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ABSTRACT 

Nowadays there is a growing awareness of the significant roles of carbohydrates 

involving biological interactions, especially carbohydrate/lectin interactions. 

Technologies for rapid monitoring and evaluating such interactions are of great 

importance to provide deep insights relevant to carbohydrate involving biological 

events. However, most conventional approaches are cumbersome and material/time 

consuming. Thus, there is an urgent need for fast, sensitive, and high throughput 

technologies. Glycoarrays, which consist of numerous carbohydrates with diverse 

structures immobilized on solid support, have emerged as the most promising and 

ideal technologies for addressing this need. The DNA-directed immobilization (DDI) 

glycoarray takes the advantage of the specificity of DNA/DNA hybridization to 

immobilize glycoconjugates coupled with a single-stranded DNA moiety with its 

complementary nucleic acids grafted on a solid support. It has been proved to be an 

efficient tool to do the investigation of carbohydrate/lectin interactions. The primary 

aim of the thesis is to further validate and improve the capability of DDI glycoarrays 

for rapid, simultaneous profiling and quantitative analyzing interactions of various 

synthetic glycoconjugates with lectins or other targets of interest (e.g. influenza 

viruses). 

The immobilization of carbohydrate probes is a key issue in the elaboration of the 

glycoarrays. DDI and direct covalent grafting were compared onto borosilicate glass 

slide. The DDI carbohydrate immobilization displayed more efficiency in comparison 

with covalent grafting methods. 

 The studies of carbohydrate/lectin interactions are complicated by the low 

affinities of carbohydrates towards lectins. However, the low affinity can be enhanced 

by providing multivalency and proper spatial distribution of the saccharide residues. 

Herein, galactose or fucose clusters with different multivalencies and spatial 

arrangements were tested toward the binding affinities with respect to RCA120 and 

PA-IL/PA-IIL lectins. Moreover, IC50 measurement assays were designed and carried 
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out on DDI glycoarray. The recognition study was performed by direct fluorescence 

scanning and by the determination of the IC50 values, with both techniques leading to 

similar results. 

 In order to amplify the capabilities of the DDI glycoarray, miniaturized analytical 

biosystems based on DDI glycoarray were fabricated. In this system, 40 microwells 

are etched on a single microscope glass slide. Each microwell displays 64 spots of 

covalently immobilized DNA single strands which allowed multiplex tests to be 

performed in one single microwell (a slide can be considered as an array of 

glycoarray). For proof of concept, the first miniaturized biosystem (Mb I, in abbr.) 

was designed to investigate two lectin/glycoconjugate specific recognition models by 

“in-solution” approach of DDI glycoarray. On the basis of validation of the concept of 

“in-solution”  approach in Mb I, a developed miniaturized biosystem (Mb II, in abbr.) 

was set up, which potentially allowed the mixture of eight different glycoconjugates 

or glycoconjugate/lectin complexes to be sorted and captured by hybridization with 

the complementary DNA sequences printed at the bottom of each microwell of Mb II. 

Seven tetra-galactosyl glycoconjugates arranging in various special structures and 

carrying different linkers and charges as well as two glycoconjugates bearing three 

mannose or three galactose residues were tested with respect to RCA120 and PA-IL 

by two DDI strategies: “on-chip” and “in-solution” approaches. The results showed 

that the PA-IL lectin preferred to bind to positively charged glycoconjugates. The 

highest binding signal was observed for a tetra-galactosyl glycomimetic with a 

flexible linker towards the two lectins (RCA120 and PA-IL) in “on-chip” approach, 

while in “in-solution” approach, it was another tetra-galactosyl glycomimetics with a 

rigid linker DMCH showed the most efficient binding. Moreover, it appeared that the 

two lectins preferred to bind to the glycoconjugates with Comb-like structure rather 

than glycoconjugates arranged in antenna architecture. Moreover, a quantitative assay 

for the determination of IC50 values of five glycoconjugates was performed on Mb II 

(one single slide) in parallel. The results were comparable with that observed by direct 

fluorescence detection. 

 Finally, initial attempts were undertaken to implement the study of interactions of 
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two influenza viruses H1N1/PR8 and H3N2/Moscow with glycoconjugates on DDI 

glycoarray. 
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AIMS 

 

The interactions of carbohydrates and lectins are involved in numerous crucial 

physiological and pathological processes. Thanks to the development of 

nanotechnologies, biochips and especially the carbohydrate chips which have become 

not only powerful platforms to map out the carbohydrates involving interactions but 

also efficient tools to decipher the glycocodes. In our laboratory, a kind of 

carbohydrate chip, DNA Directed Immobilization (DDI) glycoarray, has already set 

up and applied to investigate the carbohydrate/lectin interactions, which employed the 

DNA chips as anchoring platforms for immobilizing the carbohydrates 

(glycoconjugates). Following the initial works made in our lab, my thesis presented 

here address four main aims: 

1) To further the validation of the DDI glycoarray efficiency. 

2) To optimize and to develop DNA anchoring platforms for fabrication of new 

miniaturized DDI glycoarrays. 

3) To study the binding efficiency of glycoconjugates with its corresponding 

model lectins (plant or bacteria lectins) in accordance with various parameters 

(numbers and charges of carbohydrates residues, nature of linkers, different 

spatial arrangements…).  

4) Application of DDI glycoarrrays in discovery of new drugs for preventing 

influenza virus replication.  

Chapter 1 reminds the basic notions in glycobiology, and gives a non exhaustive 

overview on the state of art concerning the investigations of glycoconjugates/lectins 

interactions. The current tools mostly used to determine the structure or elucidate the 

mechanisms of interactions are described. Glycoarrays, as high throughput analytical 

tools, are cited and their interests and limitations are mentioned. In particular, new 

glycoarrays based on DNA Directed Immobilization (DDI) and the two main 

strategies for using DDI glycoarrays are reported. 
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Chapter 2 describes the main materials and methods used in the study of the 

thesis. 

Chapter 3 compares the binding affinities of glycoconjugates, which are 

immobilized by two different methods: DDI and direct covalent grafting, towards a 

plant lectin RCA120. 

Chapter 4 describes the study of the affinities of different glycoclusters towards 

two lectins (PA-IL and RCA120) respectively and the development of a quantitative 

method (IC50 assay) performed on DDI glycoarrays. 

Chapter 5 gives the last developments of high throughput miniaturized analytical 

systems based on DDI glycoarrays allowing multiplex analysis in one reactor and 

further validates the DDI strategies. 

Finally, chapter 6 applies DDI glycoarray to discovery drugs of glycoconjugates 

blocking the hemagglutinine activities of influenza virus. 
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1 STATE OF ART 

1.1 Carbohydrates and Glycoconjugates 

1.1.1 Introduction and Classification of carbohydrates 

Carbohydrates, also known as saccharides (from the Greek sakcharon), are the 

most abundant class of natural biological compounds found in organisms. Although 

carbohydrates can be viewed as hydrates of carbon according to their general formula 

of Cm (H2O) n, they are more specifically defined as polyhydroxy aldehydes or 

ketones and their derivatives.  

There are many different classification schemes for carbohydrates. Based on the 

number of carbons present, carbohydrates can be divided into triose, tetrose, pentose, 

hexose, and so on. If considering the functional groups, four types can be classified: 

aldoses (contain the aldehyde group), ketoses (contain the ketone group), reducing 

carbohydrates (contain a hemiacetal or hemiketal group) and non-reducing 

carbohydrates (contain no hemiacetal groups). However, the most common scheme 

classified carbohydrates into four major categories according to the number of 

monomers (single carbohydrate units) as follows: 

1) Monosaccharides, formed by a single monomeric molecule, are the simplest 

carbohydrates. Unmodified monosaccharide usually has a general chemical 

formula (C•H2O)n, and for example, the galactose and mannose have the same 

formula C6H12O6. However, there are some exceptions that do not conform to the 

general formula, such as the fucose (a deoxy-sugar) which has a formula of 

C6H12O5 (see Fig1-1) (1). Five- and six-member rings of monosaccharides are 

most commonly formed for chemical stability. Monosaccharides have D or L 

configuration which is determined by the configuration of the stereogenic center 
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furthest from the carbonyl group, and the configuration of a monosaccharide can 

be represented in Fischer or Haworth projections. However, for depicting 

pyranoses, the more structurally accurate chair representations are preferred (see 

Fig1-2) (2). All monosaccharides contain at least one asymmetrical (chiral) 

carbon and normally are optically active.  

 

 

Galactose 

 

Mannose  

 

Fucose 

Fig1-1 Structures of galactose, mannose and fucose. Referred to 

http://www.ionsource.com/Card/clipart/carboclip.htm 

 

 

Fig1-2 Three representations of monosaccharide conformation: Fischer projection, Haworth 

projection and chair projection(2). 

 

2) Disaccharides consist of two monosaccharide units linked together by a covalent 

bond. For instance, lactose, known as milk sugar, is formed by galactose and 

glucose.  
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Lactose 

Fig1-3 Structures of lactose which is consisted of galactose and glucose residues. Adapted from 

http://sci-toys.com/ingredients/lactose.html 

 

3) Oligosaccharides contain 3-10 monosaccharide residues that joined by glycosidic 

linkages and release 3-10 monosaccharides when hydrolyzed. Oligosaccharides 

are often found as a component of glycoproteins or glycolipids. 

4) Polysaccharides are formed by more than 10 monosaccharides linked by 

glycosidic bonds. When they are composed by the same kind of monosaccharides, 

they are called homopolysaccharides, like starch, glycogen and cellulose (each of 

them are formed by hundreds of molecules of glucose linked by glycosidic 

linkages). If the polysaccharides molecules are formed by different kinds of 

monosaccharides, they are named heteropolysaccharides, e.g. hyaluronic acid.  

Unlike nucleic acids and proteins, the building blocks (monosaccharides) of 

carbohydrates have multiple points of attachment, leading to not only linear but also 

highly branched structures. The structural complexity can be further increased by the 

possibility of α and β isomers at the anomeric centre which is a stereocentre created 

from the intramolecular formation of a ketal (or acetal) of a carbohydrate hydroxyl 

group and a ketone (or aldehyde) group. According to Lain et al, all possible 

structures of a hexasaccharide were found to be >1.05 x 1012 (3). The number of 

currently known natural N-linked glycans were reported more than 2000 (4) . 

Therefore the structures of carbohydrates are incredibly complex and diverse, which 

brings a great deal of obstacles for investigation of carbohydrates involving biological 

events.  
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1.1.2 Introduction and Classification of Glycoconjugates 

Glycoconjugates are very significant compounds in biology and often found on 

the outside of cell membranes. They are important biomolecules, which consist of 

carbohydrates of varying size and complexity, attached to a non-sugar moiety as lipid 

or protein, so-called glycolipids, or glycoproteins (see Fig1-4).  

For the glycoproteins, there are two types of glycosylation: 1) In N-glycosylation, 

the sugar chains can be added to the amide nitrogen on the side chain of the 

asparagine. 2) In O-glycosylation, the sugar chains can be added to the hydroxyl 

oxygen on the side chain of hydroxyproline, threonine, hydroxylysine, or serine. 

 

Fig1-4 Mimetic diagram of glycolipid and glycoprotein on cell surface. 

 

1.1.3 Biological roles of carbohydrates and glycoconjugates 

Carbohydrates and glycoconjugates are well known to play crucial roles during 

various biological processes. Besides the barrier, protective stabilizing and energy 

storing roles, they also participate in cell communication and adhesion, cell 

development and differentiation, immune responses, inflammation, tumor metastasis, 

bacterial adhesion and viral infections, etc... Varki has already made a comprehensive 

and all-embracing summary of the main roles of carbohydrates and glycoconjugates, 

which can be broadly classified into two groups (2, 5):  

One group concerns the roles induced by the structural and modulatory properties. 

For instance,  the glycocalyx  and the polysaccharide coats can provide 
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compacted  physical barrier for eukaryotic cells and prokaryotes respectively; glycans 

are also very important for the synthesis of polypeptides and the maintenance of 

protein solubility and conformation; the attachement of glycans with matrix molecules 

plays an important role in maintaining the structure, porosity, and integrity of the 

tissues; some of the glycan part of glycoproteins can protect the polypeptidic part 

from recognition by proteases or antibodies; glycosylation of a polypeptide can also 

mediate switching effect and “tuning” function. For example, the biological activity of 

haematopoietic growth factor will change with the degree of glycosilation (6, 7).  

The other group concerns the role of specific recognitions (especially 

glycan-protein interaction) roles (2). It has already proved that glycans were specific 

ligands for cell-cell recognition and cell-matrix interaction. For example, the 

interaction of glycans with some selectin can mediate critical interactions between 

blood cells and vascular cells (8). Glycans are also specific ligands for cell-microbe 

interaction. One of the best characteristic examples is hemmagglutinin/sialic acid 

interaction which involve in the process of influenza virus entering into the host cell 

(9-13).  

However, due to the enormous diversity of glycans in nature, the precise 

functions of lots of glycans are not yet uncovered. 

 

1.2 Lectins 

1.2.1 Introduction and classification of lectins 

Lectins are one of the groups of glycan-binding proteins (GBPs), which can 

non-covalently bind to carbohydrates with high specificity. They are neither enzymes 

which have catalytic activity nor antibodies produced by immune response (14, 15). 

Lectins are also referred to as hemagglutinins, or phytoagglutinins, because they were 

originally found in plants and can cause cell agglutination (13, 14).  
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Lectins can be obtained from almost all living organisms: microorganisms 

(viruses and bacteria), plants and animals (13, 15-18), and they were initially studied 

in plants and invertebrates, then in vertebrates (19-21).  

The study of the molecular properties especially the structure of a biomolecule is 

one of the prerequisites for deep understanding of its activities at the molecular level. 

For the lectins, it had taken a long time, more than a century, to get the elucidation of 

structures since their first discovery was in 19th. The first pure lectin concanavalin A 

(ConA) was isolated in 1919 by Sumner (22). Until 1972, concanavalin A (ConA) was 

the first lectin whose primary sequence and 3D-structures were established by 

Edelman et al. (23). After that, lots of scientists were involved into this research area 

(24-36). As the processes of isolation and purification of lectins were usually 

time-consuming and low-yield (37), the occurrence of recombinant and artificial 

lectins appears as an appropriate substitution. Ever since the recombinant lectin 

technology was first reported by Nagahora et al. in 1992 (38), plenty of artificial 

lectins with new and variable carbohydrate specificities have emerged (39-45). To 

date, about 200 lectins have established 3D structures (13) and almost the structure of 

100 lectin/ligand complex have been elucidated (46). So far, the number of identified 

lectins is estimated to be approximately 1000 (37), of which about 10 percent (~100) 

are commercially available (47).  

Normally, most lectins were found to be naturally multivalent, containing two or 

more carbohydrate-binding sites. Some highly conserved amino acid residues which 

provide the framework required for binding were discovered in the 

carbohydrate-binding site (15, 48, 49). The specificity of carbohydrate-binding, 

however, is predicted to arise from a variability of amino acids within the other 

regions of carbohydrate-binding site (15). The carbohydrate-binding site mostly 

exhibits in the form of shallow depressions on the surface of the lectin. Carbohydrates 

interact with lectins commonly through hydrogen bonds, metal coordination, van der 

Waals forces and hydrophobic interactions (50). Therefore, carbohydrate–lectin 

interactions are quite weak in comparison with other carbohydrate-protein interactions. 

The interaction affinity between lectin and monosaccharide is very low, usually in the 
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millimolar range (51-56). However, the weak binding of monosaccharides can be 

enhanced and compensated by multiple and simultaneous binding of many sugar 

residues (57). This affinity enhancement due to multivalent interactions, which is 

much larger than the effect of the increased concentration, is known as “cluster 

glycoside effect” (54-56). 

There are several different classification schemes for the lectins: 

I. Depending on the source/origin, lectins can be divided into three groups (14, 

15): a) from animals; b) from plants; c) from microorganisms. 

II.  According to the monosaccharide ligand towards which they exhibit the highest 

affinity, lectins can be classified into five groups (14):  

a) mannose-specific lectins, b) galactose/N-acetylgalactosamine-specific 

lectins, c) Nacetylglucosamine-specific lectins, d) fucose-specific lectins and e) 

N-acetylneuraminic acid-specific lectins. 

III.  Based on structural features, lectins can be classified into three types (14, 15): a) 

simple lectins, which consist of a small number of subunits and contain an 

additional domain besides the carbohydrate-binding site(s); b) mosaic (or 

multidomain) lectins, which are composite molecules made of several kinds of 

protein domains, and only one of which possesses a carbohydrate-binding site; 

c) macromolecular assemblies lectins, which are filamentous organelles 

consisting of helically arranged subunits (pilins) assembled in a well-defined 

order, and usually exist in bacteria. 

IV.  According to the nature of the specific recognition of carbohydrates by cognate 

receptors, two general categories can be distinguished (37, 58): a) self 

recognition involving lectin as receptors within the same organism; b) non-self 

recognition, in which the receptors are mainly of plant, microbial or parasitic 

origin (hemagglutinins, adhesins, toxins, etc.). 

V. According to structural and/or evolutionary sequence similarities, the lectins 

can be classified into several groups (2, 56, 59, 60): 1) β-prism lectins; 2) 

C-type lectins; 3) eel fucolectins; 4) ficolins-fibrinogen/collagen-domain- 

containing lectins; 5) garlic and snowdrop lectins and related proteins; 6) 
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galectins; 7) hyaluronan-binding proteins or hyaladherins; 8) I-type lectins; 9) 

amoeba lectins; 10) L-type lectins; 11) M-type lectins; 12) N-type lectin; 13) 

P-type lectins; 14) R-type lectins; 15) tachylectins from horseshoe crab 

Tachypleus tridentatus; 16) haevin-domain lectins; 17) Xenopus egg 

lectins/eglectins.  

 

Thanks the large number of investigations, the important biological roles acted by 

lectins has been exhibited as reported on Table 1-1.  

 

a 

 

b 

 

Lectins from Animals Function of lectins 

P-type lectins, ERGIC-53, VIP-36 Intracellular routing of glycoconjugates 

Calnexin, calreticulin Molecular chaperones during glycoprotein synthesis 

Asialoglycoprotein receptors, 

macrophage mannose receptor 

Mediation of endocytosis 

Galectins, sarcolectin, cytokines Cellular growth regulation 

Geodia cydonium galectin, other galectins, Extracellular molecular bridging 

Microorganisms Function of lectins 

Amoeba Infection 

Bacteria (e.g. PA-IL, PA-IIL) Infection 

Influenza virus  ( e.g. HA) Infection 

Plants Function of lectins 

Various Plants (e.g. RCA120) Defense 

Legumes (e.g. Concanavalin A) Symbiosis with nitrogen-fixing bacteria 
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interleukin-2 

Selectins, CD22, CD31, CD44 Cell–cell interactions for homing and trafficking 

Galectins, heparin- and hyaluronic acid binding 

lectins 

Cell–matrix interactions 

Galectin-9 Scavenging of cellular debris; anti-inflammatory action 

E- and P-selectins Leukocyte trafficking to sites of inflammation 

Man-6-P Targeting of lysosomal enzymes 

Siglecs Cell-cell interactions in the immune and neural system 

Spermadhesin Sperm-egg interaction 

Collectins Innate immunity 

Dectin-1 Innate immunity 

c 

Table1-1 Examples of the functions of lectins in accordance with the origin of microorganisms 

(a), Plants (b) and Animals (c) (61, 62) 

 

1.2.2 Concanavalin A 

Concanavalin A (Con A), extracted from jack bean (Canavalia ensiformis) by 

Sumner in 1919, is the first pure lectin (22). The structure of the protein was 

determined in the early 1970s (63-65). Native Con A exhibits dimmer-tetramer 

equilibrium in aqueous solution, and exists as a dimer around pH 5 (66-68). Each 

monomer of Con A consists of 237 amino acids (Mr 26500) and possesses one 

carbohydrate-binding site as well as a transition metal ion site (S1) (typically Mn2+) 

and a Ca2+ site (S2) (69). They specifically bind with moderate affinity (Kd 120-500 

µM) to the α anomers of D-mannose and D-glucose. Therefore, oligosaccharides 
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which containing these sugars will bind Con A with high affinity as a result of 

multivalent interactions (70). 

The easy preparation of Con A and the large number of saccharides with which 

Con A can interact, have led to numerous studies on Con A (15). The applications of 

Con A include probing normal and tumor cell membrane structures and dynamics, 

studying glycosylation mutants of transformed cells, and yielding preparations of 

polysaccharides, glycopeptides and glycoproteins from Con A affinity columns etc. 

(66). Con A is also a lymphocyte mitogen which will induce proliferation of T 

lymphocytes. It induces mitogenicity by binding to specific receptors on T 

lymphocytes (71). Con A can also be used as neutralizing antibody to inhibit the HIV 

virus in in-vitro models of viral infectivity (72). In addition, Con A has been reported 

to perform as a stimulator of several matrix metalloproteinases (MMPs) (73, 74).  

 

1.2.3 PA-IL and PA-IIL 

Pseudomonas aeruginosa is a gram negative bacterium and an opportunistic 

pathogen (75, 76) responsible for the main morbidity and mortality in cystic fibrosis 

patients. PA-IL and PA-IIL (also referred to as LecA and LecB) are two main lectins 

that were extracted from Pseudomonas aeruginosa. In 1972 Gilboa-Garbera et al 

discovered and purified the lectin PA-IL by affinity chromatography (77, 78) . 

However, until 1982 the lectin PA-IIL was first extracted from the same bacterium 

cultured in a medium of different composition (79).  

In the review (80) about the structures and specificity of the lectins from 

Pseudomonas aeruginosa, Imberty et al. have comprehensively summarized the 

properties of the two lectins. Herein some of the main characters were listed in 

Table1-2. PA-IL and PA-IIL are all Ca2+ dependent lectins consisted of four subunits 

(see Table1-2 and Fig1-3). PA-IL is a galactose specific lectin, however, its affinity for 

D-galactose is only in medium range, with Ka (association constant) of 3.4×104 

M-1obtained from an equilibrium dialysis study (81). PA-IIL has a high affinity for 
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L-fucose with Ka of 1.6×106 M-1 (80) .  

The two lectins are primary virulence factors and cytotoxins of the Pseudomonas 

aeruginosa. They are also broad-spectrum agglutinins, which can cause bacteria to 

adhere to host cell leading to the respiratory epithelial damage during Pseudomonas 

aeruginosa respiratory infections (82) and changing the epithelial barrier function of 

the intestinal tract(83) and so on.  

 

Main Characters PA-IL PA-IIL 

Number of amino acids (without initiation 

Met) 
121 114 

Molecular mass (Da) 12,753 11,732 

PI(Isoelectric point) 4.94 3.88 

Oligomeric state Tetrameric Tetrameric 

Cations observed in crystal structures 1 Ca2+ ，Mg2+ 2 Ca2+ ，Mg2+ and Zn2+ 

Monosaccharide in the binding site  D-Galactose 
L-Fucose 

D-Mannose 

Table1-2 Comparison of the main properties PA-IL and PA-IIL, adapted from (80) 

1.2.4 RCA120 

RCA120 (Ricinus communis agglutinin 120), also called RCAI or ricin agglutinin, 

is an R-type lectin isolated from the seeds of the common castor bean Ricinus 

communis (84-88). It is a tetrameric hemagglutinin with a molecular weight of 

120,000 Da composed of two types of subunit: A chains (Mr = 29,500) and B chains 

(Mr = 37,000), linked by a single disulfide bridge (84, 86, 88). The A chain was found 

to be able to inhibit protein synthesis in eukaryotic cells (89); the B chain can 

specifically bind to β-D-galactosides (86). The structure of the RCA120 molecule is 

represented as B–A–A–B (88, 90) (see Fig1-5).Therefore, RCA120 is regarded as a 

bivalent lectin, which has the potential of binding two galactose residues at the same 

time (91). The pI (Isoelectric poin) of RCA120 is about 7.5-7.9 (92). 

The lectin RCA120 has been considered to be a versatile tool for the detection of 
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galactose-containing oligosaccharides (93). Since 1980 RCA120 has already been 

used to study the glycoconjugates of nervous system (94). D’Agata and his 

co-workers have studied the recognition between RCA120 and a new mimic 

bioconjugate with Surface Plasmon Resonance imaging (95). RCA120 lectin can also 

be used as affinity adsorbent to selectively separate the glycoproteins and 

oligosaccharides (96). Recently this lectin was applied to the study of recognition with 

glycoconjugates on carbohydrate microarray (97-99).  

 

 

Fig1-5 Structure of the RCA120, the read chains represent A chains, the green chains represent 

B chains. Adapted from (90). 

 

1.3 Traditional study methods 

In this section, the main characterization techniques used for examining the 

glycan-protein interactions are described. They can be broadly classified into three 

categories: 1) biophysical methods, for example X-Ray Crystallography and NMR 

spectroscopy; 2) kinetic and near-equilibrium methods such as Isothermal Titration 

Calorimetry (ITC); 3) nonequilibrium methods such as Enzyme-Linked 

Immunosorbent Assay (ELISA)(2). 

 

1.3.1 X-Ray Crystallography 

X-Ray Crystallography is a technique that allows the elucidation of the 
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three-dimensional structure of biomolecules at atomic-level resolution. This is 

achieved by first crystallizing the purified biomolecule into ordered arrays and then 

using X-ray diffraction to analyze the crystals. X-rays are used because they have the 

same wavelength as the atomic separations so the crystal acts as a molecular 

diffraction grating to diffract a beam of X-rays, producing a diffraction pattern that 

can be captured and analyzed. A computer is then used to reconstruct the original 

structure. X-Ray Crystallography has been successfully employed to determine the 

structures of proteins (100-102), DNA (103-105), or other biomolecules. In addition, 

protein-ligand complexes (106-108) can also be determined using monochromatic 

X-ray diffraction techniques via kinetic trapping approaches 

 

1.3.2 NMR Spectroscopy 

Nuclear magnetic resonance is a phenomenon which occurs when the nuclei of 

certain atoms are immersed in a static magnetic field and exposed to a second 

oscillating magnetic field. Nuclear magnetic resonance spectroscopy uses the NMR 

phenomenon to study physical, chemical, and biological properties of matter. NMR 

spectroscopy was highly useful for the determination of carbohydrate and 

glycoconjugate sequences, conformations and dynamics (109). For example, in 1991 

Michalski et al. analyzed the urinary fucosyl glycoasparagines in fucosidosis using 

400 MHz 1H-NMR spectroscopy (110). 

In NMR, the distances between the protons of a molecule can be obtained 

according to the assignment of the proton resonances by using multidimensional 

methods (e.g. determining the nuclear Overhauser effect). On the combination of the 

computational tools, the conformation of free-state glycans in solution can be imitated. 

There are three main methods NOESY (NOE spectroscopy), trNOESY (transferred 

rotating-frame Overhauser effect spectroscopy) and HSQC (heteronuclear 

single-quantum correlation) that can be employed to profile the conformation of 

bound glycans (2). Detailed insight into the binding event also can be obtained by 
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nuclear magnetic resonance (NMR) experiments. Angulo and his coworkers (111) 

have demonstrated the power of a combined transfer NOE/STD NMR approach for 

the analysis of carbohydrate–protein complexes. In spite of great informations 

achieved, NMR is limited by the degree to which small glycans structurally mimic the 

larger glycan–binding macromolecule (2).  

 

1.3.3 Isothermal Titration Calorimetry (ITC) 

ITC is a thermodynamic technique that directly measures the heat released or 

absorbed during a biomolecular binding event ITC can directly and simultaneously 

measure the binding constants (Ka), binding stoichiometry (n), enthalpy changes (∆H), 

and entropy (∆S) between two or more molecules in solution. Therefore, ITC can 

provide a complete thermodynamic profile of the interaction in one experiment.  

