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Summary

Carbohydrates are useful building blocks for supramolecular assemblies offering the
possibility of multiple hydrogen bondingeveral carbohydrateinctionalized multivalent
scaffolds have been used to study weak carbohygratein (CPIs) and carbohydeat
carbohydrate interactions (CCls). Simple glycans such as mono or disaccharides have been
largely in use to synthesize multivalent scaffolds since until very recently, complex glycans
were rarely accessible. Complex and pure saccharides are needed rinooxeply
understand the structure and function of the glyc&fsgemical synthesis of linear and
branched carbohydrates helps to get insights into multivalency, stractiviy
relationship and to understand the role of glycans in living organisntemated glycan
assembly (AGA) offers the possibility to achieve complex and pure structures with relatively
little effort. The work presented here covers various glycans starting from the linear
mannose monosaccharide construct to longer and branched seamamol arabinose

oligosaccharide structures assembled using AGA.

A cyclodextrin (CD) based multivalent carbohydrate systems on a graphene surface was
developed. Carbohydrate functionalized scaffolds wereassiémbled on a twdimensional

(2D) surface tamprove the understanding of the mechanisms of multivalent interactions
(Chapter 2). Cyclodextrin supramolecular glycoclusters were chosen due to their ability to
form stable hosguest complexes permitting to control the orientation, spacing, and shape of
the glycoclusters. The formation of a Hagiest complex on the carbon surface provides a
versatile strategy, not only to increase the intrinsic water solubility of grajtisseesl
materials, but more importantly to facilitate the binding of the desirefdittional groups

on the surface. The resulting glycosylated carbon material is an excellent platform for
selectively wrapping and agglutination @&.coli due to the vital recognition role of
carbohydrates and the unique 2D large flexible surface aré@eafraphene sheets. The
captured bacteria were partially released by adding a competitive guest such as sodium
adamantine carboxylate (AdCNa). The unique thermabBorption properties of graphene
derivatives were used to kill the captured bacteridéngrapheriesugar E.coli complex by
IR-irradiation method.



Summary

To facilitate the synthesis of longer linear and branched oligosaccharides, the automated
glycan assembly of lipoglycans (lipomannan and lipoarabinomannan) from the cell wall of
Mycobacterium therculosis e x pl-01 Y &) -@h d-glyddsidic linkage were
designedChapter 3). Mannose and arabinose building blocks have been used to assemble
the library of lipoglycans fragments on Merrifield res§horter LM structures were easily
assembled and the compounds were isolated in short time and high yield, while the
syntheses of larger oligosaccharides require further optimization. Asseliiti#ad and
branched cell wall fragments will be used in thufa to gain moleculaevel understanding

of the role of lipoglycans in mycobacterial pathogenesis.

Synthesized linear mannos#ructures assembled with AGA are also optimal substrates for
the study of structure function relationship of glycavisreover to expand the knowledge

on carbohydratéectins interactioranother selassembled systesuch as Janus dendrimers
was studied (Chapter 4) Janus glycodendrimers were obtained using mannose
oligosaccharides studied for their shape and functions in l@alogrocesses. Janus
glycodendrimers functionalized with higher and branched mannose oligosaccharides
containingU-( 1 H-glycosidic linkageresulted into more binding towards the ConA lectin
than linear oligosaccharides containlig 1 Y-§lycosidiclinkage
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Zusammenfassung

Kohlenhydrate sind nutzliche Bausteine fur supramolekulare Strukturen, die Mogkechkeit
zur  Ausbildung multipler  Wasserstoffbriickenbindungen  bietenVerschiedene
Kohlenhydratfunktionalisierte multivalente Gerlste stehen zur Verfigung, um schwache
KohlenhydratProtein (CPIs) und Kohlenhydraohlenhydratinteraktionen (CCIs) zu
untersuchen. Hauptsachlich wurden dabei bis vor kurzem einfache Glykauhdowe oder
Disaccharide fur die Synthese multivalenter Geriste verwendet; komplexe Glykane waren
selten verfugbar. Komplexe und reine Saccharide sind aber vonnéten, um ein tiefes
Verstandnis der Struktur und Funktion der Glykane zu erlangen. Die chen8scithese
linearer und verzweigter Kohlenhydrate hilft dabei, Einblicke in die Multivalenz, Struktur
Aktivitat-Beziehungen und die Rolle von Glykanen in lebenden Organismen zu erlangen.
Automated Glycan Assembly (AGA) bietet die Moéglichkeit, komplexe range Strukturen

mit relativ wenig Aufwand zu erhalten. Die hier prasentierte Arbeit umfasst unterschiedliche
Glykane, beginnend mit einem linearen MannbEmosaccharieKonstrukt bis hin zu
langeren und verzweigten Mannesmd ArabinoseOligosaccharieStrukturen, welche mit

Hilfe von AGA erzeugt wurden.

Es wurde ein Cyclodextrin (CEDasiertes mulitvalentes Kohlenhyd@ystem auf einer
GrapherOberflache entwickeltUm das Verstandnis der Mechanismen multivalenter
Interaktionen zu verbessern, wurden Kohlenhytiraktionalisierte Geruste auf einer zwei
dimensionalen Oberflache selasisembliert(Kapitel 2). Supramolekulare Cyclodextrin
Glyco-Cluster wurden wegen ihrd=ahigkeit ausgewahlt, stabile W{BastKomplexe zu
bilden, die eine Kontrolle der Orientierung, des Abstandes und der Form der@ilgater
erlauben. Die Bildung von WhGastKomplexen auf der Karbe®berflache bietet eine
vielseitig einsetzbare Steggie, um nicht nur die intrinsische Wasserloslichkeit Graphen
basierter Materialien zu verbessern, sondern vor allem auch um die Bindung der
gewulnschten biofunktionalen Gruppen an die Oberflache zu ermdéglichen. Das resultierende
glykosylierte CarbotMaterial ist aufgrund seiner wichtigen Rolle in der Kohlenhydrat
Erkennung und der einzigartigen grol3en, flexiblerQerflache der Graphefachen eine
ausgezeichnete Plattform fur die selektive Ummantelung und AgglutinatiorEvaol-
Zellen. Die eingefangem Bakterien wurden durch die Zugabe eines kompetitiven Gastes

wie z.B. NatriumAdamantinKarboxylat (AdCNa) partiell freigelassen. Die einzigartigen

11



Zusammenfassung

thermalen IRAbsorptionseigentschaften von Graphé&rerivativen wurden genutzt, um die
eingefangenen Bakien im GraphefZuckerE. coliKomplex mittels IRBestrahlung

abzutéten.

Um die Synthese von langeren linearen und verzweigten Oligosacchariden zu erleichtern,

wurde die Automated Glycan Assemblyvon Lipoglykanen (Lipomannan und
Lipoarabinomannan) aus dgre | | wand von Mycobac4(elr iYun® )t uubnedr c |
U (1 Y-Glgcpsidische Verkniipfung untersuchte entworfBiir die Synthese einer

Bibliothek von LipoglykarFragmenten auf MerrifieldResin wurden Mannoseund
ArabinoseBausteine genutzt. Kieze LM-Strukturen konnten leicht assembliert werden

und die Verbindungen wurden in kurzer Zeit mit hoher Ausbeute isoliert, wahrend die

Synthese langerer OligosacchaFichgmente weiterer Optimierung bedarf. Assemblierte

lineare und verzweigte Zellwasferagmente werden in der Zukunft genutzt werden, um auf

der molekularen Ebene Einblicke in die Rolle von Lipoglykanen in der mycobaktierellen

Pathogenese zu erlangen.

Um das Wissen um Kohlenhydiagktin-Interaktionen zu erweitern, wurde ein weiteres
selbstassemblierendes Systame die JanusDendrimere untersucht (Kapitel 4s wurden
JanusGlykodendrimere hergestellt und mit langen und verzweigtenMannose
Oligosacchariderfunktionalisiert welcheU-( 1 Y 2nd U( 1 Y-§lycosidische Bindungen
enthalten. Die Wichtigkeit ddd-( 1 Y-8lycosidischen Bindung gegeniiberemU( 1 Y-6 )

Analog konnte in Bindungsstudien mit dem Lektin ConA gezeigt werden.

12



1. Introduction

1.1 Cell surface glycans
Carbohydrates are major macromolecular building blocks of life other than nucleic acids,
proteins, and lipids. They play an major role in various cellular functionsckiecell
interaction, and most importantly in immune defense mechanisms of animals and humans.
The carbohydrate domains (momnooligo, and polysaccharide) attached to lipids and
proteins are also termed as glycaasd are found as their glycoconjugate forms i.e.
glycoproteins or glycolipids. Attachment of glycans to other molecules occurs through an
enzymatic process called glycosylation, a complex posttranslational modification. The two
most widely studied proteilinked glycan classes are theandO-linked glycansThey are
covalently linked to specific amino acid$-linked glycans to the nitrogen atom of
asparagine residuesa a N-glycosidic bond and-linked glycans to an oxygen atom of
either serine or threame residuevia an O-glycosidic bond: ® N-Glycosylation takes place
in the endoplasmic reticulum (ER) of the cell and widely occurs in archaea any iarel
bacteria whileO-glycosylation occurs in the Golgi complex and occurs in both archaea and
bacteria® As N-glycosylation begins in the ER, it occus a preassembled oligosaccharide
core (a branched oligosaccharide containing three glucoses, nine mannoses, &hd two
acetylglucosamines) and can be classified mainly into three subtypes; high mannose,
complex and hybrid typBl-linked glycans (Fig. 13.° However, during th®©-linked glycan
synthesis there is no pessembled core structumereas it involves the successive addition
of monosaccharide units (Fig3)Examples ofO-gly cans i ncl ude si-mpl er
linked O-ma n n o sliesked OW u c o slieked Ot y | o slieked OBGIcNAc (N-
acetyl gl uc/ofikednOga) ac tlo s/edinkeda@®glucosed glycans and
proteoglycans containing glycosaminoglycan than comigdigk/cans (Fig. 1).

13



1 Introduction

High mannose type Hybrid type
N-linked glycan Structures
Complex type
Biantennary Triantennary Tetrantennary

OO
’9::>ii o0
-0 Ll
-0
Q-0

O-linked glycan Structures ——— Core 1 Core 2 [ NV-acetylglucosamine @ NeuAc

: >:] "i?] [] M-acetylgalactosamine (O) Galactose
A Fucose @ Mannose

Figure 1: Schematic representation Mflinked andO-linked glycans found on glycoprotein®4odified from
ref 6)

1223

Glycans present on the cell surface as part of the glycopqmddysaccharide complex are
called the glycocalyx, and interact with many biological entities such as bacteria, pathogens,
viruses and fungi via a number of proteffisThese celcell interactions are either
carbohydraterotein (CPI) or carbohydratmarbohydrate (CCI) mediated (Fig. 2).

14
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Figure 2: Schematiaepresentation of cell surface glycan interactions with various biological entities through

carbohydraterotein and carbohydratarbohydrate interactions.

1.2 Gram-positive and Gram-negative Bacteria
Bacteria are one of the oldest and simplest forms offtitend in nature. They can be
beneficial to the organism they-babitat (e.g. rhizobium, lactobacilli) or can be detrimental
and harm the host organisms (pathogenic bacteria). In humans and other animals, large
number of bacteria are present in the gotafland on the skitf: some of these bacteria are
beneficial and some are harmful. The pathogenic species of bacteria causes several
infectious diseases including leprdsycholera‘? syphilis™ as well as respiratory infections
such as tubreulosis, influenza, pneumonta.Beneficial bacteria are used in sewage
treatment [itrosomonas or Pseudomonas species) fermentation I(actobacillug,
manufcturing of antibiotics§treptomycesind many moré> Bacteria are few micrometers
in length and exist in three shapes; spherical (coccuskhapge (bacilli), long and helical
shaped (spirilus). The cell wall of bacteria is made of peptidoglycan layers which protect the

cell from swelling and lysis.
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Bactera can be classified into two major groups namely Gpasitive or Grarmegative
differentiated on the basis of Gram staining using crystal violet dye (CVS). Due to the
presence of a thick peptidoglycan layer-@Dnm) Grarrpositive bacteria retain the &V

while Gramnegative bacteria do not because of the thin peptidoglycan layer (~10 nm) and
stains red when observed under the light microscope. Furthermore, the cell wall of Gram
positive bacteria contains covalently bound teichoic acids and lipoteictidis &hile the

outer membrane of Gramegative bacteria comprises lipopolysaccharides, proteins and
phospholipids (Fig. 3). Each bacterial cell is a reservoir of carbohydrates and proteins
(discussed further in the section 1.3). The periplasm is anothmortemt and integral
component of Gramegative bacteria which contains 40% of the cell volume and the
periplasmic space is rich in macromolecules which are importanthdtient binding
transport, folding and many other functidi®®The pepti dogl ycan-1ayer
( 1 Y-HBnked N-acetylglucosamine (GIcNAc) ard-acetylmuamic acid (MurNAc) and the
lipopolysaccharide layer is coated witkd8oxy-p-mannoeoct-2-ulosonic acid (Kdo) and-
glycerap-mannoheptose glycans, while mycobacteria comprises of mannose and arabinose
monosaccharides. E.coli, Salmonella, Pseudomonas, Cyanobactaria few exampke of
Gramnegative bacteria whileStreptococcus pyogenes, Streptococcus pneumoniae;
Staphylococcus aurewwe Grarpositive as they play important role in body defense and
innate and adaptive immune systelthis thesis deals with two such bacteria namely
Escherichia coli (E.colijand Mycobacterium tuberculosi@TB). E.coli was used to study

the CPlIs using the FimH lectin and MTB to synthesize the cell wall glycan component using

automated glycan assembly (AGA) respectively.
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Figure 3: Schematic representation of the cell wall of Graegative and Grarositive bacterium.
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1.3 Carbohydrate binding lectins
Proteins are major building blocks of life and they can serve as a structural compsunds
enzymes or as receptors for signal transducidr@arbohydrate binding proteins are
classified into two major classes: lectins and glycosaminoglycan proteins. Lectins are a
special group of proteins present plants, animals, bacteria (adhesions and toxins) and
viruses (hemagglutining)The agglutinin property of lectins is based on the recognition and
binding to specific sugars. Animal lectins ae mediators for cell recognition and are
specific for monosaccharides such as fucose, galactose, maNr@setylglucosaming)-
acetylgalactosaminéy-acetylneuraminic acid, fucose and a glycan like heparibectins,
depending on their specificity to glycans are gexipnto C-type lectins (selectins,
collectins), galectins, itype and P-type lectins (including Siglec family and manneSe
phosphate binding ligand, respectively)Lectins play an important role in innate
immunity?* blood clearanc& asialoglycoprotein receptor (ASGPR) mediated
endocytosis® cell-specific targetingf, apoptosi€ etc. Another welstudied viral glycan
binding protein is influenza virus hemagglutinin, which specifically binds to sialic acid
containing glycan$.Glycosaminogjcan heparin sulfate domain is an important saccharide
of cancer and these hepaléttin interactionS are crucial in angiogenesis, invasion and

coagulatior?®

1.3.1 Plant lectins
Plant lectins were first discovered by Stillmark in 1882, as protein present in castor bean
seeds called ricin that was found to agglutinate animal red blood cells. Plant lectins comprise
of legume andricin lectins (- and Rtype) respectively. itype lectins are well
characterized and are widely used in biomedical and analytical procedomesnavalin A
(ConA), soybean agglutinin, and galeeBnConA lectin specifically binds to mannosyl and
glucosyl groups. A characteristic feature of this family is their oligomeric structure and the

requirement of calcium Gaand manganese Mtions for binding glycan moieties.

