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Capture and characterization of influenza A virus from primary 
samples using glycan bead arrays
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aDepartment of Pathology, Division of Comparative Pathology and Medicine, UC San Diego, La 
Jolla, CA, USA

bDepartment of Chemistry and Biochemistry, UC San Diego, La Jolla, CA, USA

cDepartment of Pathology, Microbiology and Immunology, School of Veterinary Medicine, UC 
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Abstract

Influenza A viruses (IAVs) utilize sialylated host glycans as ligands for binding and infection. The 

glycan-binding preference of IAV hemagglutinin (HA) is an important determinant of host 

specificity. Propagation of IAV in embryonated chicken eggs and cultured mammalian cells yields 

viruses with amino acid substitutions in the HA that can alter the binding specificity. Therefore, it 

is important to determine the binding specificity of IAV directly in primary samples since it 

reflects the actual tropism of virus in nature. We developed a novel platform for analysis of IAV 

binding specificity in samples that contain very low virus titers. This platform consists of a high-

density flexible glycan display magnetic beads, which promotes multivalent interactions with the 

viral HA. Glycan-bound virus is detected by quantifying the viral neuraminidase activity via a 

fluorogenic reporter, 2'-(4–methylumbelliferyl)-α-D-N-acetylneuraminic acid. This method 

eliminates the need for labeling the virus and significantly enhances the sensitivity of detection.
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Introduction

Influenza A viruses (IAVs) are extremely diverse and exist in the abundant and widespread 

reservoir of migratory aquatic birds (1). It is the combination of this natural reservoir with 

large and globally distributed populations of susceptible farm animals (ducks, chickens and 

pigs) that contributes to an omnipresent threat of new emerging zoonotic viruses and IAV 
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pandemics. A recent example was the influenza (H1N1) pandemic of 2009 caused by a triple 

reassortment of bird, human and pig viruses (2). Aquatic birds are thus subject to 

surveillance for the early detection of newly emerging strains with enhanced potential to 

infect humans. The host specificity of IAV is determined to a large extent by the binding 

specificity of the virus hemagglutinin (HA) to host glycans (3, 4). The development of 

glycan arrays revolutionized analysis of IAV specificity for host glycans. Glycan arrays 

enable testing the binding specificity of purified HA and whole IAV to hundreds of glycans 

simultaneously (5, 6). Pioneering work by Stevens et al (7) revealed that human-specific 

IAVs bind to host sialic acids with α2-6 glycosidic linkage to the underlying glycan 

(α2-6Sia), while avian adapted IAVs overwhelmingly recognize α2-3 linked sialic acids 

(α2-3Sia). During the 2009 pandemic, glycan microarray studies revealed the wide binding 

specificity of the pandemic influenza A(H1N1) virus(8).

Typically, IAVs are isolated from host animals or environmental sources and propagated in 

embryonated chicken eggs (‘eggs’) or cultured mammalian cells (‘cells’) prior to assessing 

binding specificity on glycan microarrays (7, 9–11). It has been noted that the HA 

accumulates amino acids substitutions that affect the binding specificity to sialic acids (12, 

13). IAV isolates that were grown in eggs acquire specificity for binding α2-3Sia, while the 

same isolates grown in cultured cells have broad specificity for both α2-3Sia and α2-6Sia 

(12). Therefore, analyzing the binding specificity of IAV directly from primary samples is 

highly valuable since it reflects the actual tropism of virus in nature.

The binding affinity of a single HA trimer to sialoglycans is low (14), requiring multivalent 

interactions to achieve high avidity binding. An average-sized, single IAV virion is estimated 

to have 500–1000 HA trimers, and 100–500 neuraminidase (NA) tetramers, on its envelope 

(15–17). The HA and NA are not evenly distributed on the virion, but instead are clustered, 

creating patches with high local densities (17). Host epithelial cells are covered with a dense 

matrix of glycoconjugates (glycocalyx) that can be anchored and/or secreted into the mucus 

layers. In vertebrates, most of these glycoconjugates carry multiple glycan chains, 

commonly terminating in sialic acid. Therefore, IAV likely engages multiple sialylated 

glycan chains on the host cell to achieve high avidity binding. Keeping this in mind, we 

developed a three-dimensional mucin mimetic array in which a large number of defined 

glycans are presented on a polymer backbone that extends from a magnetic bead core (Fig. 

