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Abstract 

 
This thesis concerns the development of surface ligation techniques for the 
preparation of carbohydrate biosensors. Several methodologies were developed 
based on efficient photochemical insertion reactions which quickly functionalize 
polymeric materials, with either carbohydrates or functional groups such as alkynes 
or alkenes. The alkyne/alkene surfaces were then treated with carbohydrate azides or 
thiols and reacted under chemoselective Cu-catalyzed azide-alkyne cycloaddition 
(CuAAC) or photo-radical thiol-ene/yne click chemistry, thus creating a range of 
carbohydrate biosensor surfaces under ambient conditions. The methodologies were 
evaluated by quartz crystal microbalance (QCM) and surface plasmon resonance 
(SPR) flow through instrumentations with recurring injections of a range of lectins, 
allowing for real-time analysis of the surface interactions. The developed methods 
were proven robust and versatile, and the generated carbohydrate biosensors showed 
high specificities and good capacities for lectin binding.  The methods were then 
used to investigate how varying the glycan linker length and/or a sulfur-linkage 
affect the subsequent protein binding. The survey was further explored by 
investigating the impact of sulfur in glycosidic linkages on protein binding, through 
competition assays with various O/S-linked disaccharides in solution interactions 
with lectins. 
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1. Introduction 

 

Following the International Year of Chemistry, it is more clear than ever what great 
impact Chemistry and chemical research has had on life and mankind. In the 
growing field of Life science, chemistry has played, and is still playing, a central role 
as the continuous emergence of new interdisciplinary fields increases the importance 
of broad expert knowledge.1 During the last century, the field of genomics and 
proteomics has created a platform of new technology for the study of life. The 
concurrent technological development in society has further accelerated the progress 
with great impact on science, both in information and instrumental technology. With 
the increased knowledge in genomics and proteomics, many scientists now turn to 
the next “-omic”: glycomics, and in a broader sense Glycobiology, with the hope of 
elucidating the current question marks of the chemistry of life.2 In an ever so fast 
growing world of research, it is important to tie together the knowledge gained and 
grasp the implications it has on adjacent fields. In that aspect, basic knowledge about 
atoms, molecules and interactions between molecules, small or large, is essential for 
the understanding of more complex systems, may it be proteins, cells or even 
organisms. In this thesis, chemistry, biology and technology are blended together 
with the aim of creating new prospects of analytical tools and increasing the 
knowledge about protein-glycan interactions in the field of glycobiology. 

1.1. Carbohydrates 

Carbohydrates are a class of organic compounds with great importance to life on 
earth. In polymeric form, carbohydrates make up cellulose and glycosaminoglycans, 
key structural elements in plants and animals, as well as glycogen and starch, the 
primary energy storage in cells. They also serve as the backbone of DNA/RNA, 
making up the genetic code of all living organisms. But carbohydrates play many 
other highly diverse roles in life, primarily because of their great structural diversity. 
This is due to the stereochemical aspects of the principal unit of carbohydrates, the 
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monosaccharide, as well as the resulting possibilities of interconnecting 
monosaccharides into oligosaccharides and polysaccharides.2-4 

1.1.1. Chemical Aspects of Carbohydrates 

Monosaccharides consist of a hydrocarbon chain of three to nine carbons with an 
aldehyde (aldose) or ketone (ketose) together with multiple hydroxyl groups. The 
presence of the many hydroxyl groups is the base of the structural complexity of 
carbohydrates, and the concurrent presence of an aldehyde/ketone allows for ring-
closure, forming a hemiacetal.3,4 Several monosaccharides can exist in multiple 
forms depending on how the ring-closure proceeds (Figure 1). The nucleophilic 
attack of the hydroxyl group in position 4 in D-glucose on the aldehyde results in a 
five-membered cyclic structure called furanose, due to the structural similarities to 
furan, whereas attack from position 5 results in a six-membered ring called 
pyranose.3 Depending on the direction of the nucleophilic attack, two isomers can be 
formed, where the resulting hemiacetal hydroxyl group is pointing up or down. The 
two isomers are called anomers and are designated α or β depending on the 
configurational relationship of the anomeric carbon (denoted 1) and the reference 
atom (denoted 4 in the furanoses and 5 in the pyranoses); α if different and β if the 
same.5 

 

Figure 1: Structure of D-glucose and subsequent mechanism of ring-closure of D-glucose forming α/β-D-
glucofuranose or α/β-D-glucopyranose. 

In their free forms, monosaccharides readily interconvert in aqueous solutions 
between the linear form and the ring-closed forms, a process called mutarotation. 
Carbohydrates can however be efficiently locked in either of the configurations (α/β) 
by substitution of the anomeric hydroxyl group, thereby preventing the formation of 
the aldehyde/ketone linear form. Due to the thermodynamic stability, more than 99% 
of D-glucose exists primarily in the pyranose-form with an α/β-ratio of 36:64. 
Reasonably, the β-anomer, with the sterically more bulky hydroxyl group in the 
equatorial position is more stable than the α-anomer, however the α-anomer is
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Figure 2: Explanation of anomeric effect through a) dipole interactions and b) n-σ* delocalization. 

slightly stabilized through the anomeric effect. The anomeric effect is a 
stereoelectronic effect which increases the stability of anomers with an 
electronegative substituent in the axial position.6 The effect can be explained both by 
favorable/unfavorable dipole interactions and through n-σ* delocalization, a 
stabilizing interaction between one of the lone pairs on the ring-oxygen with the 
antibonding orbital of the anomeric carbon and the electronegative substituent in the 
axial position (Figure 2). 

1.1.2. Carbohydrate Synthesis 

One of the challenges working with carbohydrates in organic synthesis is to master 
the control of stereochemistry of the reactions. One is often faced with a mixture of, 
sometimes inseparable, constitutional isomers and/or stereoisomers. Of the several 
hydroxyl groups in a normal hexose monosaccharide, the anomeric hydroxyl group 
is normally the most reactive (Figure 3). Due to the ring-oxygen, it is more acidic 
compared to the other hydroxyl groups and therefore normally reacts faster as a 
nucleophile. In its protected state (e.g., with an acetyl group) it is also the best 
leaving group, due to the potential formation of an oxocarbenium intermediate by 
the ring-oxygen. Following the anomeric hydroxyl group in terms of reactivity is the 
primary alcohol(s), which primarily for steric reasons are more reactive than the 
secondary hydroxyl groups. The secondary hydroxyl groups in equatorial position 
are further generally more reactive than the axial groups due to less steric hindrance 
of the parent carbohydrate and stereoelectronic effects.7 

Because of the selectivity issues, an important aspect of carbohydrate synthesis is 
protecting group strategies utilizing orthogonal protecting groups in order to 
selectively leave one or several hydroxyl groups free to react.8,9 Some of the more 
commonly used protecting groups are acetates and benzyl ethers which can easily 
and selectively be protected/deprotected in each other’s presence. Unlike acetates 
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and benzyl ethers, orthoesters and acetals, such as benzylidene groups, can be used 
to selectively protect two hydroxyl groups close in space.10 

 

 

Figure 3: Reactivity of a) the hydroxyl groups in β-D-galactopyranose and b) the anomeric acetate group. 

1.2. Carbohydrates in Glycobiology 

The term Glycobiology was coined in 1988 by Raymond Dwek with the purpose to 
merge the fields of carbohydrate chemistry and biochemistry, and to increase the 
knowledge about glycans (synonymous to carbohydrates and mono-, oligo- and 
polysaccharides) in molecular cell biology.11 The glycans primarily studied in the 
field of glycobiology are oligosaccharides conjugated to proteins, lipids or other 
biomolecules, that are involved in molecular recognition processes. While three 
nucleotides/amino acids can combine to form six unique trimers, a set of three 
monosaccharide hexoses can form up to 27,648 unique trisaccharides, allowing for a 
great structural variety of glycans, making them highly suitable as “key structures” 
for many categories of cellular interactions e.g., communication, differentiation and 
adhesion.2,3 For instance, the first event in life, the binding of a sperm to the surface 
of an egg occurs through specific interactions between a protein and surface 
glycans.4 Further, glycans such as sialic-acids are frequently found on glycolipids in 
neural cells working as neurological signal transducers.2,12 Glycans such as 
hyaluronan are important elements in the extra-cellular matrix and fundamental in 
tissue injury and repair, where fragmented hyaluronan stimulates inflammation 
through interactions with cell surface receptors.13 But glycans have also been 
exploited by pathogens as ways to target specific cells for infection, or to avoid 
elimination by mimicking the presentation of intrinsic cell glycans. Influenza viruses 
infect cells through interactions by hemagglutinins on the virus surface with sialic-
acid-containing receptors on the target cell (Figure 4).14,15 HIV on the other hand 
binds to its target CD4 glycoprotein (present on the cell surface of T lymphocytes, 
monocytes and dendritic cells) through interactions with specific glycans on the viral 
protein gp120.16,17 Other glycans on gp120 serve as protection (commonly referred 
to as the glycan shield) by mimicking host glycans and making use of host lectin 
binding to stay hidden from the immune system.18 Although much information has
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Figure 4: a) Illustration of trimeric influenza H2 hemagglutinin binding to human receptor glycans 
(illustrated in red on top of structure), PDB id 2WR1.19 b) Illustration of high-mannose glycans 
(illustrated in red), part of the glycan shield on HIV gp120, interacting with an antibody fragment (2G12). 
From D. A. Calarese, et al., Science, 2003, 300, 2065-2071.20 Reprinted with permission from AAAS. 

been gathered about glycans in glycoproteins, glycolipids and cell surface receptors, 
there is still much to learn about their complex functions, and how differences in 
glycosylation affect the host organism.21,22 Much effort is focused on elucidating 
glycans involved in infectious diseases, genetic disorders, and cancer, as well as 
developing vaccines either based on, or targeting, glycans.23-26 

1.3. Lectins in Biology and Technology 

Lectins were identified more than 100 years ago and were initially named 
agglutinins due to their ability to agglutinate animal red blood cells.2 The knowledge 
about, and definition of, lectins have since evolved and lectins are today defined as 
proteins, containing at least one non-enzymatic domain, which bind oligosaccharides 
reversibly with high specificity, often in di-, or polyvalent complexes.27 Many lectins 
are selective for monosaccharides but most show up to a 1000-fold increase in 
affinity for more complex oligosaccharides.28,29 The versatile role of lectins in 
organisms is of current interest, and most functions have been found for animal 
lectins e.g., in cell recognition, as modulators of cell adhesion and signaling, as 
control machinery of glycoprotein biosynthesis, in regulation of cell growth and 
apoptosis, in targeting of liposomal enzymes, and sometimes involved in 

a) b)
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metastasis.30,31 In plants, the role of lectins is somewhat more unclear although 
theories have been proposed that lectins mediate the establishment of symbiosis with 
bacteria and/or act as defense agents against predatory animals.28 Lectins have also 
been found in bacteria and viruses where they mediate infection or adhesion, or act 
as toxins on the host cell.2,32 

Compared to traditional antibodies, lectin binding affinity to glycans is much lower 
(generally Kd values in micro- to millimolar range) although great specificity is very 
common. This somewhat complex relationship is due to the characteristics of the 
glycan binding pocket, which is normally long but relatively shallow, where 
oligosaccharides consisting of up to five monosaccharides may bind.28,29 Most 
lectins contain multiple glycan binding pockets, and have the potential of binding 
several ligands multivalently with increased affinity through avidity. Multivalent 
binding may increase the affinity 105-fold, thereby achieving biologically significant 
binding.33 One of the most studied lectins is the plant lectin Concanavalin A (Con 
A), isolated from Jack bean (Canavalia ensiformis). At physiological pH, Con A 
exists as a homotetrameric protein with a molecular weight of 104 kDa, but below 
pH 5, it dissociates into dimers. Con A binds preferentially to mono- and 
oligosaccharides of mannose and glucose (Figure 5).34-37 Many lectins are globular 
proteins that are found in large amounts in seeds and fruits of plants. They are easily 
separated from the parent organism and are stable in vitro, making them ideal for 
laboratory work. These properties make lectins good model proteins in method 
development and they have thus been used extensively in the development of glycan 
array technologies38-42, NMR-analysis techniques such as STD-NMR43-45, functional 
materials in nanotechnology46-50, and toxin-detection systems51, to evaluate surface 

 

Figure 5: Illustration of a) tetrameric Con A binding to trisaccharide Manα1-6(Manα1-3)Man (illustrated 
in red); b) zoom-in of glycan binding pocket (PDB id 1CVN).52 

a) b)
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ligation methodologies for QCM and SPR biosensing53-61, as analytical tools in 
affinity chromatography to purify glycoproteins62-64, and as model systems to the 
characteristics of carbohydrate-protein interactions and the biological aspects of 
multivalency.26,27,29,65 

1.4. Methods to Study Protein Interactions with Glycans 

There are many ways to study protein-glycan interactions, each focusing on different 
types of interactions and consequently producing different types of information. In 
solid-state, X-ray crystallography has been extensively used to study protein 
structures in complex with glycans.66,67 Detailed information about the binding 
pocket and the specific amino acid residues involved in the binding event can 
normally be obtained. However X-ray crystallography is not the most advantageous 
methodology for protein-glycan interactions since they are generally more dynamic 
and typically involve complex multivalent binding. On the other hand, solution-
based analysis e.g., NMR-titration68,69, STD-NMR-experiments44,70 and ITC can 
provide detailed information about the binding dynamics and the thermodynamics of 
the binding event. However, these techniques do generally not provide information 
about the on-rate (kon) and off-rate (koff), and the measured binding is between 
molecules in solution, a situation which is not always representative for protein-
glycan interactions on surfaces. Surface analyses, primarily array-based technologies 
and biosensors, are more suitable for protein-glycan interactions, since they are more 
representative for the interaction in vivo. Surfaces presenting glycans can be 
analyzed with labeled or unlabeled proteins either in real-time (QCM/SPR) or at 
equilibrium (microarrays71-75/ELISA76-78). Large scale glycan arrays further allow for 
simultaneous analysis of many protein-glycan interactions, and dendrimer-
functionalized surfaces have for example been used to analyze multivalency 
effects.79 

1.4.1. Isothermal Titration Calorimetry 

Isothermal Titration Calorimetry (ITC) is a method that relies on the principle that 
heat is released (exothermic) or absorbed (endothermic) when two molecular species 
bind to or react with each other. Thermodynamic parameters such as the binding 
equilibrium constant (or binding affinity) Ka, enthalpy changes (ΔH0), as well as the 
binding stoichiometry (n) can be determined by measuring the heat accurately.80,81 
The instrumentation consists of two identical cells (reference and sample) inside an 
adiabatic heating jacket (Figure 6). The reference cell typically contains pure 
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Figure 6: Schematic illustration of an ITC instrumentation. Two identical cells are enclosed inside an 
adiabatic jacket. The syringe is then filled with a ligand solution of known concentration and titrated into 
the sample cell under heavy stirring. The heat released/absorbed is then detected and instantly corrected 
for, and the required energy is measured. 

water/buffer or the same solution as the sample cell. The sample cell contains a 
known concentration of one of the species (e.g., a protein) in the binding interaction 
to be studied. The heating mantle is normally cooled so that heat energy is 
constantly required to keep the cells at a constant temperature. The sample cell is 
then subjected to titration of the other species (e.g., a ligand) under heavy stirring. 
Upon injection, the species form a complex either releasing or absorbing energy thus 
changing the temperature of the sample cell. The shift in temperature is detected by 
the instrument which immediately alters the heating of the sample cell to circumvent 
the increase/decrease in temperature in order to keep the two cells at a constant 
(isothermal) temperature. 

