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Abstract
Summary—Carbohydrate arrays, also referred to as glycan arrays, are composed of various
oligosaccharides and/or polysaccharides immobilized on a solid support in a spatially-defined
arrangement. This technology provides a powerful, high-throughput approach to examining
carbohydrate-macromolecule interactions, and glycan arrays have had a significant impact on the
field of glycobiology. This review focuses on recent advances in glycan array technology, limitations,
and opportunities for improvement. In particular, new methods for the production of natural glycan
arrays and chemo-enzymatic approaches are greatly expanding the diversity of structures on arrays.
Since multivalent complex formation is general required to achieve tight binding, methods to evaluate
and modulate presentation are vital for enhancing the capabilities of this technology.

Introduction
Carbohydrate-macromolecule interactions play a crucial role in basic and applied research
(Figure 1a) [1,2]. They mediate a variety of biological processes such as inflammation and
development. In addition, many pathogens bind carbohydrates on the surface of host cells as
a key step of infection. Furthermore, lectins (carbohydrate binding proteins other than
antibodies) and glycan-binding antibodies are used extensively as research tools, diagnostics,
and therapeutic agents to detect and target glycans. As a result, there has been significant
interest in evaluating the specificity of carbohydrate binding macromolecules, developing
ligands that can be used to modulate their activity, and identifying new carbohydrate binding
proteins.

Traditionally, analysis of carbohydrate-macromolecule interactions has been a challenging
area of science for several reasons. First, carbohydrates can be very difficult to obtain in large
quantities and/or in homogeneous form. With limited access to the ligands, one cannot easily
evaluate recognition. Second, traditional methods used to evaluate carbohydrate-protein
interactions such as mono- and oligosaccharide inhibition studies, isothermal calorimetry
(ITC), surface plasmon resonance (SPR), and enzyme-linked lectin assays (ELLA) can be labor
intensive and/or require large quantities of each carbohydrate. Finally, molecular recognition
is dependent on carbohydrate presentation. [3,4]. Typically, monovalent interactions between
a single carbohydrate ligand and a single binding domain of a protein are very weak. To achieve
tight binding, most carbohydrate-binding proteins possess two or more binding sites or
assemble into functional units with multiple binding sites to produce high avidity multivalent
complexes. Formation of these multivalent complexes, in turn, depends on appropriate spacing
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and orientation of ligands (Figure 1b). Since the optimal presentation is difficult to predict, it
is often necessary to evaluate multiple combinations of structure and presentation.

Array technology overcomes many of these challenges. Carbohydrate arrays, also referred to
as glycan arrays, are composed of numerous oligosaccharides and/or polysaccharides
immobilized on a solid support in a spatially-defined arrangement. Various forms of “arrays”
have been around for many years. For example, glycoconjugates have been immobilized on
silica plates [5], synthesized on beads [6], or immobilized in different wells of ELISA plates
[7]; however recent advances in high precision robotic arraying and high resolution imaging
have transformed the field by permitting substantial miniaturization such that tens of thousands
of carbohydrates or other array “features” can be affixed and imaged on a standard size
microscope slide. These “microarrays” permit high-throughput analysis of many potential
combinations of structure and presentation while using only miniscule amounts of each
carbohydrate. Several comprehensive reviews on methods for fabricating glycan arrays have
been published [8-11].

Although glycan array technology has become a key tool for glycobiologists, many challenges
remain. For example, many screens show no binding, producing results that are deemed
inconclusive. In addition, different array platforms can yield significantly different results (for
example, compare the results of Gildersleeve [12] with those of the Consortium for Functional
Glycomics for monoclonal antibodies F3, 7LE, and T174). Therefore, there is a need to improve
this technology and better understand how to interpret results. This review will focus on recent
advances and challenges of glycan array technology.

Expanding Structural Diversity on Glycan Arrays
The size and diversity of carbohydrates on a glycan array contribute significantly to the
information extracted from an experiment, but acquiring a large collection of glycans in a
format suitable for immobilization on a surface is a formidable challenge. Approaches to
addressing this issue fall into two general categories: isolation from natural sources and
synthesis.

