Chapter 9
Photo-Generation of Carbohydrate Microarrays

Gregory T. Carroll, Denong Wang, Nicholas J. Turro,
and Jeffrey T. Koberstein

Abstract The unparalleled structural diversity of carbohydrates among biological
molecules has been recognized for decades. Recent studies have highlighted
carbohydrate signaling roles in many important biological processes, such as ferti-
lization, embryonic development, cell differentiation and cell-cell communication,
blood coagulation, inflammation, chemotaxis, as well as host recognition and
immune responses to microbial pathogens. In this chapter, we summarize recent
progress in the establishment of carbohydrate-based microarrays and the applica-
tion of these technologies in exploring the biological information content in carbo-
hydrates. A newly established photochemical platform of carbohydrate microarrays
serves as a model for a focused discussion.

9.1 Introduction

The human genome project has shown that about 30,000 genes are available for
constructing the human proteome. However, the number of genes revealed by whole
genome sequencing does not set the upper limit of the repertoire of proteins. Protein
posttranslational modifications, especially glycsylation, further diversify the available
repertoire of functional proteins in a living organism. Protein glycosylation results in
attachment of carbohydrate moieties at certain sites of a newly synthesized protein by
either N-glycosylation or O-glycosylation. About 50% of the proteins in eukaryotes
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are found to be glycosylated [1]. Virtually all mammalian cells and micro-organisms
are decorated with characteristic carbohydrate moieties. Exploring the biological
information content in carbohydrates represents one of the current focuses of postge-
nomic research and technology development.

Carbohydrates are structurally suitable for the generation of diversity. Analogous
to nucleotides and amino acids, monosaccharides are the building blocks of sugar
chains. As in DNA and proteins, a carbohydrate’s structural diversity comes from
the composition of its repeat units and the sequence of these units. In mammals,
there are nine common monosaccharide repeat units. A unique source of diversity
to carbohydrates is the possibility to form branched structures because linkages can
occur at multiple locations on a monosaccharide. As discussed below, the location
of the linkage can be an important parameter in molecular recognition. For example,
the flu virus recognizes the same monosaccharide units in both humans and birds;
however, strains specific for birds recognize a linkage at a different location than
those specific for humans (see below). In addition, the configuration at the anomeric
position is another source of diversity.

Monosaccharides are linked together by forming glycosidic bonds between an
anomeric OH on a monosaccharide and any OH (or other reactive functional group)
on another monosaccharide. A pyranoside (six-membered ring monosaccharide) can
bond to another pyranoside at five different positions with each linkage being in an o
or 3 orientation. The potential to create differential linkages allows monosaccharides
to form a more diverse array of oligomers in comparison to oligonucleotides and
amino acids. For example, any fully hydroxylated pyranoside can form 11 possible
disaccharides. A given amino acid can form only one dipeptide. A trimer of the nine
common sugar residues found in mammals could potentially give rise to 119,736
different biological “expressions.” A trimer of the 20 amino acids or four oligonu-
cleotides can form only 8000 and 64 “expressions” in comparison. It should be noted
that bacteria contain over 100 types of monosaccharides, often containing functional
groups not found in mammalian monosaccharides, making the potential number of
sugar structures found in nature well beyond the number found in mammals.

The “marriage” of carbohydrates with other biomolecules produces a large rep-
ertoire of carbohydrate-containing biomolecules with a variety of hybrid structures,
called glycoconjugates. The two major classes of glycoconjugates, glycolipids and
glycoproteins, are present in many living organisms. Each of these can be further
subdivided. Glycoproteins bearing amino sugars, called glycosaminoglycans, are cat-
egorized as proteoglycans. Peptidoglycans are glycosaminoglycans cross-linked by
peptides. Glycopeptides are oligosaccharides bound to oligopeptides and are either
degradation products or are chemically synthesized. Glycosphingolipids are gly-
colipids in which an oligosaccharide is covalently attached to the lipid sphinganine.
Lipopolysaccharides are glycolipids in which the sugar is a polymeric carbohydrate
derivative.

