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Abstract

We report a new type of microarray, based on glyconanoparticles (GNPs), to study glycan-lectin
interactions. GNPs, synthesized by conjugating carbohydrate ligands on silica nanoparticles, were
printed on a photoactive surface followed by covalent immobilization by light activation. The
GNP microarrays could be probed by lectins labeled with fluorescein as well as fluorescein-doped
silica nanoparticles (FSNPs). Results showed that FSNP as the label enhanced the signals for the
higher affinity ligands than the lower ones.

Microarrays, which allow simultaneous interrogation of ligand-receptor interactions in high
throughput and at low sample consumption, have significantly increased the efficiencies of
bioassays and greatly facilitated the fundamental studies as well as the development of
therapeutic and diagnostic tools.1–5 Carbohydrate microarrays,6–15 for example, have been
widely used to study glycan-lectin interactions which play an important role in a variety of
biological processes, including cell-cell communications, immune responses, and the
progression of tumor cells. Carbohydrate microarrays are generally fabricated by spotting
and immobilizing glycans on a solid surface either by physical adsorption or covalent
coupling.9,16–19 The arrays are then probed with lectins and the affinity of the interactions
presented as a physical readout, for example, fluorescence intensity when a fluorescently-
tagged lectin is used.

It has been shown that glycans immobilized on surfaces with proper ligand presentation can
significantly amplify their binding affinities to lectins.15,20–21 In these cases, the solid
surface acts as the multivalent scaffold having multiple copies of ligands when interacting
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with lectins. On flat surfaces, however, the affinity reaches a limit when the ligand density
becomes saturated.15,22 Efforts have been devoted to fabricate 3D glycan surfaces to
increase the ligand density.15 For example, Bertozzi and co-workers fabricated
glycopolymer microarrays where glycans were covalently attached to a polymer scaffold.23

Pieters et al. fabricated glycodendrimer arrays and studied the binding affinity to lectins with
regard to multivalency.24 Miura and coworkers presented dendritic sugar microarrays where
glycodendrimers were immobilzed on gold substrate via the click chemistry.25 Gildersleeve
and coworkers used bovine serum albumin (BSA)-glycan conjugates to generate arrays and
evaluated the affinity to lectins as a function of glycan density.26 Rubina et al. presented a
3D hydrogel glycan microarray where saccharides were immobilized inside a porous
polymer gel.27

Here we report a new type of glycan microarray based on glyconanoparticles. The GNP
microarrays are fabricated by printing GNPs on a photoactive surface followed by covalent
immobilization by light activation. The GNP microarrays were then probed with lectins
labeled with fluorescein (FITC) or FITC-doped silica nanoparticles.

GNPs (diameter 118 nm, see Figure S1, Supporting Information) were synthesized
following a previously reported procedure.28 Five carbohydrates, 3,6-di-O-(α-D-
mannopyranosyl)-D-mannopyranose (Man 3), 2-O-α-D-mannopyranosyl-D-mannopyranose
(Man 2), D-mannose (Man), D-glucose (Glc), and D-fructose (Fru) (Scheme 1) were
conjugated onto silica nanoparticles using the photocoupling chemistry developed in our
laboratory.11 Briefly, silica nanopartilces prepared by the Stöber method were functionalized
with perfluorophenyl azide (PFPA), and carbohydrates were then coupled to the
nanoparticles via the CH insertion reaction of the perfluorophenylnitrene generated by
photoactivation of PFPA (see Supporting Information for experimental details).29–31 The
densities of the immobilized carbohydrates were determined using the colorimetric assay of
anthrone/sulfuric acid, from which the coupling yields were also calculated (see Table S1,
Supporting Information for results and calculations).

GNP microarrays were fabricated using the same photocoupling chemistry, however,
poly(allyl amine) (PAAm)-PFPA was used in this case (Scheme 1). The polymer matrix is
necessary as it ensures the conformal contact with solid materials such as nanoparticles,
which is critical in the immobilization of solid materials.32 The process was carried out as
shown in Scheme 1 (see Supporting Information for detailed experimental procedures). The
epoxy-functionalized wafers33 were first treated with PAAm-PFPA,32 and aqueous solutions
of GNPs were then printed on the PAAm-PFPA-functionalized wafers using a robotic
printer. A polymer film, polystyrene (PS) or poly(2-ethyl-2-oxazoline) (PEOX), was
subsequently introduced by spin-coating the polymer from its chloroform solution.
Chloroform was used since GNPs were insoluble and therefore the printed GNPs would
remain intact. Subsequent light activation covalently attached both GNPs and the polymer
via the surface PFPA (Scheme 1). GNP microarrays were obtained after excess GNPs and
the polymer were removed by sonication in chloroform followed by water.

To test the optimal array conditions, Man-conjugated GNPs (Man-GNPs) were printed with
varying particle concentrations. The microarray was then treated with Concanavalin A (Con
A), a plant lectin that binds specifically to carbohydrates having α-Man and α-Glc
structures.34 In the present studies, Con A was labeled with either FSNPs (FSNP-Con A) or
FITC (FITC-Con A) to facilitate the visualization of the interactions. FSNP-Con A was
prepared by treating FSNPs35 with 3-glycidyloxytrimethoxysilane followed by Con A (see
Supporting Information for experimental details). To reduce the non-specific adsorption of
the labeled Con A on the microarray, polymer thin films were used as the background
coatings. Hydrophilic polymers such as PEOX were highly effective in resisting the
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adsorption of proteins including FITC-Con A.36–37 For FSNPs, however, the result was the
opposite. FNSPs adsorbed strongly on hydrophilic polymers whereas minimal adsorption
was observed on hydrophobic polymers such as PS.

