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Abstract Glycan microarray has become a powerful high- 
throughput tool for examining binding interactions of carbo- 
hydrates with the carbohydrate binding biomolecules like pro- 
teins, enzymes, antibodies etc. It has shown great potential for 
biomedical research and applications, such as antibody detec- 
tion and profiling, vaccine development, biomarker discovery, 
and drug screening. Most glycan microarrays were made with 
monovalent glycans immobilized directly onto the array sur- 
face via either covalent or non-covalent bond, which afford a 
multivalent glycans in two dimensional (2D) displaying. A 
variety of glyco-macroligands have been developed to mimic 
multivalent carbohydrate-protein interactions for studying 
carbohydrate-protein interactions and biomedical research 
and applications. Recently, a number of glyco-macroligands 
have been explored for glycan microarray fabrication, in par- 
ticular to mimick the three dimensional (3D) multivalent dis- 
play of cell surface carbohydrates. This review highlights the- 
se recent developments of glyco-macroligand-based microar- 
rays, predominantly, novel glycan microarrays with glyco- 
macroligands like glycodendrimers, glycopolymers, 
glycoliposomes, neoglycoproteins, and glyconanoparticles 
with the effort in controlling the density and orientation of 
glycans on the array surface, which facilitate both their bind- 
ing specificity and affinity and thus the high performance of 
glycan microarrays.

Keywords Glycan microarray ■ Glycodendrimers • 
Glycopolymers - Glycoliposomes • Neoglycoproteins • 
Glyconanoparticles

Introduction

Cell surface carbohydrates, prevailing as glycoconjugates 
such as glycoproteins, glycolipids and proteoglycans, are in
volved in many biological processes, such as cell-cell interac
tion [1, 2] immune recognition events [3], pathogen-host in- 
teraction [4], tumor metastasis [5], tissue growth and repair [6] 
etc.. Understanding the interactions between carbohydrates 
and carbohydrate binding proteins (CBPs) are highly needed 
for clarifying the molecular mechanisms of these physiologi- 
cal and pathological pathways and discovering new therapeu- 
tic and diagnostic principles. Glycan microarrays have been 
developed and proved as powerful high throughput tools to 
study the interactions between carbohydrates and carbohy- 
drate binding molecules like proteins [7, 8], antibodies [9], 
and pathogens [10]. Recently, they have been applied to clin- 
ical antibody detection and profiling [11], biomarker discov- 
ery [12], and drug screening [13] applications. Nevertheless, 
many challenges still exist for their potential biomedical re- 
search and applications. Mainly, there are two critical 
limitations that prevent the wide and practical applications of 
glycan microarray technology. First, the detection is limited 
by limited epitope availability for microarray fabrication from 
both isolation from natural sources and synthesis. Both isola- 
tion and synthesis of carbohydrates are still very challenging 
due to their structure complexity, low throughput, intense la- 
bor as well as the need of special skills. Second, the features of 
glycan presentation on the microarray surface such as density 
and orientation of glycans have substantial effect on protein 
recognition related to both affinity and specificity.



Conventional glycan microarrays were developed as two 
dimensional (2D) glycan ligands with monovalent glycans 
immobilized directly onto the array surface via either covalent 
or non-covalent bond [7-10], which affords the multivalent 
glycans but lacks of the three dimensional (3D) cell surface 
carbohydrates formats. In addition, there is little control over 
glycan presentation. Therefore, these glycan arrays usually 
result in low signal intensity and substantial non-specific bind- 
ing of target proteins due to an insufficient number of acces- 
sible glycans and the presence of surface-protein interactions. 
To overcome these limitations, recently, glycan density and 
orientation on the microarray surface has been recognized as 
an important feature of carbohydrate recognition and thus has 
been investigated extensively. A recent comprehensive review 
paper summarized well the most important development of 
glycan array technologies [14]. Overall, different glycan array 
platforms produced different results, which is well demon- 
strated by a comparative analysis of glycan array platforms 
with six different modes of glycan presentation using five 
well-known lectins reported by Mahal et al. [15]. As they 
indicated, multiple microarray platforms may be required to 
obtain the best understanding of glycan binding in a system 
and much microarray development remains to get a compre- 
hensive view of glycan-binding protein specificity.

In nature, carbohydrate receptors exist mostly as 
glycoconjugates such as glycoproteins and glycolipids, which 
present multivalent carbohydrates either in a single 
glycoconjugate or by combining multiple glycoconjugates as 
a cluster. In addition, CBPs contain two or more carbohydrate 
binding sites or assemble into oligomers with multiple binding 
sites, which allow them to simultaneously bind two or more 
carbohydrates and facilitate functional affinity (avidity) and 
selectivity. Therefore, multivalent carbohydrate ligand presen
tation has been a central theme to study and apply intricate