Appending carbohydrates to lipids and proteins serves various roles. It allows
carbohydrates to be anchored to the surface of biological membranes and can change
the physical properties of the molecules to which they are conjugated. For example,
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carbohydrates attached to glycoproteins in deep-sea fish are thought to disrupt the
formation of ice crystals allowing the fish to survive at temperatures below 0° C.
In addition, glycoconjugation can endow a molecule with a saccharide molecular
marker. For example, sialic acid residues found on an erythrocyte N-linked glyco-
protein indicates whether the blood cell is “new” or “old” [2, 3] as depicted in
Fig. 9.1a. If the glycoprotein loses its sialic acid residue, a galactose residue is
exposed and recognized by a liver surface protein called the asialoglycoprotein
receptor (asialo meaning “without sialic acid”). When enough galactose residues
are exposed, multiple interactions bind the “old” erythrocyte to the liver. The “old”
erythrocyte is then absorbed into the liver for degradation. However, the native
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Fig. 9.1 Characteristic carbohydrate moieties serve as markers for biological recognition.
(a) Sialic acid residues found on erythrocytes provide a molecular marker to indicate whether the
cell is “new” or “old” [3]. Loss of sialic acid exposes a galactose residue that is recognized by the
asialoglycoprotein receptor in mammalian liver [4]. When multiple galactose residues are exposed
multivalent interactions result in a tight binding to the liver cells
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Fig. 9.1 (continued) (b) N-glycan type II chains [GalB(1 — 4)GIcNAc] in the triantennary cluster
configurations with (Tri-II) and without sialic acid terminal residues (asialo-Tri-II). The asialo-
Tri-II sugar moieties but not the Tri-1I structures are specifically targeted by a horse-neutralization
antibody of SARS-CoV [5]

structures of cellular N-glycans are much more complex than the schematics in
Fig. 9.1a. The sugar moieties recognized by the liver asialoglycoprotein receptor
are in triantennary and multiantennary configurations without sialic acid caps [4];
Fig. 9.1b).

Recent studies have demonstrated that carbohydrate-mediated molecular recog-
nition plays key roles in many important biological processes. These include cellular
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events, such as fertilization [6, 7], embryonic development [8], and cell differentiation
and cell—cell communication [9-11]. In addition, important molecular processes
such as blood coagulation [12, 13], inflammation [3, 14], and chemotaxis [15], as
well as host recognition and immune responses to microbial pathogens [16—18] are
mediated or regulated by carbohydrate biosignals.

The carbohydrate-mediated processes mentioned above rely on the presence
of appropriate biological molecules that are able to “decode” the biosignals of
carbohydrate moieties. There are at least two classes of biological molecules in
living organisms that have evolved to play such roles. They are known as anticar-
bohydrate antibodies produced by immune cells (B lymphocytes; [18]) and lectins
of nonimmune origins [19].

The carbohydrate moieties that accommodate binding and are complementary
to the combining-sites of lectins and/or antibodies are termed glycoepitopes. It was
estimated that there are about 500 endogenous glycoepitopes in mammals [20].
However, this estimation did not consider the repertoires of the “hybrid” structures
that are generated by protein posttranslational modification, including both N- and
O-glycosylation. Furthermore, the conformational diversity of carbohydrates sub-
stantially increases the repertoire of carbohydrate-based antigenic determinants or
glycoepitopes [21-23].

9.2 Carbohydrate Microarrays as Essential Tools
in the Postgenomics Era

To meet the technical challenges posed by the structural diversity and functional
complexity of carbohydrates, substantial efforts have been made to establish differ-
ent platforms of carbohydrate microarrays [24-31]. The following examples dem-
onstrate that these relatively nascent technologies have been utilized to explore the
mysteries of life shrouded in the structure of carbohydrates.

A carbohydrate microarray printed on nitrocellulose-coated glass slides has
been applied to explore the potential immunogenic sugar moieties expressed by
a previously unrecognized viral pathogen, SARS-CoV [5]. The strategy estab-
lished in the SARS virus investigation is likely applicable for other microbial
pathogens. It involves three steps of experimental investigation. In the first
step, a carbohydrate microarray is used to characterize antibody responses to
an infectious agent or antigen preparation in order to recognize the disease- or
pathogen-associated anticarbohydrate antibody specificities. The second step
focuses on identifying lectins and/or antibodies that are specific for the gly-
coepitopes that are recognized by the pathogen-elicited antibodies. This pro-
vides specific structural probes to enable the third step of investigation, that is,
to identify the glycoepitopes in the candidate pathogens using specific lectins
or antibodies identified in steps 1 and 2.

The rationale for this approach is that if SARS-CoV expressed antigenic
carbohydrate structures, then immunizing animals using the whole virus-based
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vaccines would elicit antibodies specific for these structures. In addition, if
SARS-CoV displayed a carbohydrate structure that mimicked host cellular gly-
cans, then vaccinated animals may develop antibodies with autoimmune reactiv-
ity to their corresponding cellular glycans. By characterizing the SARS-CoV
neutralizing antibodies elicited by an inactivated SARS-CoV vaccine, autoan-
tibody reactivity specific for the carbohydrate moieties of an abundant human
serum glycoprotein, asialo-orosomucoid (ASOR), was detected [5]. This “chip
hit” provides important clues for the selection of specific immunologic probes to
further examine whether SARS-CoV expresses antigenic structures that imitate
the host glycan. Given that lectin PHA-L is specific for glycoepitopes Tri-II or
mlI of ASOR (See Fig. 9.1b for an asialo-Tri-II structure of N-glycans), this lec-
tin was applied as a structural probe to examine whether SARS-CoV expresses
the PHA-L reactive antigenic structure. The results demonstrated that glyco-
epitopes Tri-II or mIl of ASOR are highly expressed by SARS-CoV-infected
cells and by the viral particles.

