verwendet, da sie sich als sehr vielseitig einsetzbar erwiesen haben. Die aus intelligenten
polymeren Materialien synthetisierten Kolloide werden mit Kohlenhydraten oder Proteinen als
gingigen biologischen Motiven kombiniert. Die daraus resultierenden schaltbaren und bio-
konjugierten Mikrogele sind ein hervorragendes Instrument zur Untersuchung der Ligand-
Rezeptor-Wechselwirkungen mit der zuséitzlichen Mdglichkeit zur externen Schaltbarkeit. Die
Synthese, Funktionalisierung und Immobilisierung ist einfach und die physikochemischen
Eigenschaften konnen angepasst werden, um alle Anforderungen zu erfiillen, und ermoéglichen
eine einfache Fernsteuerung durch Anderung der Temperatur oder des pH-Werts des
Losungsmittels. Dariiber hinaus kommen die physikalischen Eigenschaften der
Mikrogelpartikel vielen biologischen Gel-dhnlichen Aquivalenten sehr nahe, was den hohen
Wassergehalt und die Elastizitit betrifft, was das System flir biomimetische Anwendungen
qualifiziert. Da die Interaktionen zwischen Zellen oder Mikroorganismen eine komplexe
Uberlagerung mehrerer Prozesse darstellen, ist es eine Herausforderung, in-vivo-Studien mit
Mikroorganismen durchzufiihren. Daher eréffnet die umfassende Kontrolle von
Funktionalisierung, GroBe, Elastizitdit und Schaltbarkeit eine Mdglichkeit, biologische
Interaktionen auf zelluldrer Ebene nachzuahmen und zu untersuchen und die Ergebnisse auf

industrielle oder medizinische Anwendungen zu iibertragen.

In dieser Arbeit soll untersucht werden, wie Kohlenhydratliganden mit Lektinen interagieren
und wie unspezifische Wechselwirkungen und Eigenschaften des Geriists die Bindung
beeinflussen konnen. Zunédchst wird die Adhédsion von E. coli an eine mit Mannose
funktionalisierte =~ Mikrogel-Monolage mittels Einzelzell-Kraftspektroskopie  (SCFS)
quantifiziert. Ziel dieser Arbeit ist es, die Fidhigkeit von kohlenhydratprisentierenden

schaltbaren Mikrogelen zu untersuchen, spezifische Bakterien zu binden, die durch einen
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»Stimulus® gesteuert werden. In diesem Fall ist der Stimulus eine Temperaturédnderung, da bei
Verindern der Temperatur oberhalb oder unterhalb der Volumen-Phasen-Ubergangstemperatur
(VPTT) des Mikrogels das Polymer seine Loslichkeit von hydrophil zu hydrophob und
umgekehrt dndert. Dies fiihrt zum Kollabieren oder Anschwellen der Partikel, was mit einer
drastischen Verdnderung von Volumen und Oberfliche einhergeht. Dieser Prozess wird
genutzt, um die Mannosedichte zu steuern, da die Liganden im gequollenen Zustand weiter
auseinander und im kollabierten Zustand eng beieinander liegen, was die Aviditit und die
spezifische Bindungsstirke der Mannoseliganden verdndert. Fiir die Messungen wurde ein
einzelnes E. coli Bakterium an eine Glaskugel an der Spitze eines AFM-Cantilevers angebracht.
Die Fixierung des Bakteriums erfolgte mit Poly-Dopamin, einem nicht-invasiven Adhésiv, um
die Lebensfahigkeit wihrend der Experimente zu gewéhrleisten. Die immobilisierten E. coli
werden gegen eine Monoschicht aus mit Mannose funktionalisiertem poly(N-
Isopropylacrylamid) (pNIPAM) und poly(OEGMA-co-MEO:MA) (pOEGMA) Mikrogelen
gepresst, die im ,,drop-casting® Vefahren auf eine harte Oberfliche aufgebracht werden. Bei
Retraktion des Bakterium lassen sich mehrere adhésionsspezifische Werte wie Adhdsionskraft,

-energie und -arbeit sowie die maximale Distanz bis zur vollstdndigen Ablosung ermitteln.

Bei den Experimenten zeigten Mikrogele mit unterschiedlichen Zusammensetzungen in Bezug
auf Monomer und Vernetzer eine grofle Variabilitit in Bezug auf das Potenzial filir eine
schaltbare Bindung, weshalb im néchsten Artikel die strukturellen Eigenschaften dieser Art von
Mikrogelen untersucht wurden. Es ist bekannt, dass Menge und Art des Vernetzers die
elastischen Eigenschaften von Mikrogelen verdndern, was wiederum die Adhésion von Zellen
und Organismen beeinflusst. Um die Mikrogelsysteme genauer zu charakterisieren, wurde ein
hochauflosendes AFM Force Mapping in Losung durchgefiihrt. Eine Verringerung des
Vernetzergehalts fiihrt zu einer geringeren Steifigkeit und einem héheren Quellungsgrad und
damit zu einer stirkeren Auswirkung auf die Adhésion beim Volumenphaseniibergang. Daher
untersuchten wir die rdumliche Verteilung des Elastizitdtsmoduls von pNIPAM- und
pOEGMA-Mikrogelen in Gegenwart und Abwesenheit von bifunktionellem Vernetzer. Die
Mikrogele wurden auf Glas immobilisiert und in Wasser getaucht, bevor hochauflésende
Kraftkurvenraster bei 25 °C aufgenommen wurden. Die Verteilung des Polymers in einem
einzelnen Mikrogele sowie der Elastizitdtsmodul sind wichtige Faktoren fiir die Fahigkeit der

Mikrogele, Krankheitserreger zu binden und freizusetzen.

Der letzte Teil konzentriert sich auf die Untersuchung der Bindung von E. coli-Bakterien durch

ultraniedrig vernetzte, kohlenhydratpriasentierende Mikrogele in Losung mit dem Ziel eines
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schonenden, durch eine Temperaturdanderung gesteuerten Einfangen und einer Freisetzung.
Solche FEinfang- und Freisetzungsanwendungen konnten fiir den Nachweis und die
Kultivierung bestimmter zuckerbindender Zellen, wie z. B. Krebszellen, genutzt werden. Hier
wurde E. coli als kontrollierbares Modellsystem verwendet, um das Einfangen und Freisetzen
von zuckerbindenden Zellen zu testen. Mikrogele, die ohne bifunktionellen Vernetzer
synthetisiert wurden, zeigen das niedrigste Elastizititsmodul, eine relativ glatte
Oberflachenstruktur bei Raumtemperatur und insgesamt das grofte Potenzial fiir das
kontrollierte Einfangen und Freisetzen von Mannose bindenden Bakterien. Fiir die Experimente
werden daher E. coli-Bakterien entweder mit Mannose funktionalisierten, ultraniedrig
vernetzten p(NIPAM)- oder p(OEGMA)-Mikrogelen gemischt und bei 37 °C inkubiert.
Nachdem sich sichtbare Cluster gebildet haben, wird die Losung auf Raumtemperatur
abgekiihlt, bis die Auflésung der Cluster abgeschlossen ist. Zusétzlich wird die Bildung und
Auflosung von Clustern wihrend des Erhitzens und Abkiihlens mit dem Lichtmikroskop

verfolgt.
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1. General Introduction

On the cellular level adhesion is controlled by ligand-receptor binding. This interaction is
largely mediated by surface-exposed carbohydrates which are targeted by specifically
carbohydrate binding proteins, e.g. lectins. Several processes such as cell-cell communication,
fertilization or infection by pathogens rely on such specific binding to occur to take place. The
most important carbohydrate presenting entity on the cellular scale is the glycocalyx, located
on the outside of all eucaryotic cells. As the glycocalyx is the gateway for the above listed
biological processes the variety and structural complexity of carbohydrates on the glycocalyx
is great. The lectin-carbohydrate bond is considered relatively weak compared to covalent or

electrostatic interactions, this is countered by multivalent binding.

By combining a large number of individually weak binding events, the overall adhesion is
increased. Additionally, the statistical probability of re-binding occurring is maximized as
dissociated moieties are kept in proximity to the lectin by its neighbors. This statistical
rebinding is one of four effects occurring in multivalent presentation of ligands and receptors

the others being the clustering and chelate effects as well as sterical repulsion.

A well-known and typical example of a lectin is concanavalin A (ConA), which presents several
binding sites in its tetramer state enabling the chelate effect to apply. If more than one ligand is
presented to such a lectin any subsequent binding event is favored due to entropic reasons. The
natural prerequisite is the possibility for each ligand to reach the corresponding binding site,

through an appropriate architecture of the scaffold.

If the ligands are presented in a way to allow binding to several receptor bearing subunits, it
may result in a clustering effect. The accumulation of bridging ligands leads to a stabilization
of such clusters, which in turn can lead to larger agglomerates. These are then stable enough to

be isolated by sedimentation or filtration in the bound state.

In the previous cases, the architecture of the scaffold accommodates availability of the ligand
to the receptor. The architecture has an additional influence on the binding efficiency as the
backbone can shield the binding site from competing ligands or enable a matching geometry

for chelate-like binding.



1.1. Lectins
The term "lectin" was introduced in 1954 by Boyd and Shapeleigh, who derived it from the
Latin “/egere”, to select. At that time, it referred to a heterogeneous group of proteins and
glycoproteins, mainly of plant origin, which have the property of clumping erythrocytes (hem
agglutination). However, lectins were the subject of scientific studies long before. For example,
the hem agglutinating property of various snake venoms was described as early as 1860. In
1888, Hermann Stillmark succeeded in isolating the lectin ricin for the first time from the seeds
of Ricinus communis. In 1950, it was shown that lectin-mediated erythrocyte agglutination was
based on multivalent binding of surface-exposed sugars or glycoconjugates, e.g. glycoproteins,
glycolipids, and other carbohydrate structures. It was also at this time that the first bacterial
lectins were discovered that mediated carbohydrate-specific adhesion of bacteria to surface-
exposed glycoconjugates of host cells and were localized to the pili and fimbriae!=. Because of
the presumed close relationship between lectins and antibodies, the science of lectins initially
developed as part of immunology”. Later, lectins were defined as carbohydrate-binding proteins
and glycoproteins of no immunogenic origin that agglutinate cells and/or precipitate
glycoconjugates to distinguish them from antibodies™ 6. However, because this interpretation
required the presence of at least two sugar-binding sites per molecule’ and because
agglutinating or precipitating activity was considered rather insignificant in vivo®°, lectins were
redefined a little later by Barondes!® as carbohydrate-binding proteins to distinguish them from

antibodies and enzymes.

1.2. Lectin-carbohydrate interactions
Cooperative hydrogen bonds form the basis for the interaction between sugars and lectins. Here,
the sp3-hybridized oxygen atoms of the hydroxyl groups of the sugar are simultaneously
acceptor of two and donor of one H-bridge each. The side chains of mostly acidic amino acids
act as H-bridge acceptors, while the amino groups of the main chains of various amino acids
and of the side chains of asparagine and, more rarely, glutamine act as donors. The oxygen atom
of the sugar ring is also sp3 hybridized and can act as an acceptor in H-bridges with its two free
electron pairs, but not in cooperative bonds. Furthermore, the positions of a sugar molecule
forming H-bridges with the binding site of the lectin are responsible for the specific recognition

process and for distinguishing the different sugars.



] 0 H H |
~ N . . Lo
7N . PR Phel
Aspd7  "ea, s H
p ., H\ .
.'... - N
N —— -'--‘::O-.---‘:.-.. H/ \\H
Asp54 Qsnnss . .
--l-""_‘H'
OH" .=
/ L H -*
// ,ans sune®® \‘
‘ OH “v‘_-‘_
“‘ :"“:‘
son® oy
.* :H “
GInl33 N, : ’, 0\
3
I’ .: “‘
/’ : ‘t
’ o o t‘
NH; %
“
; o OH
/ Asnl3s © ﬁ/AspMO

Figure 1: Schematic illustration of FimH and mannose as an example of lectin-carbohydrate

binding event.

In contrast, the positions that are not involved in the recognition process are often in contact
with the solvent. Concanavalin A, pea lectin, and a lectin from Lathyrus ochrus bind mannose
and glucose by forming specific H-bridges with the 3-, 4-, and 6-hydroxyl groups of the sugars,
while the 2-hydroxyl group that distinguishes the two monosaccharides from each other remains
uninvolved!!"!3. In contrast, the 2-hydroxyl group is part of the lectin-sugar interaction of
snowdrop lectin (Galanthus nivalis), which binds mannose exclusively'*. Some of the H-
bridges in lectin-carbohydrate complexes are directly mediated by water molecules, while
others play a supporting role in the recognition process. For example, three water molecules are
involved in the binding of galactose by the enterotoxin of Escherichia coli and by cholera toxin
(CT)'> 16, Divalent cations are involved in many lectin-sugar interactions in direct and indirect
forms. For example, the binding pockets of many legume lectins contain Ca** and Mn*" ions
that stabilize the binding pocket by coordinating certain amino acids (indirect form). Direct
interactions between cations and the bound sugars are observed, for example, in animal C-type
lectins. There, Ca>" ions are involved in direct coordinative bonds between the lectin and the
ligand'”*. Non-polar interactions are also found in lectin-carbohydrate complexes. Aliphatic
protons and the carbon atoms of the epimeric centers of the sugars, together with the exocyclic
carbon, form a non-polar surface that in many structures is directed against the residue of an

3



aromatic amino acid. Thus, in all known lectin-galactose complexes, the non-polar surface is
directed against the side chain of a tryptophan or a phenylalanine?’. While monosaccharides are
bound by lectins with relatively low dissociation constants between 0.1 and 1 mM compared to
the Quiocho's group I carbohydrate-binding proteins, a constant in the micro molar range is
often reached when branched carbohydrates are bound. This increase in affinity is due to the
presence of a secondary binding site, usually located in proximity to the primary binding site
and then referred to as an extended site?!. While the terminal sugar of a complex carbohydrate
is bound by the primary binding site, the secondary binding site binds a branched sugar. Since
in many cases the lectin has significant affinity only for the terminal sugar as a monosaccharide,

t22. This mechanism for increasing affinity is

this is referred to as the primary determinan
referred to as sub-site multivalence. A further increase of the dissociation constant up to the
nano molar range is achieved by the so-called subunit multivalence, which results from the
binding of branched sugars at a second binding site that is spatially and thermodynamically
distinct from the primary one®. In this context, the secondary binding site may be located on
the same protomer or on a second subunit of an oligomer. The presence of multiple, independent
binding sites can further increase affinity>*. Most times, an increase in affinity is achieved by
the accumulation of multiple identical binding domains. For some lectins, such as CT or the

mammalian mannose-binding protein, this mechanism is also used for binding to membrane

receptors and flat surface recognition®”,

1.3. Plant lectins
Of the lectins known today, plant lectins are the best studied. In plants, lectins have been
detected in various organs and tissues of a variety of species. The physiological functions of
plant lectins are very diverse?. The mostly secreted proteins are involved in germination,
among other functions. Proteins with this function include the well-studied lectins ConA,
soybean agglutinin, pea lectin (Vicia faba), and flavin. These are synthesized during seed
development along with the abundant storage proteins. During germination, both lectins and
storage proteins are degraded and thus serve to supply the embryo with the required amino
acids?®. However, it is unclear whether the lectins serve merely as a source of amino acids or
whether they are more involved in the spatial organization of the often glycosylated storage
proteins. Plant lectins also appear to play a role in initiating and maintaining symbiosis between
27,28 In

rhizobia and legumes by causing immobilization of bacteria through agglutination

addition, lectins in some plants serve as protection against pests®’. For example, the toxicity of
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beans (Phaseolus vulgaris) eaten raw to mammals®-3® and birds’! has long been known. The
heat-labile phytohemagglutinin (PHA) contained in the vacuoles of beans binds to receptors of
the intestinal epithelium of rats and causes lesions and abnormal development of microvilli,
significantly impairing nutrient absorption®?. The seeds of many gramineae contain the so-
called chitin-binding lectins, such as wheat germ agglutinin (WGA), which have specificity for
N-acetylglucosamine®>. WGA inhibits, among other things, the development of the plant
pathogenic larva of the weevil**. The galactose-specific lectin of mistletoe Viscum album is

used in adjuvant cancer therapy due to its immunoactive effect®>.

1.3.1. Concanavalin A
Concanavalin A is a widely used, well-studied model lectin extracted from the jack bean. Its
properties include carbohydrate binding, specifically mannose. It consists of subunits with the
molecular weight of 25 kDa which form dimers of tetramers depending on the pH value of the
solution. Each subunit presents a carbohydrate binding pocket adding up to a maximum of four
neighboring binding sites in a tetrameric conformation.’® To enable binding, divalent cations
need to be present. Therefore, all interaction assays involving ConA in the lab employ the
specific lectin binding buffer (LBB) contains Ca?>" and Mn?*. The cations stabilize the local
conformation of the subunits and additionally coordinate bonds between the protein and

hydroxyl groups of the sugar®’.

Figure 2: Structure of Concanavalin A tetramer (left) and an illustration of a carbohydrate
recognizing domain binding 4-(hydroxymethyl)-1-(@-D-mannopyranosyl)-1H-1,2,3-triazole as

an exemplary carbohydrate.



1.4. Lectins in microorganisms
Bacterial lectins are involved in the microbial infection process in a variety of ways. The
bacterial AB toxins, such as the heat-labile enterotoxin of E. coli*®, CT*’, diphtheria toxin*°, or
botulinum neurotoxin*® consist of two domains that are usually linked by disulfide bridges. The
lectinoid B domain (binding domain) mediates the adhesion of the toxin to the host cell
membrane, whereas the A domain (activity domain) is responsible for the cytotoxic effects after
the holotoxin enters the cell*> #*. Furthermore, lectins contribute to the pathogenicity of a
bacterium already in the first phase of infection. Adhesion of pathogenic microorganisms to the
host cell membrane is a crucial step in the development of infection. In addition to the enhanced
uptake of nutrients, it confers on pathogens increased resistance to the host organism's self-
cleaning mechanisms and to attack by the immune system***°. In addition, bacterial adhesion
enables tissue invasion and the introduction of bacterial toxins into host cells. For these reasons,
the elucidation of adhesion mechanisms has been the subject of numerous scientific studies.
Microbial adhesion is triggered in part by nonspecific factors, such as hydrophobic interactions
and electrostatic forces.*® 4’ Most important, however, are the lectin-carbohydrate interactions
responsible for the recognition and binding of complementary receptors on the surface of host
cells. For example, binding of E. coli to the uroepithelium is mediated by the mannose-specific
lectin FimH, which is localized to the type 1 pili of the bacteria*®. Over ten different lectins are
involved in the initiation and maintenance of gastrointestinal tract infections by Helicobacter
pylori®. Besides bacterial lectins, carbohydrate-binding proteins of host cell membranes also
contribute to specific adhesion*’. Adhesins of the mucosa are partly responsible for colonization
of the intestine by Shigella flexneri®®. Infections of the pharynx with group A streptococci are
triggered by the binding of polysaccharides of the bacterial capsule to the hyaluronic acid-
binding the host protein CD44°!. This reciprocal interaction of lectins with complementary
glycostructures localized both on the bacterial surface and at the periphery of host cells> results
in a dual recognition mechanism responsible for the organotropism of pathogenic and symbiotic
microorganisms>->, Infections by Vibrio cholerae occur primarily in the gastrointestinal tract,
whereas Streptococcus pneumoniae affects the lungs and Staphylococcis saprophyticus affects
the urinary tract*®>®. Organotropism is also observed in viral infections®’. Infections caused by
influenza viruses A, B, and C exclusively affect the respiratory tract’®. The so-called viral

attachment proteins of the viral envelope are involved in the specific adhesion of these viruses.