A number of groups have been examining strategies for producing “natural glycan arrays”.
The basic approach involves a) isolating mixtures of glycans from natural sources such as cells,
tissues, pathogens, milk, or urine, b) derivatizing the glycans with a linker/tag (if necessary)
to facilitate purification and allow immobilization on an array surface, and then c) separating
the mixture into individual components or sub-fractions. This approach offers a number of
advantages: the organism synthesizes the glycans, in principle one can access the entire
glycome, and one can focus studies on the glycans found in a particular target cell, tissue, or
sample. For this approach to be effective in practice, one needs efficient and reliable methods
to derivatize the glycans, powerful separation and purification techniques, and methods to
identify and characterize the unknown glycan structures. For glycoproteins and glycolipids,
release of the glycan from an attached protein or lipid may also be necessary. In addition, each
of these steps must be amenable to very small scale, since many individual glycans are only
present in minute amounts.

Recent work has focused on identifying optimal tags or linkers that can be attached to the
glycans and used to facilitate separation, aid detection, and provide functionality for
immobilization on an array surface (Figure 2a). One very useful development was reported by
de Boer's group. After release from proteins or lipids, glycans are frequently derivatized with
the fluorescent labels 2-aminobenzamide (AB) or 2-aminobenzoid acid (AA) to facilitate
separation and detection by HPLC. De Boer's group found that these modified glycans can be
covalently attached to epoxide-coated surfaces via reaction with the secondary amine [13].
This work provides a smooth transition between standard analytical techniques for glycans and
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array fabrication. In related work, the Cummings group has developed a 2-aminobenzamide
analog that contains an alkyl amine [14]. Like the AB and AA linkers, it can be coupled to
glycans via reductive amination, but the alkyl amine group is more reactive towards surface
electrophiles. In either case, the fluorescent tags facilitate determination of the concentration
of each separated glycan and provide a label to verify immobilization on the array surface,
which can be used for quality control.

One disadvantage of reductive amination is that the reducing end sugar ring is destroyed, which
can disrupt recognition. To circumvent this problem, a number of groups have designed linkers
with aminooxy- [15,16], methylaminooxy- [17], and hydrazide groups [16] (Figure 2b). The
reactions of these groups with aldehydes are facile and produce stable products. Unlike
reductive amination, the products formed with these linkers/tags can have a significant
proportion of the ring closed form.

To circumvent the need for a linker, several groups have investigated direct immobilization of
glycans on surfaces to produce natural glycan arrays. Under appropriate conditions, large
carbohydrates will non-covalently adhere onto various surfaces without modification.
Examples include bacterial polysaccharides [18-21] and plant polysaccharides [22-25]. A
second approach involves the development of photo-active surfaces that produce highly
reactive intermediates that can covalently attach to glycans (Figure 2c) [26-29]. A third
approach involves constructing surfaces with glycan reactive groups such as aminooxy or
hydrazide functional groups [30-33].

Synthesis via chemical, chemo-enzymatic, or enzymatic synthesis provides an alternative to
isolating glycans from natural sources. The primary advantages are control of the target
structure being synthesized and the ability to produce larger quantities of homogeneous
material. Mrksich's group recently published a nice approach wherein chemical and enzymatic
syntheses were carried out directly on an array surface [34]. In addition to evaluating
glycosyltransferase activity, the approach provides an efficient chemo-enzymatic method for
parallel synthesis of large collections of glycans. In another study, Chen's group constructed a
diverse sialoside library using a chemoenzymatic approach [35]. The oligosaccharides also
possessed a biotin tag which allowed arraying on NeutrAvidin-coated microtiter plates and
analysis of binding with lectins. In related work, Blixt et al. produced a series of unnatural
sialoside analogs via chemoenzymatic methods [36]. Sialosides are especially difficult to
chemically synthesize and many derivatives are degraded in the process of isolation from
natural sources. These studies illustrate the power of chemo-enzymatic methods for obtaining
difficult to access glycans.

While significant improvements have occurred in the last few years, many areas of diversity
such as glycosaminoglycans, glycopeptides, and non-human glycans are not adequately
represented on existing arrays. Advances in automated solid phase [37] and fluorous phase
[38] carbohydrate synthesis hold tremendous potential to address this issue.

Modulating Carbohydrate Presentation on Glycan Arrays
Presentation is a critical factor for carbohydrate recognition. As mentioned in the introduction,
formation of a multivalent complex is often required to obtain a high avidity interaction (see
Figure 1) [3,4]. As a result, features of presentation such as spacing and orientation of
carbohydrates, linker length and flexibility, and ligand density can have a major impact on
recognition. Microarrays are an excellent platform for examining many combinations of
carbohydrate structure and presentation. Ideally, a method aimed at modulating presentation
should produce variations on the array surface on a scale that is appropriate for biological
recognition events and provide information that can readily be translated to other, non-array
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based applications such as the development of inhibitors or probes. Meeting these criteria is
not trivial since many technical parameters can affect presentation.