The shift in power required to keep the two cells at constant temperature is plotted 
against time (Figure 7). As the concentration of the second species increases in the 
sample cell, less heat per injection is released/absorbed until no additional 
complexation (or ligand binding to protein) is noted, generally occurring when the 
first species is saturated with the second species. The raw data is then converted to 
the heat of binding per injection (kcal/mol/injection) which is plotted against the 
molar ratio between the two species. Non-linear regression analysis with a suitable 
binding model representing the interaction between the species studied then 
generates the binding affinity (normally represented by Ka), enthalpy changes (ΔH0) 
and the binding stoichiometry (n). 

Reference
cell

Sample
cell

Adiabatic
jacket

Injecting
syringe

Stirrer
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Figure 7: Illustration of a) ITC raw data and b) titration plot derived from the integrated raw data in a). 

1.4.2. Quartz Crystal Microbalance 

Quartz Crystal Microbalance (QCM) biosensors are acoustic biosensors which allow 
for measurement of interactions between a label-free target and a surface.82 The 
technique is based on the piezoelectric properties of quartz, or more correctly on the 
converse piezoelectric effect, where an electric field applied across a disk of quartz 
induces mechanical stress. When an alternating electric field is applied, an 
oscillatory motion of the quartz crystal generates acoustic standing waves at a 
resonant frequency characteristic for the crystal used. QCM biosensors rely on the 
changes in resonant frequency resulting from changes in mass on the surface of the 
oscillator.83 In the 1950s, Sauerbrey discovered a proportional relationship between 
the frequency dampening of an oscillating crystal and the mass added, allowing for a 
direct correlation between the shift in frequency and the mass placed on the crystal, 
hence the expression microbalance.84 Modern QCM biosensors usually consist of a 
thin circular quartz disk with electrodes on both sides of the disk, and can detect 
shifts in frequency corresponding to a few nanograms of mass on the surface.85 The 
quartz material can be cut in different angles resulting in disks with different 
acoustic properties. For QCM, a so-called AT-cut is typically used, which yields 
crystals where the particle motion is parallel to the surface (Figure 8).86 This reduces 
the dampening effect of the liquid on the crystal surface, thus giving a more 
sensitive instrument.83 
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Figure 8: a) A picture of quartz crystal from Tibet87; b) Illustration of the AT-cut angle of quartz; c) The 
particle (or shear) motion of AT-cut quartz crystals at an alternating current voltage. 

The instrumentation generally consists of a flow-through system with a flow cell in 
which the crystal is mounted, normally inside a chip (Figure 9). An injection valve 
allows for recurring injections of target(s) and the subsequent binding to the surface 
can be monitored in real-time.88 Normally, the crystal surface is coated or 
functionalized with one of the interacting species for the study prior to insertion in 
the instrument. But the surface may also be functionalized after the insertion into the 
instrument by the use of preactivated surfaces with coupling reagents. This generally 
allows for direct quantitative measurement of the immobilized species. 

The continuous flow of buffer over the crystal, and the simultaneous measurement 
of the frequency allows for real-time measurement of the interactions between the 
content in the buffer (usually a protein or biomacromolecule) and the surface (Figure 
10). Depending on the experimental setup, various measurements can be achieved 
giving different types of data e.g., specificity screening of multiple targets to surface 
ligands59, target binding affinity determination either through steady state

 

Figure 9: a) Schematic illustration of QCM biosensor instrumentation. The QCM-chip is mounted inside 
a flow-through cell connected to a continuous flow of buffer. An injection valve allows for recurring 
injections of target/wash solutions; b) Typical flow cell chip with gold-electrodes pointing out at the 
bottom of the chip (from Attana AB). 
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Figure 10: Illustration of QCM experimental data with sequential injections of the lectin Con A at 
different concentrations (•) and pure buffer (○) to a mannose-functionalized polystyrene surface, with 
intermediate surface regeneration in between the lectin injections by two subsequent injections of low pH 
buffer (e.g., ×). 

experiments60 or curve fitting to a series of binding curves86, or screening of and 
determination of EC50-/IC50-values of inhibitors89,90, altogether making QCM 
biosensors versatile instruments for surface interaction studies using unlabeled 
targets. 

1.4.3. Surface Plasmon Resonance 

Surface Plasmon Resonance biosensors are optical biosensors with similar 
applicability as QCM biosensors, but instead of relying on the piezoelectric 
properties of quartz, they make use of surface plasmons in the interface between a 
dielectric medium and a metal.91 The instrumentation consists of a flow-through 
system with a flow cell on top of an underlying prism, in which the SPR-chip is 
mounted (Figure 11). The SPR-chip itself consists of a conducting film (normally 
gold) coated or functionalized with biomolecules. Irradiation of the conducting film 
can generate electromagnetic waves called surface plasmons, which propagate 
through the medium parallel with the film. The surface plasmons are only generated 
at specific wavelengths and incident angles i.e. parts of the reflected light will be 
eliminated, representing the angle of the surface plasmons.92,93 The specific incident 
angle required to generate a surface plasmon depend on many factors e.g., the 
wavelength of the light, the nature and thickness of the conducting film, 
temperature, as well as the refractive index of the biolayer opposite to the incident 
light. By maintaining all factors constant it is possible to detect small changes in 
refractive index arising from surface binding events. The change in refractive index
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Figure 11: Schematic illustration of SPR biosensor instrumentation. The SPR-chip is mounted in a flow 
through cell on top of an underlying prism. The prism is then irradiated with monochromatic light and the 
reflected light is detected on a position-sensitive detector. The detector reports the intensity of the 
reflected light and the angle at which the light is blocked out. 

causes a change in incident angle of the light required to generate a surface plasmon, 
which can then be quantified by measuring the shift in angle of the blocked out 
light.93 Studies show that the change in refractive index correspond to practically the 
same change in mass concentration independent of the type of protein used in the 
biosensor.94 As with QCM biosensors, unlabeled proteins or targets can be used and 
similar information about the molecular interactions can be extracted. Contrary to 
QCM though, the SPR-chip can be divided into an array of spots with different 
surface ligands, and the subsequent interactions with the solution target efficiently 
studied simultaneously using SPR-imaging instrumentation.95,96 This partly 
circumvent the principal drawback of QCM/SPR, i.e. that only one surface ligand 
can be studied at a time. 

 

Figure 12: Illustration of SPR experiment data with injection of the lectin Con A to a mannose-
functionalized surface (•). Dissociation phase starts when lectin solution is exchanged for pure buffer (○) 
and is followed by surface regeneration with high concentration urea buffer (×). After washing, the buffer 
is changed back to running buffer (□) which returns the baseline to its original value. 
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1.5. Glycan Surface Ligation Techniques 

In order to study protein glycan interactions on surfaces, either the glycan or the 
protein needs to be efficiently immobilized on the surface. Due to detection 
limitations, most methodologies and instruments require the glycan to be 
immobilized and the detection to occur through protein binding. Many high-
throughput surface analysis methods e.g., microarray technologies have to date been 
designed and extensively used for DNA and proteins, yielding substantial biological 
information.97-101 Unlike DNA and proteins, glycans present several challenges 
which have so far delayed the development of high-throughput analysis methods, 
and consequently glycobiology as a field.2,102-104 One of the main differences is that 
the biosynthesis of glycans is not template-driven like DNA or proteins but rather 
performed through a complex pathway of glycosyltransferases and glycosidases 
throughout the compartments of the cell, complicating the in vivo amplification of 
glycans. Micro-heterogeneity further complicates the purification and makes the 
identification and classification of specific glycans more difficult. Similarly, the 
complex structure and reactivity of glycans make the in vitro synthesis and 
quantification long and tedious.24,75,104-106 The final obstacle, given that glycans can 
be successfully synthesized or purified, is the surface presentation. In biology, 
glycans are presented in a specific orientation, normally attached to the 
surface/protein at the reducing end of the oligosaccharide, thus resulting in a very 
specific molecular presentation, crucial for the biological interaction. Therefore, the 
surface presentation must be representative for the presentation in biology, hence 
confining the immobilization step which is already relatively complicated due to the 
similar reactivity of multiple functional groups in natural glycans. Despite, or 
perhaps due to these difficulties, several promising glycan ligation techniques have 
been developed, where selective chemistry is used to create glycan functionalized 
surfaces.40,71-74,79,107-110 

1.5.1. Surface Functionalization Chemistry using Unmodified Glycans 

Unmodified (natural) glycans are desirable for surface functionalization since it 
would allow for direct use of glycans from natural sources without modification 
and/or simplify the synthesis of unnatural glycan analogs. However, natural glycans 
present multiple functional groups, primarily hydroxyl groups, thus complicating the 
stereo- and regiochemical control in the immobilization procedure. Nevertheless, 
several methods have been developed in which unmodified glycans were covalently 
linked to biosensor/array surfaces, either through selective reaction with the 
reducing end aldehyde38,111 or through insertion reactions with photoactivatable 
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groups112-115 (Figure 13). Hydrazide surfaces were designed to selectively react with 
the reducing end, forming an acyl hydrazone through ring-opening. The acyl 
hydrazone intermediate can then reform the more stable ring-closed glycan, thus 
maintaining the ring-structure of the primary monosaccharide (Figure 13a).38,111 Park 
et al. further demonstrated that hydroxylamine surfaces can also produce selectively 
linked glycans, although predominantly in the ring-opened form (Figure 13b).38 
Although the functionalization chemistry is selective and in general works well, the 
production of the preactivated surfaces is tedious and requires highly toxic 
hydrazine. 

 

Figure 13: Surface functionalization methods using unmodified glycans: a) Hydrazide surfaces reacting 
selectively with the reducing end aldehyde initially forming a hydrazone which later ring-closes forming 
the more stable adduct; b) Hydroxylamine surfaces reacting with glycans similarly to hydrazides; c) 
Aryltrifluoromethyldiazirine surfaces reacting non-specifically with glycans through a carbene 
intermediate; d) Phthalimide surfaces reacting non-specifically with glycans under UV-irradiation; e) 
PFPA surface coupling to glycans through a nitrene intermediate. 
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Angeloni et al. reported a versatile approach in which aryltrifluoromethyldiazirine 
derivatized dextran surfaces were functionalized with glycans, glycoconjugates or 
lectins under UV-irradiation (Figure 13c).112 By a similar approach, Carroll et al. 
utilized phthalimide surfaces in combination with a photo-mask to create glycan 
arrays (Figure 13d).113 Recently, perfluorophenylazides (PFPAs) have been utilized 
to functionalize nanoparticles and sensor surfaces with mono- and oligosaccharides 
through UV-irradiation (Figure 13e).49,114,115 Interestingly, although the glycans in all 
cases were immobilized by insertion reactions without presumed stereo- or 
regiochemical control, the resulting surfaces displayed selectivity towards the tested 
proteins. However, the quantitative binding towards monosaccharide-originating 
surfaces was significantly lower than to the corresponding oligosaccharide-
originating surfaces. The reason for this observation may of course be the higher 
affinity for oligosaccharides compared to monosaccharides, or that a higher 
percentage of glycans remain structurally intact when oligosaccharides are 
immobilized. 

1.5.2. Surface Functionalization Chemistry using Tagged Glycans 

Whereas unmodified glycans are desirable for their simplicity and availability, 
tagged glycans provide more versatile coupling chemistry, better control of surface 
presentation and a wider variation of surface material. On the other hand, 
synthetically modified glycans require additional preparation, an accumulative 
problem for large scale arrays. However, a range of promising methods have been 
developed with synthetic requirements of variable degrees. One of the earliest 
examples of glycan arrays involved the adsorption of neoglycolipids (lipid-linked 
glycans from glycoproteins and polysaccharides), on nitrocellulose surfaces (Figure 
14a).41 For instance, glycans possessing a fluorous hydrocarbon tail have been 
successfully immobilized on fluorous-surfaces by a lipid bilayer analogy (Figure 
14b).116 Further, Pei et al. demonstrated that PFPA-linked glycans can be used to 
create glycan biosensors and glycan arrays on polymeric substrates (Figure 14c).39,59 
Although only recently devised, Cu-catalyzed azide-alkyne cycloaddition (CuAAC 
or click chemistry) has been extensively applied to glycan arrays and biosensors 
because of the high chemoselectivity and benign reaction conditions needed (Figure 
14d).42,54,117-119 NHS-activated ester surfaces, common in DNA/protein 
immobilization, have also been applied to amino-functionalized glycans (Figure 
14e).120,121 Thiols have proven highly versatile in surface functionalization, and 
glycan-thiols have been chemoselectively linked to maleimide surfaces (Figure 
14f)122,123, adsorbed on gold surfaces (Figure 14g)124,125 and recently, photoradically 
coupled to alkyne/alkene surfaces by thiol-ene/yne chemistry (Figure 14h)119,126-128. 
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Figure 14: Surface functionalization methods using tagged glycans: a) Neoglycolipid probes adsorbing to 
nitrocellulose surfaces; b) Fluorous tagged glycans binding to fluorous surface; c) PFPA-conjugated 
glycans coupling to polymeric surfaces through photochemical insertion reaction; d) Azide tagged 
glycans coupling to alkyne surfaces through CuAAC click chemistry; e) Amine tagged glycans reacting 
with activated ester surfaces forming a stable amide bond; f) Glycan thiols reacting chemoselectively with 
maleimide surfaces; g) Glycan thiols forming SAM on gold surfaces; h) Glycan thiols reacting with 
alkyne or alkene surfaces through thiol-ene/yne photoradical reaction. 
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1.6. Glycan Analogues in Drug Design 

With the increasing knowledge about their roles as key recognition molecules in 
many of the fundamental processes of cells, more and more glycans are now targeted 
for drug development, with several drugs already on the market.129 One example is 
the antiviral drug Oseltamivir (Tamiflu®), which effectively out-competes the natural 
substrate of viral neuraminidases thus preventing the release of new virions (Figure 
15).130 Another example is the fungal antibiotic Tunicamycin which binds to 
GlcNAc phosphotransferases with higher affinity than the natural substrate UDP-
GlcNAc, thereby inhibiting the biosynthesis of N-linked glycans in bacteria.131 

 

Figure 15: a) Illustration of the active metabolite of the antiviral drug Oseltamivir, and the natural 
substrate of its target neuraminidase; b) Illustration of the fungal antibiotic Tunicamycin and the natural 
substrate of its target GlcNAc phosphotransferase. 