1.3.2Bacterial lectins
Baderia carry several different types of lectins on their appendages or on their surface to
target glycans present on the host céllsoli carries the lectin adhesin on the top of its pili

or flagella called FimH and play an important role in adherendeet@pithelial cell. Each
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bacteria on an average expresses-4@D of these appendages ranging frod Bm in
diameter and can extend to hundreds of nm in length (Fig.Mannose binding type 1 pili
(FimH) and globoside glycolipid (@dAc and galactose residues) binding P pili (PapG) are

two types of wellstudied pilus in pathogente.coli.

a) \, b)

<— Flagella

Figure 4: E.coli bearing several fimbria@) Image were taken along with &ncoli-agglutination studies using

TEM microscope in Chapter 2 Scale bar: 500 nm, b) Cartoon interpretation of the image in a.

The FimH binding to mannose residues present on human and murine bladder cells resulting
in urinary tract infections through bacterial colonization, invasion and ptioduzf biofilm-

like bacterial communitie¥ The mechanical and conformational properties of the FimH
mannose binding ability have been investigated on living cell by applying external shear. As
bacteria utilize a catebond mechanism during the mannose interaction, an induced
conformationspecific immune response has been obsef/@acterial toxins are another

type of lectin that exploits adhesion to glycans aray @n important role in intracellular
trafficking. Pseudomonas aeruginogBA) is another Gramegative bacterium present in

large quantities on host epithelial surfaces and is known to produce galactose and fucose
specific lectins namely P (LecA) and PA-lIL (LecB) respectively.** Moreover,
adhesins are present pili of PA and recognize mucin oligosaccharides and asmti

and GM2 glycolipids and are known to play a crucial role in bioadhesion and biofilm

formation through flagellin proteins present on the surfacé.

1.3.3 Carbohydrateprotein and carbohydrate-carbohydrate interactions
In nature, CCls and CPIs ndlgte a variety of biochemical processes such as cell

differentiation, proliferation and adhesion, inflammation and the immune respdyse.
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described above, lectins promote a particular recognition ghr@ulock and key model.
Lectins bind to monoor oligosaccharides without altering the structure of the bound

ligand?

CCls are less explored than CPG&PIs on normal cells and their malignant counterparts
show significant differences. These interactions occur by multiple mechanisms and incase of
macromolecules can be analyzed by biophysical methods hkay Xrystallography and
nuclear magneticesonance. For smaller molecules such as chitin or GIcNAc residues, the
lectin binding site can be assigned by correlating chemical shift variations of selected proton
resonances. Many forces are involved during this carbohydrate:lectin or ligandirecepto
bindings such as hydrogen bonding, van der Waals interaction, dipole attraction and

electrostatic interaction etc. (Fig. ).

O
)

Figure 5. Carbohydrate binding to a lectin through a) hydrophobic interactions, b)-matéated hydrogen

bonding, c) metatoordination d) electrostatic interactions. (Modified from ref 37)

These interactions can be studied using different technigBeth kinetic and near
equilibrium as well as noeaquilibrium methodssuch asenzyme linked immunosorbent
assay (ELISA), glycammicroarray, agglutination, precipitation and electrophoresihe
dissociation constant, specificity and kinetics of binding between the glycans and lectins can
be measured using neaquilibrium methods such as affinity chromatography, isothermal
titration calorimetry (ITC) or surface plasmon resonance (SPR). Ireggéibrium method

a defined equilibrium binding constant can be obtained using ITC, between the glycan and
lectin upon their intergion. ITC also has been explored to study CCls of multivalent
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glycoclusters withCa'™ ion. It has been observed that the sugar topology and density can

tune the intravs. intermolecular CCls from the obtained formation constints.

Lectins are used to study CCls or CPIs with their respective glycan using the above
mentioned methods. Conversely, serious problems arise while attempting to employ these
specific interactions for constructing an artificial recognition interface. For example, the
binding constants (§ for mone and oligosaccharides to most lectins are betweérari®

10° M.38 *which are too small for assembling recognition interface. Improved CCls and
CPIs can be obtained by carbohydralusters. Many naturally occurring carbohydrates and
glycoconjugates are multivalent and hence they show increased affinity for lectins.
Multivalent effects should be adopted to detect and utilize species with lower affinities. To
increase the bindingrengths of CCls and CPIs, many natural biomolecules exhibit multiple
carbohydrate units that engage in multivalent interactions. Synthetic chemists have adopted
Nature’s strategies and developed multivalent systems that mimic natural supramolecular

interactions?® 4

1.4 Supramolecular chemistry

The following section has been taken in part and modified from the article; Reprinted with

permission from:

Delbianco, M.,Bharate. P VarelaAramburu, S., and Seeberger, P. H. Carbohydrates in
supramolecular chemistryChem. Rev. 2016 116 (4), pp 16981752, DOI:
10.1021/acs.chemrev.5b00516. Copyright © 2016 American Chemical Society.

The importance of weak, nawovalent interactions in biological systems was first
appreciated at the beginning of thé"2@ntury with an improved understanding of hydrogen
bonding and ligand ecept or i nteractions. T h e sgeu evsd a0k
complexes that form wellefined architectures and were recognized with the 1987 and 2016
Nobel Prize for supranecular chemistry. Since then, a variety of supramolecular systems

that respond to signafémdecular machines and switch&s** well-defined networks" 4
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and selfassemblingnacroscructuré$ *® have been created and studied. All of these new
noncovalent systems are built upon weak interactions such as hydrogen b8ntfingtal
coordinatiort’ 2 hydrophobic or hydrophilic force¥: ** - i nt €T andtvanoders
Waals forces® *°Stable systems, that are able to mimic nature and bind analytes with great

specificity, have become accessible via multiple and directional interaftiéhs.

Different scaffolds have been uséd create supramolecular assemblies. Cyclodextrins
(CDs)° organic macrocycle¥: ®dendrimer$? nanoparticle¥ and polymeric backbon®s
represent the most studied examples (Fig. 6). Herein the importance of carbohydrates
(includesCDs) and nanomaterials (includgsaphene) as building blocks for the synthesis
and sabilization of supramolecular systems based on multiplakwateractions are

emphasized.

Metallodendrimers

Nanoparticles Quantum Dots Graphene

0,

Appended polymers Copolymers

Figure 6 : Overview of the different scaffolds used for supramolecular assemblies. Adapted from Delbianco et

.
al .6
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1.4.1 Carbohydrate materials
Carbohydrates can form many hydrogen bonds, a feature that renders them interesting for
supramolecular systems. Nanoparticles and polymers have been synthatizedrious
sizes using both batch and microreactor methods and functionalized with carboh/drates.
The resultant glycoclusters showed significanhancements in binding affinity compared
with the corresponding monovalent ligands. Other important issues regarding the preparation
of multivalent carbohydrates are related to the orientation, spacing and local concentration of
the sugar on the glycodters. General scaffolds which are facile, robust, presents tunable
symmetry and exhibit optical and electrochemical properties are important to develop a

direct probing system.

In this part the recent advances in use of CDs and graphene functionahpataterials in
supramolecular chemistry are summarized covering three main topics: 1) The use of
multivalent glyceconjugates for the formation of hegtiest complexes that are used for
sensing bacteria and drug delivery; 2) The combination of CCIs witler oiveak
interactions nteualttaons, -&seemblibghglgcoctustarsiremd i o n

3) The formation of extended supramolecular networks upon binding to proteins (CPIs).

1.4.1.1 Cyclodextrins (CDs)

Cyclodextrins (CDs) are a class oyclic oligosaccharides, with a torlike shape, built

from 1YVY4 -piglucopyrandse Units. First described in 1891, CDs were named
06cellulosineo. Three types of CDs with six
t o as D bwi-@Dreb the most common cldd<CDs have a hydrophilic exterior

and a hydrophobic central cavity for the mmvalent inclusion of guest molecufEs.

Different CDs can encapsulate a range of guest molétaled have been employed for
molecular recognitiod® catalysis’> polymerization’> material sciences, drug delivel/,

nanotechnology and hydrolysi<®

The synthesis and biological applications of CDs as multivalent scaffold in carbohydrate
chemistry are widely studi€d’”"® Cyclodextrin glycoconjugates display the glycans in a
multivalent form similar to that present on the alface’® CDs have been used for drug

delivery’® and sensiny’ 8 as well as developing saccharide (glyeselective systenfs.
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Within this chapter more focus is on the application of CDs in supramolecular chemistry

with particular attention on CDs as glycoclusters scaffold.
Glycosylated CDs for the Gty of CPIs and CCls

C-type lectin receptors (CLRs) bind glycan structures displayed on pathogens. Multivalent
carbohydrate systems with terminal sugar ligands tightly bind these lectins by glycoside
clustering®® Straightforward access to different sugar densitiaselfassembly helped to

tune intra to inter molecular CCI$>

Gene and Drug Delivery

CDs have been used as vehicles for drug and gene deliMemynose and galactose
functi o4BRd (Mandl@Ds @nd GallCDs respectively) were found to have
remarkable gene and drug delivery to various cells including macrophage receptor (MR) or
asialoglycoprotein receptor (ASGPRRiediated gene celf§. Similarly, galactose
funct i o-@Dswéredesignel for hepatocgeecific drug targettingf’. Encapsulation

of rhodamine in the cyclodextrin cavity facilitated targeting of hepatocellular carcinoma cell
line HepG2.A t r i val ent -Chaomjugats wak asedealendapsulate and deliver
pharmacological chaperones to macrophages the macrophage mannose receptor
(MMR).28 Carbohydratédased targeting approaches take advantage of sevéypedectin
receptors (CLRs) including the ASGPR on liver cells a@d$IGN (Dendritic CelSpecific
Intercellular adhesion molecuBGrabbing Norintegrin) expressed by dendritic céifsA
CD-based glycoconjugate was created for HIV drug delivery and bound48IGRE which
inhibited its interaction with Hf gp120 at nanomolar concentratiofls.

Metal Complexes

Glycoclusters that antain a metal complex in the framework are called
metalloglycoclusters! Metallo-glycodendrimers bearing transition metals or lanthanide ions
have been prepared by salfisembly?® The inherent physical properties of
metallodendrimers, such as fluorescent emission, render them ideabidlogical
applications’® CD-based glycoclusts have been exploited for the synthesis of multivalent

probes builivia hostguest assembly around a metal core. Mefglijoodendrimers based on
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a tris(bipyridine)ruthenium (Ru(bipy) fluorescent scaffold and appended with two, four or
six adamantybroups were adorned with mannose functionalizedgGoclusters by host

guest interaction$:
Rotaxanes

Carbohydratalisplaying (pseudo)polyrotaxanes were used to study CPIs. A variety of
mechanically interlocked structures, where the CDs form inclusion complexes with the

polymeric chain, were explored for macromolecular recogniig-2° 20
SelfAssembly

Spontaneous processes forming ordered structures are key to some signaling pathi\Ways.
Seltassembled surfaces have been used to study multivalency and stimuli responsive
systems?* Liposome andresicles mimic noncovalent interactions involved at the interface

between cell membrane and aqueous solution pffas®

Amphiphilic CD vesiclesshow enhanced heguest interactionsvhen different guest
polymers are placed at the CD vesicle surfitelostguest assembly occuvia orthogonal
noncovalent interactions due to metabrdination complexe$> A ternary system using
vesicles, carbohydrates and lectim@s used tostudy the kinetics of the orthogonal
multivalent interfacial interactions. Maltose and lactose decorated vesicles aggregate with
the lectins ConAand PNA in a sugaependent manné® The influence of multivalency

and glycan surface density was explored further by amphiphilic CD vesicles involving an
adamantane guest that carries mannose and CD vesiclé’osts.

1.4.1.2 Graphene functionalized CD©O6s

Graphee is a one atom thick hexagonal lattice and a crystalline allotrope of carbon.
Graphene based materials possess exceptional mechanical stiffness, electrical, thermal and
optical propertieshence due to these properties graphene have seen unprecedented
development since its discovery in 2082Graphite can be chemically oxidized to graphite
oxide (GO) using Hummers method and later on graphite oxide can bertszh into
graphene oxide by sonication. Reduction of graphene oxide yields the reduced form of

graphene oxide (rGO)This rGO presents pristine graphene like properties. Chemically
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modified graphene found many applications due to its large scale aligitabi An
alternative to chemical modification is thermal reducti@hemially reduced GO yields are

poor ensuing less surface area and electrical conductibility whereas thermally reduced GO
have shown to bear high surface dréaGO, rGO, and their derivatives have received
tremendous attention in the field of materials due to their conductivity, electricity and ability

of surface modification possibilite

The high surface area, s-t r 0D n Yy eiNceease tHeevalsee Wa a |l s f
of graphene material. However, these significant properties also limit the graphene benefits

as it easily aggregates irreversibly in solvents, hence in ordevet@ome dispersity and

solubility of graphene many new methods have been investigated to synthesize modified

é13115

graphen

Planar two dimensional (2D) surface of GO possesses different functionalities like hydroxyl,

carboxyl, phenol, lactone, carbonghd epoxy groups either on its basal plane or on the

edges® These functional groups enable the modification of GO surface with reactant
molecules either through covalent or rmovalent interactions. Theurface of GO or rGO

were covalently functionalized with amidd, amino!*® PEG™® or isocyanat&®

functionalities to produce well dispersed nanomaterials.-tnalent interactions between

the graphene nanomaterials involving-the strc

interactions also have been investigated widely.

GO has been functionalized necovalently using aromatic polymers, surfactants,
nanoparticles, biomolecules, and nanottfde’?* The resulting nanomaterials synthesized
using these interactions via a supramolecular approach are reported to increase the
dispersion of graphene sheets, biocompatibility, reactivity, bindiagepties as well as the
solubility of formed material in solvents while keeping intrinsic and electrical properties of
graphene intac® Such modified GO with improved physichiemical properties can be
applied assensorsphotodetectorsin luminescence and in electrocatalysis, electronics, and

in biological labelling (Fig. 7}?*'* These properties ofiraphene/GO/rGO have been
utilized in this thesis and thermally rGO functionalized CD nanomaterial has been

synthesized and utilized for bacterial sensing, wrapping and killing.
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Biosensing

guiSewiond

Figure 7: Schematic representation of applications of grapi@&Denanomaterials formed by either hgstest
interactions, covalent or by multiple physicaleractionsb-CD is represented in blue, graphene in black and
linker with guest moiety in red color.

Nanomaterial formed using CD (as mentioned above in 1.4€ektion) through hogjuest
interactions can help to increase the poor dispersion, veatebility and stability of
graphene functionalized matertaf.