In a typical ITC experiment (112), a solution of a one biomolecule (“ligand” such 

as a carbohydrate, protein, DNA molecule, etc) is titrated into a solution of its binding 

partner. The heat released upon their interaction (∆H) is monitored over time. As 

successive amounts of the ligand are titrated into the ITC cell, the quantity of heat 

absorbed or released is in direct proportion to the amount of binding. As the system 

reaches saturation, the heat signal diminishes until only heats of dilution are observed. 

A binding curve is then obtained from a plot of the heats from each injection against 

the ratio of ligand and binding partner in the cell. The binding curve is analyzed with 

the appropriate binding model to determine Ka, n and ∆H.  

ITC has a broad application, including protein-protein (112, 113), protein-DNA, 

protein-lipid target-drug, enzyme-inhibitor, antibody-antigen, and lectin-carbohydrate 

(114-116), etc. ITC is one of the strictest methods for determining the equilibrium 

binding constant between a glycan and a GBP (114-116). During the glycan-protein 

binding process, the glycan of interest is added with increments of concentration into 

a solution containing a fixed concentration of GBP. Then the heat is either generated 

or absorbed, so that the change of heat capacity of binding is determined. According 
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to the data obtained, the Kd, the enthalpy of reaction ∆H and the binding entropy ∆S 

can be determined. Therefore, it can provide a complete thermodynamic profile of the 

glycan-protein interaction in one experiment.  

Nevertheless, this technology requires large quantity of materials (glycan and 

protein) to use a wide range of different glycans (2). 

 

1.3.4 Surface Plasmon Resonance (SPR)  

The SPR-based biosensors were first demonstrated by Liedberg et al. for 

monitoring biomolecular interaction in 1983 (117). SPR is an optical method that 

measures the change in refractive index near a sensor surface (118). In order to detect 

an interaction, firstly, one partner ligand need to be immobilised onto the sensor 

surface, and then its binding partner (analyte) is injected in aqueous solution through 

the flow cell, also under continuous flow. As the analyte binds to the ligand, the 

refractive index increases. This change in refractive index is measured as response in 

resonance units (RUs) versus time (a sensorgram) (118). The SPR method has been 

frequently used to measure carbohydrate-lectins interactions (119-121), for instance, it 

can be applied to analyze the structure of oligosaccharide (122), determine the 

lectin/carbohydrate specificity (123, 124) and screen lectin sources (125), as well as 

analyze mutant proteins and prognosticate cancer disease (126, 127).  

SPR allows to follow the interaction of label-free biomolecules and to determine 

the kinetic and thermodynamic parameters of the reaction “in real time” (128). 

Therefore the information about the association and dissociation kinetics of the 

binding as well as the overall Ka and Kd can be achieved. The detection limit of SPR 

is from millimolar to picomolar, and the concentration range of analyte is 0.1–100 

×Kd (normal volume, 50–150 µl) (2). In addition, SPR has recently been extended to 

be an efficient tool to perform high-throughput analyses of biomolecular binding 

events (129). 

Despite the advantages just mentioned, this technology also has some drawbacks, 
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such as the measure is often limited by the mass of the analytes; the detection 

sensibility of SPR is lower than fluorescence detection which has a detection limit of 

fM (130-132); sometimes mass transport considerations may result in inaccurate Kd 

measurement.  

1.3.5 Enzyme-Linked Immunosorbent Assay (ELISA) 

Enzyme-Linked Immunosorbent Assay (ELISA) emerged in 1960s, and first 

reported by Engvall and Perlmann in 1971 (133). The main procedures of a traditional 

ELISA are as follows: firstly, fix an unknown amount of antigen (or antibody) to the 

surface of a solid support; secondly, a specific antibody (or antigen) linked with an 

enzyme is added to bind to the fixed antigen (or antibody); finally, the enzyme is 

permitted to react with its substance and then the quantitative determination can be 

obtained according to the substance. There are a large number of categories of ELISA, 

while the most commonly used are three types: 1) the sandwich ELISA, 2) the indirect 

ELISA, and 3) the competitive ELISA (134). 

Currently, the traditional ELISA has been adapted to investigate glycans and 

glycan-binding proteins (GBPs) in various ways. Typically, GBP of interest is 

immobilized and the binding of glycans to the protein is measured, or the reagents are 

reversed (2). ELISA has proven to be one of the efficient tools available to probe 

recognition processes of the protein/glycoconjugates (glycoprotein or glycolipid) and 

the glycoprotein/glycolipid interactions (135). Alban and coworkers have developed 

an ELISA assay coating with sulfated polysaccharides to screen protein/sulfated 

carbohydrates recognition (136). Gull et al. reported quantification of WGA (wheat 

germ) in serum in an application for lectin-mediated drug delivery by sandwich 

ELISA method (137). Afrough and colleagues realized systematic optimization of 

ELISA method by the investigation of interactions of 21 biotinylated plant lectins 

with a glycoprotein (138). In addition, ELISA methods utilizing immobilized lectins 

were also developed for detection of the glycoprotein of HIV and SIV (139). 

Furthermore, the competition ELISA-type assays have been used to study the 
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carbohydrate-protein interaction. In this approach, competitive glycans are added and 

their competition for the GBP is measured by determining IC50 (2) 

The advantages of this approach are the ability to perform a high-throughput 

assay by automated handling, to provide relative Kd and to define the relatively 

binding activity of a panel of glycans. The major disadvantages are that it was highly 

material-consuming and usually need chemical modification of glycans and proteins 

(2). 

1.3.6 Enzyme-Linked Lectin Assay (ELLA) 

Enzyme-Linked Lectin Assay is a method founded on modification of 

enzyme-linked immunosorbent (ELISA). This method was initially based on binding 

the lectin followed by binding an anti-lectin antibody (140). 

Normally, the approach of ELLA is based on binding of lectins to 

glycoconjugates immobilized on a microtiter plate; after the immobilization, the 

bound lectins are detected with labelled avidin (141-143). ELLA has a huge number 

of applications. It can be used for quantitative determination of lectin receptors 

(144-147); investigation of carbohydrate-lectin interactions (148, 149); detection of 

disease-related alterations of glycoconjugates with lectins (150-152), and so on. 

 

1.4 Glycoarrays 

1.4.1 Introduction  

As mentioned above, the well-established traditional methods (e.g. ELISA, ITC, 

X-Ray Crystallography) mentioned above have been used for investigation of 

carbohydrate-protein interactions, most of them are highly time/material-consuming 

or labor intensive and not suitable for high-throughput analysis.  

Glycoarrays, also referred to as carbohydrate arrays, consist of various 

carbohydrates immobilized on the surface of a support in a special array manner, 
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which mimic the natural presentation on cell surface (see Fig1-6). Glycoarrays have 

become a powerful platform which enable to fast and simultaneous profile 

interactions involving carbohydrates in a high-throughput and high-sensitivity 

approach using only minute materials (153-156).  The significant progress made in 

the past several years has brought glycoarrays to the study forefront of carbohydrate 

involving biological process. 

 

 

Fig1-6 Sketch map of Carbohydrates microarray. 

 

In general, glycoarray fabrication and detection includes three main steps: 

I.  Glycans preparation (to obtain the probe) 

The first step of glycoarray fabrication is to obtain available probes (glycans). 

There are two primary approaches: one is isolation from nature sources; the other is 

chemical or enzymatic synthesis (157, 158). The glycans acquired from isolation 

approach is usually limited, low-yield and not easy to purify (159). The synthetic 

approach obviously has potential to complement limited availability of glycans 

isolated from natural sources (157, 158). However, current carbohydrate synthesis 

methods are always time-consuming, labor intensive and mostly carried out in 

specialized laboratories (157). The development of a fully automated oligosaccharide 

synthesis is still a great challenge due to the inherent complexity of carbohydrates 

(157). In addition, the glycans obtained either from nature sources or synthesis 
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approach, sometimes, may required further modifications for the subsequent glycan 

immobilization and for detection (e.g. fluorescence labeling).  

II.  Glycan immobilization on the support 

Glycan efficiently immobilized on the surface of the support is a prerequisite for 

the successful preparation of glycoarrays (160). Therefore, the surface immobilization 

of oligosaccharides is a one of crucial steps of glycoarray fabrication. In order to set 

up an efficient glycoarray, many important factors should be taken into account (99, 

161): the space between saccharides; the distance from the saccharide to the surface of 

the substrate; the orientation and spatial structure of the saccharide towards its target, 

etc. Plenty of immobilization strategies have been performed on diverse supports (see 

1.4.2). 

III.  Binding detection  

For the binding detection on glycoarrays, three methods are most commonly used. 

They are 1) Fluorescence detection, 2) Surface plasmon resonance (SPR) detection 

and 3) Coupling of glycoarrays with mass spectrometry (MS). 

Fluorescence detection is much more popular compared with other two methods. 

It has a high sensitivity and can perform semi quantitative measurement. 

Fluorophore-labelled proteins and glycans have been widely used. However, protein 

labeling often results in protein denaturation and maybe interference with 

carbohydrate ligand binding. Kawahashi et al. have developed a method to prevent 

denaturation of proteins by incorporating a fluorophore-puromycin conjugate into 

proteins at the C-terminus (162). 

Surface Plasmon Resonance (SPR) can also be applied to glycoarrays detection 

(163-165). SPR enables reading an array format in real time, providing both kinetic 

and affinity constants of interactions (166-168). Its high sensitivity allows the 

detection of low-affinity binding. For instance, SPR detection was successfully used 

for the recognition study of glycans by multiple plant lectins (167). SPR imaging 

(SPRi) studies have been applied to the determination of carbohydrate-lectin 

interactions (169, 170). However, as mentioned before, SPR has less sensitivity than 

the fluorescence detection method. Although glycan-based biosensors have been 
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reported (171, 172), to our knowledge no electrochemical methods were applied to the 

detection of glycoarray. 

 

Mass spectrometry (MS) not only can be used for characterization and 

sequencing of carbohydrate and glycoconjugates (173-176) but also for detecting the 

modification of carbohydrates on glycan microarrays (177). Coupling of glycan arrays 

with mass spectrometry (178), tremendously enhances abilities in the discovery of 

new glycan-binding ligands. In addition, MALDI-TOF-MS technology is also 

considered to be one of promising ways for glycoarray detection (179). 

 

1.4.2 Classification of glycoarray 

I. Based on the structural characteristics of the carbohydrates displayed on chips, 

carbohydrate microarrays can be classified into three types (158, 180): 1) 

monosaccharide chips (154), 2) oligosaccharide chips (155, 181), and 3) 

microarrays of carbohydrate-containing macromolecules (153), which include 

polysaccharides and various glycoconjugates . 

II.  Various types of supports substrate can be used for carbohydrate microarrays 

depending among others on the type of transducers (detection) (157, 158): 

Nitrocellulose membrane chips (155), microtiter plate (177), modified black 

polystyrene slide, glass slide (99), plastic chips (182) and gold surface slide (154, 

183), or chips based on beads in fibre-optic wells (184), etc. 

III.  Considering the immobilization strategies for carbohydrates on a solid surface, 

general categories of carbohydrate microarrays can be distinguished (160): 

1) Noncovalent adsorption (Physisorption).  

Noncovalent adsorption is a relatively simple immobilization method 

because of no need of modified surface and chemical-link techniques, however it 

usually requires materials large enough to provide tight adsorption (160). There 

are two subtypes, one is nonspecific and noncovalent adsorptions on the solid 
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surface, e.g. Wang et al fabricated a microbial polysaccharides chip on glass slide 

by nonspecific physical adsorption (153). The other is site-specific but 

noncovalent immobilization of chemically conjugated carbohydrates, e.g. Fukui 

and his co-workers immobilized neoglycolipids on a nitrocellulose and obtained 

efficient immobilization via this approach (155).  

2) Covalent grafting.  

The covalent immobilization is broad-spectrum method and more suitable 

than the noncovalent approach (185). This approach also can be divided into two 

subgroups: One is covalent immobilization of chemically unmodified 

carbohydrates or glycoconjugates on the modified surface (168, 186-188), the 

most common method consists in using the reducing end of the saccharides as 

anchoring point, which often results in the opening of the reducing end ring and 

influence the whole structure of the glycoconjugate (186). The other is covalent 

immobilization of chemically conjugated carbohydrates or glycoconjugates on the 

modified surface (185). This strategy has been far more documented in the 

literature. Lots of reactions were employed for carbohydrate immobilization, such 

as through photochemistry (189-193), reaction of amines with activated esters 

(194), aldehydes (195) or epoxy-modified substrates (196), reaction between a 

cyanuric chloride and an aminophenyl group (197), reaction of thiols with double 

bonds (198-200), or thiol-derivatised surfaces (201), cycloaddition reaction (154, 

202), Staudinger ligation (203). 

3) Specific biological based interactions 

In this approach, carbohydrate can be immobilized through 

biotin/streptavidin interaction (204, 205), or by DNA-directed immobilization 

(DDI) through DNA/DNA hybridization (97-99, 206) has been reported. That 

implies that specific biological tag (biotin or single strand DNA) was previously 

coupling with carbohydrate whereas the surface of array was (bio) functionalized 

with streptavidin or complementary single strand DNA respectively. 
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1.4.3 Application and limitation of glycoarray 

As the most promising and advanced technology, glycoarrays have become 

powerful tools not only for basic biological research, but also for medical diagnosis. 

Glycoarrays have very broad applications: 

� Carbohydrate microarrays can be utilized to determine the binding profile of 

glycan-binding proteins and identify novel carbohydrate-binding proteins (12, 

200, 207);  

� They can be used to characterize carbohydrate-cell interactions, such as detection 

the bacteria in blood(208), typing of the influenza strains (12), and study of the 

interactions between carbohydrates and eukaryotic cells (209);  

� They may provide high-throughput screening of inhibitors that will disrupt the 

carbohydrates-protein interactions for drug discovery (202);  

� They can be applied to assay the activity of the enzymes (161);  

� And they also can be exploited to profile of carbohydrate–antibody interactions 

and to detect of specific carbohydrate-binding antibodies for the diagnosis of 

diseases (153, 210). 

Currently, although glycoarray technologies have large-scale applications and 

have attracted more and more scientists involving into the glycoarray research fields, 

this technology is still in its development and validation phase. Assortments of 

sophisticated platforms of glycoarray have been reported, no one yet dominates (179). 

Many limitations and challenges still remain. Firstly, the available sources of 

carbohydrates for fabrication of glycoarray have been far from exploited (160, 211). 

The development of new isolation and purification method (isolate carbohydrates or 

glycoconjugates from nature sources) and the establishment of new synthetic 

strategies are two crucial approaches to circumvent the obstacle. Moreover libraries of 

carbohydrates, antigens, antibodies, enzymes and lectins should be established to 

make these materials available to carbohydrate researchers (180). Secondly, 

glycoarray should be improved for detecting proteins with weak binding affinities (e.g. 
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lectins) (160), the presenting methods of carbohydrates (carbohydrate printing) on the 

support, thereby, need to be developed and optimized. Thirdly, a useful glycoarray 

also requires an efficient detection method, therefore the improvement of detection 

technologies is also very important (160). Finally, concerning the determination of 

glycoarray information, different labs usually use different formats and standards. As 

a consequence, direct comparisons between platforms are largely lacking and 

therefore glycan arrays still serve primarily as a qualitative tool. That is why 

standardized informations and results are strongly desired to facilitate meta-analyses 

(179, 211). 

 

1.5 Glycomimetics 

Despite the increased awareness of the crucial function of carbohydrates, the 

investigation of biological events involving carbohydrates is extremely difficult and 

formidable. This is mainly ascribed to the unique structural complexity and diversity 

of carbohydrates mentioned before. The intrinsic character of carbohydrate structures 

render the isolation of pure, structurally defined glycan compounds from natural 

sources hard and cumbersome. In addition, the glycans cannot be cloned, and they are 

production of the intricate biosynthetic action of multiple glycosyltransferases and 

many other modifying enzymes. Synthetic methods, thereby, provide a great 

alternative allowing for the preparation of synthetic oligosaccharides or 

glycoconjugates. As mentioned before the frequent branching and linkage diversity of 

carbohydrates result in greater structural complexity in comparing with nucleic acids 

and proteins. Due to the incredible complex structures of oligosaccharides, it is very 

hard to synthesize compound with structure and functions identical to glycans 

obtained form nature. For detailed biological investigation the natural glycans may 

not have enough chemical stability and bioavailability (212). Therefore, there is an 

urgent need to develop new method to address the problem. A combinatorial approach 

to synthesize diverse artificial compounds with simple building blocks and possessing 
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similar or even better functions in a rapid manner seems to be an appropriate choice 

(213). For instance, a fast and flexible glycomimetics synthetic strategy using 

microwaves and “click chemistry” was established by Vasseur’s team (214), which 

permit introducing different number of various carbohydrate residues and enable to 

adjust the physico-chemical and structural parameters such as the spaces between 

every two residues, the hydrophilic/lipophilic balance, charge... Moreover, they can 

also synthesize single strand DNA coupled with glycoconjugates and added a 

fluorescent tag (see Fig1-7).   

 

 

Fig1-7 Schematic structures of a kind of glycomimetics (carbohydrate/DNA conjugates), 

adapted form (206, 214) 

 

Glycomimetics, as structurally modified simple analogs (mimics) of carbohydrates, 

then appeared to meet the requirement. Those glycomimetics can also mimic the 

bioactive function of carbohydrates (see Fig1-8). Over the years, tremendous progress 

has been made toward the synthesis of glycomimetics (215-224). Plenty of 
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glycocomimetics have applied to drug design or discovery (225-229), study the 

interactions with carbohydrate-binding proteins (215, 230-235), and establish 

neoglycopeptide libraries or carbohydrate-oligonucleotide conjugates (55, 214, 

236-239), etc.  

 

Fig1-8 Sketch map of natural glycoconjugate replaced by glycomimetic. 

1.6 DDI glycoarray 

1.6.1 Introduction   

As noted before, the immobilization of glycans is one of the important steps for 

fabricating a useful glycoarray. An efficient immobilization should provide ideal 

orientation and density of the glycans fixed at the surface of the support and take full 

benefit of the “cluster effect” (206). The “cluster effect” also referred as the “cluster 

glycoside effect” is a phenomenon where the multivalent glycoside ligands show 

enhanced activity compared to the corresponding monovalent ligand on a per mole of 

saccharide, or valence-corrected basis (in other words which is substantially higher 

than the effect of increased concentration) (240). In addition to the two common 

immobilization methods, physisorption and chemical covalent immobilization, DDI, 

as a new immobilization strategy, was applied to the glycoarray.  

DNA-directed immobilization (DDI) method takes the advantage of specific 

Waston-Crick base pairing to immobilize biomolecules coupled with a single-stranded 

DNA moiety by providing a specific recognition site for complementary nucleic acids 
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on a solid support (241, 242). The rigid structure of the DNA double helix might 

guarantee proper orientation of the probe (241). In addition, using the DNA chips as 

immobilization matrices, DDI method can offer parallel immobilization of various 

probes under chemically mild conditions. The DDI was first introduced into the 

fabrication of protein microarray in order to study biological events involving proteins 

and peptides (243, 244). In 2004, Wacker and coworkers made a comparison of three 

antibody immobilization methods on microarray: direct covalent immobilization, 

biotin/streptavidin interaction mediate immobilization and DDI. The results showed 

that the DDI led to the most efficient antibody immobilization. Moreover, DDI was 

also successfully applied to immobilize cell-surface ligands for building a live-cell 

microarray (245). 

DDI was first introduced to glycoarray fabrication by Chevolot et al. in 2007 

(246). In their studies, using DNA chips as universal anchoring platforms, the 

glycoconjugates coupled with a complementary DNA tag were addressed onto the 

surface of the microarray (see Fig1-9). 

                  
(a)         (b) 

Fig1-9 Principle of DDI Glycoarrays: (a) a classical DNA chip is used as an anchoring 

platform. Each spot contains one type of single strand DNA sequence; (b) Glycoconjugates 

bearing a complementary single strand DNA sequence are immobilized through the DNA 

hybridization. Adapted from (206) 

 

 In addition, a Cy3 tag was introduced into the glycommimetics fabrication in 

order to visualize the relative surface density of the glycomimetics and control the 

quality of the immobilization. Glycomimetics bearing one or three galactose residues 
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with two different linkers (L1: Cyclohexanedimethanol and L2: Tetraethyleneglycol) 

were efficiently immobilized onto the surface of the chip and tested with respect to 

the Cy5-labelled RCA 120 lectin (see Fig1-7). The DNA-directed immobilization 

(DDI) of glycoconjugates (97-99, 206)  has been proved to be very efficient, 

site-selective and reversible immobilization methods. 

1.6.2 Two test strategies of DDI glycoarray 

1.6.2.1 “On-chip” approach 

The first strategy of DDI glycoarray is the “on-chip” approach. In this strategy, a 

DNA chip would be fabricated by printing ssDNA (single-stranded DNA) onto the 

surface of the substrate. Then the Cy3 labelled glycoconjugates bearing the 

complementary ssDNA would be immobilized on the desired spot of the surface by 

hybridization with the ssDNA printed on the substrate. Finally, the Cy5 labelled 

lectins would interact with the corresponding glycoconjugates on the chip and be 

prepared for detection (see Fig1-10).  

 
 

Fig1-10 Sketch map of “on-chip” approach of DDI glycoarray fabrication. Adapted from(206) 
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1.6.2.2 “In-solution” approach  

The “in-solution” approach is the second strategy for DDI glycoarray fabrication. 

In this approach, the first step is also to fabricate a DNA chip. The second step 

however, unlike the “on-chip” approach, the interaction of Cy5-labled lectin with 

Cy3-labelled glycoconjugates would performed in the solution and the resulting 

lectin/glycoconjugate complex would be addressed to the corresponding spots on the 

substrate by DNA hybridization (see Fig1-11).  

 

 

 

 

Fig1-11 Sketch map of “in-solution” approach of DDI glycoarray fabrication. Adapted from 

(206) 

1.6.2.3 Advantages and limitations of DDI glycoarray 

A first proof of this concept has been made with “glycoconjugate/ RCA 120 

lectin” as model system. The advantages of DDI have been demonstrated as follows: 

very minute concentration of material (glycoconjugates) is necessary for the detection, 

as low as 0.5µM (99) and the detection limit is in the range of 2-20nM (206). 
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Moreover, because the single DNA strands were covalently grafting on the surface 

chip, the subsequent DDI glycochip can be reusable due both to the reversibility of 

DNA hybridization (206) and the robustness of chip towards the stringency washings. 

As quality control of glycocomimetics immobilization and recognition with the lectin 

can be realized by introducing the fluorescence labelling Cy3, Cy5 and Alexa647 

(97-99, 206), DDI glycoarray can take full advantage of the detection tools available 

for DNA-chip.  

Although DDI glycoarray has many advantages mentioned above, some 

drawbacks still remain. For example, like other glycoarrays DDI glycoarray can be 

also limited by the available glycan materials (however thanks to the glycomimetic 

synthetic strategy developed by IBMM, this can be circumvented); the fluorescence 

detection is only a semi quantitative measurement. Therefore, more efforts still should 

be taken to improve the power of DDI glycoarray. Indeed in Chevolot et al (206), the 

device was developed with only one DNA tag and validate with a model plant lectin. 

 

1.7 Objectives of the study 

The main goal of the thesis is to develop a device for the screening of 

carbohydrates/lectins interactions. This implies to improve and optimize the DDI 

glycoarray study method. For this, we will compare two methods of glycomimetics 

immobilization: the DDI immobilization and the covalent immobilization. Next in 

order to get semi-quantitative insight on the affinity of studied interaction an IC50 

assay was developped. IC50 assay is a commonly used method for the measurement of 

the effectiveness of a substance (inhibitor) in inhibiting biological interactions, the 

IC50 value is the concentration of an inhibitor where the interaction is reduced by half. 

In order to improve the high throughput capacity of DDI glycoarrays and reducing the 

required materials and experiments, several glycomimetic/lectin interactions are 

expected to be performed in parallel in one reactor of DDI glycoarray. Therefore the 

ability to multiplex the analysis and to miniaturize the glycochips will be the main 
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challenges of this work.  

In order to validate the progress in glycoarray technology, we will investigate the 

interactions of different glycoclusters with various properties (structure, residue, 

charge…) towards two lectins (PA-IL and RCA120) respectively. RCA120 was a 

model lectin widdly reported in literature. PA-IL is suspected to be in volved in the 

adhesion of Pseudomonas aeruginosa to the host cells. The affinity studies will be 

performed either by “on chip” or “in solution” approach.  

At last, DDI glycoarray was applied to investigate carbohydrate/hemagglutinin 

with whole viruses interactions in order to i) discover new glycomimetic ligands of 

Hemagglutinins (HA) blocking their activity, ii) rapidly diagnose the infection by 

influenza viruses in the population at risk and iii) distinguish the human and avian 

influenza viruses. 
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2 MATERIALS AND METHODS 

In this chapter, the main experimental materials and methods used throughout this 

dissertation (Chapter 3, 4, 5) are listed and described. This includes the materials and 

methods employed in the construction of DNA anchoring platform, in the fabrication 

of DDI glycoarrays and in the detection procedures of the glycoconjugate/lectin 

biological interactions. It would provide a more detailed framework and overview of 

the study.  

 

2.1  Glycomimetics  

All glycoconjugates (glycomimetics) mentioned in this thesis were drawn in 

Annexe1. Most of the glycoconjugates were synthesized by our co-workers(97-99, 

206) in the IBMM of Université de Montpellier 2 and ICBMS of Université lyon 1, 

except the two kinds of calix[4]arene-based glycoclusters of Glycoconjugate 6 and 7 

(see Annexe1), which were provided by the IBMM and the University of Ferrara (98). 

The experimental procedure for the synthesis of Glycoconjugate 1-9 are showed in 

Annexe 2. The synthesis of Glycoconjugate 10-24 have not been published yet. In 

consequence the experimental procedure for their synthesis is not given. 

Herein, we recall the general structure of glycoconjugates. 

Tables 2.1 and 2.2 summarize the main characters of the glycoconjugates used 

(name, geometrical structure, linker, charge, potential target lectin…). Thanks the 

high flexibility in the glycoconjugate building methodology, various geometrical 

structures (comb like, antenna, and crown glycocluster using calixarene core) of 

glycoconjugates were provided by our partners. Table 2.3 relates to the properties of 

their DNA tag (name, sequence, GC%, and melting temperature Tm).  
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Name 
Internal 

Reference 
Molecular 
Schema Structure Linker  a 

Charge 
(number) 

G 1 
 

Molecule 1 
 (in chapter 5) 

3ManDMCH 

 
 

Cyclohexanedimethanol 

（DMCH） 
0 

G 2 1GalDMCH 

  

Cyclohexanedimethanol 

（DMCH） 
0 

G 3 3GalDMCH 

  

Cyclohexanedimethanol 

（DMCH） 
0 

Table2-1 Main characters of glycoconjugates—(I) Linker a refers to the Linkage between every two phosphodiesters of the structure of the glycoconjugates not 
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taking into account the DNA tag(206). 

Name Internal 
Reference 

Molecular 
Schema 

Structure Linker Charge 
(number) 

G 2a 1Gal TEG 

 

 

Tetraethyleneglycol  
(TEG) 0 

G 3a  3Gal TEG 

 

 

Tetraethyleneglycol  
(TEG) 0 

Table2-1 (Continued). 