1). This unique high-density and flexible glycan display enhances multivalent binding by the 

virus, and reduces the viral titer required for reliable detection of binding (18).

Here we demonstrate the sensitivity and versatility of our novel three-dimensional mucin-

mimetic array for characterizing various subtypes of avian IAV that were isolated from 

waterfowls. In addition, we provide a proof of principle for the analysis of IAV directly in 

primary samples. We analyzed swab samples collected from the cloaca of mallard ducks 

(Anas platyrhynchos) by applying them directly on the mucin mimetic beads. Thus, the 

array eliminates the need to amplify the virus prior to characterizing the receptor specificity, 

thereby limiting the risk of viral binding specificity changes due to amino acid substitutions 

in the HA.
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Results and Discussion

Low virus concentrations suffice for analysis on the 3D mucin mimetic array

Multivalent interactions between viral HA and the sialylated polymers are likely affected by 

the spacing between sialylated polymers on the beads, and both glycan density and the 

concentration of IAV are known to affect virus binding to glycan microarrays (10). In order 

to determine the optimal density for IAV binding, the mucin mimetic polymers were 

conjugated to magnetic beads at densities ranging between 1–50 polymers/1600 nm2 

(Supplementary Fig. 1). The binding of A/PR/8/34(H1N1) was tested at virus concentrations 

of 9.2–160 HAU/ml (Fig. 2a–b and supplementary Fig. 2). The bound virus was detected by 

incubation with the reporter molecule, 2'-(4–Methylumbelliferyl)-α-D-N-acetylneuraminic 

acid (4MU-NANA, 4MUNeu5Ac). The viral NA cleaves sialic acid from the 4MU-Neu5Ac 

compounds thereby releasing a fluorescent 4-methylumbelliferone molecule (4MU). Release 

of 4MU (pmol/1h) is indicative of viral activity and correlates with viral titers (19). In order 

to minimize interference from NA cleaving of the glycosylated beads, 6 mmol of the 4MU-

Neu5Ac compounds were added to the beads. This method is highly sensitive and enables 

detection of IAV at concentrations as low as 5 HAU/ml (Fig. 2c). In comparison, IAV 

binding to the Consortium for Functional Glycomics glycan array typically requires 2,500–

10,000 HAU/ml IAV(10, 20, 21). Virus binding to the bead array was detected when the 

density of polymer was larger or equal to ~12 polymers/1600 nm2 (Fig. 2a–b). Interestingly, 

Harris et al. reported an average of 13 HA trimers in 1600 nm2 of viral envelope (17). Beads 

covered with high-density polymers enabled detection of A/PR/8/34(H1N1) at 

concentrations as low as 9.2 HAU/ml (orange circle, Fig.2a–b) nearly the detection limit 

obtained with the 4MU-NANA assay (5 HAU/ml, Fig. 2c). The same mucin mimetic 

polymer printed on microarray slides requires at least 25 fold more concentrated A/PR/

8/34(H1N1) virus for reliable detection (18) (Supplementary Fig. 3).

Validation of the 3D mucin mimetic array

We generated a library of 43 mucin mimetic polymers conjugated to magnetic beads by 

incubating streptavidin-conjugated magnetic beads with 43 biotinylated mucin mimetic 

polymers (Fig. 3). The ligand library comprises 19 sialylated glycoconjugates (Fig. 3 1–19), 

and their corresponding non-sialylated backbone (Fig. 3 22–23, 29–32). In addition the 

library contains the ABO blood group antigens (Fig. 3 20,24–25) and Lewis blood group 

glycans (Fig. 3 16–17, 22–23, 26–27), which are typically found in the mucus and mucosa 

layers, sialylated gangliosides (Fig. 3 9, 13–15) and monosaccharides (Fig. 3 28, 34–43). 

The mucin mimetic beads were analyzed by flow cytometry and the polymers density on the 

beads was calculated for each glycan structure. The average density was 28 glycopolymers/ 

1600 nm2 (Supplementary Tables 1–2 and Supplementary Fig. 4a). Two human IAV strains 

A/PR/8/34(H1N1) and A/Aichi/2/68(H3N2) were diluted in PBS to 64 HAU/ml, and their 

binding to the array was tested (Fig. 4a–b). Since virus bound to the array is quantified by 

measuring NA activity, we confirmed that the NA activity of both strains is comparable (Fig. 