Similarly, the supramolecular GO polymer network could form a hybrid material of GO and
CD due to the ionic and heguest interactions between them which also helps to control
the colloidal size of the forndestructure?’ GO-based hybrid materials synthesized using
hostguest systems and by combining multiple physical interactions has been applied in

thermoresponsive bioand electrocatali¢ devices:® as electrochemical sensdf,and

also as amptical sensot®

CD functionalized graphene nanosheets has been synthesized, modified into glassy carbon
electrode and applied in sensing of carbendazim (benzimidazole), a fungicide used in
agriculture™® The hostguest complex formation between CDs and carbendazim on

graphene nanosheets surface resulted into effective removal of fungicide. Similar glassy
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carbon electrode has been synthesized using combination of G@dCBanoparticles and

applied for detection of uric acid in human uririe.

Utilizing the adsorption capacity of graphene, an CD grafted GO has been used to remove
dyes from the solutions such as fuchsin acid, methylene blue and methyl tfahmge.

particular, bioactive nanosupramolecular assemblies constructed from CDs through non
covalent interactions have found many applications in therapeutics and diagnostics due to

thar advantages of hogjuest complex formations and hydrophobic cavity to encapsulate

drug moieties for the specific delivery into the céffsBy taking advantage of the non

covalent interactions i.e - i nteractions for med bet ween
functionalized folic acid (FA) GO carrier could recognize the FA receptor present in cancer

cells}®

1.5 Automated glycan assembly
One goal for glycoscientist is to correlate glycan structure with glycan function. In order to
understand the physical and biological properties piyeans are needed. Solution phase
synthesis (SPS) of such glycans is laborious and time consu®&sgfapter 3, section
1.2), whereas automated solid phase synthesis allows for the synthesis of complex

oligosaccharides in short time.

Automated solid pree synthesis of peptidé, and nucleic acid€® are the milestone
contributions to the field of chemistry that have sutusadly improved the field of
biomedical research. Similarly, solid phase oligosaccharide syrti¢SBOS) provided a
significant contribution to carbohydrate chemistry. Eighteen years ago, the first attempt to
automated glycan assembly (AGA) was undertaken, proven and further developed

commercially (Glyconeer 2.5% by the Seeberger group (Fig.'&J.
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Figure 8: Development of automated glycan assembly; a) hbuile synthesize?‘fm b) homebuild

synthesizer (Frank Schumacher thesisler preparation) to c) Glyconeer]f.]l

Automated glycan assembly (AGAnakes use of Merrifield resin as a solid support, on
which the oligosaccharides are assembled using monosaccharide building blocks. A set of
preprogrammed modules such as glycosylation and deprotection, followed by post
automated photocleavage and pusdfion using normal phase high performance liquid

chromatography (N\fMPLC), affords conjugation ready glycans (Fig:%).

1) Pre-automation Il) Automation 1ll) Post-automation
. . b 1 0o Cleavage Fully protected
— FmocO —
[Resm equipped with I|nker]— N—~\0 —Q oligosaceharide
Coupling Deprotection Purification
Deprotection Quality
3 Purification | o +0]
Glycosylation Fmoc removal
o - -
[ Building blocks ]— L HONC 0 ——Q ~— [ Oligosaccharide }

Figure 9: Schematic representation of automated glycan assembly. (Modified from ref. 152)

The monosaccharide building blocks are used for chain elongation and require careful
designing of temporary, permanent protecting group patterns and anomeric leaving groups.
This strategic planning is important in order to provide specific regioselctivity and
stereoselctivity during the glycosidic linkage formation. The parameters such as activator
solution, amount of building block donor and reaction temperature play an important role in
the synthesi$* To date, benzyl ethers as mparticipating and benzoyl ethers and pivalate

esters as participating permanent protecting group have been used on AGA which can be
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removed at the end. The use of an eptetecting group at @ hydroxyl controls the
stereochemistry of the anomeric center, as per neighboring group participation**ffect.
Also participatingN-trichloroacetate (TCA) and a ngoarticipating azide protecting group

has been used asnine protection group for amino sugars. The main temporary protecting
group used in the AGA for hydroxyls is thefl@orenylmethoxycarbonate (Fmoc), which is
easy to remove under basic conditions and the byproduct used to quantify the loading by
measurig the dibenzofulvene adduct by its UV absorption. Levulinoyl ester (Lev) and 2
naphthylmethyl ether (NAP) groups are also used as orthogonal temporary protecting
groups. The obtained protected oligosaccharides are further cleaved from the solid support

ard deprotected affording the desired glycans.

Presented below are the solid support and linkers used in AGA with the most relevant

syntheses been reported.

1.5.1 Solid support: Merrifield resin

Merrifieldos *por ptesindnas tiseystart di #hes solisl phase synthesis field
and is still widely ged to synthesize long peptides and proteins. The same solid support is
also used for AGA. Merrifield insoluble solid beads consist of a copolymstycédne and
divinylbenzene that carry a chloromethyl functional group (Fig. 10). The porous resin
exhibits very good swelling properties in solvents like dichloromethane, toluene and
tetrahydrofuran allowing for the reagents to pass through. Thus, the removal of excess
reagents or side products from the growing oligosaccharide chain is achieved by simple

washng the resirt®

Figure 10: Structure oMerrifield resin.
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1.5.2 Linkers and recent AGA syntheses
AGA follows the acceptor bound to the resin approach where the reactions between
activated electrophilic glycosyl donor, and a nucleophilic glycosyl acceptor takes place. The
nature of the linker is an integral part of AGA, as it has to be stable duengtble
chemical synthesis and at the same time be cleavable to reveal the glycans at the end of the
synthesis. To date, four different linkers have been reported for AGA bound on the resin:
octanediol linker2, base labile linker3, photolabile linker4 and traceable linke, a
modified version of the photolabile linkdrthat permits to liberate the product with free
reducing end (Fig. 11).

(‘Dbz sz

HO T HO ON
oo Qo T ~ \81 -5

Figure 11. Different types of linkers functionalized on Merrifield resin for AGA; octanediol lirkebase

labile linker3, photolabile linked and traceable linkes respectively.

During t he first attempt, Seeber-gkeY¥-2)and
polymannosides and branched oligosaccharide structures by automated synthesis. The
assembly of fully prot ec tgucan)bwasahaldngnd aspthy t o a
require a carefully designed protecting group strategy The automation synthesarniess

out on solid suppor2 functionalized with octanediol linker using building blodksind 7
(Scheme 1). The linker was readily cleaved by olefin cross metathesis using Grubbs catalyst
8 under an atmosphere of ethylene. The levulinoyl ester was rclasséz6 temporary
protecting group and removed by hydrazine, while a pivalate ester was installe?l tat C

e n s u r -selettihitg. A temperature controlled reaction vessel was introduced on the first
generation AGA synthesizer enabling lower tempeeastuequired during glycosylation. The
synthesis had some limitation such as the use of branched disaccharide buildingfblock
branched structure instead of actual installing the branching. In addition the linker was not
compatible with the electrophilequired to activate the thioglycoside.
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OH HO |
A °

BnO o O/

PO o | /—\ 2

‘ Ph
Cl~py— Deprotecti i Bno 2 i
o protection Coupling ano O*IQ*OBU
PCys i :
s H,NNH, TMSOTf p o OBu
15°C OLev -15°C
8r0 ) . OBn Olev
BnO @ o} o
PivO | 0O
Lo o BnO Bn9 0-P-OBu

Schemel: Seebergerds first AGdlucan9 usimgbyilding dlbcksandi onesdlid c i t or
support2: Reactions and conditions: Glycosylati@éor 7, TMSOTf, CHCI,, -15 °C, repeated two times for

15 min; Deprotection: MH,, pyridine, AcOH, 15 °C, 15 mirCleavage: Grubbs cataly8t ethylene, CECl,,

89% overall yield.

The first example of AGA proved that linear and branched glycans can be made on solid
support. However, the technique needed to overcome additional challenges related to

instrument and synthetic strategies used for assembling oligosaccharides.

A new bag labile linker 8) (Fig. 11) permitted the use of thioglycoside and temporary
protecting groups like Fmoc, Lev, silyl ethers aNdrichloroacetate groups. With this

i mprovement a -(I1Yo6r)a-alnYddljdsamine stroctufesd, 11and12

were synthesized (Fig. 1%° The conditions used to edve the linker possessed a dual
functionality, i.e. the release of the crude product with an alkylamine linker from the solid

support as well as the removal of the base labile groups present on the glycan chain.
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Figure 122 AGA of oligosaccharides containing0, 11, and 12 b-( 1 Y6 ) -@ h ¥-glydmsamine

respectively.

In addition, the new base labile linker produces conjugatady glycans which can now

use in in vitro and in vivo analysis ing glycan array and in biological functions like

vaccine development. However, the linker cannot be used in the presence of base labile
temporarily protecting groups and was not compatible with the conditions used for activating
glycosyl phosphat&’ Hence a photolabile linket (Fig. 11) was developed to overcome
these | imitations and was successfull-y appl
( 1 Y-8lycan oligosaccharide libraries that were used to geg indi s -glucah antibbdy

specific epitopes using glycan arrd$.

The photolabile linker4 is now the most used linker on AGA due its stability and
compatibility with activation conditions used for glycosylation. After photocleavage it
delivers the glycan with a free amine group which canilyed® used for further

functionalization.

The power of AGA was demonstrated by the synthesis of the linesreB@ligomannoside

14 (Scheme 2 Fur t her more, AGA has been succesful
151

sialylated oligosaccharidé$’ Lewis X, glycosaminoglycan®” ***and glycopeptide¥?
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Scheme2: AGA of linear 30mer of mannose.

S. pneumoniaés a Grarppositive bacterium, covering capsular polysaccharide as a major
virulence factor and caus@meumoniaand other types of pneumococcal infections. AGA
was also applied to the production of oligosaccharide vaccine candidates; s&h as
pneumoniaeerotype 3 (ST3)7. The time and the low yield due to late stage oxidation step
in SPS can be overcome by assembling glucuronic acid building béoak solid supportt

using AGA (Scheme 3)The glycosyl phosphate building blockS and 16 were activatd

by TMSOTf (trimethylsilyl trifluoromethanesulfonate) é80 °C to-15 °C. The Lev and
Fmoc group were installed for 1,4 and 1,3 elongation respectively. The temporary Fmoc
protecting group was removed with triethylamine in DMF and the Lev protecting gvas
removed using hydrazine monohydrate in pyridine/acetic acid (3:2 v/v). Cleavage from the
solid support followed by deprotection afforded the conjugattauly S. pneumoniae

serotype 3 trisaccharide.
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Scheme3: Automated synthesis of ST3 trisaccharideusing glycosyl phosphate building blocks and 16:
Reagents and conditions: 8, TMSOTf, CHCl,,-30 AC t o TN i6 DMFCL0% W), 25°C; ¢)
TMSOTf, CHCl,, -30 °C; d)16, TMSOTf, CHCl,, -30 °C to-15 °C; e) NH4-OAc, pyridine/AcOH (4:1 viv),
40 °C; f) photocleavage, 69% overall yield.

AGA has also been successively applied to the synthesis of fragments of plant cell wall
polysaccharides, such as xyloglucan, arabinogataend arabinoxylali? *** **T h e- U
(1Y3) arabinofuranosyl moi ety from arabin
characterize the specific glyctinding antibodies of the plant cell waft® A library of 19

xylan oligosaccharides was applied for active site mapping of xylan dissecting erfzymes.

The xylan backbon@4 was constructed using four building block821, each equipped

with phosphate leaving group (Scheme 4). Fmoc was used for chain elongation hile C

and G3 hydroxyls groups of xylan backbone were protected with fully orthogonal Nap and
2-(azidomethyl)benzoyl (Azmb) protecting groups for further substitution with
arabinofuanose22-23 and glucuronic acidl8-21 building blocks. The Azmb group was
introduced in AGA as it was found-(tlor-4pr ovi
glycosylation and showed potential for chemoselective removal using alkyl phosphines. Nap
removal was carried out using DDQ (2d&hloro-5,6-dicyanel,4-benzoquinone) solution

in DCE/MeOH/HO (64:16:1) at 40 °C and Azmb in tributylphosphine (BBu THF/H,O

(5:1) at 45 °C.
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Scheme4: Representativehemical structure of an arabinoxylan polysaccha?di@nd the building blocks

required for the assembly of representative oligosaccharide fragments.

As cis-glycosidic bond formation does not rely on participating protecting groups and it
frequently results into the formation of anomeric mixdrésdowever, such synthesis of
complex oligosaccharides contaiog-glycosides stuctures can be efficiently performed by
AGA exploiting the presence of remote protecting group partecipatioriaving
demongtated the feasibility of AGA, Seeberger and coworkers, further illustrated the wider
applicability of this method by synthesizing a library of oligosaccharides structures
containing cis-glucosidic andcis-galactosidic linkages in a rapid manner using det o
different glucose and galactose building blocks (Fig. *33)The importance of
thiogalctoside building blocks with remote participating protecting groups such as acetyl or
benzoyl esters have been highlighted in assembly @jiptoside formation.
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oligosaccharides contacting containing either single or multiplei$glucosidic linkage29i 33.
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1 Introduction

1.6 Aim of the Thesis

Carbohydrates are useful building blocks for supramolecular assemblies. Linear and
branched carbohydrates can help to get insights into multivalency, stractiviey
relationship of glycans and to understand their role in living organiSimsse longer
glycans can be easily synthesized using AGA. Therefore, the overall objective of this
dissertation was to synthesize a library of mannose oligosaccharides (Fig. 14) and different
multivalent mannose glycoclusters. Towards this aim, this m&seaas conducted as

followed:

Firstly, oligosaccharidéased selhssembled multivalent compounds were synthesized to
build a bioactive material for bacterial sensing (Chapter 2). In this pamultivalent
carbohydratdunctionalized 2D scaffold was deloped by placing ManCD on adamanty!
functionalized TRGO sheets, which was found to bind, wrap andekiltoli bacterium

effectively.

Chapter 3 describes the synthesis of linear and branched cell wall fragments of MTB
(lipomannan: LM, lipoarabinomannah:AM) usi ng AGAlYeXxpgalovd2i)dg U
glycosidic linkages, to gain moleculavel understanding of the role of lipoglycans in
mycobacterial pathogenesis. The LM and mannose capped LAM structures play an
important role in hospathogen interactionscluding Tolklike receptors (TLR) signaling

and Gtype lectins binding respectively? **°The synthesized glycans can help to identify

LM and LAM substructurespecific antibodies.

In Chapter 4, linear and branched mannose oligosaccharides (from toditdmer) were
synthesized using AGA for imaging studies and glycoderetr synthesis. Higinesolution

imaging of a linear mannose pentasaccharide was carried out for structure elucidation.
Furthermore, Janus glycodendrimers were obtained using mannose oligosaccharides to study

their functions in biological processes.
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Figure 14: Library of linear and branched mannose oligosaccharides synthesized using AGA as part of my
thesis work.
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2. Multivalency at Interfaces: Supramolecular Carbohydrate-
Functionalized Graphene Derivatives for Bacterial Capture,
Release, and Disinfection

The following part has been modified from the article; Reprinted with permission from

Qi, Z.; Bharate, P, Lai, C. H.; Ziem, B.; Bottcher, C.; Schulz, A.; &ert, F.; Hatting, B.;

Mulhaupt, R.; Seeberger, P. H.; Haag, R. Multivalency at Interfaces: Supramolecular

Carbohydratdunctionalized Graphene Derivatives for Bacterial Capture, Release, and
Disinfection Nano Lett.2015 15 (9), pp 60516057, DOI: 10.1021/acs.nanolett.5b02256.
Copyright © 2015 American Chemical Society.

