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Glycodendron microarrays with defined valency have been con-

structed by on-chip synthesis on hydrophobic indium tin oxide

(ITO) coated glass slides and employed in lectin–carbohydrate

binding studies with several plant and human lectins.

Glycodendrons presenting sugar epitopes at different valencies

were prepared by spotwise strain-promoted azide–alkyne cyclo-

addition (SPAAC) between immobilised cyclooctyne dendrons and

azide functionalised glycans. The non-covalent immobilisation of

dendrons on the ITO surface by hydrophobic interaction allowed

us to study dendron surface density and SPAAC conversion rate by

in situ MALDI-TOF MS analysis. By diluting the dendron surface

density we could study how the carbohydrate–lectin interactions

became exclusively dependant on the valency of the immobilised

glycodendron.

Glycan microarrays are now well established high-throughput
research tools for studying the specificity of novel lectins and
carbohydrate processing enzymes.1–4

Monovalent carbohydrate–glycan interactions are usually
weaker than most specific protein–protein interactions but the
lectin binding affinity of glycans can be enhanced by over 3
orders of magnitude by the dense and multivalent presen-
tation of glycans immobilised on a microarray surface.5 The
surface display of glycans can favour the rapid rebinding of
ligands to receptor domains and the chelation of multiple
ligands with multivalent receptors leading to an overall
increase in avidity. In nature, glycolipid clustering, N-glycan

branching and repetition of recognition motifs on extended
biopolymers like mucins or polysaccharides are mechanisms
to achieve a similar increase in glycan-protein avidity.

For the preparation of microarrays, glycan ligands are either
isolated from natural sources or prepared by chemical and
enzymatic synthesis, and conveniently derivatized for printing
onto microarray surfaces by a variety of chemical or physical
methods.4

Glycans and their conjugates are usually synthesised in
solution before immobilisation or isolated from natural
sources but on-chip chemo-enzymatic assembly of glycan
ligands as pioneered by our group and others can rapidly
provide high density glycan microarrays with potentially very
high savings in time and resources.9–11 Monitoring the conver-
sion of surface-based reactions is important for assessing
ligand homogeneity but at the same time challenging due to
the limited number of compatible available analytical
methods.

Fluorescently labelled lectins that bind specifically to start-
ing materials and products can be used to qualitatively
monitor the progress of enzymatic glycosylations using recom-
binant glycosyltransferases.11

With the development of surfaces that are compatible with
analysis by mass spectrometry and microarray technology, the
analysis of surface based reactions including the construction
of glycan arrays, was finally possible.12–17As a variable surface
density can affect the strength of interaction between glycans
and lectins, several groups have developed strategies to hom-
ogenize and control glycan surface density.18,19

A number of approaches employ macromolecules like poly-
mers, cyclic peptides, peptide nucleic acids, proteins or den-
drons that have been functionalized with glycans at a discrete
inter-glycan spacing.20–22 Immobilisation of these well-defined
glyco-macromolecules however, results in variable inter-glycan
distances due to the non-homogenous functionalisation of the
surface with the glycoconjugates.23

Glycan surface densities have been assessed using a fluo-
rescent linker for attachment24 for direct quantification of
immobilised species, by wash off experiments with fluorescent
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ligands5or by autoradiography after enzymatic extension of
ligands with a tritium labelled probe.6 Via tritium imaging we
have previously visualized how printing of different glycans at
the same concentration lead to a variable surface density pre-
sumably due to differences in size, hydrophobicity and struc-
ture dependant kinetics for the immobilisation reaction.6–8

With the exception of the tritium imaging method, the
mentioned methods only provide a rough estimation of ligand
density as a function of the ligand printing concentration but
no data on individual ligand densities. Being able to control
and assess glycan ligand density however is key for the devel-
opment of well-defined and reproducible glycan microarrays
for quantitative applications in clinical diagnostics and glyco-
mics research. In addition, it is helpful for evaluating multi-
valent display systems for solution phase applications by
ensuring that the multivalent presentation on the surface
matches those used in solution phase, eliminating the conges-
tion surface effect.19,25 Here we present a strategy for preparing
glycan arrays with a homogenous and constant ligand density
by a process comprising (1) the non-covalent coating of a slide
with a layer of a NHS-functionalized lipid, (2) attachment of a
dendron spacer carrying a bioorthogonal cyclooctyne group
and (3) complete functionalisation of the spacer with different
glycans by SPAAC.