Another study [32] involved the dendritic cell receptor, DC-SIGN, and the
endothelial cell receptor, DC-SIGNR, both of which play an important role in
pathogen recognition. The ligand-binding properties of these receptors were eluci-
dated using a glycan array fabricated with biotinylated mono- and oligosaccharides
immobilized on streptavidin-coated wells. Screening the arrays with extracellu-
lar domains of the two cell receptors showed that in addition to the ligands that
DC-SIGNR binds, DC-SIGN binds glycans that contain terminal fucose residues.
Almost all the carbohydrates screened that bound to the CRD of DC-SIGN had
branched terminal structures. Bulky and charged sialic acid residues were found to
prevent binding.

Glycan arrays have also been used to investigate the interaction of the gp120
glycoprotein of HIV-1 [29], which interacts with CD4 of human T cells. The bind-
ing of gp120 to CD4 initiates events that subsequently allow the gp41 glycoprotein
of HIV-1 to insert into the host cell membrane. Understanding how HIV carbo-
hydrates interact with binding partners is expected to aid in developing agents to
prevent HIV entry. A microarray of natural and modified glycoproteins, as well
as neoglycoproteins were used to reveal the binding profiles of the following four
gp120-binding molecules: DC-SIGN, a monoclonal antibody 2G12, cyanovirin-N
(CVN), and scytovirin.

The dependence of carbohydrate moieties in their binding to the gpl120 was
studied by chemically modifying the protein ovalbumin with a high mannose
oligosaccharide found on gp120. The four gpl120-binding molecules only bind
to ovalbumin when the high mannose oligosaccharide is present, indicating that
their reactivity with gp120 is mainly dictated by the oligosaccharide residues as
opposed to the polypeptide backbone. The binding profiles of the four proteins
were investigated in further detail. A microarray composed of the high mannose
oligosaccharide and components of the oligosaccharide revealed that both 2G12
and CVN bind to terminal Mano.1-2Man linkages whereas scytovirin requires an
additional underlying ot1-6 trimannoside moiety. DC-SIGN was found to bind to
all components investigated.
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Aside from gp120 studies, the microarray revealed the novel finding that gp41,
which expresses high-mannose oligosaccharides and is known to bind CVN and
scytovirin, also binds both DC-SIGN and 2G12. The microarray allows for a
rapid screening of fine structural details within a carbohydrate to ascertain the
motifs responsible for molecular recognition. Such details will be beneficial in
developing prophylaxis agents that prevent or inhibit HIV from infecting a host’s
cells.

A fourth pathogen-related application [33] involves the influenza A virus that
has recently received much public attention due to several recent cases of the avian
virus infecting humans. Aside from foreboding commentary of the emergence of a
pandemic strain in the near future, virulent episodes from 1918 that claimed more
than 50 million lives has left a lasting interest in understanding the immunogenic
details of this virus. Influenza A infection is initiated by binding of hemagglutinin
(HA), an antigenic protein found on the virus’ coat, to carbohydrates on the surface
of the host’s epithelial cells. HA recognizes sialic acid terminated glycans and its
linkage to galactose residues (see Fig. 9.1 for sialic acid terminated glycans in the
Tri-IT sugar chain configuration). The receptor specificity of various serotypes has
been studied using cell-based assays. HA variants adapted to humans recognize
an 02-6 linkage whereas strains specific for birds recognize an a2-3 linkage.
Recently, researchers have applied carbohydrate microarrays to study the virus in a
cell-independent assay [33].

Microarrays are expected to reduce complications involved in the cell studies.
Using a combination of genomic sequence analysis and a glycan array displaying
200 carbohydrates, factors determining the specificity of influenza A for birds
and mammals were investigated. By screening a variety of HAs and probing their
interaction with a glycan array containing sugars with sialic acids attached via
02-3, 02-6, and 02-8 linkages among other glycans, specific mutations were
shown to control the specificity of the HA for a given linkage as anticipated by
previous studies. In addition, binding specificity was correlated to other fine struc-
tural motifs including charge, size, sulfation, fucosylation, and sialylation showing
that the microarray can be used to identify different strains of the virus based on a
fingerprint of the specificity.

