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Abstract

We reported here a novel, ready-to-use bioarray platform and methodology for construction of
sensitive carbohydrate cluster microarrays. This technology utilizes a 3-dimensional (3-D) poly
(amidoamine) starburst dendrimer monolayer assembled on glass surface, which is functionalized
with terminal aminooxy and hydrazide groups for site-specific coupling of carbohydrates. A wide
range of saccharides, including monosaccharides, oligosaccharides and polysaccharides of diverse
structures, are applicable for the 3-D bioarray platform without prior chemical derivatization. The
process of carbohydrate coupling is effectively accelerated by microwave radiation energy. The
carbohydrate concentration required for microarray fabrication is substantially reduced using this
technology. Importantly, this bioarray platform presents sugar chains in defined orientation and
cluster configurations. It is, thus, uniquely useful for exploration of the structural and conformational
diversities of glyco-epitope and their functional properties.
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Introduction

Carbohydrates are prominently displayed on the surface of cell membranes and on the exposed
regions of macromolecules in bodily fluids. Their structural diversity and abundant presence
in surface-display make them suitable for storing biological signals in the forms that are
recognizable by other biological systems. Carbohydrate-mediated molecular recognition
underlies many aspects of biological processes.1=® These include important cellular events,
such as fertilization,62 7 embryonic development,® cell differentiation and cell-cell
communication,®=11 and many molecular processes that are mediated or regulated by
carbohydrate biosignals. The latter may include but not limited to blood coagulation,12: 13
inflammation,3: 14 chemotaxis,1° as well as host recognition and immune responses to
microbial pathogens,16=18 Exploration of sugar chain diversities and their roles in molecular
recognition and bio-signaling is one of the current challenges to functional Glycomics
investigation.

*To whom correspondence should be addressed. xichunz@adatech.com, Tel: 303-874 8273; Fax: 303-792-5633 and
dwangl@stanford.edu.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhou et al.

Page 2

Carbohydrate-based microarray technologies have recently emerged as promising tools for
glycomics research.1974° These bioarrays present tens or hundreds of different sugars as
microarrays on solid surfaces in a spatially discrete pattern. Technically, they are well-suited
for monitoring multiplex molecular interactions involving carbohydrates, such as DNA-sugar,
protein — sugar, sugar —sugar, and sugar —metabolite interactions. In addition, the miniaturized
methodology of bioarrays is particularly important for Glycomics research, because no
biological amplification strategy, such as the Polymerase Chain Reaction (PCR) or cloning,
exists to produce usable quantities of complex oligosaccharides. Practically, carbohydrate
microarrays may have advantage in rapid determination of the binding profile of carbohydrate-
binding proteins or anti-glycan antibodies, detection of disease-associated or pathogen-specific
antibodies for the diagnostic and/or prognostic applications, and characterization of
carbohydrate-cell or carbohydrate-microbe recognition events and the high-throughput
screening of inhibitors for blocking carbohydrate-mediated molecular recognition in a specific
biomedical application.

A number of experimental approaches have been explored for construction of carbohydrate
microarrays19~34 Methods of non-covalent attachment (i.e., massive adsorption), such as
nitrocellulose-coated glass slides3: 36 and hydrophobic black polystyrene substrate,37 are
practical approaches to high-throughput production of polysa ccharide and glyconjugate
microarrays. These technologies are, however, not suitable for direct immobilization of mono-
and oligosaccharide microarrays. This is owing to the fact that carbohydrate binding on these
surfaces becomes less stable as the molecular weight decreases.35 Mono- and oligosaccharides
may be chemically modified with reactive tags, such as amine®?: 3841 thjol 42
cyclopentadiene,*3 lipid,** 4 fluorous,*6—48 azide,*° photoactive,®0: °1 biotin,>2: 53 etc. These
chemically “activated” carbohydrates can be immobilized onto substrates that were
functionalized with compatible chemical groups. Efforts have been also made to devise
methods that allow for covalent immobilization of carbohydrates on substrates without prior
chemical derivatization. Carroll et al reported a method for the covalent patterning of
unmodified oligosaccharides onto substrates functionalized with photoactive phthalimide
chromophores.>* 55 Upon exposure to UV light, the photoactive aromatic carbonyls react with
C-H groups of the sugars to form a covalent bond. The photocoupling procedure may target
more than one CH- group on the sugar rings. This strategy may improve sugar coupling
efficiency by grapping saccharides with multiple attachment sites. However, it is unlikely
suitable for production of the single epitope glycan arrays since the coupled saccharides are
presented in more than one configurations in a given microspot.

It is desirable to develop bioarray platforms that display structurally well-defined sugar
epitopes in given micro-spots in order to facilitate the fine-specificity analysis of the
carbohydrate-mediated molecular recognition. This goal can be achieved by site-specific
coupling of saccharides in a bioarray substrate. Shin’s group reported hydrazide-coated glass
slides for immobilization of unmodified mono-, di- and oligosaccharides under long reaction
times (~12 hours) and high temperatures (~50 °C), but high sugar concentration (~30 mM was
required for the immobilization).5® Zhi et al also reported hydrazide-derivatized monolayer on
a gold surface for fabrication of carbohydrate microarrays with unmodified oligosaccharides.
57 Zhou and his collaborators reported the development of self-assembled monolayers
containing aminooxy-functionalized glass slides as a platform for immobilizing unmodified
oligosaccharides through the formation of oxime bonding with the carbonyl group at the
reducing end of the suitable carbohydrates.58 A technical issue in exploring the application of
the aminooxy- and hydrazide- functionalized surfaces is to improve their sugar coupling
efficiency. We have noticed that the reactions of native carbohydrates with surface-bearing
aminooxy or hydrazide groups are significantly slower than in solution, especially when the
carbohydrate molecular weight increases because of the reduced activity of the reducing group
of the carbohydrates.