Recently Mende et al. published a similar strategy based on
the on-chip synthesis of multivalent alkyne-functionalized pep-
tides which were coupled with azido glycans by copper(I)-cata-
lyzed azide–alkyne cycloaddition (CuAAC).26

The authors prepared a homogenous surface layer of
alkyne-functionalized tetrapeptides by an on-chip laser
assisted printing process termed cLIFT. While the described
process is likely to produce more homogenous neoglycopep-
tide arrays than by printing of pre-synthesized multivalent

ligands, the surface homogeneity or density was not directly
assessed.

Our approach towards glycan arrays with constant glycan
density made use of a previously developed microarray plat-
form where glycan ligands are attached via hydrophobic inter-
actions to a lipophilic indium tin oxide (ITO) glass slide.12

Microarrays prepared in this manner are fully compatible with
readout both by fluorescence imaging and MALDI-TOF MS
which allowed us to monitor all reactions carried out on the
slide. For the glycan microarray employed in this study, we pre-
pared a novel class of cyclooctyne activated mono-bi- and tetra-
valent dendrons (1–3) based on a bis-MPA (2,2-bismethyl-
propionic acid) synthetic strategy.12 These dendrons are func-
tionalised with an amine group at the focal point allowing the
immobilisation on the surface, a bis-MPA skeleton and
cyclooctyne groups at the terminal points, ready to be involved
for the SPAAC conjugation with a selection of simple azido
ethylglycosides (4–7)27,28 (Fig. 1).

For the assembly of the glycodendron arrays we functiona-
lised commercial indium tin oxide slides first with a layer of
octadecylphosphonate onto a NHS-activated carbamate linker
(Fig. 2a) by spray-coating as reported previously.13

This hydrophobic bilayer was then functionalised with
cyclooctyne-dendrons (1–3), at different concentrations and in
separate wells (Step I, Fig. 1). To eliminate any congestion
surface effects we explored surface functionalisation at low
dendron concentrations between 5–30 μM (Fig. 2). At higher
dendron dilution we reasoned that the glycan surface density
would be easily adjustable by employing dendron spacers with
one, two or four terminal cyclooctyne groups (Fig. 1).

The coating density with cyclooctyne dendrons 1–3 was
determined by mass spectrometry as the ratio of dendron-con-
jugate and unreacted free NHS activated linker (m/z 1040)

Fig. 1 General outline of the glycodendron array strategy.
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which was used as internal standard. The effect of linker con-
centration used for coating on the surface density measured as
dendron/linker ratio is depicted in Fig. 2 for mono-, bi- and
tetravalent cyclooctyne dendrons 1–3. As a general trend, we
observed a linear increase of the relative surface density with
increasing dendron concentration up to a maximum where sat-
uration in surface density occurred. We found a compound-
dependant surface saturation at 20 μM for the monovalent
ligand 1 while the bulkier bi- and tetra-valent dendrons 2 and
3 saturated at lower coating concentrations around 15 and
10 μM respectively (Fig. 2b–d).

The variation observed in dendron/linker ratios, for the
different dendrons, is likely to reflect both the structure-depen-
dent ionization and the spatial requirements during
immobilisation.

It is of note that at lower concentration (5–10 μM) the three
dendrons showed a similar density while at higher coating
concentrations the dendron structures strongly affect the
immobilization ratio.

These results suggest that a comparable ligand density for
the three multivalent scaffolds (1–3) can be achieved for a coating
concentration between 5–10 μM. Moreover, surfaces functiona-
lized with dendrons at high dilution lead to low surface densities
where the binding event is likely determined by dendron valency
and architecture alone and with minimal “bridging” of lectins
with 2 more immobilised ligand molecules.

To study the effect of the ligand density on multivalent
binding, dendron surfaces (1–3) were prepared at three coating

concentrations (5, 10, and 15 μM), coupled to azido linked
mannose (4) and α1,2-dimannose (6) via spot-wise printing
and screened against fluorescently labelled Concanavalin A
(Fig. 3).

At lower density (5–10 μM) tetravalent glycodendrons func-
tionalized either with α1,2-dimannose (6) or mannose (4)
bound Con A stronger than the mono- and bivalent scaffolds.
The dimannoside ligand bound stronger to ConA than the
mannose monosaccharide at all dendron valencies studied
(Fig. 3). At higher glycodendron densities (15 μM), tetravalent
mannose (10) and α1,2-dimannose (16) showed similar
binding strength to ConA. Moreover, no differences in binding
between the mono- (8) and the bivalent (9) mannose scaffolds
were observed.