carbohydrate-protein interactions. In the past decades, various 
glycopolymeric molecules have been investigated for study- 
ing carbohydrate-protein interactions and biomedical research 
and applications, such as for multivalent inhibitors and antag- 
onists development. For example, different multivalent carbo- 
hydrate molecules like glycodendrimers [16-22], 
glycopolymers [23-28], glycoliposomes [29-32], neo- 
glycoproteins [11, 13, 33], and glyconanoparticles [34] as 
glyco-macroligands were developed to attain more specific 
and strong carbohydrate-protein interactions. It is acknowl- 
edged that not only the multivalency of the carbohydrates 
affect the binding specificity but also the orientation of the 
carbohydrates on the solid surface affects the interactions sig- 
nificantly, i.e. the tight binding of proteins to carbohydrates on 
the array surface depends on multivalency of carbohydrates 
with appropriate spacing and orientation of carbohydrates on 
the surface. Recently, many glyco-macroligands have been 
used for glycan microarray fabrications, in particular with ef- 
fort to control the density and orientation of the glycans on the 
microarray surface to thoroughly represent multi-dimensional 
cell surface carbohydrates closely. These novel approaches to 
control multivalency, density and the orientation of carbohy- 
drates on the microarray surfaces have shown great potential 
for biomedical research and applications. This review high- 
lights these recent developments of glyco-macroligand-based 
microarrays, primarily focusing on the fabrication of novel 
multi-dimensional glycan arrays with glyco-macroligands 
such as glycodendrimers, glycopolymers, glycoliposomes, 
neoglycoproteins, and glyconanoparticles and their potential 
biomedical applications as well (Fig. 1). In particular, how the 
multivalency, density and orientation of these glycans were 
controlled on the microarray surface and their impact on 
ligand binding to the carbohydrates presentation are 
discussed.

Fig. 1 Multi-dimensional glycan arrays with glyco-macroligands such as glycodendrimers, neo-glycoproteins, glycopolymers, glycoliposomes, and 
glyconanoparticles



Glycodendrimer-based glycan microarray

Dendrimers are a class of highly branched, monodisperse 
globular macromolecules [16-18, 35, 36], which are charac- 
terized as highly branched ‘dendrons’ or ‘wedges’ that origi- 
nate from one central multifunctional core unit and terminate 
in many functional groups around their peripheries [16]. Sev- 
eral research groups have confirmed the potential to use 
dendrimers as scaffolds for multivalent carbohydrate ligands 
by synthesizing carbohydrate containing dendrimers often 
termed as glycodendrimers [17, 18]. Recently, the 
distinguishing multivalency of these glycodendrimers attained 
attention in synthesis of glycodendrimers for microarray ap- 
plication [19-22].

Pieters and coworkers reported glycodendrimer-based gly- 
can microarray and studied the binding patterns of lectins to 
carbohydrates with respect to the multivalency of carbohy- 
drate moieties and the inter-binding-site distances of lectins 
[19, 20]. They designed mannose-based glycodendrimers and 
tested against two different lectins Con A and WGA [19], 
later, extended their work with five different glycodendrimers 
to evaluate a series of lectins [20]. Briefly, they synthesized 
alkyne-functionalized dendrimers with an amine functional 
group linked to the core which helps in immobilization of 
the dendrimers on solid surfaces. Azide functionalized sugars 
(Man, Glc, GlcNAc, Gal, and Galαl,4Gal), were introduced 
at the periphery by copper-catalyzed click chemistry followed 
by deprotection of sugars to afford glycodendrimers ranging 
from monovalent to octavalent dendrimers. These 
glycodendrimers were spotted on malemide-functionalized 
porous aluminum oxide surface (Fig. 2A) and binding affini- 
ties of several FITC-lectins (Con A, GNA, WGA, GS-1, LCA, 
PSA, DSA, PNA, CTB5, and LecA) were studied by flow- 
through microarray technology. They tested the binding affin- 
ity of lectins Con A and GNA to mannose-based 
glycodendrimers microarray with varying concentrations 
ranging from 0.1 to 5 mM and valences of mono, di-, tetra- 
and octa-dendrimers. It was observed that the lectin Con A 
showed no major multivalency effect supporting the fact that, 
Con A is a tetramer with binding sites that are separated by 
over 60 A and are too far apart to binding over dendrimers.

However, lectin GNA with 12 binding sites spaced with a 
distance of 20 A showed significant increase in the binding 
to mannose dendrimers with increase in the valence of 
dendrimers from mono to octa. In their further studies [20], 
they investigated the multivalency effect on both binding af- 
finity and specificity towards lectins. Lectin WGA with two 
closely spaced binding sites showed strong multivalent effect; 
also the binding was observed only to GlcNAc- 
glycodendrimer at high valence and not to other 
glycodendrimers. The same phenomenon was observed with 
the other eight lectins that were tested against five different 
glycodendrimers, lectins with increase in inter-binding-site 
distance displayed decrease in the multivalency effect.

