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Abstract: A glyco-array platform has been developed in which glycans are attached to plasmonic
nanoparticles through strain-promoted azide-alkyne cycloaddition. Glycan-protein binding
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events can then be detected in a label-free manner employing Surface Enhanced Raman
Spectroscopy (SERS). As proof of concept, we have analyzed the binding of Gall, Gal3 and
influenza hemagglutinins (HAS) to various glycans and demonstrate that binding partners can be
identified with high confidence. The attraction of SERS for optical sensing is that it can provide
unique spectral signatures for glycan-protein complexes, confirm identity through statistical
validation and minimizes false positive results common to indirect methods. Furthermore, SERS
IS very sensitive and has multiplexing capabilities thereby allowing the simultaneous detection of
multiple analytes.
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Almost all cell surface and secreted proteins are modified by covalently-linked carbohydrates
and the glycan structures on these glycoproteins are essential mediators of processes such as
protein folding, cell signaling, fertilization, embryogenesis, neuronal development, hormone
activity and the proliferation of cells and their organization into specific tissues.™ In addition,
overwhelming data supports the relevance of glycosylation in pathogen recognition,
inflammation, innate immune responses, the development of autoimmune diseases and cancer.?!
An important means to decipher the biological information encoded by the glycome is through
specific interactions with endogenous glycan-binding proteins.”®! During the past decade, it has
become clear that glycan binding proteins can recognize with high selectivity relatively small
oligosaccharide motifs that are often found at the termini of complex glycans.! For example,
galectins recognize terminal LacNAc moieties; Siglecs bind 2,3- or 2,6-sialylated LacNAc and
Selectins complex sialyl Lewis* (SLe¥) structures. A small number of recent studies indicate a
more complex picture of protein-glycan recognition in which the topology of a complex glycan
modulates terminal glycan recognition.”® For example, our studies have shown that the topology
of N-glycans greatly impacts the binding of specific hemagglutinins (HAs) of influenza virus.!®
In another study, the binding of a mixture of 41 different oligosaccharides to various galectins
was examined by affinity chromatography, and it was found that the degree of branching, length
of repeating unit of LacNAc and substitution patterns are important determinants of binding.!”
Thus, deciphering the glycome will require large number of precious complex glycans for
binding studies.

Glycan-arrays are attractive for analyzing minute amounts of large numbers of
oligosaccharides for fast, systematic identification and characterization of carbohydrate-protein
interactions.”*®! Fluorescence based methods are commonly employed to detect the binding of a
protein to glycans on an array. This method is, however, prone to false negative results, and the
requirement of protein labeling can cause inactivation or interference with carbohydrate binding
events.’) Moreover, fluorophore-labeled secondary reagents are not available for many proteins,
especially newly discovered glycan binding proteins (GBPs) and some secondary reagents can
have glycan-binding properties of their own. For example, many polyclonal antibodies used to
detect proteins contain carbohydrate-binding antibodies within the mixture.™®™ Therefore, one
must ensure that proper controls are in place to correctly interpret results. Finally, most

fluorophores are sensitive to light and prone to oxidative degradation. Therefore, signal intensity
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will decrease over time and can vary with experimental conditions. Therefore, it is attractive to
develop label free detection method. Surface plasmon resonance (SPR) is a label free detection
method that eliminates some of the problems caused by fluorescence-based approaches. It is,
however, limited by the number of carbohydrate-lectin interactions that can simultaneously be
evaluated.'” Mass spectrometry is another attractive label free detection method that has been
employed to evaluate modifications of glycans by glycosyltransferases.!®*!I This method is,
however, less attractive for protein binding studies.

We report here that Surface Enhanced Raman Spectroscopy (SERS) of glycans linked to
plasmonic gold nanoparticles offers a label free approach to examine carbohydrate-protein
binding events in an array format. The attraction of SERS for optical sensing is that it can
provide unique spectral signatures for glycan-protein complexes, confirms identity through
statistical validation, and minimizes false positive results common to indirect methods.
Furthermore, SERS is very sensitive and has multiplexing capabilities thereby allowing the
simultaneous detection of multiple analytes. As proof of concept, we have analyzed the binding
of galectin 1 and 3 (Gall, Gal3) and influenza hemagglutinins (HASs) to various glycans and
demonstrate that binding partners can be identified with high confidence.