J Proteome Res. Author manuscript; available in PMC 2010 November 1.
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In this paper, we report development of novel bioaray substrates for the site-directed
immaobilization of carbohydrates and presentation of saccharides in defined cluster
configuration. This technology utilizes a 3-dimensional (3-D) poly(amidoamine) starburst
dendrimer monolayer assembled on glass surface, which is functionalized with terminal
aminooxy and hydrazide groups for site-specific coupling of carbohydrates. We have
demonstrated that glass slide surfaces modified with these functionalized 3-D dendrimeric
monolayer support effective immobilization of mono-, oligo- and polysaccharide without prior
chemical modification. Its efficacy of carbohydrate coupling is accelerated by conventional
microwave radiation energy.

Experimental Section

Materials and Reagents

All chemicals unless stated were purchased from Sigma-Aldrich-Fluka Chemical Corp.
(Milwaukee, WI) and were used as received: (3-Glycidyloxypropyl) trimethoxysilane (GPTS)
(98%), Boc-aminooxy acetic acid, adipic acid dihydrazide (ADHZ), 1-ethyl-3-(3-
dimethylaminopropylcarbodimide) (EDC), N-hydroxy- succinimide (NHS), and PAMAM
starburst dendrimers of generation 1 to Generation 5. Lectins and biotin-conjugated lectins
were purchased from Sigma or EY Laboratories (San Mmateo, CA). Mouse Anti-Sialyl Lewis-
x monoclonal antibody was purchased from GenWay Biotech, Inc. Carbohydrate probes were
collected from Aldrich, Sigma, Calbiochem, Dextra lab, Acros and Senn Chemicals. Cy3-
labeled streptavidin, bovine serum albumin, and BiotinTag™ Micro Biotinylation Kit are also
purchased from Sigma. Biotinylation of lectins and antibody were conducted under
manufactor’s protocol. Multi-well (1x16) microarray hybridization Cassettes was obtained
from Arraylt Inc.( Sunnyvale, CA).

Preparation of Aminooxy and Hydrazine Functionalized Dendrimeric Substrates (Scheme 1)

Generating dendrimer monolayer coating on GPTS silanized slide (Scheme 1,
surface (2))—Microscope glass slide is cleaned with hot Piranha solution (30% H,05:
H,S04/1:3), and then thoroughly rinsed with distilled water and HPLC purified ethanol. The
cleaned slide substrate is immersed into a 1ImM of GPTS/toluene solution for 30 minutes to
form a monolayer on the glass surface with Epoxy functional groups towards the outside(step
1, Scheme 1). The GPTS functionalized slide are then incubated overnight in solution
containing dendritic PAMAM starburst monomer (1% (w/v) Sigma-Aldrich) and 5 wt% KOH
in menthol at room temperature under gentle shaking(step 2, Scheme 1). Excessive monomer
is removed by washing with methanol and DI water and the dendrimer-coated slides are dried
in a nitrogen stream.

Functionalization of dendrimer film with aminooxy groups (Scheme 1, surface
(4))—The PAMAM dendrimer coated glass slides (Scheme 1, surface (2)) were placed into a
50 mM phosphate buffer solution (pH =6.0) containing 1mM of Boc-aminooxyacetic acid
(Sigma), 1 mM EDC and 1.5 mM NHS and allowed to react for 2.5 h (step 3, Scheme 1). The
glass slides were then washed with water and immersed into 2 M HCl/acetic acid solution for
2 hrs to remove the Boc- group (step 4, Scheme 1). The aminooxy-functionalized dendrimeric
slides were washed with ethanol and water and dried under N5 blow.

Functionalization of dendrimer film with hydrazide groups (Scheme 1, surface
(6))—The PAMAM dendrimer coated glass slides (Scheme 1, surface (2)) were placed into a
saturation solution of succinic anhydride (GA) in N,N-dimethylformaide (DMF) for 3 hrs. The
slides were then carefully washed with pure DMF several times. Subsequently, the carboxyl

groups on the substrate surface were activated with 1 mol L1 N-hydroxysuccinimide (NHS)/
1 mol L1 1-ethyl-3-(3-dimethylaminopropylcarbodimide) (EDC) in DMF for 2 h and washed
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with pure DMF. The activated slides (Scheme 1, surface (5)) were then immersed into a solution
of 10 mg/mL aqueous solution of adipic acid dihydrazide (ADHZ, Sigma-Aldrich) for 2.5 h.
Finally, the slides were washed with water and dried under N, blow.

Fabrication of Carbohydrate Microarrays

Microspotting—The carbohydrate probes were dissolved in five types of printing buffers
of: (1), Formamide, (2), 50%DMSO, 50%H-0, (3), 1%NaCl aqueous solution, (4), 0.1 mM
sodium phosphate buffer (pH 7.4) 20%glycerol; and (5), 0.1 mM sodium phosphate buffer (pH
5). Polysaccharide probes were usually spotted at the initial concentration of 0.5 mg /ml, and
mono- and oligosaccharides were spotted in the molar concentrations in 100 uM. They were
further series diluted at ten fold. A given concentration of each preparation is repeated at least
three times to support statistic analysis. 1 nL of the carbohydrates solution from a 384-well
plate was printed onto aminooxy or hydrazide functionalized dendrimeric substrates by using
a MicroGrid Array Printer (Ann Arbor, MI) in 60% relative humidity.

Immobilization of spotted carbohydrates on slide under microwave wave
radiation energy—A GE domestic microwave oven was used for providing microwave
radiation energy for immobilization of spotted carbohydrates on the aminooxy or hydrazide
functionalized dendrimer-coated slides. For immobilization, the slides with spotted
carbohydrate microarrays were placed on the plates of microwave oven. Energy power level
was set at 50%. The microwave radiation dosage was controlled by the microwave time. After
treatment of the microarray with microwave radiation, the slide was immersed into PBS (pH
7.4) containing 0.1% Tween 20 with gentle for 2 mins shaking to remove unbound
carbohydrates.