Many glycan inhibitors are however very similar to the natural substrate, and little 
change is needed to achieve effective inhibition. Fluorinated glycans constitute one 
type of inhibitors which has received a lot of attention. The strong electron 
withdrawing properties of fluorine retain that of the natural hydroxyl group but 
unlike the hydroxyl group, fluorine cannot accommodate a positive charge, thus 
preventing the formation of a good leaving group, a critical step in the mechanism of 
many glycan processing enzymes.132 For example, several fluorinated fucosyl 
nucleotides were found to be efficient competitive inhibitors, forming a tight 
complex with several glycosyltransferases (Figure 16a).133,134 Recently, fluorinated 
heptosyl nucleotides were developed as inhibitors for a bacterial heptosyltransferase 
involved in the biosynthetic pathway of bacterial cell wall glycans, aiming to reduce 
the virulence of the bacteria (Figure 16b).135 The inhibitors were further
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Figure 16: Illustration of: a) two fluorinated fucosyl nucleotides which exhibited inhibition towards 
human fucosyltransferases; b) fluorinated heptosyl nucleotide; c) D-glycero-D-manno-hepto-pyranose 7-
phosphate (H7P) and the two best inhibitors in the series.  

developed based on D-glycero-D-manno-hepto-pyranose 7-phosphate (H7P), the 
primary monosaccharide unit in the bacterial lipopolysaccharide, generating a series 
of non-fluorinated L-heptosyl inhibitors.136,137  

Other glycan analogs function not by inhibiting the enzyme but by allowing it to 
process the analog, resulting in altered properties of the enzyme product. 
Deoxymannojirimycin, with a nitrogen in the ring, is easily incorporated into the 
glycan anchor carrier in the N-linked glycosylation pathway, and later inhibits 
mannosidase I resulting in unnatural accumulation of high-mannose containing 
glycoproteins (Figure 17).138 D-Mannosamine on the other hand inhibits the 
glycosylation pathway in an earlier stage through incorporation into the glycan 
anchor carrier by α1-2-mannosyltransferase. This subsequently leads to a dead-end, 
preventing the completion of the glycan biosynthesis.139 

 

Figure 17: Illustration of D-mannose and D-mannose analogs deoxymannojirimycin and mannosamine, 
effective inhibitors of the glycosylation and glycoprotein processing pathways in the biosynthesis of N-
linked glycans. 
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Many glycans and glycoconjugates have been associated with cancer, viruses, 
bacteria and parasites, and have thus been targeted as vaccines. However, since 
glycans are much less immunogenic than peptides, efforts have been made to 
conjugate glycans with adjuvants.23,24 For example, Haemophilus influenzae type b 
polysaccharides have been coupled to an adjuvant, efficiently increasing the 
immunogenicity of the polysaccharides140, and several tumor-associated glycans are 
currently being evaluated as vaccines with the powerful adjuvant QS-21A, a purified 
plant extract from Quillaja saponaria.141 However, enzymatic degradation of the 
glycan-antigen, prior to inducing an immune response, is still a problem. More 
stable glycan analogs are therefore needed, and several types of glycans have so far 
been successfully synthesized in which the glycosidic oxygen linkage is exchanged 
for a carbon, sulfur or nitrogen to achieve increased stability.142 But it is sometimes 
difficult to predict the structural and conformational effects of the exchange and 
since the first event in any glycan protein interaction, the recognition step, generally 
depends on the overall conformation of the glycan, it is an important factor to 
consider.143 Montero et al. performed NMR studies of thiolactose, revealing 
increased conformational flexibility compared to the natural glycan, and recorded 
only moderate inhibition of β-galactosidase from E. coli (Figure 18).142 

 

Figure 18: Illustration of a) lactose or thiolactose; b) maltose or thiomaltose; c) cellobiose or 
thiocellobiose. 

In another study, the conformational stability of thiomaltose was investigated with 
barely notable differences compared to natural maltose.144 Yet another study showed 
that thiocellobiose presents several additional families of conformation compared to 
cellobiose and that β-glucosidase from Streptomyces sp. has significantly lower 
affinity towards thiocellobiose.145 Contrary to these findings, Zhong et al. found that 
a series of α1-3- and α1-6-linked thiooligomannosides derived from the natural 
substrates, were not tolerated by the enzyme Golgi α-mannosidase II and resulted in 
complete loss of binding (Figure 19).67 Yet other recent studies where S-linked 
glycan analogs were utilized as hydrolytically stable immunogens, either used by 
themselves or coupled to potent adjuvants, showed that the glycans can indeed 
induce an immune response which not only detects the S-linked glycan analog but 
also the naturally occurring O-linked glycan target.78,146,147 
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Figure 19: Illustration of S-linked oligosaccharides targeted as inhibitors for Golgi α-mannosidase II. 

Glycan thiols further present potential advantages in the in vitro synthesis of 
glycoconjugates/-proteins where site-specific glycosylation is problematic due to the 
many competing functional groups in natural glycans. Sulfhydryl groups present 
increased nucleophilicity compared to hydroxyl groups and can be oxidized to the 
corresponding disulfides, as well as react selectively in many other types of 
reactions.143,148-150 Altogether, S-linked glycans are interesting compounds with great 
potential in many areas of the glycobiological field. 
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1.7. Aim of This Thesis 

The aim of this thesis was to develop new methodologies for analyses of protein-
carbohydrate interactions. Photochemical insertion reactions were used for the 
functionalization of polymeric materials, and chemoselective ligation techniques 
were further employed to immobilize glycans possessing various functional groups. 
The glycan biosensors/arrays were evaluated by lectin binding studies on QCM/SPR 
platforms, which allowed for real-time analysis of the surface interactions with the 
lectins. Additionally, the aim was to study the impact of varying glycan presentation 
on protein binding. Glycans were thus linked to surfaces with spacers of various 
length, interconnected either by a sulfur or oxygen atom. Finally, this thesis explored 
the role of sulfur in glycosidic linkages and its influence on protein binding. 
Disaccharides possessing a sulfur or oxygen as glycosidic bridge were evaluated in 
lectin binding assays with glycan surfaces produced by the previously developed 
methodologies. 
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2. CuAAC Photo-Click Immobilization 

(Paper I and II) 

2.1. Introduction 

This chapter describes the development of a functionalization method for the 
preparation of carbohydrate presenting surfaces as analytical tools for protein-
carbohydrate binding events. The method relies on two steps: photochemical 
functionalization of polymeric materials by perfluorophenylazide (PFPA) tagged 
probes, which allows for fast and robust functionalization of even underivatized 
polymeric materials, and highly chemoselective Cu-catalyzed azide-alkyne 
cycloaddition (CuAAC or click chemistry151,152) to diversify the functionalized 
surfaces with carbohydrate ligands. The method was evaluated on polymer-coated 
quartz crystals in a QCM biosensor instrumentation by three different 
functionalization routes in which the final carbohydrate presenting surfaces were 
produced in a successive manner using pre-synthesized ligands. The scope of the 
method was then explored using several polymeric surfaces, carbohydrate ligands 
and target proteins. A methodology to correct for protein non-specific binding was 
further developed which allows for reliable validation of the measured binding. 

2.2. Perfluorophenylazides (PFPAs) 

The photoprobes utilized in this study are based on the photoactivatable PFPA-
moiety introduced by Leyva et al.153 in 1986 and further developed by Keana and 
Cai154 in 1989. The azide group in PFPAs decompose upon UV irradiation forming 
an electron poor nitrene in the singlet state (Scheme 1).155 The nitrene can then react 
in a multitude of ways depending on the reaction conditions e.g., rearrange and form 
a seven-membered ring (ketenimine) which readily reacts with nucleophiles or 
polymerizes, or relax via intersystem crossing giving the triplet state which 
undergoes proton abstraction (leading to the aniline-adduct) or cross-links forming 
the azo-compound. However, in the presence of C-H/N-H single bonds and C-C 
double bonds, the singlet nitrene can insert into the single bond or add to the double



24 

 

Scheme 1: Schematic summary of the reactivity of PFPAs upon UV-irradiation; a) Intersystem crossing; 
b) proton abstraction giving the aniline-adduct or crosslinking forming the azo-adduct; c) ring expansion 
forming the ketenimine; d) insertion into C-H bond; e) insertion into N-H bond; f: addition to C-C double 
bond. 

bond. PFPAs have recently gained much interest for their ability to functionalize 
polymers and carbon material lacking other functional groups.156 

2.3. Synthesis of Photo-probes and Linkers 

For the current methodology, several photo-probes were designed and synthesized. 
Initially, ester 11 and amide 10 were synthesized from common intermediates by 
traditional coupling chemistry (Scheme 2). Alcohol linker 2 was prepared in one step 
from commercially available starting materials, however in low yield. Amine linker 
5 was synthesized from alcohol 2 through tosylation, azide substitution and finally 
reduction by triphenyl phosphine. Interestingly, azido-adduct 4 was found to “self-
click” at high concentrations forming oligomers even at room temperature. PFPA 
acid 8 and NHS-activated ester 9 were synthesized in large scale in almost 
quantitative yields by previously reported methods.154,157 Alcohol 2 was then coupled 
to PFPA acid 8 using classic EDC/DMAP catalyzed esterification, forming ester 
photo-probe 11. Similarly, NHS-activated ester 9 was coupled to amine 5 in pure 
acetonitrile giving amide 10 in moderate yield. PFPA disulfide 13 was synthesized 
by the same methodology as photo-probe 11 however in lower yield. For 
comparative reasons in the subsequent method development, mannose photo-probe 
18 was synthesized in few steps from azide 14 and tosylated alkyne linker 3 
(Scheme 3). Starting with a click reaction forming the triazol linkage, the tosylate 
was replaced by another azide, followed by a two-step deprotection in which the 
acetates were cleaved and the azide was reduced to an amine. Finally, amine 17 was
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Scheme 2: a) KOH, propargyl bromide, 60 °C, 3 h (36%); b) TsCl, KOH, 0 °C, 2 h (quant.); c) NaN3, 
TBAI, DMF, 45 °C, overnight (67%); d) i: PPh3, THF, 30 °C, 19 h, ii: H2O, 30 °C, 25 h (70%); e) NaN3, 
acetone:H2O (2:1), 90 °C, 2 h (quant.); f) NaOH aq (20% w/w):MeOH (1:18), rt, 5 h (97%); g) NHS, 
EDC, 35 °C, 25 h (94%); h) 5, MeCN, rt, overnight (70%); i) EDC, DMAP, DCM, rt, 2.5 h (79%); j) 
EDC, DMAP, DCM, 0 °C-rt, 24 h (40%). 

coupled to pre-activated ester 9 in DMF producing amide 18 in similar yields. An 
alternative route to photo-probe 18 was also evaluated where amide 10 was reacted 
with azide 14 or 21 under classic click reaction conditions. Unfortunately, complex

 

Scheme 3: a) 3, CuI, DIPEA, MeCN, rt, 48 h (76%); b) NaN3, DMF, 65 °C, 20 h (95%); c) i: NaOMe, 
MeOH, rt, 5 h, ii: H2, Pd/C, 6 h (74%); d) 9, DMF, rt, overnight (69%). 
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mixtures were formed, most likely due to the higher reactivity of the aryl azide 
group of amide 10 compared to the carbohydrate azides. 

2.4. Synthesis of Carbohydrate Azides for Click Chemistry Surfaces 

Several carbohydrate azides were synthesized in few steps from commercially 
available starting material (Scheme 4). 2-Azidoethanol 30 was successfully 
synthesized from the corresponding bromide in almost quantitative yield, and used 
in the synthesis of all carbohydrate azides.158 The difference in reactivity between 
the peracetylated carbohydrates 20, 22 and 25 necessitated differentiated synthetic 
routes. While azido-ethyl linked mannose 14 and galactose 23 could be synthesized 
by BF3-catalysis, although at different temperatures, the same reaction with 
peracetylated N-acetyl glucosamine yielded no desired product 27. Instead, 
oxazoline 26 was first synthesized by Lewis acid catalyzed ring-closure in 
dichloroethane, followed by Brønsted acid catalyzed addition of 2-azidoethanol 30, 
forming peracetylated N-acetyl glucosamine 27 in 23% yield.159,160 The 
peracetylated carbohydrates 14, 23 and 27 were deprotected using sodium 
methoxide in methanol giving carbohydrate azides 21, 24 and 28 in excellent yields. 
The final products were sufficiently stable in aqueous solution and could be stored 
for years at +6 °C. 

 

Scheme 4: a) Ac2O, pyridine, r.t., 46 h (quant.); b) 30, BF3·Et2O, DCM, 0 °C, 18 h (83%); c) NaOMe, 
MeOH, rt, 2.5 h (95%); d) 30, BF3·Et2O, DCM, -40 °C to rt, 24 h (69%); e) i: TMSOTf, 50 °C, 30 min, ii: 
TEA, r.t., 10 min (98%); f) 30, H2SO4, r.t. 19 h (23%); g) NaN3, TBABr, 110 °C, 18 h (99%). 
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2.5. Method Design and Development 

The aim of the method has been to introduce reactive functional groups into 
universal polymeric materials, lacking functional groups, by the use of PFPA photo-
probes. This would allow for usage of prefabricated plastics in the functionalization 
process which would greatly lower the production costs of the functionalized 
material compared to if specialized heteropolymeric materials were required. The 
PFPA photo-probes can further be applied in ways which constricts penetration to 
the uppermost surface of the polymer, allowing the rest of the polymeric material to 
retain its shape and properties even after the functionalization process. The photo-
probes will further introduce alkynes on the surface which in turn will react with 
carbohydrate azides, regio- and chemoselectively, coupling the carbohydrates to the 
surfaces through a strong, non-hydrolyzable triazol-linkage. The purpose is to mimic 
the carbohydrate presentation on cells/proteins and to use the resulting carbohydrate 
functionalized polymeric material as a platform for analysis of protein-carbohydrate 
interactions e.g., in biosensors and microarrays. 

Early in the development stage, photo-probe 11 was evaluated as the principal linker 
molecule due to its more straightforward synthesis, along with the evaluation of 
different photo-probe application methods. Polystyrene-coated quartz-crystals were 
primarily used as substrates for the method development. The photo-probe was 
applied either by dropping the solution directly on the surface or by dipping the 
whole crystal in a solution of the photo-probe, followed by drying under a stream of 
nitrogen to enhance the contact with the surface. The crystals were then irradiated by 
UV-light and washed thoroughly. The subsequent click reaction was performed in a 
similar manner in which the reaction was performed either in a drop directly on the 
surface or by dipping the surface in a stirred solution of the reactants. The produced 
surfaces showed binding towards the lectins tested, however not at the expected 
magnitude (cf. previous surfaces produced in the group59) and with only moderate 
selectivity. The surfaces also required long stabilization times, unexpected high 
levels of bound BSA in the initial blocking stage and large spikes in frequency 
during the regeneration steps in between the lectin injections. The conclusion was 
that the surface layer was thick and had a complex structure with the ability to grow 
or shrink (thereby effectively changing the measured frequency) depending on the 
pH of the buffer solution, similar to the 3D pH-responsive dynamic polymer 
surfaces reported previously by our group161. The complexity was thought to be a 
result from crosslinking of photo-probe 11 in the photoligation step. 

The low reproducibility of the protein binding over time (i.e. the magnitude of 
protein binding steadily decreased with repeated injections of protein) further 



28 

suggested surface degeneration. This was believed to be either as a result of 
hydrolysis of the surface esters or through rearrangement of the surface topography 
during the regeneration steps, thereby burying the carbohydrate ligands. Photo-probe 
10 was subsequently synthesized in an attempt to increase the stability of the 
surfaces. 