First, attention was focused on the development of a gold nanoparticle (AuNP) platform that
allows controlled attachment of carbohydrate ligands and is suitable for SERS measurements. A
post functionalization approach was developed whereby AuNPs were covered with a monolayer
of compound 1 to form nanoparticles having azides at the periphery (Figure 1). The latter
functionality could be employed for the controlled attachment of glycans such as 3, which
contain a dibenzocyclooctynol (DIBO)!? moiety for strain promoted azide-alkyne cycloaddition
(SPAAC). The use of compound 2, which terminates into a hydroxyl, made it possible to control
the density of the glycans. The attraction of the two-step conjugation approach is that different

glycans can be attached to the AuNPs at similar densities.
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Figure 1. Multi-well array substrate and formation of a monolayer of AuNPs modified with lactose
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through strain promoted azide-alkyne cycloaddition for detection of galectins.

Compound 1 was readily synthesized by the coupling of 11-(10-carboxy-
decyldisulfanyl)undecanoic acid (4) with azido hexaethylene glycol amine (5) in the presence of
HATU and DIPEA in DMF. The latter compound was prepared by treatment of ethylene glycol
with tosyl chloride in a mixture of dichloromethane and pyridine followed by reaction of the
resulting product with sodium azide in DMF at 80 °C to give di-azido hexaethylene (71%).
Selective reduction of one of the azide to an amine by triphenyl phosphine in mixture of THF
and water gave 5 in a yield of 47% (Scheme S1).

A mixture of compounds 1 and 2 in DMF (ratio 1/5) was added to citrate stabilized Au
nanospheres having a diameter of 60 nm, and after a reaction time of 8-12 h, the particles were
isolated by centrifugation. Monolayer formation was confirmed by SERS, which showed signals
at 638 and 712 cm™ corresponding to gauche and trans C-S vibrations, respectively (Figure S1

and Table S1). The absence of bands for thiols and disulfides corroborated proper attachment of
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1 and 2 to the Au nanoparticles. Reaction of the azide-modified nanoparticles with DIBO-lactose
(3) for 8 h resulted in new SERS signals (679, 1004, 1029, 1567 and 1615 cm™) that could be
assigned to stretching vibrations of the aromatic ring and carbohydrate moiety (Figure 2). Signals
corresponding to the alkyne moiety of DIBO (1900-2100 cm-1) were absent supporting a
successful cycloaddition. The formation of a monolayer by using the cycloaddition product of 1
with 3 (Scheme S2) gave a similar SERS spectrum (Figure S2), further supporting proper

functionalization of the AuNP.
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Figure 2. Representative SERS spectra and PLS-DA plots. (A) SERS spectra 1 + 2 (i), 1 + 2 + 3 (ii) and
1+ 2+ 3+ Gall (iii). Each spectrum is an average of 10 individual spectra for each sample. The peaks
marked with an arrow in spectrum ii could be assigned to the stretching of benzene rings and
carbohydrates. (B) PLS-DA Y-CV predicted scores plots. Classes used to build the model were lactose
(red), lactose + Gall (green), lactose + Gal3 (blue) and lactose + BSA (black). Galectin protein
concentration used was 100 ug/mL. Each plot predicts a sample as belonging to or not belonging to the

specified classes. The defined classes were no protein and protein. The PLS-DA cross-validated results

are shown in Tables S2 and S4.

