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Summary  

Carbohydrates are useful building blocks for supramolecular assemblies offering the 

possibility of multiple hydrogen bonding. Several carbohydrate-functionalized multivalent 

scaffolds have been used to study weak carbohydrate-protein (CPIs) and carbohydrate-

carbohydrate interactions (CCIs). 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 in order to deeply 

understand the structure and function of the glycans. Chemical synthesis of linear and 

branched carbohydrates helps to get insights into multivalency, structure-activity 

relationship and to understand the role of glycans in living organisms. Automated 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 mannose and arabinose 

oligosaccharide structures assembled using AGA. 

A cyclodextrin (CD) based multivalent carbohydrate systems on a graphene surface was 

developed. Carbohydrate functionalized scaffolds were self-assembled on a two-dimensional 

(2D) surface to improve the understanding of the mechanisms of multivalent interactions 

(Chapter 2). Cyclodextrin supramolecular glycoclusters were chosen due to their ability to 

form stable host-guest complexes permitting to control the orientation, spacing, and shape of 

the glycoclusters. The formation of a hostïguest complex on the carbon surface provides a 

versatile strategy, not only to increase the intrinsic water solubility of graphene-based 

materials, but more importantly to facilitate the binding of the desired biofunctional groups 

on the surface. The resulting glycosylated carbon material is an excellent platform for 

selectively wrapping and agglutination of E.coli due to the vital recognition role of 

carbohydrates and the unique 2D large flexible surface area of the graphene sheets. The 

captured bacteria were partially released by adding a competitive guest such as sodium 

adamantine carboxylate (AdCNa). The unique thermal IR-absorption properties of graphene 

derivatives were used to kill the captured bacteria in the grapheneïsugarïE.coli complex by 

IR-irradiation method.   
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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 tuberculosis, exploring Ŭ-(1Ÿ6) and Ŭ-(1Ÿ2)-glycosidic linkage were 

designed (Chapter 3). Mannose and arabinose building blocks have been used to assemble 

the library of lipoglycans fragments on Merrifield resin. Shorter 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. Assembled linear and 

branched cell wall fragments will be used in the future to gain molecular-level understanding 

of the role of lipoglycans in mycobacterial pathogenesis.  

Synthesized linear mannose structures assembled with AGA are also optimal substrates for 

the study of structure function relationship of glycans. Moreover, to expand the knowledge 

on carbohydrate-lectins interaction another self-assembled system such as Janus dendrimers 

was studied (Chapter 4). Janus glycodendrimers were obtained using mannose 

oligosaccharides studied for their shape and functions in biological processes. Janus 

glycodendrimers functionalized with higher and branched mannose oligosaccharides 

containing Ŭ-(1Ÿ2)-glycosidic linkage resulted into more binding towards the ConA lectin 

than linear oligosaccharides containing Ŭ-(1Ÿ6)-glycosidic linkage. 
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Zusammenfassung  

Kohlenhydrate sind nützliche Bausteine für supramolekulare Strukturen, die Möglichkeiten 

zur Ausbildung multipler Wasserstoffbrückenbindungen bieten. Verschiedene 

Kohlenhydrat-funktionalisierte multivalente Gerüste stehen zur Verfügung, um schwache 

Kohlenhydrat-Protein- (CPIs) und Kohlenhydrat-Kohlenhydrat-Interaktionen (CCIs) zu 

untersuchen. Hauptsächlich wurden dabei bis vor kurzem einfache Glykane wie Mono- oder 

Disaccharide für die Synthese multivalenter Gerüste verwendet; komplexe Glykane waren 

selten verfügbar. Komplexe und reine Saccharide sind aber vonnöten, um ein tiefes 

Verständnis der Struktur und Funktion der Glykane zu erlangen. Die chemische Synthese 

linearer und verzweigter Kohlenhydrate hilft dabei, Einblicke in die Multivalenz, Struktur-

Aktivität-Beziehungen und die Rolle von Glykanen in lebenden Organismen zu erlangen. 

Automated Glycan Assembly (AGA) bietet die Möglichkeit, komplexe und reine Strukturen 

mit relativ wenig Aufwand zu erhalten. Die hier präsentierte Arbeit umfasst unterschiedliche 

Glykane, beginnend mit einem linearen Mannose-Monosaccharid-Konstrukt bis hin zu 

längeren und verzweigten Mannose- und Arabinose-Oligosaccharid-Strukturen, welche mit 

Hilfe von AGA erzeugt wurden.  

Es wurde ein Cyclodextrin (CD)-basiertes mulitvalentes Kohlenhydrat-System auf einer 

Graphen-Oberfläche entwickelt. Um das Verständnis der Mechanismen multivalenter 

Interaktionen zu verbessern, wurden Kohlenhydrat-funktionalisierte Gerüste auf einer zwei-

dimensionalen Oberfläche selbst-assembliert (Kapitel 2). Supramolekulare Cyclodextrin-

Glyco-Cluster wurden wegen ihrer Fähigkeit ausgewählt, stabile Wirt-Gast-Komplexe zu 

bilden, die eine Kontrolle der Orientierung, des Abstandes und der Form der Glyco-Cluster 

erlauben. Die Bildung von Wirt-Gast-Komplexen auf der Karbon-Oberfläche bietet eine 

vielseitig einsetzbare Strategie, um nicht nur die intrinsische Wasserlöslichkeit Graphen-

basierter Materialien zu verbessern, sondern vor allem auch um die Bindung der 

gewünschten biofunktionalen Gruppen an die Oberfläche zu ermöglichen. Das resultierende 

glykosylierte Carbon-Material ist aufgrund seiner wichtigen Rolle in der Kohlenhydrat-

Erkennung und der einzigartigen großen, flexiblen 2D-Oberfläche der Graphen-Flächen eine 

ausgezeichnete Plattform für die selektive Ummantelung und Agglutination von E. coli-

Zellen. Die eingefangenen Bakterien wurden durch die Zugabe eines kompetitiven Gastes 

wie z.B. Natrium-Adamantin-Karboxylat (AdCNa) partiell freigelassen. Die einzigartigen 
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thermalen IR-Absorptionseigentschaften von Graphene-Derivativen wurden genutzt, um die 

eingefangenen Bakterien im Graphen-Zucker-E. coli-Komplex mittels IR-Bestrahlung 

abzutöten.  

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

wurde die Automated Glycan Assembly von Lipoglykanen (Lipomannan und 

Lipoarabinomannan) aus der Zellwand von Mycobacterium tuberculosis, die Ŭ- (1 Ÿ 6) und 

Ŭ- (1 Ÿ 2) -Glycosidische Verknüpfung untersuchte entworfen. Für die Synthese einer 

Bibliothek von Lipoglykan-Fragmenten auf Merrifield-Resin wurden Mannose- und 

Arabinose-Bausteine genutzt. Kürzere LM-Strukturen konnten leicht assembliert werden 

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

Synthese längerer Oligosaccharid-Fragmente weiterer Optimierung bedarf. Assemblierte 

lineare und verzweigte Zellwand-Fragmente 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 Kohlenhydrat-Lektin-Interaktionen zu erweitern, wurde ein weiteres 

selbst-assemblierendes System wie die Janus-Dendrimere untersucht (Kapitel 4). Es wurden 

Janus-Glykodendrimere hergestellt und mit langen und verzweigten Mannose-

Oligosacchariden funktionalisiert, welche Ŭ-(1Ÿ2) und Ŭ-(1Ÿ6)-glycosidische Bindungen 

enthalten. Die Wichtigkeit der Ŭ-(1Ÿ2)-glycosidischen Bindung gegenüber ihrem Ŭ-(1Ÿ6)-

Analog konnte in Bindungsstudien mit dem Lektin ConA gezeigt werden.  
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1. Introduction  

  Cell surface glycans 1.1

Carbohydrates are major macromolecular building blocks of life other than nucleic acids, 

proteins, and lipids. They play an major role in various cellular functions like cell-cell 

interaction, and most importantly in immune defense mechanisms of animals and humans.
1
 

The carbohydrate domains (mono-, oligo-, and polysaccharide) attached to lipids and 

proteins are also termed as glycans, and 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 protein-linked glycan classes are the N-and O-linked glycans. They are 

covalently linked to specific amino acids; N-linked glycans to the nitrogen atom of 

asparagine residues via a N-glycosidic bond and O-linked glycans to an oxygen atom of 

either serine or threonine residues via an O-glycosidic bond.
2, 3

 N-Glycosylation takes place 

in the endoplasmic reticulum (ER) of the cell and widely occurs in archaea and rarely in 

bacteria while O-glycosylation occurs in the Golgi complex and occurs in both archaea and 

bacteria.
4
 As N-glycosylation begins in the ER, it occurs on a pre-assembled oligosaccharide 

core (a branched oligosaccharide containing three glucoses, nine mannoses, and two N-

acetyl-glucosamines) and can be classified mainly into three subtypes; high mannose, 

complex and hybrid type N-linked glycans (Fig. 1).
5, 6

 However, during the O-linked glycan 

synthesis there is no pre-assembled core structure whereas it involves the successive addition 

of monosaccharide units (Fig.1).
6
 Examples of O-glycans include simpler structures like Ŭ-

linked O-mannose, Ŭ-linked O-fucose, ɓ-linked O-xylose, ɓ-linked O-GlcNAc (N-

acetylglucosamine), Ŭ-/ɓ-linked O-galactose, and Ŭ-/ɓ-linked O-glucose glycans and 

proteoglycans containing glycosaminoglycan than complex N-glycans (Fig. 1). 
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Figure 1: Schematic representation of N-linked and O-linked glycans found on glycoproteins. (Modified from 

ref 6)  

Glycans present on the cell surface as part of the glycoprotein-polysaccharide complex are 

called the glycocalyx, and interact with many biological entities such as bacteria, pathogens, 

viruses and fungi via a number of proteins.
7-9

 These cell-cell interactions are either 

carbohydrate-protein (CPI) or carbohydrate-carbohydrate (CCI) mediated (Fig. 2). 



 

15 

 

 

Figure 2: Schematic representation of cell surface glycan interactions with various biological entities through 

carbohydrate-protein and carbohydrate-carbohydrate interactions. 

  Gram-positive and Gram-negative Bacteria 1.2

Bacteria are one of the oldest and simplest forms of life found in nature. They can be 

beneficial to the organism they co-habitat (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 gut flora and on the skin;
10

 some of these bacteria are 

beneficial and some are harmful. The pathogenic species of bacteria causes several 

infectious diseases including leprosy,
11

 cholera,
12

 syphilis
13

 as well as respiratory infections 

such as tuberculosis, influenza, pneumonia.
14

 Beneficial bacteria are used in sewage 

treatment (Nitrosomonas or Pseudomonas species), fermentation (Lactobacillus), 

manufacturing of antibiotics (Streptomyces) and many more.
15

 Bacteria are few micrometers 

in length and exist in three shapes; spherical (coccus), rod-shape (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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Bacteria can be classified into two major groups namely Gram-positive or Gram-negative 

differentiated on the basis of Gram staining using crystal violet dye (CVS). Due to the 

presence of a thick peptidoglycan layer (20-80 nm) Gram-positive bacteria retain the CVS 

while Gram-negative 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 lipoteichoic acids while the 

outer membrane of Gram-negative 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 another important and integral 

component of Gram-negative bacteria which contains 40% of the cell volume and the 

periplasmic space is rich in macromolecules which are important for nutrient binding, 

transport, folding and many other functions.
16-18

 The peptidoglycan layer is composed of ɓ-

(1Ÿ4)-linked N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) and the 

lipopolysaccharide layer is coated with 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) and L-

glycero-D-mannoheptose glycans, while mycobacteria comprises of mannose and arabinose 

monosaccharides.
19

 E.coli, Salmonella, Pseudomonas, Cyanobacteria are few examples of 

Gram-negative bacteria while Streptococcus pyogenes, Streptococcus pneumoniae; 

Staphylococcus aureus are Gram-positive as they play important role in body defense and 

innate and adaptive immune system. This thesis deals with two such bacteria namely 

Escherichia coli (E.coli) and Mycobacterium tuberculosis (MTB). E.coli was used to study 

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

automated glycan assembly (AGA) respectively.  
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Gram Negative 

 

Gram Positive 

 

 

Figure 3: Schematic representation of the cell wall of Gram-negative and Gram-positive bacterium.  
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  Carbohydrate binding lectins 1.3

Proteins are major building blocks of life and they can serve as a structural compounds as 

enzymes or as receptors for signal transductions.
20

 Carbohydrate binding proteins are 

classified into two major classes: lectins and glycosaminoglycan proteins. Lectins are a 

special group of proteins present in plants, animals, bacteria (adhesions and toxins) and 

viruses (hemagglutinins).
2
 The agglutinin property of lectins is based on the recognition and 

binding to specific sugars.
21

 Animal lectins are mediators for cell recognition and are 

specific for monosaccharides such as fucose, galactose, mannose, N-acetylglucosamine, N-

acetylgalactosamine, N-acetylneuraminic acid, fucose and a glycan like heparin.
22

  Lectins,  

depending on their specificity to glycans are grouped into C-type lectins (selectins, 

collectins), galectins, I-type and P-type lectins (including Siglec family and mannose-6-

phosphate binding ligand, respectively).
23

 Lectins play an important role in innate 

immunity,
24

 blood clearance,
25

 asialoglycoprotein receptor (ASGPR) mediated 

endocytosis,
26

 cell-specific targeting
27

, apoptosis
28

  etc. Another well-studied viral glycan 

binding protein is influenza virus hemagglutinin, which specifically binds to sialic acid 

containing glycans.
1
 Glycosaminoglycan heparin sulfate domain is an important saccharide 

of cancer and these heparin-lectin interactions
29

 are crucial in angiogenesis, invasion and 

coagulation.
30

   

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 and ricin lectins (L- and R-type) respectively. L-type lectins are well 

characterized and are widely used in biomedical and analytical procedures
2
 concanavalin A 

(ConA), soybean agglutinin, and galectin-3. ConA lectin specifically binds to mannosyl and 

glucosyl groups. A characteristic feature of this family is their oligomeric structure and the 

requirement of calcium Ca
2+

 and manganese Mn
2+ 

ions for binding glycan moieties.   