In parallel, attempts were made to circumvent the complexity problems of the 
surface layers by synthesizing photo-probe 11 in situ on the surface through a two-
step procedure: Firstly PFPA acid 8 was immobilized on the surface by the 
aforementioned methodology, followed by EDC/DMAP catalyzed esterification with 
alcohol linker 2. The produced surfaces had short stabilization times, showed 
increased reproducibility and no large spikes in frequency during the regeneration 
injections. Unfortunately, the measured protein binding was much lower than before. 
Further, attempts to optimize the surface esterification reaction were ineffective, 
possibly due to the low reactivity of carboxylic acids on the surface and the 
complexity of the reaction when performed on a surface. A more straightforward 
procedure was then attempted using NHS-activated ester 9 and amine linker 5 
leading to the in situ synthesis of photo-probe 10 on the surface (method C in Figure 
20). 

 

Figure 20: Illustration of three production routes for carbohydrate functionalization on polystyrene 
surfaces. Method A consists of one step in which a carbohydrate-functionalized PFPA photo-probe 
(compound 18) is covalently bound to the polystyrene-surface by UV-irradiation. In method B, the 
surface is primarily functionalized with alkynes and subsequently connected to carbohydrate-azides via 
CuAAC click chemistry. Method C consists of three steps in which a NHS-activated PFPA-ester 
(compound 9) is immobilized using UV-irradiation. Then, compound 5 is attached to the surface, by 
amidation, creating an alkyne-functionalized surface (equivalent to method B) which is subsequently 
bound to mannose azide 21 using CuAAC click chemistry. 
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During the final stages of the method development, irregularities between different 
surfaces were observed i.e. the reproducibility of the method was insufficient. The 
photo-probe application method and surface topography inconsistencies of the 
underlying polymeric layer were identified as the most probable causes of the 
irregularities. For comparison, PEG-coated quartz crystals were produced according 
to Pei et al.59 and subjected to the same functionalization method as the previously 
used PS-surfaces. Results indicated no improvement, suggesting that other factors 
caused the irregularities. Therefore, the photo-probe application method was 
investigated through comparison between spin-coating of the photo-probe and the 
previous drop-/dip-methods. Spin-coating proved successful giving photo activated 
surfaces with higher degree of reproducibility. 

Reaction conditions for the click reaction step were evaluated throughout the 
development process. Initially, CuIISO4 and ascorbate151 in water or water/t-butanol 
(1:1) was evaluated but discarded due to the potential side reactions on the surface 
with ascorbate and/or the radical intermediate/product during the copper reduction 
process. Further, water soluble CuII(OAc)2 in water was evaluated with average 
results, even though copper is in the supposedly wrong oxidation state (II instead 
of I).162 Best results were obtained using CuII and DIPEA in water/acetonitrile 
(1:1).42 Experiments were also carried out in the absence of copper catalyst but with 
increased concentration of the carbohydrate azides and at slightly elevated 
temperature (40 °C). The produced surfaces exhibited similar protein binding as 
surfaces produced by the CuII system although longer reaction times were needed 
(>19 h). 

To demonstrate the methodology, three functionalization routes were developed 
using mainly three different PFPA photo-probes (Figure 20). The three routes were 
designed to result in the same type of functionalized surfaces which would allow for 
validation of the methodology and evaluation of the different reaction steps. Method 
A consists of one quick step in which mannose-functionalized photo-probe 18 is 
coupled directly to the PS-surface under UV irradiation. Method B consists of two 
steps: a photoligation step in which alkyne photo-probe 10 is coupled to the surface 
and an in situ click reaction on the surface with azido-ethyl linked mannose 21. 
Finally, method C consists of three steps; a photoligation step with NHS-activated 
photo-probe 9, an in situ amidation reaction step with amine 5 and a final click 
reaction with azido-ethyl linked mannose 21. 

All three methods result in carbohydrate-functionalized surfaces of the same type, 
although method B and C generate stable alkyne functionalized intermediate 
surfaces. Method A is indeed a quick functionalization process and require only ~15 
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min of preparation time (spin-coating and UV irradiation) but the methodology 
necessitates tedious synthesis for each carbohydrate type photo-probe. Surfaces 
produced by method B can be completed over night whereas method C requires an 
additional 8 h for the amidation reaction. Conversely, the intermediate alkyne 
surfaces produced by method B and C may be used with a wide range of azide-
tagged carbohydrates, thereby reducing the time-consuming synthesis. 

2.6. Method Evaluation 

The carbohydrate-functionalized surfaces produced by method A, B and C were 
primarily analyzed in a flow through QCM system with the lectins Con A (primarily 
specific for α-D-mannose mono- and oligosaccharides) and PNA (primarily specific 
for β-D-galactose monosaccharides). The QCM setup allowed for repetitive 
injections of the lectins with intermediate regeneration steps (wash injections) 
allowing for a qualitative assessment of the stability of the immobilization. After the 
system had reached a stable baseline, prior to the binding study, several injections of 
BSA were performed to efficiently block unreacted parts of the surface, thus 
reducing the amount of non-specific binding of the lectins. Studies show that 
blocking in the initial phase of the experiment sufficiently lasts throughout the whole 
experiment, thus obviating the need for BSA in the running buffer.60,90 The binding 
study was then performed by measuring the change in frequency upon lectin 
injection (Figure 21). As expected, the frequency changes upon injection of Con A 
as a consequence of the association to the surface. At the end of the injection (t = 
~65 s), Con A dissociates from the surface as fresh buffer washes over the surface. 
In contrast, the injection with PNA results in no lectin association to the surface and 
consequently the frequency stays unchanged. 

 

Figure 21: Illustration of frequency response to injections of either Con A or PNA to a mannose-
functionalized surface, clearly showing the association and dissociation phase of Con A and no binding of 
PNA, in accordance with the known specificities of the lectins. 
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Figure 22: Illustration of the quantitative binding of lectins Con A and PNA to mannose-functionalized 
surfaces produced by method A, B or C. Each value represents an averaged binding of three separate 
injections and the error bars represent the standard errors of the mean (SEM). 

A quantitative analysis of the lectin binding to the mannose-functionalized surfaces 
produced by method A, B or C is illustrated in Figure 22. Method A, which is the 
most straightforward method consisting of only one reaction step, produces surfaces 
with the highest and most consistent Con A binding and practically no non-specific 
binding of PNA. Further, surfaces produced by method B and C display highly 
specific binding at slightly lower capacity compared to method A. This is expected

 
Figure 23: Illustration of frequency response curves for method A, B and C in the binding study. Con A 
was injected at 400 s, 3000 s, and 5900 s. The peaks in frequency in between the lectin injections 
correspond to regeneration of the surfaces by injection of low-pH buffer solution. 
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since both methods require additional reaction steps and are thus likely to produce 
surfaces with lower carbohydrate density. Interestingly, method C produces surfaces 
with higher Con A binding compared to method B even though the methodology 
requires an additional reaction step. A general analysis of the binding pattern in 
Figure 22 confirms the similarity of the different surfaces which indeed suggests that 
the different methods produce surfaces of similar type and quality. 

A detailed evaluation of the binding study reveals that surfaces produced by method 
C have much shorter stabilization time than surfaces produced by method B, 
indicating that those surfaces are less complex and more homogeneous (Figure 23). 
This is probably due to increased amounts of cross-linking in the photoligation step, 
similarly to what was observed when using photo-probe 11. This theory would also 
explain the slightly lower lectin binding capacity of surfaces produced by method B, 
if more of the intermediate alkyne moieties are unavailable in the final click reaction 
step compared to method C. Method B further differs in the regeneration step with 
large spikes in frequency due to the change in pH (from running buffer pH 7.4 to 
washing buffer pH 1.5), possibly due to the growth/ shrinkage of a complex 3D-
surface, as previously discussed. 

2.7. Method Expansion 

The methodology was further subjected to a more detailed evaluation where the 
versatility of the platform format and protein selectivity towards the carbohydrate-
functionalized material were assessed. Several polymers, carbohydrates and lectins 
were chosen for the evaluation. The polymers were chosen to illustrate the versatility 
of the method, and both hydrophobic (PS and PP) and hydrophilic (PAAm, PEG, 
and PEOX) polymers with a wide range of molecular weights were evaluated (Table 
1). For instrumental reasons, gold-plated quartz-crystals were used in the 
functionalization process and the chosen polymers were applied in a two-step 
manner: spin-coating of the dissolved polymers on PFPA-derivatized polished gold 
surfaces, followed by photo-irradiation to covalently bind the polymer strands to the 
gold surface (Figure 24).59 The spin-coating parameters were evaluated based on 
previous experience in spin-coating (PEG and PEOX163) and from solubility testing 
(PAAm and PP). PP was found to be insoluble in most solvents and could only be 
dissolved in a heated solution of the refrigerant 1,1,2,2-tetrachloroethane (R-130). 
The wash solvent was chosen so that it would be possible to wash off unbound 
polymer as well as solvent residues from the spin-coating (ethylene glycol and 
dimethoxyethane) and at the same time dry the surface on a reasonable time scale. 
The polymeric surfaces were then functionalized with alkynes according to method
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Table 1: Polymer spin-coating parameters. 

polymer Mw
 spin-coating solvent 

conc. 
mg/mL 

drop 
size/µL 

wash 
solvent 

Polyacrylamide (PAAm) 5-6 × 106 Ethylene glycol 10 10 EtOH 

Poly(ethylene glycol) (PEG) 20 × 103 Dimethoxyethane 10 15 EtOH 

Poly(2-ethyl-2-oxazoline) 
(PEOX) 

200 × 103 Chloroform 10 15 CHCl3 

Polypropylene (PP) 250 × 103 
1,1,2,2-Tetrachloroethane 

(R-130) 
10 10 R-130 

 

C, as previously described. Method C was chosen over method B because of its 
slightly higher lectin binding and shorter stabilization time, even though it requires 
an additional 8 h reaction time. The alkyne surfaces were then diversified with three 
different carbohydrate azides (α-D-mannose 21, β-D-galactose 24, or N-acetyl-β-D-
glucosamine 28) and 2-azidoethanol 30 in the CuAAC click reaction step. 

 

Figure 24: Surface functionalization procedure employed in the expansion study. Gold surfaces were 
soaked in a solution of compound 13 overnight, after which they were spin-coated with polymer 
solutions, irradiated with UV-light and washed. The polymeric surfaces were then spin-coated with a 
solution of compound 9 and irradiated with UV light. The NHS-activated ester surfaces were then linked 
with amine 5 to produce the alkyne functionalized surfaces. The alkyne surfaces were then differentiated 
with several azide functionalized molecules through CuAAC click chemistry. 
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Table 2: Properties of the lectins used in the binding study. 

name 
Mw 
kDa 

binding 
valency 

carbohydrate 
specificity 

family 
reported 

pI 
measured 

pI 
refs 

Con A 104 homotetramer Man, Glc legume 8.3537 6.5-8 34-37 

WGA 36 homodimer GlcNAc cereal 8.7164 n.d.a 164 

PSA 48 heterotetramer Man, Glc legume 5.9 & 7.0165 4.5-7.3 165,166 

RCA-I 120 heterotetramer Gal Euphorbiaceae - 6.6-9.3 167,168 

BS-II 120 homotetramer GlcNAc legume - 5-7.3 169 

a n.d. = not detectable 

The carbohydrates and lectins in the study were selected based on the binding 
specificity of the lectins and previous experience in the QCM instrumentation (Table 
2). Con A and PSA were chosen for their specificity towards α-D-mannose-residues, 
whereas WGA and BS-II bound selectively to N-acetyl-β-D-glucosamine and RCA-I 
to β-D-galactose. BSA was again used to block any unreacted parts of the surface, 
although small amounts of non-specific binding of several of the lectins could be 
detected (Figure 25), hypothetically due to e.g., surface topography, blocking 
coverage of BSA and pI-values of the lectins. A strategy was developed to correct 
for the non-specific binding, based on the assumption that the binding was to non-
carbohydrate-functionalized parts of the surface. Surfaces were therefore produced 
by the same methodology as the carbohydrate-functionalized surfaces, but using     
2-azidoethanol 30 in the CuAAC click reaction. All the lectin binding values were 
subsequently subtracted with the binding to the control-surfaces resulting in good 
specific affinities for all carbohydrate surfaces tested, well in accordance with the 
predicted trends (Figure 26). The difference in quantitative binding between the 
lectins is primarily due to differences in molecular weight and affinity for the 
monosaccharides used in the study. 

The results from the binding study to all carbohydrate-functionalized surfaces are 
summarized in Figure 27. Analysis of the binding profile reveals that Con A was the 
most consistent lectin in the study with more than 40 Hz corrected binding to all 
mannose-functionalized surfaces and with only insignificant non-specific binding. 
PSA also bound selectively to the mannose-functionalized surfaces although to a 
lower degree than Con A. WGA, BS-II and RCA-I showed selective binding in 
general, but with some variance in binding between the different polymeric 
materials, e.g. low binding of WGA and BS-II to the GlcNAc/PAAm surface and 
high binding to the GlcNAc/PEG surface. The binding of RCA-I to the galactose- 
functionalized surfaces proved more consistent than WGA/BS-II to the GlcNAc 
surfaces, however resulted in a low residual negative binding to some of the
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Figure 25: Illustration of lectin binding behavior to functionalized surfaces, in this case duplicate 
injections of each lectin to GlcNAc-functionalized polystyrene. 

mismatching carbohydrate surfaces (Man/PS, GlcNAc/PS and GlcNAc/PAAm), 
within the limits of sensitivity. A more general analysis of the binding profiles shows 
a trend for binding to the mismatched carbohydrate-functionalized surfaces of the 
hydrophobic polymers. The polystyrene surfaces exhibit a resulting negative binding 
in general (e.g., RCA-I to Man and PSA to GlcNAc) whereas the polypropylene 
surfaces exhibit a resulting positive binding (e.g., PSA to GlcNAc and Con A to 
Gal). This trend could not be observed on the hydrophilic polymeric surfaces. 

A hypothesis was postulated regarding the non-specific binding observed, explaining 
it as a result from ionic binding of the lectins to the blocking agent on the surface 
(immobilized BSA in the initial step of the binding studies). Due to its relatively low 

 

Figure 26: Illustration of the corrected quantitative binding of the lectins to PEG-functionalized surfaces. 
Each value represents an averaged binding of two separate injections of each lectin, subtracted with the 
averaged binding to the 2-azidoethanol surface. The error bars represent the standard errors of the mean 
(SEM). 
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pI value (4.7), BSA would present a net negative charge at the buffer pH (7.4), 
resulting in a partial negatively charged surface. Lectins with a pI value above the 
buffer pH would in contrast result in a net positive charge efficiently binding the 
lectin to the negatively charged surface, whereas lectins with a pI value below the 
buffer pH would in theory be repelled by the surface. Interestingly, the lectins which 
showed the most non-specific binding (WGA, Con A and RCA-I) all have pI values 
above 7.4, whereas PSA and BS-II (pI values of 4.5-7.3 and 5-7.3 respectively) both 
showed a lower non-specific binding. Further, PSA and BS-II both generally 
displayed lower binding even to the matched carbohydrate surfaces, an effect which 
can be explained by a repulsive ionic interaction between the lectin and the surface. 
Any potential ionic attraction by lectins with a pI value above the buffer pH is 
however not a problem per se, since it can easily be corrected for. Ionic repulsion, 
on the other hand, may cause a problem if it results in reduced binding below the 
detection limit. To circumvent this potential problem, the use of other blocking 
agents such as Tween-20 or HSA should be considered. 