The nanoparticles were incubated with various concentrations of Gall, Gal3 or BSA (5 to 100
ug/mL) for 2 h at 37 °C followed by removal of the unbound protein by centrifugation and
washing. The resulting nanoparticles were resuspended in water and placed into a gold film
multiwall substrate and allowed to dry overnight. Representative SERS spectra for exposure to
Gall are shown in Figure 2. Only minor spectral differences were observed in the normalized
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SERS spectra of the bound and unbound samples (for assignment of the peaks see Tables S2 and
S3). Therefore, to augment direct spectral analysis, partial least squares discrimination analysis
(PLS-DA) was employed to differentiate the SERS spectra of the different molecular classes
with statistical accuracy. PLS-DA is a supervised multivariate statistical method that employs
prior knowledge of class membership to yield robust differentiation by minimizing class
variations while emphasizing latent variables between classes.™ The model was generated using
the spectra of lactose, Gall, Gal3 and BSA as the individual classes. The horizontal red line in
each panel in Figure 2 is a calculation of a Bayesian threshold prediction value for each modeled
class. Spectra with predicted values above the threshold level are determined to belong to a
particular class, while spectra with the predicted values below are excluded. It is clear from all
the panels that PLS-DA was able to classify each SERS spectrum in its class with full accuracy.
Cross-validation by the Venetian Blinds method gave root-mean square errors of 0.05-0.1 for all
classes (Table S3), further highlighting the robustness of the classification. Variables Important
in the Projection (VIPs) was used to identify bands in the SERS spectra that can differentiate
between protein and non-protein classes.™ In particular, signals arising from aromatic amino
acid residues exhibited differences (Table S2), which is in agreement with the fact that galactose
complexed to galectins makes stacking interactions with aromatic side chains. Furthermore, the
SERS spectra of Gall and 3 exhibited minor differences that were corroborated by PLS-DA
analysis as shown in Figure 3. Even at a concentration of 1 pg/mL, SERS spectra of Gall and
Gal3 were differentiated into two clearly separated clusters.
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Figure 3. The differentiation of Gall and Gal 3 by the comparison of their SERS spectra and PLS-DA
analysis. (A) Overlap of normalized Savitzky-Golay SERS spectra of Gall (red) and Gal3 (blue) at 5
pg/mL. (B-D) Cross-validated PLS-DA Y -prediction plots for Gall and Gal3 samples based on SERS
spectra for each spectral class. The green asterisks and blue plus signs represent sample spectra of Gall
and Gal3, respectively, at 100 pg/mL (B); 5 pg/mL (C) and 1 pg/mL (D). SERS signal assignments for
Gall and Gal3 and the PLS-DA cross validated results are shown in Tables S5 and S6, respectively.

To demonstrate the sensitivity of the new methodology, anti-human Gal3-Alexa Fluor 488 or
Cyb-streavidin was added to the AuUNP modified by the carbohydrates that had been incubated
with Gal3 or BSA-biotin, respectively, and the fluorescent intensity was measured (Figure S4).
At a concentration of 5 uM of Gal3 the fluorescent intensity was similar to that of the negative
control (BSA), whereas SERS could detect binding at this concentration.

Next, the methodology was extended to a more convenient approach for glycan array
screening. For this purpose, arrays of glycans linked to AuNP were prepared by a layer-to-layer
deposition and binding selectivities of human influenza HAs were determined. Influenza HAs

recognize sialic acids as receptors, and it is well documented human and avian HAs
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preferentially bind to NeuSAco(2-6)Gal and Neu5Aca(2-3)Gal linkages, respectively.™ Glycan
microarray binding studies are commonly employed to characterize new influenza strains*®, and
it was anticipated that a SERS based detection methodology would aid such investigations.

A SERS substrate for the analysis of HA binding to glycans was fabricated by first treating a
glass microscope slide with the bifunctional reagent 6 for capturing AuNPs (Figure 4). A
monolayer of AuNPs was self-assembled onto this treated glass slide using an ionic surfactant-
mediated Langmuir-Blodgett transfer methodology!*”! (Figure S5a, SEM image of the AuNP
monolayer). The reproducibility of the fabricated AuNP substrate was examined using 4-
aminothiphenol (4-ATP). The SERS spectra of 4-aminothiphenol were averaged and the relative
standard deviation (RSD) was calculated. (see Figure S5b for a typical spectrum). A multi-well
array was then patterned using a polymer molding technique.l*® Next, a mixture of (1-
mercaptoundec-11-yl)tetra(ethyleneglycol) and disulfide modified DIBO 7 was exposed to the
substrate to form a nanoparticle surface that can be modified by SPAAC. Azido modified
glycans 8, 9 and 10 were added to functionalize the AuNPs nanolayer (Figure 4). Each stage of
the array construction was monitored by SERS. A significant reduction of the peak at 1969 cm™,
which was assigned to the alkyne moiety, was observed after the addition of the azido-containing
glycans (Figure S6). Furthermore, spectral changes in the shape and intensity of peaks in the

region 900-1200 cm™ also support successful immobilization of compound 7.
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Figure 4. The multi-well array substrate and the immobilization of the carbohydrates for influenza HA

detection.