1.4.1. Escherichia coli
Escherichia coli (E. coli) is a bacterium which is present in the human gut biome but is also
responsible for the various gastrointestinal diseases such as travelers’ diarrhea. The infection is
initiated by adhering to glycosylated cell surfaces. For this purpose, the bacteria have evolved
highly specialized hair-like structures, the pili. At the tip of each such pili a protein structure
(FimH) able to recognize and to bind mannose moieties is located*. As previously described,
such a binding event is individually weak but is compensated by presentation in high numbers

on the surface.

Figure 3: The structure of FimH (left) and an illustration of the carbohydrate recognizing

domain in interaction with heptyl-a-D-mannopyrannoside as an exemplary carbohydrate.

1.5. Anti-adhesion therapy
The increasing emergence of pathogenic microorganisms that exhibit resistance mechanisms to
a variety of conventional antibiotics has necessitated the development of novel drugs to combat
viral and bacterial infections®- ®°. Blockade of lectin-carbohydrate interactions by anti-adhesive
agents is seen as a hopeful therapeutic approach for the treatment of previously poorly treatable
infections®!"%3. The development of resistance to such antiadhesive therapeutics, which prevent
pathogenic microorganisms from binding to the host epithelium and thus prematurely stop an
incipient infection, is unlikely®*. The use of these substances neither leads to the death of the
germs nor do they have a direct influence on the growth behavior of the bacteria. Due to the
specificity of the blockade, apathogenic organisms of the natural flora are spared. These can
compete with resistant germs for the available nutrient supply®. Selection of resistant
organisms that have developed new means of adhesion to the host epithelium is thus prevented.

Suitable anti-adhesion therapeutics include compounds that have an analogue to the receptor or
7



lectin, and anti-lectin antibodies that block the binding site of the lectin®?. Several studies have
shown that the use of simple sugars inhibits the adhesion of some species to the corresponding
host tissue. Co-injection of uropathogenic E. coli cells with methyl-a-mannopyranoside into the
bladder of mice could reduce the number of immobilized bacteria by two-thirds compared to
corresponding controls®. Infections of rhesus monkeys with H. pylori were successfully treated
by issuing the animals with sialyl-3'-lactose, an oligosaccharide also found in human breast
milk®. In another study, the use of sugars was shown to inhibit the attachment of several
bacterial species, including Burkholderia cenocepacia, Pseudomonas aeruginosa, Legionella
pneumophila, and Yersinia pestis, to alveolar epithelial cells®®. The problem with inhibiting
bacterial adhesion by simple sugars is that high concentrations must be used due to the low
binding constant. This can be circumvented by using multivalent carbohydrate ligands®” or
glycomimetics®®. The use of substances that have an analogy to lectins can also prevent bacterial
adhesion. A peptide consisting of 20 amino acids that mimics the structure of a surface adhesin
of Streptococcus mutans has been reported to relax or prevent the binding of this bacterium to
receptors present in saliva®. In addition, anti-adhesion antibodies have been shown to inhibit
pili/fimbriae-mediated binding of P. aeruginosa and Candida albicans to Asialo-GM1
receptors, as well as cell adhesion to receptors in the human buccal epithelium’. In addition,
drugs that block lectin-carbohydrate interactions could be used to prevent the binding of
bacterial AB toxins to the host epithelium or to halt the progression as well as metastasis of

cancer cells’!.



1.6. Synthetic approaches toward mimicking multivalent cellular glycan
structures and anti-adhesin drugs

The counterpart for the lectins, carbohydrates, are typically arranged densely and in a great

variety on a cells surface’ 7*. An example of such a structure is the glycocalyx, consisting of

oligo- and polysaccharides attached to the cell surface and responsible for cell-cell

communication fertilization but also pathogen adherence’*’¢.

An approach to emulate biological structures to study complex interactions in a controlled and
simplified environment or develop therapeutics based on biological interactions are biomimetic
materials’””. This can produce a variety of different resulting compounds with varying
complexity and valency ranging from bioinspired single molecules to complex macromolecular

scaffolds or surface coatings.

o I

increasing valency and complexity

Figure 4: Inspired by biological motifs, single active molecules are synthesized for a variety
of possible uses. Applying multivalency principles, the demand for more complex structures

from brush polymers and dendrimeric structures to microgels or coated surfaces increases.

The more complex and multivalent structures take advantage of the important multivalency
effect found in many biological interactions®’. Compared to a single carbohydrate-lectin bond,
several combined increase adhesion manifold. This can be attributed to four mechanisms acting

in ensemble namely clustering, chelating statistical rebinding and sterical shielding.



clustering chelating

sterical shielding

Figure 5: Schematic illustration of the binding mechanisms occurring during binding events of

multivalent glycooligomers if several binding domains are present.

For the effects to be effective several binding domains must be presented. This can be either a
multivalent lectin or several proteins immobilized in vicinity of each other. Clustering or the
cluster glycoside effect takes effect if the carbohydrate ligands act as crosslinkers, increasing
the overall avidity by additive effects®!. Binding to a single lectin can be increased by the chelate
effect. Known from many examples in chemistry, binding of a single multivalent ligand is
entropically more favorable compared to several separate ligands®> 3. This in turn is attributed
to the entropic loss in conformational degrees of freedom on binding, which in case of a
multivalent ligand is paid upon the first binding event excluding the subsequent events®*.
Chelating can drastically enhance avidity but is strongly depended on sufficient ligand
distancing and backbone flexibility®’. The statistical rebinding effect is reliant on the dynamic
dissociation and re-association of carbohydrate-lectin bonds®®. As the single bond is weak it
can quickly detach, but by increasing the ligand concentration in the immediate vicinity the
association rate can be increased leading to overall high avidity®’. Sterical shielding is not
affecting the binging event directly but is rather protecting it from competing ligands®®. The
shielding can be done by a completely non-specific part of the scaffold such as PEG polymer

chains or other sterically demanding ligands®’.
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These effects occur in natural systems but can be emulated and optimized in designed
compounds. As for studies of carbohydrate-ligand interactions and moreover cell or pathogen
adhesion they cannot be discounted, therefore microgels are highly suitable scaffolds to create
biomimetic structures as they can carry either carbohydrates or lectins in a sufficiently high

number and steric availability”*2.
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1.7. Microgels
The general focus of this work is the study on interactions in biological systems on the
microscale. An important tool to create biomimetic materials are hydrogel microparticles
referred to as microgels”. In the past decades microgels saw a constant rise in popularity in
academics as they have possible applications as drug carriers, filters, sensors or antifouling
agents further increasing versatility by being adsorbed to a surface or used in solution’**®. They
can be synthesized to have a wide range of sizes, morphologies and additional properties such
as responsiveness to temperature or pH change’” 8. Arguably the most straightforward and
mostly used way to exploit the reversible swelling is by using temperature responsive polymers

such as PNIPAM and PEG.

These systems exhibit thermo-responsive behavior as the ratio of polymer-water to polymer-

polymer interactions varies with temperature changes, allowing reversible swelling and

deswelling of microgels” 1%,
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Figure 6: Below the LCST the polymer chains are elongated in water as the molecules form
hydrogen bonds. For microgels this means phase separation occurs at temperatures above 32 °C

as these hydrogen bonds are released, termed the volume phase transition temperature (VPTT).

Depending on the monomers, functional groups can be introduced to enable post-
functionalization with small molecules, oligomeric structures, proteins or anorganic

nanoparticles'%!> 102,

1.7.1. Synthesis
Reactive microgels can be prepared by a variety of synthesis strategies. Precipitation
polymerization is one of the most widely used methods for the preparation of thermoresponsive
microgels'®. It is a versatile technique that offers various advantages for the production of
aqueous microgels!®. For example, the polymerization process can be carried out as a batch,

semi-batch or continuous process'®>. Consequently, reaction conditions can be specifically
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optimized and adjusted to synthesize microgels with tailored properties. Moreover, by using
surfactants or co-monomers, the size of the microgels can be specifically controlled over a wide
range (100 nm to 3 um)!%. Further, microgels with low polydispersity can be prepared, which
is of great interest for a variety of applications, especially optical applications’® 1%, The
incorporation of different types of co-monomers into the microgel network during the
polymerization process results in microgels that respond to different stimuli. Another advantage
is that hybrid colloids can be prepared relatively easily by incorporating nanoparticles during
microgel formation or by in situ synthesis of nanoparticles. However, this method is also
associated with some disadvantages. For example, the synthesis of microgels with diameters
smaller than 50 nm is extremely difficult without the addition of surfactants. Due to the higher
polymerization temperature, only thermostable materials can be used, which makes the
incorporation of biomacromolecules very problematic. The formation of a sol fraction during

the polymerization process can also become a problem.

Surfactant-free precipitation polymerization of a temperature-sensitive NIPAM-based microgel
was first carried out by Robert Pelton and Philip Chibante in 1986. Using TEM measurements,
a particle diameter of 500 nm in the collapsed state was determined for the synthesized particles.
Freitag et al. reported the surfactant-free synthesis of thermoresponsive poly-(V,N'-
diethylacrylamide)(pNDEAm) microgels. In their study, they investigated the effect of stirring
speed on the particle size of the microgel. It was found that the microgel particle size decreased
with increasing stirring speed for the pPNIPAM reference, while no significant effect of stirring
speed was observed for pPNDEAm microgels. Another way to influence the size and swelling
properties under surfactant-free conditions can be achieved by using different types of
crosslinkers. This was demonstrated using pNIPAM microgels prepared with different
crosslinkers such as N,N'-methylenebisacrylamide (BIS), ethylene glycol dimethacrylate
(EGDMA), and triethylene glycol dimethacrylate (TREGDMA) by Hellweg et al'%®. The
conventional crosslinker BIS was used as a reference. Hydrodynamic radii increased for the
ethylene glycol crosslinkers with the highest radii obtained for TREGDMA. It was found that
microgels synthesized with EGDMA and TREGDMA exhibited lower polydispersity and
greater swelling capacity. The authors suggest, that the higher flexibility of ethylene glycol
compared to the acrylamide-based crosslinkers results in difference in particle size and swelling

capacity.
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In precipitation polymerization, all components, including monomer, comonomer, crosslinker
and initiator, are present dissolved in water. Microgel particles are formed via a homogeneous
nucleation mechanism. At a polymerization temperature of 50-80 °C, thermal decomposition
of the initiator molecules takes place and free water-soluble radicals are formed. Peroxide
initiators such as potassium peroxodisulfate (KPS) or ammonium peroxodisulfate (APS) and
azo initiators such as 2,2'-azobis(2-methylpropionamidine)dihydrochloride (V-50) are
frequently used'?’. The formed radicals grow into oligomer radicals by reaction with the water-
soluble monomer present in the reaction solution. Above a critical chain length, the oligomeric
radicals become water-insoluble, cluster and form precursor particles, also called precursor
particles. The reason for this is the polymerization temperature, which is above the VPTT of
the formed polymer. The unstable precursor particles can now grow by several mechanisms due
to the strong polymer-polymer interactions above the VPTT!!?. First, they can aggregate into
large, colloidally stable polymer particles. Second, they can deposit on the surface of already
formed polymer particles. A third way to form precursor particles can be the addition of
monomers or oligoradicals. Microgels that have reached a critical size are stabilized by an
electrostatic stabilization mechanism. The charges result from initiator fragments incorporated
into the polymer chains during the nucleation and growth process. At this stage, the microgels
are in a collapsed state but still contain relatively large amounts of water. This is a significant
difference between a precipitation polymerization and a classical emulsion polymerization of
water-insoluble monomers such as styrene or butyl acrylate, where latex particles with a more
compact structure are formed during the polymerization process. After the polymerization is
complete and the reaction mixture cools to room temperature, the microgels begin to swell and
form a "hairy" morphology on their surface when the temperature is below the VPTT of the
polymer chains. At temperatures below the VPTT the microgels are stabilized by a steric
mechanism due to the formation of hydrogen bonds between the polymer segments and the

water molecules.

Since a variation of the particle sizes is not possible in a conventional, surfactant-free
precipitation polymerization, one moves to a surfactant-assisted precipitation polymerization'%®
"1 To produce very small particles, the growing precursor particles must be effectively
stabilized at a very early stage of the polymerization process. However, stabilization by ionic
initiator fragments incorporated into the polymer network is not sufficient to stabilize the
relatively large surface area of the very small precursor particles. Therefore, a surfactant must

be added to the reaction mixture to stabilize the precursor particles and minimize their growth
14



by aggregation. This leads to a reduction in the size of the microgel particles. The mechanism
of surfactant-assisted precipitation polymerization is analogous to surfactant-free precipitation
polymerization. One of the first publications on surfactant-assisted precipitation polymerization
of pNIPAM latex particles in the presence of SDS was by Pelton in 1993, when it was shown
that the radius of the produced pNIPAM microspheres decreased exponentially with increasing
SDS concentration. PNIPAM microgels synthesized with high surfactant concentrations were
found to have a more homogeneous structure than the microgels synthesized with lower

surfactant concentrations''2.
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1.7.2. Microgels from N-isopropylacrylamide
The polymer most widely used for fabrication of thermoresponsive material is poly-N-
isopropyacrylamide (pNIPAM). It can be polymerized by free-radical precipitation
polymerization in a straightforward and easily accessible way as water can be used as solvent.
By adding comonomers the swelling behavior can be adjusted depending on the pNIPAM ratio
and the possibly introduced functional groups. An example is the incorporation of carboxylic
acid or amine groups to add a pH responsive trigger. Aside from linear chains microgels can be
synthesized to create responsive particles. At room temperature pNIPAM is relatively
hydrophilic which results in highly swollen particles. If the temperature is adjusted to be higher
than the LCST of linear pNIPAM, at which the polymer becomes relatively hydrophobic and
the particles collapse. For microgels consisting of pure pNIPAM this volume phase transition
temperature is 32°C which can be considered relevant for biological applications as it is close
to body temperature of mammals. Microorganisms can also typically survive temperature

changes in this region.

1.7.3. Microgels from oligo(ethylene glycol methacrylate)
Similar to pNIPAM gels, ethylene glycol can be used to synthesize thermoresponsive gels. The
polymers from oligoethylene glycol methacrylates are fabricated analogue to pNIPAM by free-
radical precipitation polymerization and exhibit an LCST transition behavior at different
temperatures depending on chain length. Where pNIPAM failed to translate into medical
applications due to implications of carcinogenic or teratogenic effect of the monomer, the
biocompatibility of PEG enables these materials to be applied in medical fields as implant base,
regenerative medicine or as templates for cell engineering. As different chain lengths result in
transition temperatures from 26 °C to 89 °C, copolymerization of different oligo ethylene
glycols allows for precise adjustment of LCST in the final polymer. End group functionalities
and the acidic H-atoms on the ethylene chains are sites for post functionalization, an example

are core-shell particles.
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1.8. Methods

1.8.1. Atomic Force Microscopy
Studies of interactions on a microscopic scale naturally require a microscope. Adhesion can be
made visible a more intuitive way is haptic quantification. For this purpose, the atomic force
microscopy (AFM) is an optimal fit. Developed by Binning et al. in 1986 it can be used to
record topological information of a surface or study elastic and adhesive forces. For both
techniques a tip interacts with the sample surface, either scanning or indenting acquiring data

with resolutions in the nanometer or pico-newton range.

1.8.2. Force-distance mode
In force measurement mode the cantilever is pressed against the sample and the concave
bending is resulting in a change in laser deflection. The measured signal is translated to a value
of applied force. If either the sample or the cantilever is functionalized to have adhesive
properties convex bending occurs during pull-off so the adhesive force may be quantified. This
allows for precise measurements of elastic properties''* or adhesion and rupture forces, gaining
detailed insight into complex adhesion processes'!*. Modifying the original setup by
functionalization of the cantilever or by fixing living cells or bacteria even allows for analysis
of biomimetic and biological systems!!>. For successful measurements calibration is vital, it is

done by determining the detector sensitivity and the cantilever spring constant.

1.8.3. Scanning mode
The setup consists of the tip typically made from silicon, a laser and a photodiode for
deformation detection and a combination of motors and a piezo crystal for height control. Data
detection is coupled to the height and bend of the tip, the extend is recorded as the laser is

reflected on the reflective back side of the cantilever.

17



detector

mirror

cantilever

electronics
with lock-in
amplifier

sample

Figure 7: Schematic illustration of an AFM setup.

As the tip interacts with the sample the trajectory of the laser is changed. The recorded signal
is used to gain information on sample topography or elastic properties and additionally to adjust
the tip position accordingly. The cantilever is fixed to an extended glass rack allowing to work
in air or liquid medium. This method allows for measurements at various interfaces and a large
variety of samples e.g. organic, anorganic or biological. The typical cantilever is equipped with
a sharp tip to allow for high resolution imaging, there are however cantilevers designed
specifically for force microscopy without any modification allowing to adhere any possible

probe depending on the experiment requirements.

1.8.4. Optical microscopy
The desire to inspect objects which have features too small to be recognized by the human eye
seems to be ancient as first devices resembling lenses date back to several thousands of years'!®.
Throughout human history several optical devices have been constructed to improve vision and
many challenges of microscopy such as blurring, optical aberration and the resolution limits
were overcome. Some early milestones were set by Lister and Amici introducing achromatic
objectives or Ernst Abbe and Carl Zeiss producing apochromatic objectives. [llumination also
saw improvement by August Kohler as he allowed for microscopes to improve even further.
The development of fluorescence microscopy changes the approach from illuminating the

sample externally to implementing molecules that emit light themselves for circumventing

resolution limits. In recent times microscopy techniques moved far beyond even the Abbe limit
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and can reliably determine the position of single fluorophores. In this work optical and

fluorescence microscopy methods were implemented for sample characterization.
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Figure 8: Schematic illustration of a basic microscopy setup for light and fluorescence

microscopy.

For simple sample characterization imaging with an inverted light microscope in combination
with an oil immersion objective is sufficient. Microgels with sizes of approximately 500 nm in

diameter on average are visible especially if phase contrast is used.