Detection of Carbohydrate-Protein Interactions with Carbohydrate Microarrays

Blocking of slides surface—To optimize blocking protocols, four blocking buffers were
tested on the microarrays fabricated on the hydrazide-functionalized dendrimer substrate. The
blocking buffers were as follows: (1) Superblocking buffer from Pierce; (2) 0.1x PBS buffer
containing 1% BSA, 0.1% Tween 20; (3) 0.1 x PBS buffer containing 3% casein, 0.1% Tween
20; and (4) 0.1 x PBS buffer containing 3% nonfat milk. Spotted substrates were immersed
into one of the above blocking buffer for 60 mins, and then rinsed with 0.1xPBST buffer before
immunoassay.

Immunoassays on carbohydrate microarrays—Both direct immunoassay and
sandwich immunoassay were tested on the fabricated carbohydrate microarray for detection
of the lectin-carbohydrate interaction. For direct immunoassay, the carbohydrate microarrays
were incubated with individual or mixed Cy3-labeled lectins in 0.1 x PBST (pH 7.4) containing
0.1% Tween 20, 1 mM MnCl, and CaCl, for 1 h at room temperature. For sandwich
immunoassays, the carbohydrate microarrays were incubated with cocktail solution of
individual or mixed biotinalyted lectins and Cy3- streptavidin in 0.1 x PBST (pH 7.4)
containing 1 mM MnCl, and CaCl, for 1 h. Following incubation, slides were washed twice
in 0.1 x PBST buffer for 10 min, and then rinsed briefly (30 sec) in deionized water to remove
PBST buffer salts prior to spin dried.

Microarray Imaging and Data Analysis

Microarrays were scanned at 10 pm resolution with the scanning laser confocal fluorescence
microscope of a ScanArray 5000 System (PerkinElmer Life Science, Boston, MA) or
AlphaScan™ (Alpha Innotech Inc, San Leandro, CA). The emitted fluorescent signal was
detected by a photomultilier tube (PMT) at 570 nm for Cy3. For all microarray experiments,
the laser power was 75% and the PMT gain was 65%. The fluorescent signals were analyzed
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by quantifying the pixel density (intensity) of each spot using ImaGene 3.0 (Biodiscovery, Inc.,
Los Angeles, CA). Fluorescence intensity values for each array spot and its background were
calculated using ScanArray Express software. The local background signal was automatically
subtracted from the immunoassay signal of each separate spot and the mean signal intensity
of each spot was used for data analysis. Statistical analyses were performed using SigmaPlot
5.0 (Jandel Scientific, San Rafael, CA) or by Microsoft Excel®.

RESULTS AND DISCUSSION

Preparation of Aminooxy and Hydrazide Functionalized 3-D Dendrimeric substrates

We have developed chemical processes for preparation of the aminooxy and hydrazine
functionalized dendrimer coatings on microscope slides. Scheme 1 briefly outlines the
processes used to prepare aminooxy- and hydrazide- functionalized dendrimeric substrates.
The concept for the using of dendrimeric surface as platform for carbohydrate microarray
fabrication was based on the assumption that the higher functionalized surface of PAMAM
starburst dendrimers attached to a solid support should help to maximize the immobilization
capacity for carbohydrate probes and in turn to provide the polyvalency(i.e., the cluster effect)
required for probing carbohydrate-protein interaction. The dendrimers are a class of synthetic
polymers with an unusual three-dimensional highly branched structure composed of a core,
repeating units, and end groups. Dendrimers such as Poly(amido amine) (PAMAM) are an
ideal material for the construction of 3D films.59a, 59b Furthermore, dendrimers have the
feasibility to be further functionalized with active groups due to their well-defined composition
and constitution, as well as narrow molecular distribution.59c-59 To prepare the dendrimer
coated slides, the surface amine-riched PAMAM were first covalently bound to an epoxy-
modified surface that was formed by 3-glycidyloxypropyl)trimethoxysilane (GPTS) self-
assembled on glass slide surface (Stepl and 2, Scheme 1). This procedure to yield dendrimer-
activated glass slides is simple, fast, and highly effective. The PAMAM dendrimers tested in
this study include generation 1 to 5 (G1-G5). They differ in the sizes of dendrimers and in the
number of available sites in each dendrimer for further activation with either aminooxy- or
hydrazine-groups.

To generate the aminooxy functional groups on the dendrimer coated slides, the amine groups
on the dendrimer coated slides were coupled to the carboxyl groups of the N-Boc-Aoa-OH that
was activated with hydroxylsuccimide group (Step3, Scheme 1). Free aminooxy groups were
then generated upon treatment of the glass slide with HCl/acetic acid for the purpose to remove
the Boc- group (Step 4, Scheme 1).

To generate the hydrazide functional groups on the dendrimer coated slides, the terminal amino
groups of the dendrimers attached to the slides were converted into carboxyl groups by
treatment with succinic anhydride in N,N-dimethylformaide (DMF) overnight, followed by
the final activation step with EDC/NHS allowing for covalent link with adipic acid dihydrazide
(ADHZ) (Step 5, and 6, Scheme 1). Lee et al. reported the use of succinic anhydride and
hydrazine in DMF solution to convert the surface bounded NH, groups to hydrazide groups.
56 However, this process involved the use of high toxic hydrazine (NH,NH,), which raises the
concern safety control in manufacturing process, especially in large scale manufacturing
process. To reduce the environmental pollution, we used low toxic material of adipic acid
dihydrazide (ADHZ) to prepare the hydrazide-functionalized 3-dimesional substrates.