Wang and coworkers employed an altered approach for 
construction of glycodendrimer-based microarray by initially 
preparing a three dimensional dendrimeric platform followed 
by attaching the carbohydrate to the dendrimer surface [21]. 
Briefly, the poly(amido amine) (PAMAM) dendrimers 
immobilized glass slides were functionalized with hydrazide 
and aminoxy functional groups, followed by microspotting 
the carbohydrates dissolved in different buffers under micro- 
wave radiation energy (Fig. 2B). The PAMAM dendrimers 
tested in this study included five generations G1, G2, G3, 
G4 and G5 containing 8, 16, 32, 64 and 128 surface groups, 
respectively. For the detection of carbohydrate-lectin interac- 
tions, direct immunoassay was performed with individual or 
mixed Cy3-labeled lectins and sandwich immunoassay was 
performed with individual or biotinylated lectins and Cy3- 
streptavidin. The cluster effect was tested by spotting oligo- 
saccharides GlcNAcβ l-4GlcNAc, GalNAc and GlcNAc onto 
aminoxy and hydrazide functionalized PAMAM dendrimers 
of all five generation, which were further incubated with Cy3- 
labeled WGA. As a result, with the increase in the surface 
groups the fluorescent intensity increased, indicating the 
multivalency effect. Also, hydrazide-dendrimer coated slides 
provided higher fluorescent signal/noise ratio compared to 
aminoxy-dendrimers coated slides. Further, the specificity of 
different glyco-epitopes was examined through a panel of 
mono-, oligo- and polysaccharides by micro spotting them 
onto hydrazide dendrimers surface. These carbohydrate mi- 
croarrays were incubated with either a mixture of biotin-

Fig. 2 Glycodendrimer-based glycan arrays: A Immobilized glycodendrimers via click chemistry [20] and B immobilization of oligosaccharides onto 
aminoxy-dendrimer and hydrazide-dendrimer coated glass slides [21]. Modified from Ref. [20, 21]



labeled lectins and anti-sialyl lewis x antibody or with indi- 
vidual lectin/antibody separately and finally with Cy3- 
streptavidin. The binding profiles verified the specificity of 
the carbohydrate epitopes on the hydrazide-dendrimer 
surfaces.

Miura and co-workers studied glycodendrimer microarray 
with surface Plasmon resonance (SPR) (20) and found that the 
binding kinetic constants were unique to each lectin, implying 
specificity of the multivalent effect of glycan-lectin interac- 
tion. The glycodendrimers with various generations and sac- 
charides (a-Man, β-GlcNAc and β-Gal) were synthesized 
and immobilized on an acetylenyl-terminated gold substrate 
via click chemistry. The binding abilities of the saccharide- 
immobilized substrates were evaluated by SPR with the 
lectins of Con A, WGA and RCA120. Lectin binding to the 
glycodendrimer array was quantitatively analyzed, and asso- 
ciation constants (KA) and kinetic rate constants (ka and kd) 
were evaluated.

Overall, glycodendrimers were successfully applied for mi- 
croarray fabrication and were qualified in the screening of 
carbohydrate-protein interaction applications. These 
glycodendrimer microarrays were used not only to explore 
the protein-carbohydrate interactions but also assist in under- 
standing the influence of multivalent carbohydrate display on 
the microarray surface in improving the sensitivity and selec- 
tivity of glycan microarrays. From the reported 
glycodendrimers microarrays it is recognized that the 
multivalency of the carbohydrates is well controllable by 
dendrimers. However, the spacing and orientation of the car- 
bohydrates on the array surface are not yet structured by 
dendrimers to study their contribution to sensitivity and selec- 
tivity of glycan microarrays in capturing glycan binding mol- 
ecules. This is a major drawback of the current 
glycodendrimers microarray techniques and continued studies 
on glycodendrimer design and its immobilization chemistry 
are further needed.

Neo-glycoprotein-based glycan microarray

Neo-glycoproteins are a group of glycomacroligands synthe- 
sized by covalently attaching glycans to proteins and show 
great potential as glycoprotein mimetics for biomedical re- 
search and applications [36, 37]. Neo-glycoproteins have also 
been applied for glycan microarray fabrication and have 
shown great potential for biomedical research and applica- 
tions. Gildersleeve et al. developed neo-glycoproteins by co- 
valently attaching carbohydrate moieties to lysine residues of 
bovine serum albumin (BSA) for microarray applications 
(Fig. 3) [11-13]. The carrier protein BSA served as both the 
multivalent scaffold and the linker for immobilization on to 
glass slides. Carbohydrates were conjugated to free amine 
groups of BSA via reductive amination of oligosaccharides

or by coupling the oligosaccharides with carboxylic acid via 
activation with EDC/NHS. To test the glycan density effect, 
they synthesized 45 BSA-glycoconjugates by varying carbo- 
hydrate density of 11 different glycans on BSA [11]. These 
neo-glycoproteins were immobilized onto epoxy functional- 
ized glass slides to test their binding patterns of plant lectins 
V. villosa B4 (VVL-B4) H. Pomatia aggutinin (HBA), and 
soybean agglutinin (SBA) (Fig. 2A) As a result, they ob- 
served that the selectivity of lectins to a particular carbohy- 
drate over other carbohydrates declined at high density and 
also the selectivity of conjugate for an individual lectin over 
other lectins declined at high density. Further, they also eval- 
uated the density-dependent binding abilities of a set of mono- 
clonal antibodies and determined that antibodies to the same 
carbohydrate antigen can recognize density in significantly 
different ways. Also, they investigated the density-dependent 
binding properties of serum antibodies from 30 subjects, their 
results demonstrated that modulation of glycan antigen densi- 
ty could be used to reveal differences in antibody populations 
between different subjects. The results from the above study 
revealed that both structure and the density of the carbohy- 
drates significantly affect the affinity and selectivity to carbo- 
hydrate binding molecules.