Next, the substrates modified with lactose (8), a(2,3)NeuSAcLacNAc (9) and
a(2,6)NeubAcLacNAc (10) were incubated with human H1IN1 and avian H7N9 influenza HA at
various concentration (10 uL of 0.1 to 50 ug/mL) for 8 h at 37 °C. Next, they were washed, dried
and analyzed by SERS. The spectra of specific substrates exhibited clear visual differences of
bands at 1400-1600 and 1000-1200 cm™ (Figure S7), indicating binding. PLS-DA was employed
to further analyze the data and the results are shown in Figure 5. It was found that avian H7N9
HA binds strongly to the a-2,3-linked sialoside (9) and weakly to the a(2,6)-linked positional
isomer (10). On the other hand, the human H1 HA only bound to a(2,6)-sialylated LacNAc
derivative 10. These observations are in agreement with the known binding selectivities of HAs.
In this respect, it has been reported that H7 avian viruses can transmit in mammalian model

systems and exhibit an expanded receptor binding capacity for the 2,6-sialoside form.™!

10
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Figure 5. PLS-DA 'Y predicted plots and cross validated results. Each plot predicts a sample as belonging
to or not belonging to the specified classes. Classes used to build the model (A) were two forms of
sialylated LacNAc and the addition of two HAs (50 pg/mL). Classes used to build the model (B) were

two HAs, lactose and lactose + HAs. The defined classes were no protein and protein.

The results of PLS-DA analysis for the strong binding event are summarized in Table S7 for

determining the sensitivity of the method. This method was able to discriminate spectra of the

various classes as low as an HA concentration of 0.1 ug/mL. Moreover, the spectra of the a(2,3)-
sialylated LacNAc derivative (9) complexed with H7N9 and a(2,6)-sialylated LacNAc (10) with

HIN1 separated in two different class (Figure S8) at a concentration as low as 0.1 pg/mL,

11
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demonstrating that these two sialylated LacNAc derivatives can be employed to differentiate the
type of HA and their complex with sialosides. (Figure S9).

Previously, SERS has been used for the development of protein microarrays by direct
absorbing proteins or antigens on silver nanoparticles. SERS spectra of such samples often
exhibit modest reproducibility due to variations in denaturation and adsorption configuration. In
addition, such analyses usually require purification of the target protein from biological fluids in
particular when it is of low abundance or exhibits weak adsorbing properties.* Some of these
difficulties are being addressed by SERS measurements using a sandwich structure of an
immunocomplex or protein-bridged bowl-shaped silver cavity (BSSC) array with silver
nanoparticles (AgNPs).[?!

In the present work, we have demonstrated that SERS of glycans linked to plasmonic
nanoparticles offers a label free approach to directly examine carbohydrate-protein binding
events in an array format. The novel plasmonic Au nanoparticle array described in this study
addresses the difficulties previously noted when employing SERS-based protein microarrays by
functionalizing the Au nanoparticle array with synthetic glycan capture ligands. The attraction of
the methodology is that it does not require an antibody as a capture reagent and directly identifies
the protein of interest. The methodology represents the first example of detection glycan-protein
interactions by SERS. The attraction of SERS for optical sensing is that it can provide unique
spectral signatures for glycan-protein complexes, confirm identity through statistical validation,
and minimizes false positive results common to indirect methods. Furthermore, SERS detection
is more sensitive than detection of fluorophore-labeled proteins directly or indirectly bound to
glycan on the surface by using a fluorescence scanner. The method has multiplexing capabilities
thereby allowing the simultaneous detection of multiple analytes. It is the expectation that many
different types of ligands can be attached to the nanoparticle array allowing a wide range of
proteins to be captured. While quantification of the direct SERS signal has historically been
difficult due to the well-known distance-dependence of the SERS effect, it is possible to employ
multivariate regression methods for calibration and quantification, as we have previously
demonstrated in a different assay system.?? Such methods are likely to be adaptable to the

glycan-protein system under study here as well.

12
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A lable free glycan array screening methodology has been developed in which glycans are attached to
plasmonic nanoparticles through strain promoted azide-alkyne cycloaddition and glycan-protein binding

detected by Surface Enhanced Raman Spectroscopy (SERS).
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