1.3.2 Bacterial lectins 

Bacteria carry several different types of lectins on their appendages or on their surface to 

target glycans present on the host cells. E.coli carries the lectin adhesin on the top of its pili 

or flagella called FimH and play an important role in adherence to the epithelial cell. Each 
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bacteria on an average expresses 100-400 of these appendages ranging from 5-7 nm in 

diameter and can extend to hundreds of nm in length (Fig. 4).
31

 Mannose binding type 1 pili 

(FimH) and globoside glycolipid (GalNAc and galactose residues) binding P pili (PapG) are 

two types of well-studied pilus in pathogenic E.coli.  

 

Figure 4: E.coli bearing several fimbriae. a) Image were taken along with an E.coli-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 production of biofilm-

like bacterial communities.
32

 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 catch-bond mechanism during the mannose interaction, an induced 

conformation-specific immune response has been observed.
33

 Bacterial toxins are another 

type of lectin that exploits adhesion to glycans and play an important role in intracellular 

trafficking. Pseudomonas aeruginosa (PA) is another Gram-negative bacterium present in 

large quantities on host epithelial surfaces and is known to produce galactose and fucose 

specific lectins namely PA-IL (LecA) and PA-IIL (LecB) respectively. 
34

 Moreover, 

adhesins are present on pili of PA and recognize mucin oligosaccharides and asialo-GM1 

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

formation through flagellin proteins present on the surface.
35, 36

  

1.3.3 Carbohydrate-protein and carbohydrate-carbohydrate interactions  

In nature, CCIs and CPIs regulate a variety of biochemical processes such as cell 

differentiation, proliferation and adhesion, inflammation and the immune response.
2
 As 
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described above, lectins promote a particular recognition through a lock and key model. 

Lectins bind to mono- or oligosaccharides without altering the structure of the bound 

ligand.
2
  

CCIs are less explored than CPIs. CPIs 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 like X-ray crystallography and 

nuclear magnetic resonance. For smaller molecules such as chitin or GlcNAc 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  ligand:receptor 

bindings such as hydrogen bonding, van der Waals interaction, dipole attraction and 

electrostatic interaction etc. (Fig. 5).
9
  

 

Figure 5: Carbohydrate binding to a lectin through a) hydrophobic interactions, b) water-mediated hydrogen 

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

These interactions can be studied using different techniques. Both kinetic and near-

equilibrium as well as non-equilibrium methods such as enzyme linked immunosorbent 

assay (ELISA), glycan microarray, agglutination, precipitation and electrophoresis.
2
. The 

dissociation constant, specificity and kinetics of binding between the glycans and lectins can 

be measured using near-equilibrium methods such as affinity chromatography, isothermal 

titration calorimetry (ITC) or surface plasmon resonance (SPR). In near-equilibrium method 

a defined equilibrium binding constant can be obtained using ITC, between the glycan and 

lectin upon their interaction. ITC also has been explored to study CCIs of multivalent 
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glycoclusters with Ca
++

 ion. It has been observed that the sugar topology and density can 

tune the intra- vs. intermolecular CCIs from the obtained formation constants.
37

  

Lectins are used to study CCIs 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 (Ka) for mono- and oligosaccharides to most lectins are between 10
2
 and 

10
5
 M

-1
.
38, 39 

which are too small for assembling recognition interface. Improved CCIs and 

CPIs can be obtained by carbohydrate clusters. 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 binding strengths of CCIs 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.
40, 41

  

 

  Supramolecular chemistry 1.4

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

permission from: 

Delbianco, M., Bharate, P., Varela-Aramburu, S., and Seeberger, P. H. Carbohydrates in 

supramolecular chemistry Chem. Rev. 2016, 116 (4), pp 1693ï1752, DOI: 

10.1021/acs.chemrev.5b00516. Copyright © 2016 American Chemical Society. 

 

The importance of weak, non-covalent interactions in biological systems was first 

appreciated at the beginning of the 20
th
 century with an improved understanding of hydrogen 

bonding and ligand-receptor interactions. These weak interactions were key to ñhost-guestò 

complexes that form well-defined architectures and were recognized with the 1987 and 2016 

Nobel Prize for supramolecular chemistry. Since then, a variety of supramolecular systems 

that respond to signals,
42

 molecular machines and switches,
43, 44

 well-defined networks
45, 46

 



1 Introduction  

22 

 

and self-assembling macroscructures
47, 48

 have been created and studied.  All of these new 

non-covalent systems are built upon weak interactions such as hydrogen bonding,
49, 50

 metal 

coordination,
51, 52

 hydrophobic or hydrophilic forces,
53, 54

 -́ˊ interactions
55-57

 and van der 

Waals forces.
58, 59

 Stable systems, that are able to mimic nature and bind analytes with great 

specificity, have become accessible via multiple and directional interactions.
60, 61

  

Different scaffolds have been used to create supramolecular assemblies. Cyclodextrins 

(CDs),
40

 organic macrocycles,
62, 63

 dendrimers,
64

 nanoparticles
65

 and polymeric backbones
66

 

represent the most studied examples (Fig. 6). Herein the importance of carbohydrates 

(includes-CDs) and nanomaterials (includes-graphene) as building blocks for the synthesis 

and stabilization of supramolecular systems based on multiple weak interactions are 

emphasized. 

 

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

al.
67 
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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 synthesized with various 

sizes using both batch and microreactor methods and functionalized with carbohydrates.
37 

The resultant glycoclusters showed significant enhancements 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 glycoclusters. 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 functionalized nanomaterials in 

supramolecular chemistry are summarized covering three main topics: 1) The use of 

multivalent glyco-conjugates for the formation of host-guest complexes that are used for 

sensing bacteria and drug delivery; 2) The combination of CCIs with other weak 

interactions, such as ˊ-ˊ interactions, for the formation of self-assembling glycoclusters; and 

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

 1.4.1.1 Cyclodextrins (CDs) 

Cyclodextrins (CDs) are a class of cyclic oligosaccharides, with a torus-like shape, built 

from 1Ÿ4 linked Ŭ-D-glucopyranose units. First described in 1891, CDs were named 

óócellulosineò. Three types of CDs with six, seven or eight glucopyranose units are referred 

to as Ŭ, ɓ and ɔ-CD with ɓ-CD as the most common class.
68

 CDs have a hydrophilic exterior 

and a hydrophobic central cavity for the non-covalent inclusion of guest molecules.
69

 

Dif ferent CDs can encapsulate a range of guest molecules
70

 and have been employed for 

molecular recognition,
71

 catalysis,
72

 polymerization,
73

 material sciences, drug delivery,
74

 

nanotechnology
75

 and hydrolysis.
76

  

The synthesis and biological applications of CDs as multivalent scaffold in carbohydrate 

chemistry are widely studied.
68,77,78

 Cyclodextrin glycoconjugates display the glycans in a 

multivalent form similar to that present on the cell-surface.
79

 CDs have been used for drug 

delivery
80

 and sensing
81, 82

 as well as developing saccharide (glycan)-selective systems.
83
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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 Study of CPIs and CCIs 

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.
84

 Straightforward access to different sugar densities via self-assembly helped to 

tune intra- to inter- molecular CCIs.
85

  

Gene and Drug Delivery 

CDs have been used as vehicles for drug and gene delivery. Mannose and galactose  

functionalized Ŭ-CDs (Man-Ŭ-CDs and Gal-Ŭ-CDs respectively) were found to have  

remarkable gene and drug delivery to various cells including  macrophage receptor (MR) or 

asialoglycoprotein receptor (ASGPR)-mediated gene cells.
86

 Similarly, galactose-

functionalized ɓ-CDs were designed for hepatocyte-specific drug targetting.
87

 Encapsulation 

of rhodamine in the cyclodextrin cavity facilitated targeting of hepatocellular carcinoma cell 

line HepG2. A trivalent mannosylated ɓ-CD conjugate was used to encapsulate and deliver 

pharmacological chaperones to macrophages via the macrophage mannose receptor 

(MMR).
88

 Carbohydrate-based targeting approaches take advantage of several C-type lectin 

receptors (CLRs) including the ASGPR on liver cells and DC-SIGN (Dendritic Cell-Specific 

Intercellular adhesion molecule-3-Grabbing Non-integrin) expressed by dendritic cells.
89

 A 

CD-based glycoconjugate was created for HIV drug delivery and bound to DC-SIGN which 

inhibited its interaction with HIV gp120 at nanomolar concentrations.
90

 

Metal Complexes 

Glycoclusters that contain a metal complex in the framework are called 

metalloglycoclusters.
91

 Metallo-glycodendrimers bearing transition metals or lanthanide ions 

have been prepared by self-assembly.
92-95

 The inherent physical properties of 

metallodendrimers, such as fluorescent emission, render them ideal for biological 

applications.
96

 CD-based glycoclusters have been exploited for the synthesis of multivalent 

probes built via host-guest assembly around a metal core. Metallo-glycodendrimers based on 
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a tris(bipyridine)ruthenium (Ru(bipy)3) fluorescent scaffold  and appended with two, four or 

six adamantyl groups were adorned with mannose functionalized CD-glycoclusters by host-

guest interactions.
81

  

Rotaxanes 

Carbohydrate-displaying (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 recognition.
97-99,100, 101

 

Self-Assembly 

Spontaneous processes forming ordered structures are key to some signaling pathways.
102, 103

 

Self-assembled surfaces have been used to study multivalency and stimuli responsive 

systems.
104

 Liposome and vesicles mimic noncovalent interactions involved at the interface 

between cell membrane and aqueous solution phase.
105, 106

  

Amphiphilic CD vesicles show enhanced host-guest interactions when different guest 

polymers are placed at the CD vesicle surface.
107

 Host-guest assembly occurs via orthogonal 

noncovalent interactions due to metal-coordination complexes.
105

 A ternary system using 

vesicles, carbohydrates and lectins was used to study the kinetics of the orthogonal 

multivalent interfacial interactions. Maltose and lactose decorated vesicles aggregate with 

the lectins ConA and PNA in a sugar-dependent manner.
108

 The influence of multivalency 

and glycan surface density was explored further by amphiphilic CD vesicles involving an 

adamantane guest that carries mannose and CD vesicle hosts.
109

 

1.4.1.2 Graphene functionalized CDôs 

Graphene is a one atom thick hexagonal lattice and a crystalline allotrope of carbon. 

Graphene based materials possess exceptional mechanical stiffness, electrical, thermal and 

optical properties hence due to these properties graphene have seen unprecedented 

development since its discovery in 2004.
110

 Graphite can be chemically oxidized to graphite 

oxide (GO) using Hummers method and later on graphite oxide can be converted 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 availability
111

. An 

alternative to chemical modification is thermal reduction. Chemically reduced GO yields are 

poor ensuing less surface area and electrical conductibility whereas thermally reduced GO 

have shown to bear high surface area.
112

 GO, rGO, and their derivatives have received 

tremendous attention in the field of materials due to their conductivity, electricity and ability 

of surface modification possibilities.  

The high surface area, strong Van der Waals forces, and -  interactions increase the value 

of graphene material. However, these significant properties also limit the graphene benefits 

as it easily aggregates irreversibly in solvents, hence in order to overcome dispersity and 

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

graphene.
113-115

  

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

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

edges.
116

 These functional groups enable the modification of GO surface with reactant 

molecules either through covalent or non-covalent interactions. The surface of GO or rGO 

were covalently functionalized with amido,
117

 amino,
118

 PEG
119

 or isocyanate
120

 

functionalities to produce well dispersed nanomaterials. Non-covalent interactions between 

the graphene nanomaterials involving the strong hydrogen bonding, hydrophobic and -  

interactions also have been investigated widely.  