Followed by this work, Gildersleeve group further devel- 
oped an approach to modulate the neoglycoprotein density on 
the array surface [13]. Briefly, the glycan microarrays were 
constructed with approximately 600 combinations of glycans 
and presentations, with variations in density of 
neoglycoprotein, structure of glycans and the density of gly- 
cans. The microarray was designed to distinguish between the 
carbohydrate binding proteins that can form one-to-one com- 
plex (Fig. 3Ba), i.e. form a multivalent complex with a single 
neoglycoprotein or one protein binding to two or more 
neoglycoproteins, i.e. recognize carbohydrates on adjacent 
neoglycoproteins to form a bridge complex (Fig. 3Bb) and 
to study the effect of these bridging complexes with the 
neoglycoproteins spaced further apart on the surface 
(Fig. 2Bc). Their strategy to achieve this kind of array is to 
add unmodified protein (BSA) to the solution of 
neoglycoprotein and print these mixtures on the array surface, 
in which the unmodified BSA occupies surface between the 
neoglycoproteins based on the amount of unmodified BSA 
added to the mixture (Fig. 3Bc). They prepared the array 
surfaces with four different ratios of BSA per array compo- 
nent: 1:0 (100 % BSA), 1:1 (50 % BSA), 1:3 (25 % BSA) 
and 1:7 (12.5 % BSA), with 147 different neoglycoproteins 
and glycoproteins along with several controls to a total of 591 
combinations. Plant lectins concanacalin A (Con A), 
Viciavillosaiso lectin B4 (WL-B4) and Riciniscommunis 
agglutinin (RCA120) were tested over the microarrays and 
observed that the spacing between the neoglycoproteins 
showed significant influence on the binding affinity of 
lectins.



Fig. 3 Neo-glycoprotein-based 
glycoarray: A neoglycoprotein 
with variations in carbohydrates 
and density on the array surface 
[11], B multivalent binding 
modes and the array strategy of 
neoglycoprotein [13], C 
illustration of high and low 
density neoglycoprotein on the 
surface [33]. Modified from Ref. 
[11, 13,33]

Later on, the same group studied the effects of 
neoglycoprotein density on antibody binding [33]. Briefly, 
they investigated the binding affinities of five commercially 
available antibodies 81FR2.2, HE-195, HE-193, B480, and 
Z2A to several antigens and found that neoglycoprotein den- 
sity had a considerable effect on antibody recognition 
(Fig. 3C). Further, the binding affinities of antibodies from 
human serum from 15 healthy subjects were analyzed and 
detennined that the binding affinities of different subpopula- 
tion were different based on the density of neoglycoprotein. In 
addition, they evaluated the immune response induced by 
prostate cancer vaccine from six individuals before and after 
vaccination and verified that the variations in neoglycoprotein 
density could be used to detect antibody responses. Overall, 
these researches demonstrated that the density of the

carbohydrates on the array surface can be adjusted by using 
neoglycoproteins with different carbohydrate density on it, 
which are significant in studying the carbohydrate binding 
ligands. These studies set up a general protocol glycan micro- 
array techniques using any kind of carbohydrates and screen- 
ing their functions and potential biomedical applications.

Glycopolymer-based glycan microarray

Glycopolymers carrying pendant sugar moieties on the poly- 
mer backbone as multivalent carbohydrate derivatives have 
been proven as an effective tool to study carbohydrate-based 
biological processes and have shown great potential in bio- 
medical research and applications [38]. Glycopolymers are



Fig. 4 Glycopolymer-based glycoarray: a duel end functionalized mucin 
like glycopolymer with alkyne on one end and Texas Red dye on the other 
end [24], b mucin like glycopolymer presentation that mimics native 
mucin [40], c biotin end functionalized glycopolymer immobilized 
glass slide [26], d glycopolymer formation at different illumination

times [41], e O-cyanate end functionalized glycopolymer immobilized 
on amine functionalized glass slide [27], f O-cyanate chain-end 
functionalized glycopolymer pre-complexed and immobilized with 
boronic acid ligands of different sizes [28]. Modified from Ref. [24, 
26-28, 40,41]



either synthesized by direct polymerization of carbohydrate- 
containing monomers with or with out protection group or by 
the post polymerization glyco-conjugation of synthetic poly- 
mers [23]. It is generally accepted that synthetic glycopolymers 
can mimic the functions of naturally occurring polysaccharides 
[28, 29, 38] and have been employed as binding cell-surface 
receptors [30, 38]. The strength and selectivity of binding in- 
teractions between multivalently displayed carbohydrates and 
targets are likely to depend on the density and relative spatial 
arrangement of the carbohydrate residues of glycopolymers. In 
recent years, chain-end functionalized glycopolymers were 
synthesized and demonstrated homogeneous immobilization 
of the glycopolymer via a single terminal anchor to yield an 
oriented and density controlled exhibition of multivalent pen- 
dant carbohydrates and were used for glycan microarray appli- 
cations [38].