Another benefit of using our proposed process is that the PAMAM dendrimeric monomers
were inter-molecularly cross-linked by treatment with the homobifuctional reagents ADHZ,
after coupling of the dendritic monomers to slide surfaces (as shown in Scheme 1, by the -
R3- linking). We expect that the cross-linked polymer film will improve the stability of the
surface against harsh washing conditions applied during immunoassay process.

J Proteome Res. Author manuscript; available in PMC 2010 November 1.
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Carbohydrates Immobilization Mechanism

The immobilization of carbohydrates onto aminooxy and hydrazide surfaces are based on the
hydrazone formations between the highly reactive nucleophilic aminooxy/hydrazide and the
carbonyl group at the reducing end of suitable carbohydrates via irreversible condensation
(Figure 1). Thus, the monosaccharides and oligosaccharides immobilized on these two types
of substrates are in defined orientation. Reactions of aminooxy or hydrazide groups with free
carbohydrates are known to be chemoselective and have been used for the synthesis of various
glycoconjugates®?: 61 and carbopeptides.52 The efficiency of the method relies on the ease of
formation and on the good stability of the oxime linkage up to pH 9. It is known that cyclic
adducts with B-configuration are produced predominantly in reactions of carbohydrates with
hydrazide-containing compounds (Figure 1A).56: 60: 63 |n contrast, it has been reported that
reactions between carbohydrates and substances containing aminooxy groups generate acyclic
products preferentially (Figure 1B).56: 61, 64 This carbohydrate immobilization method
requires only a few derivatization steps on slide surface treatments but without the requirement
of prior chemical modification of carbohydrate probes, which make it very attractive for
preparing carbohydrate microarray in individual laboratories.

The Cluster Effect of Carbohydrates Immobilized on 3D Dendrimeric Film for Probing
Carbohydrate-Protein Interactions

The affinities of most oligosaccharide-protein interactions are usually lower than the affinities
from DNA-DNA or protein-protein interactions. This fact has pointed the requirement of
forming multivalent interaction between the immaobilized carbohydrates and proteins for
detecting their interactions.5® The high density of surface functional groups on PAMAM
starburst dendrimers should help to maximize the immobilization capacity of carbohydrates
and thus provide the multivalency (i.e., the cluster effect) required for detectable carbohydrate-
protein interaction. We have tested the contribution of cluster effect from dendrimer films by
comparing the lectin-binding reactivities with the glycan arrays that were constructed using
different generations of PAMAM dendrimer substrates. An example of this study is shown in
Figure 2A and 2B. The binding reactivities of lectin WGA with spotted saccharides
(GIctNACB1-4GIcNAc, GalNAc and GIcNAC) are clearly increased with the increasing
generation number of PAMAM dendrimer. Both hydrazide-dendrimer coated substrate (Figure
2A) and the aminooxy-dendrimer coated substrate (Figure 2B showed consistently that
PAMAM dendrimer generation 4 (containing 64 surface groups) showed almost twice the
signal of the carbohydrates PAMAM dendrimer generation 1 (containing 8 surface groups).
The cluster effect of dendrimer films especially benefits the detection of protein interactions
with monosaccharides that were immobilized onto the 3-D dendrimer surfaces. This was
evidenced by the successful detection of lectin-monosaccharide interactions on
monosaccharides such as the GICNAc and GalNAc that were immobilized on the two types of
dendrimer-coated substrates. These protein-monosaccharide interactions were previously
reported to be undetectable with the monosaccharides immobilized on a 2-dimensional surface.
56 The slides coated with PAMAM dendrimer generation 4 (G4, containing 64 surface groups)
showed almost the same signal intensity compared to the carbohydrates immobilized on the
slides coated with PAMAM dendrimer G5 (containing 128 surface groups). Since the PAMAM
dendrimer G4 is cheaper than the G5, the G4 was selected for preparing the aminooxy-
dendrimer and hydrazide-dendrimer-functionalized substrates. Figure 2 also reveals that the
hydrazide-dendrimer coated slides provided higher fluorescence signal/noise ratios for the
mono-, disaccharides(GIcNAc, GalNAc, GIcNAcB1-4GIcNAc) than that on the aminooxy-
dendrimer coated slides, which indicated that the mono-, disaccharides immobilized on the
hydrazide-dendrimer coated slides showed stronger binding of proteins than these
carbohydrates immobilized on aminooxy-dendrimer coated slides. This can be attributed to the
fact that cyclic adducts with B-configuration are produced predominantly in reactions of
carbohydrates with hydrazide-dendrimer surface, while the acyclic adducts are produced in
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reactions of carbohydrates with aminooxy-dendrimer surface. This result is consistent with the
carbohydrate in the immobilization mechanism discussed above. Therefore, it is desirable that
the carbohydrates are immobilized in a site-specific format and preserve the monosaccharide’s
structure for elucidation of the structurally specific protein interaction.

Microwave Radiation Energy for Rapid and Effective Immobilization of Unmodified
Carbohydrates onto Aminooxy and Hydrazide Functionalized 3-D Substrates

Microwaves (~0.3-300 GHz) lie between the infrared and radio frequency (RF)
electromagnetic spectrum. In the past two decades, the use of microwave radiation has greatly
increased in its application to accelerating reactions in synthetic organic chemistry,56: 67
nanomaterial synthesis,68' 69 and biochemistry.”% 71 The “Technology Vision 2020 of the
U.S. chemical industry believes that microwave heating will soon replace traditional heating
techniques in chemical and biochemical synthesis. It is widely thought that microwaves
accelerate chemical reactions by increased rate of mutarotation (the process of equilibration
between unreactive closed ring structures that proceeds via the reactive open chain
intermediate72) above that achieved by equivalent thermal heating, and by accelerated solvent
heating which increases the rate of mutarotation.