One key feature of presentation is ligand density. Several strategies have been studied for
varying carbohydrate density on an array, but an optimal method has not yet emerged
[39-45]. When varying density, several technical factors should be considered. First, the
maximum density is generally controlled by the capacity of the surface. Second, when printing
material such that the surface is not “saturated”, there is a potential to obtain density gradients
within a spot. For example, as a liquid droplet evaporates, one can get higher densities at the
center of the spot relative to the border regions. Under other conditions, one can obtain higher
densities around the perimeter, sometimes referred to as “ring-like spots”[46]. Third, with
certain surface attachment methods, the carbohydrates can move and adopt a range of densities
within a spot. While this imparts flexibility to accommodate lectins with varying architectures
and presentation requirements, the density is not well defined.

Most arrays are produced by printing monovalent carbohydrates onto a surface. One strategy
for modulating density is to vary the concentration of the monovalent carbohydrates in the print
solution. With this approach, however, the array surface acts as the multivalent scaffold.
Identification of other multivalent scaffolds with similar spacing and presentation of
carbohydrates as the array surface can be difficult. An alternative strategy is to first produce
multivalent glycoconjugates with varying density, and then print the conjugates onto a solid
support to generate an array of different multivalent components. Pieters et al. attached
mannose-functionalized dendrimers to an array surface to produce an array of glycodendrimers
of valencies ranging from mono- to octavalent [47]. This array chip enabled rapid real time
evaluation of multivalency effects on binding of lectins ConA and GNA to mannose. The
authors showed that ConA, due to its widely spaced binding sites, exhibited no major
multivalency effects, while GNA, which has more closely spaced binding sites, exhibited
distinct density-dependent binding. Gildersleeve and coworkers fabricated an array of
multivalent glycoconjugates by attaching linker-functionalized mono- and oligosaccharides to
BSA to afford neoglycoconjugates [48]. The densities were modulated by varying the number
of sugars attached to BSA. The authors evaluated density-dependent binding of lectins,
monoclonal antibodies, and polyclonal human serum antibodies and found that, in some cases,
different subpopulations of antibodies in humans can recognize different densities of the same
antigen. Neoglycoproteins can be used as multivalent inhibitors, immunogens, and in a variety
of other assays such as ELISA/ELLA.

Although these studies demonstrate the importance of varying presentation, new developments
are critical for the field. First, detailed information on the presentation of glycans on the array
surfaces, especially at a molecular level, are crucial for interpreting array results. At present,
however, very little characterization has been published and more in depth studies are needed.
Second, existing approaches for varying presentation are imprecise; better methods to control
and vary features such as spacing and orientation would be invaluable. Third, nature produces
an assortment of multivalent binding modes, mechanisms, and scales, but current methods for
varying presentation are limited in scope. New strategies for varying presentation are needed
to match the diversity found in nature.

Recent applications of carbohydrate microarray technology
The most common application of glycan array technology is the analysis of binding specificity
of lectins and antibodies. Arrays are used to determine if a protein recognizes carbohydrates,
identify natural ligands, and develop probes/inhibitors to modulate the activity of lectins. To
date, hundreds of proteins have been screened and glycan array profiling has become routine.
Binding has primarily been detected using fluorescently labeled samples or secondary reagents;
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however, other methods of detection, such as mass spectroscopy [34] and surface plasmon
resonance [49,50], have also been used. When interpreting binding profiles, the assay
conditions and array platform should be considered. For example, at high concentrations a
lectin may bind many different glycan structures while at lower concentrations it may only
bind a small subset of carbohydrates. In addition, the method of carbohydrate presentation can
significantly affect binding.