 

Figure 27: Illustration of the corrected binding values of the lectins in the binding study to all 
functionalized surfaces: a) poly(ethylene glycol) (PEG); b) poly(2-ethyl-2-oxazoline) (PEOX); c) 
polyacrylamide (PAAm); d) polystyrene (PS); e) polypropylene (PP). 
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2.8. Conclusions 

A fast and straightforward method to functionalize polymeric surfaces with 
carbohydrates has been developed and evaluated in a QCM flow through 
instrumentation. The methodology is based on highly efficient PFPA photoligation 
and was successfully applied to a range of hydrophilic (PEG, PEOX and PAAm) and 
hydrophobic (PS and PP) polymeric surfaces. The intermediate alkyne surfaces were 
subjected to chemoselective CuAAC click chemistry with a range of azido-ethyl 
linked carbohydrates, creating carbohydrate-functionalized surfaces under ambient 
conditions from low-cost starting materials. The methodology was tested with a 
panel of lectins with known specificity towards the immobilized carbohydrates, in a 
real-time analysis instrumentation allowing for direct measurement of association/ 
dissociation of the unlabeled proteins. All produced surfaces showed high 
specificities and good capacities of the lectin binding, in agreement with the 
predicted lectin selectivities. The photo-click surface functionalization method 
proved highly versatile and produced robust biosensor surfaces in a convergent 
fabrication approach, and the intrinsic photochemical step further allows for the use 
of photolithography, thereby increasing the potential of the method for the 
preparation of glycan arrays. 
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3. Thiol-ene/yne Photo-Click Immobilization 

(Paper IV) 

3.1. Introduction 

This chapter focuses on the photoradical reaction between thiols and 
alkenes/alkynes, commonly referred to as thiol-ene and thiol-yne chemistry, and its 
application to the production of carbohydrate functionalized surfaces. PFPA photo-
probes were used to produce robust alkyne and alkene functionalized polymeric 
surfaces which were subsequently subjected to thiol-ene/yne reactions with a series 
of carbohydrate thiols in water under UV-irradiation. Both 1-thio-carbohydrates and 
carbohydrates possessing a short spacer were used in the study to evaluate the scope 
of the method and the subsequent effect on lectin binding to the surfaces. The final 
carbohydrate surfaces were evaluated in a QCM flow through instrumentation using 
lectins with known specificity towards the carbohydrates in the study. The produced 
surfaces displayed selective binding to the lectins with good capacity and excellent 
reproducibility, clearly demonstrating the stability of the immobilization over time. 

3.2. Synthesis of Carbohydrate Thiols and Bifunctional Spacers 

1-Thio-α-D-mannose sodium salt 33 and 1-thio-β-D-galactose sodium salt 35 were 
synthesized starting from the peracetylated parent carbohydrates (Scheme 5).90 
Lewis acid catalyzed substitution with thioacetic acid followed by Zemplén 
deacetylation produced the 1-thio-carbohydrates as sodium salts in excellent overall 
yields. Thioethyl-linked mannose 38 and galactose 41 were synthesized analogously 
through coupling of 2-bromoethanol to the peracetylated carbohydrates and 
subsequent substitution of the bromide with potassium thioacetate in DMF. Column 
purification of intermediate 37 and 40 proved challenging due to very similar 
retention of the product and the starting materials. Bifunctional spacer 47 was 
synthesized according to a modified procedure of Lim et al.170 Alkene-linker 44 was 
synthesized from the parent chloride (42) and allyl alcohol 43 under basic conditions 
(Scheme 6). The alcohol was then transformed into an amine as described for linker 
5 (Scheme 2), albeit in lower yields. 
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Scheme 5: a) AcSH, BF3·Et2O, DCM, 0 °C-rt, 24 h (32, 83%; 34, 88%); b) NaOMe, MeOH, rt, 5-10 min 
(quant.); c) 2-bromoethanol, BF3·Et2O, DCM, 0 °C, 23 h; d) KSAc, DMF, 45 °C, 17 h (72% over two 
steps); e) NaOMe, MeOH, rt, 3 h (quant.); f) 2-bromoethanol, BF3·Et2O, DCM, -40 °C, 22 h (67%); g) 
KSAc, DMF, 45 °C, 7 h (56%);  h) NaOMe, MeOH, rt, 4 h (70%). 

 

Scheme 6: a) NaOH, DMF, 45 °C, 2 h (30%); b) TsCl, KOH, DCM, 0 °C, 5 h (quant.); c) NaN3, TBAI, 
DMF, 45 °C, 22 h (77%); d) PPh3, THF, H2O, 0 °C, 24 h (32%). 

3.3. Method Design and Production 

Taking advantage of the surface functionalization methodology developed in chapter 
2, alkene functionalized surfaces were produced by the same route only exchanging 
alkyne spacer 5 for alkene spacer 47 (Figure 28). The intermediate alkene/alkyne 
surfaces were then designed to react with carbohydrate thiols under UV-irradiation. 
Literature reports reaction conditions for both the thiol-ene and thiol-yne reactions to 
commonly involve nonpolar solvents or solvent-free systems, traditional nonpolar 
radical initiators and/or high temperatures171-178, parameters which are highly 
undesirable for the present study since carbohydrates generally display instability at
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Figure 28: Illustration of surface functionalization procedure for the thiol-ene/yne study. The polystyrene 
surfaces were spincoated with a solution of NHS-activated ester 9 and irradiated with UV-light followed 
by amidation with bifunctional spacer 5 or 47 to produce the alkyne/alkene functionalized surfaces. The 
alkyne/alkene surfaces were then differentiated with thiol-functionalized molecules (38, 33, 41, 35 or 48) 
through photoradical click chemistry. 

high temperature and are insoluble in apolar solvents. The reaction conditions were 
thus evaluated in solution prior to performing the surface functionalization using a 
model system of propargyl/allyl alcohol and 2-mercaptoethanol (Figure 29). 
Reactions were performed in aqueous solutions, primarily at room temperature, and 
were found to proceed under UV-irradiation at 254, 300 and 350 nm, although 
optimal at 350 nm which was also deemed the most suitable for the present 
methodology. Further results showed that both reactions proceed well under both 
acidic and basic conditions (from pH 3 to pH 10) and that the thiol-ene reaction is in 
general faster than the thiol-yne reaction. The model reactions could easily be 
monitored by 1H-NMR and the expected mono- and difunctionalized products were 
observed in almost quantitative conversion, as confirmed by ESI-MS. Reactions 
were also performed with or without photo-initiator (water soluble ACVA), 
displaying similar reaction times thereby allowing for initiator-free reaction 
conditions, a clear advantage in the latter surface methodology. Disulfide side 
products were in some cases observed, a feature which however is irrelevant in the 
surface reactions since the disulfides can be washed away. 
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Figure 29: 1H-NMR-spectra of model thiol-ene and thiol-yne reactions in water; a) 2-mercaptoethanol; b) 
allyl alcohol; c) thiol-ene reaction mixture (1:1 ratio) after 30 min UV-irradiation at 350 nm; d) propargyl 
alcohol; e) thiol-yne reaction mixture (1:2.1 alkyne:thiol) after 2 h UV-irradiation at 350 nm. 

Carbohydrate-thiols 33, 35, 38 and 41 were thus coupled to alkene/alkyne surfaces 
by photo-radical reaction in aqueous solutions, producing carbohydrate-presenting 
surfaces in short time. The reaction was performed in a drop of water placed directly 
on top of the QCM crystal substrate under UV-irradiation at 350 nm, and 
subsequently washed with water and methanol to efficiently clean and dry the 
surfaces. Since only small volumes of the solutions were needed, relatively high 
concentrations could be attained with small amounts of the carbohydrates, resulting 
in short reaction times. During the development, it was found that carbohydrate-
thiols 38 and 41 were readily oxidized to disulfides in water-solution at +6 °C; hence 
fresh solutions of all thiol-ligands were prepared just before functionalization. The 
carbohydrate surfaces were then mounted in the QCM flow through instrumentation 
and evaluated by successive injections of lectins with known specificity. Similarly to 
the methodology illustrated in Figure 24, control surfaces were produced by 
performing the photo-radical reaction with 2-mercaptoethanol 48 instead of the 
carbohydrate thiols. 

3.4. Method Evaluation 

The methodology was evaluated using a QCM flow-through instrumentation which 
allowed for successive injections of different proteins/concentrations of proteins and 
subsequent binding analysis to the surface. The carbohydrate thiols in the study were 
based on α-D-mannose and β-D-galactose, primarily due to the common low cross-
selectivity among most lectins to the carbohydrates. Carbohydrates with the thiol in 
the anomeric position as well as carbohydrates containing an ethylene spacer were
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Figure 30: Corrected lectin binding to carbohydrate functionalized surfaces. Negative values are due to 
slightly higher binding to control surfaces. Error bars represent the standard errors of the mean (SEM) of 
triplicate injections of lectin at the same concentration (1 μM for Con A and RCA-I and 2 μM for 
Jacalin). 

designed in order to assess the reactivity in the thiol-ene/yne reactions as well as to 
evaluate the subsequent lectin binding to the surfaces. The lectins Con A, specific 
for α-D-mannosides, and RCA-I, primarily specific for β-D-galactosides, were 
chosen as model lectins for the evaluation of the methodology. Initially, the lectin 
Jacalin, generally reported specific for galactosides, was assessed for the surface 
analysis study. The lectin was however scarcely able to discriminate between the 
mannose- and galactose-surfaces, indicating either unexpected surface composition 
or cross-selectivity of the lectin (Figure 30). Recent studies show however that 
Jacalin also binds mannose-residues and mannosylated glycoproteins as indicated by

 

Figure 31: Illustration of referenced binding curves of triplicate injections of Con A and RCA-I to 
mannose-/galactose-surfaces on a) alkyne-based surfaces and b) alkene-based surfaces. 
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SPR and X-ray crystallography179,180, thus explaining the observed binding behavior.  

The surfaces were primarily subjected to injections of BSA to block potentially 
unreacted/blank surface and thus minimize the non-specific binding of the lectins. 
Regeneration of the carbohydrate surfaces was easily accomplished by a few 
injections of low-pH buffer (pH 1.5). Control surfaces produced using                     
2-mercaptoethanol 48 allowed for evaluation of the non-specific binding of the 
lectins, and could adequately correct for non-specific binding to the corresponding 
carbohydrate surfaces. All surfaces were subjected to multiple injections of both Con 
A and RCA-I at different concentrations, of which 1 µM was found to be optimal, 
and the resulting binding was found to be very stable and reproducible over time 
indicating that the immobilization is robust (Figure 30 and Figure 31). 

The binding study revealed that the lectin binding is in compliance with the known 
specificities of Con A and RCA-I. The quantitative binding was similar for the 
alkyne- and alkene-originated surfaces with internal differences between the types of 
carbohydrate thiols in the study. Generally higher binding was found to surfaces 
produced with thioethyl-linked carbohydrates 38 and 41 compared to surfaces 
produced with 1-thio-carbohydrates 33 and 35 (Figure 30). This effect might arise 
from affinity differences of the lectins towards O-/S-linked carbohydrates and/or that 
the thioethyl-linked carbohydrates connected through longer spacers are more 
available for the surface binding event. It may also be due to differences in 
reactivities between the carbohydrate thiols in the photo-radical reaction. 

Detailed analysis of the binding curves further suggested similar binding behavior of 
the lectins to the alkyne- and alkene-originating surfaces (Figure 31), indicating 
comparable surface composition. Whether a difunctionalized alkyne-originating 
surface would present a different binding pattern compared to a monofunctionalized 
alkene-originating surface is difficult to predict, however the observed similarities 
suggest monofunctionalization in the alkyne-originating surfaces. This issue, 
together with the fact that the thiol-ene reaction generally proceeds faster, makes the 
alkene-based surfaces more appropriate under the present conditions. 
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3.5. Conclusions 

A surface functionalization methodology has been developed in which polymeric 
surfaces functionalized with alkenes and alkynes were subjected to thiol-ene/yne 
photoradical click chemistry using carbohydrate thiols and UV-irradiation. Both 1-
thio-carbohydrates and carbohydrates possessing a short spacer were immobilized in 
pure water and at room temperature using long range UV-irradiation. The reactions 
proved efficient even in the absence of photo-initiator and could be performed in a 
small drop of water directly on the polymeric surface. The method is straightforward 
and makes use of generally inexpensive materials. The photo-radical reaction step 
can further be expanded to standard array printing devices and the subsequent 
photochemical steps allow for spatial control of the immobilized ligands through 
photolithography. The carbohydrate surfaces exhibited considerable binding of the 
lectins with good selectivity in accordance with known lectin specificity. In general, 
the thioethyl-linked carbohydrates showed marginally larger responses towards the 
lectins compared to the 1-thio-carbohydrates, possibly due to dissimilar affinity for 
O/S-linked carbohydrates or variations in carbohydrate surface concentrations in the 
produced surfaces. 
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4. Direct Photo-Immobilization of O- and S-linked 
Glycoconjugates 

(Paper III and V) 

4.1. Introduction 

In this chapter, syntheses of a series of O- and S-linked carbohydrate photo-probes is 
described along with the subsequent lectin binding evaluation, both in solution and 
on surfaces. The carbohydrate photo-probes were designed with a varied spacer 
length between the photo-probe and the carbohydrate head group in order to 
evaluate the effect on protein binding, primarily when immobilized on surfaces in 
biosensors and arrays. Carbohydrate photo-probes with either sulfur or oxygen as 
the glycosidic linkage were synthesized to further study the impact on lectin 
recognition and binding capacity. The carbohydrate photo-probes were synthesized 
by several methodologies and an improved synthetic route was developed in which 
the desired photo-probes were synthesized in a convergent way in very high overall 
yield. The photo-probes were subsequently evaluated both immobilized on 
polymeric surfaces in an SPR imaging instrumentation, and in solution binding 
studies using ITC technology. Both binding studies resulted in similar binding 
between the O- and S-linked glycoconjugates and the corresponding lectins, 
suggesting that the incorporation of sulfur exhibited very limited effects on the 
protein binding capability.  

4.2. Synthesis of Bifunctional Spacers 

The spacer molecules used throughout the study were based on oligoethylene glycol 
(OEG) chains of different length. OEGs have previously been used in a variety of 
biotechnological applications due to their desired properties; water solubility, 
stability and relatively low non-specific binding to proteins and other 
biomacromolecules.181 However, the design of OEGs of defined lengths poses a 
synthetic difficulty since selective functionalization and prolongation of the chain is 
necessary. To circumvent this, bifunctional spacer 49 was synthesized and used in an 
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iterative method to produce monodisperse OEGs consisting of 6 and 9 units 
(Scheme 7). Conveniently, azide spacer 49 was synthesized from the corresponding 
chloride in quantitative yield. From there, tosylation182 and subsequent substitution 
with sodium iodide resulted in triethylene glycol spacer 51 in good yield. The 
synthesis of the corresponding hexaethylene glycol spacer 54 started from the 
commercially available triethylene glycol using double tosylation. The spacer length 
was then doubled as ditosyl compound 52 was reacted with 0.5 equivalents of azide 
spacer 49, giving compound 53 in moderate yield due to formation of the 
difunctionalized side product. Analogous substitution by sodium iodide produced 
hexaethylene glycol spacer 54 in good yield. Nonaethylene glycol spacer 58 was 
synthesized as previously described for hexaethylene glycol spacer 54 in similar 
yields, however starting from the commercially available hexaethylene glycol 55. 