GO has been functionalized non-covalently using aromatic polymers, surfactants, 

nanoparticles, biomolecules, and nanotube.
121, 122

 The resulting nanomaterials synthesized 

using these interactions via a supramolecular approach are reported to increase the 

dispersion of graphene sheets, biocompatibility, reactivity, binding properties as well as the 

solubility of formed material in solvents while keeping intrinsic and electrical properties of 

graphene intact.
121

 Such modified GO with improved physico-chemical properties can be 

applied as sensors, photodetectors, in luminescence and in electrocatalysis, electronics, and 

in biological labelling (Fig. 7).
123-125

 These properties of graphene/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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Figure 7: Schematic representation of applications of graphene-CD nanomaterials formed by either host-guest 

interactions, covalent or by multiple physical interactions. ɓ-CD is represented in blue, graphene in black and 

linker with guest moiety in red color. 

Nanomaterial formed using CD (as mentioned above in 1.4.1.1 section) through host-guest 

interactions can help to increase the poor dispersion, water solubility and stability of 

graphene functionalized material.
126

  

Similarly, the supramolecular GO polymer network could form a hybrid material of GO and 

CD due to the ionic and host-guest interactions between them which also helps to control 

the colloidal size of the formed structure.
127

 GO-based hybrid materials synthesized using 

host-guest systems and by combining multiple physical interactions has been applied in 

thermoresponsive bio- and electrocatalytic devices,
113

  as electrochemical sensor,
128

 and 

also as an optical sensor.
129

 

CD functionalized graphene nanosheets has been synthesized, modified into glassy carbon 

electrode and applied in sensing of carbendazim (benzimidazole), a fungicide used in 

agriculture.
130

 The host-guest 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 GO, CD and nanoparticles and 

applied for detection of uric acid in human urine.
131

 

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 orange.
132

 In 

particular, bioactive nanosupramolecular assemblies constructed from CDs through non-

covalent interactions have found many applications in therapeutics and diagnostics due to 

their advantages of host-guest complex formations and hydrophobic cavity to encapsulate 

drug moieties for the specific delivery into the cells.
133

 By taking advantage of the non-

covalent interactions i.e.  -  interactions formed between doxorubicin and CD 

functionalized folic acid (FA) GO carrier could recognize the FA receptor present in cancer 

cells.
134

 

 

  Automated glycan assembly 1.5

One goal for glycoscientist is to correlate glycan structure with glycan function. In order to 

understand the physical and biological properties pure glycans are needed. Solution phase 

synthesis (SPS) of such glycans is laborious and time consuming (See Chapter 3, section 

1.2), whereas automated solid phase synthesis allows for the synthesis of complex 

oligosaccharides in short time. 

Automated solid phase synthesis of peptides,
135

 and nucleic acids
136

 are the milestone 

contributions to the field of chemistry that have substantially improved the field of 

biomedical research. Similarly, solid phase oligosaccharide  synthesis
137

 (SPOS) 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 2.1)
138

 by the Seeberger group (Fig. 8).
139
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Figure 8: Development of automated glycan assembly; a) home-build synthesizer,
140

 b) home-build 

synthesizer (Frank Schumacher thesis-under preparation) to c) Glyconeer 2.1
141

. 

Automated glycan assembly (AGA) makes 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 purification using normal phase high performance liquid 

chromatography (NP-HPLC), affords conjugation ready glycans (Fig. 9).
142

  

 

 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 synthesis.
143

 To date, benzyl ethers as non-participating 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 ester-protecting group at C-2 hydroxyl controls the 

stereochemistry of the anomeric center, as per neighboring group participation effect.
143

 

Also participating N-trichloroacetate (TCA) and a non-participating azide protecting group 

has been used as amine protection group for amino sugars. The main temporary protecting 

group used in the AGA for hydroxyls is the 9-fluorenylmethoxycarbonate (Fmoc), which is 

easy to remove under basic conditions and the byproduct used to quantify the loading by 

measuring 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 

and 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 

Merrifieldôs peptide synthesis
144

 on a resin was the start of the solid phase synthesis field 

and is still widely used to synthesize long peptides and proteins. The same solid support is 

also used for AGA. Merrifield insoluble solid beads consist of a copolymer of styrene 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 

washing the resin.
145

 

 

 

Figure 10: Structure of Merrifield 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 during the whole 

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 linker 2, base labile linker 3, photolabile linker 4 and traceable linker 5, a 

modified version of the photolabile linker 4 that permits to liberate the product with free 

reducing end (Fig. 11). 

 

Figure 11: Different types of linkers functionalized on Merrifield resin for AGA; octanediol linker 2, base 

labile linker 3, photolabile linker 4 and traceable linker 5 respectively.  

During the first attempt, Seeberger and coworkers synthesized linear Ŭ-(1Ÿ2)-

polymannosides and branched oligosaccharide structures by automated synthesis. The 

assembly of fully protected branched phytoalexin elicitor (ɓ-glucan) 9 was challenging as it 

require a carefully designed protecting group strategy The automation synthesis was carried 

out on solid support 2 functionalized with octanediol linker using building blocks 6 and 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 chosen as C-6 temporary 

protecting group and removed by hydrazine, while a pivalate ester was installed at C-2 to 

ensure the ɓ-selectivity. A temperature controlled reaction vessel was introduced on the first-

generation AGA synthesizer enabling lower temperatures required during glycosylation. The 

synthesis had some limitation such as the use of branched disaccharide building block 7 for 

branched structure instead of actual installing the branching. In addition the linker was not 

compatible with the electrophile required to activate the thioglycoside.  

 



1 Introduction  

32 

 

  

 

Scheme 1: Seebergerôs first AGA of phytoalexin elicitor ɓ-glucan 9 using building block 6 and 7 on solid 

support 2: Reactions and conditions: Glycosylation: 6 or 7, TMSOTf, CH2Cl2, -15 °C, repeated two times for 

15 min; Deprotection: N2H4, pyridine, AcOH, 15 °C, 15 min; Cleavage: Grubbs catalyst 8, ethylene, CH2Cl2, 

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 base labile linker (3) (Fig. 11) permitted the use of thioglycoside and temporary 

protecting groups like Fmoc, Lev, silyl ethers and N-trichloroacetate groups. With this 

improvement a library of oligo ɓ-(1Ÿ6) and ɓ-(1Ÿ4)-glucosamine structures 10, 11 and 12 

were synthesized (Fig. 12).
146

 The conditions used to cleave 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 12: AGA of oligosaccharides containing 10, 11, and 12 ɓ-(1Ÿ6) and ɓ-(1Ÿ4)-glucosamine 

respectively.    

In addition, the new base labile linker produces conjugation-ready glycans which can now 

use in in vitro and in vivo analysis using 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 phosphate.
147

 Hence a photolabile linker 4 (Fig. 11) was developed to overcome 

these limitations and was successfully applied in the assembly of linear and branched ɓ-

(1Ÿ3)-glucan oligosaccharide libraries that were used to get insights into ɓ-glucan antibody 

specific epitopes using glycan array.
148

 

  

The photolabile linker 4 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 can easily be used for further 

functionalization. 

The power of AGA was demonstrated by the synthesis of the linear 30-mer oligomannoside 

14 (Scheme 2).
140

 Furthermore, AGA has been succesfully appiled to the synthesis of Ŭ-

sialylated oligosaccharides,
149

 Lewis X, glycosaminoglycans
150, 151

 and glycopeptides.
152
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Scheme 2: AGA of linear 30mer of mannose. 

 

S. pneumoniae is a Gram-positive bacterium, covering capsular polysaccharide as a major 

virulence factor and causes pneumonia and other types of pneumococcal infections. AGA 

was also applied to the production of oligosaccharide vaccine candidates; such as S. 

pneumoniae serotype 3 (ST3) 17.  The time and the low yield due to late stage oxidation step 

in SPS can be overcome by assembling glucuronic acid building block 16 on solid support 4 

using AGA (Scheme 3). The glycosyl phosphate building blocks 15 and 16 were activated 

by TMSOTf (trimethylsilyl trifluoromethanesulfonate) at -30 °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 group was 

removed using hydrazine monohydrate in pyridine/acetic acid (3:2 v/v). Cleavage from the 

solid support followed by deprotection afforded the conjugation-ready S. pneumoniae 

serotype 3 trisaccharide.  
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Scheme 3: Automated synthesis of ST3 trisaccharide 17 using glycosyl phosphate building blocks 15 and 16: 

Reagents and conditions: a) 15, TMSOTf, CH2Cl2, -30 ÁC to ī15 ÁC; b) Et3N in DMF (10% v/v), 25 °C; c) 

TMSOTf, CH2Cl2, -30 °C; d) 16, TMSOTf, CH2Cl2, -30 °C to -15 °C; e) N2H4·OAc, pyridine/AcOH (4:1 v/v), 

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, arabinogalactan and arabinoxylan.
142, 153, 154

 The Ŭ-

(1Ÿ3) arabinofuranosyl moiety from arabinoxylan oligosaccharides were used to 

characterize the specific glycan-binding- antibodies of the plant cell wall.
153

 A library of 19 

xylan oligosaccharides was applied for active site mapping of xylan dissecting enzymes.
155

 

The xylan backbone 24 was constructed using four building blocks 18-21, each equipped 

with phosphate leaving group (Scheme 4). Fmoc was used for chain elongation while C-2 

and C-3 hydroxyls groups of xylan backbone were protected with fully orthogonal Nap and 

2-(azidomethyl)benzoyl (Azmb) protecting groups for further substitution with 

arabinofuranose 22-23 and glucuronic acid 18-21 building blocks. The Azmb group was 

introduced in AGA as it was found to provide participating effect for selective ɓ-(1Ÿ4)-

glycosylation and showed potential for chemoselective removal using alkyl phosphines. Nap 

removal was carried out using DDQ (2,3-dichloro-5,6-dicyano-1,4-benzoquinone) solution 

in DCE/MeOH/H2O (64:16:1) at 40 ºC  and Azmb in tributylphosphine (PBu3) in THF/H2O 

(5:1) at 45 ºC. 
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Scheme 4: Representative chemical structure of an arabinoxylan polysaccharide 24 and 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 mixures.
156

 However, such synthesis of 

complex oligosaccharides containg cis-glycosides stuctures can be efficiently performed by 

AGA exploiting the presence of remote protecting group partecipation.
157

 Having 

demonstrated 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 and cis-galactosidic linkages in a rapid manner using set of 

different glucose and galactose building blocks (Fig. 13).
157

 The  importance of 

thiogalctoside building blocks with remote participating protecting groups such as acetyl or 

benzoyl esters have been highlighted in assembly of cis-glycoside formation. 
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Figure 13: AGA of oligosaccharides containing different 1,2-cis-galactosidic linkages 25ï28 and 

oligosaccharides contacting containing either single or multiple 1,2-cis-glucosidic linkages 29ï33. 
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  Aim of the Thesis 1.6

Carbohydrates are useful building blocks for supramolecular assemblies. Linear and 

branched carbohydrates can help to get insights into multivalency, structure-activity 

relationship of glycans and to understand their role in living organisms. These 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 research was conducted as 

followed:  

Firstly, oligosaccharide-based self-assembled multivalent compounds were synthesized to 

build a bioactive material for bacterial sensing (Chapter 2). In this part, a multivalent 

carbohydrate-functionalized 2D scaffold was developed by placing ManCD on adamantyl-

functionalized TRGO sheets, which was found to bind, wrap and kill E. coli bacterium 

effectively. 

Chapter 3 describes the synthesis of linear and branched cell wall fragments of MTB 

(lipomannan: LM, lipoarabinomannan: LAM) using AGA, exploring Ŭ-(1Ÿ6) and Ŭ-(1Ÿ2)-

glycosidic linkages, to gain molecular-level understanding of the role of lipoglycans in 

mycobacterial pathogenesis. The LM and mannose capped LAM structures play an 

important role in host-pathogen interactions including Toll-like receptors (TLR) signaling 

and C-type lectins binding respectively.
158, 159

 The synthesized glycans can help to identify 

LM and LAM substructure-specific antibodies.  

In Chapter 4, linear and branched mannose oligosaccharides (from mono- to 12-mer) were 

synthesized using AGA for imaging studies and glycodendrimer synthesis. High-resolution 

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.  