1.8.5. Stochastic Optical Reconstruction Microscopy (ASTORM)
The Abbe limit was a hard barrier in microscopy, postulating that structures below 200 nm
cannot be resolved properly. Several techniques have been developed since, which surpassed
this limit one of which was awarded the Nobel prize in 2014. Stochastic Optical Reconstruction
Microscopy is a fluorescence based method to create super-high resolution images far beyond

the Abbe limit.
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Figure 9: a) The sample is placed in a blinking buffer and illuminated with a laser to induce

sample
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objective

blinking of the individual fluorophores. b) Fluorescence images with blurry emitters are
recorded. ¢) To reduce blur the images are post produced via the probability theory. d) Many
images at different times are collected and optimized for further processing. €) A reconstruction
image is created by merging all collected blinking images to visualize super-highly resolved

structures.

The fluorophores are immersed in a blinking buffer resulting in a short emitting of a light pulse
rather than continuous glowing. This ensures, that only a fraction of molecules is visible at a
time ideally in a resolvable distance. Many images are then recorded over a span of time until
a sufficient number is obtained. The single images show a collection of blurred single excitation
events and need to be post processed using probability theory to determine the exact location
of the light source. All the acquired images are then superimposed to create a single highly

resolved image of the sample.

1.8.6. Dynamic Light Scattering (DLS)
Dynamic light scattering is a method for determination of particle size distributions based on
the interaction of colloidal particles with light. The sample is suspended in a solvent, so the

particles move freely due to Brownian motion.
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Figure 10: Schematic illustration of a DLS measurement setup and generated data.

If a light source, typically a laser, is directed at the sample scattering occurs. The scattering
light intensity is measured over a range of angles and time steps, which fluctuates due to the
random movement of the particles. This fluctuation can be characterized by an autocorrelation
function providing values for size calculation. The method is based on the principle of large
particles behaving differently in solution compared to small particles regarding movement
speed. In turn this leads to a difference in intensity fluctuation and thus a characteristic
difference in decay of the autocorrelation function. The hydrodynamic radius Ry can be
calculated from the Stokes-Einstein relation:

kyT

Ry = 2
" 6mn(r)

q

with the Boltzmann constant kg, temperature T, viscosity of the solvent 1 and the decay rate

<1—~>'117
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2. Aims and Outline

Pathogens, bacterial or viral, rely on lectin-carbohydrate interactions to adhere to healthy tissue
and cause infection. Typical treatments involve drugs which cause damage to the pathogen and
possibly also to the native bio-flora of the patient. Additionally, continuous treatment with, for
example, antibiotics causes a response in form of drug resistant germs. One opportunity to
circumvent these problems is to make use of the natural and highly selective lectin-carbohydrate
interactions and prevent the initial adhesion event of the pathogen. Targeting the highly
conserved ability to undergo carbohydrate binding is highly unlikely to lead to antimicrobial

resistance.

To be able to formulate such anti-adhesive compounds, we need to understand the relations
between host and pathogen in great detail. For this, a stripped-down, cell-free model system
can be of great interest. One such system are microgels, functionalized with biological motifs
such as carbohydrates or proteins. This system is easily accessible by a one-pot synthesis and

versatile deposition options on various surfaces.

In the first part of the project, single cell force spectroscopy (SCFS) is employed to quantify
the adhesion between mannose binding E. coli bacteria and a mannose bearing microgel
monolayer. Such an experiment provides detailed insight into the adhesion process as
quantifiable values e.g. adhesion force and energy as well as elongation distance to full
separation are obtained. In this setup a single E. coli bacterium is fixated on an AFM cantilever
and used to probe how carbohydrate presenting responsive polymer particles interact with it
and if this interaction can be influenced by a remote trigger. For this purpose, pNIPAM or
pOEGMA microgels are functionalized with varying mannose amount and deposited on a hard
substrate. The experiment is performed at room temperature and at 40 °C above the VPTT in a
buffered solution so that the binding event can be studied with the microgels in the swollen and
collapsed state. The binding affinity is expected to be significantly larger upon exceeding the
VPTT and the particles are collapsed with the mannose density on the surface increased.
Additionally, the surface of the otherwise fuzzy particles becomes smooth as the loose polymer
chains collapse and sterical repulsion is reduced. Furthermore, methyl-a-mannopyranoside is
added as a specific inhibitor to verify if the adhesion occurs due to specific binding between
FimH and mannose and possibly determine the ratio between specific and non-specific binding.
The AFM allows for full control of the loading rate when pressing the bacteria against the
microgel surface. This enables additional examination of how the contact time and pull-off

speed influences overall adhesion. In a solution, these correspond to naturally occurring forces
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as bacteria are propelled by flagella and microgel particles move due to Brownian motion.
Understanding of how these factors influence overall adhesion makes it possible to tune the

microgels accordingly.

Results from the previous part indicate that the elastic modulus influences the adhesive
properties of carbohydrate loaded microgels. To understand the structural differences between
pNIPAM and pOEGMA based microgels depending on crosslinking density, high resolution
AFM force maps are acquired. From the comparison between the density profiles of ultra-low
crosslinked microgels, synthesized in the absence of bi-functional crosslinker and a
conventional composition, information on the structure of the particles can be derived. The
binding of mannose-functionalized ultra-low crosslinked microgels is compared to the binding
of microgels synthesized in presence of the bifunctional crosslinker BIS. The absence and
presence of a dedicated crosslinker leads to different microgels architectures, thus the effect on
carbohydrate binding needs to be studied above and below the VPTT. As for biomedical
applications, PEG-derived microgels are of great interest due to high biocompatibility and low
toxicity. Thus, microgels containing OEGMA475, MEO2MA and EGDMA as crosslinker were
also studied as an alternative to pNIPAM microgels. These microgels contain three different
components with different reactivity, presumably resulting in a highly inhomogeneous polymer
density distribution. Here high-resolution AFM force maps grant an extensive insight into the
structure of individual microgels, which in turn greatly influences adhesive properties of the
sample. To increase homogeneity, the most straightforward approach is to reduce the number
of different monomers used for synthesis. This leads to homo-polymerized self-crosslinked
microgels with crosslinking relying on statistical deprotonation. For OEGMA based microgels,
the problem of adjusting the VPTT to 32 °C remains as OEGMA with different chain lengths

needs to be co-polymerized to adjust the transition temperature in the physiological range.

In the final part, self-crosslinked carbohydrate bearing microgels are tested in solution on their
ability to reliably capture and release E. coli bacteria. Microgels are synthesized in absence of
a crosslinker as they have been found to be most promising in previous studies. This is due to
their homogeneous polymer density distribution and high swelling degree and consequentially
effective switching behavior. NIPAM-based and OEGMA-bases self-crosslinked microgels are
dispersed in buffered solution and incubated with E. coli bacteria are heated to 37 °C and cooled
to 20 °C to investigate the capture and release capabilities of the microgels. Comparison with
microgels prepared with an additional crosslinker, ultra-resolution microscopy to determine

ligand positioning will shed light on the molecular mechanisms involved on capture and release.
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These insights, in combination with the straightforward synthesis of carbohydrate
functionalized microgels enable applications in solvent purification and non-invasive cell
isolation. Furthermore, targeting can be done by specific functionalization and the capture and

release process is controlled via a remote switch making microgels a wide-ranging tool.
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3. Conclusion and Perspectives

Quantification of adhesive forces between E. coli bacteria and a carbohydrate bearing microgel
layer was achieved by the means of single cell force spectroscopy. Measurements were
conducted at temperatures above and below the volume phase transition temperature to gain
further insight into the difference in adhesion between the collapsed and swollen state of the
microgels. For the experiments pNIPAM and pOEGMA microgels were prepared with
mannose ligand incorporated at different concentrations. As anticipated, the adhesion forces
increased at a temperature above the VPTT, likely due to an increase in mannose density per
area and volume of an individual microgel particle. An increase in ligand density contributes to
multivalent binding and an overall increase in avidity. Additionally, loose chain ends on the
particle surface collapse resulting in a smooth surface decreasing steric repulsion. Moreover,
methyl-a-mannopyranoside was added as an inhibitor to test the specificity of the interaction.
The adhesion indeed was reduced by 75 % on average meaning non-specific binding contributes
to one quarter of overall binding. Partly, this can be attributed to entanglements between the
microgel network and the bacteria fimbriae. This is reflected in a significantly higher work of
adhesion at low temperatures, due to the elastic stretching of polymer chains during pull-off. A
noteworthy observation is the influence of elastic modulus on adhesion as the samples vary in
composition. Gels with higher stiffness are known to have a decreased swelling degree, these
also showed a decreased difference in adhesion below and above VPTT. This finding is

explored further in the second article.

The structure of individual microgel particles was investigated by acquisition of high resolution
force maps via AFM indentation measurements. Structural and compositional differences
between several microgel samples have shown varying adhesion behavior. The greatest
difference is expected between microgels synthesized in presence or absence of bi-functional
crosslinker. For the experiments pNIPAM and pOEGMA microgels were prepared containing
and excluding a crosslinker. Prior to force map acquisition the samples were deposited on glass
and immerged in water. The obtained elastic modulus maps showed gradients from center to
outer edges of the particles, which were synthesized from more than one component. Different
monomers have also varying reactivity, which leads to an inhomogeneous polymer density
distribution. This is most pronounced if a bi-functional crosslinker is incorporated as it has a
significantly higher reactivity. Additionally, it is depleted faster than mono-functional
monomers, which results in a less dense outer network with a lower stiffness. In turn the homo-

polymerized microgels show a homogeneous elastic modulus distribution and presumably also
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a smoother surface. In addition to a high swelling degree this makes self-crosslinked microgels

most suitable for capture and release applications.

For the controlled capture and release of pathogens in solution, carbohydrate bearing self-
crosslinked pNIPAM and pOEGMA microgels were synthesized. The samples were incubated
together with mannose binding E. coli bacteria at 37 °C to ensure bacteria viability, while still
exceeding the VPTT of the microgels. After successfully capturing the bacteria, visible by
formation of aggregates, the solution was cooled down to room temperature. To fully re-
disperse the microgels and bacteria only very little external agitation was needed. This finding
proves the viability of self-crosslinked carbohydrate bearing microgels for controlled specific
target capture and gentle release. Possible applications can be as solution purification or cell
isolation for example. The ability to capture the mannose binding bacteria is presumably due to
a drastic increase in mannose on the particle surface after collapsing. The calculated values for
carbohydrate density per volume increase several orders of magnitude, thus increasing affinity.
The mannose distribution was investigated via high-resolution fluorescence microscopy and
determined to be rather homogeneous throughout an individual particle. The measurements
were conducted at room temperature and yielded similar results for pNIPAM and pPOEGMA
microgels. This means only a small fraction of mannose is accessible to the bacteria in the
swollen state making the density and affinity difference compared to collapsed particles even
more pronounced. The p(OEGMA475-co-MEO2MA)sci-Man microgels have an additional
advantage over pNIPAM as the release of captured bacteria is supported by sterical repulsion
of OEGMAu475s chains on the particle surface. This is due to slower incorporation rate of the
OEGMA475 monomer as is presumably has a lower diffusion speed and thus is incorporated

less in the core region.
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ABSTRACT: Adhesion processes at the cellular scale are

dominated by carbohydrate interactions, including the attachment

and invasion of pathogens. Carbohydrate-presenting responsive

polymers can bind pathogens and inhibit pathogen invasion by \

remote stimuli for the development of new antibiotic strategies. In

this work, the adhesion forces of E. coli to monolayers composed of v € 20°C 40°C A
mannose-functionalized microgels with thermosensitive poly(N-
isopropylacrylamide) (PNIPAM) and poly(oligo(ethylene glycol))
(PEG) networks are quantified using single-cell force spectroscopy
(SCES). When exceeding the microgels’ lower critical solution
temperature (LCST), the adhesion increases up to 2.5-fold
depending on the polymer backbone and the mannose density. For similar mannose densities, the softer PNIPAM microgels
show a significantly stronger adhesion increase when crossing the LCST as compared to the stiffer PEG microgels. This is explained
by a stronger shift in swelling, mannose density, and surface roughness of the softer gels when crossing the LCST. When using
nonbinding galactose instead of mannose, or when inhibiting bacterial receptors, a certain level of adhesion remains, indicating that
also polymer—fimbria entanglements contribute to adhesion. The presented quantitative analysis provides insights into
carbohydrate-mediated bacterial adhesion and the relation to material properties and shows the prospects and limitations of
interactive polymer materials to control the attachment of bacteria.

B INTRODUCTION binding sites on a contacting surface depends on their
flexibility and the stiffness of the involved materials.”*~**
Nevertheless, significant progress has been made to
understand the effect of the glycan architecture on their
binding to bacterial receptors. Various surface printing and
lithography tools were employed to anchor glycans to analyze
their interactions using labeled receptors or label-free
detection.”” ' However, these methods only indicate the
adhered amount of binding partner but not the nature of the
underlying interaction, e.g., the extent of specific and
nonspecific binding cannot be directly analyzed. Therefore,
the exact multivalent carbohydrate-binding modes were
difficult to interpret from these experiments. Force-based
techniques, e.g., based on soft colloidal probes or atomic force
microscopy (AFM),”*™° are suited to directly quantify the
interactions of glycans with pathogens and their receptors. In
particular, SCFS employing bacteria attached to an AFM
cantilever gave a quantitative insight into the interactions

At the cellular level, carbohydrate—receptor interactions
govern numerous processes, e.g, cell—cell communication,
cell development, or the invasion of pathogens." Thus,
investigating carbohydrate interactions is important to further
understand these processes and to develop new therapeutic
strategies, e.g., to fight infections.”* One of the key pathogens
well known to cause infections by adhering to glycosylated cell
surfaces is Escherichia coli. For the initial attachment to cells, E.
coli and other bacteria have evolved specialized hairlike
fimbriae, which bind to specific carbohydrates.” For example,
E. coli bind to mannosides via the carbohydrate recognition
domain FimH at the tip of the fimbriae. However, the specific
carbohydrate-driven adhesion of pathogens is still not fully
understood despite vigorous research activities in the past
decades due to the complex interplay of many factors.”” '’ For
example, the strength of single carbohydrate—receptor
complexes is low compared to potential bond-breaking forces
that can act on adhered bacteria under physiological

conditions,''* e.g, shear forces acting on E. coli in the Received: July 10, 2020 LANGMUIR
unary tract. This is compensated by the multivalent surface Revised:  September 25, 2020 1
presentation of structurally complex cellular glycans and Published: September 25, 2020

bacterial receptors."*~"® Furthermore, E. coli receptors binding
to carbohydrates are known to strengthen under mechanical
force'”™*" and the ability of the binding motifs to probe for

© 2020 American Chemical Society https://dx.doi.org/10.1021/acs.langmuir.0c02040
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between bacteria and carbohydrate layers and other model
surfaces.”"*°~** However, these model surfaces usually lack the
cell-like material properties, in particular low stiffness and a
glycocalyx-like carbohydrate presenting scaffold. A class of such
carbohydrate-presenting biomimetic surfaces are soft microgel
layers composed of polymer scaffolds with a lower critical
solution temperature (LCST), which achieve a very low size
dispersity.*' ~* In addition, microgels composed of poly(N-
isopropylacrylamide) (PNIPAM) or poly(oligo(ethylene gly-
cols)) (PEG) have an LCST in the physiological temperature
range and can readily be copolymerized with carbohydrate
units targeting bacterial receptors.”** This may allow us to
control the interaction to the bacteria when crossing the LCST
to capture and release the bacteria upon temperature
stimulus.”® Heating such microgels above the LCST removes
the hydration layer from the polymer backbone, which causes
the microgel to collapse and form polymer—polymer
contacts.”” It is believed that above the LCST the hydrophilic
carbohydrate units enrich on the surface of the microgels,
which in combination with the polymer collapse leads to a
drastically increased carbohydrate surface density and
increased bacterial binding (Figure 1). However, the

20°C ; 40°C E
\
€ N
0 "

microgel

layer

Figure 1. Illustration of the mannose-functionalized microgel layers
and the proposed change of E. coli binding upon varying the
temperature below (left) and above (right) the LCST. Above the
LCST, polymer—polymer contacts are formed, water is expelled, and
the microgel hydrodynamic radius decreases by a factor of 1.5-3.
This leads to an overall increase of the mannose density, a smoother
microgel surface, and possibly also surface enrichment of mannose
units, increasing specific binding to FimH.

pili/
fimbria

(A

FimH

mannose

interaction of bacteria to such carbohydrate presenting
networks and the effect of microgel composition as well as
mechanical properties are not well understood. In addition,
there is no quantitative analysis of how the polymer phase
transition upon temperature change affects the carbohydrate-
mediated interactions.

Along these lines, we use an AFM-based SCFS approach to
quantify the temperature-dependent E. coli adhesion to

mannose-decorated microgel layers. Microgels based on
PNIPAM and PEG are compared to test the effect of using
different LCST polymers with an LCST of around 30—3$ °C.
Additionally, the effect of varying degrees of mannose
functionalization is quantified and first insight into the role
of the stiffness and swelling degree of the microgels is obtained.
Using SCEFS, specific and nonspecific adhesion owing to
entanglements of the fimbriae with the polymer network can
be discriminated to shed further light on the complex adhesion
phenomena between bacteria and interactive polymer materi-
als.

B EXPERIMENTAL SECTION

Microgel Synthesis. PNIPAM—mannose microgels were pre-
pared by surfactant-assisted precipitation polymerization.*® Briefly,
the monomers N-isopropylacrylamide and N-(2-(a-p-
mannopyranosyloxy)ethyl) methacrylamide (ManEMAm), the cross-
linker N,N’-methylenebisacrylamide (MBA), and the surfactant
sodium dodecyl sulfate were dissolved in ultrapure water. Their
exact amounts are shown in Table 1; see Supporting Information S1
for the synthesis of the carbohydrate monomers. Under stirring, the
mixture was heated to 70 °C while purging with N,, followed by
adding ammonium persulfate (APS) to initiate polymerization. After
5SS min of continuous stirring and purging, the reaction was stopped
and the reaction mixture was purified by filtration and repeated
centrifugation. The resulting microgels had a hydrodynamic radius of
350 nm and a functionalization degree of 39 ymol-mg™".

PEG—mannose microgels were prepared by surfactant-assisted
precipitation polymerization as described by Cai et al** The
monomers 2-(2-methoxyethoxy)ethyl methacrylate (MeO,MA) and
poly(ethylene glycol)methylether methacrylate (OEGMA, M, = 500
gmol™"), the cross-linker ethylene glycol dimethacrylate (EGDMA),
and sodium dodecyl sulfate were dissolved in ultrapure water and
added to a three-necked flask. The mixture was purged with N, and
heated to 70 °C while stirring. The initiator (APS) and the monomer
N-ethylacrylamide-a-pD-mannopyranoside (ManEAm) or, respectively,
N-ethylacrylamide-a-p-galactopyranoside (GalEAMm) were added
subsequently, and after 6 h reaction time, the mixture was cooled
down followed by purification via repeated centrifugation. The
resulting microgels had a hydrodynamic radius of around 120 nm and
a functionalization degree between 20 and 135 ymol'mg ™.