33

33
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Name 
Internal 

Reference 
Molecular 
Schema Structure Linker 

Charge 
(number) 

G 4 Molecule 1 

  

Cyclohexanedimethanol 

（DMCH） 
0 

G 5 Molecule 2 

  

Cyclohexanedimethanol 

（DMCH） 
0 

G 6 
LM1 
(4Gal 

1calixarene) 

  

Trishydroxymethylethane 0 

Table2-1 (Continued). 
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Name Internal 
Reference 

Molecular 
Schema 

Structure Linker Charge 
(number) 

G 7 
LM2 
(8Gal 

2calixarene) 

  

Trishydroxymethylethane 0 

G 8 10Gal penta 

 
 

Pentaérythritol -(5) 

G 9 4Fucose —————— 

 

Pentaérythritol -(1) 

Table2-1 (Continued). 
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Name Internal 
Reference 

Molecular 
Schema 

Structure Linker Charge 
(number) 

G 10 
 

Molecule 5 
 (in chapter 5) 

FM1DMCH 

 

 

Cyclohexanedimethanol 

（DMCH） 
0 

G 11 
 

Molecule 2 
 (in chapter 5) 

GWP40 

 

 

Trishydroxymethylethane -(3) 

G 12 
 

Molecule 3 
 (in chapter 5) 

FM2TMOE 

 

 

Trishydroxymethylethane 0 

Table2-1 (Continued). 

Cseq5Cseq5

Cseq2Cseq2

Cseq3Cseq3
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Name Internal 
Reference 

Molecular Schema Structure Linker Charge 
(number) 

G 13 
 

Molecule 4 
 (in chapter 5) 

FM3TDMAP 

 

 

Trishydroxymethylethane +(3) 

G 14 
 

Molecule 6 
 (in chapter 5) 

FM1PEPO 

 

 

Pentaerythritol -(1) 

G 15 
 

Molecule 7 
 (in chapter 5) 

FM3PEDMAP 

 

 

Pentaerythritol +(1) 

Table2-1 (Continued). 

Cseq6Cseq6

Cseq7Cseq7

Cseq4Cseq4
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Name Internal 
Reference 

Molecular Schema Structure Linker Charge 
(number) 

G 16 FM2PEMOE 

 

 

Pentaerythritol 0 

G 17 GWP50L ———————————————————————— 

 

Pentaerythritol 0 

G 18 GWP50S ———————————————————————— 

 

Pentaerythritol 0 

Table2-1 (Continued). 

Cseq8Cseq8
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Name Internal 
Reference 

Molecular 
Schema 

Structure Linker Charge 
(number) 

G 19 GWP45 —————— 

 

Tetraethyleneglycol  -(4) 

G 20 GWP48 —————— 

 

Tetraethyleneglycol  0 

G 21 GWP60 —————— 

 

Cyclohexanedimethanol 

（DMCH） 
-(7) 

Table2-1 (Continued). 
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Name Internal 
Reference 

Molecular 
Schema 

Structure Linker Charge 
(number) 

G 22 GWP63 —————— 

 

Cyclohexanedimethanol 

（DMCH） 
0 

G23 73A —————— 

 

Cyclohexanedimethanol 

（DMCH）and 
Trishydroxymethylethane 

 

 
-(1) 

G24 73B —————— 

 

Cyclohexanedimethanol 

（DMCH）and 
Trishydroxymethylethane 

-(1) 

Table2-1 (Continued). 



 

 52 

Name DNA Tag a （（（（Complementary sequences）））） Sequence b Carbohydrate residue (number) Potential lectin affinity c 

G 1 DNA Tag 1 (Cseq 1) Sequence 1 Mannose (3) —————— 
G 2 (G 2a) DNA Tag 1 (Cseq 1) Sequence 1 Galactose (1) RCA 120 & PA-IL 
G 3 (G 3a) DNA Tag 1 (Cseq 1) Sequence 1 Galactose (3) RCA 120 & PA-IL 

G 4 —————— ———— Galactose (3) RCA 120 & PA-IL 
G 5 DNA Tag 1 (Cseq 1) ———— Galactose (3) RCA 120 & PA-IL 
G 6 DNA Tag 1 (Cseq 1) Sequence 1 Galactose (4) RCA 120 & PA-IL 
G 7 DNA Tag 1 (Cseq 1) Sequence 1 Galactose (8) RCA 120 & PA-IL 
G 8 DNA Tag 9 (Cseq 9) Sequence 9 Galactose (10) RCA 120 & PA-IL 
G 9 DNA Tag 9 (Cseq 9) Sequence 9 Fucose (4) PA-IIL 
G 10 DNA Tag 5 (Cseq 5) Sequence 5 Galactose (4) RCA 120 & PA-IL 
G 11 DNA Tag 2 (Cseq 2) Sequence 2 Galactose (4) RCA 120 & PA-IL 
G 12 DNA Tag 3 (Cseq 3) Sequence 3 Galactose (4) RCA 120 & PA-IL 
G 13 DNA Tag 4 (Cseq 4) Sequence 4 Galactose (4) RCA 120 & PA-IL 
G 14 DNA Tag 6 (Cseq 6) Sequence 6 Galactose (4) RCA 120 & PA-IL 
G 15 DNA Tag 7 (Cseq 7) Sequence 7 Galactose (4) RCA 120 & PA-IL 
G 16 DNA Tag 8 (Cseq 8) Sequence 8 Galactose (4) RCA 120 & PA-IL 
G 17 DNA Tag 1 (Cseq 1) Sequence 1 Lactose (2) —————— 
G 18 DNA Tag 1 (Cseq 1) Sequence 1 Lac-α-2,6-Neu5Ac (2) Hemagglutinin 
G 19 DNA Tag 1 (Cseq 1) Sequence 1 Lac-α-2,6-Neu5Ac (3) Hemagglutinin 
G 20 DNA Tag 1 (Cseq 1) Sequence 1 Lac-α-2,6-Neu5Ac (3) Hemagglutinin 
G 21 DNA Tag 1 (Cseq 1) Sequence 1 Lac-α-2,6-Neu5Ac (3) Hemagglutinin 
G 22 DNA Tag 1 (Cseq 1) Sequence 1 Lac-α-2,6-Neu5Ac (3) Hemagglutinin 
G 23 DNA Tag 1 (Cseq 1) Sequence 1 Lactose (1) —————— 
G 24 DNA Tag 1 (Cseq 1) Sequence 1 Lac-α-2,6-Neu5Ac (1) Hemagglutinin 

 

Table2-2 Main characters of glycoconjugates—(II). DNA Tag a is the ssDNA sequences in the glycoconjugate, which are also complementary sequences 

corresponding to Sequence b, the main characters of DNA tags are listed in Table2-3; Sequence b is the ssDNA sequence printed on the surface of the chips (see 

Table 2-4); Potential lectin affinity c is the lectin with which the glycoconjugate has potential to interact, according to the carbohydrate residues of the 

glycoconjugate. 
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Name of DNA tag Internal reference GC﹪﹪﹪﹪a Tm b 

DNA Tag 1 (Cseq1) Czip 1.1.1 66.7 54.7 

DNA Tag 2 (Cseq2) Czip 1.7.1 36.8 49.6 

DNA Tag 3 (Cseq3) Czip 1.8.1 52.6 59.4 

DNA Tag 4 (Cseq4) Czip 1.9.1 57.9 59.6 

DNA Tag 5 (Cseq5) Czip 1.10.1 46.7 44.0 

DNA Tag 6 (Cseq6) Czip 1.11.1 31.6 44.7 

DNA Tag 7 (Cseq7) Czip 1.14.1 26.3 46.7 

DNA Tag 8 (Cseq8) Czip 1.13.1 52.6 61.7 

DNA Tag 9 (Cseq9) Czip 1.2.1 52.6 59.4 

 

Table2-3 Main characters of DNA tags of glycoconjugates  

GC%a and Tm b were calculated by on-line software Primer3 (http://biotools.umassmed.edu/bioapps/primer3_www.cgi)   
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2.2 Set up a DNA anchoring platform 

The glass slides (Borosilicate, Nexterion D, Schott GMBH, Germany) were used 

as substrate supports (97-99, 206). The setting up of the anchoring platform comprises 

three steps: 

1. Fabrication of microreactors onto glass slides by photolithography and wet 

etching. 

2. Surface chemical functionalisation of the supports leading to NHS ester activated 

glass slides. 

3. Covalent immobilisation of amino-modified oligonucleotides acting as anchoring 

points for the subsequent immobilisation of the glycoconjugates. 

 

 

Fig2-1 Photo and sketch map of the substrates. Glass slide featured 52 round microreactors a) 

or featured 40 square microreactors b). 

 

2.2.2  Fabrication of microreactors (Substrate preparation) 

Microreactors are designed onto flat glass slides by means of photolithography 

and wet etching. Two kinds of microreactors bearing glass slides have been used: 

� One featured 52 round microreactors (98, 99, 206) of 2 mm diameter, 65-100 µm 

deep with less than 1% variation in depth for one etching lot, with a volume near 
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1µL (See Fig2-1 a).  

� The other featured 40 square microreactors (97) of (3 mm by side, 60 ± 1µm 

depth, with a 4.5 mm spacing between each microreactor in order to be 

compatible with the spotting robot and multi-canal micropipettes (See Fig2-1 b).  

 

Technology process of the microreactor fabrication was adapted from the 

protocol developped by Mazurczyk et al (247). The process flow is shown in Fig2-2.  

 

 

 

Fig2-2 Technology processes of microreactors fabrication. 0. The original glass slide. 1. The 

deposition of a chromium layer. 2. A photolithographic step. 3. Opening of the chromium. 4. 

Glass etching. 5. Removing of the protective layers .Adapted from(247).  

 

2.2.2.1  Deposition of the Chromium layer  

Before photolithography, a chromium layer was deposited on the surface of the 

slide, in order to promote the adhesion of photoresist film with the slide and offer an 

additional protection against harsh etching solutions (247). Firstly, the glass slides 

were washed successively with TDF4 detergent (Franklab SA, Billancourt, France) 

solution, a fresh Piranha mixture (96 % Sulphuric acid (Riedel de Haen, Puriss, Seelze, 

Germany): 35 % hydrogen peroxide (Fluka, Puriss, Steinheim, Germany), 7:3 volume) 

for 10 min, then rinsed with DI water (18.2 MΩ) and dried by centrifugation. A 150 

nm chromium layer was deposited using magnetron sputtering (MRC822 system). 

The system was operated at a RF power of 5 kW, reflected power was 2 W, and turret 

voltages 2.6 kV. The argon flux was set to 50 sccm and the working pressure was 2.6 

10-3 Torr. 
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2.2.2.2  Photolithography 

SPR 220 4.5 photoresist (Rohm Haas electronic materials, Lucerne, CH) was 

spin-casted at 4 000 rpm for 30s resulting in a 4µm thick layer. A first bake at 115 °C 

on a hot plate for 1 min 30 seconds was performed. Photolithography was carried out 

with a Karl Suss MJB3 Mask Aligner, and a 22 second illumination was performed. 

The slides were immersed in MF26 A developer for 1 minutes, rinsed in running DI 

water for 5 min, dried under a dry nitrogen flux and post-baked at 115°C for 2 

minutes(247). 

 

2.2.2.3  Etching 

The chromium windows on the glass slides were opened using chromium etchant 

(Merck, Darmstadt, Germany). The slides were then rinsed in running DI water for 15 

minutes and immersed in a freshly prepared wet etching solution (Buffered Oxide 

Etchant - abbreviated BOE, 7/1, Hydro fluoridric acid: ammonium fluoride, 

Honeywell): 37%hydrochloric acid (HCl, Riedel de Haen, Seelze, Germany): DI 

water (H2O, 18.2 MΩ), 1/2/2, v/v/v) at room temperature for 1h and 15 minutes. The 

slides were rinsed in running DI water for 15 minutes. Complete removal of the 

photoresist was achieved by rinsing with acetone (Riedel de Haen), ethanol and water. 

Finally, the chromium layer was removed with chromium etchant (Merck, Darmstadt, 

Germany). Depth of the microwells was monitored with a mechanical profiler 

(Alfa-step 500 from KLA Tencor)(247). 

 

2.2.3  Silanization and activation of the glass slides  

The microfabricated slides were washed with fresh Piranha solution for 20 min, 

and rinsed in deionized water for 10 minutes/4 times and dried by centrifugation. After 

heating the slides under dry nitrogen for 2 h at 150 °C in a sealed reactor, 250ml dry 

pentane was added at room temperature, followed by 300µL of 

tert-butyl-11-(dimethylamino)silylundecanoate. After incubation at room temperature 

under dry nitrogen for 2 hours, pentane was evaporated under reduced pressure and 

the slides were heated at 150 °C overnight and then washed in Tetrahydrofuran (THF, 

Riedel de Haen, Seelze, Germany) 10 minutes under sonication and rinsed with DI 

water. 
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The tert-butyl ester was converted into the corresponding carboxyl group by 

immersing the slides in glacial formic acid (Riedel de Haen, Seelze, Germany) for 7 h 

at room temperature, washed successively 10 min in THF (Sonication) and 10 minutes 

in water sonication. 

NHS activation of the carboxylic functions for the covalent immobilization of the 

amino-modified oligonucleotides was performed as follow: The glass slides were 

immersed in N-hydroxysuccinimide (Riedel de Haen, Seelze, Germany) 0.1 M and 

di(isopropyl)carbodiimide (Riedel de Haen, Seelze, Germany) 0.1 M in dry THF 

solution and allowed to react overnight at room temperature. Finally, the slides were 

rinsed successively in THF 10 minutes and dichloromethane 10 minutes under 

sonication leading to the NHS activated glass slides. 

 

2.2.4  Immobilization of single-strand DNA   

All amino modified DNA sequences (see Table2-4) were purchased from 

Eurogentec and prepared for fabrication of DNA anchoring platforms. 

� For the slide featured 52 round microreactors, each microreactor has been used as 

a spot. So each microreactor has been full filled with 1µl of desired amino 

oligonucleotides in PBS10× (pH 8.5) at 25 µM for single strand DNA probes 

immobilization. 

� For the slide contained 40 square microreactors, each microreactor has been used 

as a microchip. So amino modified nucleotides were deposited by a Biorobotics 

MicroGrid microarrayer (Digilab), resulting 64 spots per well.  

 

In both cases, after deposition, the oligonucleotides were allowed to react with the 

carboxylic activated glass slides overnight at room temperature in a water vapor 

saturated chamber, and then the solutions were slowly evaporated overnight at room 

temperature. Finally, the slides were washed with 0.1% (w/v) sodium dodecyl sulfate 

(SDS, Sigma Steinheim, Germany) at 70°C for 30 min, and rinsed with DI water. 
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Name Internal reference GC﹪﹪﹪﹪a Tm b 

Sequence N (Seq N) Zip 1.12.1 44.4 53.5 

Sequence 1 (Seq 1) Zip 1.1.1 72.2 64.4 

Sequence 2 (Seq 2) Zip 1.7.1 31.8 55.0 

Sequence 3 (Seq 3) Zip 1.8.1 47.6 61.1 

Sequence 4 (Seq 4) Zip 1.9.1 52.4 61.7 

Sequence 5 (Seq 5) Zip 1.10.1 38.9 51.1 

Sequence 6 (Seq 6) Zip 1.11.1 27.3 50.2 

Sequence 7 (Seq 7) Zip 1.14.1 22.7 52.4 

Sequence 8 (Seq 8) Zip 1.13.1 45.5 65.1 

Sequence 9 (Seq 9) Zip 1.2.1 56.0 73.6 

Table2-4 Main characters of DNA sequences used for DNA anchoring platform fabrication. GC﹪a and Tm b were calculated by on-line software Primer3 

(http://biotools.umassmed.edu/bioapps/primer3_www.cgi)   
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2.3 Blocking 

In order to limit further non specific adsorption phenomena, a blocking step was 

performed by immersing the slide bearing DNA in 4% Bovine Serum Albumin (BSA, 

Sigma, Steinheim) solution for 2 h at 37°C. The slide was then washed in PBS 1× (pH 

7.4)-Tween 20 at 0.05% for 3×3min followed by PBS 1× (pH 7.4) 3 times, and finally 

rinsed with DI water and dried by centrifugation.  

Glass slides were ready to be used either for the “on chip approach” or “in 

solution approach” as described below. They also can be stored in refrigerator at 4°C. 

2.4  Immobilization of glycoconjugates 

2.4.1 Covalent immobilization of glycoconjugates 

In the studies of chapter 3, two glycoconjugates (glycoconjugate 4 and 

glycoconjugate 5, see Table2-1) were immobilized on the glass slide by covalent 

grafting. 0.5µM and 25µM of glycoconjugates in PBS 1× (pH 7.4) were placed at the 

bottom of the corresponding microreactor on the slide with a micropipette. After 

incubated at room temperature in a water vapour saturated chamber for 24h, the slides 

were washed with 0.1% (w/v) SDS (Sigma Steinheim, Germany) at 70°C for 30 min, 

and rinsed with DI water. 

2.4.2 Immobilization of glycoconjugates by hybridization  

For the “on-chip approach” (see Chapter1, Fig1-10), before recognition with 

lectins, glycoconjugates were first immobilized through the hybridization with the 

complementary sequences present on the glass slide.  At desired concentration, the 

solutions of glycoconjugates (PBS 1× pH 7.4) were placed at the bottom of the 

corresponding microreactor on the slide with a micropipette at the appropriate volume 

(about 0.8µl for the slide featured 52 round microreactors, 1-2.5µl for the slide 
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contained 40 square microreactors), and allowed to hybridize for 3h at room 

temperature in a water vapour saturated chamber. The slide was then washed 

successively in Sodium Saline Citrate (SSC 2×) 0.1% Sodium Dodecyl Sulphate (SDS, 

Sigma Steinheim, Germany) at 51◦C for 1min followed by SSC 2× at room temperature 

for 5 min and dried by centrifugation. 

2.5  Biological recognition 

2.5.1  Lectin labeling 

Ricinus communis agglutinin 120 (RCA120, Sigma, Steiheim, Germany) lectin 

was labeled by following the manufacturer protocol of Cy5 Ab Labelling Kit 

(Amersham Biosciences, GE Healthcare, Buckinghamshire, UK). Protein 

concentration and the dye to protein ratio were estimated by reading the absorbance at 

280 and 650 nm (Nanodrop). Lectin concentration was estimated to be 4 µM bearing an 

average of 4 dyes per protein. 

Pseudomonas aeruginosa lectin I (98) and Pseudomonas aeruginosa lectin II (97) 

(noticed PA-IL and PA-IIL, provided by Dr. Anne Imberty, CERMAV) were labeled 

with Alexa647 by using a kit from Invitrogen. Protein concentration was estimated 

according to the manufacturer protocol by reading the absorbance at 280 and 650 nm. 

The final concentration of monomeric lectin was estimated at 28 µM with a degree of 

labeling of 0.4 for PA-IL, at 24.5 µM with a degree of labeling of 0.04 for PA-IIL. 

2.5.2  “On-chip” recognition  

The labeled lectin was diluted to the desired concentration in PBS 1× (pH 7.4), 

CaCl2 (Sigma, Steinheim, Germany; final concentration 1µg/ml) and 20% BSA 

(Sigma, Steiheim, final concentration 2%) to prepare the “on-chip” recognition 

solution. After that, the lectin solution was deposited with a micropipette in each 

microreactor of the slide bearing glycoconjugates and allowed to incubate at 37◦C in a 

water vapor saturated chamber for 2 h. The slide was then washed in PBS 1× (pH 
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7.4)-Tween 20 (0.02%) (Roth, Karlsruhe, Germany) for 5min and dried by 

centrifugation. 

2.5.3  “In-solution” recognition (Hybridization of complexes 

glycoconjugate and lectin)  

Glycoconjugates and lectins (at desired final concentration) were diluted in 

PBS-Tween 20 (0.02%) solution, BSA (2% final concentration) and CaCl2 (1µg/ml 

final concentration) to prepare the “in-solution” recognition solutions. Each solution 

was pipetted down in its corresponding microwell of the slide and incubated 2h at 

37°C in water saturated chamber. Finally the slide was washed with PBS 1× (pH 

7.4)-Tween 20 (0.02%) for 5min and dried by centrifugation. 

2.5.4  Quantitative Analysis (IC50 determination) of binding 

affinities of glycoconjugates/lectins 

IC50 of binding affinities of glycoconjugates/lectins was determined by introducing 

the inhibitor (lactose). A series of solutions containing increasing concentrations of 

the inhibitor (lactose) were prepared by adding different volumes the lactose (at 

desired concentration in PBS 1×) to the “on-chip” recognition solution (see 2.5.2.) or 

the “in-solution” recognition solutions (see 2.5.3.). The solutions were then deposited 

into corresponding microreactors on the slide respectively with a micropipette and 

incubated 2h at 37 °C in water saturated chamber. Finally the slide was washed with 

PBS1× (pH 7.4)-Tween20 (0.02%) for 5min and dried by centrifugation. 

2.6 Fluorescence scanning 

As mentioned before, three fluorochromes (see Table 2-5) were employed in this 

study. Cy3 was used to label glycoconjugates, whereas Cy5 and Alexa647 were used 

to label lectins. 

Thus the slides can be scanned with the Microarray scanner GenePix 4100A 
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software package (Axon Instruments, Sunnyvale, USA) at excitation wavelengths of 

532 and 635 nm. The fluorescence signal of each conjugate was determined as the 

average of the mean fluorescence signal of corresponding spots. In order to study the 

binding affinities of different glycomimetics towards the target, the immobilization 

yield of glycomimetics should be comparable, which means the Cy3 fluorescence 

intensities should be similar. Otherwise, the binding signals (the Cy5 or Alexa647 

fluorescence intensities) need to be corrected according to the Cy3 fluorescence 

intensities of glycomimetics (see Table2-6). However, such correction can not be 

applyed to the “in-solution” approach, due to the Fluorescent Resonance Energy 

Transfer (see chapter 3)  

    

Dye Color 
Color of 

Fluorescence  
MW(g/mol)  

λ λ λ λ Abs 

(nm) 

λλλλ Em 

(nm) 
QY(﹪﹪﹪﹪) 

Cy3 Pink Green 767 550 570 0.15 

Cy5 Blue Red 792 649 670 0.28 

Alexa647 Blue Red 1300 650 665 0.33 

Table2-5 Main characters of fluorescence dye. Referred to (248) and 

http://flowcyt.salk.edu/fluo.html 

MW: Molecular weight; Abs : Peak absorption wavelength λmax (nm); Em: Peak emission wavelength λmax 

(nm); QY: Quantum yield (%) 

Table2-6 Correction of Cy5 or Alexa647 fluorescence intensity according to ratio of the Cy3 

fluorescence intensity of glycomimetics 

A1
a (the Cy3 fluorescence intensity of Gycomimetics 1) is regarded as a reference date (standard). 

Fluorescence intensity 
 

Cy3 Cy5 or Alexa647 Cy5 or Alexa647 (after correction) 

Glycomimetics 1  A1
 a B1 

      

Glycomimetics 2 A2 B2 
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3 COMPARISON OF DIRECT 

COVALENT IMMOBILIZATION AND 

DDI OF GLYCOMIMETICS  

3.1 Introduction and context 

The main objective of this part of work was to compare the performances of DDI 

with direct covalent immobilization of glycomimetics onto the solid surface. For this, 

the recognition by RCA 120 of the same glycomimetic structure exhibiting three 

galactose residues (Glycoconjugate 3, 4 and 5; see chapter 2, Fig2-1) immobilized 

either by a covalent bond with a short linker (see Fig3-1, G 4) or a long linker (see 

Fig3-1, G 5), or by DDI (see Fig3-1, G 3) was compared.  G 4 and G 5 have a 5’-end 

amine function to insure their covalent immobilization by reaction with ester activated 

modified glass slides. The immobilization of G 4 and G 5 led to the amide derivative 

of these molecules after coupling. They are still referred to as G 4 and G 5 after 

immobilization for the concision and clarity of the text. G 4 has a deoxythymidine 

linker. In order to ensure that the observed differences are related to the 

immobilization mode (Covalent vs. DDI), G 5 has an oligonucleotide based spacer 

with exactly the same sequence as G 3. G 3 was immobilized by DDI. 

G 1 (Glycoconjugate 1) (see chapter 2, Fig2-1) exhibited the same glycomimetic 

structure but the galactosyl residues were replaced by mannosyl residues. So, G 1 is a 

negative control against RCA 120. 

The glycomimetics were immobilized at two different concentrations (0.5 µM 

and 25 µM) in order to study the effect of glycomimetics concentration in the 

immobilization solution on the subsequent interaction with RCA 120. 

After the incubation of Cy5 labelled RCA 120 with the immobilized 
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glycomimetics, washing and drying, the chips were analyzed with Axon scanner. The 

fluorescence intensity signal and lower detection limit were compared. 

 

 

Fig3-1 Sketch map of the structures of four immobilized glycoconjugates. G 4 and G 5 were 

directly immobilized on activated ester modified glass slides, while G 1 and G 3 were 

immobilized by DDI. Cy3 allows the quality control of the DDI immobilized molecules. The 

interaction with the Cy5 labelled lectin Ricin Communis Agglutinin was probed by fluorescence 

scanning. G 1 is a negative control with regard to RCA 120 (galactose specific lectin). The DNA 

sequence of G 1, 3 and 5 is the same. 

 

3.2 Results and discussion 

Most of the following results were adapted from (99). 
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3.2.1 Comparison of direct covalent immobilization and 

DNA-directed immobilization (DDI) 

G 4 and G 5 were covalently and directly grafted onto activated ester 

functionalized borosilicate glass slides whereas G 3 and G 1 were immobilized by 

DDI through the specific hydridization between the 3’-amine modified 

oligonucleotide tag borne by the glycoconjugate and the complementary DNA 

sequence previously grafted onto the surface. The Cy3 labelling allowed to control if 

hydridization was well occurred. At the same concentration (0.5µM), the Cy3 

fluorescence signals in wells containing G 3 and G 1 were similar (See Fig3-2), 

demonstrating an efficiently immobilization of glycomimetics with similar surface 

density. After incubation with the lectin RCA120, a 4-fold decrease of the Cy3 signal 

corresponding to G 3 was observed (See Fig3-2 a; Fig3-3, a). This was attributed to 

Fluorescent Resonance Energy Transfer (FRET) between the Cy3 as a donor and Cy5 

as an acceptor (249, 250). When the glycoconjugate Cy3-G 3 were recognized by the 

lectin Cy5-RCA120, the two fluorophore Cy3 and Cy5 were in very close proximity, 

so that the FRET would occur: the acceptor (Cy5) would take the energy from the 

donor (Cy3) and emit photons of different color which would not be detected at 

532nm. Therefore, the fluorescence intensity observed at 523nm for Cy3-G 3 was 

reduced, however the decrease of Cy3-G 3 signals did not indicated the loss of 

glycoconjugate G 3. By contrast, when the same experiment was performed with G 1, 

we measured a fluorescence intensity of 38962 a.u. and 47316 a.u. respectively before 

and after lectin incubation (See Fig3-2 a; Fig3-3, a). In this case, as no interaction 

between lectin and G 1 occurred, the intensity of the Cy5 signal was in the 

background (61 a.u; see Fig3-3, b) and no FRET was observed. These results 

demonstrated that the DNA duplexes were stable under the lectin incubation 

conditions, and the non-specific adsorption was very limited. 
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Fig3-2 Mean fluorescence intensities obtained at 532nm (a.u.) for glycoconjugates (G 3 and G 

1) at 0.5µM before interact with RCA120. 

  

  

a)                                  b) 

Fig3-3 Mean fluorescence intensities obtained at 532nm (a.u.) and 635nm (a.u.) for 

glycoconjugates (G 3 and G 1) at 0.5µM after interact with RCA120. 

In the following test, two concentrations (0.5µM and 25 µM) of glycoconjugates 

have been used. Next, glass slides were incubated with Cy5 labelled RCA120 solution 

of different concentrations. After incubation, the slides were washed and scanned.  

Fig3-4(a) and (b) respectively gives the Cy5 fluorescence intensities as a function 

of the concentration of Cy5-RCA 120 lectins obtained after recognition with different 

glycomimetics.  