 

39 

 

 

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.; Beckert, F.; Hatting, B.; 

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

Carbohydrate-functionalized Graphene Derivatives for Bacterial Capture, Release, and 

Disinfection Nano Lett. 2015, 15 (9), pp 6051ï6057, 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 surface.
160-162

 In 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 of life recognition processes through multivalent CCIs or CPIs.
163-166

  The CCIs and 

CPIs  occur either during the first steps of infection, for specific recognition between host 

and bacteria,
167-169

 or at different stages of the immune response.
170

 E.coli, a Gram-negative 

bacteria, and its strains are responsible for many foodborne diseases and urinary tract 

infections
10

 which are of concern for public health, caused by drinking contaminated water. 

The burden is also significant from an economic point of view such as in the case of Topps 

meat processing company that ceased operations due to E. coli O157:H7 contamination of 

ground beef with millions of dollars loss. The quick detection of E. coli contamination 

during food processing by using specific biosensors is needed.
171

  

Recent investigations 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 agglutination.
172, 173

 Such glycoconjugtaes can be used 

as the antiadhesion and agglutination agents. Myongsoo et. al.
174

 discovered that either 

increasing the density of exterior coated sugars or the length of nanofibers leads to enhanced 
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bacterial cell agglutination. Similarly Huang and coworkers synthesized nanotubes using 

amphiphilic pillar[5]arene coated with galactoses and hydrophobic alkyl chain and found 

that the increased length of sugar coated nanotubes due to self-assembly exhibit a higher 

binding affinity towards the pathogenic bacteria.
175

 Scaffolds formed through 

supramolecular assembly, such as dendrimers
176, 177

, nanoparticles,
178

 calixarenes,
179, 180

 and 

fullerenes
181, 182

 offer zero-dimensional (0D) carrier platforms to functionalize 

carbohydrates. While those based on peptides,
183

 carbon nanotube,
184

 self-assembled fibrous 

nanostructures provide a one-dimensional (1D) scaffold to investigate cell targeting and anti-

adhesive properties. Spontaneous processes forming ordered structures are key to signaling 

pathways.
102, 103

 Self-assembled surfaces have been used to study multivalency and stimuli 

responsive systems.
104

  

2.1.1 Graphene and cyclodextrin 

2.1.1.1 Graphene 

The discovery of graphene has fundamentally changed the field of materials science.
185

 

Graphene is a single-atom-thick sheet of  2D sp
2
-hybridized 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 nanoelectronics,
186

 nanophotonics,
187

 

nanocomposites,
188

 sensors, catalysis, batteries, and supercapacitors.
126

 The thermally 

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 facilitate the surface 

functionalization.
189

 Despite the high practical value
190

 of TRGO, only a few literature 

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.
191, 192

 There are multiple possibilities for surface modification of reduced 

graphene oxide sheets, but functionalization with CDs has gained significant importance in 

recent years resulting in water-dispersion materials (See Chapter 1, section 1.4.1.2).
193

 

 2.1.1.2 Cyclodextrin  

CDs have a hydrophilic exterior and a hydrophobic central cavity that enables them to form 

non-covalent inclusion complexes by entrapping the guest molecules into their central 
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cavities (See Chapter 1, section 1.4.1.1).
69

 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 applications.
70

 Supramolecular systems based on CDs have been 

explored extensively. The ability of CDs to form host-guest 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 biological 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 and serve as 

antibacterial or antiviral agents.   
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2.1.2 Strategy 

Towards this direction, a versatile platform for constructing a multivalent carbohydrate-

functionalized 2D scaffold was developed by placing cyclodextrin-based sugar ligands on 

adamantyl-functionalized TRGO sheets (AG4) (Fig. 15). Owing to the adamantyl groups on 

the surface of AG4, the inclusion complex of ɓ-cyclodextrin (ɓ-CD) and adamantyl units 

reversibly connects the reduced graphene sheet and heptamannosylated ɓ-CD (ManCD) in 

aqueous medium. The resulting supramolecular carbohydrate-functionalized TRGO 

derivative (ManCD@AG4) can agglutinate E. coli, and the agglutination ability of the 2D 

sheets is much higher than the parent water-soluble macrocyclic host (ManCD) or the TRGO 

itself. Taking advantage of the responsive property of the supramolecular interaction, the 

captured bacteria can be partially released upon addition of a competitive guest. Moreover, 

because of their unusual infrared absorption properties, these TRGO derivatives exhibit 

excellent bacteriostatic properties (99% elimination) following near-infrared (NIR) laser 

irradiation of the graphene-sugar- E.coli complexes.  

 

 

Figure 15: Schematic representation of bioactive graphene self-assembly for sensing E. coli bacteria using 

host-guest method.  
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2.2 Results 

2.2.1 Synthesis of cyclodextrin functionalized with mannose-host moiety  

The synthesis of the mannose substituted ɓ-cyclodextrin 42 was started with known 

peracetylated mannose 34 (Scheme 5), glycosylated with bromoethanol in the presence of 

BF3.OEt2 yield 35. Then 35 was converted to thiocyanateïmannose derivative 36 using 

KSCN. The thiocyanate 36 was reduced by ZnïAcOH to the corresponding thiol 37. 

Cyclodextrin substrate 40 was synthesized from commercially available 38. CD was 

iodinated using triphenylphosphine yields 39 which after peracetylation yields 40. Then 6-

hepta iodinated ɓ-cyclodextrin 40 reacted with 37 in the presence of Cs2CO3 to yield 

mannose-substituted ɓ-cyclodextrin 41, which was finally treated with base yielding 

compound 42, as previously reported.
81, 194

 Mannosylated-cyclodextrin (ManCD) equipped 

with seven mannosyl groups at the upper rim of the cavity provided sufficient sugar density 

and was used for the attachment on the adamantylated TRGO surface. 
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Scheme 5: Synthesis of heptamannosylated ɓ-cyclodextrin 42,    =Man, ɓ-CD is represented in blue color.  

2.2.2 Synthesis of TRGO and adamantyl-functionalized TRGO sheets-guest moiety  

The synthesis of TRGO was carried out by oxidation of graphite using known Hummers and 

Hoffmann method
195

, followed by thermal reduction 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 that append 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). The elemental analysis data 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/kg). Therefore, TRGO400 were used 

further for the synthesis of the supramolecular scaffold.
1
 

The synthesis of the adamantyl-functionalized TRGO sheets (AG4) 48 started with the 

reaction of 1-adamantyl isocyanate 43 and 2,2'-(ethylenedioxy)bis(ethylamine) in 

chloroform yielding 44, which further reacted with di-tert-butyl tricarbonate
196

 to give the 

corresponding isocyanate 45 (Scheme 6). In order to provide sufficient flexibility and better 

solvation to the newly formed host-guest complex, the (ethylenedioxy)bis(ethylamine)-based 

linker was chosen. The resulting isocyanate 45 was covalently attached to the hydroxyl 

groups present on 46 using catalytic amount of zirconium (IV) acetylacetonate in chloroform 

yielding 48.  

 

Scheme 6: Synthesis of 48. Adamantly linker moiety represented in red color. 

The dispersion of the AG4 complex has been tested using different solvents (e.g. water, 

chloroform, and dimethylformamide). The TRGO400 precipitates after 24 h, while AG4 

                                                 
1 Synthesis and analysis of compound 48 and 49 was carried out by Benjamin Ziem and Dr. Zhenhui Qi, from 

Prof. Dr. Rainer Haag group (Department of Chemistry, Free University Berlin, Germany). 



2 Supramolecular Carbohydrate -Functionalized Graphene Derivatives  

48 

 

readily forms stable colloidal dispersions in chloroform and DMF (Fig. 16). The 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 systems.
197

 

 

 

Figure 16: Solubility test: a) AG4 and b) TRGO400 dispersions in Milli-Q water, chloroform, and DMF (1 

mg/mL), 24 h after ultrasonication for 10 min.  

2.2.3 Physicochemical characterization of AG4 

The synthesized material AG4 was characterized by FT-IR and Raman spectroscopy (Fig. 

17a, b). The characteristic peaks at 1732 cm
-1 

confirms the presence of C=O group formed 

due to urethane linkage and the peaks at 2918 and 2850 cm
-1

 confirms the ïCH2 stretch of 

ethylenedioxy groups of TRGO surface (Fig. 17a). The Raman spectrum of AG4 displays 

two strong peaks at 1600 cm
-1
 and at 1350 cm

-1
, corresponding to the G and D-bands, 

respectively. The G bands are related to the in-plane vibration of sp2 carbon atoms in a 2D 

hexagonal lattice, while D bands for the vibrations of sp3 carbon atoms of disordered 

graphite. The ratio of ID/IG indicates the degree of defects on the graphene sheet (Fig. 17b). 

The chemical composition and thermal stability and decomposition of the AG4 were 

determined by elemental and thermogravimetric (TGA) analysis, respectively. According to 

the carbon-to-nitrogen atomic ratio, the approximate functionalization degree of surface with 
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2
adamantyl groups can be estimated. Approximately 55 graphene carbons per one 

incorporated carbamate ester unit in AG4 were calculated, which means 27 aromatic rings 

are surrounding one adamantyl group (Fig. 17c). The TGA curves of TRGO400 and AG4 

reveal 2% and 10.2% weight loss respectively, at the temperature of 410 °C as the 

compound 44 undergoes most of weight loss below 410 °C (Fig. 17d). Accordingly, the 

amount of decorated adamantyl chains on the TRGO400 was calculated to be 8.2%. This 

value nicely correlates to the one obtained from elemental analysis (10%).
198

   

 

 

Figure 17: (a) IR spectra of GO, TRGO400, AG4- In the spectrum of AG4, the characteristic peak at 1732 cm-

1, 2918 and 2850 cm-1 are observed  which are attributed to the C=O stretching of urethanes. The intensity of 

the peaks is associated to the -CH2 stretching vibration. (b) Raman spectra and ID/IG ratio of AG4. (c) 

                                                 
22 Raman spectroscopy was carried out by Benjamin Hatting (Institute of Experimental Physics, Free 

University Berlin, Germany). 
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Elemental analysis of AG4-The successful formation of the3 carbamate 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 and compound 44. 

 

The morphological evaluation of AG4 was performed using atomic force microscopy (AFM) 

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

hundred nanometers (nm) to several micrometers (µm). It should be noted that in the bulk of 

well-dispersed AG4 sheets, many small dots can be detected on the carbon surface (indicated 

by yellow inverted triangle- ). The height of these dots is observed around 2-3 nm, which 

could be ascribed to the adamantyl chains attached on the surface.  

 

Figure 18: AFM images of AG4 at different magnifications. In order to evaluate the morphology features and 

height profiles of AG4 carbon sheets, several areas were randomly picked up for analysis. The 

                                                 
3AFM imaging was carried out Andrea Schulz, (Research Center for Electron Microscopy and Core Facility 

BioSupraMol, Free University Berlin, Germany).  
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functionalization 4of adamantyl chain increase the dispersion of AG4, since many paper-like carbon sheets (d-i) 

can be easily observed, with diverse sizes ranging from hundreds nanometers to several micrometer while some 

severe aggregated sheets remain observed (c) (the error bar of height profile is Ñ1 nm). 

Synthesized AG4 was collected at different speed of centrifugation and the morphological 

evaluation was carried out using transmission electron microscopy (TEM). Similar results 

were obtained as found in AFM studies, confirming paper like carbon surface of AG4 (Fig. 

19). 

 

 

Figure 19: TEM images of sample AG4 collected by different speed of centrifugation: (a-c) the precipitated 

portion collected at the centrifugation cut-off of (a-c) 2000 rpm, (d-f) 4000 rpm and (h-j) 6000 rpm.  

2.2.4 Assembly of the supramolecular ManCD@AG4 (49) derivative and its 

characterization   

Supramolecular functionalization is widely recognized as a convenient strategy for 

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

                                                 
4 TEM imaging was carried out by Dr. Christoph Böttcher, (Research Center for Electron Microscopy and Core 

Facility BioSupraMol, Free University Berlin, Germany). 
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explore the aspects of fundamental multivalent CPIs.
81, 199-201

 The synthesis of 

ManCD@AG4 49 was carried out by mixing the guest molecule AG4 and the host ManCD 

in DMF as co-solvent and was subsequently transferred into water (Fig. 20a). After 

centrifugation at 12,000 rpm (twice), the sediment could be readily dispersed in water with 

considerable stability (0.83 mg/mL AG4). Under identical conditions, AG4 precipitated 

during the dispersion in water. The improved solubility implied the formation of hostïguest 

complexes that had been retained at the interface due to the high binding constant (Ka) 

between the adamantyl and the ɓ-CD moiety (Ka ~ 10
5
 M

-1
).

202 
The use of ManCD increases 

further the water solubility of ManCD@AG4 complex resulting in homogenous complex 

formation as compared to limited solubility of ɓ-CD@AG4 (50) (Fig. 20b, c). 