One of the best resources for glycan array screening is the Consortium for Functional
Glycomics (CFG). The CFG has developed one of the largest glycan arrays in the world and
has provided routine screening for many investigators. Some recent examples include the
screening of galectin 8 [51], human ficolin [52], and Candida glabrata adhesion [53]. Some
other labs have developed and utilized glycan array technology for lectin and antibody
screening. A nice example comes from the Feizi laboratory. Feizi and coworkers used a
carbohydrate microarray to reveal the structure of the preferred ligand for a novel protein,
malectin [54]. Although it was determined from NMR studies that the protein recognizes
glucose oligomers, the exact structure of the ligand was not immediately apparent. By profiling
the protein in a glycan array, the authors were able to determine that malectin bound a
diglucosylated high mannose-N-glycan structure with exquisite selectivity. In another
example, Gildersleeve and coworkers used a carbohydrate microarray to evaluate the
specificities of a set of lectins and antibodies used as reagents to detect the tumor-associated
Tn antigen [12,55,56]. Many of these reagents were found to cross-react with other glycans.
Based on this information, Gildersleeve and coworkers were able to re-interpret previous
studies and carry out additional studies on the expression of the Tn antigen in prostate tumors.
They found that the Tn antigen is only expressed in a subset of prostate tumors, suggesting
that pre-selection of this subset could improve clinical outcomes with Tn vaccines.

One of the growing applications of glycan array technology is serum antibody profiling. Human
serum contains a wide variety of carbohydrate-binding antibodies, and the populations of these
antibodies change as a result of disease, exposure to pathogens, and vaccination. Several recent
examples illustrate the utility of carbohydrate antigen arrays for high-throughput profiling of
serum antibodies.

Glycan arrays have been developed for the detection of pathogen specific antibodies for the
serodiagnosis of infectious agents. Seeberger and coworkers reported preparation of a
microarray comprised of synthetic P. falciparum glycosylphosphatidylinositol (GPI) glycans
[57]. The microarray was used to compare anti-GPI IgG levels in donors from malaria-endemic
areas with non-exposed individuals and to determine the effect of exposure to the malaria
parasite in previously non-exposed individuals. Results revealed distinct differences in GPI
antigens recognized as a result of malaria exposure. Other recent examples include profiling
of mellidosis patients and animals vaccinated or infected with anthrax or tularemia-causing
bacteria [20,21], salmonellosis patients [58], and Schistosoma mansoni infected individuals
[50].

Microarrays have also seen many applications in cancer research. One recent report highlights
the utility and sensitivity of a glycan microarray to measure antibody levels to a tumor-
associated carbohydrate antigen, Globo H, and related structures [59]. In this study, the authors
found that breast cancer patients had significantly higher levels of anti-Globo-H antibodies in
their blood when compared with the normal individuals, which suggests the potential for
development of a diagnostic based on the Globo H antigen on a microarray platform.

Glycan arrays have also been used to profile antibody responses in xenotransplants. Although
it is established that anti-α-Gal antibodies are responsible for the majority of hyperacute
rejection of pig-human organ xenotransplants, it is believed that non-α-Gal antibodies are
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involved in the rejection of porcine islet xenografts. Using a glycan array of 200 different
structures, Blixt et al. investigated antibody responses to porcine cells in transplant patients
[60]. The authors identified antibody responses post-transplant to novel carbohydrate
determinants.

These preliminary studies show great promise for glycan microarray technology. To reach its
full potential, however, more information regarding experimental and biological variability is
needed. Microarray data are notoriously variable. At present, only minimal technical validation
of glycan microarray reproducibility and reliability has been published, and these have focused
on homogeneous, purified lectins which may perform better than complex, heterogeneous
serum. For larger clinical studies, analysis of samples over multiple batches of slides and over
longer periods of time will be necessary. To account for gradual changes in performance of
scanners and reagents, it will also be necessary to have robust normalization methods. In
addition to experimental issues, more information on the normal biological variation between
individuals and variation over time within individuals will be useful.

Conclusions
Over the last few years, glycan arrays have become powerful tools for analysis of carbohydrate-
macromolecule interactions. This technology has been used to evaluate the specificities of
hundreds of lectins, antibodies, cells, and viruses. In addition, it is now being applied to clinical
research for antigen detection, vaccine development, and biomarker discovery. Nevertheless,
a number of challenges remain. First, existing arrays contain only a small fraction of the
carbohydrate diversity found in nature. Moreover, these glycans are presented in a limited
number of ways on array surfaces. To fully exploit the potential of arrays, it will be necessary
to increase the quantity and diversity of carbohydrate structures as well as develop more
methods for presenting them. Second, array screening provides large quantities of data and the
ability to extract useful information from this data is vital. Better methods to mine the data and
use array information to guide additional biological studies will be necessary. Currently,
different laboratories disseminate glycan array information using different formats and
standards. Efforts to standardize information and results could facilitate meta-analyses. Third,
glycan array data provide extensive information on relationships between structure and
recognition by glycan-binding proteins, but the design and development of probes and
inhibitors using these data are not straightforward. Better methods to translate array data would
be beneficial. Finally, glycan array data is not always easily interpretable, particularly to non-
specialists, so making array information more accessible will increase the value of this
technology to those less familiar with glycobiology.
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Appendix