Microwave is clean, convenient, and effective energy for chemical reaction. The use of
microwave energy for immobilization of carbohydrates has not been tested before. To find the
microwave radiation energy for rapid immobilization of carbohydrates spotted onto hydrazide/
dendrimer and aminooxy/dendrimer surface, representative carbohydrate probes include
Mannose(monosaccharides), Mannobiose(disaccharides), Sialyl Le*(trisaccharide),
isomaltopentaose(oligossachride), and Mannan (polysaccharide) were printed onto the two
types of 3-D substrates. The printed slides were placed into GE domestic microwave oven and
treated with microwave at different time course. The microwave radiation dosage was
controlled by the microwave time and power level. In the experiment, the power level was set
at 50% of the GE domestic microwave oven having a maximum power of about 800 watts, and
the exposure time varied from 4 to 15 minutes. After treating the microarray with microwave
radiation, the microarray slides were washed with 0.1 x PBS buffer to remove unbound
carbohydrates, and blocked with 1% BSA PBST blocking buffer for 1 hr. The microarrays
were then probed with cocktail solution of 1 pug/mL of biotin-ConA, biotin-WGA (wheat germ
agglutinin), and Cy3-streptavidin for 1 h, respectively. After washing the microarray, the
fluorescent intensities were measured with fluorescent scanner. Figure 3 (A) and (B) illustrated
the effect of microwave energy for immobilization of carbohydrate probes on the two types 3-
D substrates. It clearly showed that the efficiency of immobilizing carbohydrate probes on both
of the hydrazide-dendrimer and aminooxy-dendrimer surface increased with the increase of
microwave energy (i.e., the microwave time). Maximum fluorescent intensities were obtained
for 10 mins of microwave treatment on both the aminooxy and hydrazide dendrimer slides,
which indicated the effective immobilization of carbohydrates probe on the slide surfaces. We
also tested the immobilization of carbohydrates on these slides by traditional heating through
incubation of the printed slides (the slides were sealed into casket) in water-bath for 16 hrs
under 50°C. These slides showed much lower signals in lectin detection as compared to the
slides under microwave for 10 mins, which indicated fewer carbohydrates were immobilized
on the slide by traditional heating. These results showed that the microwave radiation energy
is not only more convenient but also more effective than traditional water-bath heating for
accelerating the reaction of carbohydrates onto aminooxy and hydrazide-functionalized
surface. The spots arrayed with methyl mannopyranoside where the reducing end is blocked
by methyl group, showed no detectable signal for lectin binding, which indicated methyl
mannopyranoside was not immobilized on the slides. This verified that the immobilization of
carbohydrate probes on the hydrazide-dendrimer and aminooxy-dendrimer slide surface was
through the formation of covalent bonding between the carbohydrates and slide surface, which
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resulted in site-specific immobilization of mono- and oligosaccharides. For the polysaccharides
that the activities of reducing end are known very weak, it may involved the formation of
covalent binding between the hydroxyl and aminooxy or hydrazide groups on the slide surfaces.
However, this will not affect the epitope display of polysaccharide as it was known that a
polysaccharide may present multiple glyco-epitopes, including terminal non-reducing epitopes
and internal chain epitopes.18 Interestingly, higher fluorescence signals after lectin probing
were observed for the mono-, disaccharides (such as GICNAc and mannobiose) immobilized
on hydrazide-coated glass slides than those immobilized on aminooxy-coated slides. But for
polysaccharides (Mannan) and oligosaccharides, fluorescence signals after lectin probing were
similar between the two types of slides.

To verify that the carbohydrates were covalently immobilized on the hydrazide-dendrimer and
aminooxy-dendrimer slide surface after microwave radiation, we compared the stability of the
carbohydrates immobilized on hydrazide-dendrimer coated slide by microwave energy after
extensive washing of the slides with strong ionic solution (i.e., 2 M NaCl aqueous solution for
10 mins) and after gentle washing (i.e., 0.1 x PBS buffer for 2 mins). The carbohydrate
microarrays were then probed with same concentrations of lectins under identical condition.
Figure 4(A) and (B) showed the microarray images. The signal intensities of carbohydrate
microarrays after extensive washing of the slides with strong ionic solution is ~80% of the
signal intensities of carbohydrate microarrays after gentle washing. This result showed that
that extensive washing of the slides with strong ionic solution (i.e., 2 M NaCl aqueous solution)
does not remove the carbohydrate probes from the microarray substrates. Although we cannot
rule out possible physical adsorption of the polysaccharides on the slides surface, this
experiment has demonstrated that the immobilization of carbohydrates on the hydrazide-
dendrimer slide by microwave energy are stable against harsh washing conditions and supports
the conclusion that the spotted mono- and oligosaccharides are covalently bound on the
substrate surface. The ~20% reduction of intensities after extensive washing is likely owing to
removal of remaining non-covalently bound saccharides, especially those with larger
molecular weights.