 

Figure 20: a) Schematic representation of host-guest self-assembly. Solubility test of ManCD@AG4 and 

CD@AG4: Photographs of b) ManCD@AG4 and c) CD@AG4 dispersed in Milli-Q water.   

The surface morphology of scaffold ManCD@AG4 was further investigated using AFM. 

The AG4 height bearing the adamantyl groups was approximately 2-3 nm, where insertion 
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of host molecule ManCD, resulted in an increase in height of the ManCD@AG4 complex to 

4-5 nm (Fig. 21a-i). Computer modeling studies also revealed that the height of ManCD was 

approximately 1.2 nm in support to obtained AFM data (Fig. 21j, k). Also the ratio of ID/IG 

for ManCD@AG4 found the same from the Raman spectra as for AG4 (Fig. 17b) even after 

the complexation.    

 

Figure 21: AFM height images (a-i) of sample ManCD@AG4 prepared by spin-coating of solution. Based on 

AFM data, the height of ManCD@AG4 is in the range of 4 ï 5 nm. In comparison with the height of AG4 and 

ManCD@AG4, the increased height is around 1 nm, which is in agreement with the calculated height of 

ManCD (j-k) calculated by CaChe program at the AM1 MOZYME level of theory.  
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Figure 22: Schematic representation of dissociation of ManCD@AG4 upon addition of AdCNa. 

Effective dissociation of ManCD@AG4 host-guest complex was achieved by addition of a 

competitive guest such as AdCNa to the solution that leads to the disruption of inclusion 

complex. As described, the host-guest inclusion complexation between ManCD and AG4 

enabled the binary system to dissolve in water giving self-assembled ManCD@AG4 

scaffold. The addition of competitive guest AdCNa to the self-assembled ManCD@AG4 

scaffold precipitated the AG4 by complexing with ManCD groups (ManCD-AdCNa) (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 

µM as determined by sugar quantification (Experimental Fig. 37). 

2.2.5 Characterization of carbohydrate-lectin binding study of ManCD@AG4 using 

microscopic techniques 

The developed multivalent 2D ManCD@AG4 scaffold was studied for its ability to bind 

mannose-specific E. coli adhesin FimH of type 1 pili. Type 1 pili are filamentous 

proteinaceous appendages that extend from the surface of many gram-negative organisms.
203

 

Two stains of E .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.
81

  Multivalent binding of mannose residues in nanostructures with FimH in E. 

coli ORN178 resulted in agglutination and/or inhibition of motility of the bacteria.
204

 

Initially, the E. coli agglutination assay was carried out with Man@AG4 scaffold and the 
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aggregates was characterized using TEM microscopy (Fig. 23d). In disparity to previous 

0D
181, 182

 and 1D
184

 scaffolds that induced agglutination, synthesized Man@AG4 scaffold 

resulted in wrapping the E. coli due 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 at 5 ɛm of ORN208 and ORN178 with ManCD-

TRGO400. (c) Higher magnified images at 500 nm and 1 ɛm of ORN208 and ORN178 with ManCD-

TRGO400 respectively. (d) ORN178 with ManCD-TRGO400 respectively. (e) Enlarged domain for TEM 

image in d). 

The TEM images clearly show that ManCD@AG4 binds the E. coli ORN178 strain (Fig. 

24c). Several rod-shaped bacteria were tightly wrapped by these sheet-like 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 under low-dose conditions collecting images between ī4Á and +4Á tilt 

increments having difference of 8° between two stereogenic images (Supplementary Fig.18). 

This finding is consistent with the surface morphology observed in a single E. coli (Fig. 24b) 

as well as with the localization pattern of FimH protein along type 1 pili.
205

  

 

Figure 24: TEM images of the supramolecular carbohydrate-functionalized graphene derivative for bacterial 

capture: (a) ManCD-AG4 scaffold, (b) ORN178 E. 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 adding E. coli strain ORN208 and E. coli strain ORN178. 

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

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

The specificity of the interaction and binding capacity of scaffold ManCD@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 bind D-mannose. 

Both strains were stained by fluorescein isothiocyanate (FITC) to monitor cell agglutination 

by fluorescence confocal microscopy (CLSM). Incubated mixtures of ManCD@AG4 and 

ORN178 produced a strongly fluorescent cluster where the bacteria were bound (Fig. 25), 

whereas no apparent binding of ManCD@AG4 to ORN208 was detected (Fig. 25b). 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 transmitted light image 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 interaction. The macroscopic 

observation further supported the CLSM data that the precipitation of graphene sheets only 

occurred in the case of ManCD@AG4 and ORN178 (Fig. 23a), which was absent with 

ORN208. Agglutination experiments on a ɓ-CD-functionalized TRGO sheet (CD@TRGO) 

served as a control to assign the contribution of mannose to the scaffold. Neither ORN178 

nor ORN208 (Fig. 25a-d) strains aggregated in this case. Based on the TEM and CLSM, it is 

concluded that ManCD@AG4 selectively bound to the bacterial surface via mannose-FimH 

receptor interactions and that the heptamannosylated moiety played a determining role for 

binding and selectivity. 
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Figure 25:  Confocal laser scanning microscopy images of ManCD@AG4 incubated with (a) E. coli strain 

ORN178, (b) ORN208 and incubation of CD@AG4 with (c) ORN178 and (d) ORN208, respectively. The 

insert in figure (a) is a software-processed merged image combining figure 11a and its transmitted light form. 

The location of ManCD@AG4 in the agglutination of bacteria can be easily visualized in the insert. The white 

arrows in figure (a) show the graphene sheetôs position according to merged image.  

 Following as established protocol,
174, 175

 the average number of E. coli cells was calculated 

contacting each other based on CLSM images as the agglutination index (A.I.) in which, the 

capture efficiency was quantified and the ability of ManCD@AG4, CD@AG4 and the 

macrocyclic host ManCD to agglutinate bacterial cells was evaluated (Fig. 26). The A.I. 

value of ManCD towards ORN178 at 117 was much higher than for ORN208 without 

mannose binding sites (14), as well as for CD@AG4 with ORN178 (18) and ORN208 (16). 
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Without the assistance of the graphene scaffold, the mannosyl-functionalized macrocycle 

ManCD only slightly induced agglutination (17), which clearly reflected the benefit of the 

2D large flexible carbon surface for capturing pathogenic cells. 

 

Figure 26: Agglutination ability of ManCD@AG4, CD@AG4 and ManCD with E. coli strain ORN178 and 

ORN208 respectively. The agglutination index values were determined by confocal microscopy images. Due to 

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 towards E. coli were determined using a competition experiment: FITC-

stained ORN178 E. coli was co-incubated with varying concentrations of the monovalent 

binder: methyl Ŭ-D-mannopyranoside (Me-Man) and ManCD@AG4. The competitive assay 

was further evaluated by a fluorescence read-out after reaching the equilibrium. Free methyl 

Ŭ-D-mannopyranoside at 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 captured E. coli from ManCD@AG4 

was induced by addition of sodium adamantane carboxylate (AdCNa) (Fig. 27). Monovalent 

binding between cyclodextrin and the adamantyl unit, the addition of excess AdCNa to the 

system was more likely to result in ~50% release of the captured E. coli. The competition 

assay clearly showed that multivalent ManCD@AG4 bound FimH at least 2000-fold better 

than monovalent mannose. 



2 Supramolecular Carbohydrate -Functionalized Graphene Derivatives  

60 

 

 

 

Figure 27: Release effect of the captured E. coli strain ORN178 upon addition of a competitive guest. The top 

dashed-line is the original fluorescence intensity of E. coli before adding the competitive guest. 

Considering the potential infrared-absorption properties of TRGO
206

, the scaffold was 

utilized to selectively destroy the captured bacteria via a photothermal effect. The captured 

E. coli in ManCD@AG4 (AG4 in 0.83 mg mL
-1

, incubated for 1 h) were irradiated in the 

NIR (785 nm) range and 0.5 W cm
-2
 for 10 min (Fig. 28a). During irradiation, the sample 

temperature gradually increased to 70.9±1.4°C (Fig. 28b, c). 
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Figure 28: (a) Schematic illustration of ManCD@AG4 under NIR irradiation causing the death of captured E. 

coli. (b) Thermal image of an E. coli sample incubated with ManCD@AG4 under NIR laser irradiation (0.5 

W/cm2). After 10 min, the temperature of irradiated spot reached 70.9±1.4°C. (c) Temperature evolution 

profiles of the E. coli samples with and without ManCD@AG4, respectively. 

After irradiation, the bacteria were spread on the agar plates to characterize the cell viability: 

The abundance of E. coli colonies on the agar plate indicated the amount of living cells. 

After irradiation, the agar plate contained almost no living bacteria (Fig. 29b). In a parallel 

experiment without IR treatment, living bacteria could be seen in large bacterial colonies 

(Fig. 29a). 
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Figure 29: Images of E. coli colonies captured by ManCD@AG4; (a), and (b) and  with control compound 

CD@AG4; (c) and (e) on agar plate. 

According to the World Health Organization (WHO),
207

 E. coli bacteria can be destroyed by 

thoroughly cooking foods until all parts reach a temperature of 70 °C or higher. Neither 

ManCD nor E. coli can expose enough IR absorption to elevate the surrounding temperature 

(both aqueous solution of ManCD and E. coli have no absorption at 785 nm). Therefore, the 

bacterial killing effect here can be ascribed to the unusual IR-absorption mechanism of 

TRGO, which leads to generate high temperature to disinfect the E. coli. In a diluted sample, 

the bacteriostatic efficiency was determined at > 99% (Supplementary Fig. 35 and 36). 

 

2.3  Conclusion and Outlook 

Novel, multivalent sugar-functionalized graphene sheets that selectively bind and kill E. coli 

were designed. A host-guest inclusion complexation between heptamannosylated ɓ-

cyclodextrin and adamantyl attached to the graphene sheets helped to enhance water 

solubility of carbon sheets. In this way, the synthesized cyclodextrin-graphene conjugates 

were optimized by performing bacterial binding assays which were characterized by 
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microscopic techniques (i.e. CLSM, TEM, and AFM). The addition of carbohydrate via a 

supramolecular binding afforded the carbon materials to agglutinate E. coli bacteria. The 

multivalent interactions were responsible for cell agglutination. The agglutination ability of 

graphene-based 2D sheets greatly exceeded those of pure ManCD due to a large interphase 

with the E. coli bacteria. The supramolecular linkage at the interface of graphene allowed for 

the controlled release of the captured bacteria through the addition of a competitive guest, 

such as AdCNa. Considering a number of sugar-modified cyclodextrins are available,
208

 this 

system can be further extended to endow the graphene surface with more different 

functionalities which can be directly applied  in the design of molecular and macromolecular 

biosensors. The unique thermal IR-absorption 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 environmental protection.  
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2.4  Supplementary Figures  

 S1 AFM images of adamantyl-functionalized TRGO750 sheets (AG7) 

 

 

 

Figure 30: AFM images of AG7 prepared at different magnification.  

It is much easier to find the paper-like flat carbon sheets as shown in (Fig. 18). Due to the 

fewer number of hydroxyl groups on the graphene surface; the AG7 carbon sheets have 

fewer defects (more sp
2
 carbon) and less distortion. Accordingly, the morphology of AG7 is 

more flat than that of AG4. The reduced roughness of surface leads to the higher resolution 

of the height profiles. The derivation of surface background is less than 1 nm (Ñ 0.5 nm). 

Again, many small dots were also detected on the surface of AG7. The height of these dots is 

determined to be ~2 nm (e.g. 1.6 nm ï 2.2 nm), which is in consistent with the calculated 

length of fully stretched adamantyl-(ethylenedioxy)bis(ethylamine)-based linker (~2.2 nm, 
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calculated by CaChe program at the AM1 MOZYME level of theory, Fig. 30d). This result 

further confirms the small dots observed in Figure 18 are these adamantyl-linkers.  

S2 Surface characterization of ManCD@AG4 by TEM  

 

Figure 31: Morphology investigation of ManCD@AG4 by TEM. 
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S3 Demonstration of dissociation of ManCD@AG4 complex 

 

Figure 32: Control experiment demonstrating the complexation. Upon the addition of a large excess of 

competitive guest AdCNa (100 eq.), the ManCD is occupied by the AdCNa, and thus expelled from the AG4 

surface. As expected, the dissociation of ManCD@AG4 results in the precipitation of AG4 in water. This result 

further confirms that the host-guest complexation occurs on the graphene surface.   
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S4 E.coli capture effect by sugar-functionalized graphene derivatives: 

Visualization of E.coli strain ORN178 with ManCDAG4 by stereoscopic TEM 

       a) 

 

     b) 
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          c) 

 

        d) 

 

 

Figure 33: a) E.coli strain ORN178 incubated with ManCDAG4 which is in complementary to Figure 24c. 