2.1 Introduction
Multivalency plays a pivotal role in biological processes, particularly in the adhesion of
bacteria/viruses or antibodies/macrophages to the cell siffdéeln contrast to weak
monovalent binding, multivalent interactions result in high specificity and in thermodynamic
and kinetic stability. Carbohydrates, a class of crucial biological binding units, govern huge
number 6 life recognition processes through multivalent CCls or CB€® The CCls and
CPIs occur either during the first steps of infection, for ifige@cognition between host

a%™% or at different stages of the immune respdiSg.coli, a Gramnegative

and bacteri
bacteria, and its strains are responsible for many foodborne diseases and urinary tract
infections® which are of concern for public healitgused by drinking contaminated water.

The burden is also significant from an economic point of view such as in the casegef Top
meat processing company that ceased operations dtecti O157:H7 contamination of
ground beef with millions of dollars loss. The quick detectiorEofcoli contamination

during food processing by using specific biosensors is nééted.

Recentinvestigations have revealed that both the valency of glycoconjugates and the size of
the scaffold play an important role in the effective inhibition of large particulate
microorganisms and controlling their agglutinattéh.*”*Such glycoonjugtaes can be used

as the antiadhesion and agglutination agektgongsooet. al'’* discovered that either

increasing the density of exterior coated sugars or the length of nanofibers leads to enhanced
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2 Supramolecular Carbohydrate -Functionalized Graphene Derivatives

bacterial cell agglutination. Sinaitly Huang andcoworkers synthesized nanotubes using
amphiphilic pillar[S]arene coated with galactoses and hydrophobic alkyl chain and found
that the increased length of sugar coated nanotubes due-tssathbly exhibit a higher
binding affinity towards the pathogenic bactertd Scaffolds formed through

§79, 180
)

supramolecular assembly, such as dendritfferé’ nanoparticled’® calixarene and

fullerenes®:: 182

offer zeredimensional (0D) carrier platforms to functionalize
carbohydrates. While those based on peptitfesggrbon nanotub®* self-assembled fibrous
nanostructures provide a edanensional (1D) scaffold to investigate cell targeting and anti
adhesive properties. Spontaneous processes forming orderetdrsis are key to signaling
pathways®> 1®®Selfassembled surfaces have been used to study multivalency and stimuli

responsive system&*
2.1.1 Graphene and cyclodextrin

2.1.1.1 Graphene

The discovery of graphene has fundamentally changed the field of materials $&ience.
Graphene is a singletomthick sheet of 2D sghybridized carbon, in which atoms are
arranged in a honeycomb pattern having good conductivity for heat, electricity and wide
applications due to its high surface areas, low cost in nanoelectt&hies)ophotonics®’
nanocomposite®® sensors, catalysis, batteries, and superitors?® The hermally
reduced graphite oxide (TRGO), in which some of the constituent carbon atoms of the
graphene lattice bear hydroxyl groups (on the basal plane of the lattice), retains a similar
structure, but holds arrays of identical reactive groups that féeilithe surface
functionalization:®® Despite the high practical vaftié of TRGO, only a few literatre
entries utilized these unique size and chemical characteristics for electronic, optical or sensor
applications, and to conjugate multivalent carbohydrates and to implement the regulation of
cell mobility®* % There @ae multiple possibilities for surface modification of reduced
graphene oxide sheets, but functionalization with CDs has gained significant importance in

recent years resulting in watdispersion material§SeeChapter 1, section 1.4.1.%)

2.1.1.2 Cyclodextrin
CDs have a hydrophilic exterior andchgdrophobic central cavity that enables them to form

noncovalent inclusion complexes by entrapping the guest molecules into their central
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cavities SeeChapter 1, section 1.4.1.%)The enlarged sizes of the CDs greatly increases
the range of guests that can be included inside the cyclodextrin cavities with efficient
binding affinities with vast applicatior§.Supramolecular systems based on CDs have been
explored extensively. The ability @Ds to form hosguest inclusion complexes, together
with selective functionalization, led to many applications for drug delivery and chemical

sensing.

Exploring larger multivalent glycoconjugate scaffolds that possess appropriate dimensions
towards biobgical pathogens is strongly demanded. Considerable effort has been devoted to
construct synthetic multivalent glycoconjugates with diverse spatial arrangement of ligands,
which ideally can be used to interfere with the pathogen adhesion process andsserve

antibacterial or antiviral agents.
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2 Supramolecular Carbohydrate -Functionalized Graphene Derivatives

2.1.2 Strategy
Towards this directiona versatile platform for constructing a multivalent carbohydrate
functionalized 2D scaffold was developed by placing cyclodekiagsed sugar ligands on
adamantyffunctionalized TRGO sheet&G4) (Fig. 195. Owing to the adamantyl groups on
the surface oAG4,t he 1 ncl usi ecny cd oordECH and adam@afiyl units
reversibly connects the reduce«D @ManCP)mene shee
aqueous medium. Theesulting supramolecular carbohydrfi@ctionalized TRGO
derivative (ManCD@AG4yan agglutinatée. coli, and the agglutinatioability of the 2D
sheets is much higher than the parent wsddublemacrocyclic host (ManCD) or the TR
itself. Taking advantage of the responsive property of the supramolecular interaction, the
captured bacteria can be partially released upon addition of a competitiveMjoesiver,
because of the unusual infrared absorption propertigiese TRGO deratives exhibit
excellent bacteriostatic properties (99% elimination) following m&aared (NIR) laser

irradiation of the graphersugar E.colicomplexes.

IR irradiation

X

Capture the bacteria

Supramolecular s , Eﬁa&l Destroyed €. coll i
modfication ..‘{‘;‘,?éh"/\::\{\‘
\ ...'....
N

1/
L

‘‘‘‘‘‘‘‘ —

Figure 15. Schematic representation of bioactive grapheneassiémbly for sensing. coli bacteria using

hostguest method.
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2.2 Results

2.2.1 Synthesis of cyclodextrin functionalized with mannosieost moiety
The synthesis of t hcgclodexdrm 42 ovese starsed bvisht knowmoi t e d
peracetylated mannos (Schemeb), glycosylated with bromoethanol in the presence of
BF;.OEb yield 35. Then 35 was converted to thiocyanateannose derivative6 using
KSCN. The thiocyanate86 was reduced by AMcOH to the corresponding thid7.
Cyclodextrin substrated0 was synthesized from commercially availat88 CD was
iodinated using triphenylphosphine yiel88 which after peracetylation yield#. Then 6
hept a i ecyclodestrin d0dreadied with37 in the presence of @SO; to yield
mannoses U b s t i-¢yelodextdn 416 which was finally treated with base yielding
compound42, as previously reportetl: *** Mannosylateetyclodextrin (ManCD) equipped
with seven mannosyl groups at the upper of the cavity provided sufficient sugar density
and was used for the attachment on the adamantylated TRGO surface.
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2 Supramolecular Carbohydrate -Functionalized Graphene Derivatives
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Schemeb: Synthesis oheptamannosylatdutcyclodextrin42, '—guan,b-CD is represented in blue color.

2.2.2 Synthesis of TRGO and adamantyfunctionalized TRGO sheetsguest moiety
The synthesisf TRGO was carried out by oxidation of graphite using known Hummers and
Hoffmann methot®, followed by thermal resttion at 400 °C or 750 °C to produce
TRGO400 46) and TRGO750 47) respectively. The degrees of adamantyl moieties
covalently attached on the TRGO are readily tuned by using different TRGOs. In order to
determine exactly the number of adamantyl groups #ppend the TRGO sheet, an
elemental analysis was performed. TRGO reduced at 400 °C resulted in a higher density of
adamantyl units one adamantyl group for each of the 27 aromatic rings according to
elemental analysis (Fig. 17c)h@ elemental analysisath shows that TRGO400 provides

higher densities of hydroxyl group on the carbon surface (1.2 mol/kg), while the hydroxyl
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group density in TRGO750 was lower (0.44 mol/kgherefore, TRGO400 were used

further for the synthesis of the supramolecular saaffol

The synthesis of the adamantyhctionalized TRGO sheets (AG4)8 started with the
reaction of 21adamantyl isocyanated3 and 2,2(ethylenedioxy)bis(ethylamine) in
chloroform yielding44, which further reacted with dert-butyl tricarbonat€® to give the
corresponding isocyana#s (Scheme 6) In order to provide sufficient flexibility and better
solvation to the newly formed hegtiest complex, the (ethylenedioxy)bis(ethylamibayed
linker was chosen. The resulting isocyandfewas covalently attachedo the hydroxyl
groups present of6 using catalytic amount airconium (V) acetylacetonate chloroform
yielding 48.

NCO

HNJ'LN/\/O\/\O/\/NHZ

><ojlojlojio><

CHCI; 0 °C to 20 °C, 16 h, CHCI3 20°C, 0.5 h
80%

43 44 @

HZN/\/O\/\O/\/ NH,

N._O HN NH
HN1 {) HN g
o § S
(0]
o \O 2 OI
A 1, S
HN N/\/O\/\O/\/NCO )N\HO;< OYNH
H 46 o0 O O o
_ . [ —
Zr(acac)y, CHCl3, ‘ ‘ | [e)
45 (] (@] o
40°C, 72h HN >0
M *o HN HN1
OH OH OH o o/° K o
- = 46 P j K\o
| HN o \
OH OH OH 2 )Nt'
TRGO O-_NH @
Y .

48
Scheme6: Synthesis oi8. Adamantly linker moiety represented in red color.

The dispersion of the AG4 complex has been
c hl or of dimethylformamale). The TRGO400 precipitates after 24 h, while AG4

! Synthesis and analysis edmpound 48 and 4®as carried ot by Benjamin Zienand Dr.Zhenhui Qi, from
Prof. Dr.Rainer Haagyroup (Department of ChemistiyreeUniversity Berlin, Germany.
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2 Supramolecular Carbohydrate -Functionalized Graphene Derivatives

readily forms stable colloidalispersions in chloroform and DMF (Fig. 1@he improved
solubility of AG4 in organic solvent can be ascribed to the surface functionalization, which

also correlates to the previous reported cases of functionalized TRGO sYyStéms.
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Figure 16: Solubility test: a) AG4 and b) TRGO400 digpions in MillkQ water, chloroform, and DMF (1
mg/mL), 24 h after ultrasonication for 10 min.

2.2.3 Physicochemical characterizatioof AG4
The synthesized materidlG4 was characterized byT-IR and Raman spectroscopy (Fig.
17a, B. The characteristipeaks at 1732 cinconfirms the presence of C=0 group formed
due to urethane linkage and the peaks at 2918 and 285@amfirms thei CH, stretch of
ethylenedioxy groups of TRGO surface (Fig. 17Ehe Raman spectrum of AG4 displays
two strong peaks at 06 cmi' and at 1350 ciy corresponding to the G and-lands,
respectively. The G bands are related to thelame vibration of sp2 carbon atoms in a 2D
hexagonal lattice, while D bands for the vibrations of sp3 carbon atoms of disordered
graphite. Theatio of ID/IG indicates the degree of defects on the graphene sheet (Big. 17b
The chemical composition and thermal stability and decomposition of the AG4 were
determined by elemental and thermogravimetric (TGA) analysis, respectively. According to

the @rbonto-nitrogen atomic ratio, the approximate functionalization degree of surface with
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“adamantyl groups can be estimated. Approximately 55 graphene carbons per one
incorporated carbamate ester unittiG4 were calculated, which means 27 aromatic rings
are surrounding one adamantyl gro(ipig. 179. The TGA curves of TRGO400 arAiG4

reveal 2% and 10.2% weight loss respectively, at the temperature of 410 °C as the
compound44 undergoes most of weight loss below 410 °C (Fig. 17d). Accordingly, the
amount ofdecorated adamantyl chains on the TRGO400 was calculated to be 8.2%. This

value nicely correlates to the one obtained from elemental analysis t¥0%).

a) b)
5000
Go L & —— ManCD@AG4
/ 4000 Ills=1.03
3 co -
< TRGO400 (1728cm") 5 — AG4
o “E -
£ S 3000 I/l = 1.03
s [ AGH £ 2000+
- i N E
/
c=0
(1732cm ) 1000 4
o M e Ioo
(2918cm ) | (2850 cm™) (1183em’)
3500 3000 2500 2000 1500 1000 1000 1500 2000 2500 3000
Wavelength (cm ']
Raman shift (cm™)
) d)
Elemental analysis 100+
Material
C %] H (%] N [%] 801
TRGOT750 85.78 0.58 — = 601
=
2 40
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204 (1) AG4
TRGO400 80.9 1.2 - (2) 44
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AG4 65.98 3.27 1.26
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Temperature (*C)

Figure 17: (a) IR spectra of GO, TRGO40RG4- In the spectrum of AG4, the characteristic peak at 1732 cm
12918 and 2850 chare observed which are attributed to the C=0 stretching of urethanes. The intensity of
the peaks is associated to tHéH, stretching vibration. (b) Raman spectra dpfs ratio of AG4. (c)

2 Raman spectroscopy was carried out Bgnjamin Hatting Ifistitute of Experimental Physicree
University Berlin,Germany).
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Elemental analysis of AG#Fhe successful formation of thearbamate esters via the reaction of the isocyanate
with the surface hydroxyls can be evidenced by the increased content of nitrogen. (d) Thermogravimetric

analysis of AG4 andompound44.

The morphological evaluation 8iG4 was performed using atomic force microscopy (AFM)

(Fig. 18). Well dispersed papkke carbon sheets were observed, with size ranging from

hundred nanometers (nm) to several micrometers (um). shoul d be noted that
weldl spAGisdhedet s, many small dots can be detect
by vyell ow i ﬁ)v.er'lthaej heiigmtgl @ef t he3enmhot whi ch ob

could be ascriti pledchai nheatnadamlaed on the surf ac
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Figure 18 AF M i maAGdat odli fferent magni fications. I n order to

hei ght prAG4 ¢ arsonofsheet s, several areas wer e randoml

3AFM imaging was carried out Andrea SchulResearch Center for Electron Microscopy and Core Facility
BioSupraMol, Free University Berlin, Germany).
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functi ofodl iadatmamr y | chain AGAcrséa axce dmMadgd ipapEo)ni ch e e f
can be easily observed, with dewsertse séwversalr amigdi mgméd

severe aggregated sheets remain observed (c) (the er

Synt héA\Gdwaesd col |l ected at di fferent speed of
eval uati on wa stracsm@ission ededronomictoscapy (TEM). Similar results

were obtained as found in AFM studies, confirming paper like carbon surf#@4ofFig.

19).

a) b) . . c)

d) e) f)

h) s i) i

(-

o

Figure 19 TEM i magesAG@tobhempt ed by doarftfreirfewng atsipoerne:g r(ea i pi t
portion coll ect edofaft -cd)fh eX 0m0eGh Jrrpind, O O acit p mBr@ @@ t ( b m.