4c). In agreement with previous reports, both strains bound exclusively to glycoconjugates 

with terminal sialic acids in both α2-3- and α2-6- linkage to the underlying glycans (22–26). 

Conventional glycan array studies (27) have shown that A/PR/8/34(H1N1) has a preference 

for binding sialic acids in terminal position (Fig. 4a, glycans 1–10) but not internally linked 
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sialic acids (Fig. 4a, glycans 14–15), and for binding sialyl Lewis A but not sialyl Lewis X 

(Fig. 4a, glycans 16–17). Binding of A/Aichi/2/68(H3N2) to α2-3- and α2-6-sialylated 

glycans (Fig. 4b, glycans 1–10) was previously demonstrated by biolayer interferometry 

receptor binding assay, and agglutination assay (26). The binding preference to GM1b (Fig. 

4b glycan 9) but not GM1a or fucosyl GM1a (Fig. 4b glycans 14, 19) was previously 

demonstrated by agglutination of gangliosides infused into asialo- erythrocytes (24). 

Interestingly, despite having the same NA activity, a higher signal was obtained for A/PR/

8/34(H1N1) strain compared with A/Aichi/2/68(H3N2) strain. This may indicate lower 

binding affinity of the H3N2 strain to the glycoconjugates.

Binding of avian IAV to the array

There is an ongoing effort to identify and monitor changes in the binding specificity of 

potential zoonotic and pandemic IAVs. Of particular interest are IAV strains that acquire 

binding specificity to the α2-6Sia. Swab samples are routinely collected from aquatic birds 

and marine mammals for detection and subsequent isolation of circulating IAV strains (1, 

28). On the bead array, bound virus is detected by quantifying NA activity of the bead-bound 

virions. There is no need to infuse the virions with fluorescent dye or to generate strain-

specific antibodies. Therefore, the bead array is useful for investigating IAV from all 

subtypes, provided that the virions have active NA. To confirm this, six subtypes of low 

pathogenicity avian IAV were isolated from cloacal and environmental swabs of waterfowl, 

propagated in eggs, and tested on a subset of the array (Fig. 5a–f). This subset comprised 

paired glycoconjugates differing only with regard to their terminal sialic acids (linked in 

either α2-3 or α2-6 glycosidic linkage), and included also non-sialylated glycoconjugates as 

controls (Supplementary Table 3 and Supplementary Fig. 4b). Since detection of virus 

binding to the bead array is based on NA activity, the activity for each viral strain was 

independently tested (Fig. 5, activity is noted on the graphs). Note the low NA activity (6–41 

pmol/1h) in four of the viruses tested (Fig. 5 a–c and e), which is lower than the NA activity 

of 9.6 HAU/ml A/PR/8/34(H1N1) depicted in Fig 2c. Specific binding to α2-3Sia was 

detected for A/mallard/California/2762/2012(H3N8), A/northern pintail/California/

3466/2010(H1N3), A/environmental/California/7451/2010(H7N3) and A/mallard/

California/1438/2010(H2N3) (Fig 5a–d); A binding pattern that is typical for many low 

pathogenicity avian IAV strains.

Interestingly, two of the strains A/mallard/California/1490/2013(H5N5) and A/mallard/

California/14-320/2014(H2N1) bound to α2-6Sia in addition to the α2-3Sia glycoconjugates 

(Fig 5e–f). Despite exposing the array to high NA activity stock of H5N5 strain, the signal 

from bead-bound virus was low. This suggests that the binding of A/mallard/California/

1490/2013(H5N5) strain to host glycans is of low affinity but broad specificity. To further 

validate these findings we used the Sequence Derived Phenotype Marker tool at the 

Influenza Research Database website (http://www.fludb.org/brc/home.spg?

decorator=influenza) to analyze the HA sequence for IAV strain A/mallard/California/

1490/2013(H5N5). A number of mutations in the HA segment that are known to enhance 

α2-6 binding without affecting α2-3 binding were identified including 110N, 171N, 172A, 

226I, and 251P (29–31). Thus, this tool, which is only available for H5 subtypes, verified 

that the binding to the 3D mucin mimetic array was in agreement with the predictions based 
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on sequence analysis. In addition, the human IAV strains, A/PR/8/34(H1N1) and A/Aichi/

2/68(H3N2) were also tested on the subset array (Fig. 5g–h). The human IAV strains bound 

to sialylated glycopolymers, as expected. These results confirm that IAV with low NA 

activity (6–40 pmol 4MU /1h) can be analyzed on the 3D mucin mimetic array.