TEM 3D stereoscopic images (side-by-side stereogram) at an 8Ü view angle. b), c) and d) Additional E.coli 

strain ORN178 incubated with ManCDAG4. The bacterium is wrapped inside ManCD@AG4 complex. 
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S5 Confocal laser scanning microscopy observation of E.coli strains with 

ManCD@AG4 and CD@AG4 respectively 

            a) 

 

 

Figure 34: a) Confocal laser scanning microscopy images for the incubation of ManCD@AG4 with bacteria 

E.coli strain ORN178 (top row) and of ORN208 (bottom row). b) Confocal laser scanning microscopy images 

for the incubation of CD@AG4 with bacteria E.coli strain ORN178 (top row) and of ORN208 (bottom row). 

The selective capture effect is highly reproducible as demonstrated by the repeated experiment shown in (Fig. 

25). 

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

graphene derivatives 

 

Figure 35: Comparison of photographs of E.coli colonies interacting with a) none; b-c) ManCD@AG4; d) 

CD@AG4 without (left) and with (right) NIR laser irradiation. In comparison with E.coli only (a), and E.coli 

incubated with CD@AG4 (d), the growth of E.coli with ManCD@AG4 on the agar plates (b,c) is significantly 

reduced due to the 10 min NIR laser irradiation (785 nm), in which very few colonies were observed. In the 

diluted mode, the killing efficiency number was derived from the colony counting number; the killing 

efficiency towards E.coli is > 99%.  
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Figure 36: Evaluation of the long term inhibition of growth of bacteria on the NIR irradiation E.coli sample 

(interacting with ManCD@AG4). The photographs of E. coli colonies were taken from the re-cultured samples 

which have been kept at 4 ÜC for 9 days: a) E.coli ORN178 incubated with ManCD@AG4 without NIR 

treatment; b) E.coli ORN178 incubated with ManCD@AG4 with NIR treatment. It is observed that NIR 

radiation is able to disinfect the E.coli and only 38 colonies were grown. However, E.coli grew full on the agar 

plate without NIR radiation.   
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2.5  Experimental Section 

2.5.1 General methods 

All reagents were procured commercially and used as supplied without further purification. 

Anhydrous solvents were either used from a dry solvent system (jcmeyer-solvent system) or 

as purchased. All glassware was oven-dried before use. Analytical thin layer 

chromatography (TLC) was performed on Kieselgel 60 F254 glass plates pre-coated with 

silica gel of 0.25 mm thickness (Macherey-Nagel, Düren, Germany). Flash chromatography 

was performed on Fluka Kieselgel 60 (0.04-0.063 mm). TLC chromatograms were 

visualized either by UV irradiation or by charring the TLC plate dipped in ammonium 

molybdate/ cerium (IV) sulfate solutions. NMR data were obtained on Bruker ECX 400 

MHz, Jeol Eclipse 500 MHz, Varian 400 MHz, Varian 600 MHz, and Bruker AVANCE III 

700 MHz NMR spectrometers, FTIR spectra recorded on a Nicolet Avatar 320 FT-IR 

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, Gießen, Germany) at temperatures varied from 30 ºC to 700 ºC using a 

heating rate of 10 K min
-1
 (with purge gas flow of 20 mL min

-1
 nitrogen). Mass spectra were 

obtained using an electrospray ionization (ESI) interface on an Agilent LC/MSD TOF 

system. The AFM measurements have 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 analysis difficult. Measurements were performed in laboratory air at 

room temperature. The microscope was operated in the tapping mode (TM-AFM) using 

silicone probes, PPP-NCL-R (NanoAndMor GmbH, Wetzlar), SNL-D and SNL-A (Bruker 

AXS GmbH, Karlsruhe) under ambient conditions. 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 and CD@AG4.  

AG4, 0.5 mg (nadamantyl unit = 0.217 µmol) was dissolved in 200 µL DMF with the assistance 

of ultrasonication (10 min). After that, 1 mg ManCD (nɓ-cyclodextrin unit = 0.371 µmol) 

dissolved in 200 µL Milli-Q water was injected into the solution of AG4. The mixtures were 

sonicated for 30 min to aid the complexation process. The sample vial was left for 16 h at 

ambient condition before the addition of 500 µL water. The DMF and excess ManCD were 

removed by centrifugation for twice (12000 rpm, 10 min). The final centrifugal precipitation 

was collected and re-suspended in 600 µL water, affording the supramolecular carbohydrate 

functionalized graphene ManCD@AG4. The preparation of CD@AG4 was carried out 

under the identical protocol, except using 0.421 mg ɓ-cyclodextrin (ɓCD, 0.371 Õmol). 

II.  E.coli microscopy experiment and proliferation assay.  

E.coli strain bearing a mannose-binding protein (ORN178) and a mutant strain lacking the 

mannose binding domain (ORN208) were grown at 37
 
°C in Luria-Bertani (LB) medium (5 

mL) to an OD600 of ~1.0 (1×10
8
 CFU/mL). For different assays both strains were washed 

and appropriate dilutions made in phosphate-buffered saline (PBS, pH 7.4). LB medium was 

prepared dissolving 10 g Bacto-tryptone, 5 g of yeast extract and 10 g of sodium chloride up 

to 1 L in deionized water, autoclaved at 121 
º
C for 15 minutes, cooled down at room 

temperature and used further for experiments. All the chemicals were purchased from Roth.  

III.  Confocal laser scanning microscope (CLSM) images.  

A solution of either ManCD@AG4 or CD@AG4 (10 µL, 16.33 µM) was coated on poly-l-

lysine slide (Menzel-Gläser, Germany). In order to avoid dust contamination, the slide was 

kept in slide cover box at room temperature and further stored at 4 ºC overnight. The 

fluorescent dye (Fluorescein isothiocyanate -FITC)-labeled E.coli strains were prepared as 

following: 100 µL of a FITC solution (1 mg/mL) was added to the 2 mL solution of E.coli 

strain ORN178 or ORN208 (10
7
 CFU mL

-1
) in PBS. The mixture was incubated at 4 ºC for 1 

h and washed three times with PBS. 10 µL FITC-labeled E.coli were added on coated slide 

and incubated at 37 ºC 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 ɛL) of ManCD@AG4 sample solution were placed on carbon film coated 

copper grids (Plano GmbH, Wetzlar, Germany) and supernatant liquid was removed by 

blotting with a piece of filter paper. The grids were allowed to air-dry 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. Release the captured E.coli by competitive guests. 

 A 27 µL stock solution of ManCD@AG4 (98.2 µM) was diluted with 420 µL by PBS 

buffer, and divided into two portions (210 µL for each). Each portion was added 45 µL FITC 

stained E.coli stain ORN178 solution. The mixture was incubated at room temperature for 1 

h on the orbital shaker with gentle shaking. A 40 µL solution of incubated sample was taken 

out and revered for recording starting fluorescent intensity (FI). After that, one portion of 

E.coli captured sample was injected by 28 µL solution of concentrated competitive guest, 

such as sodium adamantine carboxylate (AdCNa) or methyl Ŭ-D-mannopyranoside (Me-

Man). The other portion was injected by 20 µL PBS as control. Both portions were further 

gently shook on the orbital shaker for another 1 h. Afterwards, both samples were left still 

for 10 min, and 40 µL supernatant was taken out from the upper layer of sample, and 

checked the FI by fluorescence reader. The amount of released E.coli was calculated 

according to the variation of FI.  

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

The solution of E.coli strain ORN178 45 µL (OD600 = 0.3, Ḑ10
6
 CFU/mL, in PBS) was 

mixed with 255 µL of stock solution of ManCD@AG4 or CD@AG4 (ManCD in 98.2 µM, 

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 was immediately 

subjected to NIR laser irradiation (785 nm, 0.5 W/cm
2
) for 10 min at a distance of 1 cm. 

Finally, 100 ɛL of irradiated sample was spread on agar plate, and incubated for 24 h at 37 

ºC. In the diluted mode, the spreader which employed for spreading 100 µL irradiated 

sample was used directly without washing and spread again on agar plate. The control set 
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was prepared by diluting 45 ɛL of bacteria to 255 ÕL with Milli-Q water and spread on agar 

plates. 

 

VII.  Determination of the amount of attached carbohydrate on a graphene surface. 

Anthrone is used for a popular cellulose assay and in the colorimetric determination of 

carbohydrates.
209
 ManCD@AG4, CD@AG4 and AG4 were dispersed in deionized water 

(0.5 mL) in an ice bath. A freshly prepared 0.5% (w/w) solution of anthrone in sulfuric acid 

(1 mL) was added slowly to this solution. The resulting solution was gently mixed and 

heated to 80 
Ü
C for 10 min. The absorption of the solution was measured at 620 nm and 

compared with those that were obtained from a standard curve to determine the amount of 

ligand on the ManCD@AG4surface. 

 

Figure 37: A standard deviation curve estimate the sugar amount (i.e. CD unit) on ManCD@AG4 is 117.8 Ñ 

8.7 nmol/mg, and CD@AG4 is 109.2 Ñ 7.7 nmol/mg, according to AG4 weight. 

 

http://en.wikipedia.org/wiki/Cellulose
http://en.wikipedia.org/wiki/Assay
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VIII.  Calculation of agglutination index (A.I.) 

According to previous reported protocol,
204
 the agglutination indexes (A.I.) were calculated 

from 10 random fields of confocal microscopic images. The number of cells in close contact 

was indicated by the fluorescent intensity of aggregation (FLagg) which was readout by the 

cell counting software Image-Pro Plus (version 6.0, trail). The fluorescent intensity of non-

aggregated cell was also recorded and averaged as FLsingle. After summing of FLagg from 10 

random fields of confocal microscopic images (В Ὂὒ Ὥ), and then divide the FLsingle, 

as: 

 

AI = 
В

                              (eq.1) 

 

In accordance with the case of ManCD@AG4 and E.coli strain ORN178, other sample cases 

were calculated by the same method. 
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2.5.2 Methods of synthetic chemistry  

 

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

 
 

Compound 34 (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 ºC, BF3.OEt2 (1.62 mL, 12. 80 mmol) was added slowly drop by 

drop for 30 min and stirred for 20 h at room temperature under N2 atmosphere. The crude 

mixture was diluted with DCM and water and the phases were separated. The organic layer 

was washed with saturated aqueous NaHCO3 and brine solution. The organic layers were 

combined, dried over anhydrous Na2SO4, 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 afford 35 (1 g, 2.2 mmol, 85%). Rf 

(EtOAc/Hexanes 1:1) = 0.5; 
1
H NMR (400 MHz, CDCl3) ŭ 5.35 ï 5.25 (m, 3H), 4.87 (s, 

1H), 4.26 (ddd, J = 12.4, 5.3, 1.2 Hz, 1H), 4.12 (ddd, J = 9.6, 4.4, 2.3 Hz, 2H), 4.00 ï 3.84 

(m, 2H), 3.54 ï 3.48 (m, 2H), 2.17 ï 2.15 (m, 3H), 2.10 ï 2.08 (m, 3H), 2.05 ï 2.03 (m, 3H), 

2.00 ï 1.98 (m, 3H); LCMS m/z calculated for C16H27BrNO10
+
 [M+NH4]

 +
 473.2, found 

472.0.  

All spectroscopic data are in good accordance with the literature.
210

 

 

2-Thiocyano-ethoxy-2,3,4,6-tetra-O-acetyl-Ŭ-D-mannopyranoside (36) 
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Compound 35 (1.2 g, 2.64 mmol) was dissolved in DMF. Then potassium thiocyanate (1.025 

g, 10.54 mmol) was added and stirred at 80 
º
C for 12 h. The crude mixture was diluted with 

DCM and water and the phases were separated. The organic layer was washed with saturated 

aqueous NaHCO3 and brine solution. The organic layers were combined, dried over Na2SO4, 

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 the corresponding 

36 (0.85 g, 1.9 mmol, 75% yield). Rf (EtOAc/Hexanes 1:1) = 0.45; 
1
H NMR (400 MHz, 

CDCl3) ŭ 5.33 ï 5.30 (m, 1H), 5.28 ï 5.25 (m, 2H), 4.88 (d, J = 1.5 Hz, 1H), 4.31 ï 4.26 (m, 

1H), 4.12 (ddd, J = 9.3, 5.2, 2.2 Hz,1H), 4.08 ï 4.01 (m, 2H), 3.86 (dt, J = 10.8, 5.4 Hz, 1H), 

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

1.98 (m, 3H); LCMS m/z calculated for C17H23NNaO10S
+
 (M+Na)

+
 456.4; found 456.0.  