The microarray could distinguish between the binding specificity of two
different strains of human HAs, 18NY and 18SC (named after 1918 pandemic
strains found in New York and South Carolina). 18SC HA recognizes only 0:2—6
linkages whereas the 18NY additionally recognizes 0:2-3 linkages. In the avian
18NY strain, a Glul190Asp mutation confers 02—6 recognition, resulting in viru-
lence towards humans. The strain becomes more suited to ot2—6 recognition after
a second mutation, Gly225Asp. Thus, only two mutations are required to cross the
major species barrier. This study shows that glycan arrays can be used to rapidly
screen specificity profiles of pathogens and to predict the emergence of human
pathogenic strains.

Another application of carbohydrate microarrays includes the study of
carbohydrate-processing enzymes. Nature utilizes enzymes to synthesize car-
bohydrates. Understanding the specificity of a given enzyme upon carbohydrate
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modification, as well as identifying inhibitors of the enzyme aids in treating dis-
eases that rely on carbohydrate interactions is important. For example, NB-DNJ
is an inhibitor that prevents a glucosidase enzyme from constructing appropriate
carbohydrates on gpl120, a glycoprotein of HIV mentioned above, reducing the
virus’ ability to bind to leucocytes. The specificity of enzymes that modify car-
bohydrates can be probed by treating a carbohydrate array with a given enzyme.
Modified carbohydrates can then be revealed by lectin interactions. In addition,
potential inhibitors of the enzyme activity can be screened by mixing selected
candidates with the enzyme prior to treating the array. Carbohydrates stabilized on
a microtiter plate through hydrophobic interactions have been used to reveal inhibi-
tors of fucosyltransferase, an enzyme responsible for transferring a fucose residue
from GDP-fucose to a sialyl-lactosamine to form sialyl-Lewis*, a tetrasaccharide
involved in the inflammatory response in mammalian tissue [34]. By incubating
various candidate inhibitors with the enzyme prior to immersing the microarray,
four inhibitors with nanomolar K, values were discovered. The authors indicate that
the method is 70% more cost-effective than a previously applied coupled-enzyme
assay method.

9.3 Construction of Carbohydrate Microarrays

Developing new methods to fabricate carbohydrate microarrays has been an
ongoing topic since 2002 when the first microarrays were reported [28]. Four
important requirements involved in creating a functional microarray include (1) the
ability to immobilize biological molecules on a flat substrate; (2) the immobilized
molecules retain their biorecognition properties; (3) the sensitivity to detect a broad
range of specificities; and (4) the ability to incorporate high-throughput equipment
in creating the array. Both high- and low-density microarrays have been described.
Low-density arrays are created on microtiter plates. High-density arrays are created
on glass, metallic, and polymer surfaces. The latter can contain tens of thousands
of sugars on one microscope slide for a large-scale characterization of saccharides
and their receptors and has a unique advantage in exploring unknown carbohydrate
targets and their potential receptors and antibodies. The former is suitable for a
more focused biomedical application.

Fig. 9.2 shows the schematics of four approaches for immobilization of
saccharides on a chip substrate: (1) noncovalent and nonspecific, (2) noncovalent
and specific, (3) covalent and nonspecific, and (4) covalent and specific. Covalent
immobilization links sugars on a surface by forming covalent bonds to the sub-
strate. It ensures a stable immobilization of the saccharides regardless of their
physicochemical properties. The ability to control the specificity of immobilization
provides that a given face of the sugar will not be inactivated through chemical
derivatization or burying at the substrate interface. Given that carbohydrates are
structurally diverse and that key sugar moieties for biological recognition are
frequently unknown to begin with, it remains technically challenging and practically
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Fig. 9.2 Microspotted sugars can be stabilized on a chip in a variety of ways [35]. Chemically
derivatized carbohydrates can be site-specifically immobilized on a substrate derivatized with
appropriate functional groups (a). Carbohydrates derivatized with hydrophobic groups such as
long hydrocarbon tails adsorb to hydrophobic substrates. Additionally, biotinylated carbohydrates
can be stabilized on streptavidin-coated surfaces (b). Photochemical methods can be used to
covalently immobilize underivatized carbohydrates to surfaces containing photoactive groups
such as aromatic carbonyls or diazo compounds (c). Underivatized carbohydrates can be site-
specifically immobilized on hydrazide or amino-oxy derivatized surfaces (d). Underivatized
carbohydrates can be physically adsorbed onto polymer surfaces such as nitrocellulose or oxidized
polystyrene. The interaction of immobilized carbohydrates with various biological species can be
probed using fluorescence as a detection method

difficult to achieve a generally useful method for covalent and site-specific saccha-
ride immobilization for a broad range of applications.