Printing Buffer Selection

The characteristic of the printing buffer may affect the immobilization efficiency of
carbohydrates on slide surface and quality of the spots produced. Printing buffers need to be
optimized for carbohydrate solubilization, immobilization, spot uniformity, and stablity under
microwave treatment. We compared five types of printing buffers for carbohydrate microarray
printing with representative oligosaccharide (mannopentaose) and polysaccharides (Mannan)
in. These are: 1, Formamide, 2, 50%DMSO, 50%H,0, 3, 1%NaCL aqueous solution, 4, 0.1
mM sodium phosphate buffer (pH 7.4) 20%glycerol; and 5, 0.1 mM sodium phosphate buffer
(pH 5). The printing solutions were prepared by dissolving 100 uM of carbohydrate probes
into the printing buffer. The printed microarrays were subjected to microwave treatment for
10 mins, and then probed with 1 pg/mL Cy3-ConA. The signal intensity and spot size were
analyzed and compared as shown in Figure 5. The formamide printing buffer gave the best
signal-to-noise ratios for both the oligosaccharide and polysaccharide (Figure 5 A). The spot
sizes using formamide as printing buffer were ~160 um (diameter) and are more uniform (i.e.,
lower standard derivation) than the spot sizes produced using other three types of printing
buffer (Figure 5, B). The printing buffer of 0.1 mM sodium phosphate (pH 7.4) containing
20% glycerol gave good spot size uniformity, but gave the lowest signal-to-noise ratios.
Glycerol was widely used as a printing buffer component for protein microarrays to avoid the
evaporation of protein printing solution. However, our results have showed that glycerol is not
a good component in printing buffer for fabrication of carbohydrate microarrays, probably due
to the adherence of glycerol on the slide surface after microwave radiation, which might block
the carbohydrate’s binding sites. By contrast, Formamide as printing buffer shows improved
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reaction rate of the carbohydrate with hydrazide groups (Figure 6). Under same microwave
radiation time, the sugar (mannopentaose) spotted in formamide is more efficiently
immobilized as was evidenced by the higher lectin-binding signhals compared to sugar spotted
in other four buffers. The result of formamide being the best printing buffer is not surprising,
because formamide has good solubility to carbohydrates, a high volatile point, and is a good
microwave adsorbing solvent due to its high dielectric constant.

Carbohydrate Concentration Required for Immobilization on 3-D Substrates Under
Microwave Energy

We compared the carbohydrate probe concentration required to effectively be immobilized on
the hydrazide-dendrimer substrate under the treatments of microwave and water-bath heating.
A series of diluted carbohydrate probe (Sialyl Lewis X) in formamide printing buffer were
spotted in a 4 x 4 array-format with four replicates for each concentration onto the hydrazide-
dendrimer coated slides. The arrayed slides were then either under microwave treatment for
10 mins or incubated in 50°C water-bath for 16 hrs. After blocking the slides, both of the arrays
treated with microwave and water-bath heating were probed with cocktail solution having same
concentration (1 pg/mL) of biotin-labeled anti-Sialyl Le* antibody and Cy3-Streptavidin,
respectively. The fluorescent intensities were analyzed after scanning the arrays. The signal
intensity of the bound antibody correlates with the concentration of carbohydrates immobilized
on the hydrazide/dendrimer coated slides. Figure 7 showed the array images obtained from
slides treated with microwave for 10 mins and water-bath heating at 50°C for 16hrs. It
illustrated that good signals were obtained using pickup solution concentrations of sugar in the
range 1-10 uM (or 0.82- 8.2 ug/mL) for array treated with microwave energy for only 10
mins, while detectable signal were obtained using pickup solution concentrations of sugar in
100 uM (82 ug/mL) for array subjected to heating at 50°C for 16 hrs. Since 1 nL of this solution
was spotted by the arraying robot, this equates to 1-10 fmol of spotted Sialyl-Lewis-X and
indicates the very high level of detection sensitivity achieved in the microarray that was
fabricated by immobilizing sugar probes on the hydrazide-dendrimer substrate with microwave
energy assistance. The concentrations of spotting solutions (0.82— 8.2 ug/mL or 1-10 uM)
required for providing detectable signals on this platform are much lower than that of many
other previously described 2-dimesional substrates, such as hydrazide-functionalized glass
slides for unmodified oligosaccharides (30 mM),56 hydrazide-functionalized gold substrate
for unmodified heparin saccharides (3—33 uM),57 and aminooxy-functionalized glass slide for
unmodified oligosaccharides (20-500 uM),58 as well as derivatized carbohydrates on various
functionalized substrate surface via different coupling chemistry, e.g., Houseman et al. (2 mM)
42a' 43, Xia et al. (0.1-10 mM).38 Overall, the carbohydrate concentration (~1-10 uM)
required for microarray fabrication is substantially reduced by using the microwave radiation
energy to immobilize the sugars on the 3-D substrate.

Blocking Buffer Selection

A non-specific background signal caused by the binding of cognate proteins on the slide surface
is one of the problems encountered in microarray technology. Effective blocking of the
microarray on the 3D slides is needed to avoid nonspecific adsorption of target samples caused
by the positively charged aminooxyhydrazide groups of the 3D slides. We therefore tested the
following blocking buffers: (1) Superblocking buffer from Pierce; (2) 0.1 x PBS buffer
containing 1% BSA, 0.1% Tween 20; (3) 0.1 x PBS buffer containing 3% casein, 0.1% Tween
20; and (4) 0.1 x PBS buffer containing 3% nonfat milk. Among them, nonfat milk and BSA
are classical blocking reagents that have been found effective in blocking nonspecific
adsorption for many immunoassays on protein microarrays. Typical results are shown in Figure
8. We found that 0.1 x PBS buffer containing 1% BSA, 0.1% Tween 20 (called PBST buffer)
provided a simple and effective method for blocking the hydrazide-dendrimer 3D slide, which
also provided a higher signal-to-noise ratio and did not affect specificity. However, the
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blocking buffers containing casein and non-fat milk showed relative low signal-to-noise ratio
(blocking buffer 3 and 4). This result showed that the blocking buffer should be carefully
selected for blocking carbohydrate microarrays because some blocking proteins traditionally
used in ELISA assays on protein microarrays contain glycans that may interfere with the
immunoassays. BSA is known as glycan-free protein, thus would not affect the specificity of
bioassays on carbohydrate microarrays.