In the two cases, signal resulting from G 1/RCA 120 interaction was not reported 

in Fig3-4 because the fluorescence signal was at background level (30 a.u.), 

confirming that no recognition of RCA 120 towards mannose based structure occurs 

as expected.  
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Fig3-4 Fluorescence intensities (a.u.) for Cy5 at 635 nm obtained after recognition by 

Cy5-RCA 120 lectin. Concentration of glycoconjugates (G 3, G 4 and G5) used for their 

immobilization: (a) 0.5 and (b) 25µM. Adapted from (99)  

 

When glycoconjugates were immobilized at a 0.5µM concentration, we found 

that DDI led to a higher Cy5-RCA 120 fluorescence signal than that observed with 

direct covalent immobilization (G 4 and G 5) (see Fig3-4 a) and especially when the 

lectin was used at concentrations of 0.2 and 2µM. Furthermore, at a 0.02µM 

concentration of lectins, the signal-to-noise ratio was below 3 for G 4 and G 5 (1.03), 

while it remained higher for G 3 (7.4). When glycoconjugates were immobilized at a 

25µM concentration, the differences in the fluorescent Cy5-RCA 120 signal between 

DDI and covalent immobilization are lower than those observed with a 0.5µM 

solution (see Fig3-4 b). 

Finally, we observed that glycomimetics G 4 and G 5 anchored respectively by a 

short and a long linker to the surface led to a similar recognition by lectin when 

immobilized at 0.5µM. By contrast, when they were immobilized at 25µM 

concentration, glycomimetic G 4 was more prone to bind the lectin than G 5. This 

result suggested that the distance between the glycomimetic and the surface is not the 

only factor to consider but the rigidity of the linker should also be taken into account. 

Another explanation may relate to additional forces between the substrate and the 

molecules leading to a different orientation of the glycomimetics moiety between G 4 

and G 5. 
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Glycomimetics G 5 and G 3 displayed a similar distance to the surface but bind 

lectin with different affinities. Single-stranded DNA is rather flexible and can bend, 

while double stranded DNA is more organized in space as a double helix, leading to a 

much more rigid linker. 

In the field of protein microarrays, Wacker et al (241) compared DDI, 

biotin/streptavidin based immobilization and direct covalent immobilization of 

antibodies. They found that DDI and covalent attachment led to higher fluorescence 

signal intensities than streptavidin/biotin based immobilization. They also found that 

DDI required 100 times less antibody for preparing the antibody than we have 

observed on DDI-based glycoarrays in this report. This observation has been 

attributed to the rigidity of the DNA duplex holding the probe straight on the surface, 

and to the dynamics of hybridization that allow improved packing compared to 

covalent attachment. 

 

3.2.2 Influence of glycomimetic concentration on the 

hybridization yield and subsequently on its interaction 

with RCA 120 

Taking into account the efficiency of DNA Directed Immobilization of G 3, the 

effect on its subsequent interaction with Cy5-RCA 120 was studied as a function of 

the concentration of G 3 used during DDI. The results are displayed in Fig3-5. 

Fig3-5a corresponds to the Cy3 fluorescence signal measured before incubation 

with the lectin and it relates to the amount of G 3 hybridized with its complementary 

immobilized DNA sequence (its relative surface densities). Fig3-5b corresponds to 

the Cy5 fluorescence signal measured after incubation with Cy5-RCA 120. 

The Cy3 signal increases very slowly from 0.025 to 0.25µM, followed by a rapid 

increase of the relative surface density between 0.25 and 0.5µM leading to a plateau. 

Using exactly the same chemistry and 32P labelled oligonucleotides, Dugas et al (251) 
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have demonstrated that the surface density of covalently immobilized amino-modified 

oligonucleotides was in the range 1011- 1012 molecules.cm−2. These findings were 

confirmed by AFM observations (252). The measured surface density of the 32P 

hybridized target was around 1–4×1010 molecules.cm−2. It means that the 

hydridization yield is 10-20 % of immobilized probes. On oxide based substrate, a 

similar average hybridization yield in the 10-20% range has been reported by 

Herne(253). It may well be that the saturation plateau obtained in Fig3-5a corresponds 

to this 10-20% hybridization yield observed by these authors.  

Nevertheless, this result suggested that a concentration of only 0.5µM of 

oligonculeotide -glycomimetic is necessary to obtain optimal immobilization by DDI. 

Thus, the amount of G 3 used for its immobilization was only 0.5 picomoles per spot. 

After incubation with Cy5-RCA, the same fluorescent signal trend was observed at 

635 nm due to the increase in the labelled lectin surface density (see Fig3-5b). 

 

 

Fig3-5 (a) Fluorescence intensity for Cy3 at 532nm obtained after hybridization of G 3 with 

concentrations of 0.005, 0.05, 0.5, 1, 5, and 50µM; (b) fluorescence intensity for Cy5 at 635 nm 

obtained after recognition with Cy5-RCA 120 used at 2µM concentration. Adapted from (99) 

 

3.3 Conclusions 

In this chapter, it was demonstrated that DNA-directed immobilization is an 

efficient strategy for anchoring glycomimetics on surface using minute amounts of 

material as low as 0.5 picomole per spot. The subsequent interaction of the DDI 
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immobilized glycomimetics with Cy5 labelled lectin RCA 120 led to a stronger 

fluorescence signal than covalently immobilized systems. It may well be that the 

rigidity of the DNA duplex stands the glycomimetic straight out of the surface or a 

denser packing of the probes due to DNA hybridization is responsible for this 

difference, as observed for antibodies (241, 254).  
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4 COMPARATIVE STUDY OF THE 

AFFINITIES OF GLYCOCONJUGATES 

TOWARDS PA-IL AND RCA 120 

LECTINS  

 

4.1 Introduction and context 

Carbohydrate/lectin interactions are generally weak (in the µM to mM range) due 

to the swallow binding site of lectins with half time of the carbohydrate/lectin 

complex in the seconds range (228). Decreasing of the Gibbs free energy 

(improvement of the binding affinity) requires to decrease the enthalpy of reaction 

or/and to increase the entropy contribution. This can be achieved by three means: 

• by stabilizing the complex through additional interactions (decreasing the 

enthalpy). This approach is particularly efficient if the binding pocket is 

well-structured(228). For example, hydrophobic amino-acid residues are often 

present within or near the binding domain of lectins. This is the reason why 

great effort have been devoted for the synthesis of glycosides bearing 

hydrophobic aglycons (255). Successful examples are the neuramidase 

inhibitor zanamivir and oseltanamivir (235). 

• by pre-arranging the ligand in its active conformation prior to its interaction 

with the lectin in order to decrease the entropic cost (228). 

• by taking advantage of multivalent ligands (entropic contribution and the 

so-called cluster effect) (256). In nature, monovalent interactions between 

lectin and carbohydrate are generally weak as written above. However this 
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affinity can be increased exponentially as a function of multivalency providing 

that the spatial distribution of the residues matches the receptor binding sites. 

Entropy seems to play a key role in the design of multivalent ligand (257, 258). 

Unfortunately, the design of multivalent ligands is often an empiric approach. 

Herein we have tested glycoclusters with three different geometric characters 

(Comb-like, crown geometry and antenna). Comb-like and antenna glycoclusters were 

synthesized according to the methodology reported in (55, 206, 214). This strategy is 

based on a combination of oligonucleotide phosphoramidite or H phosphonate 

chemistry on solid support and microwave assisted click chemistry. Diols building 

blocks eventually bearing pending alkyne functions are assembled through a series of 

a standard process of detritylation, coupling, oxidation and capping used for the 

synthesis of oligonucleotides to give the glycocluster scaffold. In the case of antenna 

shaped cluster, a dialkyne phosphoramidite building block was used. In the case of 

Comb-like cluster, alkyne functions were introduced by oxidative amination of H 

phosphonate. 

Crown glycoclusters were based on a Calix[4]arenes core (98). Calix[4]arenes 

can be synthesized in various blocked conformations, thus providing a series of 

well-defined geometries for the display of sugar ligands. A recent study demonstrated 

that N-glycosylated calix[n]arenes of variable valencies and geometries are capable of 

distinguishing among lectins of a family (259).  

The affinities of all these glycoclusters bearing ssDNA-tags were evaluated 

towards the lectins PA-IL (260) and RCA 120, galactose-specific lectins from 

Pseudomonas aeruginosa and Ricinus communis, respectively. 

Quantitative or semi-quantitative data are usually measured by SPR (167, 170, 

261) or through inhibition experiments such as IC50 measurements (199, 201, 262). In 

this work, two methods have been used in order to investigate the effect of 

multivalency on affinity. Qualitative data were obtained on the affinity of the different 

ligands for PA-IL and RCA 120 by direct fluorescence read out on DDI glycoarrays. 

Moreover, we have developed an IC50 measurement assay of glycomimetics 

immobilized by DDI. The IC50 value of glycomimetics was measured with respect to 
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their interaction with RCA 120, and using lactose as inhibitor.  

4.2 Results and discussion 

Most of the following results were adapted from (98, 99). 

4.2.1 Characters of glycoconjugates  

Eight glycoconjugates (Glycoconjugate 1, 2, 3, 2a, 3a, 6, 7 and 8. see Chapter 2, 

Fig2-1) were tested (see Fig 4-1). G 1, a trimannosyl conjugate, was expected to be a 

negative control, which can not be recognized by the two lectins PA-IL and RCA120. 

Other seven glycoconjugates were all galactosyl glycomimetics. G 2 and G 3 were 

glycoconjugates bearing one or three galactose residues with linker 1: 

(Cyclohexanedimethanol) and in Comb-like structure; G 2a and G 3a are very similar 

to G 2 and G 3 respectively, except possessing different Linker a (Tetraethyleneglycol); 

G 6 and G 7 contained four and eight galactose residues respectively and supported by 

calix[n]arene backbone (98). G 8 was consisted of ten galactose residues arranging in 

antenna structure.  

 

Fig4-1 Sketch map of the structures of eight immobilized glycoconjugates G 1, G 2, G 3, G2a, 

G3a, G 6, G 7 and G 8. Cy3 allows the quality control of the DDI immobilized molecules. The 

interaction with the Cy5 labelled RCA 120 lectin and Alexa647 labelled PA-IL were probed by 

fluorescence scanning. G 1 is a negative control with regard to the two galactose specific 

lectins.  
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4.2.2 Preparation of DNA-based glycoarrays to probe 

lectin–carbohydrate interactions  

Our methodology (206) included the elaboration steps as fellows: 

1)  Construction of DNA chips with 52 wells on glass slide. 

2) Immobilization of the prepared glycocluster-oligonucleotide conjugates 

bearing the complementary DNA sequence and the fluorescent dye Cy3 by 

hybridization.  

3) Incubation in each well with either the Cy5-RCA 120 or Alexa 647-PA-IL 

 lectins (See Chapter 1 Fig1-10).  

Therefore, the 3’-amino-oligonucleotides, the sequence of which was 

complementary to that of the glycoconjugates prepared, were first covalently 

immobilized on functionalized (251) 52-well glass slides (247). Then, the glycocluster 

oligonucleotide derivatives G 1(with 3Man), G 2 and G 2a (with 1Gal), G 3 and G 3a 

(with 3Gal), G 8 (with 10Gal), G 6 (with 4 Gal) and G 7 (with 8 Gal) were hybridized 

onto the chip in order to compare their lectin-binding properties. In this part of work, 

notice that all glycoconjugates have the same DNA tag (Sequence 1) except G8 

(Sequence 9) (see Chapter 2, Table2-2). All glycoconjugates bear a Cy3 label. The 

Cy3 fluorescent signal relates to the relative surface density of the glycoconjugates.  

Two DDI glycoarrays a) and b) were prepared for the following study of the 

binding affinities with two lectins PA-IL and RCA120 respectively (see Fig4-2). 

 
Fig4-2 Sketch map of DDI glycoarray: a) prepared for study the affinity of all eight 

glycoconjugates (G 1, G 2, G 3, G2a, G3a, G 6, G 7 and G 8) with PA-IL. b) prepared for study 

the affinity of five glycoconjugates (G 1, G 3, G 6, G 7 and G8) with RCA120.   
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After immobilization of glycoconjugates by hybridization (4 spots on the same 

line per glycoconjugates), scanning of the Cy3 fluorescence signal was performed at 

532 nm. Fig 4-3 gives the Cy3 mean fluorescence intensities for each glycoconjugate. 

Each column corresponds to the average of the recorded values on four spots.  

The figure (see Fig4-3 a, b) displays a homogeneous hybridization of all 

conjugates on each of the two DDI glycoarrays, except for G8 (10Gal), which 

included an oligonucleotide sequence that was different from that in the other 

glycoconjugates. The smallest value of fluorescent signal can provide from either a 

bad hybridization yield of the DNA tag with its complementary sequence or 

dimensions of glycoconjugates G 8 hindering their immobilization. 

 

  

Fig4-3 Mean fluorescence intensities at 532 nm (a.u.) obtained for the Cy3-labeled 

glycoconjugates on two DDI glycoarrays: a) prepared for study the affinity of all eight 

glycoconjugates with PA-IL; b) prepared for study the affinity of five glycoconjugates with 

RCA120. 

4.2.3 Study of the affinities of glycoconjugates with 

PA-IL and RCA120 

We next studied the interactions of the different glycoconjugates mentioned 

above with two different galactose-binding lectins: PA-IL (260) (Pseudomonas 

aeruginosa lectin) and RCA 120 (Ricinus communis agglutinin). PA-IL and RCA 120 

properties and structures are described in Chapter 1 1.2.2 and 1.2.3. PA-IL was 

labeled with Alexa 647 whereas RCA 120 was labeled with Cy5. 
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Incubation with PA-IL:  

After immobilization of glycoconjugates by hybridization, the Alexa 647-labeled 

PA-IL was deposited in each well at 2.8 µM concentration (monomer), and after 

incubation for 2h and washing of the glass slide with Tween 20 in PBS solution (0.02 

%), the chip a) was scanned at 532 and 635 nm. The fluorescence signal of each 

conjugate was determined as the average mean fluorescence signal of four spots (see 

Fig4-4). The fluorescence image of Cy3 (see Fig4-4, left) showed that the 

glycoconjugates were still present after lectin incubation, whereas the fluorescence 

image of Alexa647 (see Fig4-4, right) was observed as a result of the binding of 

PA-IL with glycoconjugates. 

The relative affinities of PA-IL towards the glycoconjugates can be directly 

monitored through the intensity of the Alexa 647 fluorescence signal (see Fig4-5). 

This signal was at background level for the mannose-bearing glycoconjugate G 

1(3Man) whereas a significant fluorescence was observed for the corresponding 

galactose derivatives G 2, G 3, G 2a, G3a and G 8 and demonstrating a selective 

affinity of PA-IL.  

 

 

a 

Fig4-4 Fluorescence images recorded at 532 nm (left) and at 635 nm (right) after incubation of 

immobilized all eight glycoconjugates (G 1, G 2, G 3, G2a, G3a, G 6, G 7 and G 8) 

glycoconjugates with Alexa 647-labeled PA-IL on DDI glycoarray a). 
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Fig4-5 Mean fluorescence intensities (after correction) at 635 nm (a.u.) of Alexa 647-labeled 

PA-IL after incubation with immobilized glycoconjugates G 1, G 2, G 3, G 2a, G 3a, G 6, G 7 

and G 8. 

 

As previously observed with RCA 120 (206), glycoconjuguates possessing three 

galactose residues (G 3 and G3a) had better affinities towards PA-IL than those with 

only one residue (G 2 and G2a), due to the expected cluster effect(240, 257). 

Surprisingly, lower affinities were observed when the number of galactose moieties 

was increased. Thus, the deca-galactosyl conjugate G 8 displayed a fluorescence 

signal weakened by a factor of two, whereas for both glycoconjugates G 6 and G 7, as 

well as for the negative control G 1, they were at background level, thus indicating 

that G 6 and G 7 did not have affinities towards PA-IL lectin (see Fig4-4 and Fig4-5). 

Actually, it was expected that PA-IL should recognize G 6 and G 7 highly effectively, 

because they each featured a triazole ring β-D-linked to the galactose moiety, a 

molecular motif closely related to phenyl β-D-galactoside, the most potent known 

ligand for PA-IL. Two possible explanations for this finding can be advanced by 

considering either: 1) that steric hindrance might arise, or 2) that glycosylated 

calixarenes can sequester calcium ions, thus removing them from the binding site of 

the lectin. 1H NMR experiments were therefore carried out to evaluate the 

complexation abilities of calix[4]arene-based glycoclusters toward calcium (II) ions 

by addition of anhydrous Ca (ClO4)2 (98). Controlled experiments were performed 
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with Na ClO4. It was found that addition of anhydrous Ca (ClO4)2 to the solution of 

calix[4]arene-based glycoclusters in CD3OD, lead to upfield shift of aromatic protons 

and from the triazole ring while protons from the center of the spectrum (4.5-37 ppm) 

shifted downfield. The cation selectivity of the recognition process was confirmed as 

no significant shift was observed with NaClO4 in the CD3OD solutions. It suggested 

that both glycoclusters can complex Ca2+ ions when installed on the oligonucleotide 

chains and exposed to the lectin. This conclusion contrasted with the finding that no 

molecular recognition was detectable even on increasing the amounts of calcium ions 

in the tris/HCl buffer used instead of phosphate buffer. Therefore, we conclude that 

calcium sequestration cannot be taken as a causative effect for the lack of binding of 

G 6 and G 7 to PA-IL lectin. At this stage a convincing explanation for that 

observation is open to conjecture and may rather be related to steric hindrance. Indeed, 

other groups have observed strong affinity between PA-IL and calix[4]arene-based 

glycoclusters. In this case, longer linker between calix[4]arene and carbohydrate 

residues were used (263).  

These data showed that PA-IL recognizes glycoclusters with Comb-like spatial 

structures more efficiently than it does those with antenna (G 8) and calixarene (G 6 

and G 7) structures. This result suggests that too close proximity between the 

galactose moieties has a negative effect on the recognition by PA-IL. In addition, G 8 

carried 5 negative charges. Under our experimental conditions (pH 7.4), PA-IL (pI 

4.94) was negatively charged, and therefore electric repulsion between G 8 and PA-IL 

can not be excluded. 

 

Incubation with RCA 120:  

A literature overview about RCA 120 can be found in chapter 1 1.2.3. 

Cy5-labeled RCA 120 was deposited in each well at 2µM concentration. After 

incubation and washing of the glass slide with Tween 20 in PBS solution (0.02 %), it 

was scanned at 532 and 635 nm. The fluorescence image of Cy3 (see Fig4-6, left) 

confirmed that the glycoconjugates were still present after lectin incubation, whereas 

the fluorescence image of Cy5 (see Fig4-6, right) was observed as a result of the 
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binding of RCA 120 with galactose residues. 

 

b 

Fig4-6 Fluorescence images recorded at 532 nm (left) and 635 nm (right) after incubation of 

immobilized glycoconjugates G 1, G 3, G 6, G 7 and G 8 with Cy5-labeled RCA 120 on DDI 

glycoarray b). 

 

In previous studies, Chevolot et al (206) had investigated the binding affinities of 

G 2, G 3, G 2a and G 3a with RCA120 and observed that G 3 bearing three galactose 

residues with linker DMCH showed the most significant fluorescence signal. 

Therefore, herein we chose G 3 as a positive control of the study. In Fig4-7, the 

fluorescence signal of each conjugate was determined as the average of the 

fluorescence signals of four spots. The Cy5 signal was at background level for the 

mannose-bearing glycoconjugate G 1. On the contrary to the data obtained with 

PA-IL, we found that all galactosylated glycoconjugates were able to bind RCA 120 

including calix[4]arene based glycoclusters. The molecular recognition of the sugar 

ligand by the lectin was not prevented by calixarene scaffold nor triazole linker. The 

glycoconjugate G 7, bearing eight galactose residues, displayed an affinity similar to 

that observed for G 3, featuring only three galactose moieties. The ratio of the 

intensities of the Cy5 signals for G 7 and G 6 was in the 1.2–2 range (from 

independent experiments), whereas the ratio of the galactose residues linked to these 

glycoconjugates was 2. Surprisingly, RCA 120 bound with a lower affinity to the 

compound G 8 bearing ten residues in an antenna-based spatial arrangement. These 

results indicate that the three-dimensional orientation of the sugar units is more 

important than their number. In fact G 3, bearing three galactose residues in a 
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Comb-like arrangement, was the most potent ligand out of the five glycoconjugates 

tested in this study. In the case of RCA120, the charge effect (e.g. electric repulsion) 

can not be evoked. RCA120 (pI 7.5-7.9) is almost neutral at pH 7.4.  

 

 

Fig4-7 Mean fluorescence intensities (after correction) at 635 nm (a.u.) obtained for 

Cy5-labeled RCA 120 after incubation with immobilized glycoconjugates G 1, G 3, G 6, G 7 and 

G 8. 

 

4.2.4 Determination of IC50 values for glycoconjugates G 

6, G 7, G 2 and G 3 interaction with RCA 120 

In order to provide a semi-quantitative analysis of the binding affinities between 

lectin RCA 120 and glycoconjugates G 2 (monogalactose) , G 3 (trigalactose), G 6 

(tetragalactose) and G 7 (octagalactose) the corresponding IC50 values were measured 

as reported in (199). After the immobilization of the glycoconjugates (G 2, G 3, G 6 

and G 7) on the slides by hybridization, each spot was individually incubated with 

Cy5-labeled RCA120 (final concentration 2µM) and increasing concentration of 

inhibitor (lactose, final concentration 0.05µM to 9mM). After incubation and washing 

with Tween 20 in PBS solution (0.02 %), the chips were scanned at 532 and 635 nm 

(see Fig4-8). 
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Fig4-8 Typical fluorescence images obtained at 532 nm (left) and 635 nm (right) after 

incubation of glycoconjugates with Cy5-labeled RCA 120 and increasing concentrations of 

lactose. Adapted from (98) (This chip corresponds to the G7 glycoconjugate). 

 

The interaction of RCA 120 with glycomimetics G 2, G 3, G 6 and G 7 was 

inhibited by lactose, thereby confirming the specificity of the interaction. IC50 values 

is defined as the concentration of lactose required to decrease by 50% Cy5 fluorescent 

signal related to Cy5- RCA 120 conjugate bound to the immobilized glycoconjugates 

on the slide. Fluorescence images at 635 nm were obtained after washing of the glass 

slides to remove the unbound lectins. Each experimental point is an average value of 

four spots. The Cy5 fluorescence intensities were tabulated against logarithmic 

lactose concentrations (see Fig4-9). The IC50 values for glycoconjugates G 2, G 3, G 6 

and G 7 are displayed in Table 1. The IC50 value measured for molecules G 2 and G 3 

was the same whatever concentration was used for their immobilization (0.5 or 1µM). 

The IC50 values found here are comparable with those observed by Kuno et al (264) 

when they used a lectin microarray (IC50 =94µM) for asialofetuin (2 nM) using 

lactose as an inhibitor.  
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Fig4-9 Determination of IC50 values using carbohydrate microarrays. Concentrations of lactose 

required to inhibit 50% of RCA 120 binding to glycoconjugates G 2, G 3, G 6 and G 7. 

Fluorescence intensity for Cy5 at 635 nm obtained after recognition between glycoconjugates 

and RCA 120 with concentrations of inhibitor (lactose) of 0.05, 0.5, 1, 5, 100, 500, 1000, 2000, 

3500, 6000, 9000µM. 

 

 

Glycoconjugate Valency IC 50 (µM) Relative 
potency[a] 

Potency per 
galactose 
residue[b] 

G 2 1 5.6 ± 2.8 1 1 

G 3 3 385 ± 45 69 23 

G 6 4 114 ± 14 20 5 

G 7 8 305 ± 22 54 7 

Table4-1 IC50 of glycoconjugates-RCA120 binding 

� [a] Calculated as the ratio of monomer glycoconjuga te to other glycoconjugates IC 50 values.  

� [b] Calculated as the ratio of relative potency to the number of galactose residues. 
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According to the measured IC50 values, a nearly 23-fold increase in potency 

toward RCA120 per galactose residue was observed from G 3 to G 2 (see Table 4-1). 

In the absence of lactose, the ratio of the Cy5 fluorescence signal between molecule G 

3 and molecule G 2 is below three, as observed previously(206). Hence, the resulting 

potency per galactose residue determined by direct fluorescent scanning is similar for 

G 3 and G 2. IC50 measurements also confirmed that RCA 120 had affinities for 

compounds G 3 and G 7 in the same range. Moreover, the IC50 value for G 7 was 2.7 

times higher than that for G 6, leading to an affinity per residue increased by a factor 

of 1.3, whereas values in the 1.2–2 range were obtained when analyzed by 

fluorescence of Cy5 (see Fig5-6). These dependencies on the magnitude of the cluster 

effect with the assay have already been reported in the literature (257).  

Our strategy is based on a qualitative assay using the fluorescence signal to select 

good candidates for targeting a desired lectin. The affinity of the selected candidates 

will then be further studied more closely using this IC50 measurement assay. 

 

4.3 Conclusions 

Each class of galactose cluster (Comb-like, calixarene, and antenna) was 

recognized with different affinities by PA-IL and RCA 120 lectins. Our results 

showed that the spatial arrangement was more important than the number of galactose 

residues, because the Comb-like trivalent clusters (G 3) were better able to bind 

lectins than antenna (G 8) and calixarene (G 6 and G 7) ones with ten, four, and eight 

galactose moieties, respectively. Furthermore, we showed that PA-IL is more 

selective than RCA 120, because galactosyl-calixarene derivatives G 6 and G 7 were 

not recognized by PA-IL. The difference in affinity of PA-IL towards comb-like (G 3) 

and antenna (G 8) structure may also relate to charge effect (e.g. electric repulsion). 

To determine impact of different parameters, e.g. spatial arrangement and charge 

effect, specific studies will be described in chapter 5.   

The importance of the spatial arrangement of the glycoside residues in the lectin 
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recognition process has been assessed for the asialoglycoprotein receptor (206, 265, 

266). We found that the trigalactose cluster with the largest distance between the 

sugar residues presents the optimal recognition (265). The recognition study was 

performed by direct fluorescence scanning and by the determination of the IC50 values, 

with both techniques leading to similar results. This IC50 assay performed on 

glycoarray, using tiny amounts of glycomimetic and lectin, can be miniaturized, 

unlike conventional methods (ELLA or ELISA), which require a large amount of 

glycomimetics. The synthesis of the glycoconjugates could therefore be performed on 

a fairly small scale, but the miniaturization through the microarray technology 

provided the biological data for a complete study. 
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5 DEVELOPMENT OF MINIATURISED 

ANALYTICAL BIOSYSTEMS BASED 

ON DDI GLYCOARRAY 

5.1 Introduction and context 

Miniaturized analytical systems and microarrays are key technologies for major 

breakthroughs in the fields of biology and biotechnology, including diagnosis and 

drug discovery. Such systems offer the perspective of high throughput analysis, 

improved lower detection limits, lower sample and reagent consumption, and 

increased signal to noise ratios. Due to the large diversity and the limited amount of 

available carbohydrates and glycoconjugates, there is an urgent need for developing 

high throughput glycoarrays and miniaturized biosystems.  

As described in the previous Chapters, based on the DDI glycoarrays which were 

fabricated on the glass slide featured with 52 round microwells (see Chapter 2, 

Fig2-2), it was demonstrated that:  

1) DDI glycoarrays are efficient tools to study the interaction of glycomimetics 

bearing different number of galactoses in various spatial arrangements with Ricinus 

communis agglutinin 120 (RCA120) and Pseudomonas aeruginosa lectin (PA-IL) (98, 

99, 206). 

2) Although the inherently weak, carbohydrate-lectin interactions can be 

compensated and enhanced by multivalency and “cluster effect” (56, 262). The 

comparison studies on DDI glycoarray had proved that the polyvalency, the spatial 

presentation and arrangement of the glycomimetics are important factors for the lectin 

binding capacity (98). 

3) The IC50 values of different glycomimetics with RCA120 were also 

successfully determined on the DDI glycoarray (98, 99). 