A number of noncovalent methods for presenting carbohydrates on a surface
have been developed and are currently in use by many investigators. These include
the use of native polysaccharides, glycoproteins, and glycolipids, as well as the use
of chemically derivatized carbohydrates [23-25, 28, 36-38]. Hydrophobic effects
are utilized by chemically derivatizing the carbohydrates with a hydrophobic group
such as a lipid and spotting onto a hydrophobic surface.

Lipid-linked oligosaccharides have been immobilized on commercially
available nitrocellulose-coated surfaces [25]. Similarly, sugars derivatized with
long tail hydrocarbon chains of 13—15 carbon atoms have been immobilized on
microtiter plates [24, 29]. Carbohydrates derivatized with C,F , fluorocarbon tails
can be stabilized on glass slides containing a fluoroalkylsilane coating [40]. In
addition, carbohydrates can be conjugated to bovine serum albumin and subse-
quently immobilized on an appropriate substrate [28, 41, 42]. Another strategy of
carbohydrate presentation involves immobilizing biotinylated carbohydrates on
streptavidin-coated wells [43] or glass slides [44].

The use of noncovalent immobilization in carbohydrate microarrays is analogous
to bioassays that are based on the noncovalent immobilization of a biomolecule on
a solid phase. These include the Southern blot for DNA hybridization, Northern
blot for mRNA detection, and Western blot and ELISA assays for monitoring
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protein and/or carbohydrate-based biomarkers. However, the efficacy of saccharide
immobilization by noncovalent bonding is under the influence of the physicochem-
ical properties of the given molecules. The stability of immobilization and exposure
of the desired glycoepitopes or antigenic determinants must be examined for each
saccharide on the substrate [5, 28, 31, 37, 38].

A number of methods for covalent and site-specific saccharide immobilization
have also been developed. For example, maleimide-linked carbohydrates have been
attached to thiol-coated surfaces, and vice versa, by formation of a thioether link-
age [27, 29, 45]. Other surface linking reactions include Diels—Alder reaction [26],
dipolar cycloaddition [46], amine-N-hydroxy succinimide (NHS) coupling [47,
48], p-aminophenyl-cyanuric chloride coupling [49], dimethylaminopyridine-NHS
coupling [50], and the attachment of thiol-derivatized carbohydrates to gold films
[51, 52]. In most of these procedures, both a chemically derivatized surface and
derivatized carbohydrate are needed.

Methods that allow for arrays to be created from underivatized sugars are
important because this avoids altering the native structure of bioactive carbohydrates
and is less time-consuming for array construction. A few methods for immobilizing
underivatized sugars have been demonstrated. Nitrocellulose-coated glass chips
have been used to create polysaccharide microarrays. Although this is the most
convenient method presently available, it can only be used for high molecular
weight polysaccharides unless lipids are attached (see above), in which case oli-
gosaccharides can be immobilized. Similarly, oxidized black polystyrene substrates
immobilize underivatized sugars. The black substrate has the advantage of giving
a high signal-to-noise ratio.

Recent methods allow for underivatized sugars to be covalently bound to a
surface. Hydrazide-coated glass slides have been shown to react with underiva-
tized mono-, oligo-, and polysaccharides in a site-specific manner [53]. Similarly,
oligosaccharide microarrays have been prepared on hydrazide-coated gold slides
[54]. In addition, underivatized carbohydrates have been bound to amino [55, 56],
aminooxy [53], aminooxyacety [57], and phenylboronic acid-coated [58] slides.
Note that in some cases the surface reactions reported were not used to fabricate
microarrays. Two other methods for covalently immobilizing underivatized sug-
ars involve derivatizing a surface with photoactive groups that can form covalent
bonds to a wide variety of molecules after irradiation with UV light. These meth-
ods are discussed below.

9.4 Photons as General Reagents for Covalent Coupling
of Carbohydrates on a Chip

When an appropriate functional group within a molecule absorbs a photon, the
physical and chemical characteristics of the molecule can be dramatically altered
[59]. Fig. 9.3 illustrates the effects of light absorption on the electronic structure
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of a molecule when the photon is in the UV/visible region of the electromagnetic
spectrum. Electrons in the ground electronic state, S , are promoted to a higher
energy level, S , resulting in an excited singlet state (1). The excited molecule can
relax to the ground state by emitting light (fluorescence) (2) or giving off heat
(internal conversion) (3). The excited molecule can also undergo a chemical reac-
tion (4) that is not possible in the ground state. In addition, the electron can flip its
spin, a process called intersystem crossing (5), resulting in an excited triplet state.
From the triplet state the electron can undergo phosphorescence (emission of light
from the triplet state) (6), internal conversion (7), or chemical reaction (8).