 

Scheme 7: a) NaN3, DMF, 90 °C, overnight (quant.); b) TsCl, TEA, DMAP, THF, 0 °C-rt, 12 h (78%); c) 
NaI, DMF, 50 °C, 5 h (82%); d) TsCl, TEA, DMAP, THF, 0 °C-rt, overnight (81%); e) 49, NaH, DMF, 
1.5 h (59%); f) NaI, DMF, 50 °C, 5 h (81%); g) TsCl, TEA, DMAP, DCM, 0 °C-rt, 2 h (84%); h) 49, 
NaH, DMF, 3 h (63%); i) NaI, acetone, reflux, 1 h (86%). 

4.3. Synthesis of Carbohydrate Photo-probes 

The carbohydrate photo-probes were designed based on previous studies where 
PFPA-based probes were shown to efficiently produce carbohydrate-presenting 
surfaces which effectively bind proteins with good capacity and expected 
selectivity.39,59 The validated methodology would thus enable focusing on linker-
length  variation and glycosidic bond element effect on protein binding. In the 
preceding synthesis, the photo-probes were synthesized by reacting peracetylated 
monosaccharides with chloro-linker 42 under Lewis acid catalysis, followed by 
azide substitution in DMF (Scheme 8). For the disaccharide lactose, it was found 
more efficient to first activate the anomeric position by bromination and
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Scheme 8: a) 42, BF3·Et2O, DCM, 0 °C-rt, 22 h (60a, 52%; 60b, 36%; 60c, 48%); b) NaN3, DMF, 90 °C, 
20 h (61a, 92%; 61b, 86%; 61c, 90%); c) HBr in AcOH, DCM, 0 °C-rt, 3 h (93%); d) 49, AgOTf, DCM,  
-30 °C, 2h (54%); 

subsequently couple the disaccharide to azido-linker 49. The azides were 
subsequently reduced by palladium-catalyzed hydrogenation giving amines which 
were coupled to PFPA acid 8 using EDC/TEA to give the acetyl-protected photo-
probes 65a-d (Scheme 9). Subsequent deprotection gave photo-probes 66a-d. 
Although the stereochemistry can be efficiently controlled using neighboring group 
participation by the 2-O-acetyl group, the overall yield was however low. To address 
this, a synthetic route was designed in which the peracetylated carbohydrate-azide 
was deprotected prior to amide coupling (Scheme 10). This allowed the azide-
reduction to complete without formation of any side products in generally

 

Scheme 9: a) i: H2, Pd/C, MeOH, 4 h, ii: 8, EDC, TEA, DCM, 0 °C-rt, 22 h (65a, 35%; 65b, 28%; 65c, 
44%; 65d, 40%); b) NaOMe, MeOH, 1-3 h (66a, 63%; 66b, 64%; 66c, 39%; 66d, 68%). 
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Scheme 10: a) 49, BF3·Et2O, DCM, 0 °C-rt, 24 h (60%); b) NaOMe, MeOH, 1 h (quant.); c) H2, Pd/C, 
MeOH, 1 h (quant.); d) 9, DMF, dark, 2.5 h (60%). 

quantitative yields. The amide-coupling was further improved by exchanging PFPA 
acid 8 for NHS-activated ester 9 thus avoiding the need for additional reagents 
(EDC/TEA) and at the same time increasing the yield. 

The work on the improved synthesis of the O-linked carbohydrate photo-probe 29, 
in particular the protection-glycosylation-deprotection route and its effect on the 
overall reactivity and yield, prompted further investigation in this area. As 
glycosylation using unprotected carbohydrates have been shown to reduce synthetic 
steps and sometimes enhance reactivity183, the synthesis of the S-linked carbohydrate 
photo-probes was focused on the use of unprotected carbohydrate thiols. The less 
basic and more nucleophilic properties of sulfur compared to those of oxygen have 
further led to an increased use of carbohydrate thiols in the synthesis of various 
thioglycoconjugates.143,146,148,184-186 In addition to 1-thio-α-D-mannose sodium salt 33 
(described in chapter 3) and 1-thio-β-D-glucose sodium salt 81 (commercially 
available), 1-thio-β-D-lactose sodium salt 74 was synthesized by a simple protection-
substitution-deprotection route starting from commercially available lactose 
(Scheme 11).90 Iodine-catalyzed peracetylation quickly yielded the protected lactose

 

Scheme 11: a) I2, Ac2O, 0 °C-rt, 1 h (quant.); b) HBr in AcOH, DCM, 0 °C-rt, 3 h (93%); c) KSAc, 
DMF, 45 °C, 17 h (60%); d) NaOMe, MeOH, 1 h (quant.). 
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in quantitative yield, and subsequent activation of the anomeric position using 
hydrobromic acid produced peracetylated α-bromo-D-lactose 72 in 93% yield. 
Substitution by thioacetic acid under BF3-catalysis gave anomerically pure lactose 
derivative 73 through neighboring group participation by the 2-O-acetyl group. 
Zemplén deacetylation finally produced 1-thio-β-D-lactose sodium salt 74 in an 
overall yield of 56%. 

The following glycosylation route was based on selective nucleophilic attack of the 
thiolate on a linker-molecule with a suitable leaving group. Initially, tosylate spacer 
50 was reacted with mannose thiolate 33 in methanol at room temperature. The yield 
was however low and the product was formed as an α/β-mixture. Varying the 
temperature from 0 to 60 °C could not prevent the formation of the α/β-mixture.     
1-Thio-carbohydrates have commonly been considered more stable towards 
anomerization compared to their oxygen analogues187, in part due to the limited 
orbital overlap of sulfur with the non-bonding orbital of the ring-oxygen, efficiently 
preventing the ring-opening and subsequent mutarotation. However, recent studies 
have shown that anomerization of 1-thio-carbohydrates frequently occurs and is a 
highly pH-dependent process.188 A series of different polar aprotic solvents were 
thus screened to circumvent the anomerization, including DMSO, DMF and DMPU. 
Acetonitrile was initially considered but discarded due to low solubility of mannose 
thiolate 33. DMSO efficiently and selectively produced the α-product in 8 h at room 
temperature. Increasing the temperature (50 to 100 °C) reduced the time down to     
5 min, still producing only the α-anomer. However, the high boiling point of DMSO 
made it a less ideal solvent. DMF, on the other hand produced an α/β-mixture at all 
tested temperatures (20 to 100 °C) with the highest α/β-ratio at 50 °C (α/β: 11/1). 
DMPU was considered since it has been reported as a good substitution for the toxic 
HMPA with ideal solvent properties for SN2-type reactions.189 It was however 
unsuitable for the tested reaction and only side reactions, mainly disulfide formation, 
were observed in the evaluated temperature range (0 to 50 °C). 

DMF was chosen for continued evaluation and efforts were made to further enhance 
the α/β-ratio. Since the anomerization of 1-thio-carbohydrates is generally 
disfavored under basic conditions188, TEA was used to increase the pH in the 
reaction mixture. Using large amounts (50 eq.) of TEA at the optimized conditions 
produced only the α-anomer, however at low rates. Increasing the temperature to 
reduce the reaction time again led to the formation of an α/β-mixture. It has further 
been proposed that anomerization of thio-ether linked carbohydrates may occur 
under Lewis acidic conditions.190 Applied to the current reaction, it would imply that 
the α/β-mixture results from a stepwise ring-opening/-closing mechanism of the 
product rather than mutarotation of the parent carbohydrate thiol. Stability tests were 
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performed in which the purified product 76 was left with either Lewis acid or excess 
sodium tosylate (main side product from the reaction) for days at the optimized 
reaction conditions. No anomerization was observed, suggesting that the products 
are stable and that the anomerization is likely due to mutarotation of the starting 
material. The reaction was further optimized by exchanging the leaving group of the 
electrophile from the rather bulky tosyl moiety to a smaller iodo group. The aim was 
to increase the reaction rate of the SN2-reaction thus further increasing the α/β-ratio. 
When iodide spacer 51 was reacted with mannose thiolate 33 at 50 °C in DMF, the 
reaction reached completion within 1 h compared to 3 h with the corresponding 
tosylate spacer 50, and only α-product was produced with an isolated yield of 87% 
(Scheme 12). Conversely, evaluating the reaction between glucose thiolate 81 and 
either of the spacers at the same conditions, revealed much higher reactivity and 

 

 

Scheme 12: a) DMF, 50 °C, 1 h (75, 87%; 76, 84%; 77, 84%); b) H2, Pd/C, MeOH, 1-2 h (quant.); c) 81 
+ 50 DMF 50 °C, 1.5 h (82, 98%), 74 + 51, DMF 50 °C, 1 h (83, 82%); d) 9, DMF, dark, 2-2.5 h (86, 
78%; 87, 81%; 88, 82%; 89, 86%; 90, 77%). 
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close to complete conversion to the desired β-product (98% yield). This effect might 
be due to 1-thio-α-mannose being more prone to mutarotate188 and/or the equatorial 
thiol in 1-thio-β-glucose being more nucleophilic (cf. with natural 1-hydroxy-
carbohydrates)191,192. 

Five different S-linked carbohydrate photo-probes were thus synthesized by the 
developed route, starting from three unprotected 1-thio-carbohydrates. The 
carbohydrate thiolates were reacted with iodide/tosylate spacers of different lengths 
in DMF at 50 °C. Interestingly, the yields remains unchanged when increasing the 
spacer length, contrary to the Lewis acid catalyzed coupling of spacers to 
peracetylated carbohydrates where the yield steadily decreases with increased spacer 
length. The carbohydrate azides were then reduced under catalytic hydrogenation 
and subsequently coupled to NHS-activated ester 9 producing carbohydrate photo-
probes 86-90 in overall yields ranging between 63% and 84%. 

4.4. Carbohydrate Array Production and Lectin Binding Analysis 

Polymeric surfaces were produced from gold-coated silicon wafers in a two-step 
methodology using PFPA-disulfide 13 as described in Figure 24. Several polymeric 
materials were evaluated, PEOX (500 kDa), PEG (20 kDa) and PEO (200 kDa), of 
which PEOX was chosen for further studies as it produced the most stable and 
reproducible surfaces for the specific instrumentation. Aqueous solutions of 
carbohydrate photo-probes were then printed on the polymeric surfaces in a 6 × 6 
array pattern and subsequently irradiated with UV-light to covalently link the probes 
to the surface (Figure 32). Mannose photo-probe 66a was initially used to optimize 
the printing concentration for the following lectin binding analyses with Con A. 
Hence, arrays were produced where the carbohydrate photo-probe concentration was 
varied between 0.1 µM and 100 mM, and subsequently in more detail, between

 

 

Figure 32: Illustration of carbohydrate array production on PEOX-coated SPR chips using O-linked 
mannose photo-probes 66a and 18, S-linked mannose photo-probes 86-88 and O-linked galactose photo-
probe 66b. 
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Figure 33: Illustration of SPRi responses of Con A to carbohydrate-functionalized surfaces produced 
with mannose photo-probe 66a, printed at various concentrations. Each data point is the average of two 
binding measurements and the error bars represent the standard errors of the mean (SEM). 

2 mM and 20 mM (Figure 33). A concentration of 10 mM was found to be sufficient 
for the methodology, providing satisfactory lectin binding with relatively low 
amounts of carbohydrate photo-probes used. 

Following the optimization, an array with a selection of carbohydrate photo-probes 
were printed on the polymeric surface and immobilized by UV-light (Figure 34). 
The carbohydrate array was designed with mannose photo-probes 66a and 86 (only 
differing in glycosidic linkages), 87 and 88 (with increased spacer length), and 18 
(containing a triazol-moiety). Galactose photo-probe 66b was used for production of 
control surfaces to validate the methodology. The aim of the study was to evaluate 
the effect of exchanging the glycosidic oxygen for sulfur on protein binding, as well 
as to study the linker length effect on the capacity of the carbohydrate arrays. Prior 
to interrogation with Con A, the surface was treated with a solution of BSA to block, 

 

Figure 34: Illustration of: a) carbohydrate array design; b) CCD SPRi image of the printed array 
interrogated with 10 mM of Con A. 
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Figure 35: Illustration of SPRi binding curves to carbohydrate-functionalized surfaces. a) Each binding 
curve is the average response of six replicates with injections of Con A (•) pure PBS buffer (○) and 
surface regeneration by 8 M urea in water (×); b) Illustration of corrected binding curves after subtraction 
of the binding curve to non-functionalized PEOX-surface. 

non-functionalized parts of the surface. To further suppress non-specific binding 
0.1% Tween 20 was included in the buffer throughout the whole experiment. All the 
mannose-functionalized surfaces exhibited clear binding of the lectin Con A,whereas 
the galactose-functionalized surfaces displayed no binding, in compliance with the 
known specificity of Con A (Figure 35).193,194 All binding curves were subtracted 
with the binding to non-functionalized PEOX-surface to correct for buffer-effect, 
resulting in highly reproducible binding (Figure 35 and Figure 36a). 

From the results in Figure 36a, it can be concluded that Con A binds with similar 
capacity to surfaces produced with O-linked (66a) and S-linked (86) mannose

 

Figure 36: a) SPRi responses of the lectin Con A towards carbohydrate-functionalized array surfaces. 
Each data point is the average of six binding measurements and the error bars represent the standard 
errors of the mean (SEM); b) Graph illustrating the relationship between linker length and SPRi 
responses. The energy of the carbohydrate photo-probes were minimized in Chem3D Pro v.12.0.2.1076 
by applying an MM2 force field, followed by distance measurement between the anomeric carbon and the 
amide-nitrogen. 
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photo-probes indicating that the S-glycosidic linkage imposes little, if any, 
restriction on the lectin recognition. Comparison of the S-linked mannose photo-
probes 86, 87 and 88 shows that increased linker length, from three to six to nine 
ethylene glycol units, reduces the lectin binding. Previous studies with carbohydrate 
photo-probes show that oligoethylene glycol linkers shorter than three units produce 
surfaces which display lower lectin binding59, concluding that three ethylene glycol 
units are ideal for this type of photo-probes. The fact that increasing the linker length 
decreases the lectin binding capacity can be explained by the increased potential 
crosslinking in the photoligation step, as well as increased possibility of 
entanglement and entropic penalties in the subsequent lectin binding event, with 
larger molecules. 

Mannose photo-probe 18 was further included in the study to evaluate the effect of 
the triazol-moiety on the lectin binding capacity. The results show slightly higher 
binding compared to the hexaethylene glycol linked photo-probe 87, an effect that 
might be due to lectin preference for O-linked mannose and/or decreased 
crosslinking/entanglement during the photoligation step. Mannose photo-probe 18 is 
furthermore slightly shorter than photo-probe 87 and a detailed analysis of the 
relationship between linker length and SPRi response clearly indicates an 
exponential decay. This suggests that the lectin binding capacity is determined 
primarily by the linker length (Figure 36b). 