Microgel Characterization. The hydrodynamic radii were
determined by dynamic light scattering (DLS) in water at a
concentration of 1 mgmL™". The measurements were conducted
on a Zetasizer Nano Series Nano ZS (Malvern GmbH, Germany) at a
wavelength of 633 nm and a backscattering angle of 173°. The
mannose functionalization degree was determined via a colorimetric
phenol sulfuric acid assay.*’

Monolayer Preparation. Solutions of the microgels at a
concentration of 1 mg:-mL™" were cast on a polystyrene cell culture
dish surface. After drying at room temperature, the spots were washed
with ultrapure water several times to remove excess microgels.
Mannan layers were prepared by dissolving the polysaccharide in the
carbonate buffer solution (pH 9.6) at a concentration of 1.2 mg-mL™".

Table 1. Amount of Chemicals Used for the Synthesis and the Degree of Carbohydrate Functionalization as Determined by the

Phenol Sulfuric Acid Assay”

monomer cross-linker mannose (in reaction) mannose (in microgel) mannose/monomer ratio
microgel sample [mmol] [mmol] [mmol] [umol g™'] [%]
PNIPAM~—Man,, 6.19 0.324 0.309 37 0.4
PEG—Man,, 8.13/0.9° 0.09 0.116 20 0.4
PEG—Man,; 8.13/0.9" 0.09 0.718 40 0.8
PEG—Man,, 8.13/0.9° 0.09 3.113 135 2.7
PEG—Galy 8.13/0.9" 0.09 0.087 25 0.5

“The initiator (APS) concentration is 0.9 mmol for PNIPAM and 0.25 mmol for PEG microgels. “MeO,MA/OEGMA.
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A droplet of this solution was cast on a polystyrene cell culture dish
and dried at room temperature.

Cantilever Preparation. For the SCFS measurements, we used
colloidal probe cantilevers with bacteria bound at the probe’s apex
(Supporting Information S2). Compared to flat cantilevers or probes
with sharp tips, the colloidal probe configuration ensures reproducible
probe geometries and well-defined probe—sample contacts. There are
various ways of immobilizing bacteria on AFM probes.”” Here,
noninvasive methods keeping the bacteria alive were preferred to
ensure an intact bacterial surface.’® Therefore, a thin layer of
polydopamine was used as an adhesive since it binds to both the silica
surface of the colloidal probe and the biomolecules on the bacterial
surface, ensuring a noninvasive and stable attachment (Figure 2).>

‘ lloidal
A & B

epoxy glue —"
dopamine

solution Q

C| . D
‘ microgel

E. coli coated

\, /_ W\ substrate
Y=Y

s

cantilever

Figure 2. Preparation of the SCFS probes. (A) Silica beads were
coated with polydopamine. (B) Coated beads were attached to the
cantilevers with epoxy glue. (C) Single E. coli were attached in liquid
using the AFM in combination with a fluorescence microscope. (D)
AFM adhesion measurements were conducted against microgel or
mannan layers in PBS buffer.

SCFS Measurements. The spring constant determination of the
cantilever was carried out after attaching the bead but before picking
up a bacterium via the thermal noise method. After the fixation of the
bacterium on the cantilever, the Petri dish with the bacteria was
exchanged for the one with the microgel coating, which already
contains the buffer solution. Measurements were conducted in PBS
buffer (pH 7.4). The cantilever was approached and retracted at a
loading rate of 10 nN-s™!, and a constant force of 1 nN was applied
for S s at contact. The same bacterium can be used for approximately
3 h*” and for several heating and cooling cycles between 25 and 40 °C
without detaching. The pull-off force and work of adhesion values on
the different microgel films were determined with at least three
different bacteria at 20 °C. Although using similar-sized bacteria, a

standard deviation of up to 30% in the adhesion parameters was
obtained owing to the attachment of different bacteria (Supporting
Information S3). Therefore, the data on the effect of temperature
shown here were obtained with a single bacterium showing the
expected adhesion values at 20 °C. At least 500 force curves were
taken on each film under each temperature condition.

B RESULTS AND DISCUSSION

Microgel Surface Coatings. The microgel coatings were
prepared on hydrophobic polystyrene culture dishes via drop-
casting followed by drying and washing to remove excess
microgel layers.”' After removing the excess microgels, quite
regular microgel monolayers can be formed, which proved to
be stable on the hydrophobic surfaces. The AFM images
(Figure 3) confirm the sizes measured in solution via dynamic
light scattering (Supporting Information S4). It should be
noted that the AFM images were taken on dry microgel films;
due to lateral swelling, the gaps between the microgels were
closed in solution.

Typical Force—Distance Curves. A typical SCFS
measurement with a bacteria-modified AFM probe on a
microgel-coated surface is shown in Figure 4. The slope of the

fm Waan
-1000 : T ‘ T

0 200 400 600 800
tip height/ nm

Figure 4. Exemplary force curve of a single E. coli against a microgel
surface. Approach, blue; retract, red. The green area represents the
work of adhesion (W,4,). F,., denotes the pull-off force, and D, is the
maximum elongation distance.

approach curve indicated the stiffness of the microgel layer,
which increased when increasing the temperature above the
LCST (Supporting Information S5).”>7>* The retraction trace
provided the pull-off force and the work of adhesion, i.e., the
area between the baseline and the retraction trace. Multiple
rupture events seen in the retraction trace were due to dangling
chains of the polymer network and the bacteria’s fimbriae
when they were stretched until the rupture force was reached.
The elongation distance describes the path length of the
retraction trace between the intersection with the x-axis at low
separations and the separation at the probe—sample detach-
ment. This parameter shows how far the bacterial fimbriae and
the polymer chains extend until all adhesive bonds rupture.
Confirming Specific Binding via FimH Inhibition. To
determine the specificity of the interaction between E. coli at
the cantilever and the mannose ligands in the microgel layer,

25 nm

Figure 3. AFM images of the dry microgel surfaces. The dry microgels attain a flat “pancake” shape on the surface with gaps between the microgels.

In the solution, the microgels swell, closing the gaps and attaining a spherical cap shape on the surface.
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an adhesion inhibition experiment was conducted. Methyl
mannose (MeMan) was used as an adhesion inhibitor for the
FimH receptor at a concentration of 200 uM. After adding
MeMan, the pull-oft force decreased by 50%, showing that
FimH was partially inhibited, thus confirming the specific
adhesion between E. coli and the microgel layer (Figure $).

2.0 500
@ pull-off force

= work of adhesion
400 =
=z 1.5+ l S
(= =~
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g 300 3
S 1.0 I c%
% ] 200 &
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Figure S. Adhesion before and after inhibiting FimH interactions with
methyl mannose (MeMan).

The inhibition experiment also suggests that a significant part
of adhesion was due to nonspecific binding between the
bacterial membrane and the microgel. AFM adhesion
measurements suggests that entanglements of polymer chains
account for the adhesion between soft polymer gels.””>
Therefore, we suspect that entanglements between the
bacterial fimbriae and the brushlike microgel network might
be responsible for the nonspecific adhesion observed here.
Temperature-Dependent Adhesion on Mannose-
Presenting PNIPAM Microgels. Next, we studied the
temperature-dependent adhesion of the bacteria on mannose-
functionalized PNIPAM microgels. These microgels showed an
LCST at 34 °C and a decrease in their hydrodynamic radius
from 700 to 300 nm when increasing the temperature from 20
to 40 °C, which equals a swelling degree of 2.3 (Supporting
Information S4), suggesting a 12-fold increase of mannose
density. The exemplary force—distance curves (Figure 6) on

1500 —
—— PNIPAM-Many , at 20 °C
—— PNIPAM-Many , at 40 °C
1000 — —— Mannan at 20 °C
3
= 500 —
Q
2
L 0
-500 —
-200 0 200 400 600
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Figure 6. Force curves of PNIPAM—Man,, microgels at different
temperatures (blue for 20 °C, red for 40 °C) and mannan as a
reference (green, at 20 °C).

the same microgels and the pull-off force histograms (Figure 7)
suggest that the adhesion overall increases above the LCST of
the microgels, in agreement with previous studies showing
increased aggregation and binding of E. coli to mannose-
functionalized microgels in solution.’® A series of force curves
(Supporting Information S6) shows that PNIPAM microgels
below the LCST exhibit extended plateaus, i.e., near-constant
force while retracting. This could be attributed to dangling
chains on the fuzzy microgel surface where extending fimbriae
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Figure 7. Adhesion of E. coli on PNIPAM,, and mannan coatings.
Histograms (left) and average values (right) of the pull-off force
(top), the work of adhesion (middle), and the elongation distance
(bottom). The error bars denote the standard deviation.

and polymer chains slide along each other. We estimate that
the mannose density in the microgels always exceeded the
FimH concentration; therefore, the increased adhesion can be
attributed to a 12-fold increase of the mannose density at 40
°C, which improves the binding of the FimH groups due to a
statistical effect.’’ In addition, the steric repulsion of the
loosely cross-linked microgel surface was reduced upon
collapse of the microgel network, which broadly increases
adhesion when crossing the LCST."'~** However, the collapse
of the microgels and the contraction of the dangling chains did
not lead to a reduction of the elongation length, i.e., the path
length in the z-direction until detachment from the microgel
surface above and below the LCST was the same. This was
somewhat unexpected since the extended and softer microgels
below the LCST should be able to stretch more under the
tensile stress as compared to the collapsed state above the
LCST. We assume that the overall increased adhesion above
the LCST and larger pull-off forces enable the increased
elongation of dangling chains, resulting in similar elongation
lengths above and below the LCST.

To compare these results, we performed SCFS on a
mannan-coated surface. Mannan is a small polysaccharide
consisting of mannose units (666.6 g mol™"). In contrast to the
soft microgels, mannan coatings form a dense, thin layer on the
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substrate. SCFS measurements on mannan coatings showed no
indentation and high pull-off forces owing to the high density
of mannose units. In addition, the long extended horizontal
plateaus found in the force curves on microgels below the
LCST were absent in the case of mannan coatings because the
mannan chains are very short compared to the fuzzy microgel
surface.’® The pull-off forces on mannan surfaces were quite
similar to the values obtained for the PNIPAM—Man,,
microgels at 40 °C, although the microgels showed a mannose
functionalization degree of only 0.4%. This suggest that nearly
all E. coli binding sites were bound when brought into contact
with the PNIPAM—Man,, microgels, indicating that the FimH
density of the bacteria was low in comparison to the mannose
density of the microgels. Therefore, when further increasing
the mannose surface density, e.g, by the dense mannan
coating, the specific binding of FimH does not benefit
significantly due to the large size of the protein receptor
carrying only a single binding site. On the other hand, the work
of adhesion for mannan coatings and their elongation distance
were comparatively small, which suggests that for soft microgel
layers the elastic deformation and potential entanglements
between bacterial fimbriae and the microgel network increase
the work of adhesion.

Temperature-Dependent Adhesion on Mannose-
Presenting PEG Microgels. The PEG microgels were
prepared by radical copolymerization of the monomers
OEGMA, MeO,MA, and ManHEAA and the cross-linker
EGDMA. Generally, these PEG-based microgels are interesting
for physiological applications due to their low inflammatory
response and reduced toxicity when compared to PNIPAM
scaffolds.”” A series of microgels with varying mannose
functionalization degrees was prepared: PEG—Man,,, PEG—
Mangg, and PEG—Man, ,, where the numbers denote the ratio
between the PEG monomer and the mannose monomer. The
microgels showed an LCST at 32 °C and a decrease in their
hydrodynamic radius by a factor of 1.8—1.5 when increasing
the temperature from 20 to 40 °C (Supporting Information
S4). In addition, surfaces with galactose-functionalized micro-
gels (PEG—Galy;) were prepared as a negative control since
galactose does not bind to FimH. At comparable carbohydrate
functionalization degrees, PEG—Man,, achieved a 2—S5 times
larger adhesion compared to PEG—Galys (Figure 8). The
extend of nonspecific binding in terms of maximum pull-off
forces was on the order of 70 pN, less than 25% even for the
microgel with the lowest mannose functionalization degree.

The SCFS measurements showed that the pull-off force and
the work of adhesion increased with a higher mannose loading
(Figure 8). The PEG—Man, , sample only showed a moderate
increase in pull-off force in relation to the more than threefold
increase in mannose density compared to PEG—Man, g, which
again suggests that the FimH receptor was already saturated at
lower mannose densities. Notably, the PEG—Man, ; sample at
20 °C showed an exceptionally strong increase of work of
adhesion values, which might be attributed to rebinding events
during pull-off, owing to the high density of mannose in the
soft microgel network with large dangling chains. Along these
lines, the retraction traces (Supporting Information S6) for
PEG—Man,, at 20 °C had a large horizontal part, indicating
prolonged adhesive contacts between bacteria and microgels
upon retraction, whereas for lower Man densities and collapsed
microgels, the traces were more curved. We suspect that these
prolonged contacts could be due to rebinding of fimbriae at the
mannose-rich PEG—Man, ; microgels. In terms of temperature
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Figure 8. Adhesion of E. coli on PEG—Man microgel films with
different mannose loadings and the PEG—Gal,s microgel film as a
negative control. Pull-off force, work of adhesion, and elongation
distance histograms (left) at 20 °C. The average values (right) show
the change of adhesion parameters above and below the LCST.

response, the PEG—Man microgels show similar behavior to
PNIPAM gels. Above the LCST, the adhesion increases due to
a higher ligand density on the collapsed particle surface and the
reduced steric repulsion. The PEG—Man,, sample shows a
decreasing work of adhesion at 40 °C compared to that at
20 °C contrary to all other microgels. We suspect that the
collapse of the PEG—Man, ; microgels at 40 °C may result in a
reduced stretching of the polymer chains during pull-off, which
results in a reduction of rebinding events and a reduced work
of adhesion. This observation is different from all other
microgels with lower degrees of functionalization, including the
PNIPAM microgels, which showed an increased work of
adhesion in the collapsed state. To achieve a significant
rebinding effect to increase the work required to detach the
bacteria, it seems that the carbohydrate density should be large.
It could be argued that for large carbohydrate densities where
rebinding is strong, the affinity of collapsed polymers
decreased above the LCST rather than increased as observed
for the majority of samples here. Interestingly, such diverging
results regarding the affinity of thermoresponsive glycopol-
ymers were reported in the literature. On the one hand,
affinities toward carbohydrate-binding proteins or bacteria
decreased above the LCST,*™* whereas other works showed
increasing affinities.”***~%” The varying accessibility of
carbohydrate unity above and below the LCST®® or rebinding
events®” may explain these diverging findings.
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The difference in the microgel stiffness and the degree of
swelling between PEG and PNIPAM microgels might show the
dependence of E. coli adhesion on these material parameters. It
should be noted that the measurements on PEG and PNIPAM
microgels were performed with different E. coli samples,
introducing an error of up to 30% in adhesion parameters
(Supporting Information S3); therefore, a direct comparison
might be limited by these errors. Nevertheless, when
comparing PEG and PNIPAM microgels, the absolute values
for pull-off force and work of adhesion for PEG gels were
smaller (cf. PNIPAM—Man,, and PEG—Man,,). This could
be explained by an increased Young’s modulus of the PEG—
Man,, microgels compared to that of the PNIPAM—Man,,
microgels (1.2 MPa for PEGy, vs 0.2 MPa for PNIPAM—
Many,, Supporting Information SS). These results hint at an
adverse effect of microgel stiffness on adhesion, in line with
studies by Miura and co-workers on the interaction of a lectin
receptor with mannose-presenting microgels under cross-linker
variation.” Alternatively, the radial distribution of mannose
units might be different for PNIPAM and PEG microgels
owing to the different polymerization kinetics of their
monomers. For example, in case the mannose monomer is
introduced at a slower rate into the microgel compared to the
other monomers, a high-affinity core—shell structure could be
expected. Further high-resolution microscopy studies might
reveal the presence of such core—shell architectures. The
difference in adhesion at above and below the phase transition
temperature was higher for the PNIPAM microgels compared
to that for the PEG microgels. This is most likely due to the
higher degree of swelling of the PNIPAM microgel, the larger
increment of the mannose density, and a larger reduction of
surface roughness as the gel collapses.

B CONCLUSIONS

Using single-cell force spectroscopy, the adhesion of E. coli on
layers of mannose-decorated, thermoresponsive microgels was
investigated. An increase of the adhesion above the microgels’
LCST was observed, which was likely caused by an increase of
mannose density as the microgel network collapsed. Moreover,
the microgel surfaces attain a smooth structure above the
LCST, which might help in reducing the steric repulsion
between the bacteria and the microgel film to further increase
the adhesion. The reduced work of adhesion measured upon
increasing the temperature for the PEG microgel layer with the
highest degree of mannose functionalization represents an
exception to the general LCST effect on adhesion. For the
high-mannose-density microgels, the reduced rebinding during
retracting the bacteria from the collapsed microgel layer owing
to the smoother microgel surface and less accessible mannose
units due to network collapse, may explain this finding. A more
in-depth study of such potential rebinding events may prove
valuable to further understand the effect of network density
and carbohydrate functionalization degree on the specific
bacterial adhesion. Although the inhibition test showed that
specific adhesion between the bacteria and microgel surface
was present, up to 25% of the bacterial adhesion was due to
nonspecific interactions, e.g., entanglements between the
microgels and the bacterial fimbriae. We also found some
indication that the degree of swelling and the elastic modulus
(both are related to the effective mesh width of the network)
affect the overall adhesion and the difference in adhesion above
and below the LCST, where softer, less cross-linked gels show
a larger difference. Therefore, significantly softer gels, e.g., via

cross-linker-free microgels, could enable a large enough
adhesion difference to switch between attachment and
detachment of bacteria. Overall, this study showed that
thermosensitive carbohydrate-functionalized PNIPAM micro-
gels as well as biocompatible PEG-based microgels can be
remotely switched to control the specific interactions to
carbohydrate-binding bacteria, which may give the blueprint
for the design of highly functional interactive biomaterials.
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S1 Glycomonomer synthesis

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

H
2\B/N\/\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).

S1



'H-NMR (600 MHz, CDCls): § 6.41 (s, 1H, -NH), 5.73 (t, 3Jurr = 1.0 Hz, 1H, -C=CH> E to -
CHs), 5.37 — 5.33 (m, 1H, -C=CH, Z to -CHs), 3.75 (dd, *Jux = 5.5, 4.5 Hz, 2H, -NHCH,CH,),
3.50 — 3.46 (m, 2H, -NH-CH,-CHb), 2.57 (s, 1H, -OH), 1.97 — 1.95 (m, 3H, -CH).
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Figure Sla. 'TH-NMR (600 MHz, CDCl3) HEMAm.

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

OAc

AcO
AcO 0
AcO 0

~" N
H

Scheme S1b 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.
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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 MgSOy, filtered and the remaining
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).

'H NMR (600 MHz, CDCL3) § 6.29 (s, 1H, NH), 5.69 — 5.67 (m, 1H, -C=CHa) 5.38 — 5.35(m,
1H, -C=CHa), 5.34 — 5.31 (m, 1H, H2), 5.29 (dd, *Juu= 10.1, 3.4 Hz, 1H, H3), 5.25 — 5.20 (m,
2H, H4), 4.80 (d, 3Jus = 1.8 Hz, 1H, H1), 4.21 (dd, 3Jun = 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, -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, -COCH),
2.06 (s, 3H, -COCH3), 2.01(s, 3H, -COCH3), 1.96 (s, 3H, -COCH3), 1.94 (s, 3H, -CH3).