Bertozzi’s group synthesized a duel end functionalized 
mucin like glycopolymer [24] with a center mucin mi- 
metic domain with N-acetylgalactosamine moieties, one 
terminal alkyne group as surface attachment element and 
the other terminal outfitted for conjugation of Texas Red 
as a fluorophore. By microcontact printing the alkyne 
terminal glycopolymers were immobilized onto azide 
functionalized surface in presence of a copper catalyst, 
which forms a stable triazol linkage to covalently immo- 
bilize the glycopolymer. As the glycopolymer was also 
functionalized with fluorescent tag Texas Red on the 
other end the immobilization of polymer was confirmed 
by fluorescent microscopy. Also, the ligand specificity of 
glycans to the polymer was tested by immobilizing non- 
fluorescent tag glycopolymer with Texas Red tagged 
Helixpomatia agglutinin (Texas Red-HPA) that recog- 
nizes α-GalNAc. Examination of the surface by fluores- 
cent microscopy revealed the specific binding of HPA 
only to α-GalNAc (Fig. 4a) confirming the specificity 
of glycans. They later developed an approach for the 
synthesis of glycopolymers for microarray applications 
via ligation of reducing sugars to the polymer backbones 
carrying hydrazide groups and end functional biotin 
group [25]. They arrayed a cluster of biotinylated 
glycopolymers onto streptavidin-coated glass slides, 
which were recognized by lectins specifically depending 
on their pendant glycans.

Bertozzi et al. also synthesized duel end functionalized 
mucin like glycopolymers with α-N-acetylgalactosamine (α- 
GalNAc) moieties via RAFT polymerization for studying the 
cross-linking of mucin like glycoconjugates by lectins [39]. 
The polymer was terminated with biotin on one end to facil- 
itate anchoring of glycopolymer on to streptavidin-coated mi- 
croarray substrates and a trithiocarbonate moiety on the other 
end that provided a free sulfhydryl group for conjugation of a 
maleimide-functionalized Cy3 dye upon rapid aminolysis 
with cysteamine in DMF. They synthesized five mucin-like

glycopolymers with a range of GalNAc valencies (68, 92, 111, 
146, and 170). To control the density of the glycopolymer on 
the surface they spotted glycopolymer solutions of different 
concentrations (400, 150, and 75 nM) on the streptavidin coat- 
ed glass slides. Apparent dissociation constants of four lectins 
(Soybean agglutinin (SBA), Wisteria floribunda lectin (WFL), 
Vicia villosa-B-4 agglutinin (VVA), and Helix 
pomatiaagglutin (HPA)) with specificity to α-GalNAc were 
determined. They observed valency dependent binding for 
SBA, WFL and VVA lectins, whereas HPA showed strong 
avidities toward all the polymers irrespective of GalNAc 
valency. Though all four lectins have capacity to cross-link 
low valency glycoconjugates, only the high valency GalNAc 
mucin mimetic polymer showed cross-linking to SBA, which 
reveals that glycan valency and organization are critical pa- 
rameters to determine the cross-linking properties of lectins 
(Fig. 4b).

Glycosaminoglycans play important roles on cell sur- 
face. Hsieh-Wilson et al. synthesized a biotin end func- 
tionalized glycopolymer that mimic chondroitin sulfate 
proteoglycans via ring-opening metathesis polymerization 
technique [26], which were employed for microarray and 
SPR applications. Both sulfated CS-E and non-sulfated 
CS-C glycopolymers were immobilized onto streptavidin 
coated glass slides by high-precision contact-printing ro- 
bot, which delivers nanoliter volumes of glycopolymer 
onto glass slides. Polymer immobilized glass slides 
(Fig. 4c) were tested for binding of specific monoclonal 
antibodies 2D11 and 2D5, which are selective for CS-E 
and CS-C glycopolymers, respectively. They also studied 
the binding of a growth factor, glial cell-derived neuro- 
tropic factors selective for sulfated epitopes, which 
showed higher selectivity for CS-E compared to CS-C 
by both microarray and SPR techniques.