Exploiting the photoactive nature of various chromophores (chemical units within
a molecule that absorb light of a given wavelength) has allowed chemists to form
covalent bonds between chemicals that are otherwise nonreactive. This feature has
allowed underivatized carbohydrates to be immobilized on surfaces bearing appro-
priate chromophores. In addition, the use of photons as “traceless” and “weightless”
reagents is a convenient, clean, and inexpensive method for fabricating microscale
devices.

A variety of photochemical reactions has been performed on carbohydrates
[60]. Our emphasis is focused on reactions that involve covalent bond formation
between a carbohydrate and another molecule. H-abstraction from a C—H group
by a photochemically excited state of carbonyl compounds is a common primary
photochemical process. In this reaction, an excited carbonyl compound abstracts a
hydrogen atom from a suitable C—H donor to form a pair of radicals. The suscep-
tibility of a hydrogen atom to abstraction will depend on the C—H bond strength
and the stability of the resulting radicals. The more substituted a carbon atom, the
greater will be the stability of a radical forming at that carbon atom. In addition,
inductive and resonance effects will influence the bond strength and stability of the
resulting radical.

Studies on model compounds have shown that H-abstraction occurs preferentially
at the anomeric center [60], however, when actual carbohydrates were studied, ESR
results indicated that H-abstraction occurs preferentially at C-H bonds on C-C,
with varying efficiency [61, 62]. Certain substituents can affect the selectivity

“
S| —
! % 77N
(ORCIANE) (5 T,
©) (71 %
So M M So

Fig. 9.3 The possible photophysical and photochemical events that can occur upon absorption of
a photon by a molecule: (1) singlet—singlet absorption of a photon; (2) fluorescence; (3) internal
conversion; (4) reaction from the excited singlet state; (5) intersystem crossing to the triplet state;
(6) phosphorescence; (7) internal conversion; and (8) reaction from the triplet state
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of the reaction. For example, in D-galacturonic acid hydrogen abstraction occurs
predominantly at C, due to a combination of steric and stereoelectronic effects from
an adjacent carboxyl group [63].

It should be noted that electron-donating substituents such as amines can favor
electron transfer as opposed to H-abstraction. The rate for electron transfer is at
least an order of magnitude faster than hydrogen abstraction, so sugars such as
glycosaminoglycans are expected to favor this pathway. The possibility for elec-
tron transfer to occur will depend on the excited state reduction potential of the
chromophore and the oxidation potential of the carbohydrate. When proton transfer
follows electron transfer, the resulting radicals can recombine to form a covalent
bond. Other possible reactions include back transfer, disproportionation, and vari-
ous rearrangements that are pH-dependent [63].

Photogeneration of carbenes and nitrenes provides another potential method to
form covalent bonds to carbohydrates. Irradiation of diazo and azide compounds
results in the loss of N, and subsequent formation of carbene and nitrene inter-
mediates. These can undergo a variety of reactions that result in covalent bond
formation including insertion into sigma and pi bonds, addition of a nucleophile or
electrophile and hydrogen abstraction.

Aziridine derivatized polysaccharides have been used to cast films on a surface
that react with underivatized sugars after irradiation with UV light [64]. Upon
absorption of a photon, the aziridine group loses N, to form a highly reactive
nitrene. The nitrene presumably reacts with spotted sugars to form a covalent bond.
Only polysaccharides were investigated using this surface. Similarly, diazirine
derivatized mono- and disaccharides have been synthesized and photochemically
immobilized on diamond [65] and poly (styrene) [66] films by photogenerating a
carbene that reacts with the film.

A recently reported photochemical method employs a self-assembled
monolayer [67] on a glass chip presenting phthalimide chromophores at the air—
monolayer interface as shown in Fig. 9.4 [31]. The phthalimide chromophore is
known to undergo a variety of photochemical reactions [68, 69]. In the presence
of a carbohydrate the most plausible primary process is hydrogen abstraction
from a C-H group.

Recombination of the resulting radicals results in a covalent bond. The
mechanism is illustrated in Fig. 9.5. After absorption of a photon, the excited
phthalimide abstracts a hydrogen atom from a nearby molecule. This creates radical
centers on both molecules. The radicals can then recombine to form a covalent
bond. Tethering a monolayer of phthalimide-derivatized silanes to a glass surface,
SAM 1 (Fig. 9.4), provides a platform for covalently immobilizing sugars on chips.
The phthalimide molecule is covalently bound to the glass through a condensation
reaction between a trimethoxy silane and Si—OH groups at the glass surface. Bond
formation to the substrate as well as van der Waals interactions between the long
alkyl chains provide a driving force for the molecules to self-assemble into oriented
clusters one molecule thick at the surface. In general the clusters are collectively
described as a monolayer of molecules.
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Fig. 9.4 A self-assembled monolayer containing phthalimide endgroups that become reactive
when irradiated with UV light
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Fig. 9.5 A phthalimide derivative can undergo a photochemical hydrogen abstraction reaction
followed by recombination to form a covalent bond