All spectroscopic data are in good accordance with the literature.
210

 

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

 

 
 

 

Compound 36 (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 at 70 
º
C for 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 

Na2SO4. Organic layer was concentrated in vacuum to give crude product, which was further 

purified by flash column using hexanes: ethyl acetate (3:7) to get pure 37 (0.4 g, 0.96 mmol, 

83%) yield. As the thiol is not stable, it is immediately taken to next step. LCMS m/z 

calculated for C16H24NaO10S
+
 (M+Na)

 +
 431.4, found 431.0.  
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Per-acetylated 6ô-Iodo- Beta-cyclodextrin (40) 

 
 

Compound 39 (1.678 g, 0.881 mmol) was dissolved in pyridine (20 mL, 247 mmol) at 

ambient temperature. Ac2O (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 co-evaporation using toluene. The crude product was purified by silica gel 

chromatography using DCM: MeOH (9:1), dried under reduced pressure and high vacuum to 

give the corresponding 40 as quantitative yield. Rf (MeOH/DCM 8:2) = 0.5; 
1
H NMR (400 

MHz, CDCl3) ŭ 5.35 ï 5.28 (m, 7H), 5.19 (d, J = 3.8 Hz, 7H), 4.82 (dd, J = 9.8, 3.7 Hz, 7H), 

3.83 ï 3.77 (m, 7H), 3.74 (d, J = 11.3 Hz, 7H), 3.60 (dd, J = 10.6, 6.6 Hz, 14H), 2.08 (s, 

21H), 2.05 (s, 21H); 
13

C NMR (101 MHz, cdcl3) ŭ 170.57, 169.34, 96.46, 80.47, 70.37, 

70.17, 70.03, 20.75, 7.96; HRMS m/z calculated for C70H91NaI7O42 (M+Na)
+
 2514.8190, 

found 2514.8174. 

 

Hepta-(1-4)[2ô,3ô-O-acetyl-6ô-{2-ethoxy-(2S,3R,4S,5R,6S)-2-(acetoxymethyl)-

tetrahydro-2H-pyran-3,4,5-triyl triacetate (41) 

 
 

 
 

Compound 37 (0.46 g, 1.12 mmol) in DMF (10 mL) was added to compound 40 (0.20 g, 

0.08 mmol) and cesium carbonate (0.36 g, 1.12 mmol) and stirred at room temperature for 
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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 Na2SO4. The organic layer was 

concentrated in vacuum to give crude product, which was further purified by silica gel 

chromatography using DCM: MeOH (8:2), dried under reduced pressure and high vacuum to 

give 41 (0.14 g, 0.03 mmol, 40%). Rf (MeOH/DCM 7:3) = 0.45; 
1
H NMR (400 MHz, 

CDCl3) ŭ 5.32 ï 5.19 (m, 28H), 5.15 ï 5.03 (m, 7H), 4.89 ï 4.76 (m, 14H), 4.29 (dd, J = 

12.3, 4.2 Hz, 7H), 4.17 ï 4.01 (m, 21H), 3.91 ï 3.65 (m, 21H), 3.35 ï 2.97 (m, 14H), 2.96 ï 

2.76 (m, 14H), 2.12-1.95 (m, 126H); 
13

C NMR (100 MHz, CDCl3) ŭ 170.21, 170.16, 169.48, 

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, 20.22; MALDI -TOF m/z calculated for 

C182H252O112S7 (M+K)
+
 4495.4338, found 4495.640. 

 

 

Per-mannosylated beta-cyclodextrin derivative (42) 
 

 

 

 
 

 

A solution of compound 41 (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 temperature followed by evaporation of the solvent. The residue was dissolved in H2O 

(20 mL) and the solution was neutralized with Amberlite IR-120 ion-exchange resin, filtered 

and concentrated in vacuum. The crude product was further purified by SephadexÊ LH-20 

gel chromatography using ultra-pure water to give 42 (50 mg, 0.02 mmol, 42%) as white 

fluffy solid. 
1
H NMR (600 MHz, D2O) ŭ 5.15 (s, 7H), 4.92 (s, 7H), 4.10 ï 3.63 (band, 70H), 

3.57 (d, J = 8.4 Hz, 7H), 3.37 (d, J = 12.7 Hz, 7H), 2.99 (d, J = 7.0 Hz, 28H); 
13

C NMR (100 

MHz, D2O) ŭ 103.80 (C-anomeric), 102.47 (C-anomeric), 86.88, 75.41, 75.12, 74.42, 73.42, 
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72.77, 69.74, 69.10, 63.45, 36.63, 35.04; HRMS m/z calculated for C98H168O70S7 (M+Na)
+
 

2711.7523, found 2711.75234.  

 

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

 

 
 

1-Adamantyl isocyanate 43 (886 mg, 5 mmol) was dissolved in chloroform (10 mL) and 

added dropwise to a solution of 2,2'-(ethylenedioxy)bis(ethylamine) (14.82 g, 100 mmol) in 

chloroform (15 mL) at 0 ÜC. The suspension was stirred overnight at 20 ÁC. The reaction 

mixture was washed three times with water (100 mL), and the product was extracted with 

hydrochloric acid solution (100 mL 1 M in water). The aqueous layer was isolated, basified 

by addition of sodium hydroxide solution (10 mL 10 M in water), and subsequently 

extracted three times with dichloromethane (3Ĭ100 mL). The combined organic layers were 

dried with sodium sulfate and filtered, and the dichloromethane was removed under reduced 

pressure. Recrystallization of the product from diisopropyl ether gave the pure product 44 as 

colorless crystals (yield: 80%). 
1
H NMR (500 MHz, CDCl3) ŭ 5.36 (t, J = 5.1 Hz, 1H), 5.24 

(s, 1H), 3.60 ï 3.54 (m, 2H), 3.53 ï 3.46 (m, 2H), 3.27 (dd, J = 10.1, 5.1 Hz, 1H), 2.86 (t, J = 

5.0 Hz, 1H), 2.44 (s, 1H), 1.99 (s, 1H), 1.90 (d, J = 2.8 Hz, 3H), 1.60 (s, 3H); 
13
C NMR (126 

MHz, CDCl3) ŭ 157.89, 77.41, 77.16, 76.91, 72.33, 70.88, 70.05, 69.95, 50.59, 42.52, 41.43, 

39.73, 36.53, 29.60; HRMS m/z calculated for [M+H]
+
 C17H32N3O3, 326.2438, found 

326.2438. 

 

1-((3s,5s,7s)-Adamantan-1-yl)-3-(2-(2-(2-isocyanatoethoxy)ethoxy)ethyl)urea (45) 
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Di-tert-butyl tricarbonate
1
 (103 mg, 394 Õmol) was dissolved in chloroform (4 mL), and 44 

(128.2 mg, 394 Õmol) in chloroform (4 mL) was added at 20 ÜC. The reaction mixture was 

stirred for 30 min to yield isocyanate 45. The isocyanate 45 was used directly for the next 

reaction without any purification. 
1
H NMR (500 MHz, CDCl3) ŭ 3.70 ï 3.61 (m, 6H), 3.55 ï 

3.51 (m, 2H), 3.44 ï 3.40 (m, 2H), 3.35 (s, 2H), 2.05 (s, 3H), 1.95 (d, J = 3.0 Hz, 3H), 1.65 

(s, 3H). 

 

Synthesis of GO and TRGO400 (46) /750 (47) 

TRGO was produced in a two-step procedure starting with graphite. At first, the graphene 

oxide (GO) was prepared by oxidation of graphite according to the method of Hummers and 

Offemann.
2
 Graphite (60 g) was stirred in concentrated H2SO4 (1.4 L) at room temperature 

and NaNO3 (30 g) was added. The mixture was cooled to 0 ÜC and KMnO4 (180 g) was 

added over 5 h. The reaction mixture was allowed to reach room temperature and stirred for 

2 h. The reaction was quenched by pouring the reaction mixture into ice water (2 L) and 

adding H2O2 (3%, 200 mL). The GO was filtered off, washed with aqueous HCl (3%) and 

then with water until no AgCl precipitated when aqueous AgNO3 was added to water. The 

purified chlorine-, sulfate- and manganese-free GO was dried in vacuum at 40 ÁC and 

powdered (60 mm mesh) by a ball mill (Retsch, Haan, Germany) using liquid nitrogen. In 

the second step, GO was thermally reduced at 400 ÜC or 750 ÜC, to produce TRGO400 (46) 

and TRGO750 (47) respectively. TRGO 400/750 was obtained as a black powder of very 

low bulk density.  
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Synthesis of AG4 (48) 

 

 

For the preparation of AG4, 40 mg TRGO400 (n-OH = 64 Õmol) 46 was suspended in 5 mL 

dry chloroform, and was consequently treated with an excess isocyanate solution 45 (15 mL) 

and 1 mg zirconium (IV) acetylacetonate (Zr(acac)2) as catalyst in chloroform (50 mL). The 

mixture was stirred under argon for three days at a temperature of 40 ÜC. AG4 was filtered 

off and washed several times with chloroform followed by drying in vacuum at 100 ÜC gave 

48. 
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3. Automated Solid Phase Synthesis of Lipoglycans from 

Mycobacterium tuberculosis 

3.1 Introduction  

 3.1.1 Mycobacterium 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 multidrug-resistant TB (MDR-TB) and 

100000 cases of newly eligible rifampicin-resistant TB (RP-TB) 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 tuberculosis (MTB) is the causative agent of tuberculosis and was first 

observed and reported by Robert Koch in 1882. MTB, a highly aerobic Gram-positive 

bacterium, primarily colonizes the mammalian respiratory system. The bacteria are spread 

by cough or sneeze from a TB infected person, transformed into droplet nuclei and 

transmitted to healthy individuals, infecting the bodyôs immune system. The inhaled droplet 

nuclei is engulfed by alveolar macrophages of the lungs by phagocytosis and expelled via 

apoptosis and autophagy, causing either latent TB, with controlled bacterial growth, or 

active TB, by multiplying bacteria in macrophages and infecting other parts of the body.
211

 

The current available vaccine against TB is an attenuated strain of Mycobacterium bovis (M. 

bovis) which was first developed and tested by Albert Calmette (1863-1933) and Camille 

Guerin (1872-1961), hence known as BCG.
212

 Current accessible drugs for active TB are 

isoniazid, rifampicin, ethambutol, pyrazinamide, and streptomycin which are given either for 

two months or four months to an infected person (WHO 2009). If the patient does not 

respond to these drugs, the patients results into MDR-TB. Such highly pathogenic bacteria 

possesses unusual lipid rich cell wall, which is a characteristic feature of the 

Actinomycetaceae family including other Corynebacterium, Mycobacterium, Nocardia 

genus.
213

  

https://www.google.de/url?sa=t&rct=j&q=&esrc=s&source=web&cd=20&cad=rja&uact=8&ved=0ahUKEwjQ4KTF89DRAhUGQBoKHZ-AC8UQs2YIcCgAMBM&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FActinomycetaceae&usg=AFQjCNFdzEypK42JSX32dryXbftOO8ALYA&sig2=RgUd1K7Q-MYnZs5PhO-04g
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 3.1.2 Cell wall of MTB  

The cell wall of MTB comprises the mycolylïarabinogalactanïpeptidoglycan (mAGPs) 

complex and other non-covalently attached lipids such as, glycolipids, glycophospholipids, 

glycopeptidolipids, sulfolipids, and sulfoglycolipids.
214, 215

 Among these lipids, mannose-

rich glycophospholids having common phosphatidyl-myo-inositol (PI) anchor are considered 

the most important class of glycolipids for cell wall function and for host-pathogen 

interactions. Some of these glycolipids are phosphatidylinositol mannosides (PIMs), 

lipomannan (LM), and lipoarabinomannan (LAM). The biosynthetic relationship of PI Ÿ 

PIMs Ÿ LM ŸLAM has been studied biochemically and genetically.
216-219

 The PIMs are 

attached to the inositol moiety glycosylated with two (PIM2) or six (PIM6) mannoses. LM 

and LAM contain a long polymeric chain of Ŭ-(1Ÿ6) linked mannose (Manp) residues with 

further Ŭ-(1Ÿ2) branching and approximately 70 arabinofuranoside (Araf) residues 

respectively (Fig. 38).
220, 221

 Mycobacterium species including M. tuberculosis, M. leprae, 

M. kansasii and M. smegmatis possess a similar mannose backbone. In LAM the non-

reducing end of the mannose is capped with Ŭ-(1Ÿ5)-Araf residue and this arabinan chain is 

further branched with Ŭ-(3Ÿ5) linked Araf residues.
214

 LM and mannose-capped-LAM 

(Man-LAM) play a crucial role in host-pathogen interactions including Toll-like receptors 

(TLR) signaling and C-type lectins binding respectively.
158, 159
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Figure 38: Schematic picture of the cell wall of M. tuberculosis consisting of phosphatidylinositol mannosides 

(PIMs); lipomannan (LM); lipoarabinomannan (LAM). 

The cell wall enables the bacteria to invade, infect, survive and circulate within the human 

host.
213, 222

 The 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 target.
159, 223

 Considering the pathogenicity and 

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

develop desired TB vaccines.  