2.2.4 Assembly of the supramolecular ManCD@AG4 (49) derivative and its
characterization
Supramolecular functiohiaation is widely recognized as a convenient strategy for

constructing various glycodendrimers which are used to detect the binding events and to

* TEM imagingwas carried out by Dr. Christoph BéttchdRegearch Center for Electron Micropgaand Core
Facility BioSupraMol Free University Berlin, Germany).
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explore the aspects of fundamental multivalent GPI1s°?®* The synthesis of
ManCD@AG449 was carried out by mixing the guest molecule Adpdl the host ManCD

in DMF as cesolvent and was subsequgntransferred into watefFig. 20a) After
centrifugation at 12,000 rpm (twice), the sediment could be readily dispersed in water with
considerablestability (0.83 mg/mL AG4). Under identical conditions, A@decipitated
during the dispersion in water. Timaproved solubility implied the formation of hdguest
complexes that had been retairadthe interfacedue to the high binding constari,§

bet ween t he adGDmmiety K+ 10aMT)F Thehuse obManCD increases
further the water solubility of ManCD@AG4 complex resulting in homogenous complex
formation as compar eCD@QA®4 60) (Fiopi2dbecd sol ubi ity o

Nh ot g8 e

Puaten ~ NS @
T .w‘\%&fw.'
Lol 1\
Y. L
Rt S
0 P T
& o oAl ManCD
O
p 24

ManCD@AG4
b)

©)

Figure 20: a) Schematic representation of hgaest seHassembly. Solubility test of ManCD@AG4 and
CD@AGA4: Photographs of b) ManCD@AG4 and c) CD@AG4 dispersed inQiNater.

The surface morphology of scaffodanCD@AG4was further investigated using AFM.

The AG4 height bearing the adamangybups was approximately2nm, where insertion
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of host moleculéanCD, resulted in an increase in height of the ManCD@AG4 complex to
4-5 nm (Fig. 214). Computer modeling studiedso revealed that the height of ManCD was
approximately 1.2 nm in support to obtained AFM data (Fig. 21j, k). Alscatiw of ID/IG

for ManCD@AG4 found the same from the Raman spectra as for(RiG417b) even after

the complexation.

> - ... o
& P 4
300 nmh* '\',

Figure 2. AFM hei gd(ta )i nmafgesampl e ManCD@Po@&4t ipnrge poafr esdo | buyt i sopni
AFM data, the height of ManCD@AGA cemparitsenraingle D
ManCD @A G4, the increased height i s acraolucnudl at enm,h ewlyil
ManCEK)(jcal cul ated by CaChe program at the AM1 MOZYME
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Figure 22: Schematic representation of dissociation of ManCD@AG4 upon addition of AACNa.

Effective dissociation of ManCD@AG4 hegtiest complex was achieved by addition of a
competitiveguest such as AdCNa to the solution that leads to the disruption of inclusion
complex. As described, the hagtest inclusion complexation between ManCD and4AG
enabled the binary system to dissolve in water giving-asdémbled ManCD@AG4
scaffold. The addition of competitive guest AdCNa to the-astembled ManCD@AG4
scaffold precipitated the AG4 by complexing with ManCD groups (Ma#@DBNa) (Fig.

22). For each batch of ManCD@AG4 scaffold, the carbohydrate loading efficiency was
approx. 16% and the final concentration of ManCD in the system was determined to be 98.1

UM as determined by sugar quantification (Evemental Fig. 37)

2.2.5 Characterization of carbohydratelectin binding study of ManCD@AG4 using
microscopic techniques
The developed multivalent 2D ManCD@AG4 scaffold was studied for its ability to bind
mannosespecific E. coli adhesin FimH of type 1 pili. Type 1 pili are filamentous
proteinaceous appendages that extend from the surface of manpepgative organisnfS>
Two stains ofE .coli were used; ORN 178 expressing FimH that specifically binds to
mannose residues and ORN 208 which is unable to bind mannose due to a mutation in the
fimH gene®’ Multivalent binding of mannose residues in nanostructures vifttHFn E.
coli ORN178 resulted in agglutination and/or inhibition of motility of the bactfia.

Initially, the E. coli agglutination assay was carried out with Man@AG4 scaffold and the
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aggregates washaracterized using TEM microscopy (Fig. 23d). In disparity to previous
0D 82and 10% scaffolds that induckagglutination, synthesized Man@AG4 scaffold
resulted in wrapping thi. colidue to its 2D surface.

Figure 23 : (a) Visible aggregate formation after 1 h incubation of ORN208 and ORN178 with ManCD
TRGO400 at room temperature. (b) Overview TEM image @amn5of ORN208 and ORN178 with ManGD
TRGO400. (c) Higher magnified images at 500 nm anenil of ORN208 and ORN178 ith ManCD-
TRGO400 respectively. (dPRN178 with ManCBTRGO400 respectively(e) Enlarged domain for TEM
image in d).

The TEM images clearly show that ManCD@AG4 binds Ehesoli ORN178 strain (Fig.
24c). Several rodhaped bacteria were tightly wrappedtbgse shedtke scaffolds, which

indicated strong, multivalent binding. The visible shape of the pili at the external shell of the
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aggregates (Fig. 24e) provided evidence that the entrapped objects were bacteria. Also, a tilt

series were recorded undemtldl o s e conditions <collecting i1 mage
increments having difference of 8° between two stereogenic images (Supplementary Fig.18).

This finding is consistent with the surface morphology observed in a &ngldi (Fig. 24b)

as well aswith the localization pattern of FimH protein along type 1331li.

Figure 24: TEM images of the supramolecular carbohydfatectionalized graphene derivative for bacterial
capture: (a) ManCEAG4 scaffold, (b) ORN178E. coli and (c)E. coli agglutination incubated with
ManCD@AG4. The dashed yellow circles outline the captured bacteria. The inserted figure shows the different
responses of the ManCD@AG4s after respectively addinmpli strain ORN208 and. coli strain ORN178.

The photographwere taken an hour after incubation at room temperature. No staining agent was used in figure

24a and for figures10b 1% uranyl acetate solution was used as staining agent.

The specificity of the interaction and binding capacity of scaffd@nCD@AG4 was
assessed with the mannose binding FimH receptor on the bacterial surface. In contrast to
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ORN178, the ORN208 strain expressed abnormal type 1 pili that do not bimghBose.

Both strains were stained by fluorescein isothiocyanate (FITC) to monitageglitination

by fluorescence confocal microscopy (CLSM). Incubated mixtures of ManCD@AG4 and
ORN178 produced a strongly fluorescent cluster where the bacteria were (Bogina5)
whereas no apparent binding of ManCD@AG4 to ORN208 was deigite®%). Due to

the large interference contrast between graphene sheets and bacteria, the location of
ManCD@AG4 in the cluster could be easily distinguished in the merged form of CLSM
images. The merged form combines the fluorescent image and transmitteichfghet by
software processing. The black species (assigned to ManCD@AG4) existed randomly within
the agglutinated area of bacteria shown in the insert of (Fig. 25a), which indicates the
agglutination of bacterial cells was due to the bilateral interacfldv@ macroscopic
observation further supported the CLSM data that the precipitation of graphene sheets only
occurred in the case of ManCD@AG4 and ORNIFR). 23), which was absent with
ORNZ2O0 8. Aggl ut i nat iCh-functonalzedrTRGCeshedGD@IRGOR b
served as a control to assign the contribution of mannose to the scaffold. Neither ORN178
nor ORN208§Fig. 25ad) strains aggregated in this case. Based on the TEM and CLSM, it is
concluded that ManCD@AG4 selectively bound to the bacterial suviacmannos&imH
receptor interactions and that the heptamannosylated moiety played a determining role for

binding and selectivity.
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a) ManCD@AGA4 + E.coliORN178
8 FIvC

b) ManCD@AG4 + E.coli ORN208

d) CO@AG4 + E.coli ORN208

Figure 25. Confocal laser scanning microscopy images of ManCD@AG4 incubated with ()i strain
ORN178, (b) ORN208 and incubation of CD@AG4 with (c) ORN178 and (d) ORN208, respectively. The
insert in figure (a) is a softwaggrocessed merged image combining figure 11a and its transmitted light form.
The location of ManCD@AG4 in the agglutirmat of bacteria can be easily visualized in the insert. The white

arrows in figure ( apositerhaocardirtgdhmergeyimagehene sheet ds

Following as established protoddf; *”>the average number & coli cells was calculated
contacting each other based on CLSM images as the agglutination index (A.l.) in which, the
capture efficiency was quéfied and the ability of ManCD@AG4, CD@AG4 and the
macrocyclic host ManCD to agglutinate bacterial cells was evaly&igd 26. The A.l.

value of ManCD towards ORN178 at 117 was much higher than for ORN208 without
mannose binding sites (14), as welfasCD@AG4 with ORN178 (18) and ORNZ208 (16).
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Without the assistance of the graphene scaffold, the marfursyionalized macrocycle
ManCD only slightly induced agglutination (17), which clearly reflected the benefit of the
2D large flexible carbon surfador capturing pathogenic cells.

140+
120

1004

60

404

wllnnn

ORN178 ORN1T8 ORN1TS ORN1TS ORN208 ORN208
+ + +

Agglutination index (A.1.)

* -
CD@AG4 ManCD@AG4 ManCD ManCD@AG4 CD@AGA

Figure 26: Agglutination ability ofManCD@AG4, CD@AG4 and ManCD with. coli strain ORN178 and
ORN208 respectivelyThe agglutination index values were determined by confocal microscopy intage
the insolubility of AG4 in aqueous medium, it was not included in the comparison.

Multivalent binding and the responsive release of captured bacteria by scaffold
ManCD@AG4 toward<. coli were determined using @ompetition experiment: FITC
stainedORN178E. coli was ceincubated with varying concentrations of the monovalent
bi nder :-p-manmnopyyahosidé (MBlan) and ManCD@AG4. The competitive assay
was further evaluated by a fluorescence +eaidafter reaching the equilibrium. Free methyl
Ub-mannopyranosidat concentrations up to 2000 times of ManCD@AG4 concentration
had little effect on the agglutination of ManCD@AG4 to bacteria: ~20% of captured bacteria
were released. However, the competitive release of capRiredli from ManCD@AG4

was induced by addition of sodium adamantane carboxylate (AdENg)27). Monovalent
binding between cyclodextrin and the adamanty! unit, the addition of excess AdCNa to the
systemwas more likely to result in ~50% release of the captugedoli. The competition
assay clearly showed that multivalent ManCD@AG4 bound FimH at leastf@@Obetter

than monovalent mannose.
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Figure 27: Release effect of the capturBdcoli strain ORN178 upon addition of a competitive guest. The top

dashedine is the original fluorescence intensityfcolibefore adding the competitive guest.

Considering the potential infrarebsorption properties of TRG, the scaffold was
utilized to selectively desoy the capturedbacteria via a photothermal effect. The captured
E. coliin ManCD@AG4 (AG4 in 0.83 mg nil, incubated for 1 h) were irradiated in the
NIR (785 nm) range and 0.5 W &nfor 10 min (Fig. 28&). During irradiation, the sample
temperature gradilly increased to 70.9+1.49Fig. 28b,c).
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Figure 28: (a) Schematic illustration of ManCD@AG4 under NIR irradiation causing the death of captured
coli. (b) Thermal image of ak. coli sample incubated with ManCD@AG4 under NIR laser irradiation (0.5
Wicnt). After 10 min, the temperature of irradiated spot reached 70.9+1.4°C. (c) Temperature evolution
profiles of theE. colisamples with and without ManCD@AG4, respectively.

After irradiaion, the bacteria were spread on the agar plates to characterize the cell viability:
The abundance dE. coli colonies on the agar plate indicated the amount of living cells.
After irradiation, the agar plate contained almost no living bac(Erga 29). In a parallel

experiment without IR treatment, living bacteria could be seen in large bacterial colonies
(Fig. 293.
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E.coli without irradiation E.coli with irradiation

Figure 29: Images ofE. coli colonies captured by ManCD@AG4; (a), and (b) and with control compound
CD@AGH4; (c) and (e) on agar plate.

According to the World Health Organization (WH&8JE. colibacteria can be destroyed by
thoroughly cooking foods until all parts reach a temperature of 70 °C or higher. Neither
ManCD norE. colican expose enough IR absorption to elevate the surrounding temperature
(both aqueous solution of ManCD aBdcoli haveno absorption at 785 nm). Therefore, the
bacterial killing effect here can be ascribed to the unusuabB®rption mechanisraf
TRGO, which leads to generate high temperature to disinfedt tleeli. In a diluted sample,

the bacteriostatic efficiency waletermined at > 99¢Bupplementary Fig. 35 and 36)

2.3 Conclusion and Outlook
Novel, multivalent sugafunctionalized graphene sheets that selectively bind an#.kdbli
were designed. A hosgfuest inclusion complexation between heptamannosyléted
cyclodextrin and adamantyl attached to the graphene sheets helped to enhance water
solubility of carbon sheetdn this way, the synthesized cyclodextgraphene conjugates
were optimized by performing bacterial binding assays which were characterized by
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microscopic techniques (i.e. CLSM, TEM, and AFMhe addition of carbohydrate via a
supramolecular binding afforded the carbon materials to agglutihateli bacteria. The
multivalent interactions were responsible for cell agglutination. The aggiotinability of
graphenebased 2D sheets greatly exceeded those of pure ManCD due to a large interphase
with theE. colibacteria. The supramolecular linkage at the interface of graphene allowed for
the controlled release of the captured bacteria througladhition of a competitive guest,
such as AdCNa. Considerimgumber of sugamodified cyclodextrins are availabi® this
systemcan be further extended to endow the graphene surface with more different
functionalities which can beirectly applied in the design of molecular and macromolecular
biosensorsThe unique thermal Habsorpton properties of TRGO enable targeted bacterial
killing upon IR-laser irradiation. The integration of multivalent, supramolecular binding on
graphene also provides a new strategy for the design of functional materials for filtration in
healthcare and enwinmental protection.
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2.4 Supplementary Figures
S1AFM images of adamantytfunctionalized TRGO750 sheets (AG7)

d)

~2.2nm

2.0 c) » »

Figure 300 AFM I magepr egarAé&cd at di fferent magnification.