Most recently, Braunschweig et al. employed a new ap- 
proach by combining polymer pen lithiography (PPL) and 
beam pen lithiography (BPL) with acrylate or methacrylate 
photo polymerization chemistry to generate arrays of brush 
polymers with side chain functionalized with fluorophores 
or glycans [40]. They patterned acrylate and methacrylate 
monomers (α-mannose and α-glucoside) onto thiol coated 
glass slides and exposed these glass slides to UV light that 
produced brush polymers by a photoinduced radical acrylate 
polymerization reaction. Both the monolayers and the brush 
polymers were treated with fluorophore labeled Con A at dif- 
ferent concentrations, to investigate the architecture effect of 
these glycans in binding to Con A. The fluorescence intensity 
for the brush polymers binding was observed to be 20 times 
greater than that for glycan monolayers at high concentrations 
of Con A. The different polymer brush heights were attained 
by variation in irradiation times (2, 5, 10 and 20 min), with 
126 nm height polymers at 20 min whereas 8 nm height poly- 
mers at 2 min, which was determined by AFM. Also, they



found that the polymers with longer length (126 nm) are an 
order of magnitude more sensitive than shorter polymers 
(8 nm) towards binding Con A (Fig. 4d).

We recently developed an approach for glycan microar- 
rays using glycopolymer to control orientation and density 
with O-cyanate chain-end functionalized glycopolymers 
[27, 28]. Initially, we synthesized an O-cyanate chain end 
functionalized glycopolymer with pendant lactose moieties 
on the backbone via cynaoxyl-mediated free-radical poly- 
merization technique [27]. In our study, glycopolymer mi- 
croarray (spot size 500 μm diameter) was fabricated by 
micro contact stamping glycopolymer onto amine func- 
tionalized glass slide and incubated the glass slides with 
lectin-FITC (Arachishypogae, FITC-Labeled, Sigma), then 
subjected them to fluorescent imaging. A control was pre- 
pared by incubating the glycopolymer array with lactose 
pre-incubated lectin-FITC instead of free lectin. Fluores- 
cence microscopy analysis of the surfaces revealed specific 
binding of lectin to the immobilized glycopolymer 
(Fig. 4e). The lectin binding to arrayed glycopolymer was 
inhibited in the presence of free lactose, further confirming 
the specific lectin binding to the glycopolymer. Moreover, 
glycopolymer array with different concentration of 
glycopolymer showed concentration-dependent lectin 
binding to glycopolymer.

The glycopoymer-based microarrays showed great po- 
tentials as multi-dimensional glycan microarrays. Howev- 
er, the density of the immobilized glycopolymer on the 
array surface is still uncontrollable, and thus, the possibil- 
ity to access the multivalent glycans in parallel maybe lim- 
ited and therefore does not facilitate maximum protein 
binding affinity and specificity. We proposed a novel ap- 
proach to control the density of glycopolymers on the array 
surface to solve this problem [28]. First, we examined the 
glycan density effect for lectin binding in the 
glycopolymer by synthesizing a series of glycopolymers 
with different densities of pendant glycan and molecular 
weights. Four kinds of glycopolymer were synthesized and 
glycopolymer microarrays were fabricated by microcontact 
stamping of glycopolymers onto amine functionalized 
glass slides followed by incubating with PNA lectin-FITC. 
Glycopolymer with 1 to 30 ratio of lactose and acryl amide 
showed the highest level of lectin binding compared to the 
glycopolymers with 1 to 18, 1 to 54 and 1 to 51 ratio of 
lactose and acryl amide. These results indicated that the 
glycan density in the polymer has impact for the lectin 
binding. Next, for controlling the density of immobilized 
glycopolymer on array surface; we developed end-point 
immobilization of glycopolymer combined with molecular 
spacing technique. Briefly, O-cyanate chain-end function- 
alized glycopolymer was pre-complexed with boronic acid 
ligands in different sizes and then immobilized onto amine- 
functionalized glass slides. After the immobilization, the

spacer boronic acid ligands were released from the 
immobilized glycopolymers at reduced pH condition to 
afford the oriented and density controlled glycopolymer 
microarray (Fig. 4f). We synthesized three macro-boronic 
acid moieties lysozyme-BA (MW: about 15 kDa), BSA- 
BA (MW: about 70 kDa) and polyacrylamide-BA (MW: 
about 10 kDa) as a spacing molecule to vary immobilized 
glycopolymer density. These glass slides were then incu- 
bated with two different lectins PNA and RCAI, both have 
specificity to β-galactose. Interestingly, the binding of 
both lectins was enhanced when the spacers were used 
for immobilization. PNA and RCAI showed higher bind- 
ing for different ratios of glycopolymer to BA-spacer, stat- 
ing that lectins that bind same glycans are affected in 
unique way. Further, this density-dependent lectin binding 
specificity was confirmed by SPR technique. Overall, the- 
se results indicated that oriented glycopolymers with con- 
trolled ligand density facilitates enhanced protein binding, 
which is very important for studying glycan-protein inter- 
action, such as assessing multivalent glycans in parallel in 
a microchip format and other solid phase assays such as 
biosensors.