Until now many attempts have been reported for solution phase synthesis of these cell wall 

components. Seebeger and co-workers
222, 224, 225

 accomplished 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 dodecasaccharide of 

arabinomannan 57 (Scheme 7a). Condensation of Ŭ-(1Ÿ2)-linked fragments of 

hexamannoside 55 and arabinan imidate 56 was accomplished using tert-butyldimethylsilyl 

trifluoromethanesulfonate (TBSOTf) as promoter affording the target molecule 55. The 

reducing end of the fragment 55 was implemented with a thiol linker for further attachment 

to protein carriers or microarray. The hexamannoside donor 55 was synthesized from three 

monosaccharide building blocks 50a, 50b and 51. The mannose derivative 50b was used for 
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the further Ŭ-(1Ÿ6) and for Ŭ-(1Ÿ2) side chain elongation. Building block 51 was used for 

Ŭ-(1Ÿ6) and Ŭ-(1Ÿ2) terminal capping. The arabinoside donor 56 was synthesized using 

building blocks 52-54; the arabinoside 53 used for Ŭ-(1Ÿ3) and Ŭ-(1Ÿ5) branching and 54 

for the arabinan core. In an effort to synthesize LAM fragments, the assembly of the 28-mer 

fragment via a [12 + 16] glycosylation, possessing the inositol, 15 Manp and 12 Araf 

residues proved to be challenging.
226

 Todd Lowary and co-workers presented the first total 

synthesis of ɓ-Araf containing longer arabinan fragments 57 and 56 with an aminooctyl 

linker (Scheme 7b).
227

 This convergent fragment approach involved the use of glycosyl 

donors bearing 2-O-benzoyl protecting group for anchimeric assistance and 6-O-silyl group 

as temporary protecting group for the chain elongation. More recently Hotha and 

coworkers
228

 employed a gold-catalyzed glycosylation strategy to synthesize trans- and cis-

1,2 furanoside building blocks exploiting propargyl 1,2-ortho esters while Ito and 

coworkers
229

 utilized 3,5-O-tetra-i-propyldisiloxanylidene (TIPDS) or NAP protected 

furanoside donors for intermolecular glycosylation 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 MTB.
230
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Scheme 7: Reported synthesis Arabinomannan fragments: a) Seebergerôs synthesis of Arabinomannan 

oligosaccharides.
224

 b) Lowaryôs synthesis of ɓ-Araf containing oligo-arabinan fragments.
227

 

 

These are classical chemical approaches to the solution phase synthesis of large and 

challenging molecules; however they are tedious and include multi-steps reactions and 

multiple purifications of intermediate compounds. Automated solid phase synthesis is 

known to reduce the time and effort required to gain rapid access to complex structures.
142, 

150, 157, 231
 Seebeger and co-workers reported the first automated synthesis of linear and 

branched oligoarabinofuranosides (Scheme 8).
232

 The use of two arabinose building blocks, 

60 for Ŭ-(1Ÿ5) branching while 61 for Ŭ-(1Ÿ3) branching resulted into respective linear 

and branched target molecules 62-65. Easy purification enabled the synthesis of conjugation 

ready glycans 64 and 65, respectively isolated in a 63% and 78% yield. 
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Scheme 8: Seebergerôs first AGA of oilgofuranosides.  

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

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

LAM substructure-specific 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, itôs difficult to differentiate between active, healthy or latent TB patients 

(Unpublished data
233

- 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 a highly 

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 core is still 

unknown.
215, 225

 In order to gain molecular-level 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 

fragments 66-68 and LAM fragments 69-71 (Scheme 9) were chosen as targets, containing 

either Ŭ-(1Ÿ6)-Manp, Ŭ-(1Ÿ5)-Araf-linked linear or Ŭ-(1Ÿ2)-Ŭ-D-Manp-linked branched 

mannose or arabinose hexasaccharide backbone. These structures will help; i) to implement 

the library of 35 LAM substructures previously synthesized, ii) to understand the structure-

activity-relationship (SAR) of these large oligosaccharides.  
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Scheme 9: Lipoglycans (66-71 and 95) containing different (1Ÿ6)-trans, (1Ÿ2)-trans and (1Ÿ5)-trans-

glycosidic linkages selected as targets. 

           3.1.3 Strategy 

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

building blocks 72, 73, 74 and functionalized Merrifield solid support 4 using AGA (Fig. 39) 

Cleavage from the solid support, followed by purification using NP-HPLC and deprotection 

using Zemplén methanolysis and hydrogenolysis, afforded conjugation ready glycans. 
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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 purification,     = Man, = Araf. 

3.2 Results 

3.2.1 Synthesis of Linear LM fragment Ŭ-(1Ÿ6)-Oligomannoside by AGA 

Although the synthesis of linear Ŭ-(1Ÿ6)-linked  oligomers (dimer to 30mer)
140

 was 

previously reported using the mannosyl phosphate building block 75, the insolubility of the 

synthesized dodecasaccharide led to poor separation on NP-HPLC. Further purification by a 

magnetic bead labeling saccharide (catchïrelease approach) was required. This purification 

issue was solved by using the mannose thioglycoside 72. Previous 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 (Scheme 10). The use of arming protecting groups 

(benzyl ethers) resulted in good reactivity and better separation of obtained oligosaccharide 

from deletion sequences on NP-HPLC. 

 

Scheme 10: Possible mannose building blocks for oligosaccharide syntheses. 

Merrifieldôs resin
144

 was selected as the solid support for the automated assembly of 

oligosaccharides following previously reported results.
140, 150

 The Merrifield resin 1 was 

functionalized with a photolabile linker 78, which acts as first glycosyl acceptor and it is 

stable in both acidic and basic conditions (Scheme 11).
150

 The resin loading was determined 

by performing one glycosylation with excess building block 72 on solid support 4 followed 

by DBU promoted Fmoc-cleavage and determination of dibenzofulvene production by UV 

absorbance at 294 and 304 nm.
234

 A loading of 0.37 mmol/g was obtained.  

 

Scheme 11: Synthesis of functionalized Merrifield resin 4. 

 

Linear Ŭ-(1Ÿ6)-linked hexasaccharide (hexamer) 66 was assembled using the 

thiomannoside building block 72. The C-2 hydroxyl group of glycosyl donor 72 protected 

with permanent benzoyl groups was installed to ensure Ŭ-selectivity. The C-3 and C-4 

hydroxyl group were protected with permanent benzyl ethers. The anomeric thioglycoside 

leaving group allows for fast and efficient glycosylation by Lewis acid activation.
235

 The C-6 

hydroxyl group functionalized with the temporary protecting fluorenylmethoxycarbonyl 
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(Fmoc) group serves for chain elongation of Ŭ-(1Ÿ6)-Manp backbone (Scheme 12). The 

temporary Fmoc protecting group can be selectively removed via a basic wash (Et3N 20% in 

DMF) after glycosylation during the automated synthesis.  

 

Scheme 12: Retrosynthetic analysis of linear hexasaccharide 66. 

The synthesis of the thiomannoside building block 72 started from peracetylated mannose 80 

(Scheme 13). Glycosylation with ethanethiol in the presence of boron trifluoride-diethyl 

ether (BF3.OEt2) yielded 81. Compound 81 was subjected to methanolysis using sodium 

methoxide (NaOMe) in methanol affording the Ŭ-thiomannoside 82 which, upon treatment 

with benzaldehyde dimethylacetal and (±)-10-camphorsulfonic acid (CSA) in acetonitrile, 

afforded the 4,6-O-benzylidene acetal protected compound 83. The 4, 6-O-benzylidene 

thiomannoside 83 was further protected with benzyl ether using tin-mediated regioselective 

C-3 benzylation to give 84.
236

 Protection of C-2 hydroxyl group using benzoyl chloride in 

pyridine afforded compound 85 which was subjected to  regioselective ring opening of 4, 6-

benzylidene acetal using borane-tetrahydrofuran complex and catalytic amounts of TMSOTf 

to afford compound 86. Installation of base-labile Fmoc at the C-6 hydroxyl group in the 

presence of pyridine gave the corresponding building block 72 in 89% yield. 
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Scheme 13: Synthesis of thiomannoside 72. 

3.2.2 Optimization of automated glycosylation conditions 

The syntheses of the desired oligosaccharides were carried out using a home-built automated 

synthesizer (Frank Schumacher thesis-under preparation). Each glycosylation step was 

performed in one cycle, using excess of thiomannoside building block 72, at -40 to -20 ºC, in 

the presence of NIS with catalytic amount of TfOH for activation (Module C). The C-6-

Fmoc group removal was carried out using Et3N (20% solution in DMF) liberating the C-6 

hydroxyl group for chain elongation (Module D). The sequence was repeated six times to 

achieve hexasaccharide 87. The protected hexasaccharide 87 was cleaved from the solid 

support using UV light in a microfluidic photoreactor (Module F) (Scheme 14).
150
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Scheme 14: Automated synthesis of linear hexasaccharide 87: Reactions and conditions: Module B-Acidic 

wash: TMSOTf, CH2Cl2, -20 oC, (2 min);  Module C-Glycosylation: 72, NIS, TfOH, -20 ºC, (30 min), 

CH2Cl2/Dioxane (5:1); Module D-Fmoc deprotection: 20% Et3N in DMF, 25 ºC, (3 x 5 min); Module F-post-

automation photocleavage: hᾇ, CH2Cl2, 25 ºC. 

In order to optimize the glycosylation conditions disaccharide 88 was synthesized using five 

equivalents of building block 72 per cycle (0.37mmol resin loading). This resulted in 

deletion sequences as shown in Table 1, Fig. 40a. To improve the reaction outcome, the 

synthesis of the dimer was performed with 6.5 equiv of 72 per cycle resulting in complete 

conversion to the desired dimer (Table 1, Fig. 40b). Identical glycosylation conditions (6.5 

equiv of 72 per cycle) were then applied to the synthesis of the desire hexasaccharide 87 

(Fig. 41). The crude compound was analyzed and purified using NP-HPLC affording the 

hexasaccharide 87 in 55% yield over twelve steps.  

 

Table 1: Deletion sequence ratios were calculated from the NP-HPLC trace for 88. 
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Figure 40: Crude-HPLC trace of dimer 88 with a) 5 equiv and b) 6.5 equiv of building block 72, respectively. 

 

Figure 41: Crude-HPLC trace of hexamer 87 with 6.5 equiv of building block 72. 

3.2.3 Synthesis of branched hexasaccharide LM fragment 89 

The introduction of Ŭ-(1Ÿ2)-branches into Ŭ-(1Ÿ6)-mannan backbone was also explored. 

Branched structures were assembled using two mannose building blocks 72 and 73. The C-2 

hydroxyl group of thiomannoside 73 was protected with a levulinoyl (Lev) group, for side 

chain elongation. In order to synthesize the target hexasaccharide 89 the following strategy 

was followed: first, assembly of the linear tetrasaccharide backbone 90 keeping the Lev 

a)  

 

 

 

b) 
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group intact, followed by orthogonal Lev deprotection to give 91, and second, the last two 

glycosylation (branches) using donor 72 in one step followed by removal of Fmoc (Scheme 

15). 

 

Scheme 15: Retrosynthetic analysis of branched hexasaccharide 89. 

The synthesis of the building block 73 was started with intermediate 86 as shown in scheme 

11. Methanolysis yielded the 3,4-O-benzylated Ŭ-thiomannoside 92. Protection of C-6 

hydroxyl group using FmocCl in pyridine afforded 93 in 87% yield. Finally, the 

esterification of the free C-2 hydroxyl group was accomplished with levulinoyl chloride, 

giving building block 73 (Scheme 16). 
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Scheme 16 : Synthesis of thiomannoside 73. 

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, the two Ŭ-(1Ÿ2)-branches 

were simultaneously introduced using building block 72 with module C*  in a double 

glycosylation (2×6.5 equiv). Removal of the three remaining Fmoc protecting groups was 

carried out simultaneously. Each glycosylation was performed using 6.5 equiv of 

thiomannoside building block 72 and 73, at -40 to -20 ºC, in the presence of NIS with 

catalytic amount of TfOH for activation. Successive Fmoc and Lev group removal was 

carried out using Et3N and hydrazine acetate respectively (Module D and E). Following UV 

cleavage from solid support and further purification from deletion sequences, the protected 

hexasaccharide 89 was isolated in 37 % yield over ten steps (Scheme 17). 

 

 

Scheme 17: Automated synthesis of linear hexasaccharide 89: Reactions and conditions: Module B-Acidic 

wash: TMSOTf, CH2Cl2, -20 oC, (2 min);  Module C-Glycosylation: 72 or 73, NIS, TfOH, -20 ºC, (30 min), 




























































































































