13C NMR (600 MHz, CDCI3) & 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, -OCH2CH>) , 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 C20H20NO1;1 (ESI) m/z [M+ H']" calc. 460.17; found 460.22, [M+Na*]" calc.: 482.16;

found 482.22.
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Figure S1b. "H-NMR (600 MHz, CDCl3) AcManEMAm.
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Figure Slc. >*C-NMR (600 MHz, CDCl3) AcManEMAm.

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).

'H NMR (600 MHz, D,0): § 5.73 — 5.66 (m, 1H, -C=CH>), 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, *Jun = 9.5, 3.4 Hz, 1H, H4), 3.74 (dd, *Jun = 12.2,
5.9 Hz, 1H, H6"), 3.71 — 3.62 (m, 2H, -OCH,CH,NH), 3.61 — 3.57 (m, 1H, HS5), 3.56 — 3.51
(m, 1H, -OCH2CH2NH), 3.49 — 3.44 (m, 1H, -OCH2CH>NH), 1.93 (s, 3H, -CH3).
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Figure S1d. '"H-NMR (600 MHz, D,0) ManEMAm.

N-ethylacrylamide-a-D-mannopyranoside (ManEAm)

OAc
AcO O _~ N )K/

H
Scheme S1c AcManEAm

The synthesis of 2'-acrylamidoethyl-2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside
(AcManEAm) is very similar to the synthesis of AcManEMAm. 10,0 g (78,2 mmol) N-(2-
Hydroxyethyl)-acrylamid and 33,4g  (85,5mmol) 1,2,3,4,6-Penta-O-acetyl-a-D-
mannopyranoside are dissolved in 700 ml of dichloromethane, cooled down to 0 °C and flushed
with nitrogen for 15 min inside a 1000 ml three-neck-flask. After the slow addition of 42 ml
(331,4 mmol) boron trifluoride ethyl etherate, the reaction solution is stirred at room
temperature for 48 h. The organic layer is washed with with icewater, 3 times with saturated
sodium hydrogen carbonate solution and with ultrapure water. After drying the orangic layer
over magnesium sulfate, dichloromethane is removed by distillation under vacuum and reduced
pressure. The synthesized AcManEMAm is purified by column chromatography (Gradient:
ethyl acetate/n-hexane 1:1 to pure n-hexane). The yield of the remaining product is 52 %
(18,0 g, 40 mmol).
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'H NMR (600 MHz, DMSO-de) & 8.31 (t, J = 5.7 Hz, 1H, NH), 6.25 (dd, J = 17.1, 10.2 Hz, 1H,
_CH=CHb>), 6.09 (dd, J = 17.1, 2.2 Hz, 1H, -CH=CH,), 5.60 (dd, J = 10.2, 2.2 Hz, 1H, -
CH=CH,), 5.20 — 5.15 (m, 1H, H2), 5.14 (dd, J = 3.6, 1.6 Hz, 1H, H3), 5.11 — 5.04 (m, 1H,
H4),4.89 (d,J = 1.7 Hz, 1H, H1), 4.12 (dd, J = 12.2, 5.3 Hz, 1H, H6), 4.04 — 4.01 (m, 1H, H6),
4.01 — 3.97 (m, 1H, H5), 3.71 — 3.64 (m, 1H, -OCH,CH,NH), 3.57 — 3.51 (m, 1H, -
OCH,CH,NH), 3.41 — 3.34 (m, 2H, -OCH,CH,NH), 2.11 (s, 3H, -COCHs), 2.03 (s, 3H, -
COCH3), 2.02 (s, 3H, -COCH3), 1.94 (s, 3H, -COCHs).

13C NMR (600 MHz, CDCl3) & 170.67 (1C, -COCHs), 170.12 (1C, -COCHs), 170.12 (1C, -
COCHs), 169.70 (1C, -COCH3), 165.62 (1C, -CONH), 130.54 (1C, COCHCHa), 126.98 (1C,
COCHCH,), 97.77 (1C, C1), 69.37 (1C, C2), 68.99 (1C, C3), 68.79 (1C, C4), 67.59 (1C, C5),
66.16 (1C, -OCH2CHy), 62.52 (1C, C6), 39.14 (1C, NHCH2CHb,), 20.88 (1C, -COCHs), 20.73
(1C, -COCHs), 20.71 (1C, -COCHs), 20.71 (1C, -COCH3).

MS for C19H27NO1 1 (ESI) m/z [M+ H']" calc. 446.2; found 446.1, [M+Na']" calc.: 468.1; found
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Figure Sle. 'H-NMR (600 MHz, DMSO-d¢) AcManEAm.
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Figure S1f. >*C-NMR (600 MHz, CDCl3) AcManEAm.

The deprotection process of AcManEAm is the same process described for the deprotection of
AcManEMAm.

N-ethylacrylamide-B-D-galactopyranoside (GalEAm)

AcOOAC
(@] (@]

(@)
AcO S\ \AHJK/

Scheme S1d AcGalEAm

For the synthesis of 2'-acrylamidoethyl-2,3,4,6-tetra-O-acetyl-B-D-galactopyranose
(AcGalEAm), 6,2 g (52,2 mmol) N-(2-Hydroxyethyl)-acrylamid and 20,6 g (51,7 mmol)
1,2,3,4,6-Penta-O-acetyl-B-D-Galactose are dissolved in 600 ml dichloromethane in a 1000 ml
three-neck-flask. The reaction solution is cooled down to 0 °C and purged with nitrogen for
15 min. After a slow addition of 35 ml (278,7 mmol) boron trifluoride ethyl etherate, the
solution is stirred for 48 h at room temperature. The organic layer is separated and washed with
ice water, two times with saturated sodium hydrogen carbonate solution, brine and with
ultrapure water. The washed organic layer is dried over magnesium sulfate. Dichloromethane
is removed by distillation under vacuum and reduced pressure. The synthesized AcGalEAm is
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purified by flash chromatography (Gradient: ethyl acetate/n-hexane 1:1 to pure n-hexane within
20 min). The yield of the remaining product is 14 % (3.63 g, 8.2 mmol).

'H NMR (600 MHz, CDCl3) & 6.32 — 6.21 (m, 1H, -C=CH2), 6.07 — 6.00 (m, 1H, -C=CH2),
5.66 — 5.56 (m, 1H), 5.39 — 5.32 (m, 1H, -C=CH2), 5.32 — 5.20 (m, 1H, H4), 5.14 — 5.06 (m,
1H, H2), 4.98 — 4.90 (m, 1H, H3), 4.47 (dd, J="70.5, 7.9 Hz, 1H, H1), 4.12 — 4.04 (m, 2H, H6),
404 — 4.00 (m, 1H, H5), 3.87 — 3.83 (m, 1H, -OCH,CH,NH), 3.74 — 3.63 (m, 1H, -
OCH2CH,NH), 3.58 — 3.52 (m, 1H, -OCH2CH2NH), 3.43 (m, 1H, -OCH2CH2NH)2.11 — 2.08
(m, 3H, -COCHs), 2.00 — 1.98 (m, -COCHs), 1.98 — 1.97 (m, 3H, -COCH3), 1.94 — 1.92 (m,
3H, -COCHs).

13C NMR (600 MHz, CDCl3) & 170.41 (1C, -COCHs), 170.18 (1C, -COCHs3), 170.08 (1C, -
COCH3), 169.81 (1C, -COCH3), 165.47 (1C, -CONH), 130.69 (1C, COCHCHy), 126.72 (1C,
COCHCHa), 101.49 (1C, C1), 70.89 (1C, C2), 70.69 (1C, C3), 69.15 (1C, C4), 68.97 (1C, C5),
66.98 (1C, -OCH2CHb), 61.40 (1C, C6), 39.18 (1C, NHCH,CHa), 20.86 (1C, -COCHs), 20.69
(1C, -COCHs), 20.67 (1C, -COCHs), 20.58 (1C, -COCH3).

MS for C19H27NO11 (ESI) m/z [M+ H']" calc. 446.2; found 446.2, [M+Na*]" calc.: 468.1; found
468.2.
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Figure Slg. 'H-NMR (600 MHz, CDCl3) AcGalEAm.
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Figure S1h. *C-NMR (600 MHz, CDCl3) AcGalEAm.

The deprotection process of AcGalEAm is the same process described for the deprotection of
AcManEMAm.
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S2 Bacteria attachment

Figure S2: Bacteria attachment to the poly(L-dopa) coated colloidal probe (three examples).
The left column shows the bacterium before attachment. The center column shows that the
bacterium was “picked up” from the surface. The right column shows the bacterium at the
colloidal probe.

S3 Variation of adhesion by attaching different bacteria

To determine the possible error between measurements with different bacteria, the results for
pull-off force, work of adhesion and elongation distance were compared. The benchmark
measurements were conducted at 20 °C against PNIPAMy 4 substrate.
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Figure S3: Histograms of measurements with 3 different E.coli bacteria on PNIPAMo4
substrate.

Table S1. The average values and errors are summed up in the following table.

E. coli E. coli E. coli average  standard deviation
#1 #2 #3 [%]
pull-off force / pN 504 762 615 627 17
work of adhesion/ 1078J 110 201 121 144 28
elongation distance / nm 460 588 620 556 12
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S4 Temperature-dependent microgel swelling

The temperature dependent hydrodynamic radii were measured by dynamic light scattering
(DLS)(Figure S4).
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Figure S4: Swelling curves for all microgels used in this work.

Table S2: Hydrodynamic radii, PDI and the swelling ratio as measured by DLS

microgel sample Rh at 20 °C PDI swelling ratio
[nm] (DLS) (Rh2p°c/Rhap°c)
PNIPAM-Mang 4
364 0.16 2.5
PEG-Many 4 113 0.069 1.8
PEG-Mang g 120 0.09 1.6
PEG-Man 7 139 0.115 1.5
PEG-Galos 128 0.072 1.7

SS Indentation experiments

For the determination of the Young’s modulus a force-volume map was taken using the JPK
instrument software. Form these maps force-deformation measurements at the center of the
microgels can be selected (Figure S1). These traces were then fitted by the Hertz model:

1/2
4 rtip
F=—-———_—Ed3/?
3(1-v?)

where 74 is the radius of the AFM tip, v the Poisson ratio, and E the Young’s modulus of the
microgel, F the force imposed by the AFM cantilever and d the sample deformation. The Hertz
model proved to be valid for small tip-sample deformations (see fits in Figure S1). For larger
deformations deviations from the Hertz model were present due to the crosslinking gradient of
the microgels, which resulted in hard, highly crosslinked cores and soft, loosely crosslinked
shells. The determined elastic moduli likely represent the moduli “felt” by the bacteria during
adhesion measurements since the bacteria comes into contact mainly with the shell of the
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microgels and the forces applied in the adhesion measurements were quite comparable to the
force applied in the force-deformation measurements.

1.4
O PEG,
12 - 0.4
+ PEGas
104 0O PEG;-
f{ 08— = PNIPAM.
8
g 064

-40 220 0 20 40 60 80
deformation ! nm

Figure S5: Exemplary force-deformation curves and Hertz fits

Table S3: Microgel elastic moduli

Sample Young’s modulus [MPa]
PEGo.4 1.2+04

PEGos 1.0+0.3

PEG2; 3.0+£0.8

PNIPAMy.4 0.20 + 0.06
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S6 Exemplary force curves of measured samples and controls

Control measurements without bacteria (p(L-dopa) coated beads) on PNIPAMo4+ and with
bacteria on non-binding PEGgal microgels.
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Figure S6a: Force curves of control measurements. Without bacteria, only a p(L-dopa) coated
bead on PNIPAMy 4 substrate (black). With E.coli on PEGga at different temperatures (blue:
20°C, red: 40°C).
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Additional exemplary curves from measurements with E.coli on the different substrates.
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Figure S6b: Representative force curves taken from the measurements against the microgels
used in this work at different temperatures (blue: 20°C, red: 40°C).



S7 Contact time dependence of adhesion

The adhesion depends on the contact time of the bacteria and the microgel as longer contact
times increases the possibility of FimH receptors binding mannose ligands. In addition, larger
contact times increase potential entanglement events. We have varied the contact time in a range
between 1 to 5 seconds to test the resulting adhesion. This series of experiments was carried
out with the same bacterium. The following figures show the rate of increase in adhesive force
in relation to contact time. With increasing contact time an increase in maximum pull-off force
and work of adhesion is observed as expected. Binding of FimH to mannose moieties becomes
statistically more probable as time in proximity of the microgel surface increases. Also
entanglement events increase as the bacterium is pressed for a longer period against the polymer
network. The elongation does not change significantly between 1 and 5 seconds dwell time. As
a very low amount of bonds between pili and loose ends on the microgel surface can be formed
the combined binding strength is too low to extend the polymer chains and the pili to the full
extent.
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I I [ |
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Figure S7: Maximum pull-off force and work of adhesion are affected by contact time, the
detachment distance seems to be not.
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The spatial elastic modulus distribution of microgel networks in presence and absence of bifunctional
crosslinkers is studied by AFM. Thermoresponsive poly(N-isopopylacrylamide) (PNIPAM) and poly(2-(2-
(P(MEO,MA-co-OEGMA))
microgels are synthesized via precipitation polymerization above their lower critical solution temperature
(LCST). High-resolution elastic modulus profiles are acquired using AFM force-indentation mapping of
surface-deposited microgels at 25 °C. For both microgel systems, the use of a bifunctional crosslinker

methoxyethoxy)ethyl methacrylate-co-oligo(ethylene glycol)methacrylate)

leads to a strong elastic modulus gradient with stiff microgel cores and soft networks toward the edge.
In absence of a dedicated crosslinker (self-crosslinking), PNIPAM microgels show a homogeneous elastic
modulus distribution, whereas self-crosslinked P(MEO,MA-co-OEGMA) microgels still show decreasing
elastic moduli from the centre to the edge of the microgels. However, POEGMA microgels without
comonomer showed no elastic modulus gradient suggesting that different incorporation rates of

Received 25th February 2021, MEO,MA and OEGMA result in a radial variation of the polymer segment density. In addition, when

Accepted 13th May 2021 varying the molecular weight of OEGMA the overall elastic modulus was affected, possibly due to
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microgel architectures can be obtained by the simple “one-pot” precipitation reaction of microgels
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Introduction

Micro and nanoparticles composed of stimuli responsive polymers
paved the way toward several promising applications, such as
triggered drug delivery systems,'™ materials with advanced optical
properties,®” or bioactive coatings that are capable of responding to
environmental parameters.® > A very prominent type of responsive
microparticles are thermosensitive microgels composed of
polymers with a lower critical solution temperature (LCST)."* When
increasing the temperature above the LCST, the swollen microgels
collapse due to the formation of polymer-polymer contacts and the
partial removal of the hydration layer surrounding the polymer
chains. In comparison to macroscopic polymer gels, microgels
show a range of interesting properties, such as rapid and
strong volume changes upon temperature variation, narrow size
distribution, and straightforward processing toward coatings.'® ™
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which may open to new avenues toward advanced applications.

In addition, their synthesis via free radical polymerization is
comparatively simple. Such microgels are often composed of
polymers with an LCST in the physiological temperature range,
e.g. poly(N-isopropylacrylamide) (PNIPAM) or 2-(2-methoxyethoxy)
ethyl methacrylate and oligo(ethylene glycol) methacrylate
(P(MEO,MA-co-OEGMA))."*'° In a single precipitation polymer-
ization step in water above the polymer’s LCST, the monomers
are reacted in presence of a crosslinker to form monodisperse
microgels with diameters of a few hundred nanometers. For
crosslinking, bifunctional acrylamides or acrylates are typically
used. Since the crosslinkers are bivalent they tend to be
incorporated at higher rates into the growing microgels during
precipitation polymerization, leading to higher crosslinking in
the microgel centre.”>*' The resulting microgels show a cross-
linking density gradient, i.e. a stiff, highly crosslinked core with a
soft and very fuzzy outer perimeter due to low crosslinking.”**
For some applications, e.g. in drug release or tissue engineering,
different network structures and higher overall deformability
are required. To address these needs, hollow microgels and
ultra-soft microgels have been developed.>*° It has been shown
that such microgel structures can be obtained by omitting
bifunctional crosslinkers but instead using chain transfer

Soft Matter, 2021,17, 5711-5717 | 571
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reactions to introduce crosslinks in the microgel network during
the precipitation reaction procedure.”” Such microgels can be
considered ‘“self-crosslinked” due to the absence of dedicated
crosslinker molecules.

As of yet, such self-crosslinked, ultra-soft microgels were
largely based on PNIPAM.>°° For biomedical applications
where the toxicity of the microgels’ degradation products is a
concern,* microgels with a polyethylene glycol (PEG)-based
backbone are favoured instead.**** A pioneering study has
confirmed the feasibility of self-crosslinked OEGMA-based
microgels.>* Therefore, in this study the network structure of
self-crosslinked P(MEO,MA-co-OEGMA) microgels of varying
composition is investigated and compared to self-crosslinked
PNIPAM microgels. In addition, a systematic comparison
between self-crosslinked microgels and microgels crosslinked
by bivalent crosslinkers is presented. As a tool to determine the
network structure we use AFM force-indentation measurements,
which give the elastic modulus of the microgel network and the
crosslinking density at a resolution in the nanometer range.

Experimental section
Microgel synthesis

PNIPAM microgels with crosslinker were synthesized via
surfactant-free non-stirred precipitation polymerization as described
by Richtering and coworkers® (Table 1). N-Isopropylactylamide
(Sigma-Aldrich, >95%), N,N'-methylenebisacrylamide (Sigma-
Aldrich, 99.5%) and ammonium peroxodisulfate (APS, Sigma-
Aldrich, >99%) were used without further purification. For
self-crosslinked PNIPAM microgels, NIPAM was dissolved in
20 mL ultra-pure water (1.4 mmol, 0.07 mol L") and heated to
70 °C while purging with N, followed by adding APS dissolved
in 1 mL ultra-pure water (0.06 mmol, 0.003 mol L") after
30 min. The reaction was terminated by cooling in an ice bath
after reacting at 70 °C under N, atmosphere for 16 h. To remove
any unreacted or loose polymer the particles were washed by
repeated centrifugation at 10 000g for 1 hour. In a final step the
particles were freeze dried. Four different P(MEO,MA-co-OEGMA)
microgel samples were prepared by surfactant free emulsion
polymerization. The presence of crosslinker (ethylene glycol

Table 1 Composition of the microgel reaction mixture, the hydrodynamic
radius (Ry) and the ratio of Ry, above and below the LCST (swelling ratio) as
measured by dynamic light scattering (DLS) (see ESI, S1). Microgels prepared
without crosslinker (self-crosslinked) are termed “SCL". Microgels prepared
with crosslinker are termed according to the crosslinker (“BIS” or "EGDMA")

Monomer Crosslinker Ry,  Swelling

Microgel sample [mmol] [mmol] [nm] ratio
PNIPAMg;s 6.19 0.32 (5 mol%) 350 2.5
PNIPAMqc;, 70 — 429 3.7
P(MEO,MA-c0-OEGMAgq0)sc. ~ 8.13/0.9° — 197 2.3
P(OEGMA;0)scr. 80.7 — 575 2.1
P(MEO,MA-co- 8.13/0.9° 0.09 (1 mol%) 125 1.5
OEGMA50)rGpMA

P(MEO,MA-c0-OEGMAsq0)scr,  8.13/0.9° — 195 2.1

“ Ratio of OEGMA/MEO,MA.
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dimethacrylate, EGDMA), comonomer (MEO,MA), and the
molecular weight of OEGMA (300 g mol™, OEGMA;y, and
500 ¢ mol !, OEGMAs,,) was varied. OEGMA and EGMA (TCI
Germany GmbH) the initiator potassium peroxodisulfate (KPS)
and EGDMA (>95%, Sigma-Aldrich, Germany) were used
without further purification. The monomers were dissolved in
84 mL of ultra-pure water and purged with N, for 30 min while
stirring and heating to 80 °C followed by adding KPS dissolved
in 1 mL ultra-pure water (0.255 mmol, 0.003 mol L")
The reaction was stopped after 6 hours by cooling down in an
ice bath. The microgels were purified by repeated centrifugation
at 10000g for 2-3 hours.