4) The DDI method can be performed following two different approaches as 
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described in (206). The “on-chip approach” uses glycomimetics immobilized on the 

chip and subsequently allowed to specifically interact with a lectin, and the second 

one, called the “in-solution approach”, where the glycomimetics and the lectin are 

allowed to interact in solution prior to DDI of the whole complex. Surface chemistry 

can affect the overall results (ligand to protein affinity)( 267, 268), as well as surface 

density and the organization of the probes. The “in-solution approach” was expected 

to reduce some of these limitations. 

However, in those previous studies, only one DNA sequence was immobilized at 

the bottom of each microwell of DDI glycoarray and thus one single glycomimetic 

was incubated with the lectin for interaction studies in each microwell. In order to 

improve the high throughput ability and capacity of DDI glycoarrays, to reduce the 

required materials/experiments and to perform several glycomimetic/lectin 

interactions in parallel in one reactor (microwell), new DDI glycoarrays or 

miniaturized analytical systems needed to be designed and fabricated. These devices 

should allow multiplex analysis in one single microwell under the same experimental 

conditions and with the same surface chemistry. 

In this chapter, further developments of DDI glycoarrays are reported taking 

advantage of the specificity of DNA hybridization for multiplexed assays. Thus in 

principle, the two DDI strategies “on-chip approach” and “in-solution approach” can 

be performed with multiple glyconjugates per microwell. In Fig5-1 (“on-chip”), 

different glycomimetics bearing different ssDNA tags were immobilized onto the 

bottom of one microwell of the glycoarray by hybridization with the corresponding 

complementary ssDNA sequences printed on the surface of the microwell. Then the 

lectin can be added to the microwell for binding to the glycoconjugates. In Fig5-2 

(“in-solution”), different glycomimetics bearing different DNA tags were mixed in 

solution with lectins, each glycomimetic interacting with its specific lectin and the 

resulting complexes would be sorted, according to their DNA tags, at the surface of 

microreactor bearing immobilized complementary DNA sequences. 
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Fig5-1 Sketch map of “On –chip approach” of miniaturized biosystem: a) Immobilization of 

different single-strand DNAs (fabrication of DNA chip). b) Immobilization of glycoconjugates 

bearing different DNA tags by hybridization. c) Biological recognition of glycoconjugates 

towards lectins. 
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Fig5-2 Sketch map of “In –solution approach”. a) Immobilization of different single-strand 

DNAs (fabrication of DNA chip). b) In-solution biological recognition of glycoconjugates 

bearing different DNA tags towards lectins. c) Immobilization of glycoconjugate/lectin complex 

by hybridization. 
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Firstly, as a proof of concept, a miniaturized biosystem (Mb I, in abbr.) was 

fabricated. Two ssDNA sequences were printed in alternative lines of eight spots on 

the bottom of each microwell. In order to validate the “in-solution approach” concept 

in this miniaturized biosystem (Mb I), two lectin/carbohydrate recognition models: 

RCA120/Galactose and PA-IIL/Fucose were tested.  

Secondly, 7 new glycoconjugate affinities (see Chapter 2, Glycoconjugate 10-16) 

were screened against RCA 120 and PA-IL in parallel, each molecule beared 4 

galactose residues arranged in various special structures, with different hydrophilic or 

lipophilic character and different charge. The developed miniaturized biosystem (Mb 

II, in abbr.) permitted to immobilize 8 different glycomimetics (or complexes of 

glycomimetics/lectins) bearing different ssDNA tag in one single microwell by 

hybridization with 8 different complementary ssDNA sequences printed on the 

surface of each microwell. First, cross-hybridization tests of each glycomimetics with 

all the covalently immobilized ssDNA sequences were performed in order to access 

the specificity of the hybridization. Then, binding affinities of these glycomimectics 

towards RCA120 and PA-IL adopting the two DDI methods (“on-chip approach” and 

“in-solution approach”) were studied. 

Finally, based on the developed miniaturized biosystem (Mb II), quantitative 

analyses (IC50 values determination assay) of binding affinities of 5 glycomimetics 

toward PA-IL lectin were simultaneously performed on one single chip. 

 

5.2 Development of miniaturized biosystem based on 

DDI glycoarray 

In this section the aim is to establish the feasibility of a multiplexed test of the 

“in-solution” DDI with two different glyconjugates. A model microsystem Mb I was 

fabricated. 

The results of this section were mainly adapted from (97). 
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5.2.1 Fabrication of DNA anchoring platform 

Two different glycomimetics (see Chapter 2, Glycoconjugate 3 and 9) bearing a 

specific DNA tag were synthesised: a tri-galactosyl glycomimetic (3Gal, in abbr.)(206) 

and a tetra-fucosyl glycomimetic (4 Fuc, in abbr.).  

Microwells were fabricated on borosilicate glass slides using photolithography 

and wet etching (247, 269) leading to 40 square microreactors (3.2 × 3.2 mm) per 

slide with a 65 mm depth (see Chapter 2, Fig 2-2 b). Next, the glass slides were 

functionalized into ester activated surfaces (251). Two 3’-Amino-linker 

oligonucleotides Sequence 1(Seq1) and Sequence 9 (Seq9) (see Chapter2, Table2-4), 

complementary to ssDNA tag of the two glycomimetics 3Gal and 4Fuc respectively, 

were printed at the bottom of each microwell from 25µM solutions, leading to their 

covalent immobilization. The final microwells displayed alternate lines of sequence 

Seq1 and Seq9 of 8 spots per line with 64 spots per microwell (see Fig5-3). The 

resulting analytical miniaturized biosysteme (Mb I) potentially allows 40 independent 

experiments to be performed on one slide with sample volumes between 0.5 to 2µL 

per experiment (e.g. different lectins/viruses/cells or inhibitor concentrations in an 

IC50 determination assay). Furthermore, thanks to the specificity of DNA 

hybridization, the analytical system can be envisioned as a molecule sorting tool 

enabling biomolecular interactions to be performed in solution with very minute 

volumes and the resulting complexes to be sorted according to their tags (see Fig5-2).  

5.2.2 Validation of the analytical tool 

In order to first validate the biosystem and then to implement the microsystem for 

large multiplexing analysis, we studied the interaction of two different lectins: 

RCA120, a galactose specific lectin, and PA-IIL(260), a fucose specific lectin, with 

glycoconjugates 3Gal and 4Fuc bearing galactose and fucose residues, respectively 

(see Fig5-3 and Fig5-4). We expected that 3 Gal interact with RCA 120 whereas 4 Fuc 

specifically bind with PA-IIL. Six conditions (Condition1-Condition6) were tested 
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(see Fig5-3). 3Gal was incubated in solution with Cy5 labeled lectin RCA120 (see 

Fig5-3, Condition 1) or with Alexa647 labeled lectin PA-IIL, (see Fig5-3, Condition 

2), respectively, and then the interaction mixtures 1 and 2 were deposited in the 

corresponding microwell. Under Conditions 3 and 4, 3Gal was replaced by 4Fuc. 

Finally, under Conditions 5 and 6, both 3Gal and 4Fuc were incubated with either 

RCA120 or PA-IIL, respectively. 

 

 

Fig5-3 Sketch map of miniaturized biosysteme (Mb I): In theory, the Complex of “3Gal + 

RCA120” and “4Fuc + PA-IIL” can be addressed to the bottom of the microwell by 

hybridization with Sequence 1 and Sequence 9 respectively（（（（modified from (97)））））.  

� Condition 1: incubation of 3Gal with RCA 120 

� Condition 2: incubation of 3Gal with PA-IIL 

� Condition 3: incubation of 4Fuc with RCA120 

� Condition 4: incubation of 4Fuc with PA-IIL 

� Condition 5: incubation of 3Gal and 4Fuc with RCA120 

� Condition 6: incubation of 3Gal and 4Fuc with PA-IIL 

 

As already noted, our system uses a dual readout, so that Cy3 and Cy5 (or Alexa 

647) fluorescence signals are related to the surface density of the glycomimetics and 

to the lectin surface density, respectively. As illustrated in Fig5-4 and quantified in 

Fig5-5 (top), the surface densities of immobilized molecules related to the Cy3 
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fluorescence signal are comparable independently of the DNA sequence or the 

structure of the glycomimetics and are only observed for complementary sequence 

spots. Thus, 3Gal and 4Fuc were selectively addressed by hybridization to 

immobilized Seq1 and Seq9, respectively. Incubation of 3Gal with Cy5-RCA120 or 

with Alexa 647-PA-IIL gave a significant fluorescence signal (860 a.u.) at 635 nm 

only when RCA120 was present under condition 1 (Fig. 5-5, top). Likewise, in 

conditions 3 and 4, 4Fuc was only recognized by PA-IIL with a very strong 

fluorescence (3500 a.u.) under condition 4 (Fig5-4). 

 These results demonstrated the specific recognition of 3Gal and 4Fuc by 

RCA120 and PA-IIL, respectively. Furthermore, there is no non-specific adsorption of 

both lectins on the chip since a fluorescence signal of 50 a.u. comparable to the 

background signal (40 a.u.) measured when 3Gal or 4Fuc were not present (with their 

target lectin).  

Finally, when 3Gal and 4Fuc were incubated together with Cy5-RCA120 (Fig5-4, 

Condition 5), the Cy3 fluorescence signal was similar on lines Seq1 and Seq9 

illustrating that both molecules were correctly addressed, but fluorescence at 635 nm 

(Cy5 or Alexa 647) was only observed for line Seq1 while it remained comparable to 

background level on line Seq9. This result demonstrates that the RCA120 lectin 

specifically recognized 3Gal from the mixture of 3Gal and 4Fuc and that the 

lectin–glycoconjugate complex was efficiently addressed to the desired spot in the 

microwell due to the specificity of DNA/DNA hybridization. A similar result was 

obtained with PA-IIL (Fig5-4, condition 6), where the Alexa 647 fluorescence signal 

was only observed on Seq9 lines where 4Fuc was hybridized. 

These results showed that the two specific recognitions (RCA120/3Gal and 

PA-IIL/4Fuc) were successfully performed and well addressed onto the miniaturized 

biosystem, which demonstrated the proof of concept. In the following studies, more 

complex and larger multiplexing test would be performed. 
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Fig5-4 Fluorescence images recorded at 532nm (a.u.) of the glycoconjugates (green color): 

Cy3-labeled 3Gal or 4Fuc, and at 635 nm (a.u.) of the lectins (red color): Cy5-labeled RCA120 

or Alexa-labeled 4Fuc. (Modified from (97)) 

 

 

Fig5-5 Mean fluorescence intensities of Cy3-labeled 3Gal or 4Fuc (at 532nm) and Cy5-labeled 

RCA120 or Alexa-labeled 4Fuc (at 635 nm) abstained from condition 1-6. (Modified from (97)) 
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5.3 The use of developed miniaturized biosystem for 

studying the lectins/glycomimetics affinities 

Our aim in section 5.3 was to study the affinity of seven glycoconjugates towards 

the lectins RCA120 and PA-IL in a multiplexed test, in other words to probe in one 

single microwell the all seven glycoconjugates for one lectin. To achieve this goal we 

needed to: 

1) define seven DNA tags for each glycoconjugate; 

2) immobilize all the seven sequences which are complementary sequences of the 

DNA tag of the glycoconjugates at the bottom of each microwell; 

3) insure that each glycoconjugate would be specifically addresses by 

hybridization with its complementary sequence under “on-chip” and “in-solution” 

approach experimental condition; 

4) insure that hybrization would perform with similar yield under “in-solution” 

and “on-chip” approach experimental condition. 

Next the binding affinities of each lectin for the seven glycoconjugates was 

probed in one single experiment in one microwell and finally the IC50 of five 

glycoconjugates was determined in a multiplexed test (in other words, in one 

microwell, five glycoconjugates were incubated with one lectin and one concentration 

of inhibitor). The IC50 test was based on the “in-solution” approach allowing 

determining the IC50 of the five conjugate on one single slide with picomoles of 

lectins and glycoconjugates. 

5.3.1 Fabrication of DNA anchoring platform 

Six new Cy3 labeled tetra-galactosyl glycomimetic bearing different ssDNA tag 

were synthesized (Glycoconjugate 10 – 15, see Chapter 2, Fig2-1 and Table2-1). The 

six new glycoconjugates as well as 3Man and 3Gal (see Chapter 2, Fig2-1, 

Glycoconjugate 1 and 3) were prepared for the following study.  
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In order to perform multiplexed test of the affinities of seven glycoconjugates 

towards the lectins in one single microreactor (microwell) of the DDI glycoarray, the 

key issue is to make sure that all the seven glycoconjugates could be well addressed to 

the desired positions and display homogeneous surface densities on the DDI 

glycoarray. Therefore each glycoconjugate should bear a specific ssDNA tag. Each 

specific tag (noted Cseq) would be complementary to corresponding ssDNA sequence 

printed at the bottom of the microreactor for anchoring the glycoconjugate by 

hybridization. That is to say, in one single microreactor at least seven different ssDNA 

should be printed for anchoring the seven glycoconjugates. The main challenge is to 

find out a set of DNA sequences that are able to stably anchoring those 

glycoconjugates under the same experimental conditions with equivalent yields of 

hybridization and without cross-hybridization. From the DNA database of our lab, 

cross-hybridization tests were performed for fourteen ssDNA sequences and their 

complementary sequences, of which 8 sequences (Sequence1-8, see Chapter 2, 

Table2-4) were chosen for the fabrication of these DNA anchoring platforms. As 

shown in Table2-4 (see Chapter 2), the eight sequences almost have the same length 

and have  melting temperatures ranking from 50°C -65°C. This implies that under 

our experimental temperature (RT or 37°C), the DNA duplexes of those sequences 

should be stable. The other influencing factor for the stability of the hybridization is 

the GC-ratio. Due to the lower stability of AT than GC pairs, usually the higher the 

GC-ratio is, the more stable the hybridization is. Therefore in theory, Sequence 1 with 

GC-ratio of 72.2% and Sequence 7 with GC-ratio of 22.7% should be the most stable 

and unstable sequence respectively, while other sequence almost share the same 

moderate level. It should be noticed that the shift often observed between the 

theoretical calculations and experimental results. This is the reason for which 

experimental validation was first required. 
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Fig5-6 Sketch map of DNA anchoring platforms of Mb II:  Sequence N (negative control) and 

Sequence 1-7 were printed on the bottom of each microwell resulting in one column and eight 

spots for each sequence, 64 spots in all.  

 

Based on the miniaturized biosystem (Mb I), a new miniaturized biosystem (Mb 

II) was set up. The DNA anchoring platform Mb II also had 40 square microwells and 

was fabricated on borosilicate glass slides using the same method as described before 

(see Chapter 2 Fig2-2 b). Eight 3’-Amino-modified DNA sequences (Sequence N, 

Sequences 1 to 7, see Chapter2 Table 2-4) were spotted at the bottom of each 

microwell with a Biorobotics MicroGrid microarrayer. Sequence N was considered as 

a negative control for estimating the non-specific adsorption because any tag 

complementary to sequence N was not used during experiments. The resulting 

microwell featured with 8 spots (one column) per sequence, 64 spots per well. 

Therefore, each microwell on the glass slide can be regarded as a mini DNA chip. 
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Name of ssDNA 

Complementary sequences 
Internal reference GC﹪﹪﹪﹪a Tm b 

Cseq1 Czip 1.1.1 66.7 54.7 

Cseq2 Czip 1.7.1 36.8 49.6 

Cseq3 Czip 1.8.1 52.6 59.4 

Cseq4 Czip 1.9.1 57.9 59.6 

Cseq5 Czip 1.10.1 46.7 44.0 

Cseq6 Czip 1.11.1 31.6 44.7 

Cseq7 Czip 1.14.1 26.3 46.7 

Table5-1 Main characters of ssDNA complementary sequences carried by the glycoconjugates and noted Cseq1 to Cseq7.  

Cseq1 to Cseq7 are complementary sequences of Seq1 to Seq7 listed in table2-4(see Chapter 2) respectively.  

 GC﹪a and Tm b were calculated by on-line software Primer3 (http://biotools.umassmed.edu/bioapps/primer3_www.cgi)
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5.3.2 Cross-hybridization tests of glycoconjugates 

As mentioned before, each microwell of Mb II can be used as a tiny DNA 

anchoring platform (mini DNA chip). Therefore, Mb II has the potential to perform a 

parallel study of the interactions of 7 different glycoconjugates bearing different 7 

DNA tag (see Table 5-1) with its targeted lectin in one single microwell. To achieve 

such a goal, the prerequisite is to make sure that each glycoconjugate can be 

addressed to its corresponding spots by correct hybridization with its complementary 

ssDNA sequences printed on the surface of the microwell. However, when the mixed 

solution of different glycoconjugates with various DNA tags are deposited into the 

microwell, cross-hybridization may take place between DNA tag of the probe 

(glycoconjugate) and non-complementary sequences presented on the surface of the 

microwell. The cross-hybridization can be an especially severe problem and a 

significant contributor to false-positive noise. Cross-hybridization assays are, thereby, 

very important and essential works prior to the investigation of interactions between 

the probe (glycoconjugates) and the target (e.g. lectin). In addition, nonspecific 

adsorption of the glycoconjugate (or lectins) may also result in serious measurement 

error, so that a negative control sequence is necessary to be printed onto the surface of 

microwell for monitoring the nonspecific adsorptions. Moreover, for a 

cross-hybridization assay, each glycoconjugate solution should be added into each 

microwell of Mb II respectively, which means that the presence of one glycoconjugate 

per microwell should be guaranteed. However, after incubation of glycoconjugate, the 

slide needs to be washed. During the washing steps, the glycoconjugates from 

different microwells may contaminate adjacent microwell leading to false 

cross-hybridization results. In order to tackle this problem, during the glycoconjugate 

incubation processes, complementary sequences without any fluorescent label (see 

Table5-1) were employed to block the sequences with which the glycoconjugate are 

not supposed to hybridize. 

In this context, two cross-hybridization tests were designed and performed on the 

DNA anchoring platform (see Fig5-6) under the two DDI glycoconjugates 

hybridization conditions (“on-chip” and “in-solution” methods). Indeed under the 

“on-chip” condition, hybridization is conducted at room temperature in Saline Sodium 

Citrate 5x Sodium Dodecyl Sulphate 0.1 % buffer while it performed in phosphate 
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buffer saline (pH 7.4, 37 °C) in the “in-solution” approach (due to the presence of 

lectin). 

 

5.3.2.1 Cross-hybridization tests under “on-chip” condition  

 

Under “on-chip” glycoconjugate hybridization condition, firstly the 

cross-hybridization tests were carried out on DNA anchoring platform at three 

concentrations of glycoconjugates: 1µM, 0.5µM and 0.1µM. Fig5-7 gives the sketch 

map of cross hydridization assay. The glycoconjugates used in these experiments were 

nommed molecules: from molecule 1 to molecule 7, which correspond to 

Glycoconjugate 1, Glycoconjugate 11, Glycoconjugate 12, Glycoconjugate 13, 

Glycoconjugate 10, Glycoconjugate 14, and Glycoconjugate 15 respectively. These 

seven molecules with their respective DNA tag (Cseq1 to Cseq7) can hybridize with 

their corresponding sequences (sequence1 to sequence7) covalently immobilized at 

the surface of the microwell. 

 From condition 1 to condition 7 (see Fig5-7), at 1µM each of the seven 

molecules was added into the relevant microwell accompanied by six oligonucleotides 

corresponding to the other complementary sequences (Cseqs). In other words these 

six oligonucleotides consisted of DNA sequences different from the one of the added 

glycoconjugate. For example, in condition2 molecule2 was added into microwell 2 

with six Cseqs: Cseq1, and Cseq3 to Cseq7.We recall that these Cseqs did not carried 

fluorescent groupement. 

 Likewise, for condition a-g and condition A-G, the molecules and 

complementary sequences were added into the corresponding microwells using the 

same method as condition 1-7, but at different concentrations: 0.5µM and 0.1µM. 

 For condition I, however, all seven molecules were mixed together and 

deposited into each microwell.  

After about 3h of incubation at room temperature, the slide was scanned at 532 

nm with the GenePix 4100 microarray scanner. Fluorescence image (see Fig5-8) and 

mean fluorescence intensities (see Fig5-9) were recorded. The Fluorescence intensity 

of each glycoconjugate was determined as the average mean fluorescence signal of 

eight spots in one column. As shown in Fig5-8, for each microwell of Condition I, 

Cy3 signal was observed for the seven columns of spots which printed from 
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Sequence1 to Sequence7 respectively, no signals were detected from the negative 

control Sequence N, which demonstrated no non-specific adsorption of 

glyconconjugates. In the case of conditions 1-6, conditions a-f and conditions A-F, for 

which only one single molecule (molecule1 to molecule 6) was added into each 

microwell, Cy3 signals was detected for only one column for each microwell, 

whatever concentration was used (1µM, 0.5µM and 0.1µM). Moreover, the positions 

at which the Cy3 signals for every molecule (molecule1 to molecule 6) appeared in 

each microwell of conditions 1-6, conditions a-f and conditions A-F perfectly matched 

the positions of the complementary sequences in each microwell (see Fig5-6) It 

indicated that under conditions 1-6, conditions a-f and conditions A-F, each of the six 

molecule (molecule 1 to molecule 6) were correctly addressed to the desired spots by 

hybridization. For example, under Condition 2 under which only molecule 2 was 

added, Cy3 signals of 8 spots (one column) were detected in microwell 2, the 

positions of the 8 spots was just where the Sequence 2 was illustrating that molecule 2 

was well addressed. Furthermore, the mean fluorescence intensities of each of the six 

molecules which hybridized with its corresponding complementary sequences were 

very strong comparing to those hybridized with other non-complementary sequences, 

about 8000 a.u.-25000 a.u. for the former, and some 30 a.u.-200 a.u for the latter 

which is comparable with the fluorescence intensities for the negative control 

sequence N (30 a.u.-80 a.u.) (see Fig5-9). The ratio of fluorescence intensities of 

specific versus non-specific hybridization (herein specific hybridization means the 

glycoconjugate was specifically immobilized to the desired spots by hybridizing with 

its corresponding complementary sequence) for Molecule 1- Molecule 6 have been 

calculated to be about 10-102 (see Table5-2), so that the cross-hybridization for the six 

molecules  (molecule 1 to molecule 6) were almost negligible. However for 

Molecule 7, under Condition 7, Condition g and Condition G, Cy3 signals were 

detected not only from Sequence 7, but also from Sequence 6(see Fig5-8). The 

fluorescence intensities obtained for Molecule 7 which hybridized with Sequence 7 

were higher than those obtained for the same molecule cross-hybridized with 

Sequence 6 (see Fig5-9). Interestingly, with decreasing concentration of molecule 7 

from 1 µM to 0.1 µM, the ratio of specific/non-specific hybridization increased from 

2.4 to 12 (see Table5-2). Another interesting observation is that although the 

concentration of Molecule 7 was reduced to 0.1µM, the mean fluorescence intensities 

are quite similar to those obtained at 1µM and 0.5µM (see Fig5-9, Fig5-10). However, 
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for most of other six molecules, as the concentration decreased the mean fluorescence 

intensities were not stable, especially for Molecule 1 and Molecule 5 (bearing 3 

mannoses and 4 galactoses in comb-like structure respectively), a sharp drop-off were 

observed (see Fig5-10). At 1µM, the mean fluorescence intensities displayed a 

homogeneous value (20000-25000 a.u.) for all the seven molecules (see Fig5-9, 

Fig5-10), indicating that the relative surface density of the seven glycoconjugates 

were comparable. 

 

 
 
 

 
 
 

Fig5-7 Sketch map of cross-hybridization assay of seven molecules (molecule 1-7) under 

“on-chip” glycoconjugate hybridization condition on the DNA anchoring platform a).Negative 

control sequence N is used to monitor the non-specific adsorption of glycoconjugates. Each of 

the seven sequences (sequence1-7) was expected to only hybridize with its corresponding 

molecule (molecule1-7) or complementary sequences (Cseq1-Cseq7).   

� Condition 1-7: At 1µM, in each microwell, incubation of one of the seven molecules (molecule 1-7) with 

other six Cseq (complementary sequences) except its corresponding complementary sequences. e.g.: 

for condition 1, incubation molecule 1 with Cseq2-Cseq7 except Cseq1; for condition2, incubation 

molecule 2 with Cseq1, and Cseq3-Cseq7 except Cseq2. 

� Condition I:   At 1µM, in each microwell, incubation of all seven molecules (molecule 1-7).  

� Condition a-g: At 0.5µM, in each microwell, incubation of one of the seven molecules (molecule 1-7) 

with other six Cseq (complementary sequences) except its corresponding complementary sequences. 

� Condition A-G: At 0.1µM, in each microwell, incubation of one of the seven molecules (molecule 1-7) 

with other six Cseq (complementary sequences) except its corresponding complementary sequences. 
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Fig5-8 Fluorescence image recorded at 532nm (a.u.) of the glycoconjugates, after 

cross-hybridization test under “on-chip” glycoconjugate hybridization condition on the DNA 

anchoring platform a).
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Fig5-9 Mean fluorescence intensities obtained at 532nm (a.u.) for the glycoconjugates of 

condition1-7, condition a-g and condition A-G, after cross-hybridization test under “on-chip” 

glycoconjugate hybridization condition on the DNA anchoring platform a). 
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Fig5-9 (Continued) 
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Fig5-9 (Continued) 
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Ratio of fluorescence intensity 

(specific vs. non-specific hybridization) 
 

Condition 1-7 

1µM 

Condition a-g  

0.5 µM 

Condition A-G  

0.1µM 

Molecule 1 190 150 70 

Molecule 2 300 330 320 

Molecule 3 270 190 110 

Molecule 4 110 160 280 

Molecule 5 130 290 260 

Molecule 6 40 49 84 

Molecule 7 2.4 3.3 12 

Table5-2 Ratio of fluorescence intensity of specific vs. non-specific hybridization of seven 

molecules for Condition1-7, Condition a-g and Condition A-G, after cross-hybridization test 

under “on-chip” glycoconjugate hybridization condition on the DNA anchoring platform a). 
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Fig5-10 Variation of mean fluorescence intensities at 532nm (a.u.) of the seven molecules when 

the concentration changed from 1µM (condition1-7), 0.5µM (condition a-g) to 0.1µM 

(condition A-G). 
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 All the above results demonstrated that no matter which concentration of 

glycoconjugates (1µM, 0.5µM or 0.1µM) were used, under “on-chip” approach 

conditions most of the tested glycoconjugates Molecule 1-6 (Glycoconjugate 1 and 

Glycoconjugate 10-14) except Molecule 7 (Glycoconjugate 15) could be specifically 

addressed by hybridization with its complementary sequences immobilized in each 

microwell of MbII. However, only at 1µM, the glycoconjugates displayed almost 

homogeneous fluorescence intensity yields.  

 

5.3.2.2  Cross-hybridization tests  under “in-solution” condition  

 

,Cross-hybridization tests of molecule 1-molecule 7 were carried out with Mb II 

under “in-solution” condition (See Fig5-11). Using the same cross-hybridization 

determination method described before, each molecule was mixed together with the 

other six oligonucleotides corresponding to the other complementary sequences. The 

mixture was deposited into its corresponding microwell at two concentrations 1µM 

and 0.1µM (see, Fig5-11, Condition 1-7 and Condition A-G). The mixture of seven 

molecules was deposited into each microwell of Condition I.  

 After incubated at 37° C for 3h, the slide was washed and scanned. The 

results shown in the Fluorescence image (see Fig5-12) and the mean fluorescence 

intensities for each condition (see Fig5-13) were analogous to results obtained under 

“on-chip” conditions (see Fig 5-8, Fig5-9).   
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Fig5-11 Sketch map of cross-hybridization assay of seven molecules (molecule 1-7) under 

“in-solution” recognition condition on DNA anchoring platform of MbII. 

� Negative control sequence x is for monitor the non-specific adsorption of glycoconjugates. 