The “two-dimensional” nature of the surface guarantees that the photo-reactive
group will present itself at the solid—air interface where the carbohydrates will be
adsorbed. This is in contrast to polymeric three-dimensional coatings where van
der Waals interactions will dictate which groups migrate to the interface. A key
advantage of this photoactive surface is that sugars of all sizes should in principle
be stabilized on the substrate because a covalent bond is expected to form. A simple
modification of this surface that involves mixing a hydrophilic molecule into the
monolayer (discussed below) allows for the use of high-throughput equipment to
create microarrays of underivatized poly-, oligo-, and monosaccharides. Microarrays
fabricated in this way have proven successful in elucidating fundamental informa-
tion concerning the immunogenic properties of oligosaccharides found on pathogen
glycoproteins.

A first step in pursuing any new methodology of microarray fabrication involves
testing the interfacial chemistry between the carbohydrate and surface. In order to
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test the photochemical reactivity of SAM 1 towards sugars, films of polysaccha-
rides were spin-coated onto SAM 1. Ellipsometry, contact angle, and fluorescence
measurements were used to demonstrate that polysaccharides can be photochemi-
cally immobilized on this surface. In order to show the versatility of the method,
a photolithographic patterning experiment was used to show that poly-, di-, and
monosaccharides could be immobilized on the surface. Irradiation of homogeneous
films of dextran polysaccharides, sucrose, and glucose through a photomask results
in stabilized hydrophilic patterns that can be visualized by condensing water onto
the surface. This demonstrates that sugar films composed of carbohydrates of any
size can be immobilized on a phthalimide monolayer.

In order to be functional at the highest level, immobilized sugars must be accessi-
ble to assayed lectins and other such molecules and they must preserve their ability
to react with cellular receptors or antibodies of defined specificities. Ideally, the
surface must be suitable for patterning by way of conventional robotic spotters used
to create microarrays because this allows for an automated production of potentially
thousands of different carbohydrate spots on a single chip [38]. In order to perform
a reaction at a surface, the thermodynamic properties of the system must favor
adsorption of the reacting molecules at the interface. This is pertinent to construct-
ing a microarray in that in order to use a robotic spotter, the surface must favor
adsorption of a glycan solution onto the substrate. Otherwise, very little material
will leave the pin of the spotter.

It was found that a monolayer consisting of only phthalimide end-groups was
inappropriate for spotting. Even when a noticeable amount of material was spot-
ted on SAM 1 or a benzophenone-terminated monolayer (another class of aro-
matic carbonyls that participates in H-abstraction when irradiated), the surfaces
were unable to retain a detectable amount of carbohydrates after irradiation. This
is in contrast to the film studies in which a pure monolayer was sufficient to
immobilize sugars. The discrepancy is probably a result of the film’s sampling a
much larger area of the surface in comparison to a spot of approximately 200 wm,
making immobilized sugars easier to detect. Also, the mechanical effects of spin-
coating may press the sugars into gaps in the monolayer allowing the excited
carbonyl more access to the sugar.

In order to make the surface more amenable for spotting, trimethoxyamino-
propylsilane was mixed into the surface (PAM) as shown in Fig. 9.6. A ratio
of 5:1 amine:phthalimide was found to give a reliable surface for spotting and
immobilization. The amine acts as bait to pull the sugars onto the surface through
a favorable hydrophilic interaction. The hydrophilic gaps are also expected to
put the carbohydrate in a more favorable location for the phthalimide to abstract
a hydrogen atom from the sugar. The structure of the surface is probably more
complicated than the simple picture shown in Fig. 9.6. If a monolayer is formed,
the phthalimide most likely will try to tilt over the amines to reduce the interfacial
tension. In addition, it is possible that like molecules cluster or even phase-separate
within the mixed monolayer, or those multilayers, oligomers, or polymers form, but
these phenomena have not yet been investigated in this system. Regardless of the
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Fig. 9.6 A mixed monolayer containing phthalimide and amine-terminated molecules provides a
photoactive surface appropriate for spotting. After sugars are spotted, irradiation with UV light
binds the sugars to the surface presumably through covalent bond formation. Antibodies can rec-
ognize the corresponding epitopes on the immobilized carbohydrates (triangles)

surface structure, mixing amines into the surface makes the substrate functional in
a high-throughput microarray application.