Microgel surface deposition

Glass slides were cleaned by Hellmanex III solution and
subsequently treated in a solution of water, hydrogen perox-
ide (30%) and ammonia (25%) at a 5:1:1 ratio at 70 °C for
30 min. After rinsing, the surfaces were used immediately for
microgel deposition (0.1 wt%) via spin coating at 2000 rpm
for 60 s.

Atomic force microscopy (AFM)

AFM measurements were performed on a JPK NanoWizard IV in
quantitative imaging (QI™) mode with a setpoint force of 5 nN,
a loading rate of about 175 uN s~ curve, and a sampling rate of
40 kHz. Cantilevers (HQ:XSC11/No Al, uMasch, Bulgaria) with a
nominal spring constant of 7 N m~"' were used. The AFM tip
radius was obtained by imaging a porous alumina surface
(PAO1, pMasch, Bulgaria) and evaluation with Gwyddion.**
Measurements were conducted in ultra-pure water at 20 °C.
The obtained force-deformation maps were processed with the
software provided by the AFM manufacturer to calculate the
elastic modulus by fitting the approach cycle with the Hertzian
model. To account for the limited thickness of the microgel
layer selected force curves were fitted with the Dimitriadis
model using the microgel thickness at the respective radial
position to calculate corrected elastic moduli.>® The fit range
was limited by choosing a maximum indentation depth, which
was up to 10-50% of the microgel thickness depending on how
well the fits represented the data. Radial profiles of the elastic
moduli maps from at least six similar-sized microgels were
using the radial profile plugin for Image].*” Single pixels with
elastic moduli greater than 100 MPa (outliers) were excluded
from the analysis.

Results and discussion
High-resolution elastic modulus mapping

To determine the crosslinking gradient and the overall network
structure we perform AFM nanoindentation measurements,
which allow to map the elastic modulus on a nanometer scale.
The elastic modulus can be directly related to the density of
polymer crosslinks in a gel: The density of crosslinks in a
polymer network with an average mesh width ¢ is proportional
to ¢73. According to de Gennes,***° for polymer networks in
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good solvents the concentration of polymer segments between
crosslinks C scales with ¢ as

g~ 1)

and the elastic modulus E is proportional to the density of
crosslinks

E ~ 6—3 ~ 69/4. (2)

Therefore, the polymer gel’s elastic modulus as determined by
AFM is a measure of the polymer segment concentration and
crosslinking density of the gel. Previous work showed that AFM
nanoindentation measurements on adsorbed BIS-crosslinked
PNIPAM microgels reveal radial elastic modulus gradients,
where higher elastic moduli were found in the centre of the
microgels.”***° Following these studies, the AFM investigations
were also conducted with adsorbed microgels on glass slides in
water. High-resolution AFM force-deformation mapping was
performed followed by fitting the force-indentation traces with
the Hertzian model of elastic contacts to obtain the elastic
modulus E:

4rtip1/2d3/2
=30 )

where ryp, is the radius of the cantilever tip, v the Poisson ratio, d
the sample deformation, and F the applied force. This analysis
yields high-resolution maps of the elastic modulus, e.g. for a
P(MEO,MA-c0-OEGMA;)scr, microgel as shown in Fig. 1a. For
further analysis, radial averages of the elastic moduli were
calculated and plotted against the radial position where the
origin is the centre of the microgels (Fig. 1b). To account for
the finite thickness & of the microgel on the solid support, the
force curves were additionally fitted using Dimitriadis’ model
(with v set to 0.5) to obtain the corrected elastic modulus
Ecorrected:

16rtip1/2d3/2

F :fcorrection . 9 Ecorrecteda (4)

where fiorrection 1S defined as
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Fig. 1 High resolution elastic modulus maps and calculation of radial
profiles. (a) An elastic modulus map of a single P(MEO,MA-co-
OEGMAs00)scL microgel particle (scale bar is 200 nm). The red circle
indicates the range over which the elastic modulus distribution is averaged
at certain radial positions to create a radial profile. (b) The resulting elastic
modulus profile, ranging from the centre to the edge of the microgels (full
circles, left axis). Additionally, the elastic modulus values were corrected
according to the Dimitriadis model (hollow circles, left axis). The height
profile was reconstructed from the high-resolution force maps (dashed
line, right axis).
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Seorrection = 1 + 0.884y + 0.781y> + 0.386)° + 0.0048y*,  (5)

with y defined as

\/ rtjpd
g =Y 6
=" (6)
Selected force curves taken at certain radial positions giving
similar (uncorrected) elastic moduli as compared to the radial
averages were fitted again with the Dimitriadis model to obtain
the corrected elastic modulus profiles (Fig. 1b).

Elastic modulus gradients of PNIPAM microgels

The well-studied BIS-crosslinked PNIPAMg;s microgels were
compared against self-crosslinked PNIPAMgc;, microgels prepared
in absence of BIS where crosslinking takes place by chain transfer
reactions. For an initial overview, three force-deformation curves
taken at the centre, the very edge, and between the edge and
centre are shown (Fig. 2a). The elastic moduli obtained at the
centre of PNIPAM;c;, microgels were an order of magnitude
smaller compared to PNIMAPgs, suggesting a reduced network
density for PNIPAMg,;, due to the absence of a dedicated cross-
linker (Table 2). An additional indication of the strongly reduced
network density of PNIPAMgc;, is very their flat, pancake-like
shape in the adhered state on the glass slide. Due to their higher
crosslinking density adhered PNIPAMpg;s microgels attain trun-
cated sphere shapes, with a peak height of 120 nm. As expected,
the swelling behaviour of the microgels is affected by the overall

a PNIPAMg;s

PNIPAM;¢,
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o
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Fig. 2 The elastic moduli of deposited PNIPAM microgels as a function of
the radial position. (a) Typical AFM force—distance measurements at the
microgel centre (black), between centre and edge (blue) and the edge (red)
for PNIPAMgs (left) and PNIPAMsc, (right). (b) Typical topography and
elastic modulus images of a single PNIPAM microgel. Scale bars: 200 nm.
(c) Plot of the elastic modulus vs. the radial position calculated from at least
five microgels using high-resolution elastic modulus mapping and height
trace (dashed lines) reconstructed from vertical tip position during force
map acquisition.
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Table 2 Elastic moduli comparison from AFM indentation measurements
taken at the microgels’ apex

Microgel sample Elastic modulus at centre [kPa]

PNIPAMjg;s 340 + 10
PNIPAMgcr, 13 + 3
P(MEO,MA-co-OEGMAs00)EGDMA 63000 =+ 500
P(MEO,MA-co-OEGMAs0)scr, 850 + 6
P(MEO,MA-co-OEGMAg0)scL 202 £ 2
P(OEGMA;00)scL 123+ 6

crosslinking density, where PNIPAMgc;, showed a significantly
stronger collapse when increasing the temperature above the
LCST (ESL S1). The detailed distribution of the elastic moduli
and particle height on the solid surface was read from high-
resolution AFM force maps. In agreement with recent work by
Richtering and coworkers,*® the PNIPAMgo, microgels showed
only small changes of the elastic modulus across the microgel,
whereas the elastic modulus decreased toward the edge of
PNIPAMg;s microgels as found in earlier studies.”** From the
apex to radii of about 50 nm, the elastic modulus of PNIPAMg;s
was constant indicating a homogeneous crosslinking density
in the core region, which was also observed in scattering
experiments and in super-resolution microscopy.*"*> However,
here the core region appeared smaller owing to scanning only the
microgel surface by AFM indentation. In absolute numbers, the
elastic moduli of PNIPAMpg;s of 350 kPa in the microgel centre
were a factor of 3 larger compared to previous work.”?® The higher
values could be attributed to several factors. For example, to
achieve reasonable acquisition times of the high-resolution force
maps, the force curves were recorded at high speed using loading
rates on the order of 500 UN s~ '. Due to viscoelastic and
hydrodynamic effects, the stiffness of hydrogels increases at
high loading rates.**** In addition, the microgels were dried to
immobilize them on the solid support. This may lead to an
increase in network density even after rehydration since the
network could stay partially adhered to the support. This results
in overall increased elastic moduli compared to immobilization
techniques that work without drying. Compared to previous work
on self-crosslinked microgels,*® here the molar ratio of NIPAM and
peroxydisulfate initiator was 3-times larger leading to increased
crosslinking and to a stiffness of the PNIPAMg;, microgels. Overall,
the results confirmed that PNIPAMygs radial density gradients
owing to the increased incorporation rate of BIS compared to
NIPAM. Microgels synthesized under self-crosslinking show a
homogeneous segment concentration across the microgel.

Elastic modulus gradients of oligo(ethylene glycol)-based
microgels

Different classes of oligo(ethylene glycol)-based microgels were
prepared: (1) with comonomer and crosslinker (P(MEO,MA-co-
OEGMA)EGDMA), (2) with comonomer and without crosslinker
(P(MEO,MA-c0-OEGMA)scy), (3) without comonomer or cross-
linker (POEGMAgcy). In addition, the OEGMA molecular
weight was varied (OEGMAzy, OEGMAsq). First the microgels
synthesized with crosslinker and comonomer are discussed. Most
frequently studied are P(MEO,MA-co-OEGMAJEGDMA microgels
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with 1-5 mol% EGDMA crosslinker and a MEO,MA/OEGMA ratio
of about 9: 1 because these microgels show an LCST in the physio-
logical range and swelling properties that are comparable to
PNIPAMg;s microgels.'® Under the drying deposition method used
here, the P(MEO,MA-c0-OEGMA;50)EGDMA microgels showed
large elastic moduli in the centre, on the order of 60 MPa, that
were strongly decreasing toward the edge of the microgel (Fig. 3,
left). Starting at a radial position of 50 nm, the elastic modulus
trace showed an extended plateau where the elastic modulus was
constant, about 20% compared to the maximum in the centre.
This plateau coincides with a flat hairy-like structure seen in AFM
images (ESL S4). The very high elastic modulus in the centre as
well as the radial gradient in elastic modulus could be explained
with the different reactivity of the three methacrylate reactants
MEO,MA, OEGMA;,, and EGDMA. MEO,MA-rich domains with
increased crosslinking density and stiffness are expected to form in
the centre of the microgels owing to the increased reactivity of the
crosslinker EGDMA, the fast diffusion rate and increased reactivity
of the short monomer MEO,MA, as well as the phase behaviour of
MEO,MA oligomers. EGDMA is known to exhibit an increased
reactivity compared to BIS,"® leading to small high-density cores
and absence of an extended constant crosslinking region in the
microgels centre. Regarding the phase behaviour, MEO,MA
oligomers have a lower LCST compared to OEGMA oligomers.*’
Therefore it is likely that stiff MEO,MA-rich domains form in
the beginning of the reaction that constitute the centre of the
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Fig. 3 The elastic moduli of P(MEO,MA-co-OEGMAspo)egoma and
P(MEO,MA-co-OEGMAspg)sc. microgels as a function of the radial
position. (a) Typical AFM force—distance measurements at the microgel
centre (black), between centre and edge (blue) and the edge (red) for
P(MEO,MA-co-OEGMA)egpma (right) and P(MEO,MA-co-OEGMAsqo)scL
(left). (b) Typical topography and elastic modulus images of a single
microgel. Scale bars: 200 nm. (c) Plot of the elastic modulus vs. the radial
position calculated from at least six microgels using high-resolution elastic
modulus mapping and height traces (dashed lines) reconstructed from
vertical tip position during force map acquisition.
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microgels. Indeed, using neutron scattering, Wellert and co-workers
found high density inhomogeneities in EGDMA-crosslinked
P(MEO,MA-co-OEGMA) microgels which they interpreted as
MEO,MA rich-domains forming during the reaction.* Overall,
these results suggest that the observed radial elastic modulus
gradients for PIMEO,MA-c0-OEGMA;)egpma Microgels are not
only due to the increased reactivity of the bivalent crosslinker
but also due to different monomer diffusion rates and phase
behaviour of the oligomeric methacrylates forming during the
reaction.

To confirm this observation, we analysed the P(MEO,MA-co-
OEGMA;0)scr, microgels prepared in absence of crosslinker
while maintaining the 9: 1 ratio between MEO,MA and OEGMA
monomers (Fig. 3, right). The absence of a bifunctional cross-
linker resulted in overall softer microgels and also the very stiff
core regions found in P(IMEO,MA-c0-OEGMAs0)ecpma Microgels
were not present. Interestingly, the force curves and high-
resolution maps showed a radial elastic modulus gradient
although a crosslinker was absent (Fig. 3, right). The elastic
modulus decreased to 60% from centre to edge, a lower gradient
compared to microgels prepared with crosslinker. Both MEO,MA
and OEGMA;,, are monofunctional and have the same reactive
groups. Therefore, the elastic modulus gradient is perhaps due
to an increased diffusion rate of MEO,MA compared to
OEGMA;, in addition to differences in phase behaviour of the
various oligomers formed during the reaction (Fig. 5). Owing to
the smaller LCST of MEO,MA-rich oligomers compared to
OEGMA-rich oligomers, MEO,MA is incorporated faster in the
seed particles formed at the early stages of the reaction. On the
other hand, since OEGMA is incorporated at slower rates
OEGMA-rich domains are formed at the outer radii of the
microgels. Given the longer side chain and the increased sterical
repulsion of OEGMA compared MEO,MA a decreasing density of
polymer segments and a lower elastic modulus toward the edge
of the microgels is observed.

From the analysis of the self-crosslinked samples
P(MEO,MA-c0-OEGMA5)scr, and PNIPAMc;, one could expect
that a homogeneous elastic modulus distribution can only be
achieved by using a single type of monomer for microgel
synthesis. To test this, we compared microgels prepared
by homopolymerization, P(OEGMAgjg)sc, with microgels
prepared by copolymerization, P(MEO,MA-co-OEGMA3¢)scL
(Fig. 4). OEGMA;,, readily forms monodisperse microgels by
homopolymerization using the standard precipitation polymer-
ization method.** This allows for the synthesis of poly(oligo
ethylene) microgels consisting of only one, self-crosslinked
monomer, which could not be achieved with OEGMA;,.
Typical force curves at different positions on individual
particles and high resolution force maps showed that
P(OEGMA;()scr. had no elastic modulus gradient while the
copolymerized microgel P(MEO,MA-co-OEGMA;)sc, showed
decreasing elastic moduli toward the edge of the microgels,
quite similar to the P(MEO,MA-co-OEGMA;)scr, Mmicrogels.
The elastic modulus at the microgels’ apex was larger for
P(MEO,MA-c0-OEGMA;500)scr, compared to P(MEO,MA-co-
OEGMA;(0)scr, (Table 2).
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Fig. 4 The elastic moduli of P(MEO,MA-co-OEGMAsgo)sc and

P(OEGMAso0)sct microgels as a function of the radial position. (@) AFM
force—indentation measurements at the microgel centre (black), between
centre and edge (blue) and the edge (red) for P(MEO,MA-co-
OEGMAz00)sct (right) and P(OEGMAzq0)sc (left). (b) Typical topography
and elastic modulus images of a single microgel. Scalebars: 200 nm. (c)
Plot of the elastic modulus vs. the radial position (left) calculated from at
least five microgels using high-resolution elastic modulus mapping (right).

The increased elastic modulus of P(IMEO,MA-co-OEGMA;)sc1,
compared to P(MEO,MA-co-OEGMAg)scr, could be explained by a
reduced incorporation of OEGMA;,, in relation to OEGMA3,
since larger contents of OEGMA should lead to increased excluded
volume and softer networks. A less effective incorporation of the
larger OEGMA;,, monomer could be caused by a lower diffusion
rate and lower reactivity owing to the increased molecular weight
and sterical shielding. In addition, the different LCSTs of
OEGMAgqotich and OEGMA,grich oligomers?” that may form
to a certain extent at the beginning of the reaction may affect the
overall incorporation of OEGMA. While OEGMA;,-rich oligomers
have an LCST above the reaction temperature (80 °C) reducing
their incorporation in the growing microgel networks, the
OEGMA;,rich oligomers have an LCST below the reaction
temperature and undergo a phase transition enabling increased
incorporation in the microgel network (Fig. 5). This leads to a
higher OEGMA content and lower elastic moduli for P(MEO,MA-
c0-OEGMA;o)scr,  microgels compared to P(MEO,MA-co-
OEGMAs)scL-

Overall, quite different elastic moduli distributions prepared
by radical precipitation polymerization of microgels can be
achieved by varying the type and composition of monomers.
Homogeneous crosslinking could only be achieved via self-
crosslinking and homopolymerization. It was also notable that
the elastic modulus of P(OEGMA;()scr, was lower compared to
PNIPAM(y, (Table 2). This is likely due to an increased amount
of persulfate initiator for the synthesis of PNIPAMgcy, (1 mol%)
compared to P(OEGMAjgg)scr, (0.5 mol%). The amount of
initiator was chosen to obtain microgels of similar size, where
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Fig. 5 Overview of the proposed mechanisms for the elastic modulus gradient and the different overall elastic moduli of oligo(ethylene glycol)-
based microgels. The reactivity and diffusion rate of MEO,MA is larger when compared to OEGMA. In addition, MEO,MA-rich oligomers have a low LCST,
which leads to dense domains in presence of a bifunctional crosslinker and elastic modulus gradients when copolymerized with OEGMA
even in absence of a crosslinker. Consequently, the homopolymerization of OEGMAzqo results in microgels without elastic modulus gradient.
For P(MEO,MA-co-OEGMAzp0)scy all possible oligomers that can form have an LCST below 80 °C whereas OEGMAsqo-rich oligomers have an LCST
above 80 °C and do not precipitate during the reaction. Considering the larger reactivity of OEGMAzqo when compared to OEGMAsq, this leads to
an increased OEGMAzqo incorporation and lower overall elastic moduli for P(MEO,MA-co-OEGMA300)sct When compared to P(MEO,MA-co-

OEGMAsqo)scL-

adding more initiator typically leads to a size increase.*®
Nevertheless the increased elastic modulus for PNIPAMgcy,
may be due to intrinsic effects, e.g. the large side chains of
the OEGMA;o, may add to free volume and an overall lower
density of polymer segments compared to NIPAM. In addition,
the amide groups in PNIPAM are likely to interact due to
hydrogen bonding, whereas OEGMA;(, lacks hydrogen bond
donating groups thus showing a lower network density and a
lower elastic modulus.