� Condition 1-7: At 1µM, in each microwell, incubation of one of the seven molecules (molecule 1-7) with 

other six Cseq (complementary sequences) except its corresponding complementary sequences. e.g.: 

for condition 1, incubation molecule 1 with Cseq2-Cseq7 except Cseq1; for condition2, incubation 

molecule 2 with Cseq1, and Cseq3-Cseq7 except Cseq2.  

� Condition A-G: At 0.1µM, in each microwell, incubation of one of the seven molecules (molecule 1-7) 

with other six Cseq (complementary sequences) except its corresponding complementary sequences. 

� Condition I:  At 1µM, in each microwell, incubation of all seven molecules (molecule 1-7).  

 

 
 

Fig5-12 Fluorescence image recorded at 532nm (a.u.) of the glycoconjugates (molecule 1-7), 

after cross-hybridization test under “in-solution” glycoconjugate hybridization condition on the 

DNA anchoring platform a). 
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Fig5-13 Mean fluorescence intensities obtained at 532nm (a.u.) for the glycoconjugates of 

condition 1-7 and condition A-G, after cross-hybridization test under “in-solution” 

glycoconjugate hybridization condition on the DNA anchoring platform a). 
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Fig5-13 (Continued) 
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Ratio of fluorescence intensity 
(specific vs. non-specific hybridization) 

 
Condition 1-7 

1µM 
Condition A-G  

0.1µM 

Molecule 1 130 160 

Molecule 2 160 150 

Molecule 3 210 190 

Molecule 4 250 210 

Molecule 5 130 180 

Molecule 6 8.4 18 

Molecule 7 1.5 3.8 

Table5-3 Ratio of fluorescence intensity of specific vs. non-specific hybridization of seven 

molecules for Condition1-7 and Condition A-G, after cross-hybridization test under 

“in-solution” condition on the DNA anchoring platform of MbII.  
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Fig5-14 Variation of mean fluorescence intensities at 532nm (a.u.) of the seven molecules when 

the concentration changed from 1µM (condition1-7) to 0.1µM (condition A-G). 
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Although for Molecule 6, at 1µM (Condition 6), Cy3 signals were observed for 

two columns corresponding to the Sequence 6 and Sequence 3 were printed. The Cy3 

intensities ratio of specific vs. non-specific hybridization was 8.4 (see Table 5-3). 

There were no cross-hybridizations for Molecule 1 to Molecule 5, as the ratios for the 

five molecules were greater than 102. Molecule 7 was still the only one that 

cross-hybridization was significant. The Cy3 intensities ratio of specific vs. 

non-specific hybridization was 1.5 at 1µM, 3.8 at 0.1µM (see Table 5-3). Similarly to 

the “on-chip” conditions, the reducing of the concentration from 1µM to 0.1µM 

resulted in the improvement of the ratio of specific hybridization vs. non-specific 

(increased from 8.4 to 18 for Molecule 6, from 1.5 to 3.8 for Molecule 7) (see Table 

5-3) in the decrease of the mean fluorescence intensities of Molecule 1 and Molecule 

5. Moreover, at 1µM, the mean fluorescence intensities were also at the same level 

(23000-28000 a.u.) for all the seven molecules (see Fig5-13, Fig5-14), suggesting that 

the seven glycoconjugates were homogeneously immobilized in each microwell. 

In summary, under “in-solution” condition six glycoconjugates (Molecule 1- 6) 

were well immobilized to the desired spots without cross-hybridization and displayed 

similar fluorescence intensities at 1µM. Like observed under “on-chip” condition, 

cross-hybridization was also detected from Molecule 7 (Glycoconjugate 15) 

 

5.3.3 Study of binding affinities of glycoconjugates toward 

RCA120 and PA-IL in MbII 

Following the cross-hybridization tests, we tried to use MbII to study the binding 

affinities of the six new glycoconjugates (Molecule 2-Molecule 7) as well as 3Man 

(Molecule 1) and 3Gal (Glycoconjugate 3, see Chapter 2 Fig2-1) with two galactose 

specific lectins: RCA120 and PA-IL.  
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Fig5-15 Sketch map of the structures of eight immobilised glycoconjugates, 3Man is a negative 

control for the two galactose-specific lectins.  

 In chapter 4, some differences in the behaior of binding affinity of PA-IL between 

comblike and antenna structures have been observed. This difference may be related 

to the spatial arrangement or due to the charge of the glycomimetics. Herein, 6 new 

glycomimetics with various spatial arrangements and different charges have been 

tested.  

The main characters of the glycomimetics were displayed in Table5-4 and 

Fig5-15. Molecule 1 (3Man) bearing three mannose residues was expected to be a 

negative control for monitoring the non-specific adsorption of lectins. 3Gal was used 

as a positive control, which contains three galactose residues supported by a 

Comb-like scaffold with a linkage Linker 1(1, 4-cyclohexanedimethanol, DMCH) 

between every two phosphodiesters and could be efficiently recognized by RCA120 
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or PA-IL on a DDI glycoarray (98, 99). 3Man and 3Gal having the same DNA tag 

(Sequence 1), they can not be immobilized simultaneously in the same microwell. 

Molecule 5 consists of four galactose residues arranged on a Comb-like backbone 

similarly to 3Gal. Regarding Molecule 2, Molecule 3 and Molecule 4 (see Table5-4, 

Fig5-15 and Chapter 2, Fig2-1 or Table2-1), the three glycoconjugates have almost 

the same structures: they all bear four galactose residues coupled with Linker 2 

(Trishydroxymethylethane) arranging in a Comb-like structure. They only differ by 

the electrostatic charge of the glycomimetic structure (-, 0 and +) respectively. The 

last two glycoconjugates (Molecule 6 and Molecule 7) are also tetra-galactosyl 

glycomimetics with two different charges, exhibiting an antenna structure including 

the linkage Linker 3 (Pentaerythritol). 

 

Name[a] of 

glycoconjugate 
Alias[b]  

Saccharide 

residue 

(Number) 

Charge 

(Number) 
Linker [c] 

Spatial  

arrangement 

G 1 3Man /Molecule 1 Mannose (3) 0 Linker 1 Comb-like 

G 3 3Gal Galactose (3) 0 Linker 1 Comb-like 

G 11 Molecule 2 Galactose (4) - (3) Linker 2 Comb-like 

G 12 Molecule 3 Galactose (4) 0 Linker 2 Comb-like 

G 13 Molecule4 Galactose (4) + (3) Linker 2 Comb-like 

G 10 Molecule 5 Galactose (4) 0 Linker 1 Comb-like 

G 14 Molecule 6 Galactose (4) - (1) Linker 3 Antenna 

G 15 Molecule 7 Galactose (4) + (1) Linker 3 Antenna 

Table5-4 Main characters of glycoconjugates (3Gal and Molecule 1-7)  

[a] Name of glycoconjugate designated in Chapter 2 (see Fig2-1 and Table2-1) 

[b] Name of glycoconjugate designated in this Chapter 

[c] Linkage between every two phosphodiesters of the structure of the glycoconjugates(206). Linker 1, 

Linker 2 and Linker 3 correspond to 1, 4-cyclohexanedimethanol (DMCH); Trishydroxymethylethane and 

Pentaerythritol. 
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 First of all, we investigated the binding affinities of seven glycoconjugates 

(Molecule 1-Molecule 7) towards RCA120 and PA-IL on MbII by the two approaches 

of DDI (see Fig5-16). Two slides were prepared, one for “on-chip” approach, the 

other for “in-solution” approach.  

       

 

Fig5-16 Sketch map for the determination of binding affinities of molecule 1 to molecule 7 

towards RCA120 and PA-IL on DNA anchoring platform a) adopting two DDI methods: 

“on-chip” and “in-solution” approach. 

� Condition 1: seven molecules were incubated with RCA120  

� Condition 2: seven molecules were incubated with PA-IL  

 

5.3.3.1  “On Chip” approach: 

In the case of “on-chip” approach, mixed solution of seven molecules (final 

concentration 1µM for each) was deposited into each of the 8 microwells of Condition 

1 and Condition 2 (see Fig5-16). After hybridization of the glycoconjugates, the 

Cy5-labeled RCA120 (final concentration 1.5µM) and Alexa 647 labeled PA-IL (final 

concentration 2.8µM, monomer) were added into the microwells of Condition 1 and 

Condition 2 respectively for recognition.  

The results are displayed in Fig5-17 and Fig5-18. As shown in the fluorescence 

images (see Fig5-17), the green signals corresponded to the Cy3-labeled 
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glycoconjugates, whereas the red signals were observed for the binding Cy5-labeled 

RCA120 or Alexa647 labeled PA-IL. Green signals were detected from seven 

columns except the column where the negative control Sequence N printed, indicating 

that there were no non-specific adsorption of glycoconjugates. As expected, there 

were almost no red signals and extremely low fluorescence intensity (50-200 a.u.) 

obtained for 3Man (Molecule 1) which could not be recognized by the two lectins. 

The fluorescence intensity of each molecule was determined as the average of the 

fluorescence intensities of 32 spots from 4 microwells of each Condition (8 spots per 

microwell). Molecule 4, which bear 4 galactose residues in Comb-like structure with 

three positive charges, displayed the strongest binding towards the two lectins with 

fluorescence intensity about 20000 a.u. for RCA120 and 7000 a.u. for PA-IL 

(Fig5-18). However, although Molecule 2 and Molecule 3 almost have the same 

structures as Molecule 4 except carrying different charges, the fluorescence intensities 

of these molecules were relatively low, especially towards PA-IL with a ratio about 

1:3 and 1:5 compared to Molecule 4. Moreover, considering Molecule 6 and Molecule 

7 which share the same antenna structure but carry different charge (negative and 

positive charge respectively), as shown in Fig5-18, the fluorescence intensity of 

Molecule 7 was a little bit higher than Molecule 6 with a ratio about 1.04:1 for 

RCA120 and 1.35:1 for PA-IL. As a matter of fact, that was not the real ratio of 

Molecule 7 vs. Molecule 6, according to the cross-hybridization test (see Fig5-7), it 

has been demonstrated that Molecule 7 cross-hybridized with the Sequence 6 with 

which Molecule 6 should be hybridized (see Fig5-8 and Table5-2). Thus, the real 

ratios of Molecule 7 vs. Molecule 6 should be higher than what has been obtained, 

which means the two lectins, especially the PA-IL bind Molecule 7 better than 

Molecule 6. Nevertheless, in the case of PA-IL, positively charged glycomimetic 

structure enhanced the binding to a greater extent than RCA 120. 

One possible explanation relates to electrostatic interaction between the lectin and 

the glycomimetic. At a pH equal to the pI (isoelectric point) of a protein, a protein has 

no electric charge. At a pH above its pI, a protein will carry a net negative charge. In 

this part of work, the recognition processes was carried out in the solution at pH 7.4, 
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the pI of RCA120 (pI = 7.5-7.9) (92) is just around this pH scale, whereas the pI of 

PA-IL (pI =4.94)(260) is below 7.4. It means that in the recognition solution, the 

RCA120 had no electric charge, while the PA-IL carried a negative charge, which 

made the PA-IL more facilely to approach and bind to the glycoconjugate carrying 

positive charge.  

Another significant finding is that the two positively charged tetra-galactosyl 

molecules (Molecule 4 and Molecule 7) did not have identical affinities either towards 

RCA120 or towards PA-IL. The fluorescence intensities of Molecule 4 were higher 

than Molecule 7 with a ratio of 1.3 for RCA120 and 3.5 for PA-IL. Molecule 4 has a 

Comb-like structure while Molecule 7 exhibits antenna architecture. The Comb-like 

structure thereby seems more favorable than antenna architecture for glycoconjugate 

binding to these two lectins. 

 

 

Fig5-17 Fluorescence images recorded at 532nm (a.u.) for the glycoconjugates (molecule 1-7) 

and at 635 nm (a.u.) for the lectin RCA120 and PA-IL, after recognition of glycoconjugate with 

lectins by “on-chip” approach. 
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Fig5-18 Mean fluorescence intensities obtained at 635nm (a.u.) of condition 1 and condition 2 

for RCA120 and PA-IL individually, after incubation with the seven molecules (Molecule 1- 

Molecule 7) by “on-chip” approach. No correction for the Cy5 (Alexa 647) fluorescence 

intensities was performed, as the Cy3 signals obtained for the seven glycomimetics at 1µM are 

similar (see Fig5-10). 

 

5.3.3.2  “in-solution” approach: 

For the “in-solution” approach, the solution of seven molecules (final 

concentration 1µM for each) were firstly incubated with the two lectins RCA120 

(final concentration 0.5µM) and PA-IL (final concentration 0.5µM) respectively, and 

then the two incubation solutions were deposited into the corresponding microwells of 

Condition 1 and Condition 2 (see Fig5-16).  

Some of the results shown in Fig5-19 and Fig5-20 were comparable to those 

obtained from “on-chip” approach. For instance, there was no non-specific 

glycoconjugate adsorption for Sequence N and no non-specific binding of lectin for 

the negative control glycoconjugate 3Man (Molecule 1). The PA-IL lectin preferred to 

bind to positively charged Molecule 4 (Comb-like structure with Linker 2) than 

negatively charged Molecule 2 and neutral Molecule 3. It also had higher affinity with 

Molecule 7 compare to Molecule 6. Both lectins preferred comb-like structure. 

However, very surprisingly in this case, it was the Molecule 5 (Comb-like 

structure with Linker 1) not the Molecule 4, which showed the highest fluorescence 

intensity towards the two lectins (25000 a.u. for RCA120, 14000 a.u. for PA-IL). The 

result may be caused by the rigidness of Linker 1 (DMCH) of Molecule 5 in solution, 

which could keep proper spacing for the galactose residues to easily enter into the 
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binding sites of the lectins. In addition, under the “in-solution” recognition conditions, 

RCA120 displayed similar selectivity towards glycoconjugates in comparison with 

PA-IL.  

The results indicated that the charge of the glycoconjugates was not the only 

factor that could influence the binding affinities, which further enhanced to the 

previous argument. There are many complicated essential elements that contribute to 

carbohydrate/lectin binding features, such as the spatial arrangement and orientation 

of the saccharide residue, the rigidity and optimal spacer of the linkage between the 

ligands (97, 99, 211, 270). Subtle differences in carbohydrate presentation can change 

the binding properties of carbohydrate binding proteins (271-273). 

 

Fig5-19 Fluorescence images recorded at 532nm (a.u.) for the glycoconjugates (molecule 1-7) 

and at 635 nm (a.u.) for the lectin RCA120 and PA-IL, after recognition of glycoconjugate with 

lectins by “in-solution” approach. 

 

   

Fig5-20 Mean fluorescence intensities obtained at 635nm (a.u.) of condition 1 and condition 2 

for RCA120 and PA-IL individually, after incubation with the seven molecules (Molecule 1- 

Molecule 7) by “in-solution” approach. 
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We also studied the affinities of 9 glycoconjugates (3Man, 3Gal as well as 

Molecule 2-8) with PA-IL on MbII by “in-solution” approach (see Annexe 3). 

Molecule 8 (Glycoconjugate 16, see Chapter 2, Fig2-1 or Table 2-1) was a new 

glycoconjugate, which has the same structure as Molecule 6 or 7 but that carries no 

charges. Sequence N was replaced by Sequence 8 (see Chapter 2, Table2-4) in order 

to offer complementary sequence for hybridization of Molecule 8. There were three 

goals to be addressed: 1) to do a repetition of the binding studies of Molecule1 (3Man) 

- Molecule7 with PA-IL on platform b using “in-solution” method; 2) to test the 

binding affinity of Molecule 8 towards PA-IL; 3) to make a comparison of the binding 

affinities of the 7 new tetra-galactosyl molecules (Molecule 2-8) with 3Gal bearing 

three galactose residues towards PA-IL. Detailed results are reported in Annexe 3. 

All the observations above demonstrated that the multiplex assays of 

interactions of glycoconjugates/lectins were well performed on MbII either by 

“on-chip” or by “in-solution” approach. The results confirmed that PA-IL lectin could 

more efficiently bind to the positively charged glycoconjugates (e.g Molecule 4.) than 

other glycoconjugates. The highest binding signal was observed for Molecule 4 with 

the two lectins (RCA120 and PA-IL) in “on-chip” approach, while in “in-solution” 

approach, it was the Molecule 5 with the linker DMCH showed the most efficient 

binding. Moreover, it appeared that the two lectins preferred to bind to the 

glycoconjugates with Comb-like structure rather than glycoconjugates arranged in 

antenna architecture. Therefore in the following studies, we tried to do quantitative 

analysis (IC50) of the glycoconjugates with Comb-like structure. 
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5.3.4 Quantitative analysis (IC50) of the affinities of 

glycoconjugates with PA-IL in miniaturized biosystem II 

(MbII) 

In Chapter 4, it was demonstrated that the semi-quantitative (IC50 determination) 

assays can be performed on the slide featured with 52 round microwells by DDI 

“on-chip” approach. However, such a slide can be used only to determine the IC50 

value of one glycoconjugate. In order to amplify the capability of the tool and realize 

a high throughput semi-quantitative analysis, this time, we chose the miniaturized 

biosystem II (MbII) to do our study. MbII allows various glycoconjugates to be mixed 

and addressed to the desired spots in one single microwell allowing for parallel 

quantitative assays of many glycoconjugate in one slide at the same time. On the basis 

of this advantage, a comprehensive competition assay was designed and carried out 

for determination of IC50 values of 5 glycoconjugates towards PA-IL on the MbII by 

“in-solution” approach (see Fig5-21).  

     

 

Fig5-21 Sketch map for the determination of IC50 values of Molecule 2- Molecule 5 and 3Gal 

towards PA-IL on the MbII adopting “in-solution” method. 

� Condition 1-Condition 20: Incubation of 3Gal, Molecule 2- Molecule 5 with PA-IL, as well as lactose at 

different final concentrations (see Table ) 
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From Condition 1 to Condition 20, 3Gal (1µM), Molecule 2- Molecule 5 (1µM 

for each) and PA-IL (0.5µM) were incubated together with consecutively diluted 

concentrations of the inhibitor lactose (see Table5-5) in 20 microwells respectively. In 

Condition 1, where no lactose (0µM) was added, the binding results for the five 

glycoconjugates (Fig5-22) with PA-IL were similar compared with the results shown 

in Fig5-22. The fluorescence intensities of other conditions were also recorded and 

analyzed. The IC50 values for each of the five glycoconjugates were calculated by 

BioDataFit and summarized in Table5-6. The IC50 values for 3Gal towards PA-IL 

(9.2µM) was considerably lower than that observed towards RCA120 (99)(385µM). 

According to the potency of each galactose residue, Molecule 5 and Molecule 4 were 

about 64 and 45 folds higher than 3Gal respectively. It may well be that a “cluster 

effect” for Molecule 5 vs. 3Gal is observed. For Molecule 2 and 3, the binding 

affinities with PA-IL were almost at the same level. There was a nearly 150 times 

increase in potency of each galactose residue towards PA-IL from Molecule 2 and 3 to 

Molecule 4. In addition, the IC50 value as well as the affinity per residue for Molecule 

5 was 1.4 times higher than that for Molecule 4. The results observed by IC50 assay 

and by direct reading of the fluorescence signal gave the same trend but with a higher 

sensitivity for the IC50 method. 

 
 

Fig5-22 Mean fluorescence intensities obtained at 635nm (a.u.) of condition 1, after incubation 

with five glycoconjugates (3Gal and Molecule 2-Molecule 5) with PA-IL by “in-solution” 

approach on the MbII. 
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Condition 1-20 Final Concentration of Lactose (µM) 

1 0 

2 0.00001 

3 0.00005 

4 0.0001 

5 0.0005 

6 0.001 

7 0.005 

8 0.05 

9 0.1 

10 1 

11 5 

12 10 

13 50 

14 100 

15 500 

16 1000 

17 5000 

18 10000 

19 15000 

20 30000 

Table5-5 Final concentrations of inhibitor (lactose) for Condition1 to Condition 20 

 

Glycoconjugate Valency 
Charge 

(Number) 

IC 50 

(µM) 

Relative 

potency[a] 

Relative 

Potency per 

galactose 

residue[b] 

3Gal 3 0 9.24 1 0.33 

Molecule 2 4 -(3) 2.5 0.3 0.07 

Molecule 3 4 0 3.5 0.4 0.1 

Molecule 4 4 +(3) 559.5 60 15 

Molecule 5 4 0 773.2 84 21 

Table5-6 IC50 of glycoconjugates-PA-IL binding 

� [a] Calculated as the ratio of 3Gal to other glycoconjugates IC50 values.  

� [b]  Calculated as the ratio of relative potency to the number of galactose residues. 
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5.4 Conclusions 

In conclusion, two miniaturized analytical systems (MbI and MbII) were 

designed allowing up to 40 independent experiments to be performed with volumes as 

low as 0.5 µL per experiment corresponding to 2 picomoles of glycomimetic on one 

microscope slide. Thanks to site-specifically capture of the DDI glycoarray by nucleic 

acid hybridization, it was demonstrated that glycomimetics and lectins can be mixed 

in solution for specific recognition and subsequently be addressed at a specific 

location on the surface of the microwells for further detection. 

Two kinds of glycoconjugate/ lectins specific recognition models were 

successfully performed in MbI by “in-solution” approach of DDI. The “in-solution 

approach” should allow circumventing any recognition problems that could occur due 

to the chip surface.  

Based on the validation of MbI, a new microsystem MbII was fabricated. 

Although cross-hybridization phenomenon has observed for one glycoconjugates 

(Molecule 7), the developed MbII still allowed performing a parallel analysis of 

binding properties for eight glycoconjugates towards lectins in one single microwell, 

which dramatically extend the capability of high throughput detection of DDI 

glycoarray. The binding features of seven new synthesized glycoconjugates as well as 

3Gal and 3Man towards two lectins (PA-IL and RCA120) were studied in MbII by 

both DDI approaches. The positively charged glycoconjugates showed greater avidity 

toward PA-IL lectin. The “cluster effect” was further demonstrated by affinities of the 

tetra-galactosyl glycomimetic (Molecule 5) vs. tri-galactosyl glycomimetic (3 Gal) 

with respect to PA-IL in DDI “in-solution” approach. Moreover, it seems that the 

glycoconjugates with Comb-like structure can be more efficiently recognized by 

RCA120 and PA-IL than glycoconjuates arranged in antenna architecture. 

Finally, a simultaneous quantitative analysis (determination of IC50 values) of 

binding affinities of five glycoconjugates with PA-IL was satisfactorily carried out 

within a single experiment on MbII. 

To sum up, the two miniaturized analytical systems based on DDI glycoarray not 



 

 125 

only can reduce the material consumption, but also provide rapid and sensitive access 

to comprehensive binding profiles, which facilitated the carbohydrate-lectin binding 

detection and quantification. We thereby anticipate that the miniaturized analytical 

systems described herein should be useful for both the fundamental research and the 

application area, such as virus detection, drugs screening and discovery.   
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6 APPLY DDI GLYCOARRAY TO STUDY 
THE INTERACTIONS OF INFLUENZA 
VIRUSES / GLYCOCONJUGATES  

6.1 Introduction and context 

Influenza (flu) is an acute respiratory disease caused by influenza virus, which 

affects millions of people each year and results in severe morbidity and mortality 

throughout the world, normally occurring in temperate climates in winter. According 

the report of WHO, influenza virus is responsible for about 250000-500000 deaths per 

year and it also the second cause of infectious mortality after pneumonias (274). 

The cyclic character of the influenza epidemics is related to the regular 

appearance of new antigenic or drug resistant species in the circulating influenza 

viruses. Therefore searching for new antiviral drugs is a great challenge in front of the 

emergence of new species of pandemic virus. Since the first stage of the infection of 

influenza virus is mediated by the interaction of hemagglutinin (antigenic protein on 

the surface of the virus) with the sialic-acid residues on the surface of the host cell 

(see 6.1.2). Molecules with high affinity for hemagglutinin would be potent 

candidates of new antiviral drugs to block the hemagglutinin/sialic-acid interaction 

and then further interdict the virus replication. Sialylated glycomimetics are potential 

candidates providing good spatial arrangement and physico-chemical properties. In 

order to obtain the high affinities glycomimetics, it is necessary to do a large number 

of screening tests of interaction between influenza virus and sialylated glycomimetics. 

Glycoarrays are ideal tools in doing such high throughput tests. As demonstrated in 

previous studies, DDI glycoarrays were efficient tools for study the 

glycoconjugates/lectins interaction. The objectives of this study were to 

design/develop efficient DDI glycoarrays protocols for the rapid study of recognitions 
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between glycoconjugates and influenza virus.  

In this section, firstly the main properties of the influenza viruses will be 

reviewed aiming to provide basic information with regard to the essential structures 

and classifications of the influenza viruses; then the influenza virus replication 

mechanisms will be described; finally the research status of the two main antigenic 

protein on the surface of the virus (hemagglutinin and neuraminidase) and the main 

goals of this study will be introduced. 

 

6.1.1 Characterization and classification of influenza virus 

Influenza viruses are spherical wrapped (80-120nm diameter), negative-sense and 

single-stranded RNA viruses which belong to the family of orthomyxovirus (275, 

276). The genome of influenza viruses consists of 8 segments which comprises about 

13,500 bases and encodes for 11 proteins (276, 277). Based on the antigenic 

differences in the major internal proteins of the virus, i.e. Nucleoprotein (NP) and 

Matrix protein (M1) (see Fig6-1), influenza viruses can be classified into three 

serological groups: influenza A, B, and C viruses (275, 278, 279). Influenza A and C 

viruses were isolated from human, birds and several animals, whereas influenza B 

viruses circulates only among the humans (275). Major outbreaks are associated with 

influenza A or B viruses. However, the gravest infection is usually caused by 

influenza A.  

There are two main antigenic proteins on the surface of Influenza A virus: 

hemagglutinin (H or HA) and neuraminidase (Sialidase, N or NA) (277, 278) (see 

Fig6-1). HA is a membrane-spanning glycoprotein (~225 kD) and is also a sialic acid 

specific lectin. It shaped like a cylinder of approximately 13.5 nanometres length. It is 

composed of three identical monomers, which are constructed into a central α-helical 

coiled-coil and three globular heads. The globular heads contain both the sialic 

acid-binding sites and the antigenic epitopes (279, 280). The neuraminidase 

(sialidase), is a mushroom-shaped enzyme, which is composed of four identical 
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disulfide-linked, co-planar and roughly spherical subunits anchored to the viral 

membrane though a thin long stem (10 nanometres) (see Fig6-1) (281).  

According to HA and NA, influenza A virus can be further divided into 16 HA 

(H1-H16) and 9 NA (N1-N9) subtypes (277, 282, 283), of which two strains H1N1 

and H3N2 have already lead to serious pandemic (278) and begun to circulate among 

the humans causing annual epidemics. 

 

                                 

Fig6-1 Schematic diagram of an influenza A virus. The external proteins: Hemagglutinin (HA), 

Neuraminidase (NA) and an ion channel protein (Matrix protein 2, M2); The internal proteins: 

Matrix protein 1 (M1) and Nucleoprotein (NP). 

 

6.1.2 Mechanisms of influenza virus replication 

Since the genome of influenza virus is only composed by a single-strand RNA, it 

can only replicate in living host cell (284). The replication of influenza virus can be 

divided into three main steps: the first step is the adherence of the influenza virus to 

the host cell; the second step is the multiplication of the virus in the host cell; the last 

one is the release of the new particles of the influenza virus (see Fig6-2). 

Adherence of the influenza virus to the host cell 

The influenza virus firstly adheres to the host cell. This process is performed by 

the HA binding to sialic acid residues of glycoconjugates on the membrane of the host 

cell (285), which initiates the replication cycle.  
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The multiplication of the virus in the host cell 

The virus then undergoes endocytosis and fusion in the cytoplasm of the host cell 

(286). Once the virus is fused, the genome of the virus will be delivered to the nucleus 

of the host cell places. After that, the virus genome will be replicated or transcribed by 

the enzymes and translated by ribosomes of the host cell (287, 288). Thus taking 

advantage of the abundant materials of the host cell, new proteins and genomes of the 

virus will be produced.   