Glyco-membrane mimetics-based glycan microarray

Cell membrane mimetic systems play fundamental roles in 
understanding molecular interactions on the cell surface and 
provide enormous opportunities in developing products for 
biomedical research and applications [41]. Membrane mimet- 
ic systems can be designed to have controlled environment 
that mimic the characteristics of a native membrane, such as 
composition, structure, curvature and charge close to their 
native structure as in the cell membrane [42]. A variety of 
membrane mimetic systems have been developed for investi- 
gation of various membrane-related processes. Liposomes 
are one of the most common membrane mimetic sys- 
tems, which are small artificial vesicles of spherical 
shape that can be created from cholesterol and natural 
non-toxic phospholipids [43, 44]. Lipid composition, sur- 
face charge, size, and the method of preparation are key 
factors that affect the liposome properties [45]. In addi- 
tion, supported lipid membrane system emerged as the 
most attractive platform because of its quasi-natural set- 
ting and that its size, geometry and composition can be 
tailored with great precision to the complexity of biolog- 
ical membrane. Several platforms such as solid-supported 
[46-50], tethered [51-53], polymer cushioned [54-56] 
lipid bilayers and supported vesicular systems [57, 58] 
have been developed. So far, glyco-membrane mimetic 
systems such as supported glyco-lipid membrane systems 
and glyco-liposomes have been used for glycan microar- 
ray applications [29, 30, 59].



Supported glyco-lipid bilayer-based glycan microarray Glyco-liposome-based glycan microarray

Guo et al. demonstrated a fluidic glycan microarray for quan
titative glycomics application [29] based on robust supported 
lipid bilayer (SLB) technology. This approach is to incorpo- 
rate tethered cholesteryl groups onto the bottom leaflet of the 
supported bilayer lipid membrane to increase the stability and 
rigidity of the membrane, also combined with tether achieves 
desired robustness (Fig. 5). Briefly, a supported lipid bilayer 
was formed by spotting small unilamellar vesicle (SUV) onto 
the tethered cholesterol and verified the fluidity of SLB by 
fluorescence recovery after photo bleaching. Different con- 
centrations of mannose linked lipids were incorporated in 
the lipid mixture to fabricate density gradient microarray with 
known mannose density of each spot. The mannose-based 
microarray was then incubated with a suspension of E. coli. 
ORN178 and ORN208 as a negative control. It was found that 
high E. coli. adhesion was observed with the increase of man- 
nose density. The number of cells adhered to the array slide 
was counted, the fluorescent microscopy of E. coli. adhesion 
to the SLB sports containing 0.1, 1,5 and 10 % mannose and 
there is a rapid increase in the cell count at >5 % and reached 
saturation later on. Also, an inhibition study was conducted 
where the mannose nanoparticles were added to the suspen- 
sion of E. coli. As a competitive inhibitor, and with increase in 
the concentration of nanoparticles the cell adhesion to the 
mannose array decreased. This study indicated that the dy- 
namic clustering of mannosyl groups on the fluidic membrane 
surface could simulate the function of complex oligo- and 
high-mannose molecules.

Liposome microarrays have been investigated for several ap
plications in membrane biophysics, biotechnology, and col
loid and interface science [57, 58]. We recently investigated 
the application of azide-reactive liposome for efficient and 
chemically selective immobilization and microarray fabrica
tion (Fig. 6a) [30]. Azide reactive liposomes were synthesized 
with DSPE-PEG2000-triphenylphosphine, phospholipids 
(DSPE) and cholesterol rapid extrusion method. Azide- 
PEGg-Biotin was conjugated to prepared liposomes in 7.4 
pH PBS buffer via Staudinger ligation and immobilization 
of these biotinylated liposomes was performed by incubating 
them onto streptavidin functionalized glass slides. To confirm 
the immobilization of intact liposomes on glass slides, DSPE 
rhodamine dye was doped into the lipid bilayer into both post 
biotinylated and directly biotinylated liposomes and the 5,6- 
carboxyfluorescene dye was encapsulated inside the lipo- 
somes and subjected to fluorescence imaging. Both rhoda- 
mine and the 5,6-CF tags were observed at respective wave- 
lengths confirming that the arrayed intact liposomes were 
achieved through specific biotin/streptavidin interaction. 
Next, the azide reactive liposomes were immobilized on azide 
functionalized glass slides and later subjected to glycosylation 
by conjugation of 2-azideethyl-lactose to leftover TP on the 
liposome’s exterior surface. Lectin binding studies were con- 
ducted by incubating the liposome immobilized glass slide 
with lectin PNA. The specific lectin binding to lactosylated 
liposome was observed, while no lectin binding was observed 
to liposome with just anchor group.