Analysis of IAV in swab samples

The enzymatic detection of bead-bound virus enabled analysis of IAV at low titers and 

without prior labeling or manipulation. Therefore primary samples can be directly applied to 

the 3D mucin mimetic bead array. Five PCR-positive and two PCR-negative swab samples 

collected from the cloaca of mallard ducks (32) were analyzed on 3’ sialyllactose and 6’ 

sialyllactose mucin mimetic beads (Fig. 6). All five samples that tested positive for IAV by 

PCR bound the 3’ sialyllactose beads (Fig. 6a, black bars), two of these samples (2923V and 

2540V) bound to 6’ sialyllactose as well (Fig. 6a, gray bars). Samples that were negative for 

IAV by matrix RTPCR (742CL and 743CL) did not bind to the beads. In addition, NA 

activity in each primary sample was independently quantified prior to incubation with the 

mimetic beads (Fig. 6c). Despite the high NA activity observed in one of the negative 

samples (743CL), which could presumably be attributed to bacterial NA or other 

contaminants, it did not produce false positive signal after bead purification.

We were intrigued by the fact that two of the samples (2923V and 2540V) exhibit binding to 

the 6’-sialyllactose beads, which may indicate potential ability to infect humans. To confirm 

these finding, we repeated the experiment using a different approach for detecting bead-

bound virus. Following incubation of the samples with the beads, viral RNA was extracted 

from the bead-bound virus and quantified by RT-PCR (Fig. 6b). The primary samples that 

contained active virus were found on the 3’-sialyllactose beads, three of the samples were 

also found on the 6’sialyllactose beads (2923V, 2540V and 1367V). No measurable RNA 

was found on the lactose beads or with the negative primary sample 742CL. Due to the 

threshold cycle number (Ct) counts in the samples (Fig. 6b, 37<Ct<41) subtyping of the 

bead bound virus was not possible (32).

Conclusion

The high density and spatial presentation of glycans on the 3D mucin mimetic beads 

strongly promotes multivalent interactions with the virions. In addition, bead bound virions 

are detected by quantifying the enzymatic activity of viral NA. This simultaneously 

enhances the signal and removes the need to label the virions for detection. As a result low 

abundance virus can be readily analyzed on the bead array, enabling analysis of IAV binding 

specificity directly from primary samples, while avoiding the inherent problem of amino 

acids substitutions that potentially occur during virus propagation in eggs or cultured cells. 

Furthermore, bead-bound virus can be detected by PCR, indicating that the array can be 

easily adapted for study of other glycan-binding viruses and bacteriophages.

The specificity of avian IAV to sialylated glycans is not an absolute but rather forms a 

continuum that constantly evolves (4). Avian IAV have the potential to bind sialic acids in 

both α2-3 and α2-6 glycosidic linkages to underlying structure, and deep sequencing 

analysis revealed that subpopulations of viruses are present in viral isolates (33). However, 
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in addition to the binding specificity, other viral factors (NS, polymers, NA) and host factors 

(adaptive and innate immune responses) are also critically important for pathogenesis (4). 

Our mucin mimetic bead array enables detection of binding phenotype directly in primary 

samples. Coupling the phenotypic data with full genome sequencing of IAV will help reveal 

genetic markers for IAV binding specificity.