The release of the new particles of the influenza virus 

The new copies of viral proteins and genome will be transported out of the 

nucleus of the host cell and assembled near the cell membrane. The new virus 

particles are formed by budding. However the new viruses are still adhere to the host 

cell via HA binding to sialic acid residues. NA will then cleave the sialic acid residues 

and liberate the new viruses (285). The released new viruses could therefore start a 

new cycle of replication.  

 

 

 

Fig6-2 Scheme of an influenza virus replication 
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6.1.3 Literature review on HA and NA  

Understanding the infection mechanism induced by the virus and the implied 

biological interactions is of crucial importance in preventing the infection processes 

of influenza viruses. Previous efforts about influenza virus were mainly focused on 

the two surface antigenic proteins HA and NA (282, 283, 289, 290), due to the 

important biological roles of the two proteins. As just described in 6.1.2, HA is a 

natural receptor for sialic acid, in consequence the adherence of virus to the host cell 

is mediated via the HA binding to the terminal sialic acid residues of the 

glycoconjugates on the cell surface. Moreover, it has been proved that HA also played 

significant roles in the virus internalization and the viral envelope fusion (279, 289, 

291, 292). Generally, the HA of human viruses bind strongly to the α 2-6 linked 

sialosides (especially to sialic acid α 2-6 galactose), the HA of avian viruses prefer to 

bind to α 2-3 linked sialosides (especially to sialic acid α 2-3 galactose) (9, 293, 294), 

whereas the HA of the porcine strains bind to both of the two α 2-6 linked and α 2-3 

linked sialosides (2). However, only a few amino acid substitutions or mutations in 

the HA protein may alter the receptor binding preference (278, 295). NA participates 

in the last stages of viral infection, it can cleave the sialic acid from the host cell by 

hydrolyzing the ketosidic linkage in sialosides (293), which resulting in the escape of 

the neovirion after budding (275).   

To date, vaccination is a conventional method for the prevention of influenza 

infection, but the process of vaccine production is usually cumbersome and costly, 

and always complicated by antigenic drift and shift of the viral RNA encoded HA 

(290). Therapeutic approaches as a complement of the vaccination have been 

developed for several years. NA is one of the drug discovery targets. Currently, two 

NA inhibitors drugs (zanamivir and oseltamivir) are synthesised and approved for 

clinical use (296). They mimic sialic acid and can prevent the detachment of the 

neovirions. Unfortunately, the great challenge of the drug resistant is still remaining.  

HA is also a drug discovery target, however, very few data exists concerning 

molecules allowing tight binding to HA and blocking its activity. The main reasons is 
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probably because, as all lectins, the affinity of HA to monovalent sialosides is 

relatively low (Kd only in the mM range) (290, 297). Moreover, most of the classical 

rapid tests are lacking of sensitivity, and a distinct binding profile observed for each 

HA could not be obtained by the usual cell-based assays, such as hemagglutination 

assays, hemagglutination inhibition assays (278, 295).  

In recent years, glycoarrays have been developed and shown promise in studies of 

influenza virus. In nature the virus takes advantage of several simultaneous HA and 

sialic acid interactions to perform a tight binding (298). Because glycoarray 

technologies possess intrinsic properties to mimic such natural interactions, they can 

be employed to profile and determine the specificities of HA (10, 12). Thus, Stevens 

et al have used glycoarray containing 200 carbohydrates and glycoconjugates to 

determine the HAs receptor preferences of human and avian virus. The obtained 

results have clearly shown the broad receptor specificities of α 2-6 or α 2-3 sialic acid 

linkages, as well as some fine receptor differences in HA specificities such as the 

glycan size, charge, extra sulfation and fucosylation (299). Blixt and co-workers 

employed a covalent glycan array to profile the specificity of the whole H1N1 virus 

A/Puerto Rico/8/34 (194). The obtained resultes were comparable with those 

observed from cell-based assays (300).   

 In previous chapters, DDI glycoarrays have been proved to be very efficient 

platforms for profiling the interactions of glycoconjugate/lectin. We herein expect to 

apply this technology to the study of influenza viruses. The interaction of 

glycoconjugates with the whole virus is more complex than glycoconjugate/lectin 

interactions. Therefore, in order to set up ideal DDI glycoarray based platforms for 

investigating the binding feature of the whole viruses, a lot of parameters and 

conditions need to be optimized.  Moreover, as described in our previous studies, 

many glycoconjugates have been synthesized based on glycomimetics 

(carbohydrate/DNA conjugates) synthetic strategy and their affinities towards lectins 

were evaluated. Some of the glycoconjugates (e.g. G 3, see Chapter 3 and 4) 

displayed high binding avidity with lectins.  

Therefore, eight Cy3-labeled glycoconjugates (Glycoconjugates 17-24, see 
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Chapter 2 Fig2-1 or Table2-1) bearing sialic acid-containing glycan residues and 

displaying different structures were synthesized, using the same strategy as reported 

in Chapter 2, 2.1 and annexe 1. The binding features of these glycoconjugates with 

two types of viruses (Alexa647-labeled influenza viruses H1N1/PR8 and 

H3N2/Moscow provided by the team Virologie-Influenza, FRE 3011- CNRS) were 

profiled with DDI glycoarray by “on-chip” and “in-solution” approaches.  

6.2 Materials and methods 

6.2.1 DDI glycoarray fabrication 

The first step for DDI glycoarray fabrication is to set up a DNA anchoring 

platform, the procedures were the same as described in Chapter 2 2.2. In this study, 

we used glass slide containing 52 round microreactors (see Chapter 2, Fig2-2). In 

each microreactor, ssDNA Sequence 1 (see Chapter 2, Table 2-4) was printed on to 

the surface.     

Name [a] of 

glycoconjugate 
Saccharide residue (Number) Linker [b]  

Spatial  

arrangement  

G 17   β-Lactose (2) Linker 1 Antenna 

G 18 Neu5Ac(α-2,6) Lactose (2) Linker 1 Antenna 

G19   α-Neu5AC (3) Linker 2 Comb-like 

G 20   α-Neu5AC (3) Linker 2 Comb-like 

G 21   α-Neu5AC (3) Linker 3 Comb-like 

G 22   α-Neu5AC (3) Linker 3 Comb-like 

G 23   β-Lactose (1) Linker 4 linear 

G 24   Neu5Ac(α-2,6) Lactose (1) Linker 4 linear 

Table6-1 Main characters of glycoconjugates (G 17-24)  

[a] Name of glycoconjugate designated in Chapter 2 (se e Fig2-1)  

[b] Linkage between every two phosphodiesters of the st ructure of the glycoconjugates( 206). 

Linker 1: Pentaerythritol; Linker 2: tetraethyleglyc ol Linker 3: 1, 4-cyclohexanedimethanol 

(DMCH); Linker 4: Cyclohexanedimethanol (DMCH) and Trishydroxymethylethane 
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Unless otherwise specified, after printing Sequence 1 the slide was blocked by 

4%BSA (see Chapter 2 2.3). Then, for “on-chip” approach, the glycoconjugates (see 

Table6-1) at 1µM were immobilized on chip by hybridizing with Sequence 1 as 

presented in Chapter 2.4.2.                                                                                

6.2.2 First studies on glycoconjugates/influenza virus 

recognition 

Unlike the glycoconjugates/lectins interactions, the process of glycoconjugates/ 

influenza virus interaction is more complicated. Many factors will influence the 

binding outcomes. For example, the two DDI glycoarray strategies perhaps lead to 

different binding results; the blocking method (BSA and casein blocking) may have 

effect on the signal/noise ratio; the degree of the labeling of the virus may affect the 

activity of the HA on the virus surface; NA on the virus surface could destroy the 

sialic acid on the glycoarray (278); in addition, the storage method of the 

labeled-virus (e.g. at -20°C) might result in deactivation of the virus.  

All those factors mentioned above should be taken into account for the 

glycoconjugates/ influenza virus recognition. As a consequence, several experiments 

were designed in order to evaluate the two DDI glycoarray strategies (“on-chip” and 

“in-solution” approach) and to optimize the recognition conditions. 

 

a)  Evaluate two DDI glycoarray strategies (“on-chip” and “in-solution” 

approach) 

For “on-chip” approach, the two kind of viruses H1N1/PR8 (5×107 TCID50/100µl, 

Alexa647-labeled amount 10µg) and H3N2/Moscow (5×107 TCID50/100µl, 

Alexa647-labeled amount 10µg) were mixed with the NA inhibitor zanamivir 

(0.75µM, final concentration) in PBS 1× (pH 7.4)-Tween 20 (0.05%) respectively. 

And the two solutions were added into the corresponding microwells of the 

glycoarray where six glycoconjugates (G 17-G 22, see Table6-1) were immobilized. 

Then the slides were incubated at 37°C in a water vapour saturated chamber for 2 h. 
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For “in-solution” approach, H1N1/PR8 and H3N2/Moscow were mixed with the 

NA inhibitor zanamivir (0.75µM, final concentration) as well as the glycoconjugates 

(1µM, G17-G22, see Table6-1) in PBS 1× (pH 7.4)-Tween 20 (0.05%) respectively. 

And the two solutions were added into the corresponding microwells of the DNA 

anchoring platform. Then the slides were incubated at 37°C in a water vapour 

saturated chamber for 2 h. 

After incubation, the slides were successively rinsed in PBS 1× (pH 7.4)-Tween 

20 at 0.05%, PBS 1× (pH 7.4), and DI water. Then the slide was dried by Spray duster. 

After that, 0.5µL of 1%PFA (paraformaldehyde) was added into each microwell and 

incubated for 2-3min in order to fix the virus on the arrays. Finally, the slide was 

rinsed in DI water and dried by Spray duster. 

 

b) Optimize the recognition conditions  

 

b.1) Test the capping step (two blocking methods: BSA and Casein blocking) 

  In this experiment, two slides were prepared. After set up the DNA anchoring 

platforms, one slide was blocked by 4% BSA as described in Chapter 2 2.3. For the 

casein blocking method which was adapted from (9), the blocking step was performed 

by immersing the slide bearing DNA in 1% casein (Sigma, Steinheim) solution for 2 h 

at 37°C. The slide was then washed in PBS 1× (pH 7.4)-Tween 20 at 0.05% for 

3×3min followed by PBS 1× (pH 7.4) 3 times, and finally rinsed with DI water and 

dried by centrifugation. After blocking, the glycoconjugates G 17, G 18, G 23 and G 

24 (1µM, see Table6-1) were all immobilized onto the two slides. The viruses 

H1N1/PR8 (106 TCID50/100µl, Alexa647-labeled amount 5µg) was mixed with the 

NA inhibitor zanamivir (0.75µM, final concentration) in PBS 1× (pH 7.4)-Tween 20 

(0.05%) respectively. And the solution was added into the corresponding microwells 

of the two glycoarrays. Then the slides were incubated at 37°C in a water vapour 

saturated chamber for 2 h. The next procedures were the same as presented in section 

a).  
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 b.2) Investigate the effect of the Alexa 647 –labeling degree of the virus. 

The H1N1/PR8 (1010 TCID50/100µl) virus labeled with two Alexa647 amounts 

(5µg and 20µg) were mixed with the NA inhibitor zanamivir (0.75µM, final 

concentration) in PBS 1× (pH 7.4)-Tween 20 (0.05%) (Roth, Karlsruhe, Germany) 

respectively. Zanamivir was added in order to avoid NA to cleave the sialic acid form 

the glycoconjugates on the glycoarray. And then the two solutions were added into the 

corresponding microwells of the glycoarray where G 17 and G 18 (1µM, see Table6-1) 

were immobilized. After that, the slides were incubated at 37°C in a water vapour 

saturated chamber for 2 h. The next procedures were the same as presented in section 

a). 

 b.3) Compare the affinities of fresh Alexa647-labeled virus and 

 Alexa647-labeled virus stored at -20°C towards its receptor  

100µL solutions of virus H1N1/PR8 (1010 TCID50/100µl, Alexa647-labeled 

amount 5µg), fresh virus (4◦C) and virus stored at -20◦C, were mixed with the NA 

inhibitor zanamivir (0.75µM, final concentration) in PBS 1× (pH 7.4)-Tween 20 

(0.05%) respectively. And then the two solutions were added into the corresponding 

microwells of the glycoarray where G 17 and G 18 (1µM, see Table6-1) were 

immobilized. After that, the slides were incubated at 37°C in a water vapour saturated 

chamber for 2 h. The next procedures were the same as described in section a).  

 

6.3 Results and discussion 

a) Evaluate two DDI glycoarray strategies (“on-chip” and “in-solution” 

approach) 

The receptor-binding characteristics of H1N1/PR8 and H3N2/Moscow were 

profiled by both DDI glycoarray strategies “on-chip” and “in-solution” approaches. 

Six glycoconjugates (G 17-G 22, see Table6-1) were tested. G 17 (bearing two lactose 

residues) and G 18 (bearing two Neu5Ac (α-2, 6) lactose residues) were expected to 

be negative control and positive control respectively. Other four molecules (G 19-G 
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22) all possess three α-Neu5ACs. The H1N1/PR8 and H3N2/Moscow binding results 

were displayed in Fig6-3 and Fig6-4 respectively. According to the results, very 

surprisingly, high signals were observed from H1N1/PR8 and H3N2/Moscow for G 

17, which was not expected to be recognized by the two viruses, either by “on-chip” 

approach or by “in-solution” approach. On the contrary, the signals obtained for 

positive control G 18 were relatively lower than that for G 17 (see Fig6-3 a, b and Fig 

6-4 b), except that detecting from H3N2/Moscow by “on-chip” approach (see Fig6-4 

a). On one hand, the signals obtained for G 17 may relate to high non-specific 

adsorption. On the other hand, the low signal observed for G18 may be related to 

weak specific interaction (interaction of HA with G18). 

Non-specific binding contribute to a significant source of measurement error, as a 

consequence, to make the evaluation the binding affinities of these glycoconjugates 

was very difficult and unpredictable.  

In order to understand low signal to noise ratio, the following investigations were 

carried: 

 1) The blocking method to reduce non-specific adsorption; 

 2) The influence of the labeling degree by Alexa647 on the activity of the virus. 

3) The effect of storage conditions 

 

 
Fig6-3 Mean fluorescence intensities at 635 nm (a.u.) of the Alexa647-labeled H1N1/PR8 after 

recognition with G 17-G 22 by “on-chip” approach (after correction) a) and “in-solution” 

approach b) 
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Fig6-4 Mean fluorescence intensities at 635 nm (a.u.) of the Alexa647-labeled H3N2/Moscow 

after recognition with G 17-G 22 by “on-chip” approach (after correction) a) and “in-solution” 

approach b) 

 

b) Optimize the recognition conditions  

b.1) Test the capping step (two blocking method: BSA and Casein blocking) 

As observed in previous sections, non-specific adsorptions were detected on DDI 

glycoarrays in the study of the influenza virus and glycoconjugates interactions. In 

order to optimize the DDI glycoarray platform and reduce the non-specific adsorption, 

herein we employed a new blocking method (casein blocking) (9) and made 

comparison with the previous BSA blocking method. Two glass slides (SlideBSA, 

Slidecasein) were prepared by using BSA and casein blocking methods respectively. In 

each slide, the affinities of four glycoconjugates: G 17 and G 18 as well as two new 

glycoconjugates (G 23 and G 24) (see Table6-1) were tested towards the 

Alexa647-labeled H1N1. G 17 and G 18 almost have the same structure except 

bearing two lactose residues and two lactose-α-2,6Neu5AC moieties respectively. G 

23 and G 24 also nearly have the same structures but bear one lactose residue and one 

lactose-α-2,6Neu5AC moiety respectively. Herein the two glycoconjugates G 17 and 

G 23 were expected to be negative controls; while G 18 and G 24 were expected to be 

positive controls. After immobilization of the glycoconjugates on the two slides, the 

Cy3 signals were recorded (see Fig6-5 a, b). As shown in Fig6-5 a) and b), the Cy3 
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fluorescence intensities for the four glycoconjugates are comparable on each slide 

(40000-5000 a.u. for SlideBSA; 10000-13000 a.u. for Slidecasein). After incubation with 

Alexa647-labeled H1N1, the Alexa647 signals were also recorded with respect to the 

glycoconjugates  

  

  

Fig6-5 a) Mean fluorescence intensities at 532 nm (a.u.) of the Cy3-labeled glycoconjugates 

G17, G 18, G 23 and G 24 immobilization on the BSA blocking DNA chip; b) Mean 

fluorescence intensities at 532 nm (a.u.) of the Cy3-labeled glycoconjugates G17, G 18, G 23 

and G 24 immobilization on the casein blocking DNA chip; A) Mean fluorescence intensities 

(after correction) at 635 nm (a.u.) of the Alexa647-labeled H1N1/PR8 after recognition with 

glycoconjugates G17, G 18, G 23 and G 24 on the BSA blocking glycoarray; B) Mean 

fluorescence intensities (after correction) at 635 nm (a.u.) of the Alexa647-labeled H1N1/PR8 

after recognition with glycoconjugates G17, G 18, G 23 and G 24 on the casein blocking 

glycoarray 

. As shown in Fig6-5 A), on the SlideBSA, which blocked by BSA, the Alexa647 

signals observed for the two negative controls G 17 and G 23 were comparable with 

those obtained from the positive controls G 18 and G 24 respectively ( ratio of G18 vs. 

G17 was1.05; ratio of G24 vs.G23 was 0.75). Similarly, on the Slidecasein (see Fig6-5  

B), which blocked by casein, the Alexa647 signals detected for the two positive 
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controls G 18 and G 24 were almost the same as that observed for the negative 

controls G 17 and G 23 respectively ( ratio of G18 vs. G17 was 1.13; ratio of G24 

vs.G23 was 1.1). According to the results, it appears that the blocking method did not 

have great effect in reducing the non-specific adsorption. 

b.2) Investigate the effect of the Alexa 647 –labeling degree of the virus. 

 

 

Fig6-6 Sketch map for test Alexa647-labeled amount effect. a) Fabricate glycoarray by 

immobilization of G17 and G18. b) Recognition of G17 and G18 with two Alexa647-labeled 

amounts of H1N1/PR8 (5µg and 20µg).  

 

In this part of work, in order to study the effect of Alexa 647-labeling degree for 

activities of the virus on the DDI glycoarray, two glycoconjugates G17 bearing two 

β-lactose residues and G18 bearing two Neu5Ac (α-2, 6) Lactose moieties (see 

Table6-1) were tested with respect to the H1N1/PR8 with two Alexa647-labeled 

amounts 5µg and 20µg. G 17 and G 18 were expected to be negative and positive 

control respectively. The tests were performed by “on-chip approach”. After 

immobilization of G17 and G18 (see Fig6-6 a), an immobilization control was 

performed by measuring the Cy3 fluorescence intensities. The Cy3 fluorescence 

intensities were determined as the average mean Cy3 fluorescence signal of four spots 

per line. The results (see Fig6-7 a) showed that the average Cy3 fluorescence 

intensities for G 17 and G 18 were quite similar (~27000-34000 a.u.), indicating 

identical glycoconjugates immobilization density. Then every two lines of microwells, 

where G17 or G18 were immobilized,  were incubated with H1N1/PR8 virus labeled 
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with two different Alexa 647 amounts (5 and 20 µg in line 1 and 2 respectively) (see 

Fig6-6 b).  

After incubated with H1N1, the Alexa647 signals were recorded (see Fig6-7 b). 

At 5µg Alexa647-labeled amounts, the Alexa647 signals obtained for the negative 

control G 17 (~ 400 a.u.) were higher than that were expected (see Fig6-4 b, G17 1), 

which demonstrated that there were some non-specific adsorptions of the virus; while 

for the positive control G18, relatively weak but significant increase of signals were 

observed (~ 560 a.u.), which was higher than that detected for G17. It indicated that 

besides the non-specific adsorption, there were weak specific interactions between 

G18 and virus. With the increasing of the Alexa647-labeled amounts from 5µg to 

20µg (increased 4 times), the Alexa647 signals obtained for the negative control G 17 

(see Fig6-7 b, G17 1, 2) were also increased by about 4 times (~ 1500 a.u.), which 

indicated that the increase signal may only be related to the increased degree of 

labeling., The Alexa647 signals obtained for the G 18 (see Fig6-7 b, G18 1, 2) were 

only increased about 2 times (~1100 a.u.) compared to G18 5 µg labeled virus, and 

were almost at the same level as that observed for G17 (see Fig6-7 b, G17 2 , G18 

2), ). It may well be that increased Alexa647 amounts induced the lost of specific 

interaction with G18 resulting to only non-specific adsorptions similarly to G17. 

Normally, the label target of Alexa647 is the proteins on the virus surface, the lectin 

HA thereby is one of the target for Alexa647. The more quantity of Alexa647 is used, 

the more activity of HA might be limited.  In section a) a ratio between 2 ×10-7 and 

5×10-6 of µg of Alexa/ TCID50 were used, and here we found that a ratio of 2×10-9 

Alexa/ TCID50 already impair the activities of HA present on the surface of the virus.  

In summary, it appeared that compared with the higher Alexa 647 –labeling 

degree (20µg) of influenza virus, 5µg Alexa647-labeled amounts of the virus was 

more suitable to do the study of the glycoconjugates/influenza virus interactions on 

DDI glycoarray (5 ×10-10 Alexa/ TCID50). 
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Fig6-7 a) Mean fluorescence intensities at 532 nm (a.u.) of the Cy3-labeled glycoconjugates 

immobilization on the DNA chip. b) Mean fluorescence intensities (after correction) at 635 nm 

(a.u.) of the Alexa647-labeled H1N1/PR8 of two Alexa647-labeled amounts 5µg and 20µg after 

recognition with Molecule 2. 

 

b.3) Compare the affinities of fresh Alexa647-labeled virus and

 Alexa647-labeled virus stored at -20°C towards its receptor 

 

 
Fig6-8 Sketch map for test Alexa647-labeled amount effect. a) Fabricate glycoarray by 

immobilization of Molecule 2. b) Recognition of Molecule 2 with Alexa647-labeled H1N1/PR8 

stored at 4◦C or -20◦C.  

In this section, an assay was designed to test whether the Alexa647-labeled virus 

stored at 4◦C or -20◦C will affect activities of the virus and the interactions of 

glycoconjugates/influenza virus (see Fig6-8) on DDI glycoarray. As the section above 

(section c), herein the two glycoconjugates G 17 (negative control) and G 18 (positive 

control) were also tested by “on-chip approach”. After immobilization of G17 and 

G18 (see Fig6-8 a), the Cy3 fluorescence intensities were recorded (see Fig6-9 a). The 
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results showed in Fig6-9 a) displayed a homogeneous immobilization of G 17 and G 

18 (~ 20000 -25000 a.u.).  

After incubation with the virus (see Fig6-8 b), the Alexa647 fluorescence 

intensities were recorded and shown in Fig6-9 b. When G 17 and G 18 were incubated 

with the fresh Alexa647-labeled virus (stored at 4◦C), the Alexa647 signals obtained 

for the two glycoconjugates G 17 and G 18 had the same trend as that observed in 

section a) (See Fig 6-7 b, G 17 1 and G 18 1): relatively higher non-specific 

adsorptions were detected for the negative control G17 (~420 a.u., See Fig 6-9 b, G 

17 1). However, the Alexa647 signals obtained for the positive control G 18 were 

slightly higher than that observed for G 17 (~610 a.u., See Fig 6-9 b, G 18 1). After 

storage of the labeled virus at -20 °C, incubation of the two glycoconjugates leads to 

Alexa647 signals for the two glycoconjugates were all at background level (~50-70 

a.u.) 

A test for the determination of the viral HA titre was also carried out by our 

co-workers at the same time, a sharp decline of the HA titre were observed for the 

freezed Alexa647-labeled virus in comparison with the fresh Alexa647-labeled virus, 

which indicated the activity of the virus were also greatly decreased. 

These results clearly demonstrated that only the fresh Alexa647-labeled influenza 

virus could be used for the investigation of the glycoconjugates/virus interactions on 

DDI glycoarray. 

  

Fig6-9 a) Mean fluorescence intensities at 532 nm (a.u.) of the Cy3-labeled glycoconjugate 

Molecule 2 immobilization on the DNA chip. b) Mean fluorescence intensities (after correction) 

at 635 nm (a.u.) of the Alexa647-labeled H1N1/PR8 stored at 4◦C or -20◦C after recognition 

with Molecule 2. 
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6.4 Conclusions  

In this chapter, we tried to apply DDI glycoarray to investigate interactions of 

two influenza viruses H1N1/PR8 and H3N2/Moscow with glycoconjugates. As noted 

before, the biological relevance of the binding processes of the whole influenza 

viruses with glycoconjugates are far more than understood and more complicated than 

lectin/glycoconjugates interactions (278). Although the optimal platform and protocol 

based on DDI glycoarrays for profiling influenza viruses/glycoconjugates interactions 

have not yet been established, the preliminary studies still provided some interesting 

results. Firstly non-specific adsorptions of influenza virus were observed on the DDI 

glycoarray for both of the two DDI strategies (“on-chip” approach or by “in-solution” 

approach). In order to find out ways to reduce the non-specific adsorption, 

comparison tests of two blocking methods (BSA and casein blocking method) were 

performed. The results demonstrated that the alteration of the blocking method was 

unhelpful in increasing the signal/noise ratio. We also found that with the increasing 

of the Alexa647-labelling degree of the virus, the activity of the HA on the surface of 

the virus decreased and further impacted the affinity of the virus towards the 

glycoconjugate on the glycoarray. Moreover, very weak binding signal was obtained 

from the freezed Alexa647-labeled virus in comparison with the fresh 

Alexa647-labeled virus on the DDI glycoarray.  Although these primary results 

showed promising in the construction of an ideal platform of DDI glycoarray for the 

investigation of influenza virus/ glycoconjugates interactions, great efforts still need 

to be made in fully solving the non-specific adsorption problem, indeed the 

non-specific adsorption of influenza virus were also detected for the spots where only 

ssDNA or dsDNA were printed, which might be one of the reasons for the 

non-specific adsorption of influenza virus on DDI glycoarray.  
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CONCLUSION 

 

In this thesis, the validation and development of DNA-directed immobilization 

(DDI) glycoarrays and miniaturized analytical biosystems for quantitative and 

simultaneous analysis of various synthetic glycoconjugates are described. In addition, 

some preliminary studies regarding the binding features of influenza viruses on DDI 

glycoarrays were also reported. The validation and development comprised the 

elaboration of miniaturized microsystems, optimization of the immobilization 

parameters (including glycoconjugates concentration, choice of DNA sequences …) 

as well as the development of a semi-quantitative test (IC50) and of recognition 

protcols. 

The carbohydrate immobilization strategies are of great importance for the 

efficiency of a glycoarray. Two carbohydrate immobilization methods, DDI and direct 

covalent grafting, were compared on the borosilicate glass slide. At 0.5µM, DDI led 

to a stronger fluorescence signal (by a factor of 4.5) and to a lower detection limit 

(20nM) than covalent immobilisation (higher than 200nM), indicating that the DDI 

carbohydrate immobilization is more efficient in comparison with covalent grafting 

methods. 

Two kinds of microsystems were developed and multiplex tests were successfully 

performed in one single microwell. For proof of concept, the first miniaturized 

biosystem (Mb I, in abbr.) was fabricated to investigate two lectin/glycoconjugate 

specific recognition models by “in-solution” approach. Two kinds of 

lectin/glycoconjugate complexes were well addressed on to the right spots on the 

surface of Mb I thanks to the specificity of DNA/DNA hybridization. On the basis of 

validation of the “in-solution” approach in Mb I, a developed miniaturized biosystem 

(Mb II, in abbr.) was set up, which allowed the mixture of eight different 

glycoconjugates or glycoconjugate/lectin complexes to be sorted and captured by 

hybridization with the complementary DNA sequences printed on the surface of Mb II. 