't is much eas-d1 eketdl At ndat benpla8p)ePtte ©e 6thev
fewer number of hydr oxwlr ftghcee yAG7 oma rtthen gs hget
fewer defscasb¢mprand | ess distortion. Accord
more flat than that of AG4. The reduced rough
of the height profil es. The derivation of sur
Agai nmany small dots were also detected on the
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calcul ated by CaChe program at the AM1 MOZY
further confirms the 1shrad |t hdeostds i andoasneas nvieydl i n

SBSurface c¢har Man€CDEAGAVWTEM o n o f

Figure3: Mor phol ogy investigati.on of ManCD@AG4 by TEM
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S3Demonstration of dissociation of ManCD@AG4 complex

demonstrating the cofmpl exatio

guest AdCNa (100 eq.), the ManCD is occupi
the dissociation of ManCD@AG4 r e

on the graphene surfac

Figure 32 Cont r ol experiment
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S4 E.coli capture effect by sugarfunctionalized graphene derivatives:
Visualization ofE.coli strain ORN178 with ManCDAG4 by stereoscopic TEM
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c)

Figure 333 aE. cotliai n ORN178 incubated with ManCDAG4 which i
TEM 3D stereoscloyidei mhgeesogrsame at an 8U Eviceow iangl e.
strain ORN178 hi MawnlCdDtA&d . wThe bacterium is wrapped insi
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S5 Confocal laser scanning microscopy observation oE.coli strains with
ManCD@AG4 and CD@AG4 respectively

b)

Figure 3¢ a)Conf oc al | aser scanning microscopy i mages for
E. cotlriain ORN178 (top row)ban€oonf o O&N2D8sébostamnriow
for the incubation B.fco@ib@AG4(ARINILIVr8bva) ta@&emd aof ORN208

The selective capture effect is highly reproducible

25) .
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S6 E.coli killing effect by NIR laser irradiation with sugar -functionalized

graphene derivatives

a) E.coliORN178
without NIR-i tati

d) E.coliORN178 + CDO@AG4
without rradiation

Figure 35 Compar i son of E.pdaodtlioognriaepsh si notfer a<c) i Man@D@AG4) dpne
CD@AG4 without (left) and with (riBgheadrdliNl REa)@aslkandi rr ad
incubated with CD@EG4wi(tdh , Mame@D @A ®4atdn otfhe agar pl ates
reduced due to the 10 min NIR laser irradiation (785 |
diluted mode, t he kwalsl idgr ievefdi cirrommyt membef ony countii
ef ficienkE.yciadoiwa r9a® 9.
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E.coliORN1 78 + ManCD@AG4 (after 9 days)

Figure36 Eval uation of the Il ong term inhibiEIi omdropfl egr owt
(interacting with ManCP@AGdhoniThe whoneougbhkhepmestioéd mmph
which have been kepE. @RML78C ifncubate@daywithka) ManCD@A
treat mMEnec@RMNoL)78 i ncubat@AG4wi wiht hMaMICR®D tr eat ment . It [
radiation is Bbteend oondiysi3n8f eccotl otnhieEs cgwbkave fgulolwna n Htohwe
pl ate without NIR radiation.

71



2 Supramolecular Carbohydrate -Functionalized Graphene Derivatives

2.5 Experimental Section

2.5.1 Generalmethods
All reagents were procured commercially and used as supplied without further purification.
Anhydrous solvents were either used from a dry solvent system (jcis@lyent system) or
as purchased. All glassware was owdered before use. Analytical thin layer
chromatography (TLC) was performed on Kieselgel 60 F254 glass plateoaed with
silica gel of 0.25 mm thickness (Macherdgagel, Diren, Germany). Flash chromatography
was performed onFluka Kieselgel 60 (0.08.063 mm). TLC chromatograms were
visualized either by UV irradiation or by charring the TLC plate dippedammonium
molybdate/ cerium (IV) sulfate solutisnNMR data were obtained on Bruker ECX 400
MHz, Jeol Eclipse 500 MH2/arian 400 MHz, Varian 600 MHz, arsruker AVANCE Il
700 MHz NMR spectimeters, FTIR spectra recorded on a Nicolet Avatar 320RFT
spectrometer. UV/Vis spectra recorded on a Varian Cary 50 Bio UV/Vis spectrophotometer.
Thermogravimetric analysis (TGA) of samples were performed on TGA/SDTA 851
(Mettler/Toledo, Gielsen, Germangt temperatures varied from 30 °C to 700 °C using a
heating rate of 10 K mih(with purge gas flow of 20 mL mihnitrogen). Mass spectra were
obtained using an electrospray ionization (ESI) interface on an Agilent LC/MSD TOF
system. The AFM measuremsnthave been performed using a Nanoscope Multimode V
(Veeco, now Bruker AXS, Mannheim). All images were flattened previous to height
analysis using algorithms contained in the software NanoScope version 1.5. Tip convolution
makes lateral dimension analydifficult. Measurements were performed in laboratory air at
room temperature. The microscope was operated in the tapping modARWIV using
silicone probes, PRRCL-R (NanoAndMor GmbH, Wetzlar), SND and SNLA (Bruker
AXS GmbH, Karlsruhe) under ambienorditions. The cantilever was forced to oscillate
near its resonance frequency. The samples were prepared by spin coating (Spin Coater SCV
2) at 5.000 rpm for 300s on freshly cleaved mica.
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I.  Preparation of supramolecular inclusion complexes ManCD@AG4 £id@AGA4.
AG4, 0.5 mg (Bdamantyl uni= 0.217 pmol) was dissolved in 200 uL DMF with the assistance
of ultrasonication (10 min). After that, 1 mg ManCDg{Riodextrin UNit = 0.371 pmol)
dissolved in 200 pL MilkQ water was injected into the solution of AG4e mixtures were
sonicated for 30 min to aid the complexation proc&be. sample vial was left for 16 h at
ambient condition before the addition of 500 pL waldre DMF and excess ManCD were
removed by centrifugation for twice (12000 rpm, 10 min). The final centrifugal precipitation
was collected and suspended in 600 pL water, affording the supramolecular carbohydrate
functionalized graphene ManCD@AG4. The pgamation of CD@AG4 was carried out
under the identical p r-ooyt olcaod ¢ x terxicre p(tb @B,i n@. 3

Il. E.coli microscopy experiment and proliferation assay

E.coli strain bearing a mannce$&énding protein (ORN178) and a mutant strairkiag the
mannose binding domain (ORN208) were grown at@1 LuriaBertani (LB) medium (5
mL) to an ORgo of ~1.0 (1x18 CFU/mL). For different assays both strains were washed
and appropriate dilutions made in phospHaiffered saline (PBS, pH 7.4). LBedium was
prepared dissolving 10 g Baetyptone, 5 g of yeast extract and 10 g of sodium chloride up
to 1 L in deionized waterautoclavedat 121°C for 15 minutes, cooled down at room
temperature and used further for experiments. All the chemicaéspmechased from Roth.

[I. Confocal laser scanning microscope (CLSM) images.

A solution of either ManCD@AG4 or CD@AG4 (10 pL, 16.33 puM) was coated onlpoly
lysine slide (MenzeGlaser, Germany). In order to avoid dust contamination, the slide was
kept in slide cover box at room temperature and further stored at 4 °C overnight. The
fluorescent dye (Fluorescein isothiocyand®€l C)-labeledE.coli strains were prepared as
following: 100 pL of a FITC solution (1 mg/mL) was added to the 2 mL solutid.cdli

strain ORN178 or ORN208 (1CFU mL™") in PBS. The mixture was incubated4&iC for 1

h and washed three times with PBS. 10 yL Fl&BeledE.coli were added on coated slide

and incubated at 37 °C for 1 h. The cells were washed three times with PBS and then

visualized on a confocal microscope LSM700 (Zeiss, Leipzig, Germany).
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IV.  Transmission electron microscopy (TEM) images.

Droplets (~5 ¢€¢lL) of ManCD@AG4 sample solutio
copper grids (Plano GmbH, Wetzlar, Germany) and supernatant liquid was removed by

blotting with a piece of filter paper. The gridere allowed to aidry at least 40 min and

were subsequently transferred into the microscope without use of a contrasting-or cryo

fixation step (Note: graphene and its derivatives are known to create sufficient contrast in the

TEM on their own).

V. Releasdhe captured E.coli by competitive guests.

A 27 pL stock solution of ManCD@AG4 (98.2 uM) was diluted with 420 puL by PBS
buffer, and divided into two portions (210 pL for each). Each portion was added 45 pL FITC
stainedE.coli stain ORN178 solution. The riure was incubated at room temperature for 1
h on the orbital shaker with gentle shaking. A 40 pL solution of incubated sample was taken
out and revered for recording starting fluorescent intensity (Fl). After that, one portion of
E.coli captured sample &g injected by 28 uL solution of concentrated competitive guest,
such as sodium adamant i ne -p-maniopyrayosidet(Me ( Ad CNa
Man). The other portion was injected by 20 pL PBS as control. Both portions were further
gently shook on the bital shaker for another 1 h. Afterwards, both samples were left still
for 10 min, and 40 pL supernatant was taken out from the upper layer of sample, and
checked the FI by fluorescence reader. The amount of reldasetl was calculated

according to theariation of FI.

VI.  Near Infrared (NIR) treatment for bacteria disinfection.

The solution ofE.coli strain ORN178 45 pL (OB = 0.3, D10° CFU/mL, in PBS) was

mixed with 255 pL of stock solution of ManCD@AG4 or CD@AG4 (ManCD in 98.2 uM,

AG4 in 0.83 mg/mL). The mixture was incubated respectively at room temperature for 1 h

on the orbital shaker with gentle shaking. Afterwards, each mixture imanediately

subjected to NIR laser irradiation (785 nm, 0.5 Wicfor 10 min at a distance of 1 cm.
Finally, 100 €L of irradiated sample was spre
°C. In the diluted mode, the spreader which employed foradprg 100 pL irradiated

sample was used directly without washing and spread again on agar plate. The control set
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was prepared by diluting 48 watdrand $preddarcagar i a

plates.

VI.L. Determination of t hbeo hayndoruantte oofn aat tgar cahpehde ne

Ant hrone iIis u<sed | Bopampd ponputllae col ori metr i c
car boh3°dramtCOs@A G4, CD@AG4 and AG4 werwat @irsp
(0.5 mL) in an ice bath. A freshly prepared

(1 mL) was added slowly to this solution.
heat edC tfoor8010 mi n. The absor ptdi cant o06f2 0Ot hnem ¢
compared with those that were obtained fron
|l igand on the ManCD@QAG4surface.
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VIIIL. Calculation of agglutination index (A.l.)

According to previlbhe agglutienatpiron oicomdexes (

from 10 random fields of confocal mi croscopic
was indicated by the fl uodggswhrinth iwaenseadgowtf
cel | countin®reofPi wardvemagen 6. 0, tr-ai |l ) . Th
aggregated cell was al Siagr Ad d errd esdd gipm ehng a 10@f r aFg_e

random fields of cesBf O0alQ) miamdstbenic,diecmade t

as.:

Al —— (eq. 1)

I n accordance with the case of ManCD@AG4 and

were calculated. by the same met ho
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2.5.2 Methods of synthetic chemistry

2-Bromoethyl-2,3,4,6tetra-O-acetyU-D-mannopyranoside(35)

Br
HO/\/

AcO— AC BF3.Et,0 AcO— OQAC
aovR - Ay_\oo&g

C (]
OAC  cH,cly, 0°Clort, )
20 h, 85% ~ " pr

34 35

Compound34 (1 g, 2. 56 mmol) was dissolved in anhydrous DCM, followed by the addition

of 2-bromoethanol (0.36 mL, 5. 12 mmol) and the mixture was stirred for 1 h. Then the
mixture was cooled to 0 °C, BEPEL (1.62 mL, 12. 80 mmol) was added slowly drop by
drop for30 min and stirred for 20 h at room temperature undeatiosphere. The crude
mixture was diluted with DCM and water and the phases were separated. The organic layer
was washed with saturated aqueous Nakl@@ brine solution. The organic layers were
comhned, dried over anhydrous PO, filtered, concentrated in vacuum and purified by
silica gel flash column chromatography using hexanes: ethyl acetate (4:6) as eluted. The
desired product was dried under high vacuum to affBd(1 g, 2.2 mmol, 85%). R
(EtOAc/Hexanes 1:1) = 0.5H NMR (400 MHz, CDCJ) 11 5.351 5.25 (m, 3H), 4.87 (s,

1H), 4.26 (dddJ = 12.4, 5.3, 1.2 Hz, 1H), 4.12 (dd#i= 9.6, 4.4, 2.3 Hz, 2H), 4.003.84

(m, 2H), 3.54i 3.48 (m, 2H), 2.17 2.15 (m, 3H), 2.10 2.08 (m, 3H), 2.0% 2.03 (m, 3H),

2.0071 1.98 (m, 3H); LCMS m/z calculated fori§E,7BrNOo" [M+NH4] * 473.2, found

472.0.

All spectroscopic data are in good accordance with the literdfure.

2-Thiocyano-ethoxy-2,3,4,6tetra-O-acetylU-p-mannopyranoside(36)

OAc OAc
AcO o KSCN, DMF AcO o
AcO AcO
AcO > AcO
S 80 °C,12 h, 75% 4
~"pr ~"sCN
35 36
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Compound35 (1.2 g, 2.64 mmol) was dissolved in DMF. Then potassium thiocyanate (1.025
g, 10.54 mmol) was added and stirred at@@or 12 h. The crude mixture was diluted with
DCM and water and the phases were separated. The organic layer was washed with saturated
aqueous NaHCg&and brine solution. The organic layers were combined, dried oy&la
filtered and concentrated in vacuum and purified by flash column using hexanes: ethyl
acetate (3.5:6.5), dried under reduced pressure and high vacuum to give theondimgs

36 (0.85 g, 1.9 mmol, 75% yieldR; (EtOAc/Hexanes 1:1) = 0.43H NMR (400 MHz,
CDCl) 115.331 5.30 (m, 1H), 5.28 5.25 (m, 2H), 4.88 (d] = 1.5 Hz, 1H), 4.31 4.26 (m,

1H), 4.12 (ddd) = 9.3, 5.2, 2.2 Hz,1H), 4.084.01 (m, 2H), 3.86 (dt] = 10.8, 5.4 Hz, 1H),

3.2471 3.13 (m, 2H), 2.18 2.14 (m, 3H), 2.12 2.09 (m, 3H), 2.06 2.04 (m, 3H), 2.00

1.98 (m, 3H); LCMS m/z calculated for £1,3NNaO,S™ (M+Na)" 456.4; found 456.0.

All spectroscopic data are in good accordance with thetitez*°

2-Thioethoxy- 2,3,4,6tetra-O-acetylU-D-mannopyranoside(37)

OAc OAc
AcO o Zn, AcOH AcO o
AcO . AcO
AcO AcO
70°C, 4 h, 83%
) I} O
On"son ~"sH
36 37

Compound36 (0.5 g, 1.15 mmol) was dissolved in glacial acetic acid (75 mL). Then Zn dust
(0.26 g, 3.46 mmol) was added and the mixture was refluxed @ 7 4 h. The crude
mixture was filtered to remove zinc dust. The organic layer was quenched with water (100
mL). Then product was extracted with EtOAc (3 X 50 mL) and dried over anhydrous
NaSQ,. Organic layer was concentrated in vacuum to give crude product, which was further
purified by flash column using hexanes: ethyl acetate (3:7) to geB@{ée4 g, 0.96mmol,

83%) yield. As the thiol is not stable, it is immediately taken to next step. LCMS m/z
calculated for GH2sNaOS" (M+Na)* 431.4, found 431.0.
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Per-a c e t y |-lado-dBdta-cgctiodextrin (40)

|
o) ACzo, Py o
0 0
HO Ho | 1\ ACO—= o

r.t., 20 h, quant. 01\
7

39 40

Compound39 (1.678 g, 0.881 mmol) was dissolved in pyridine (20 mL, 247 mmol) at
ambient temperature. A© (8 mL, 85 mmol) was added dropwise to this mixture and
allowed to stir for 12 h with the exclusion of moisture. Pyridine was evaporated in vacuum
following by coevaporation using toluene. The crude product was purified by silica gel
chromatography usinpCM: MeOH (9:1), dried under reduced pressure and high vacuum to
give the corresponding0 as quantitative yield. RMeOH/DCM 8:2) = 0.5;H NMR (400
MHz, CDCl3) 05.351 5.28 (m, 7H), 5.19 (d] = 3.8 Hz, 7H), 4.82 (dd]l = 9.8, 3.7 Hz, 7H),
3.837 3.77(m, 7H), 3.74 (dJ = 11.3 Hz, 7H), 3.60 (dd] = 10.6, 6.6 Hz, 14H), 2.08 (s,
21H), 2.05 (s, 21H)*C NMR (101 MHz, cdg) U 170.57, 169.34, 96.46, 80.47, 70.37,
70.17, 70.03, 20.75, 7.96; HRMS m/z calculated fesHgiNal;O4> (M+Na)" 2514.8190,
found 514.8174.