Materials and Methods

Viruses and cultured cells

Madin-Darby Canine Kidney (MDCK) cells (ATCC CCL-34) were cultured in Dulbeco’s 

modified Eagle’s medium (DMEM, Cellgro) supplemented with 10% fetal calf serum 

(FCS), 100 U/ml penicillin, 100 U/ml streptomycin. Influenza virus strains A/PR/8/34 

(H1N1) (ATCC VR-1469) and A/Aichi/2/68(H3N2) (ATCC 547) were purchased from 

ATCC and propagated in MDCK cells that were transferred to DMEM medium 

supplemented with 0.2% BSA fraction V (EMD), 25mM HEPES buffer (Gibco), 2 µg/ml 

TPCK-trypsin (Worthington Corporation), and 1% penicillin/streptomycin (“DMEM-

TPCK” media). In addition, we analyzed six avian viruses that were isolated by egg 

inoculation from cloacal or environmental swabs as described by Lindsay et al (32). These 

strains and their Genbank accession numbers included: A/northern pintail/California/

3466/2010(H1N3) CY120659-CY120666, A/mallard/California/1438/2010(H2N3) 

CY120563-CY120570, A/environmental/California/7451/2010(H7N3) CY120539-

CY120146, A/mallard/California/2762/2012(H3N8) CY157086-CY157093, A/mallard/

California/1490/2013(H5N5) CY177385–CY17792, A/mallard/California/

14-320/2014(H2N1) KU160797

Virus titers were determined by hemagglutination test using 1% guinea pig erythrocytes 

(Lonza) for human IAV and 0.5% turkey erythrocytes (Lampire Biological Laboratories) for 

avian IAV and primary samples. The 50% tissue culture infective dose (TCID50) was 

assayed in MDCK cells and calculated using the Spearman-Karber method (34). TCID50 of 

A/PR/8/34(H1N1) at concentrations of 31.6–160 HAU/ml is 104.5 and at concentrations of 

9.1–21.2 HAU/ml is 103.5.

3D-mucin mimetic beads preparation

Sera-Mag SpeedBeads Blocked Streptavidin (Thermo-Fisher cat# 2115-2104-011150, 1 µm 

diameter) were washed three times and resuspended in 125 mM PBS pH 7.4 (Gibco). 

Biotinylated mucin mimetic polymers were added at final concentration of 20–300 nM, and 

incubate 45 min at room temperature with rotation. The polymers-conjugated beads were 

washed with PBS pH 7.2 (Gibco) three times, and resuspended in PBS pH 7.2 supplemented 

with 0.02% sodium azide. Polymer conjugation to the beads was quantified by flow 

cytometry (BD FACSCaliber, BD-Biosciences). Sialic acid content of 6’sialyllactose, 

3’sialyllactose and lactose beads was determined by 1,2-diamino-4,5-

methylenedioxybenzene dihydrochloride–high performance liquid chromatography analysis 

(DMB-HPLC) according to a published protocol (35). Samples were incubated for 1h with 

0.1M HCl at 80°C to release Sias, and filtered through microcon-3kDa filtration device 

(Millipore). Free Sialic acids were incubated for 2.5 h at 50°C in the dark with 7 mM DMB 
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(Sigma), 0.75 M 2-mercapto-ethanol, 18 mM Na-hydrosulfite in 1.4 M acetic acid. Sialic 

acids were separated on 250x4.6 mm Gemini C18 reverse phase column (Phenomenex) with 

7% MeOH, 8% Acetonitrile, 85% H2O solution at 0.9 ml/min using the ELITE Lachrom 

HPLC system (Hitachi). DMB-labeled Sialic acids were detected at EX=373 EM=488.

Detection of NA activity

The NA activity of IAV samples was determined by incubating 10 µl of the sample with 6 

nmol 2’-(4–methylumbelliferyl)-α-D-N-acetylneuraminic acid (4MU-Neu5Ac) (Sigma-

Aldrich) as previously described (19). Briefly, 40 µl of 0.15 mM 4MU-Neu5Ac in 33 mM 2-

(N-Morpholino) ethanesulphonic acid (MES, Sigma-Aldrich), 120 mM NaCl2, 4 mM CaCl2 

buffer pH 6.5 (MES/CaCl2/NaCl2 buffer) was added to the virus and incubated for 1 h at 

37°C in dark. Following incubation 150 µl of 25% ethanol, 0.1M glycine pH 10.7 was 

added. The amount of released 4MU compound was measured at excitation 365 nm and 

emission 450 nm in a SpectraMax M3 spectrophotometer (Molecular Devices). To control 

for spontaneous degradation of the 4MU-Neu5Ac compound 50 µl 0.1mM 4MU-Neu5Ac 

signal was subtracted from all of the samples.