Fig. 5 Formation of a glycan 
presenting supported lipid bilayer 
(SLB) surface from a small 
unilamellar vesicle (SUV) 
solution and glycan density 
gradient microarray for pathogen 
adhesion [29]



Fig. 6 Glyco-liposome-based glycoarray: a Surface functionalization, immobilization and glyco-functionalization of liposome via Staudinger ligation 
[30], b liposomal glyco-microarray formation based immobilization via Staudinger ligation [59]. Modified from Ref. [30, 59]

Further, this work was extended to study the glycolipid and 
protein interactions [59] by incorporating natural and synthet- 
ic glycolipids into liposomes, which were immobilized onto 
an azide functionalized glass slide for microarray application 
(Fig. 6b). Briefly, liposomes with DDPE-PEG2000-TP and 
gangliosides were prepared and printed on azide functional- 
ized glass slide to study the interactions between glycolipids 
and lectins. These microarrays mimic the presentation of car- 
bohydrates on the cell surface. The lipid bilayer microenvi- 
ronment impacts the modulation of the glycolipid presentation 
and the fluidity of the lipid bilayer allows optimal geometric 
positioning of the glycan head groups. In our study, the intact 
liposomes with natural glycolipids GM1 and GM3 were 
printed on an azide functionalized glass slide; liposomal 
GM1 was immobilized at different range of concentrations 
from 10 to 400 μg/mL and incubated with FITC-cholera toxin 
B (CTB). Also, the GM1 liposomal microarray was incubated

with different concentrations of CTB. The binding of CTB to 
GM1 liposome increased with increase in the concentration of 
GM1 as well as CTB but reached saturation at 60 μg/mL of 
CTB indicating that the binding is density dependent. Also, 
the GM1 microarray was incubated with lectins MAA and 
PNA, which binds specifically to α(2-3)-sialic acid and β- 
galactose, respectively. The binding curve reached saturation 
at 100 μg/mL for both MAA and PNA. GM3 microarray was 
also incubated with MAA and observed that the binding 
reached saturation at 100 μg/mL. These binding curves indi- 
cate that the liposomal microarrays with different glycolipids 
show specific density dependent binding capacity and affinity 
as well. The liposomal glyco-microarrays have advantages of 
providing mobility to glycans by closely mimicking the cell 
surface glycans and also controlling the surface glycan density 
in an immobilized state and thus provide an important tool to 
study cell surface carbohydrate functions.



Glyco-nanoparticle-based glycan array

Nanoparticles have been used enormously for biomedical ap- 
plications as the size of the nanoparticles is close to that of 
biomolecules [60]. Glyco-nanoparticles (GNPs), sugar-coated 
nanoparticles, were synthesized in the past decade to study the 
interactions of carbohydrate and carbohydrate binding mole- 
cules [61]. Three major types of nanoparticles functionalized 
with glycans have been reported so far: gold and silver 
glyconanoparticles, semiconductor glyco-quantum dots and 
magnetic glyconanoparticles.

Yan et al. recently reported glyco-nanoparticle (GNP)- 
based microarrays [34], where glyco-nanoparticles were 
printed on a photoactive surface followed by covalent 
immobilization by light activation. Briefly, GNPs were 
synthesized and functionalized with perfluoropemylazide 
(PFPA) followed by conjugating five different carbohy- 
drates to GNPs using photocoupling chemistry. Epoxy 
functionalized wafers were treated with PAAm-PFPA, 
then the GNPs were printed followed by coating the sur- 
face with polystyrene (PS) or poly(2-ethyl-2-oxazoline) 
(PEOX) to avoid nonspecific binding of lectins to the 
surface (Fig. 7). These glycan microarray surfaces were 
tested with lectin Con A labeled with fluorescein-doped 
silica nanoparticle (FSNP-Con A) or FITC labeled lectins 
(FITC-Con A) and it was observed that the FSNP-Con A 
showed enhanced signal then the FITC-Con A. GNP mi- 
croarrays were compared with conventional glycan arrays 
by treating them with FSNP-Con A and observed higher 
signals for high affinity ligands Man3, Man2 on GNP 
microarray than in carbohydrate microarray. These results

indicated that the GNP microarrays increase the affinity 
and selectivity when compared to carbohydrates alone on 
the array.

Conclusion

Overall, glycan microarrays have been widely employed to 
study the interactions between carbohydrates and carbohy- 
drate binding molecules and show great potentials for bio- 
medical research and applications. The glycan presentation 
on the array surface extremely affects the binding affinity 
and specificity of these glycan binding molecules. Several 
glyco-macroligands were developed to control the glycan 
presentation on the surface in terms of multivalency, den- 
sity and orientation of glycan on the array surface. These 
glyco-macroligands microarray contributed greatly to un- 
derstand the importance of presentation of glycans on the 
surface in terms of specificity and selectivity of glycan 
binding molecules. However, it is still difficult to control 
the presentation of glycans precisely for every glycan bind- 
ing molecule on the surface as the requirement of the gly- 
can density and orientation changes according to the type 
of glycan binding molecule of interest. The site-specific 
immobilization of glyco-macrolig and is still a challenge 
for controlling its orientation and density on the array sur- 
face as well. Therefore, there is a lot of scope for improve- 
ment in developing methods for varying glycan presenta- 
tion and extending the applications of carbohydrate 
microarrays.

Fig. 7 Glyconanoparticle microarray with Man 3, Man 2, Man, Glc, Fru and interactions with FSNP-Con A or FITC-Con A [34]
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