Annotations
*13 (de Boer). The authors developed a natural glycan array by releasing glycans from
glycoproteins and glycolipids and coupling to a fluorescent linker that facilitated purification
and immobilization of glycans to an epoxide surface. Using a single array chip and SPR
analysis, they evaluated and compared binding of human serum antibodies in 21 samples.

*14 (Song). The authors fabricated a natural glycan array by coupling glycans to a bifunctional
fluorescent linker having an aryl and an alkylamine. Glycans were coupled to the arylamine
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by reductive amination and the derivatived glycans were attached to the surface via the
alkylamine. The array was used to evaluate binding specificity of two galectins.

**34. (Ban). The authors demonstrate on-chip chemical and enzymatic synthesis of
oligosaccharides on gold-based self-assembled monolayers and the use of mass spectrometry
to directly monitor reactions and evaluate glycosyltransferase activity on the surface.

**35. (Chokhawala). The authors demonstrate chemoenzymatic synthesis of a library of
biotinylated sialosides in microtiter plates using a one-pot three-enzyme protocol. After
immobilization on NeutrAvidin-coated plates, fluorescently labeled lectins recognizing
unreacted acceptor or product were used to determine the efficiency of the reactions. The array
was used to evaluate specificities of sialic acid-binding proteins.

*36. (Blixt). The authors synthesize a library of 9-acyl-substitude sialoside analogs by
chemoenzymatic synthesis and fabricate a glycan array, which was used to screen for high
affinity ligands of sialic acid binding proteins.

**47. (Branderhorst) The fabrication of a flow-through chip consisting of glycodendrimers of
different valencies and real time analysis of multivalency effects for two lectins are reported.
The authors were able to derive kinetic and thermodynamic data from, and conduct inhibition
studies on the arrayw.

**48. (Oyelaran) The fabrication of a carbohydrate microarray consisting of BSA
neoglycoproteins having different densities of carbohydrate ligands is reported. The authors
used the array to evaluate density dependent binding of lectins, monoclonal antibodies, and
serum antibodies and showed that this approach produces variations in ligand presentation in
a biologically relevant range.

*54. (Schallus) The authors define the binding specificity of the novel lectin, malectin, by using
nuclear magnetic resonance and glycan array analysis. The glycan array revealed that the lectin
bound to a diglucose N-glycan probe with remarkable selectivity.

*55. (Li) The authors use antibodies to measure expression of the tumor associated
carbohydrate antigen Tn in prostate tumors and then use a carbohydrate microarray to evaluate
the binding profiles of the antibodies. The study revealed that only a small subset of prostate
tumors express the appropriate Tn antigen.

*59. (Wang) A glycan array of cancer-associated carbohydrate antigen Globo H and its analogs
was fabricated and used to evaluate the binding specificity of monoclonal antibodies as well
as differences in serum antibody levels between cancer patients and healthy donors. The authors
found higher levels of antibodies to Globo H in cancer patients compared to the normal donors.

*60. (Blixt) The authors used a glycan array to further define the specificities of anti-
carbohydrate antibodies produced in response to porcine fetal islet-like cell cluster
transplantation in 7 patients. They found elevated levels of antibodies to novel non-α-Gal
antigens in some patients.
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Figure 1.
Carbohydrate-macromolecule interactions (a) Interaction of carbohydrate binding proteins and
macromolecules with cell surface glycans presented on glycoproteins and glycolipids. (b)
Optimal spacing and orientation of carbohydrate ligands is critical to achieve high avidity
multivalent binding.
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Figure 2.
Examples of approaches to expanding structural diversity on glycan arrays. (a) Reductive
amination with fluorescent tags facilitate purification and immobilization of isolated natural
glycans but results in ring-opening of the reducing end sugar. (b) Formation of hydrazones and
oximes with the reducing end sugar enables surface immobilization of glycans via linkers and
can afford ring-closed products. (c) Covalent immobilization of underivatized glycans to
photoactive surfaces such as phthalimidefunctionalized surfaces.
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