Conclusions

We aimed to investigate the spatial elastic modulus distribution
of soft colloidal thermoresponsive microgels adsorbed at a solid
surface as a function of the monomer composition. For this
purpose, two classes of microgels composed of PNIPAM or
P(MEO,MA-co-OEGMA) were prepared in absence or presence of
a bifunctional crosslinker. Elastic modulus maps were collected
by high-resolution AFM force-indentation measurements. The
studied PNIPAM microgel systems confirmed previous results,
i.e. the presence of a crosslinker results in a strong radial elastic
modulus gradient with decreasing elastic modulus from
centre to edge,”® whereas self-crosslinked PNIPAM microgels
showed no elastic modulus gradient.”® The elastic modulus
gradients obtained for the crosslinker are likely due to the
increased reactivity compared to NIPAM owing to the bivalent
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structure of the crosslinker. On the other hand, self-crosslinked
P(MEO,MA-co-OEGMA) showed a clear elastic modulus
gradient, suggesting that MEO,MA is incorporated at higher
rates compared to OEGMA. This leads to enrichment of OEGMA
at the outer perimeter of the microgels and lower elastic moduli
from centre to edge due to the increased excluded volume of
OEGMA compared to MEO,MA. Consequently, in absence of
MEO,MA, the homopolymerization of OEGMA leads to micro-
gels without elastic modulus gradient and very soft networks
compared to self-crosslinked PNIPAM microgels due to the
absence of hydrogen bonding between the polymer segments.
Upon varying the molecular weight of OEGMA the elastic
modulus of P(MEO,MA-co-OEGMA) can be tuned further, where
increased chain lengths lead to a decreased incorporation of
OEGMA and increased stiffness. This might be due to a
combination of effects, such as differences in reactivity and
phase behaviour upon varying the OEGMA molecular weight.
Importantly, P(MEO,MA-co-OEGMA) microgels synthesized
with bifunctional crosslinkers showed very stiff cores, which
are likely due to phase separation of MEO,MA during the
reaction as observed earlier.”! This overall shows that quite
different network architectures can be established by mere
variation of the monomer composition via a simple one-step
precipitation reaction procedure. This may offer new prospects
toward microgels and coatings with well-defined nanometer-scale
material properties for advanced applications.
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Elastic modulus distribution in poly(/NV-isopopylacrylamide) and oligo(ethylene glycol

methacrylate) microgels studied by AFM
Dimitri Wilms', Yanik Adler!, Fabian Schréer!, Lennart Bunnemann', Stephan Schmidt!

! Institute for Organic Chemistry and Macromolecular Chemistry, Heinrich-Heine-University,

Universitétsstr. 1 40225 Diisseldorf Germany
Hydrodynamic Radius R, via dynamic light scattering measurements

The analysis of size and swelling behavior was done in solution of 0.5 wt% microgel sample in
ultra-pure water. The measurements were conducted on a Zetasizer Nano Series Nano ZS
(Malvern GmbH, Germany) at a wavelength of 633 nm and a backscattering angle of 173°.
Swelling behavior was determined by measuring size at temperatures between 14 °C and 54

°C. Size was recorded at 2 °C steps with an equilibration time of 20 min.
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Figure S1 Summary of swelling curves of all samples.



Atomic force microscopy (AFM), elastic modulus profiles showing absolute values

AFM measurements were performed on a JPK Bruker NanoWizard IV in quantitative imaging
(QI™) mode with a set point force of 5 nN and 20 s acquisition time per force curve. Cantilevers
(HQ:XSC11/No Al, puMasch, Bulgaria) with a nominal spring constant of 7 N/m were used, the
force curves were acquired with a loading rate of 125 uN/s. The AFM tip radius was obtained
by imaging a porous alumina surface (PAO1, pMasch, Bulgaria) and evaluation with Gwyddion.
Resulting radii were 25 +3 nm. Measurements were conducted in ultra-pure water at 20 °C. To
submerge the coated surfaces were placed in a petri dish filled with ultra-pure water and let to
equilibrate for 15 min. The obtained force-deformation maps were processed with the software
provided by the AFM manufacturer to calculate the elastic modulus by fitting the approach
cycle with the Hertz-Sneddon equation. Radial profiles of the elastic moduli were extracted

from the resulting elastic modulus maps using the radial profile plugin for ImagelJ.
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Figure S2 Tip reconstruction from porous alumina surface scan. a) Height image of the probe

surface, b) calculated tip radius from separate sections of the image.
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Figure S3 Summary of elastic moduli of all microgels as a function of the radial position. Plot

of the elastic modulus vs. the radial position (left) calculated from at least six microgels using

high-resolution elastic modulus mapping (right). The samples are ordered as follows: a)

PNIPAMgis; b) PNIPAMscr; ¢) P(MEO:MA-co-OEGMAso0)egpma; d) P(MEO>MA-co-

OEGMA500)scL; €) POMEO2MA-co-OEGMA300)scr; f) PCOEGMA30)sct.



Figure S4: a) Height image and b) phase image of P(MEO:MA-co-OEGMA;s00)EGDMA
microgels deposited on solid surface. The image was acquired in intermittent contact mode, the

sample was submerged in ultra-pure water.



4.3. Specific binding of ligand-functionalized thermoresponsive microgels:
Effect of microgel architecture, ligand density, and ligand

hydrophobicity

Authors: Dimitri Wilms, Anselm Urach, Fabian Schroer and Stephan Schmidt

In preparation

Own contribution (first author):

Collaborative establishing of synthesis route for self-crosslinked microgels from NIPAM and
OEGMA loaded with mannose. Synthesis, purification and characterization of microgels used
in the experiments. Performing of aggregation studies of microgels in presence of E. coli.
Functionalization of microgel samples with Alexa 647 and establishing a preparation method
for dASTORM measurements. Collaborative performance of dASTORM measurements and data

evaluation. Writing of first draft and collaborative visualization of data.

Reproduced with permission from Dimitri Wilms, Anselm Urach, Fabian Schroer and Stephan

Schmidt.
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Specific binding of ligand-functionalized thermoresponsive
microgels: Effect of microgel architecture, ligand density, and
ligand hydrophobicity

Dimitri Wilms', Anselm Urach', Fabian Schréer!, Stephan Schmidt'

! Institute for Organic Chemistry and Macromolecular Chemistry, Heinrich-Heine-University,

Universitétsstr. 1 40225 Diisseldorf Germany

Abstract

Lectin-carbohydrate binding plays an important role in pathogen adhesion prior to infection.
One way to prevent invasion is to block the lectin binding sites of the pathogen and remove it
from the system. This can be achieved by carbohydrate-presenting responsive microgels that
can be triggered remotely to bind the target, allowing for easy separation. In this work, the
bacterium E. coli is used as a model organism to study a catch-and-release antibiotic strategy
using thermosensitive poly(N-isopropylacrylamide) (pNIPAM) and poly(oligo(ethylene glycol
methacrylamide)) (P OEGMA) microgels functionalized with mannose. When the VPTT of the
microgels exceeds 32 °C, the network collapses and the ligand density on the particle surface
increases dramatically, leading to increased affinity of £. coli and subsequent formation of large
clusters. These can be easily filtered to purify the solution. The trapped bacteria can be released
by cooling the solution below the VPTT. A system that allows both catching and release are
shown to be microgels synthesized without bifunctional crosslinkers. These exhibit a higher
degree of swelling compared to conventional microgels and also show more homogeneous
collapse behavior due to the greater uniformity of the polymer network. The results of this work
show the influence of carbohydrate density and steric repulsion below and above the VPTT on

the binding and release ability of carbohydrate-presenting pNIPAM and pPOEGMA microgels.
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1. Introduction

Lectin-carbohydrate interactions govern many processes at the cellular level for example cell-
cell communication, cell development, fertilization and also pathogen invasion. The later calls
for development of new strategies to cure and prevent infections as multi resistant germs rise
in numbers!. One alternative strategy to prevent the infection of carbohydrate binding
pathogens in the inhibition of lectins before they can adhere to any cell surface® 3. A fitting
scaffold to bear the inhibiting carbohydrate moieties are micro- and nanoparticles, which are
already relevant in pharmaceutical applications® . With the additional option of smart
responsive polymers, the targeting of specific pathogens can be controlled not only by well-
tailored functionalization but also with external stimuli to increase precision. One class of such
materials are thermoresponsive polymers, mainly poly(N-isopropylacrylamide) (pNIPAM) and
poly(oligo ethylene glycol methacrylate) (POEGMA). % PNIPAM is a well-studied model
system suitable to provide proof of principle systems and investigate pathogen interactions.
Implications of cancerogenic effect of polyacrylamides raise doubts for actual applications in
vivo” 19 A bio compatible alternative are pPOEGMA microgels, which exhibit similar
thermoresponsive behavior as pNIPAM and are obtain by copolymerization of OEGMA475 and
MEO:;MA via straightforward free radical polymerization'!. The temperature reactive behavior
occurs due to entropic reasons as the hydration layer at the polymer backbone is disrupted upon
temperature change. For both polymer systems used in this work this lower critical solution
temperature (LCST) is at 32 °C and thus within physiological range. As microgels are a three-
dimensional crosslinked network they are strictly speaking not solubilized but swollen with the
medium. When the temperature is increased above 32 °C the network becomes hydrophobic
and transitions from a swollen to a collapsed state as polymer-polymer interaction become
entropically more favorable. This results in a significant change in volume, elastic modulus and
surface roughness, which is directly related to steric repulsion. Even without carbohydrate
functionalization the described effects lead to a switchable cell adhering system’ '% '3, As such
microgels have no specificity towards the bound organism carbohydrate moieties are introduced
to take advantage of the specific lectin-sugar binding and provide selectivity towards a single
pathogen. The addition of sugars can be done by simply adding an additional modified
carbohydrate monomer to the polymerization solution. This allows for straightforward one step
synthesis of a variety of different microgel systems in environmentally friendly solution as
water is used as solvent. Even without the addition of a surfactant the resulting particles have

low dispersity. Microgels allow for a variable applicability as they can be used in solution or
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deposited on many different substrates via drop-casting, spin-coating or adsorption from
solution making them a versatile tool. It is yet unclear how the architecture of a microgel affects
binding behavior. Especially the amount of crosslinker used for synthesis greatly changes the
structural and elastic properties of the microgel'*!”. Low crosslinking densities typically lead
to lower elastic moduli and the complete absence of such shows to form particles with
exceptional homogeneity, deformability and a very low elastic modulus. This leads to a higher
swelling degree and in turn to improved switchability. The addition of a ligand increases the

complexity of the system as it changes the reaction kinetics and the swelling behavior.

In this work, we show how microgels with particularly low crosslinking density, achieved by
synthesis in absence of bi-functional crosslinking agent, can be used to capture and release
pathogens. The effects of ligand density change upon collapsing are discussed as we expect a
certain density needs to be achieved to bind and also to release the target. We further investigate
the binding behavior depending on the choice of ligand in regards of hydrophobicity. Biotin is
a hydrophilic molecule and upon heating is expected to orient itself toward the polymer network
at higher temperatures. The interactions between lectins and carbohydrates occur naturally
allowing for gentle and non-invasive capture. This has the advantage over classic antibiotics,
which typically kill the pathogens by circumvention of evolutionary pressure to develop

resistances.
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2. Experimental

Materials

N-Isopropylacrylamide (NIPAM) (99%, Sigma-Aldrich), N,N’-methylenebiscrylamide (BIS)
(99%, Apollo Scientific), potassium persulfate (KPS) (99.99%, Sigma-Aldrich), ammonium
persulfate (APS) (= 98%, Sigma-Aldrich), oligo(ethylene glycol) methyl ether methacrylate
(OEGMA475) (Sigma-Aldrich), di(ethylene glycol)methyl ether methacrylate (MEO2MA)
(Sigma-Aldrich), sodium dodecyl sulfate (SDS) (Sigma-Aldrich), phosphate buffered saline
(PBS) (tablets, VWR), LB broth (Miller, powder microbial growth medium) (Sigma-Aldrich).

Microgel synthesis

The polymerization of mannose bearing PNIPAM microgels containing BIS was carried out in
a 100 mL three-necked round bottom flask fitted with a condenser. NIPAM (6.19 mmol), BIS
(0.325 mmol) and N-ethylacrylamide-a-d-mannopyranoside (ManEAM) (0.409 mmol) were
dissolved in 75 mL ultra-pure water. The solution is heated to 70 °C under continuous stirring
at 350 rpm and N> purging for at least 30 min. After the final temperature is reached the initiator
APS (0.9 mmol) is dissolved in 5 mL ultra-pure water and added to the solution to start the
reaction. The reaction is allowed to proceed for 2 hours and then stopped by cooling the solution
down in an ice bath. Purification is achieved by repeated centrifugation at 15000 rpm and re-

suspending in fresh water.

Table 1: Composition of the microgel reaction mixtures.

monomer crosslinker Man SDS APS

[mmol] [mmol] [mmol] [mmol] [mmol]
PNIPAMgis-Man 6.19 NIPAM 0.325 BIS 0.409 0.087 0.9
PNIPAMscL-Man 1.4 NIPAM - 0.150 - 3

0.813 OEGMA 0.03 0.25
P(OEGMA-co-MEO:;MA)ecpma-Man 0.09 EGDMA 0.200

0.09 MEO:MA

0.813 OEGMA 0.02 0.22
p(OEGMA-co-MEO,;MA)scr-Man - 0.400

0.09 MEO,MA

Self-crosslinked crosslinked microgels were synthesized in absence of any crosslinker via a

variation of the method established by Virtanen et al'®
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out in a 50 mL one-necked round bottom flask. NIPAM (1.4 mmol), ManEAM (0.150 mmol)
and the initiator APS (0.2 mmol) are dissolved in 20 mL ultra-pure water and the solution is
purged with N> for 45 min. After sealing the flask, the solution is heated to 70 °C to start the
reaction, which is carried out under N> atmosphere. After 16 hours the reaction is stopped by
cooling down in an ice bath. Purification is achieved by repeated centrifugation at 15000 rpm

and re-suspending in fresh water.

The synthesis of p(OEGMA475-co-MEO2MA )egpma-Man microgels is carried out in a 250 mL
three-necked round bottom flask fitted with a condenser. OEGMA475 (0.813 mmol), MEO;MA
(0.09 mmol), ManEAM (0.2 mmol) and SDS (0.033 mmol) are dissolved in ultra-pure water
and heated up to 70 °C under constant stirring and N> purging. After reaching the final
temperature the initiator APS (0.25 mmol) is dissolved in 5 mL ultra-pure water and added to
solution to start the reaction. After 6 hours the reaction is stopped by cooling down in an ice
bath. Purification is achieved by repeated centrifugation at 15000 rpm and re-suspending in

fresh water.

Self-crosslinked p(OEGMA475-co-MEO2MA )scL-Man microgels were synthesized similarly to
the PNIPAMscL-Man sample. For the reaction OEGMA475 (0.813 mmol), MEO-MA (0.09
mmol), ManEAM (0.4 mmol) and APS (0.25 mmol) are dissolved in ultra-pure water. The

reaction and purification is carried out as with PNIPAMsci-Man microgels.
Microgel characterization

Dynamic light scattering. The hydrodynamic radii at varying temperatures were acquired via
DLS measurements. The Malvern Zetasizer Nano ZS (Malvern Panalytical, Kassel, Germany)
is equipped with a He-Ne laser emitting light at 633 nm. Light scattering is detected at a 173°
angle. For the measurements the microgel concentration was adjusted to 0.1 mg-mL"!, 1 mL of
this solution was placed in PMMA semi-micro cuvettes (VWR, Darmstadt, Germany). The radii
were acquired at temperatures from 14 to 54 °C in 2 °C steps with 20 min of equilibration at
each temperature step. The cumulants and radii were determined and calculated by the software

provided by the manufacturer.
Atomic Force Microscopy

To determine dry particle volume, AFM images of dried microgel layers on solid substrate were
acquired. The JPK Bruker NanoWizard II (JPK Bruker, Berlin, Germany) was used to record
images in the intermediate contact mode. Cantilevers with a spring constant of 42 N-m'!

(HQ:XSC11/NoAl, pmasch, Sofia, Bulgaria) were used for scanning with a line rate of 1 Hz).
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The microgels are deposited on glass slides via spincoating at 2000 rpm for 30 s. The slides are
cleaned by sonication in a 2 v% Helmanex III solution in ultra-pure water. After rinsing with
ultra-pure water the slides are further purified in a solution of water, hydrogen peroxide and
ammonia hydroxide (ratio of 5:1:1). This solution is heated to 70 °C and the slides are placed

in it for 30 min. After final rinsing with ultra-pure water the microgels are applied.
Optical microscopy

The clustering measurements were carried out on an inverted fluorescent microscope (IX73,
Olympus, Shinjuku, Japan) equipped with an Olympus PLN 20X Objective (Olympus,
Shinjuku, Japan) and CMOS camera (DMK 33UX174L, The Imaging Source, Bremen,
Germany). The microgel solution with a concentration of 0.5 mg:-mL™! in PBS buffer was
combined with E.coli bacteria suspension also in PBS at a concentration of 2 mg-mL'. Bacteria

concentration is determined by measuring the optical density at 600 nm wavelength.