Hepta-(1-4 ) [ 208acedykb §2-ethoxy-(2S,3R,4S,5R,6S2-(acetoxymethyl}
tetrahydro-2H-pyran-3,4,5triyl triacetate (41)

AcO
| 37, Cs,CO5, Acoﬁ%
1[ % o N
0 0
- N
A S
co AcO

O]L rt., 72 h, 40% J[ %
o)
AcO ACO
°}
40 41 7

Compound37 (0.46 g, 1.12 mmol)n DMF (10 mL) was added to compoud@ (0.20 g,

0.08 mmol) and cesium carbona{8.36 g, 1.12 mmoland stirred at room temperature for
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2 Supramolecular Carbohydrate -Functionalized Graphene Derivatives

72 h.The organic layer was quenched with water (50 mL). Then the product was extracted
with EtOAc (3 X 50 mL) and dried over anhydrous.8i@,. The organic layer was
concertrated in vacuum to give crude product, which was further purifiecilza gel
chromatography using DCM: MeOH (8:2lried under reduced pressure and high vacuum to
give 41 (0.14 g, 0.03 mmol, 40%).{RMeOH/DCM 7:3) = 0.45'H NMR (400 MHz,
CDCl3) 0 5.3271 5.19 (m, 28H), 5.15 5.03 (m, 7H), 4.89 4.76 (m, 14H), 4.29 (dd, J =
12.3, 4.2 Hz, 7H), 4.17 4.01 (m, 21H), 3.91 3.65 (m, 21H), 3.3% 2.97 (m, 14H), 2.96

2.76 (m, 14H), 2.14.95 (m, 126H)**C NMR (100 MHz,CDCl;) 1i170.21, 170.16, 16984
169.43, 169.28, 169.03, 97.25, 96.65, 78.86, 78.54, 71.86, 70.57, 69.99, 68.98, 68.62, 68.18,
65.47, 61.80, 33.75, 32.43, 20.46, 20.37, 20.30, 20V, DI -TOF m/z calculated for
Ci8H25:011557 (M+K) * 4495.4338, found 4495.640.

Per-mannosylatedbeta-cyclodextrin derivative (42)

OAc OH

AcO HO
AcO NaOMe, MeOH HO |
s
0 0
ACO—= 1o HO HO
°}
7

41 42

A solution of compound 1 (0.196 g, 0.04 mmol) in anhydrous MeOH (10 mL) was treated

with sodium methoxide (55 mg, 1.02 mmol). The reaction mixture was stirred for 30 min at

room temgrature followed by evaporation of the solvent. The residue was dissolve®in H

(20 mL) and the solution was neutralized with Amberlitell® ionexchange resin, filtered

and concentrated in vacuumh e crude product was f u2d her pur
gel chromatography using ultpure water to givet2 (50 mg, 0.02 mmol, 42%) as white

fluffy solid. '"H NMR (600 MHz, BO) 1i5.15 (s, 7H), 4.92 (s, 7H), 4.103.63 (band, 70H),

3.57 (d,J = 8.4 Hz,7H), 3.37 (d,J = 12.7 Hz, 7H), 2.99 (dl = 7.0 Hz, 28H)**C NMR (100

MHz, D,O) U 103.80 (Ganomeric), 102.47 (@nomeric), 86.88, 75.41, 75.12, 74.42, 73.42,
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72.77, 69.74, 69.10, 63.45, 36.63, 35.0.RMS m/z calculated for §gH168070S; (M+Na)”
2711.7523, found 2711.75234.

1-((3s,5s,7sAdamantan-1-yl)-3-(2-(2-(2-aminoethoxy)ethoxy)ethyl)urea (44)

o}
NCO

T |
HNT "0 T2 HNT S O~ NH2
H

CHCI3; 0°Ct020°C, 16 h,
80%

43 44

I-Adamantyl 4i3s®&6¢G amagt e5 mmol ) was( 1dd smlo) vedd
added dropwi et -@efaylseodadiimny ) bi s(et hyl ami ne
chloroformd (6. mLhe asuspension wasr eddtrirem
mi xture was washed t hr eaendt itnhees pwiotdhu cwa twears (
hydrochlwolruttil@®@i shL s1 M in water). DbDhei hiigeéo
by addition of sodium hMdraoxiwhea es 9o | utainadn s(
extracted three tiMmIs10v trL)d.i chH o r oowelriemeadc
dried wmtbBubsbdie and filtewasd,r amavedeumdderh
pressur e. Recrykeaptodati ohrom dpi csdigeesopy | (
colorless crysit AMR (P06 MIBzBBBYEI, 1 Hz, 1H),
(s, 1HB,58. 6mMm,132H)6, (3M,5RI4) 103127 5(ddlJHz, 1H)
5.0 Hz, 1H), 2.44 (95 2HY, 6 HA, 93HESNMRGO1QS8,
MHz, gWbDiIcd37.89, 77.42,337.26,886.90, 03, 69. 95
39.73, 3 6 HRAVI® , m/z Z&lculédd ;fof MH]" C; Hs N3Os, 326. 2438, f
326.2438.

1-((3s,5s,7sAdamantan-1-yl)-3-(2-(2-(2-isocyanatoethoxy)ethoxy)ethyl)urea (45)

o o

JL o o o >< J\
O NCO
HN NSO g NH: XOXOAOAO HN H/\/ ~ N
H

CHCI3 20°C,0.5h

44 45
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2 Supramolecular Carbohydrate -Functionalized Graphene Derivatives

Dit ebut yl triemg,bonxws edDmol ) was dissoldvded in c
(128.2 mg, chd9brOGmolrm i(M mL) weschdodedmaxkt ape!
stirred for 30 M5S5SAheéoi yoUeSyan awswecdy achiarteect | 'y f o
reaction withotit NMRYy (pODiMiBe a®COE] (m,i 6H), 3.
3.51 (m,i32HO0, (3m,442H), 3.35 (3 RH) ,HZ2,. 0BH)(,s,1
(s, 3H) .

Synthesis of GO)ahd50RGO®ZDP0 (46

TRGO was pr odsutceepd prno cae dtugoea pshiiatre.i nAgt wliitrhst 1
oxide (GO) was preparaecd obrydi onmxgi deat itchne onfe tghroadp ho
Of femBnaph6®eg) was stir,6@@dl1i4 lkonaentoamedtem
and Na&aBO g) was added. The amdx tKignmle&3 Ow ags) cwoaosl e

added over 5 h. The reaction mixture was allo
2 h. The reaction was gmenthee bwntpourciengvat le
addi 0g9( 3H0, 200 mL) . The GO was filtered off,

then with water wuntil no AgwWads pacecdeg¢gitat dt &h
puri fied cchladrdit eea Afgraecnee s€O0Odmwiaed i n vacuum at

powdered (60 mm mesh) by a ball mi | | ( Ret sch,
the second step, GO was thermally redBuced at

and TRG&Oy 5M0egpectively. TJRGOd 489/ 2501 wak pbwd
|l ow bul k density.
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Synthesis of AG4 (48)

N
HKL (O HN 0
0 S IO*
o
o \o 2 9
JL T w
HNT SO~ NCO ;I\HO:< O NH
H % 70 O 0O
- [
1 I o
Zr(acac),, CHClg,
45 40°C, 73h ) HN\QO ,_"\‘OkooHN
foﬂ ° ¢ 1o
OH OH OH o o} S S
A A i ! o
L HN o At
OH OH OH J NH
TRGO O<NH O)\NQ

For the preparation i A&4 Hevals) nsgu sTpRGQ40d0 i (r
dry chloroform, and was consequen4dq $9) meat e
and %Zi mgolnV)umadet yZlra(cagctawatcat al yst i n chl or
mi xture was stirred under argon for three d
of f and washed several times with chlorofor
48
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3. Automated Solid Phase Synthesis of Lipoglycans from

Mycobacterium tuberculosis

3.1 Introduction

3.1.1Mycobacterium tuberculosis
Tuberculosis (TB) is one of the top ten causes of death in the world. Approximately 10.4
million new cases were estimated worldwide in 2015, out of which 56% were men, 34%
women and 10% children. In 2015, 480000 cases of mujtidrsistant TB (MDRTB) and
100000 cases of newly eligible rifampiaiesistant TB (RP'B) were registered. As
estimated in 2015, 1.4 million died due to TB alone and 0.4 million people died of TB in
HIV-infected people (Global tuberculosis report 2016).

Mycobacterium tuberculosi@MTB) is the causative agent of tuberculosis and was first
observed and reporteoy Robert Koch in 1882MTB, a highly aerobic Granrpositive
bacterium, primarily colonizes the mammalian respiratory systdma.bacteria are spread

by cough or sneeze from a TB infected person, transformed into droplet nuclei and
transmitted to healthy individual s, i nfecti
nuclei is engulfed by alveolar macrophages of the lungs by phagocytosis anédxigell
apoptosis and autophagy, causing either latent TB, with controlled bacterial growth, or
active TB, by multiplying bacteria in macrophages and infecting other parts of thé'body.
The current available vaccine against TB is aenaiated strain dflycobacterium bovis (M.
bovis) which was first developed and tested Alpert Calmette (1863933) and Camille
Guerin (18721961) hence known as BC&? Current accessible drugs for active TB are
isoniazid, rifampicin, ethambutol, pyrazinamide, and streptomycin which are given either for
two months or four months tan infected person (WHO 2009). If the patient does not
respond to these drugs, the patients results into MIBRSuch highly pathogenic bacteria
possesses unusual lipid rich cell wall, which is a characteristic feature of the
Actinomycetaeae family including other Corynebacterium, Mycobacterium, Nocardia
genus’
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3 Automated Solid Phase Synthesis of Lipoglycans from MTB

3.1.2Cell wall of MTB
The cell wall of MTB comprises the mycolyarabinogalactarpeptidoglycan (mAGPS)
complex and other necovalently attached lipids such as, glycolipids, glycophospholipids,
glycopeptidolipids, sulfolipids, and sulfoglycolipi@é: ?*> Among these lipids, mannose
rich glycophospholids having common phosphatiahylo-inositol (Pl) anchor are considered
the most important class of glycolipids for cell wall function and for -pagitogen
interactions. Some of these glycolipids are phosghiatiositol mannosides (PIMs),
lipomannan (LM), and lipoarabinomannan (LAM). The biosynthetic relationshipl &f
PIMsY LM Y LAM has been studied biochemically and geneticdfig*® The PIMs are
attached d the inositol moiety glycosylated with two (PiIMor six (PIMs) mannoses. LM
and LAM contain a |-ohg6pol iymke dpmadheawithe of M&n
furtHery2) br anapproximgtely Z0n atabinofuranoside (Afa residues
respectivet (Fig. 38).22> 2? Mycobacteriumspecies includindV. tuberculosis M. leprae
M. kansasiiand M. smegmatigpossess a similar mannose backbone. IML#he non
reducing end of t he( Mm%Brifesdee andshis@arabingnecioainisi t h U
further br g BcYibe d | ifimesidudsy BM and mannoseapped.AM
(Man-LAM) play a crucial role in hospathogen interactions including T-ikke receptors

(TLR) signaling and @ype lectins binding respectivety? *>°
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Figure 38: Schematic picture of the cell wall &f. tuberculosisconsisting of phosphatidylinositol mannosides
(PIMs); lipomannan (LM); lipoarabinomannan (LAM).

The cell wall enables the bacteria to invade, infect, survive and circulate within the human
host?*® #22The first line drugs isoniazid and ethambutol are known to inhibit the mycolic
acid and the biosynthesis of arabinan respectively, which brings attention to the
mycobacterial cell wall as a potential drug targét®** Considemg the pathogenicity and

the increasing TB resistance properties of MTB there is an overwhelming exigency to

develop desiredB vaccines.

Until now many attempts have been reported for solution phase synthesis of these cell wall
components. Seebeger anohveorker$®? #2* 225accomplished the first total synthesis of
PIMs 57 together with a library of arabinomannan oligosaccharides fragments. A [6 + 6]
glycosylation strategy has been employed for the synthesis of the dodecadacdhari
arabinomannan57 (Scheme 7a) . Condens-a1 Y-enked foagments of
hexamannosid&5 and arabinan imidat®6 was accomplished usirntgrt-butyldimethylsilyl
trifluoromethanesulfonate (TBSOTf) as promoter affording the target molé&&uldhe
reducing end of the fragmebb was implemented with a thiol linker for further attachment

to protein carriers or microarray. The hexamannoside dedaras synthesized from three

monosaccharide building block€a 50b and51. The mannose derivatiib was used for
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3 Automated Solid Phase Synthesis of Lipoglycans from MTB

t he f uritYreer ath@i Y2prsiUde chain el5bwaguwadifoon. Bui |
U(1Y6) -(@alnW2)U termi nal cappi B6gvas syhthesized usmd i nosi d
building blocks52-54; the arabinosid&é3u s e d -(fl1or3 )U(alnYd5) br aB4chi ng an
for the arabinan corén an effort to synthesize LAM fragments, the assembly of then@8

fragmentvia a [12 + 16] glycosylation,possessing the inositol, anp and 12 Ara

residues proved to be challengffffTodd Lowary and cavorkers presented the first total

synthesis ofb-Araf containing longer arabinan fragmerig and 56 with an aminooctyl

linker (Scheme7h).??’ This convergent fragment approach involved the use of glycosyl

donors bearing-D-benzoyl protecting group for anchimeric assistance a@esbyl group

as temporary protecting group for the chain elongatidtore recently Hotha and

cowaker$?® employeda goldcatalyzed glycosylation strategy to synthesiams andcis-

1,2 furanoside building blocks exploiting propargyl -by?ho esters while Ito and

coworkeré®® utilized 3,50-tetrai-propyldisiloxanylidene (TIPDS) or NAP protected

furanoside donors for intermolecular glyctaion and intramolecular aglycon delivery

(IAD), respectively. The use of these new accessible building blocks was applied to the

synthesis of structural motifs present in the cell wall of MYB.
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Scheme 7: Reported synthesig\rabinomannan fragments: &8 eeber ger & s synt hesi s of

oligosaccharide%?‘lb ) Lowar y 6 s-Araf gontairting alijearabinan frafgmen%z.7

These are classical chemical approaches to the solution phase synthesis of large and
challenging molecules; however they aszlious and include musiteps reactions and

multiple purifications of intermediate compoundsutomated solid phase synthesis is

known to reduce the time and effort required to gain rapid access to complex strtfétures.