Specificity of Carbohydrate-Protein Interactions on Model Carbohydrate Microarrays
Containing Mono-, Oligo-, and Poly-saccharides

To demonstrate that the new slide surface is applicable for high-throughput production of
carbohydrate microarrays, we examined the carbohydrate microarrays containing a panel of
mono-, oligo-, and polysaccharides. Fifteen mono-, oligo-, and polysaccharides (see glycan
list in Figure 9) in formamide buffer at a concentration of 100 uM were microspotted on the
hydrazide/dendrimer slide surface. After being covalently bound under microwave radiation,
the arrayed slides were blocked by treating with 0.1 x PBST, 1% BSA buffer for one hour. To
examine the glyco-epitopes preserved by these carbohydrate microarrays, we probed them with
either a mixed solution of biotin-labeled lectins and anti-Sialyl LeX antibody or probed with
individual lectin/antibody separately, and finally stained with Cy3-Streptavidin. The binding
profiles, as shown in Figure 9, showed that all these expected specific interactions are detected.
For example, those probed with the mixed solution of Concanavalin A (ConA), A. aurantia
(AA), Wheat Germ Agglutinin (WGA), and anti-Sialyl LeX showed detectable signals for all
of the carbohydrates(Right image), except the Methyl Mannoside that could not be
immobilized on the substrate due to the blocked reducing end and served as negative control
in these arrays. As expected, microarrays probed with ConA only showed strong lectin binding
to Isomaltotriose, Mannan, Man5, and less tight binding to maltose, Manal1,6Man, and Sialyl
LeX, and very weak binding to mannose and Lactose (middle image). ConA (Concanavalin
A) is Man-and/ or G1c-specific lectin requires the C-3, C-4, and C-5 hydroxyl groups of the
Man or G1c ring for binding. Importantly, we observed significant ConA reactivities with
monosaccharides, such as mannose and glucose, which was not detectable on 2-dimensional
hydrazide/surfaces.*> The improved saccharide binding reactivities can be attributed to the
multivalency (i.e., cluster effect) of the monosaccharides immabilized on the hydrazide/
dendrimer surface. Lectin AA exhibited only strong binding to Fucose arrays, while lectin
WGA exhibited strong binding to the arrays of oligosaccharides containing terminal N-
acetylglucosamine or chitobiose, such as NeuNAcLacNAc, GIcNAc, and diacetlychitobiose
(images not showed here). When probing with anti-Sialyl Le* antibody only, it showed that
only the Sialyl LeX spots were recognized by the antibody (Left image). These results clearly
verified that the immobilized carbohydrate probes on the hydrazide-dendrimer substrate
surface preserved the specific glyco-epitopes of carbohydrates.

Conclusion and Perspectives

We presented here development of 3-dimensional hydrazide-dendrimer and aminooxy-
dendrimer substrates for construction of carbohydrate cluster microarrays. These technologies
provide site-specific and covalent attachments of unmodified carbohydrates and support
presentation of carbohydrates in a unique orientation and defined cluster configurations.
Microwave radiation energy was introduced to facilitate saccharide immobilization. Optimum
printing buffer (Formamide) and blocking buffer (0.1 x PBS buffer containing 1% BSA, 0.1%
Tween 20) were selected for these novel carbohydrate microarray platforms. We further
demonstrated (1) a wide range of unmodified carbohydrates of diverse structures are applicable
for these 3-D substrates; (2) immobilization of the spotted carbohydrates are achieved by
subjecting the arrayed slide to conventional microwave radiation for less than ten minutes; (3)
the carbohydrate concentration required for microarray fabrication in these substrates is
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substantially reduced (~1-10 puM); (4) the carbohydrate cluster microarrays produced by this
technology present glyco-epitopes for highly sensitive detection by specific carbohydrate-
binding proteins; and (5) the 3-D hydrazide-dendrimer substrate gave better detection
sensitivity than the aminooxy-dendrimer functionalized substrate for the panel of
oligosaccharides tested in this study. Although the initial approach for preparing hydrazide-
dendrimer and aminooxy-dendrimer functionalized substrates involved a three-step platform
surface modification prior to robotic spotting of the sugars, the process can be simplified in
future by using synthesized hydrazide-dendrimer or aminooxy-dendrimer as starting materials.
Overall, this work has established novel bioarray substrates and methodology for construction
of carbohydrate cluster microarray, which may serve as new analytical tools for high
throughput functional glycomics exploration.
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Figure 2.

Cluster effect of the oligosaccharides immobilized on the 3-D dendrimeric substrates for
protein affinities. Oligosaccharides of GICNAcB1-4GIcNAc, GalNAc and GIcNAc were
spotted on the glass slides coated with hydrazide-derivatized PAMAM dendrimer Generation
1to 5 (A), and aminooxy-derivatized PAMAM dendrimer Generation 1 to 5 (B). The arrayed
slides were microwave treated for 10 mins in 800W oven. The microarrays were then probed
with 0.1 pg/mL of Cy3-labeled WGA lectin at 30 °C for 60 min, followed by washing with
PBST buffer for 5 mins twice and 0.01 x PBS for 1 min. The micraorrays were measured with
confocal scanner under identical layer power and PMT. The number showed in the bracket of
axis is the surface functional groups of dendrimer generation. The noise (i.e., background) was
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determined as the fluorescent intensity around the spots. Each data shown represent means

SD of 12 replicates from four slides. Insert images were obtained from slides coated with
hydrazide- and aminooxy- functionalized PAMAM dendrimer Generation 4, respectively.
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Microwave radiation energy for effective immobilization of carbohydrates on (A)hydrazide-
dendrimer coated slides, and (B) aminooxy-dendrimer coated slides. The slides spotted with
100 pM of mono-, di-, oligosaccharides and polysaccharides in Formamide were placed into
domestic microwave oven, and under microwave treatment for 4-15 mins. (C) is the
representative image obtained after the microarray on hydrazide-dendrimer coated slide was
subjected 10 min microwave treatment and then probed with cocktail solution of 0.1 pg/mL
of biotin—ConA, biotin-WGA lectins, and Cy3-Streptavidin for 1 h at 30 °C. Fluorescence
intensity values of the arrays after washing (with PBST buffer for 5 mins twice and 0.01 x PBS
for 1 min) were measured with confocal scanner under identical layer power and PMT. The
noise (i.e., background) was determined as the fluorescent intensity around the spots. Each
data shown represent means + SD of 12 replicates from four slides.
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Figure 4.