After the Man-GNP microarrays were treated with FSNP-Con A or FITC-Con A,
fluorescence signals were clearly visible (Figure S2a, Supporting Information).
Additionally, the fluorescence intensity increased with increasing Man-GNP concentration
(I, II, Figure 1). Because the photocoupling chemistry occurs at the interface between
surface PFPA and GNPs, in principle, only a monolayer of GNPs should result. The binding
would therefore saturate and the fluorescence intensity would plateau. However, the signal
continued to increase with the Man-GNP printing concentration. A closer examination of the
arrayed spots by AFM revealed that the particle density increased with the GNP printing
concentration. At 20 mg/mL, agglomerated particles were clearly visible (Figure S3,
Supporting Information). The agglomeration increased the GNP density and therefore the
binding signals.

To evaluate the effectiveness of PS and PEOX in reducing the non-specific adsorption,
Man-GNP microarrays without the polymer coating were incubated with BSA, a commonly
used blocking agent in microarray assays, before they were treated with FSNP-Con A or
FITC-Con A. In both cases, lower signals were obtained at all GNP concentrations in
comparison to those with the polymer coating (III vs. I, and IV vs. II, Figure 1). Especially
at higher GNP concentrations of 10 mg/mL or above, the signals were significantly higher
on arrays when the polymer coating was used. The enhanced array sensitivity resulted from
the markedly reduced background noises when PS (for FSNP-Con A) or PEOX (for FITC-
Con A)36 was used as the antifouling coating. In addition, the signals from FSNP-Con A
were higher than those from FITC-Con A. This is consistent with the results from
others38–41 and our previous study35 that FSNPs exhibit high fluorescence intensity by
entrapping multiple dye molecules inside the silica nanoparticles.

GNP microarrays were next prepared following the procedures and conditions developed
above. Five different GNPs were printed on PAAm-PFPA surface at 10 mg/mL particle
concentration. PS was then spin-coated and the GNP microarray was obtained after excess
GNPs and the polymer were removed by sonication in chloroform followed by water. Figure
2i is the fluorescence image of the GNP microarrays after treating with FSNP-Con A. Man3-
GNP showed the highest fluorescence intensity followed by Man2-GNP and Man-GNP.
Only weak fluorescence was detected from Glc-GNP, and for Fru-GNP, the signal was
minimal. These results are consistent with the affinity rank order of the corresponding free
ligands with Con A (Table S2, Supporting Information).42–43

GNP microarrays were then compared with carbohydrate microarrays that were prepared by
printing the corresponding free carbohydrate ligands on the PAAm-PFPA surface. Spin-
coating PS followed by UV irradiation and solvent extraction gave the carbohydrate
microarray. The array was then treated with FSNP-Con A. It can be clearly seen that the
signals for the higher affinity ligands Man 3 and Man 2 were higher on the GNP microarray
(Figure 2i) than those on the carbohydrate microarray (Figure 2ii). Since the background
coating (PS) and the probe (FSNP-Con A) were the same for both arrays, the signal
enhancement should come from GNPs as compared to the carbohydrate ligands.44–46 For the
weaker ligands Man and Glc, on the other hand, the signals were lower on the GNP
microarray (Figure 2i) than those on the carbohydrate microarray (Figure 2ii). This selective
affinity amplification for high affinity ligands was observed previously on Au NPs21,47–48 as
well as on dendrimers49 and neoglycopolymers.50 Note that Fru, a non-binding ligand,
showed a relatively high fluorescence on the carbohydrate microarray (Figure 2ii). This
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could be due to the non-specific adsorption of FSNP-Con A nanoparticles on the hydrophilic
Fru surface.

The GNP and carbohydrate microarrays were further evaluated using FITC-Con A. In this
case, PEOX was used as the polymer coating to reduce the non-specific adsorption of FITC-
Con A. The overall signal intensities were lower in this case (Figure 2iii) than when FSNP-
Con A was used (Figure 2iv), similar to the result shown in Figure 1. Again, GNP
microarray displayed higher signals for Man 3 and Man 2, and lower signals for Man and
Glc (Figure 2iii) than the carbohydrate microarray (Figure 2iv). Also, higher residual
fluorescence was seen for the Fru spots on carbohydrate microarray (Figure 2iv).

CONCLUSIONS
In summary, a new microarray platform, based on glyconanoparticles, was developed to
study glycan-lectin interactions. The GNP microarrays were fabricated using a general
photocoupling chemistry whereby the printed GNPs were covalently immobilized on the
substrates with high efficiency. The GNP microarrays, when probed with FNSP-labeled
lectin, gave higher signals as compared to FITC-labeled lectin or carbohydrate microarrays.
In addition, the signal enhancement was greater for higher affinity ligands than for the lower
affinity ones. This new GNP microarray platform should find a wide range of applications in
bioanalysis facilitating the development of new diagnostic and therapeutic tools.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Fluorescence intensity of Man-GNP microarrays probed with FSNP-Con A (I) or FITC-Con
A (II). In III and IV, no polymer coating was used and the Man-GNP microarrays were
incubated in BSA before treating with FSNP-Con A (III) or FITC-Con A (IV). The data
points were connected with lines to aid visualization.
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Figure 2.
(a) Fluorescence images of GNP microarrays probed with FSNP-Con A (i) or FITC-Con A
(iii), and carbohydrate microarrays probed with FSNP-Con A (ii) or FITC-Con A (iv). (b)
Fluorescence intensity of the four arrays in (a). Each data point was the average of the 3
spots in (a), and the error bars were omitted for clarity.
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Scheme 1.
Preparation of GNP microarrays and interactions with FSNP-Con A or FITC-Con A.
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