130 157, 231geeheger and eworkers reported the first automated synthesis of linear and
branched oligoarabinofanosides (Schen®.?*? The use of two arabinose building blocks,

60f or( 1¥5) br an6lifiom(@l™¥sn)i |er anching resulted |
and branched target molecul&z65. Easy purification enabled the synthesis of conjugation

ready glycan$4 and65, respectiely isolated in a 63% and 78% yield.
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HO,  JOH HO, _OH
o o
o oH FmocO OOBz W
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o OH 4
o
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O
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64 65
Scheme8:Seebergerds first AGA of oilgofuranosi des.

Recently, a collective effort has been taken by the members of Seeberger, Todd Lowery,

Birch and Jogyroups towards the synthesis of a library of 35 LAM substructures to identify

LAM substructurespecific antibodies. These LAM structures were immobilized on a glycan

array and incubated with human sera from 102 active TB patients, 119 healthy persons and

32 latent TB patients. As the obtained data show broad reactivity towards all LAM
structures, It 0s di fficuldt to differentiate
(Unpublished dafd™ Dr. Anika Reinhardt thesis).

Based on these results we decided to synthesize LM and LAM structures, as these
lipoglycans (LM and LAM), with their diverse chemical structures, represents ayhighl
challenging target for chemical synthesis. Even though some studies of the gross structural
features of LM and LAMs exist, the degree of branching on the mannan and arabinan
backbone and the attachment sites of the arabinan chains on the mannan titire is s
unknown?'* 2°|n order to gain moleculdevel understanding of the role of lipoglycans in
mycobacterial pathogenesis the synthesis of a library of LM and LAM compounds is
pursued. The use of AGA for the synthesis of large oligosaccharides was selected. LM
fragments66-68 and LAM fragment$9-71 (Schemed) were chosen as targets, containing

ei t h(elrY-B3dnp, -(U Y-Brif-l i nked I-(i InYeParManp-ImnkedJbranched
mannose or arabinose hexasaccharide backbone. These structures will help; i) to implement
the library of 35 LAM substructurgzreviously synthesized, ii) to understand the strueture

activity-relationship (SAR) of these large oligosaccharides.
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Scheme9: Lipoglycans 66-71 and 95) containing different (¥ 6)-trans (1Y 2)-trans and (I 5)-trans

glycosidiclinkages selected as targets.

3.1.3Strategy
The linear and branched structures of the LM and LAM were obtained from monosaccharide

building blocks72, 73, 74 and functionalized Merrifield solid suppatusing AGA (Fig.39)
Cleavage from the solid support, followed by purification usingHtNH2.C and deprotection

usingZemplémethanolysis and hydrogenolysis, afforded conjugation ready glycans.
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OBz OBz
FmocO FmocO. 0
BnO Q
BnO SEt
72 SEt B0,

74
OlLev

FmocO

BnO -0

Coupling
Module C -NIS/TfOH and BB

Cbz Module C -NIS/TfOH and BB
{ Module D -NEt or NoH, AcOH

Deprotection

Module D -NEt; or N,H,. AcOH

R?=H R'=H
Bn, Bz, Lev
RO=H R%=H
Fmoc Bn,
R3=H

Module F -Photoclevage
Module H-Global deprotecion

._._._H_’_NHZ
al-6 al-6 al-6 al-6 al- H2

1.5 al-5 al-6 al6 alé ale al-

66
69
al-2 al-2
al-6Pal-6 al6 Hz Hz
al-5 al-5 al-5 al-5al-5al-6 al-6 al-6 al-6 al-6 al-6
07
al-2] al-2 70
NH2
al6 al6 alé al6 al6 alé alé alé al-2fal-2
Hz
68 al5al-s als als al-5 al-6 al-6 al6  al-6
al-2|al-2
H2 7
al-6 al-6 al-6 al-6 al-6 al-6 al-6 al-6 al-6
95

Figure 39: Schematic representation of the target LM and LAM fragment synthesis using the building blocks

and the solid support on AGA followed by cleavage, deprotection and purific@ 'Fom/,lan,*: Araf.

3.2Results

3.2.1Synthesis of Linear LM fragmentU-( 1 Y-®ligomannoside by AGA
Although the synthesiso f | i-@¥e6&lnkedU oligomers (dimer to 30mét} was
previouslyreported using the mannosyl phosphate building biskhe insolubility of the
synthesized dodasaccharide led to poor separation orHNR_C. Further purification by a
magnetic bead labeling saccharide (catelease approach) was required. This purification
issue was solved by using the mannose thioglycosid°revious studies by Dr. Naresh

Kottari (unpublished results) investigated the ideal building block for the synthesis. Building
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blocks 76, 77 and 72 were analyzed (Schemi)). The use of arming protecting groups
(benzyl ethers) resulted in good reactivity and better separation of obtaigesiactharide

from deletion sequences on NPLC.

FmocO 0Bz FmocO 0Bz FmocO OBz FmocO OBz
BzO % BzO 0 BnO & BnO O
BzO BzO BzO BnO
0...0 SEt SEt SEt
BuO’FI)
OBu

75 76 77 72

Schemel(: Possiblemannoséuilding blocks for oligosaccharide syntheses.

Merri fi € dad seleated ss the solid support for the automated assembly of
oligosaccharides following previdysreported result$?® *° The Merrifield resinl was
functionalized with a photolabile linkef8, which acts as first glycosyl acceptor and it is
stable in both acidic and basic conditions (Sché®é* The resin loading was determined

by performing one glycosylation with excess building bl@é&on solid support followed

by DBU promoted Fmocleavage and determination of dibenzofulvene production by UV
absorbance at 294 and 304 fithA loading of 0.37 mmol/g was obtained.

1 — Cl

NO
NO, i) Cs,CO3,TBAI, 2
DMF, 60 °C, NTNTN"on
/\/\/\
'}l OH overnight Cbz
Cbz »
O\/O
OH i)  CsOAc
78 4

Schemell: Synthesis of functionalized Merrifield resin

Li n e a(ty 6)lidked hexasaccharide (hexame$6 was assembled using the
thiomannoside building block2. The G2 hydroxyl group of glycosyl donof2 protected
with permanentbenzoyl groups was installed to enslselectivity. The €3 and G4
hydroxyl group were protected with permanent benzyl etfidre.anomeric thioglycoside
leaving group allows for fast and efficient glycosylation by Lewis acid activaitarhe G6

hydroxyl group functionalized with the temporary protecting fluorenylmethoxycarbonyl

93



3 Automated Solid Phase Synthesis of Lipoglycans from MTB

(Fmoc) group serves for chain elatign of U-(1Y 6)-Manp backbone (Schem#&2). The
temporary Fmoc protecting group can be selectively remeigeal basic wash (BY 20% in

DMF) after glycosylation during the automated synthesis.

H|-(|)o o FmocO ng
BnO
Hoﬁj/
i OH BnO
Automated SEt
Eg&g Synthesis 72
OH —

66 4 Merrifield resin
Schemel2 Retrosynthetic analysis of linear hexasacchasile

The synthesis of the thiomannoside building bl@2lstarted from peracetylated mann@&&e
(Schemel3). Glycosylation with ethanethiol in the presence of boron trifluedidényl
ether (BR.OEbL) yielded 81. Compound81 was subjected to methanolysis using sodium
met hoxi de ( NaOMe) i n -thnmanrosideBa Whickg Gpbrotnreatment g
with benzaldehyde dimethylacetal and-{£camphorsulfonic acid (CSA) in acetile,
afforded the 4,80-benzylidene acetal protected compou® The 4, 60-benzylidene
thiomannoside3 was further protected with benzyl ether usingriadiated regioselective
C-3 benzylation to give34.%*® Protection of € hydroxyl group using benzoyl chloride in
pyridine afforded compoun85 which was subjected to regioselective ring opening of 4, 6
benzylidene acetal using boraterahydrofuran complex and catalytic amounts of TMSOTf
to afford compound6. Installation of baséabile Fmoc at the ® hydroxyl group in the
presence of pyridine gave the corresponding building bi@sk 89%yield.
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OAc BF3.0OEty, EtSH, OAc

AcO AcO
&L\W _AcONaOAc o 0 CH,Cl, s o NaOMe, MeOH
T110°C, 15 min . AO OAc 0°Ctort,16h,80%  AcO rt,1.5h, 87%
quant. SEt
80 81
HO OH PhCH(OMe),, CSA OH i) BuzSnO, MeOH OH
HO&B' CH4CN Ph/%%g i) BnBr, TBAI, Toulene P~} .0 O Py, CHyCly, BzCl
—_—
HO rt., 30 min, 73% HO 70°C, 31 h, 73% BnO rt, 12 h, 72%
SEt SEt SEt
83 84

82

BH3.THF, TMSOTH,

OBz cp,cl, Ho— §B? Py, FmocCl Fmoco—, 757
Ph— -0 o o o
o) BnO —_— BnO
BnO rt,2h, 74% BnO r.t., 1h, 89% BnO
SEt SEt SEt
85 86 72

Schemel3: Synthesis of thiomannoside.

3.2.20ptimization of automated glycosylation conditions
The syntheses of the desired oligosaccharides were carried out using-builbgtomated
synthesizer (Frank Schumacher thasisler preparation). Each glycosylation step was
performed in one cycjaising excess of thiomannoside building bl@ekat-40 to-20 °C, in
the presence of NIS with catalytic amount of TfOH for activation (Module C). Fee C
Fmoc group removal was carried out usingNE20% solution in DMF) liberating the-6&
hydroxyl graup for chain elongation (Module D). The sequence was repeated six times to
achieve hexasaccharid¥. The protected hexasacchari@é was cleaved from the solid
support using UV light in a microfluidichmtoreactor (Module F) (Scheme)12°
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3 Automated Solid Phase Synthesis of Lipoglycans from MTB

OBz
FmocO BnO (o}
BnO o BnO
BnO Module A-12.5 pmol, 4 o 92
SEt Module B BnO o]
Module C-1x6.5 equiv 72 BnO
72
Module D 5 OBz
Module F BnO o)
BnO
‘Cbz OBz

(©]
HO A~ N @ BnO Q
BnO
o Q
4

87

Schemel4: Automated synthesis of linear hexasacchaB@eReactions and conditions: ModuBzAcidic
wash: TMSOTf, CH,Cl,, -20 °C, (2 min); Module C-Glycosylation: 72, NIS, TfOH, -20 °C, (30min),
CH,Cl,/Dioxane (5:1); Moduld-Fmoc deprotection: 20% & in DMF, 25 °C, (3 x 5 min)Module F-post

automation photocleavaged,tCH,Cl,, 25 °C.

In order to optimize the glycosylation conditions disaccha®lwas synthesized using five
equivalents of building block’2 per cycle (0.37mmol resin loading). This resulted in
deletion sequences as shown in Table 1, #@. To improve the reaction outcome, the
synthesis of the dimer was performed with 6.5 equiVvdper cycle resulting in complete
conversion to the desired dimer (Table 1, Higb). Identical glycosylation conditions (6.5
equiv of 72 per cycle) were then applied to the synthesis of the desire hexasac@varide
(Fig. 41). The crude compound was aywd and purified using NAPLC affording the

hexasaccharid@7 in 55% yield over twelve steps.

O~~~ NHCbz
88
BB 72 Products (n=0 to n=1)
5 equiv 23: 77
6.5 equiv 0: 100

Table 1: Deletion sequence ratios were calculated from thedREC trace foi88.
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a) 07 88 with 5 equiv of 72

T T T T T T T T T T T T T T T T

15 88 with 6.5 equiv of 72

L _
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0 10 20 30 40

Figure 40: CrudeHPLC trace of dime88with a) 5 equiv and b) 6.5 equiv of building blotg, respectively.

87 with 6.5 equiv of 72

204

10

[

0

T T T T I T T T T T T T T T T T T T T T
0 10 20 30 40

Figure 41: CrudeHPLC trace of hexame7 with 6.5 equiv of building block2.

3.2.3Synthesis of branched hexasaccharide LNtagment 89
The introduction of-(1Y 2)-branches intd}( 1 Y-fannan backbone was also explored.
Branched structures were assembled using two mannose building Hhakd73. The G2
hydroxyl group of thiomannosidé3 was protected with a levulinoyl (L&wgroup, for side
chain elongation. In order to synthesize the tangstasaccharid89 the following strategy

was followed: first, assembly of the linetatrasaccharide backbor®® keeping the Lev
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3 Automated Solid Phase Synthesis of Lipoglycans from MTB

group intact, followed by orthogonal Lev deprotectiorgiee 91, andsecond, the last two

glycosylation (branches) using doré in one stegdollowed byremoval of Fmoc (Scheme

15).

OBz
OBz OBnOBn

HO o

BnO Qo OH

BnO o OBz
o OBnOBn

BnO (] O

BnO OH

o

O
BnO (o}
BnO

o— OBz
BnO Q
OBz BnO
FEﬁBOS\E Q 89 O~ NHCbz
BnO
OH
O
gng o
n
5 oH Fmoco—, OB%
BnO 0 T eno R
BnO BnO
b oez 72 ggt
BnO Q
0Bz Bno bz
FmocO 920 o~ ~UN
BnO Q
BnO 0,N
o Olev Orthogonal Lev 2
BnO o deprotection
BnO OAO
OLev
BnO o
BnO
OBz
(©]
BnO o
BnO (sz

Automated
Synthesis

72 73 4 Merrifield resin
Schemel5: Retrosynthetic analysis of branched hexasacch8éde

The synthesis of the building blo@i8 was started with intermedia86 as shown in scheme
11. Methanolysis yielded the 3@&b e n z y |-thionmmhosidé92. Protection of @6
hydroxyl group using FmocCl in pyridine afforde@3 in 87% vyield. Finally, the
ederification of the free € hydroxyl group was accomplished witkvulinoyl chloride
giving building block73 (Scheme 16
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Schemel6: Synthesis ofhiomannosid&3.

The automated assembly of the desired hexasaccharide was performed following the strategy
described above. First the linear tetrasaccharide with terminal Fmoc group intact was
assembled. Following removal of the two Lev protecting groups, thévd Y-Branches

were simultaneously introduced using building blogk with module C* in a double
glycosylation (2x6.5 equiv). Removal of the three remaining Fmoc protecting groups was
carried out simultaneously. Each glycosylation was performed using 6.5 equiv of
thiomannoside building block2 and 73, at -40 to -20 °C,in the presence of NIS with
catalytic amount of TfOHor activation. Successive Fmoc and Lev group removal was
carried out usingt:N and hydrazinecetate respectively (Module D and E). Following UV
cleavage from solid support and further purification from deletion sequences, the protected

hexasaccharid@9 was isolated in 37 %ield over ten steps (Scheme)17

Scheme 17: Automated synthesis of linear hexasacchaB8eReactions and conditions: ModuBeAcidic
wash: TMSOTf, CH,Cl,, -20°C, (2 min); Module C-Glycosylation:72 or 73 NIS, TfOH, -20 °C, (30 min),
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