In order to understand the utility of a given method it is critical to screen a
variety of sugars with known specificities towards various lectins, antibodies, or
other substances that interact with carbohydrates. Steric interactions and the spe-
cificity of the immobilization could potentially inhibit recognition. Immobilized
polysaccharide dextran antigens were screened against antidextran antibodies. The
antibodies were able to recognize the antigenic determinants of photoimmobilized
polysaccharides. A more important application of PAM is the ability to assay
underivatized oligosaccharides because nitrocellulose-coated surfaces are unable
to hold such small molecules.

Photoimmobilized saccharides containing 3—7 glucose and mannose residues
were found to recognize the lectin concanavalin A (con A), however, as the size
of the oligosaccharide decreased the intensity of the fluorescence signal decreased.
Photoimmobilized glucose and mannose monosaccharides were unable to recognize
con A. This is most likely due to increased steric hindrance as the size of the sugar
decreases. The close proximity of the sugar to the monolayer makes the epitope inac-
cessible to the protein. In addition, the expected nonspecific nature of the reaction can
bury the C,, C,, and C, hydroxyl groups of the monosaccharide that are required
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for binding the lectin. As a sugar decreases in size, the number of biologically active
epitopes will decrease along with the probability that the epitope displays itself at
the surface. At least some active faces of the sugar are expected to be present at the
surface.

Characterizing the immunogenic properties of carbohydrate structures on the
surface of pathogens could lead to the development of improved vaccines, drugs,
sensors, and diagnostic methods. PAM was recently used to identify immunogenic
moieties on the surface of Bacillus anthracis spores, rodlike gram-positive
bacteria responsible for anthrax infection [70]. Among the various proteins found
on the exosporium, the outermost surface of B. anthracis, BclA (Bacillus collagen-
like protein of anthracis) is the most prominent. BclA is a glycoprotein contain-
ing two types of O-linked oligosaccharides: a 324 Da disaccharide and a 715Da
tetrasaccharide. The structure of the tetrasaccharide is shown in Fig. 9.7.

The terminal amide-containing residue was given the name anthrose. The trisac-
charide attached to anthrose is made up of rhamnopyranosyl units. The anomeric
configuration of the rhamnopyranosyl residue attached to the glycoprotein is
unknown. The presence of a given sugar on the surface of the exosporium does
not guarantee that the sugar takes part in eliciting an immune response. In order
to determine the immunogenic properties of the tetrasaccharide, the o and B
conformers of the tetrasaccharide, components of the tetrasaccharide and addi-
tional sugars were photoimmobilized on PAM. Incubation of the microarray with
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Fig. 9.7 A tetrasaccharide found on the exosporium of B. anthracis spores [71]. The terminal
monosaccharide residue has been given the name anthrose. Anthrose is attached to a trisaccharide
component made up of rhamnopyranosyl residues. The orientation of the anomeric center of the
residue attached to the protein is unknown
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antibodies elicited by anthrax spore immunization demonstrated that the anthrose-
containing tetrasaccharides are specifically recognized by the antibody.

Inhibition assays were also conducted with the microarray. The anthrose
monosaccharide was found to inhibit the antibody from binding to the tetrasaccha-
ride. Thus, the terminal anthrose residue, together with the trisaccharide contain-
ing rhamnopyranosyl units form a highly specific immunogenic sugar moiety of
B. anthracis spores. The experimental approach is expected to allow for the high-
throughput screening of the saccharide structures found on any pathogen to identify
their key antigenic structures.

In summary, we have described a photochemical strategy that allows for
carbohydrates to be immobilized on surfaces without chemical modification. This
technique offers a clean and simple method to immobilize carbohydrates on a glass
chip. A key advantage is that the carbohydrates do not need to be derivatized with a
specific functional group for covalent immobilization on a chip surface. However, an
intrinsic weakness of this method is that the immobilized saccharides are expected to
lack a specific orientation. In a given microspot, the active part of an unknown per-
centage of the immobilized sugars can get buried at the interface if the photochemical
reaction targets a C—H group on the epitope of the sugar. Smaller sugars are expected
to be more hindered by this inasmuch as they contain a lesser amount of epitopes.

The photochemical method could be adapted to incorporate reactions mentioned
above that result in selective immobilization of carbohydrates. Rather than directly
spot carbohydrates onto the photoactive surface, a polymeric scaffold functional-
ized with a pertinent reactive group (hydrazide groups for underivatized sugars,
e.g.) could be photoimmobilized onto the surface before spotting. The polymeric
thin film will provide a thicker and more mobile layer of functional groups, poten-
tially increasing the amount of carbohydrates adsorbed and immobilized per spot.
In addition, the flexibility of a surface-bound macromolecule in comparison to a
small molecule in a monolayer may increase the accessibility of immobilized car-
bohydrates to lectins, particularly if the assay conditions swell the polymer chain.
This carbohydrate microarray platform provides a versatile tool for carbohydrate
research. Its potential in biomedical applications is yet to be further explored.
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