Stability of the carbohydrates immobilized on hydrazide-dendrimer coated slide facilitated by
microwave energy. (A) Microarray image of microwave treated array slide after washing with
0.1 x PBS buffer for 2 mins; (B) microarray image of microwave treated array slide after
washing with 2M NaCl solution for 10 mins. The assay protocol is as same as described in
Figure 3.
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Figure 5.

Effect of printing buffers for fabrication of carbohydrate microarrays on hydrazide-dendrimer
coated slides regarding to the buffer component to probe immobilization efficiency (A), and
to microarray spot size uniformity (B). Black bar presents oligosaccharide Man-5; while gray
bar represent polysaccharides(Manna). Printing buffers are: 1, Formamide, 2, 50%DMSO,
50%H-0, 3, 1%NaCL aqueous solution, 4, 0.1 mM sodium phosphate buffer (pH 7.4) 20%
glycerol; and 5, 0.1 mM sodium phosphate buffer (pH 5). The slides spotted with 100 uM of
mono-, did-oligosaccharides and polysaccharides in Formamide were placed into domestic
microwave oven, and under microwave treatment for 4-15 mins. Carbohydrate probes
dissolved into any of the five printing buffer at 100 uM were spotted on hydrazide-dendrimer
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coated slides and were subjected 10 min microwave treatment and then probed with mixture
solution of 0.1 pg/mL of Cy3—labeled ConA for 1 h. Fluorescence intensity values of the arrays
after washing (with PBST buffer for 5 mins twice and 0.01 x PBS for 1 min) were measured
with confocal scanner under identical layer power and PMT. The noise (i.e., background) was
determined as the fluorescent intensity around the spots. Each data shown represents means +
SD of 36 replicates from four slides.
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Figure 6.

Comparison of the effect of printing buffers to carbohydrate immobilization rates on the
hydrazide-dendrimer coated slide. Printing buffers components and assay protocols are same
as described in Figure 5. Formamide as printing buffer was found to improve the
immobilization rate and efficiency. Each data shown represents means of 36 replicates from
four slides.
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Figure 7.

Comparison of concentration of carbohydrate probes required for effective immobilization on
hydrazide-dendrimer coated slide under 10 mins microwave treatment and normal water-bath
heating. ~1 nL of Sialyl Le* from concentration of 100 no to 100 uM in Formamide was arrayed
on the slides and subjected to (A) 10 mins microwave treatment, and (B) by water-bath heating
(50 °C, 16 hrs). The treated slides were incubated with 35 puL of 1 Ug/mL mixture of Biotin-
labeled anti-Sialyl LeX antibody and Cy5-Streptavidin solution at 30 °C for 60 min. The
microarrays were washed with PBST buffer for 5 mins twice and 0.01 x PBS for 1 min. Images
were scanned with confocal scanner under same laser power and PMT, and were recorded in
rainbow color display for better vision with naked eyes.
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Figure 8.

Selection of blocking reagents for the carbohydrate microarray on the hydrazide-dendrimer
coated slide. GIcNAcB1-4GIcNAc arrays were spotted on hydrazide-dendrimer coated slides
(12 replicates per slide), and subjected to 10 min microwave treatment and the slides were
blocked with one of the blocking reagents before immunoassay: (1) Superblocking buffer from
Pierce; (2) 0.1 x PBS buffer containing 1% BSA, 0.1% Tween 20; (3) 0.1 x PBS buffer
containing 3% casein, 0.1% Tween 20; and (4) 0.1 x PBS buffer containing 3% nonfat milk.
The immunoassay fluorescent signals were obtained by incubation of the microarray with 35
pL of cocktail solution containing 1 pg/mL of Biotin-WGA and Cy3-Streptavidin solution in
a 0.1x PBST solution at 30 °C for 60 min. The microarrays were washed with PBST buffer
for 5 mins twice and 0.01 xPBS for 1 min before they scanned with confocal scanner under
identical layer power and PMT. The noise signal was determined to be the fluorescent intensity
around the spots. Each data shown represent means + SD of 48 replicates from four slides.
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Microarray layout
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Specificity of carbohydrate-lectin/antibody interactions on the carbohydrate microarrays
fabricated on the hydrazide-dendrimer coated slide by microwave assisted immobilization.
Spotted carbohydrate microarrays were blocked with 0.1x PBS buffer containing 1% BSA,
0.1% Tween 20 after treatment for 10 mins microwave radiation. The microarrays were then
incubated with either a cocktail of 1 pg/mL of biotin-labeled lectins of ConA, AA. WGA and
anti-Sialyl Le* antibody or individual lectins/antibody solution at 30 °C for 60 min,
respectively, followed by stained with 0.1 pg/mL of Cy3-streptavidin at 30 °C for 60 min. The
microarrays were washed with PBST buffer for 5 mins twice and 0.01 x PBS for 1 min before
they scanned with confocal scanner under identical layer power and PMT. The binding profiles
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showed that all these interactions have been detected successfully, indicating the retention of
specific binding activity of the immobilized carbohydrates.
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Scheme 1.
Chemical process for preparation of 3-dimensioanl aminooxy- and hydrazide functionalized
glass slides.
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