Moreover, a quantitative assay for the determination of IC50 values of five 
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glycoconjugates was simultaneous performed on Mb II. 

The affinities of galactose clusters with different multivalencies (1, 3, 4, 8 and 10), 

spatial arrangements (Comb-like, crown geometry and antenna), charged (negative, 

neutral or positive) and different linkers were tested for their binding affinities with 

respect to RCA120 and PA-IL lectins using direct fluorescent scanning and IC50 

assays. The results demonstrated that the Comb-like trivalent cluster was displayed 

the most efficient binding to the two lectins among all the galactose clusters. 

For RCA 120, a cluster effect was observed with comb-like structures bearing 

linker DMCH: a 23 times increase in potency per galactose residue was observed 

from trivalent cluster to monovalent cluster. At pH 7.4 (near the pI of RCA 120), no 

effect of the charge of the glycocluster was observed. 

PA-IL preferred comb-like structures. The binding was enhanced by a positive 

charge on the glycomimetic structure. On the contrary to RCA 120, PA-IL showed no 

affinity for crown structures. IC50 assays suggested that overall the affinity of PA-IL 

for the different galactosyl structures tested was one or two order of magnitude lower 

than the one observed with RCA 120. 

Surprisingly, we obtained different results between the “on-chip” and “in-solution 

approach”. For the “in-solution” approach, the highest affinity was observed for the 

four galactose residues with DMCH linker in comb like structure (G10). 

Initial attempts were undertaken to apply DDI glycoarray for the study of the 

interactions of two influenza viruses H1N1/PR8 and H3N2/Moscow with 

glycoconjugates. The preliminary studies showed that both the fluorescent labeled 

quantity of the influenza viruses and the storage methods of the labeled viruses can 

affect the binding affinities with the glycoconjugates. Furthermore only weak 

interactions were observed. More efforts still need to be done for minimizing the 

non-specific adsorption and increasing the affinities towards the glycoconjugates in 

order to increase the Signal/Noise ratios.  

 In summary the studies described in this thesis have demonstrated that DDI 

carbohydrate immobilization is more efficient than the covalent grafting for 

glycoarray fabrication. The DDI glycoarrays and miniaturized DDI biosystems were 
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very powerful, sensitive and high throughput tools for profiling glycoconjugate/lectin 

interactions and for quantitative analysis (determination of IC50 values) of the 

affinities glycoconjugates/lectins interactions. Although an ideal platform and 

protocol based on DDI glycoarray for investigating the glycoconjugates/influenza 

viruses interactions are not yet established, the preliminary results still look 

promising.  

In perspectives of this work, we must notice that the biosystems were validated 

with 8 different glycomimetics, but it is evident that these systems could be improved 

by increasing the number of parallel analysis. It would require a larger set of DNA 

sequences able to hybridize with their respective complementary sequences with an 

equivalent hybridization yields. During this work, we used a detection based on the 

fluorescent labeling. The same concept of miniaturized DDI biosystems could also be 

adapted with others type of transduction (optical as Surface Plasmon Resonance – 

SPR- or electronics as impedances, or mechanics as cantilever) for reading the 

interactions without labeling. Two main parameters, the Limit of Detection (LOD) 

and linear range, depend both on transducer and the considered biochemical 

interactions. These two parameters may need to be determined for each potential 

biosensor. For example, based on fluorescence detection (Cy5 labeling) and DDI 

glycoarray, a LOD in the 2-20nM range and a linear range of 0.02µM to 2µM (semi 

loge scale) were observed for RCA120. Integration of transducer systems in 

miniaturized biosystems for a sensitive, specific and direct detection will be future 

challenges. 
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ANNEXE 1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig1 Structures of 5’-Cy3-DNA tag- glycomimetics (glycoconjugates) 
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Fig1 (Continued).  
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ANNEXE 2 

 
1 Synthesis of glycoconjugates 1, 2 and 3 

 

Scheme1. General synthetic scheme for the preparation of glycoconjugates 1-3; 

TCA=trichloroacetic acid, Piv=pivaloyl, adapted from (1) 

 

The synthesis processes of glycoconjugates 1, 2 and 3 (see Chapter 2, Fig2-1) 

were reported by Chevolot et al. (1). Glycoconjugates 1, 2 and 3 were synthesized 

according to Scheme 1. In brief, starting from the solid support I, The dimethoxytrityl 

(DMTr) group was removed and then either one or three H-phosphonate monoester 

building blocks II were introduced, to afford diesters IIIa and IIIb. Amidative 

oxidation of the H-phosphonate by carbon tetrachloride in the presence of 

propargylamine led to mono- and triynes IVa and IVb, which were then conjugated 

with the galactose azide derivative Vb by means of microwave-assisted 1, 3-dipolar 

cycloaddition, affording solid-supported conjugates VIb and VIc (2). The 
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corresponding trimannoside derivative VIa was synthesized from Va. The 

oligonucleotide was then synthesized and labeled with the fluorescent residue Cy3. 

Chimeric 5’-Cy3–3’-oligosaccharide oligonucleotides VII a, VIIb and VIIc 

(corresponding to Glycoconjugate 1, 2 and 3) were obtained after deprotection by 

treatment with aqueous ammonia. Each conjugate was purified by preparative HPLC 

and characterized by MALDI-TOF mass spectrometry. 

 

2 Synthesis of glycoconjugates 4 and 5 

 

Scheme2. Synthesis of 5’-amino glycoconjugates 4 and 5; TCA= trichloroacetic acid, Piv = 

pivaloyl, CDI = carbonyl diimidazole, adapted from (3). 

 

The synthesis procedures of Amino-functionalised Glycoconjugates 4 and 5 (see 
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Chapter 2, Fig2-1) were referred to (3). Glycoconjugates 4 and 5 were synthesized 

according to Scheme 2. Starting from 1, 3-propanediol on solid support, according to 

standard H-phosphonate chemistry, three H-phosphonate monoesters of 1, 

4-dimethanolcyclohexane were introduced. Amidative oxidation by carbon 

tetrachloride in the presence of propargylamine led to the scaffold with three alkyne 

functions. Cu (I)-catalyzed alkyne-azide 1, 3-dipolar cycloaddition was performed 

between 1-azido-3, 6-dioxaoct-8-yl 2, 3, 4, 6-tetra-O-acetyl-ß-D-galactopyranoside (1) 

and solid-supported tris-alkyne constructs using CuSO4 and sodium ascorbate under 

microwave assistance (2). The resulting trisgalactosylated compound was then 

elongated with a thymidine as a UV tag or with 15 nucleotides using phosphoramidite 

chemistry on a DNA synthesizer. After elongation, treatment with 

carbonyldiimidazole for 15 h at room temperature and then with 3-azido-propylamine 

for 20 h at room temperature followed by deprotection with concentrated ammonia 

afforded the 5’-azido-functionalised tris-galactosylated glycomimetics in solution. A 

final treatment with tris (2-carboxyethyl) phosphine (TCEP) yielded the 

corresponding 5’-amino glycoconjugates 4 and 5.  

 

3 Synthesis of glycoconjugates 6 and 7 
3.1 Synthesis of C-galactosyl calix[4]arene clusters 

The synthesis processes of two kinds of calix[4]arene-based glycoclusters was 

reported by Moni et al.(4), briefly (see Scheme3), the starting known compound (5) 

tetraallyl- calix[4]arene 1 was monoglycosylated by treatment with commercially 

available a-d-mannofuranose diacetonide (2, 1.1 equiv) under Mitsunobu conditions 

(6), and the three residual hydroxyl groups were then protected as O-propyl ethers to 

give compound 3 , then the multiple hydroboration-oxidation of the four allyl groups 

at the upper rim of 3 was readily carried out to give the tetrol 4. Subsequent 

transformation by azidation with diphenylphosphoryl azide and sodium azide, 

followed by removal of the mannofuranose fragment by acidic hydrolysis, afforded 

the tetraazide 5. The tetraazidated calixarene 5 is a key intermediate, as the two new 
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calix[4]arene-based glycoclusters were all synthesized from the compound 5 but in 

different synthesis processes.  For the glycocluster 10, the free hydroxy group of 5 

was alkylated with the short N-Boc ethylamino chain to give 6, Click chemistry(7-9) 

was then carried out on the tetraazide 6 by introducing the known (10) ethynyl 

tetra-O-acetyl-b-d-C-galactopyranoside 7, the N-Boc group of resulting compound 8 

was removed under acidic conditions, followed by a diazotransfer reaction (11) to 

convert the amino function into the azido group, afforded 9. Finally, after treatment 

with ammonia in methanol, the compound 9 was converted 

 

Scheme3. Synthesis of calix[4]arene-based glycoclusters 10 and 15, adapted from (4) 

into the target calix[4]arene 1, which features a single azido group at its lower rim and 

carbohydrate residues at its upper rim. For the glycocluster 15, bearing a long tether 

holding the azido group at the lower rim, the tetraazide 5 was derivatized as the ethyl 

ester 11, Click chemistry (7-9) was then performed to get glycocluster 12. 
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Transesterification of 12, followed by basic hydrolysis, afforded compound 13. 

Finally, 14 was converted into the glycocluster 15 by 

N-(3-dimethylaminopropyl)-N’-ethyl-carbodiimide-activated (EDC-activated) amidic 

coupling (12) of the free carboxylic group with the commercially available 11-azido-3, 

6, 9-trioxaundecan-1-amine 14. 

3.2 Synthesis of calixarene glycocluster-ssDNA 

conjugates 6 and 7 

Oligonucleotides were prepared with a DNA synthesizer by standard 

phosphoramidite chemistry (13) on CPG (controlled pore glass) solid support, a 

porous borosilicate material frequently used for DNA synthesis. Two different 

solid-supported materials, 16 (14) and 17(15) (see Scheme4.), featuring one and two 

alkyne residues, respectively, were used for the synthesis of oligonucleotides 18 and 

19; each displayed the same sequence (CTG CCT CTG GGT TCA)(1) and was 

labelled on the 5’ end with the fluorescent dye Cy3. Treatment of 18 and 19 with 

concentrated aqueous ammonia released the oligonucleotides from the solid support 

and removed the protecting groups (that is, b-cyanoethyl, benzoyl, and isobutyryl). 

The oligonucleotides 20 and 21 were isolated, their purities were established by 

analytical HPLC, and they were characterized by MALDI-TOF mass spectrometry. 

Because the alkyne-functionalized oligonucleotides 20 and 21 were water-soluble 

compounds, we set out to carry out their coupling with the azide-functionalized 

glycoclusters 10 and 15, respectively, in water using CuSO4 and sodium ascorbate as 

the source of copper(I). Both reactions were performed under microwave irradiation 

(2) conditions in order to achieve high reaction rates and therefore to avoid some 

phosphodiester hydrolysis due to the presence of copper(I) ion.(16) The crude 

products from the click reactions were purified by preparative HPLC and 

characterized by MALDI-TOF mass spectrometry to give the final glycoconjugates 6 

and 7 (see Chapter 2, Fig2-1).  
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Scheme4. Synthesis of calixarene glycocluster-ssDNA conjugates Glycoconjugate 6 and 

glycoconjugate 7，，，，adapted from (4). 

 

4 Synthesis of glycoconjugate 8 
Glycoconjugate 8 (see Chapter 2, Fig2-1) was synthesized as described for the 

synthesis of Glycoconjugates 1-3, but in this case the alkyne functions were 

introduced by using a dialkyne phosphoramidite derivative (14, 17). Thus, starting 

from universal solid supported propane-1, 3-diol, five dialkyne phosphoramidite 

derivatives were incorporated by phosphoramidite chemistry. The introduction of the 

ten galactose residues was performed by microwave-assisted click chemistry, and then 

the oligonucleotide was synthesized and labeled with a Cy3 phosphoramidite. The 

desired glycoconjugate 8 was obtained after ammonia treatment and HPLC 

purification. 
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5 Synthesis of glycoconjugate 9 

 

Scheme5. Synthesis of glycoconjugate 9, adapted from(18) 

Glycoconjugates 9 (see Chapter 2, Fig2-1) were synthesized according to Scheme 

5. Starting from the bis-propargyl solid support I, bis-propargyl phosphoramidite II 

and commercially-available cytidine phosphoramidite were added to afford the 
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solid-supported tetra-propargyl scaffold III. And then the solid-supported 

tetra-propargyl scaffold III were added protected O-2, 3, 4- tri acetyl fucosyl azide IV 

, CuSO4, freshly prepared sodium ascorbate, and water. The resulting preparation was 

treated in a sealed tube with microwave synthesizer Initiator from Biotage, set at 60°C 

and 100 W for 30 min with a 30 s premixing time to afford 5. After oligonucleotide 

elongation, deprotection and purification, 5'-Cy3-Oligonucleotide 3'-tetrafucose VII 

was finally obtained. 
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ANNEXE 3 

 

1. Cross-hybridization tests molecule 1-7 
as well as molecule 8 under “on-chip” 
condition (see Fig1) 
After the Cross-hybridization tests of the seven molecules (molecule 1-7) on the 

DNA anchoring platform of MbII described in chapter 5, a cross-hybridization assay 

of molecule 1-7 plus molecule 8 were performed on a new DNA anchoring platform 

of MbII of which Sequence 8 instead of Sequence N was deposited into each 

microwell (see Fig1). Molecule 8 is corresponding to Glycoconjugate 16 (see 

Chapter2 Fig2-1). The objectives are to confirm 1) whether cross-hybridization will 

occur or not after Molecule 8 added into the MbII and 2) whether Molecule 1-7 will 

cross-hybridize with the Sequence 8 printed on the new DNA anchoring platform of 

MbII. 

 

Fig1 Sketch map of new DNA anchoring platform of Mb II:  Sequence 1-8 were printed on the 

bottom of each microwell resulting in one column and eight spots for each sequence, 64 spots in 

all.  

 

We adopted the same strategies as mentioned in chapter 5, under Condition 1-8 

(see Fig2) only one of the eight molecules (1µM, final concentration) was added into 
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the corresponding microwell, accompanied by seven complementary sequences. For 

Condition I, all eight molecules (Molecule 1-8) (1µM per glycoconjugate, final 

concentration) were mixed together and added into each microwell. After incubation, 

the slide was scanned and analyzed.  

According to the mean fluorescence intensities acquired from the eight conditions 

(Condition 1-8), the ratios of fluorescence intensity of specific vs. non-specific 

hybridization of the eight molecules were calculated and summarized in Table1. As 

discussed above, there were no cross-hybridizations detected for six molecules 

(molecule 1-6) with the seven sequences (Sequence 1-7) at DNA anchoring platform 

a). In this section, the ratios for molecule 1- 6 were about 102 (see Table1), 

demonstrating that the six molecules had no cross- hybridizations not only with 

Sequence 1-7, but also with Sequence 8. In addition, cross-hybridization was also 

found for Molecule 7 which cross-hybridized with Sequence 6 in a ratio of 1.9. For 

Molecule 8, no cross-hybridization was observed (with a ratio of 84). 

 

 

Fig2 Sketch map of cross-hybridization assay of eight molecules (molecule 1-8) under 

“on-chip” glycoconjugate hybridization condition on the DNA anchoring platform b) at 1µM.   

� Condition 1-8: At 1µM, in each microwell, incubatio n of one of the eight molecules (molecule 

1-8) with other seven Cseq (complementary sequences ) except its corresponding 

complementary sequences. e.g.: for condition 1, inc ubation molecule 1 with Cseq2-Cseq8 

except Cseq1; for condition2, incubation molecule 2  with Cseq1, and Cseq3-Cseq8 except 
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Cseq2. 

� Condition I:   At 1µM, in each microwell, incubatio n of all eight molecules (molecule 1-8).  

 

 
Ratio of fluorescence intensity of specific vs. non-specific hybridization 

 for Condition 1-8 at 1µM 

Molecule 1 274 

Molecule 2 230 

Molecule 3 114 

Molecule 4 127 

Molecule 5 301 

Molecule 6 269 

Molecule 7 1.9 

Molecule 8 84 

Table1 Ratio of fluorescence intensity of specific vs. non-specific hybridization of eight 

molecules for Condition1 to Condition 8, after cross-hybridization test under “on-chip” 

glycoconjugate hybridization condition on MbII. 

 

2. Cross-hybridization tests of molecule 1- 
7 as well as Molecule 8 under 
“in-solution” condition  
Based on the same strategies, cross-hybridization tests were also preceded on 

DNA platform b) for all eight molecules (see Fig3). The results (see Table 2) indicated 

that there were no cross-hybridizations for most of the eight molecules with ratios 

around 10, except Molecule 7 for which the fluorescence intensities of specific 

hybridization only 1.2 times higher than non-specific hybridization.  
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Fig3 Sketch map of cross-hybridization assay of eight molecules (molecule 1-8) under 

“in-solution” glycoconjugate hybridization condition on the MbII. Each of the eight sequences 

(sequence1-8) was expected to only hybridize with its corresponding molecule (molecule1-8) or 

complementary sequences (Cseq1-Cseq8).   

� Condition 1-8: At 1µM, in each microwell, incubatio n of one of the eight molecules (molecule 

1-8) with other seven Cseq (complementary sequences ) except its corresponding 

complementary sequences. e.g.: for condition 1, inc ubation molecule 1 with Cseq2-Cseq8 

except Cseq1; for condition2, incubation molecule 2  with Cseq1, and Cseq3-Cseq8 except 

Cseq2. 

� Condition I:   At 1µM, in each microwell, incubatio n of all eight molecules (molecule 1-8).  

 

 
Ratio of fluorescence intensity of specific vs. non-specific hybridization 

 for “in-solution” Condition 1-8 at 1µM 

Molecule 1 9 

Molecule 2 9,4 

Molecule 3 26 

Molecule 4 18 

Molecule 5 45 

Molecule 6 32 

Molecule 7 1.2 

Molecule 8 23 

Table2 Ratio of fluorescence intensity of specific vs. non-specific hybridization of seven 
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molecules for Condition1 to Condition 8, after cross-hybridization test under “in-solution” 

glycoconjugate hybridization condition on MbII. 

 

3. Study of binding affinities of 
glycoconjugates towards PA-IL  

 

We then studied the affinities of all the 9 glycoconjugates (3Man, 3Gal as well as 

Molecule 2-8, see Table3) with PA-IL on DNA anchoring platform b) of MbII by 

“in-solution” approach. As shown in the sketch map of the experiment (see Fig4), 

3Man or 3Gal was mixed with Molecule 2-8 and incubated with PA-IL in Condition 1 

and Condition 2 respectively. The goal of this part of work was 1) to do a repetition of 

the binding studies of Molecule1 (3Man) - Molecule7 with PA-IL on platform b using 

“in-solution” method; 2) to test the binding affinity of Molecule 8 towards PA-IL; 3) 

to make a comparison of the binding affinities of the 7 new tetra-galactosyl molecules 

(Molecule 2-8) with 3Gal bearing three galactose residues towards PA-IL. 

 The results observed in Fig5 exhibited a good repetition for Molecule1-7 in 

comparison with the results shown in chapter 5 Fig5-20. The results also shown that 

the signals obtained for Molecule 8 were very low, demonstrating no significant 

binding affinity with PA-IL. In addition, as far as the 3Gal was concerned, although 

the 7 new molecules (Molecule 2-8) all contain one more galactose residue compare 

to 3Gal, they did not show enhanced affinities towards PA-IL, except Molecule 4 and 

Molecule 5. In other words, the multivalency and “cluster effect” were only 

represented by Molecule 4 and Molecule 5 vs. 3Gal. these results provide further 

evidence to previous judgments that the spatial arrangement is a more important 

binding infector than the number of the saccharide residue.  
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Name[a] of 

glycoconjugate 
Alias[b]  

Saccharide 

residue 

(Number) 

Charge 

(Number) 

Linker [c

] 

Spatial  

arrangeme

nt  

G 1 3Man /Molecule 1 Mannose (3) 0 Linker 1 Comb-like 

G 3 3Gal Galactose (3) 0 Linker 1 Comb-like 

G 11 Molecule 2 Galactose (4) - (3) Linker 2 Comb-like 

G 12 Molecule 3 Galactose (4) 0 Linker 2 Comb-like 

G 13 Molecule4 Galactose (4) + (3) Linker 2 Comb-like 

G 10 Molecule 5 Galactose (4) 0 Linker 1 Comb-like 

G 14 Molecule 6 Galactose (4) - (1) Linker 3 Antenna 

G 15 Molecule 7 Galactose (4) + (1) Linker 3 Antenna 

G 16 Molecule 8 Galactose (4) 0 Linker 3 Antenna 

 

Table3 Main characters of glycoconjugates (3Gal and Molecule 1-7)  

[a] Name of glycoconjugate designated in Chapter 2 (see Fig2-1 and Table2-1) 

[b] Name of glycoconjugate designated in this Chapt er 

[c] Linkage between every two phosphodiesters of th e structure of the glycoconjugates(206). 

Linker 1, Linker 2 and Linker 3 correspond to 1, 4- cyclohexanedimethanol (DMCH); 

Trishydroxymethylethane and Pentaerythritol. 

 

 

Fig4 Sketch map of the determination of binding affinities of Molecule 2- Molecule 8 with 
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3Man (Molecule 1) or 3Gal towards PA-IL on MbII by “in-solution” method 

� Condition 1: Incubation of 3Man, Molecule 2- Molecu le 8 with PA-IL 

� Condition 2: Incubation of 3Gal, Molecule 2- Molecu le 8 with PA-IL 

  

Fig5 Mean fluorescence intensities obtained at 635nm (a.u.) of condition 1 and condition 2 for 

PA-IL, after incubation with the molecules by “in-solution” approach on MbII. 
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ABBREVIATIONS 

AFM              Atomic Force Microscopy 

BOE             Buffered Oxide Etchant 

BSA                                 Bovine serum albumin 

Cy3 Cyanine 3 

Cy5 Cyanine 5 

ConA             Concanavalin A 

DDI              DNA-directed immobilization 

DI water            Deionized water  

DMCH            1, 4-cyclohexanedimethanol 

ELISA           Enzyme-Linked Immunosorbent Assay 

Flu               Influenza 

FRET             Fluorescent Resonance Energy Transfer 

GBP(s)            glycan-binding protein(s) 

HSQC             Heteronuclear Single-Quantum Correlation 

H or HA           Hemagglutinin 

HIV               Human Immunodeficiency Virus 

ITC               Isothermal Titration Calorimetry 

M1                Matrix protein 

MS                Mass spectrometry 

MALDI-TOF-MS   Matrix assisted laser desorption ionisation time-of-flight mass 

N or NA            Neuraminidase or Sialidase 

Neu5AC            N-Acetylneuraminic acid 

NHS               N-hydroxysuccinimide 

NMR              Nuclear Magnetic Resonance 

NOE/STD                        Nuclear Overhauser Effect/ Saturation Transfer Difference 

NOESY Nuclear Overhauser Effect Spectroscopy 

NP          Nucleoprotein  
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PA-IIL             Pseudomonas aeruginosa lectin II 

PA-IL             Pseudomonas aeruginosa lectin I 

PBS              Phosphate-buffered saline  

PFA             Paraformaldehyde  

pI               Isoelectric point 

RCA120           Ricinus communis agglutinin I 

RF power          Radio Frequency power 

RUs              Response or Resonance units 

SDS              Sodium Dodecyl Sulfate 

SIV               Simian Immunodeficiency Virus 

SPC-ELISA        

 

Sulfated polysaccharide-coating enzyme-linked immunosorbent 

assay 

SPR              Surface Plasmon Resonance 

SSC          Sodium Saline Citrate 

TCID50 Tissue culture infective dose 50 

trNOESY                     Transferred rotating-frame Overhauser effect spectroscopy 

WGA Wheat germ agglutinin 
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Résumé 

La glycomique  est la science qui s’intéresse à l’étude structurelle et fonctionnelle des saccharides, 
également appelés hydrates de carbone (ou carbohydrates). Les saccharides (aussi appelés glycanes dans 
ce cas) sont impliqués dans un très grand nombre d’évènements biologiques « normaux » et/ou 
pathologiques. Les relations entre la structure du saccharide et ses fonctions biologiques sont étudiées à 
l’aide de techniques conventionnelles telles que la cristallographie, la RMN, l’ITC, la plasmonique de 
surface. Ces études sont longues et couteuses et restent souvent limitées du fait de la très grande diversité 
des structures saccharidiques et de la difficulté à obtenir des saccharides pures en quantité importante. 
Pour pallier ces difficultés, nous proposons d’adapter la technologie biopuce qui permet d’effectuer un 
nombre très élevé d’études en parallèle (High Throughput Screening) avec des quantités réduites de 
matériels biologiques ou biochimiques. 
Cette thèse vise donc le développement de puces à sucres (ou glycoarray, carbohydrate array) avec deux 
principales innovations : 1) l’utilisation comme sondes de glycomimétiques  qui miment les hydrates de 
carbone naturels mais dont la synthèse est plus aisée ; 2) l’immobilisation des sondes glycomimétiques 
sur la puce via l’hybridation d’ADN. 
La synthèse à façon des glycomimétiques permet d’obtenir des sondes de structures et de nature 
chimique diverses et offre la possibilité d’ajouter pour chaque type de sondes une étiquette ADN pour 
d’une part immobiliser les glycomimétiques de manière orientée sur la puce par DDI (DNA Directed 
Immobilisation) et d’autre part localiser et identifier les glycomimétiques sur la puce. Ces 
glycomimétiques ont été synthétisés par l’Institut des Biomolécules Max Mousseron de Montpellier en 
collaboration avec l’Institut de Chimie et Biochimie Moléculaire et Supramoléculaire de Lyon.  
Une première partie de ce travail a été de valider l’élaboration des puces à sucre puis d’augmenter les 
capacités d’analyses des glycoarrays basés sur la DDI. Pour cela l’efficacité de l’immobilisation par DDI 
a été comparée à une immobilisation covalente. Nos résultats ont montré une reconnaissance supérieure 
par la lectine RCA 120 de glycomimétiques immobilisés par DDI aux faibles concentrations en 
glycomimétiques. La miniaturisation de la puce a consisté à graver 40 microréacteurs sur un format lame 
de microscope. Chaque microréacteur formant une puce de 64 plots différents, on peut ainsi réaliser 40 
expériences indépendantes. Grâce à ce type de glycoarrays, des tests  d’IC50 ont permis d’obtenir des 
données quantitatives de l’affinité des glycomimétiques/lectines en utilisant d’infimes quantités de 
matériels biologiques. D’autre part, nous avons démontré la possibilité d’accélérer les études 
d’interactions sucres/lectines en poolant simultanément 8 glycomimétiques et 2 lectines.  
La deuxième partie de la thèse a été d’utiliser les glycoarrays pour étudier les paramètres structuraux 
(distribution spatiale, nature chimique de la molécule, charge…) permettant d’exacerber l’affinité 
lectines/glycomimétiques. Trois lectines ont été étudiées : RCA120 (lectine modèle d’origine végétale) et 
deux lectines PA-IL et PA-IIL facteurs de virulence de la bactérie Pseudomonas aeruginosa. Trois types 
d’architectures de glycomimétiques (en peigne, en antenne et en couronne) ainsi que l’effet de la charge 
portée (+, -, neutre)  ont été étudiés. L’architecture en peigne a clairement montré une affinité supérieure 
vis-à-vis des 2 lectines (PA-IL et PA-IIL) et PA-IL marque une préférence pour les structures chargées 
positivement. Soulignons que les interactions monovalentes sucres/lectines sont souvent faibles (mM). 
L’utilisation de ligands multivalents avec une disposition spatiale des résidus saccharidiques optimale, 
peut induire une affinité supérieure à la somme des affinités individuelles de chacun des résidus (« effet 
cluster »). Dans cette étude, les effets « cluster » ont été mis en évidence. Enfin, les interactions virus 
influenza/ glycomimétiques ont été abordées. 
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