4.5. ITC Binding Analysis 

To further study the thermodynamic binding parameters and to validate the findings 
in the SPR study, O- and S-linked carbohydrate photo-probes were subjected to 
solution based lectin binding analysis using ITC with selected lectins. PBS buffer at 
pH 7.4 containing 1 mM of Mn2+/Ca2+ was used to prepare all the lectin and 
carbohydrate solutions. Mannose photo-probes 66a and 86 were chosen for the study 
and subsequently titrated against Con A resulting in titration curves presented in 
Figure 37. Lactose photo-probes 66d and 90 were chosen as well and titrated against 
PNA (Figure 38). The lectins exhibited similar binding to both the O- and S-linked 
carbohydrate photo-probes, with only slightly lower affinity of Con A towards the S-
linked mannose photo-probe 55 (Table 3). Comparison with previously reported 
binding affinity values of methyl-α-D-mannose towards Con A (7.0 × 103 M-1)195 
shows that both photo-probes exhibit similar binding. The binding affinity of the 
lactose photo-probes towards PNA were very similar and in good agreement with 
previously reported data (1.99 × 103 M-1)196 for lactose. 
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Figure 37: Calorimetric titration of Con A (80 μM) with a) O-linked mannose photo-probe 66a and b)   
S-linked mannose photo-probe 86 (both 5 mM) at 25 °C. Raw data was obtained from 20 automatic 
injections of 2 μL each. The integrated curves show experimental points (■) and the best fit (-). 

 

Figure 38: Calorimetric titration of PNA (10.6 µM) with a) O-linked lactose photo-probe 66d and b)     
S-linked lactose photo-probe 90 (both 1 mM) at 25 °C. Raw data was obtained from 20 automatic 
injections of 2 μL each. The integrated curves show experimental points (■) and the best fit (-). 
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Table 3: Results from ITC binding study using carbohydrate photo-probes 66a, 86, 66d and 90, and the 
lectins Con A and PNA at 25 °C. 

photo-probe lectin Ka  

M-1 × 10-3 

-ΔG -ΔH -TΔS 

kcal × mol-1 

66a (mannose, O-linked) Con Aa 4.06 ± 0.65 4.9 ± 0.4 12.8 ± 1.1 7.9 ± 0.9 

86 (mannose, S-linked) Con Aa 6.50 ± 1.04 5.2 ± 0.7 13.5 ± 1.0 8.3 ± 1.3 

66d (lactose, O-linked) PNAb 1.82 ± 0.17 4.3 ± 0.8 27.2 ± 2.1 22.8 ± 2.1 

90 (lactose, S-linked) PNAb 1.85 ± 0.22 4.4 ± 1.2 19.0 ± 1.8 14.5 ± 2.5 

aAverage of six experiments. bAverage of three experiments. 

The slightly lower binding affinities recorded for Con A to photo-probe 86 (S-
linked) compared to photo-probe 66a (O-linked) verifies the results from the SPR 
study in which slightly lower binding capacities were recorded towards surfaces 
produced by S-linked mannose photo-probe 86. Yet the affinity is similar, and in the 
case of PNA-lactose almost identical, which demonstrates that both O- and S-linked 
carbohydrate photo-probes can be employed in protein binding studies, both in 
solution and on surfaces. 

  



59 

4.6. Conclusions 

The synthesis of a range of O- and S-linked mono- and disaccharide photo-probes 
has been performed, including the improvement of the previous synthetic route of O-
linked photo-probes, as well as the design of a new synthetic route for S-linked 
photo-probes. Anomerization during the S-glycosylation step was discovered and 
deemed to be a result of mutarotation of the starting material thiosaccharides. 
Optimization resolved the problem and a synthetic route was developed which 
allowed for complete stereocontrol and high overall yields of 63-84%. 

The carbohydrate photo-probes were used to create carbohydrate arrays in an SPRi 
instrumentation and interrogated with lectins. The results indicate only limited 
changes in binding capacity between O- and S-linked carbohydrate photo-probes. 
Carbohydrate arrays produced with photo-probes with different linker length shows 
decreased lectin binding capacity with increased linker length, possibly due to 
increased crosslinking or entanglement of the photo-probes, resulting in less 
amounts of available carbohydrate headgroups on the surface. ITC binding analyses 
of O- and S-linked mannose and lactose photo-probes with Con A and PNA, 
respectively, confirms the results from the SPR study, showing slightly lower 
binding affinity of S-linked mannose towards Con A, as well as almost identical 
binding affinity of O/S-linked lactose towards PNA. In conclusion, photogenerated 
carbohydrate arrays with good selectivities and sensitivities have been produced on 
SPRi sensors. Results show that the methodology can be used to distinguish small 
variations in carbohydrate structures allowing for qualitative studies of protein-
carbohydrate interactions.  
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5. Lectin Binding Affinity towards O- and S-
linked Disaccharides 

(Paper VI) 

5.1. Introduction 

This chapter describes the synthetic development towards O- and S-linked 
dimannosides for the study of the role of sulfur in glycosidic linkages and its impact 
on protein binding. A glycosylation method was developed in which a sulfhydryl 
glycosyl acceptor was coupled to a 1-acetyl-glycosyl donor under Lewis acid 
catalysis. Final debenzylation of the S-linked dimannoside was accomplished 
through Birch reduction in high yield. The protein recognition properties of the 
synthesized dimannosides were then evaluated in a competition binding assay using 
the model lectin Con A. Mannose-presenting surfaces were produced according to 
the CuAAC photo-click immobilization method and the subsequent binding study 
was performed in an automated QCM flow through instrumentation. The recorded 
EC50-values were then correlated to previously reported binding affinities for the    
O-linked dimannosides. 

5.2. Design of Target Carbohydrates 

Two sets of disaccharides were chosen for the study based on previous binding 
affinity studies towards the target lectin Con A.197 α1-6-Linked dimannoside 91 has 
been shown to bind with relatively low affinity (similar to the affinity of methyl-α-D-
mannose) whereas the corresponding α1-2-linked dimannoside 92 displayed a       
17-fold increase in affinity (Figure 39). Consequently, binding affinity analysis of 
the target disaccharides would illustrate the effect of sulfur in glycosidic linkages, 
both in high and low affinity binding events. 
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Figure 39: Illustration of target O- and S-linked disaccharides 91-94. 

5.3. Synthesis and Synthetic Design 

The synthetic routes towards the target disaccharides were designed based on 
glycosylation of selectively protected glycosyl acceptors with thioglycosyl 
donors.198 Although glycosylations have been known for more than a century199, the 
field only started expanding in the 1980’s, with the development of numerous 
glycosyl donors and activation methods.200,201 Thioglycosyl donors were primarily 
chosen for the study based on their reported versatility in synthetic transformations 
and relatively mild reaction conditions needed for activation.202 Glycosyl acceptors 
with one free hydroxyl or sulfhydryl group were thus designed to react with fully 
protected thioglycosyl donors under NIS-mediated TfOH-catalyzed conditions, to 
produce the corresponding fully protected disaccharides. Although glycosylation 
with sulfhydryl acceptors and thioglycosyl donors may potentially fail due to cross-
selectivity between the sulfur in the sulfhydryl group and the thioether, no reports 
thereof could be found. A glycosyl donor possessing an anomeric acetyl group was 
additionally designed, as an alternative in the S-linked disaccharide synthesis. 

5.3.1. Synthesis of Glycosyl Acceptors 

The synthesis of selectively protected glycosyl acceptors 99 and 102 originated from 
commercially available methyl-α-D-mannose 95, and was carried out in a 
straightforward four/six steps route (Scheme 13). Primarily, methyl-α-D-mannose 95 
was fully protected with benzylidene groups using benzaldehyde dimethyl acetal in 
the presence of catalytic amounts of molecular iodine, according to a procedure by 
Panchadhayee et al.203 The use of iodine is an attractive alternative to the commonly 
used hazardous and moisture sensitive Lewis acid catalysts, and the product was 
obtained after 3 h with a yield of 92%. The 2,3-O-benzylidene acetal was then 
selectively opened using DIBAL-H in hexane, leaving the more stable six-
membered cyclic 4,6-O-acetal intact and producing a mixture of isomers 97a and 
97b.204 The main product was isomer 97b with the benzyl ether in axial position, 
although both isomers were used in the subsequent benzylation step producing fully 
protected mannoside 98 in 92% yield over two steps. Reductive opening of the
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Scheme 13: a) Benzaldehyde dimethyl acetal, I2, MeCN, rt, 3 h (92%); b) DIBAL-H (hexane), DCM, 
0 °C, 2 h (97a + 97b: 93%); c) BnBr, NaH, DMF, 0 °C-rt, 2.5 h (99%); d) BH3·THF, Cu(OTf)2, THF, rt, 
2 h (87%); e) pyridine, MS 4 Å, TsCl, rt, 4 h (98%); f) KSAc, DMF, 60 °C, 4 h (92%); g) NaOMe, 
MeOH, rt, 5-10 min, (76%). 

4,6-O-benzylidene acetal was then achieved under Cu(OTf)2-catalysis, successfully 
leaving the primary hydroxyl group unprotected, and producing hydroxyl glycosyl 
acceptor 99 with a yield of 87%.205 

Sulfhydryl glycosyl acceptor 102 was then produced through a protection-
substitution-deprotection route from glycosyl acceptor 99. Initially, triflic anhydride 
was evaluated for the leaving group transformation, but discarded due to stability 
issues of the triflate product. TsCl was therefore employed under a series of reaction 
conditions, e.g., pyridine or potassium hydroxide as base with or without DCM as 
solvent. Surprisingly, the reaction was very slow and low-yielding. Only drying the 
reaction mixture with molecular sieves prior to addition of TsCl solved the issue 
giving mannoside tosylate 100 in 98% yield. Subsequently, the tosylate was replaced 
by thioacetate in an SN2-reaction using potassium thioacetate in DMF, giving 
mannoside 101 in 92% yield. Finally, deacetylation produced sulfhydryl glycosyl 
acceptor 102 in 76% yield. During the initial attempts, two products were observed 
early during the progress of the reaction, and the products were later identified as the 
desired product and the corresponding disulfide. Results showed that time was the 
principal factor and reducing the time to 5-10 min sufficiently prevented the 
formation of the disulfide. 

The synthesis towards the remaining glycosyl acceptors started from methyl-α-D-
glucose 103 and is based on the key intermediate triflate 106 (Scheme 14). Full 
protection using trimethyl silyl chloride efficiently produced protected glucose 
derivative 104 in quantitative yield. Then, a one-pot two-step deprotection/ 
protection reaction readily gave glucoside 105 selectively deprotected in                 
2-O-position.206 A 4,6-benzylidene acetal is first formed using benzaldehyde and 
Lewis acid TMSOTf, followed by a reductive etherification using benzaldehyde and
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Scheme 14: a) TMSCl, DIPEA, DCM, 0 °C, 25 h (quant.); b) i: PhCHO, TMSOTf, -78 °C, 2 h, ii: 
PhCHO, Et3SiH, -78 °C, 3 h (94%); c) pyridine, Tf2O, DCM, -15 °C, 2.5 h (99%); d) TBANO2, toluene, 
70 °C, 24 h (70%); e) KSAc, DMF, 40 °C, 16 h (89%); f) NaOMe, MeOH, rt, 5-10 min (77%); g) I2, 
MeOH, rt, 19 h (95%); h) BnBr, NaH, (DMF), 0 to 80 °C, 5 min to 4 h. 

triethylsilane. Interestingly, in the publication by Wang et al.206 the final reaction 
mixture was treated with TBAF in order to cleave off the final trimethyl silyl 
protecting-group in the 2-O-position. However, this operation was deemed 
unnecessary in the present case since the deprotected glucoside 105 was already 
observed. A subsequent triflation of the hydroxyl-group in the C2-position and 
nitrite/thioacetate inversion would then provide the correct mannose-configuration.  

Triflation was easily performed using triflic anhydride in pyridine, producing triflate 
106 in 99% yield without the need for column purification. Inversion was then 
performed either with TBANO2 producing hydroxyl glycosyl acceptor 107 in 70% 
yield, or with TBASAc/KSAc producing mannoside 108 in 89% yield, according to 
a modified procedure by Pei et al.207 Higher yields were generally obtained with 
KSAc in DMF compared to TBASAc in toluene, likely because of the feasible lower 
reaction temperature (40 °C instead of 70 °C) and less demanding purification. 
Thioacetate 108 was then either treated with sodium methoxide in methanol to give 
sulfhydryl glycosyl acceptor 109 in 77% yield, or subjected to iodine in methanol to 
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remove the 4,6-benzylidene acetal, producing partially protected mannose 110 in 
45% yield, by a modified procedure of Szarek et al.208 Although TLC-analysis of the 
reaction mixture showed complete conversion to correct product, substantial 
amounts of starting material was recovered after purification indicating that the    
4,6-benzylidine acetal was reformed during work up or concentration. Direct loading 
of the reaction mixture to a silica column efficiently prevented reformation of the 
acetal and increased the yield to 95%. Subsequent benzylation of mannose 110 with 
sodium hydride and benzyl bromide did not however yield the fully protected 
mannoside 111. Instead, various thiobenzyl-protected mannosides were formed    
(113-116), probably due to initial transesterification of the labile thioacetate. 
Optimization of the benzylation reaction either by using a weaker base e.g., TEA or 
potassium hydroxide, or to run the reaction in neat benzyl bromide proved 
unsuccessful. Efforts were made to selectively cleave the thiobenzyl-ether in 
mannoside 113 using a range of reagents.  

Model reactions using benzylated 2-mercaptoethanol 117 together with DIBAL-H209 
were evaluated, however resulting in sulfoxide 118, as determined by NMR- and 
ESI-MS-analysis (Scheme 15). Reacting compound 117 with aluminum chloride210 
on the other hand resulted in the opposite selectivity giving deprotected alcohol 119. 
LAH, known not to deprotect normal benzyl ethers, was also evaluated, however 
with no observed product formation even at prolonged reaction times. Oxidative 
radical cleavage using NBS was furthermore evaluated. At room temperature or 
lower, sulfoxide 118 was formed in almost quantitative yield, however at 60 °C, 
disulfide 120 was produced almost immediately. Disulfide 120 could then easily be 
reduced to the desired thiol 121 using Cleland’s reagent (DTT).211 Applying the 
developed deprotection route to mannoside 113 was however unsuccessful and 
various amounts of the corresponding sulfoxide product were observed. Increasing 
the temperature from -25 to 80 °C only increased the number and amount of side 
products. 

  

Scheme 15: a) DIBAL-H (hexane/THF), hexane/THF, -78 to 50 °C, 15 min; b) AlCl3, toluene, rt, 1.5 h; 
c) LAH, THF, -78 °C to rt, 24 h; d) NBS, dry MeCN, 60 °C, <5 min; e) DTT, TEA, DCM, rt, 16 h 
(quant.). 
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5.3.2. Synthesis of Glycosyl Donors 

Peracetylated and perbenzylated glycosyl donors 122 and 124 were initially 
envisioned for the glycosylation reactions, primarily for their facile synthesis 
(Scheme 16). Lewis acid catalyzed coupling of ethanethiol gave glycosyl donor 122 
in moderate yield. Zemplén deprotection and perbenzylation then produced glycosyl 
donor 124 in 40% yield over two steps. As reported for several types of glycosyl 
donors, the electronic properties of the neighboring protecting groups significantly 
affect the reactivity of the activatable species, in this case the thioethyl-moiety.212-216 
For this reason, “superarmed” glycosyl donor 129 was synthesized in a facile five 
steps route through key intermediate 128. 