Based on these initial results, we chose to functionalize the
microarray surface with dendrons at a low printing concen-
tration of 5 μM. Arrays of mono, bi- and tetravalent glycoden-
drons were then prepared via SPAAC by spotting azido-ethyl
glycosides (4–7) solutions onto cyclooctyne surfaces (1–3) (Step
II, Fig. 1). On-chip SPAAC reactions were evaluated by MALDI
TOF MS to ensure complete conversion for all printed glyco-
sides. The surface coating at low dendron densities, together
with the complete conversion in SPAAC conjugation (ESI†),
provided homogeneous glycodendron presentations for the
study of valency dependant carbohydrate lectin binding,
excluding the multivalent effect from the array. For our
binding study (Step III, Fig. 1) we chose the two commercially
available plant lectins Pisum sativum (PSA) and Wisteria flori-
bunda (WFA) and the extracellular domains (ECD) of the
human lectins receptors DC-SIGN, DC-SIGNR, Langerin and
Dectin-2 (Fig. 4).

Most glycan arrays, currently employed in glycomics
research, are printed at ligand concentrations between

Fig. 2 (a) MALDI-TOF spectrum showing immobilized Mono-cyclooc-
tyne (1) mass peak (m/z 1456) vs unreacted NHS-linker mass peak (m/z
1040). (b–d) Graphs of the dendron/linker ratio against coating
concentration.

Fig. 3 Fluorescence quantification of Concanavalin A binding to Man
(8–10) and αMan1,2Man-based (14–16) glycodendrons at different den-
drons coating concentration (5, 10 and 15 μM).
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50–100 μM for which saturated ligand immobilisation was
observed for the majority of glycans. Here, we chose to functio-
nalize surfaces with the dendrons at a highly dilute concen-
tration of 5 μM to deliberately achieve low surface densities
where the binding event would be largely determined by the
dendron valency and architecture thus avoiding crosslinking
of lectins to two or more immobilised ligand molecules.

Plant lectins

In our assay dimeric PSA29 with preference for binding
Fucα1,6GlcNAc and α-Man residues showed no binding to the
mannose (8–10), galactose (11–13) or glucose derivatives
(17–19) independent of their valency. Only structures present-
ing disaccharide Manα1,2Man (14–16) were bound by the
lectin with a strong increase in binding when moving from the
mono to the tetravalent species (Fig. 4a). Dendrons functiona-
lised with mannose monosaccharide were not bound at this
low surface concentration.

In the case of monomeric WFA,30 a lectin with preference
for terminal GalNAc structures, the lectin bound the galacto-
side derivatives (11–13) with a strong effect of ligand valency
in the binding (Fig. 4b).

Human lectins

The human tetravalent C-type lectin DC-SIGNR ECD,31,32 triva-
lent Langerin ECD33,34 and the monomeric Dectin-2 ECD35

showed highly selective binding only to constructs presenting
the Manα1,2Man epitope, (14–16) with increasing binding
intensity for higher valency. As with PSA lectin, no binding
was observed towards dendrons functionalised with mannose
monosaccharide (8, 9, 10).

For DC-SIGN ECD,13 we observed similar binding strength
towards mono- and divalent dendrons displaying mannose
monosaccharide (8,9), Manα1,2Man (14,15) and glucose
(17,18) but strongest binding to the Manα1,2Man disaccharide
(16) in the tetravalent form (Fig. 4f). In line with the known
binding specificity of DC-SIGN, no binding was observed for
the dendrons presenting galactose residues (11–13).

This nearly 5-fold increase in affinity for the Manα1,2Man
in a tetravalent presentation shows the gain in selectivity
through a particular multivalent presentation in an otherwise
more promiscuous lectin. Brewer et al. have explained this
behaviour with a threshold epitope density required to
produce a productive interaction between lectins and glycans
that is capable to trigger a biological signalling event e.g. in
cellular immunity.23

As the lectins show a different degree of labelling (DOL) the
fluorescence values (RFU) obtained should not be compared
directly between each other without prior normalisation (see
ESI†).

In conclusion, we have developed a rapid screening plat-
form to study multivalent carbohydrate lectin interactions as a
function of dendron valency and carbohydrate epitope. The
glycodendron on-chip synthesis was assisted by MALDI-TOF
MS analysis to monitor the conversion of surface based SPAAC
reactions.

The dilute ligand presentation on the array surface implied
that ligand valency was mainly determined by the dendron
architecture, and in consequence allowed us to identify
matched glycan epitope/dendron combinations with high
avidity and much-improved selectivity over other structurally

Fig. 4 Glycodendron binding profiles to (a) PSA, (b) WFA, (c) DC-SIGNR
ECD, (d) Langerin ECD, (e) Dectin-2 ECD, (f ) DC-SIGN ECD.
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similar compounds. We anticipate this type of glycan array,
which includes defined ligand presentation as an additional
parameter, to be a valuable tool for the discovery of multi-
valent glycoconjugates as antagonists to interfere in clinically
relevant carbohydrate–lectin interactions such as pathogen
infection or glycoimmune therapy.
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