Stochastic optical reconstruction microscopy (dSTORM) was applied to determine
carbohydrate distribution within the microgels. A Leica DMI6000 B microscope fitted with an
N Plan 100x/1.25-0.60 Oil objective (Leica, Wetzlar, Germany). The microgels were deposited

on glass microscope slides as described above and immersed in blinking buffer.
Mannose loading determination

To determine the amount of mannose incorporated into the microgel particles a colorimetric
assay was applied. First the phenol-sulfuric acid method requires a calibration curve, which is
established by a dilution series of a-D-methylmannose. For carbohydrate quantification 500 pL
of sample solution is combined with 250 puL of a 5 w% phenol solution and 1.5 mL sulfuric

acid (98%) and shaken for 30 min.
3. Results and Discussion

3.1 Synthesis of mannose functionalized PNIPAM and PEG microgels- with

different architecture

The well-known precipitation polymerization procedure introduced by Pelton'” was used to
prepare P(NIPAM) and P(MEO;MA-co-OEGMA) microgels in aqueous solution. The
composition of the reaction mixtures is shown in table 1. To obtain mannose functionalized
microgels, the monomer N-ethylacrylamide-a-D-mannopyranoside (ManEAm) was added

along with monomers constituting the LCST polymer backbone. The microgel architecture was

70



varied by conducting the synthesis in presence and absence of a dedicated crosslinker as
described previously. ®2%2! Without crosslinker, the PONIPAM) and P(MEO2MA-co-OEGMA)
networks are formed by chain transfer reactions, which leads to soft microgels with a low
crosslinking degree.?? For P(NIPAM), such self-crosslinked microgels show a homogeneous
distribution of polymer segments. Self-crosslinked P(MEO2MA-co-OEGMA) microgels have
higher segment density in the center because the monomers and oligomers of MEO:MA and
OEGMA have different reactivities and phase behaviors.!> 1® 23 In presence of 5 mol% of the
bifunctional crosslinkers BIS or EGDMA, microgels with a densely crosslinked core and a
fuzzy shell are formed due to the increased reactivity of the crosslinker compared to the
monomers. [Platzhalter Biotin-PNIPAM Mikrogele] The resulting microgels are termed
according to the monomers used and crosslinking type (“SCL” for self-crosslinked, “BIS” or
“EGDMA” with dedicated crosslinker). Overall, four different mannose functionalized
microgels were synthesized: 1) PNIPAMgis-Man, 2) PNIPAMsci-Man, 3) P(OEGMA-co-
MEO:>MA )ecpma-Man, 4) P(OEGMA-co-MEO2MA)SCL-Man

All microgels showed an VPPT at around 30-35 °C as measured by the change in the
hydrodynamic radius when changing the temperature (Figure 1, Table 2). The self-crosslinked
microgels synthesized without crosslinker show the greatest change in hydrodynamic radius
(Rp) and a sharper transition when crossing the VPTT. This is in accordance with expectations*
25 as they show the lowest network density and also a higher network homogeneity compared
to microgels containing an additional crosslinker. It can also be seen that the PEG-derived
microgels show a less sharp phase transition compared to the pNIPAM microgels. The reason
is that the random copolymerization of OEGMA and MEO2MA toward PEG-derived microgels
leads to varying phase transition temperatures of the different polymer segments and generally
less homogeneous networks. The microgels swelling degree upon temperature change also

reflects the density of crosslinks in the networks.
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Figure 11: Hydrodynamic radius (Rn) measurements by means of DLS and the swelling degree

Ri/Riu,min of microgel samples in PBS as a function of temperature.

Table 2: Hydrodynamic radii (Rn) acquired from dynamic light scattering measurements in

ultra-pure water.

VPTT  R,at20°C R,at40°C

°C nm nm
PNIPAMgs-Man 33 360 220
PNIPAMscL-Man 28 410 110
p(OEGMA-co-MEO;MA)ecpma-Man 35 120 75
P(OEGMA-co-MEO;MA)scL.-Man 27 200 87

3.2 Study of Man-specific interactions of microgels via E. coli binding

E. coli express the Man-binding receptor FimH at their fimbriae, which enables their binding
and the colonization of host tissue.® 162! 26:27 Here we used E. coli to evaluate the specific
interactions of Man-functionalized microgels by studying the formation of aggregates between
the bacteria and microgels via optical microscopy and visual inspection (Figure 2). To study
the effect of microgel collapse and the concurrent increase Man density in the network, the
experiments were conducted below and above the VPPT, at 20 °C and 37°C. When combining
the microgel and E.coli suspensions at 20 °C, no clusters were formed. At 37 °C, clusters were
formed except for p(OEGMA-co-MEO>MA )egpma-Man microgels. To test the reversibly of

cluster formation, the temperature was decreased from 37 °C to 20 °C. In case of the self-
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crosslinked microgels the previously formed bacteria-microgel aggregates disassemble,
whereas clusters between pNIPAMgis microgels an E. coli were still present at 20 °C. This is
broadly in line with previous studies showing that Man-functionalized pNIPAMgis microgels
irreversibly bind and cluster with E. coli above the VPPT due to the increased Man density and
statistical multivalency effects.® A completely reversible binding over many cooling and
heating cycles (see supporting information) was only observed for the self-crosslinked
microgels indicating that their more homogeneous microgel architecture might enable such

catch and release capabilities.

Importantly, the Man functionalization degree appears not to account for the capture and release
capabilities of the microgels. The microgels prepared in this work have a similar Man-
functionalization degree ranging from 32-60 pmol g! (number of Man units per microgel
weight, Table 3). Furthermore, from the Man-functionalization degree it is unclear why
p(OEGMA-co-MEO:MA )egpma-Man microgels (40.0 umol-g™!) did not form clusters with E.
coli whereas pNIPAMgis-Man at a lower Man-functionalization degree (32.0 umol-g™!) formed

clusters.

A B

Figure 12: Aggregation studies of pNIPAMscL-Man and p(OEGMA-co-MEO:MA )scL-Man

microgels together with E.coli bacteria. Microgel samples with a final concentration of 0.5
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mg'mL! are mixed with bacterial suspension with a final concentration of 1 mg:-mL™! and
incubated at 37 °C for several hours until aggregation occurs. After cooling the sample is

vortexed until aggregates are re-solubilized. Scalebars: 10 um.

Table 3: The mannose content determined by sulfuric-acid-phenol method and bacteria catch

and release ability is noted.

Man functionali- o
' binding release
zation degree

pNIPAMpjs-Man 32.0 £ 3.0 pmol-g’! v X
pNIPAMscL-Man 60.0 £ 6.8 umol-g’! v v
p(OEGMA-co-MEO:MA )sopma-Man — 40.0 = 3.7 pmol-g’! X n.a.
p(OEGMA-co-MEO:MA)sc.-Man ~ 60.0 + 4.4 pmol-g™! v v

3.3 The mannose density and architecture controls bacteria binding and release

In order to shed light on the E. coli capture and release behavior of the different microgels, the
overall density and spatial distribution of Man units in the microgels was determined. A first
task was to convert the Man functionalization degree (in pmol g!) as determined by the phenol
sulfuric acid assay to the volume density of Man units in the microgel, i.e. the number of Man
units per microgel volume. The microgel volume could be readily determined via DLS in the
swollen (20 °C) and collapsed (37 °C) state. The volume density of Man units in the microgels
could then be estimated form the Man functionalization degree (in pmol g'!) and the dry volume
of the microgel determined via AFM (see supporting information Figure S3) as well as
assuming a density of the microgels in the dry state of 1.1 g cm™ .28 The estimated overall Man
volume density varies quite significantly between the microgel samples, showing larger values
for PEG-derived compared to pNIPMA microgels and for microgels prepared with a crosslinker
compared to self-crosslinked microgels. This is to be expected since the addition of a
crosslinker leads to more compact networks, and previous work showed that p(OEGMA-co-
MEO:;MA) microgels are stiffer and denser when compared to pNIPAM microgels for similar
crosslinker concentrations'® 22!, The larger swelling degree of the less dense self-crosslinked
microgels enables large shifts in mannose density up to 50-fold when crossing the VPPT,
whereas the microgels with an additional crosslinker showed only a 4-fold increase in Man
density. This explains the reversible binding of E. coli for the self-crosslinked microgels upon

temperature decrease, which was not seen for pNIPAMscr-Man. Importantly, the estimated
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Man volume densities in Table 4 do not sufficiently explain binding and clustering of the
microgels with E. coli. For example, pNIPAMscL-Man with the lowest Man density formed
clusters with E. coli when collapsed, whereas for p(OEGMA-co-MEO2MA )sspma-Man with

an order of magnitude larger Man density clusters no were formed.

Table 4: The estimated overall number of Man units and densities in the microgel samples as
calculated from the Man functionalization degree and microgel volumes (see supporting

information S4).

Man
est. Man units Man density? Man density
density?
per microgel! (collapsed) shift?
(swollen)
pNIPAMBgis-Man 106000 + 32000 0.54 2.4 4-fold
pNIPAMscr-Man 3000 + 1050 0.011 0.52 50-fold
p(OEGMA-co-MEOzMA)EGDMA—Man 15000 + 4400 2.0 8.3 4-fold
P(OEGMA-co-MEO>;MA)scL-Man 40000 + 13000 1.2 14 12-fold

!Standard deviation calculated form the error of the phenol sulfuric acid assay and the volume
variations of the dry microgels measured by AFM. *Number of mannose units in a microgel
volume of 1000 nm?; *Increase in the Man density upon microgel collapse by heating form 20

°Cto 37 °C.

Because also the Man density differences in the microgels samples do not explain the E. coli
binding behavior we studied the spatial distribution of Man units in the microgel network by
dSTORM. For labeling the Man units were first oxidized to form aldehyde groups by periodate
treatment followed by coupling of a hydrazine-functionalized Alexa 647 dye. After extensive
washing to remove unreacted dye from the microgel network dSTORM images were collected
and processed. The resulting high-resolution images suggest that the Man units are quite
homogeneously distributed within the microgel network. This is in agreement from TEM
studies that showed that the distribution of various comonomers in microgel networks depends
on their copolymerization parameters.?’ Therefore, the acrylamide-derived Man-bearing
monomer ManEAM used in this work apparently had similar copolymerization rates compared
backbone monomers NIPAM and OEGMA. Super resolution microscopy studies on
thermoresponsive microgels so far focused not on the comonomer distribution but on analyzing
but the overall network structure, e.g. by labeling the entire network or the bifunctional

crosslinker.3%-34
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Figure 13: STORM images show a homogeneous distribution of mannose throughout the

microgels. A) p(OEGMA-co-MEO:>MA )egpma-Man, B) pNIP AMgis-Man.

The dSTORM results showed no indication of enrichment of the Man units at the center of rim
of the microgels (see supporting information Figure S6). Therefore, there must be alternative
explanations for the inability to bind E. coli of p(OEGMA-co-MEO;MA )espma-Man that had
a significantly larger Man-density compared to pNIPAMscr-Man. Earlier work showed that
microgels synthesized from OEGMA and MEO>MA mixtures contain a fuzzy shell that is likely
enriched in long pPOEGMA chains due to the lower diffusion and lower reactivity of the bulkier
OEGMA monomers compared to the smaller comonomers MEO,MA and ManEAM.!
Furthermore, the proposed pPOEGMA-rich segments have a higher LCST compared segments
where MEO:MA is present in larger amount.”> Therefore, these microgels are not fully
collapsed at 37°C as can be seen from the swelling curve (Figure 1). This renders the Man units
inaccessible for E. coli binding, as sketched in Figure 4. It should be noted however, that this
argument is still rather speculative since the proposed OEGMA -rich fuzzy shell was not visible
in dASTORM. The self-crosslinked microgels bound E. coli although they had a significantly
lower Man density compared to p(OEGMA-co-MEO:MA )egpma that showed no binding. This
could be explained by the loose network structure of the self-crosslinked networks, where the
hydrophilic Man units might segregate to some degree from the hydrophobic segments above
the VPPT, thus they are enriched at the microgel-water interface (Figure 4). This proposed
enrichment of Man units at the microgel-water interface in the collapse state is less pronounced

for microgels with a dedicated crosslinker leading to a lower degree of E. coli binding.
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A B

Figure 14: Sketch of microgel-E. coli interactions. The extended microgel network below the
VPPT do not allow E. coli binding due to the lower Man density. p(OEGMA-co-
MEO2>MA )ecpma microgel fail to bind also above the VPPT due to a pOEGMA-rich shell. The
flexible network of self-crosslinked microgels enable enrichment of hydrophilic Man units at

the microgel-water interface above the VPPT and E. coli binding.
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4. Conclusion

We aimed to tune an established system of carbohydrate loaded lectin binding microgels to bind
specific pathogens and also release then triggered remotely by changing the temperature. This
was achieved by decreasing the crosslinking density and increasing the swelling degree and
homogeneity of pNIPAM and pOEGMA microgels the system is enabled to successfully catch
and release bacteria over several cycles by agglomeration in solution. The total amount of
carbohydrate per particle is kept around 1 mol% but the number of sugars per volume changes
drastically upon temperature change, as calculated it changes several orders of magnitude after
the microgels collapse. Presumaby a critical mannose density is reached in the collapsed state
for the multivalent binding of FimH to be strong enough for successful clustering of E.coli. In
addition, the surface structure of the polymer network becomes mostly smooth and hydrophobic
above the VPTT, thus increasing ligand accessibility as the loose chain ends collapse. From
dSTORM imaging individual mannose distribution is determined to be homogeneous even in
particles containing bi-functional crosslinker. Above the VPTT the sugars are expected to
orientate towards the outside of the particles due to their hydrophilic nature. The straightforward
one-step synthesis of carbohydrate bearing microgels allows flexible functionalization for
specific targeting of lectins, pathogens or cells. Together with easy deposition
thermoresponsive microgels show potential for controlled, specific and gentle target binding in

therapeutic or diagnostic applications.
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Supporting Information

1. Dynamic light scattering data
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Figure S1: DLS data of microgel samples in PBS acquired at different temperatures at a
concentration of 1 mg-mL"!.
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2. Single cell force spectroscopy of E. coli adhesion to microgel monolayers
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Figure S2: Exemplary force indentation curves from a single cell force spectroscopy
experiment. A single E. coli bacterium is fixed to a cantilever and approached towards a

pNIPAMzgis-Man monolayer on solid substrate.

In a previous work single cell force spectroscopy experiments were performed '8, where a
single E. coli bacterium is fixed to a cantilever and pressed against a carbohydrate loaded
microgel monolayer immobilized on hard substrate. The experiment is performed in PBS buffer
at temperatures below and above the VPTT to quantify adhesion energies of bacteria to swollen
and collapsed microgels. The force curves in Figure S2 are examples of an E. coli bacteria
approached towards a layer of pNIPAMgis-Man microgels. At 37 °C a jump-to-contact is
noteworthy, which does not occur at room temperature. This is partly attributed to the collapse
of the particles hairy outer layer consisting of loose polymer chains and the high mannose
density above VPTT on the particle surface. At room temperature this layer is preventing a fast

contact between FimH and the sugar moieties.
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3. AFM Images of dried particles used for volume calculation
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Figure S3: AFM height traces of dried microgels on glass slides: A) PNIPAMscL-Man B)
PNIPAMgis-Man  C)  p(OEGMA475-co-MEO:MA)sc.-Man D)  p(OEGMAu475-co-
MEO;MA )espma-Man.
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Figure S4: AFM height traces of dried microgels on glass slides: A) PNIPAMscL-Man B)
PNIPAMgis-Man  C)  p(OEGMA475-co-MEO:MA)sc.-Man D)  p(OEGMAu475-co-
MEO:>MA )espma-Man.

4. Determination of mannose density

To determine the mannose density per particle the dry volume was determined by AFM. The
microgels were deposited on a hard glass surface by spin coating. For volume calculation the

open source software Gwyddion was used.
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Figure S4: Examplary AFM image of a dried microgel particle on a glass surface. Polynomial

surface correction is already applied.

To calculate the volume of the adsorbed particles first the area has to be defined. This is done

by setting a threshold (Figure S5) by adjusting the height until no “false pixels” on the substrate

appear.

Mark Grains by Threshold X
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| Height: fi1.6
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Options
Mask color: _—

Instant updates

Help Update Reset Cancel

Figure S5: Example of setting up the threshold for particle volume calculation. Areas colored

blue are within the threshold.

The properties of selected area e.g. the volume are calculated, displayed (Table S1) and used

without further processing.
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Table S1: Volumes of microgel particles in the swollen state Viwolien, calculated from DLS
data and in the dry state Vary, calculated from AFM images of dried particles. The absolute

swelling degree q is calculated as the ratio of Vswolien/Vary.

Viwollen / pm? Vary / pm? q
pNIPAMpgs-Man 0.195 0.005 39.1
pNIPAMgcr-Man 0.289 7.35-10°° 3928
P(OEGMA475-co- 0.007 5.55-10* 13.1
MEO;MA )ecpma-Man
pP(OEGMA475-co- 0.034 0.001 25

MEOZMA)SCL-Man

Volume of dried particles, calculated from AFM images of dried particles and mannose content
per gram of sample, determined by phenol-sulfuric-acid method is used to calculate the

mannose density per um? of each sample in the swollen and collapsed state (Table S2).

Table S2: Mannose density per um? as calculated from dry particle mass.

mannose mass per mannose per mannose units per Mannose Mannose
content particle particle particle density density
[umol-g] (swollen) (collapsed)

[e] [umol]

[um?] [um?]

32.0 5.50-10°1 1.76-10°13 106000 = 32000 540000 2400000
60.0 8.09-10""7 4.8510° 3000 + 1050 10000 520000
40.0 6.11-10°1¢ 2.44-1071 15000 + 4400 2000000 8300000
60.0 1.10-10°1% 6.60-10°1 40000 + 13000 1200000 14400000
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5. Stochastic Optical Reconstruction Microscopy (dASTORM)

To determine the carbohydrate distribution in the microgel particles dSTORM was

implemented. Specific labeling of the mannose was done by first letting it react with NalO4 to

generate aldehydes. Afterwards Alexa Fluor 647 hydrazide was used for coupling.

Figure S6: 2D dSTORM images of A)-B) pNIPAMgis-Man and C)-D) p(OEGMA475-co-
MEO:MA)ecpma-Man microgels in commercial blinking buffer at room temperature. The

images show a homogeneous carbohydrate distribution.
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6. E. coli-microgel precipitation cycle

Figure S7: Aggregation studies of pNIPAMscL-Man and p(OEGMA-co-MEO:>MA )scL-Man

microgels together with E. coli bacteria. Microgel samples with a final concentration of 0.5
mgmL"! are mixed with bacterial suspension with a final concentration of 1 mg:-mL™! and
incubated at 37 °C for several hours until aggregation occurs. After cooling the sample is
vortexed until aggregates are re-solubilized. This process is repeated and the binding properties

of the microgels are present after several cycles are performed.
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7. List of abbreviations

(I)

pum
AFM
APS
ASN
ASP

BIS
ConA
CT

DLS

E. coli
e.g.
EGDMA
GLN

kB

KPS
LBB
LCST
LED
MEO2MA
NIPAM
OEGMA
PBS

pH

PHA
PHE

Rn

SCFS
SDS

dSTORM
101

decay rate

micro meter

atomic force microscopy

ammonium peroxodisulfate
asparagin

aspartic acid
N,N'-Methylenebisacrylamide
Concanavalin A

cholera toxin

dynamic light scattering

Escherichia coli

example gratia (for example)
ethylene glycol dimethacrylate
glutamine

Boltzmann constant

potassium peroxodisulfate

lectin binding buffer

lower critical solution temperature
light-emitting diode

di(ethylene glycol) methyl ether methacrylate
N-isopropyacrylamide

oligo(ethylene glycol methylacrylate)
phosphate buffered saline

pondus hydrogenii (“potential of hydrogen™)
phytohemagglutinin

phenylalanine

hydrodynamic radius

single cell force spectroscopy
sodium dodecyl sulfate

Stochastic Optical Reconstruction Microscopy



T
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TREGDMA
V-50

VPTT
WGA

n
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temperature

transmission electron microscopy

triethylene glycol dimethacrylate
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volume phase transition temperatures

wheat germ agglutinin

viscosity
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