Orthoester 128 was synthesized according to Beignet et al.217 starting from 
peracetylated D-mannose 20 (Scheme 17). Bromination using HBr in acetic acid 
converted the α/β-mixture into the activated α-anomer in 98% yield. Differentiation 
of the protecting group in 2-O-position was then achieved by forming orthoester 126 
using the sterically hindered base 2,6-lutidine in a mixture of chloroform and 
methanol. The remaining acetyl-protecting groups were then cleaved under basic 
conditions giving triol 127. Perbenzylation finally gave key intermediate 128 in 75% 
yield over two steps. Orthoester 128 could easily be produced in large quantities, in 
an overall yield of 45%. Lewis acid promoted ring-opening then produced glycosyl 
donor 129 in 68% yield. The reaction was found to be highly sensitive to moisture 
and the hydrolysis product, as well as the 1-methoxy-side product, were always 
observed in various quantities. 

In addition to the 1-thioethyl glycosyl donors 122, 124 and 129, 1-acetyl-glycosyl 
donor 131 was synthesized from key intermediate 128 in a two-step deprotection-
protection reaction according to Ponpipom.218 Orthoester 128 was thus hydrolyzed 
in aqueous acetic acid and acetylated using acetic anhydride, giving glycosyl donor 
131 in 77% yield over two steps. 

 

Scheme 16: a) EtSH, BF3·Et2O, DCM, 0 °C-rt, 24 h (51%); b) NaOMe, MeOH, rt, 3 h (quant.); c) BnBr, 
NaH, DMF, 0 °C-rt, 4 h (40%). 
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Scheme 17: a) HBr in AcOH, DCM, 0 °C-rt, 12 h (98%); b) 2,6-lutidine, rt, MeOH:CHCl3 (1:1), 24 h 
(65%); c) K2CO3, MeOH, rt, 2 h; d) BnBr, NaH, DMF, 0 °C-rt, 4 h (75%); e) EtSH, HgBr2, MeCN, 
60 °C, 24 h (68%); f) AcOH:H2O (1:2), 100 °C, 4 h; g) Ac2O, pyridine, DMAP, rt, 1 h (77% over two 
steps). 

5.3.3. Glycosylation 

Hydroxyl glycosyl acceptor 99 was initially allowed to react with peracetylated 
mannosyl donor 122 under iodonium promotion, as described by Veeneman et al.198 
(Scheme 18). Therein, it is reported that glycosylation with β-galactose analog of 
mannosyl donor 122 (OBz instead of OAc) is completed quickly and selectively 
forming only the β-product in up to 98% yield, whereas the same reaction with the 
β-glucose analog of the mannosyl donor 124 results in a mixture of α/β-anomers. 
Surprisingly, in the present case (Scheme 18), no reaction could be observed using 
peracetylated mannosyl donor 122, presumably due to the acetyl protecting groups 
being too deactivating. On the other hand, glycosylation with perbenzylated 
mannosyl donor 124 quickly formed a complex mixture. However, ESI-MS and    
1H-NMR analysis confirmed the formation of disaccharide although as an anomeric 
mixture. 

 

Scheme 18: Glycosylation using peracetylated glycosyl donor 122 or perbenzylated glycosyl donor 124 
together with hydroxyl glycosyl acceptor 99. Conditions: NIS, TfOH, DCM, MS 4 Å, -15 °C, 5 min to     
1 h. 
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Scheme 19: a) 129, NIS, TfOH, DCM, MS 4 Å, -15 °C, 15 min (132, 80%, 133, 39%); b) i: NaOMe, 
MeOH, rt, 6-24 h, ii: H2, Pd/C, AcOH, MeOH, 24-72 h (91, 77%, 92, 85%). 

Glycosyl donor 129 was then employed under the same reaction conditions with 
glycosyl acceptor 99 and 107, successfully giving α1-6- and α1-2-linked 
disaccharide 132 and 133 (Scheme 19). The combination of activation by the far less 
electron withdrawing benzyl groups and the directing acetyl group efficiently 
produces the α-product in short time. Deprotection was performed in a two-step    
one-pot reaction, starting with deacetylation using sodium methoxide in methanol. 
After completion of the starting material, as determined by TLC, acetic acid was 
added to quench the base followed by Pd/C, and the reaction mixture was then 
stirred under hydrogen atmosphere, achieving unprotected disaccharide 91 and 92 
with a yield of 77% and 85% respectively. 

For the sulfhydryl acceptors, the reactions were more troublesome. Reaction under 
the same conditions with glycosyl acceptor 102 and glycosyl donor 129 yielded no 
disaccharide but instead a complex mixture (Scheme 20). Attempts were made to

 

Scheme 20: a) NIS, TfOH, DCM, MS 4 Å, -15 °C to rt, 1 h; b) HgBr2, MeCN, 60 °C, 24 h;  c) BF3·Et2O, 
DCM, MS 3 Å, 0 °C-rt, 13 h (61%). 
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Scheme 21: a) BF3·Et2O, DCM, MS 3 Å, 0 °C-rt. 

pre-activate glycosyl donor 129 by mixing it with NIS and triflic acid prior to 
addition of the glycosyl acceptor, but unfortunately it resulted in the same product 
mixture. Glycosyl acceptor 102 was then reacted with orthoester 128 and HgBr2, 
since the same reaction worked well for the addition of ethanethiol forming glycosyl 
donor 129 (Scheme 17). Unfortunately, even after 24 h, no disaccharide was formed 
and only disulfide 134 as well as orthoester hydrolysis product 135 could be 
observed. Glycosyl donor 131 was subsequently evaluated according to a modified 
procedure by Abronina et al.219 Using the strong Lewis acid BF3·Et2O, the desired   
S-linked disaccharide 136 was produced in 61% yield. The synthesis of the                
α1-2-S-linked disaccharide was therefore evaluated by the same route using glycosyl 
donor 131 and glycosyl acceptor 109 under BF3-catalysis (Scheme 21). 
Unfortunately, no disaccharide was formed although both starting materials were 
quickly consumed. Side product 1-methoxy mannoside 137 was identified together 
with a highly polar carbohydrate and benzaldehyde, indicating that the 4,6-
benzylidene acetal in glycosyl acceptor 109 had been cleaved. Varying the 
temperature in the reaction could not achieve better selectivity, and replacement of 
the 4,6-benzylidene acetal by the more robust benzyl protecting groups was 
considered (glycosyl acceptor 112). 

Deprotection of S-linked disaccharide 136 was initially evaluated production using 
FeCl3. Although TLC analysis confirmed the production of a more polar 
carbohydrate species, the method was disregarded due to troublesome purification. 
Deprotection using the same procedure as for the O-linked disaccharides 132 and 
133 initially looked promising, although in the end resulted in monosaccharide 
species, indicating that the glycosidic linkage is too labile under the present 
conditions. Finally, deprotection was successfully achieved using Birch reduction 
and an acetylation-deacetylation protocol according to Cumpstey et al. (Scheme 
22).220 Fully protected disaccharide 136 was subjected to liquid ammonia containing 
dissolved lithium for 2 min before quenching with ammonium chloride. To simplify 
purification, the resulting salt mixture was subjected to acetic anhydride and 
pyridine overnight, giving fully protected disaccharide 138 in 85% yield. 
Subsequent deacetylation using lithium in methanol gave the desired S-linked 
disaccharide 93 in 94% yield. 
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Scheme 22: a) i: Li, NH3 (l), THF, -78 °C, 2 min, ii: pyridine, Ac2O 17 h (85%); b) Li, MeOH, 2.5 h 
(94%). 

5.4. Binding Affinity Study 

The relative binding affinities of the synthesized mannosides towards the target 
lectin Con A were determined by competition assays using a QCM flow through 
instrumentation and mannose-functionalized sensor chips, produced by the       
Photo-Click methodology presented in chapter 2 (method C in Figure 20). The 
mannose-functionalized surfaces were subjected to injections containing Con A      
(2 µM) and either of the mannoside inhibitors at varying concentrations. The 
observed reduction in measured frequency, compared to injections with pure Con A, 
was taken as a measure of the competitive effect of the tested mannosides. The 
quantitative binding was then plotted against logarithmic concentration of the 
mannosides and subjected to non-linear regression analysis using a dose-response 
inhibition model (equation 1). 

 
∆ ∆

	 	 .
  (1) 

An unexpected binding behavior was noticed during the lectin injections with high 
concentration of inhibitor (Figure 40a). Control injections with only the inhibitor 
showed the same behavior indicating that the resulting change in frequency was 
more likely an instrumental artifact due to the change of buffer composition. Simple 
subtraction of the lectin response curves with the corresponding inhibitor response 
curves resulted in the expected binding behavior (Figure 40c). Control experiments 
using α/β-D-galactose at varying concentrations confirmed the trend, simultaneously 
validating the methodology. The results from the binding study are presented in 
Figure 41 and Table 4. The stable surfaces allowed for reproducible binding over 
time thus generating inhibitory response curves which fitted well to the binding data. 
Furthermore, the EC50-values obtained for methyl-α-D-mannose 95, α1-6-O-linked 
dimannoside 91 and α1-2-O-linked di-mannoside 92 correlated well with previously 
reported Kd-values, allowing for simplified comparison between the inhibitors.194 As 
expected, methyl-α-D-mannose 95 displayed the weakest inhibition with an
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Figure 40: Illustration of frequency response of: a) injections with Con A in the presence of methyl-α-D-
mannose 95 at varying concentrations; b) injections with methyl-α-D-mannose at varying concentrations; 
c) the response curves in (a) subtracted with the response curves in (b). 

EC50-value of 0.44 mM. Contrary to previously published material, however,         
α1-6-O-linked dimannoside 91 showed almost twice as high inhibition as 
monosaccharide 95, possibly since it contains two monosaccharides and therefore 
have more binding possibilities. Further, α1-2-O-linked dimannoside 92 displayed

 

Figure 41: Illustration of inhibitory response curves. The normalized binding is plotted against the 
logarithmic concentration of the different carbohydrate inhibitors. As can be seen from the fitted curves, 
only sulfur-containing disaccharide 93 resulted in binding with a positive Hill coefficient indicating 
apparent positive cooperativity effects. 
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Table 4: Estimation of EC50-values based on injections with successively diluted concentrations of tested 
carbohydrates in the QCM-assay with Con A. 

carbohydrate determined by QCM determined by ITC194 

EC50 (95% CI) R2 Hill c. Kd (SD) 

1-O-methyl-α-D-mannose 95 0.44 mM (0.398-0.494) 0.9989 1 0.122 mM (0.119-0.125) 

α/β-D-galactose 280 mM (12.9-6030) 0.9171 1 - 

α1-6-O-linked dimannoside 91 0.25 mM (0.211-0.290) 0.9937 1 0.123 mM (0.119-0.128) 

α1-6-S-linked dimannoside 93 0.56 mM (0.480-0.656) 0.9887 1.8 - 

α1-2-O-linked dimannoside 92 11 μM (8.65-12.8) 0.9929 1 7.09 μM (6.90-7.30) 

α1-2-S-linked dimannoside 94 - - - - 

The program GraphPad Prism (GraphPad Software) was adopted for nonlinear regression analysis determining 
EC50-values and Hill coefficients. 

an EC50-value of 11 µM making it the strongest inhibitor in the study. Comparison 
of α1-6-O/S-linked dimannosides 91 and 93 shows firstly inhibition of comparable 
size, indicating similar binding mode, and secondly a slightly weaker binding of the 
S-linked dimannoside, in correlation with previous studies of S-linked 
disaccharides.142,145 Detailed analysis further showed a much steeper inhibitory 
response curve, with a Hill coefficient of 1.8, signifying apparent positive 
cooperativity. More in-depth analysis is required to elucidate the reason behind this 
effect. 
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5.5. Conclusions and Outlook 

A series of O- and S-linked carbohydrates have been designed and synthesized for 
the evaluation of sulfur as glycosidic linkage on lectin binding. Glycosyl acceptors 
possessing a single hydroxyl/sulfhydryl group were synthesized in few steps in 
generally high yields. The O-linked disaccharides were obtained with thioethyl-
linked glycosyl donors under NIS/TfOH catalysis; however the same methodology 
failed for the S-linked disaccharides, likely because of cross-reactivity of the NIS 
reagent. The synthesis of α1-6-S-linked dimannoside was instead completed through 
glycosylation with a 1-acetyl-glycosyl donor under Lewis acid catalysis. The         
O-linked disaccharides were deprotected using classical catalytic hydrogenation 
whereas the S-linked disaccharide was deprotected using Birch reduction. 

A competition binding assay was performed using a QCM flow through 
instrumentation with prefabricated mannose-functionalized surfaces and the model 
lectin Con A. The acquired EC50-values correlated well with previously reported 
affinity values for the tested O-linked mannosides, and the relationship between the 
mannosides followed the expected trends, thus validating the methodology. The     
α1-6-S-linked dimannoside displayed similar quantitative inhibition as the                  
α1-6-O-linked dimannoside, however with slightly higher EC50-value and clear 
apparent positive cooperativity. The reason for this cooperativity requires further    
in-depth analysis. Completing the synthesis of the α1-2-S-linked dimannoside and 
subsequent binding analysis would indeed help correlate the findings and elucidate 
the role of sulfur in glycosidic linkages. 
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6. Concluding Remarks 

 

 

 

In this thesis, several photochemical ligation techniques have been developed for the 
production of carbohydrate biosensors. The ligation chemistry is based on 
photochemical insertion using PFPA photo-probes allowing for fast and simple 
functionalization of polymeric materials. The resulting alkyne or alkene surfaces 
were then reacted selectively with carbohydrate azides/thiols through CuAAC click 
chemistry or photoradical thiol-ene/yne chemistry. The methods focused on 
simplicity, robustness and versatility, aiming for methods that could actually be used 
in inexpensive analysis platforms under ambient conditions e.g., in clinical 
applications. The photochemical step increases the usefulness of the methods by 
allowing for the use of photolithography. Although utilizing tagged glycans instead 
of unmodified glycans, the photo-click methods make use of carbohydrate 
azides/thiols, which are both synthetically simple and currently available in 
extensive libraries. 

The thiol-ene/yne photo-click method attracted our attention towards studying the 
implications of carbohydrate thiols in surface functionalization, thus inspiring an    
in-depth study of both linker length variation in surface presentation and the role of 
sulfur as linkage element to surfaces. The study showed only weak discrimination of 
the tested lectin towards the O- and S-linked glycan surfaces, and an unexpected 
decrease in binding with increased linker length. This in turn inspired a more 
comprehensive study in which focus shifted towards the role of sulfur in glycosidic 
linkages, and its impact on protein recognition. Preliminary results indicate slightly 
weaker binding for low-affinity glycans with an interesting apparent positive 
cooperativity. 

Completion of the study and binding analysis of high-affinity S-linked glycans might 
resolve the reason for the cooperativity and present more information about sulfur in 
glycosidic linkages, a field in need of much effort but with great promise for the 
future. 
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