Virus binding to 3D mucin mimetic array

The mucin mimetic bead library was transferred to PCR plates (twin.tec PCR plates LoBind, 

Eppendorf). Each glycan structure was placed at 1.4 ×106 beads/well in three wells, washed 

three times with 100 µl PBS and resuspended in 50 µl PBS. All washes were done on a 

DynaMag-96 side skirted magnetic beads separator plate (Life Technologies), the PCR plate 

was shifted back and forth from left to right 10 times to mix the beads. IAV (50 µl) was 

added to the beads and the plate was sealed with microseal ‘F’ foil (Biorad). The plate was 

vortex-mixed and incubated at 4°C for 2h on a rocking shaker. Incubation was done at 4°C 

in order to inhibit enzymatic NA activity, however similar results were obtained by 1h 

incubation at 37°C. The beads were washed three times with PBS to remove unbound virus. 

Bead-bound virus was quantified by measuring viral NA activity, as described above with 

minor changes. The beads were resuspended in 60 µl of 0.1mM 4MU-Neu5Ac in 33 mM 

MES/CaCl2/NaCl2 buffer, and incubated for 1 h at 37°C in dark. Following incubation, 50 µl 

of the supernatant was transferred to 96-well plate, and 150 µl of 25% ethanol, 0.1M glycine 

pH 10.7 was added. Signal from 50 µl 0.1mM 4MU-Neu5Ac was subtracted from all of the 

samples. The amount of released 4MU compound was measured at excitation 365 nm and 

emission 450 nm in a SpectraMax M3 spectrophotometer.

Primary samples analysis on mucin mimetic beads

Wild mallard ducks (n = 7) were captured, cloacal swabs were collected and placed in 

separate vials containing 2 mL of ice-cold virus transport medium (VTM: Medium 199 with 

Earle’s salts, L-glutamine, and sodium bicarbonate, plus 2 mU/L penicillin G, 200 mg/L 

streptomycin, 2 mU/L polymyxin B, 250 mg/L gentamicin, 0.5 mU/L nystatin, 60 mg/L 

ofloxacin, 200 mg/L sulfamethoxazole, and 0.5% bovine serum albumin V) (32). The 

samples were transported on ice to the laboratory where they were stored at −80 °C. The 

samples were subtyped at J. Craig Venter Institute as previously described (32). Before 

analysis on the mucin mimetic beads, the samples were thawed and centrifuged at 16,000g 

for 2 min to remove large precipitants. Mucin mimetic beads were placed in 96-well PCR 
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plate at 2.5 ×106 beads/well, and washed three times with PBS. Twenty-five microliters of 

the supernatant were directly applied to the beads in triplicates, and incubated for 4°C for 

2h. The beads were washed three times with PBS. For virus detection by NA activity the 

beads were resuspended in 60 µl of 0.1mM 4MU-Neu5Ac and NA activity was quantified as 

described above. Non-specific binding was corrected by subtracting Signal from lactose 

conjugated mucin mimetic bead wells. For virus detection by PCR the beads were 

resuspended in 50 µl DMEM-TPCK media. Viral RNA was extracted by adding 50 µl lysis 

buffer (without carrier RNA) from a MagMax-96 AI/ND Viral RNA isolation kit (Ambion 

Inc. Austin, TX, USA). A Kingfisher nucleic acid extraction system (Thermo Scientific) was 

used to extract RNA according to the MagMAX kit instructions. Complementary DNA was 

generated from 4 µL of RNA using a MMLV reverse transcriptase kit (Invitrogen, Carlsbad, 

CA, USA) following the manufacturer’s protocol and using random primers. PCR was 

performed as previously described (32). Results from real-time PCR are reported in 

threshold cycle (Ct) values, which correspond to the number of PCR cycles required to 

detect nucleic acid (lower Ct numbers indicate greater concentration of virus RNA in the 

sample). Any sample with a Ct value ≥45, i.e., exceeding the maximum number of cycles 

specified by the real-time PCR program, was considered negative (beyond detectable limits). 

An Applied Biosystems 7500 Fast instrument was used. All samples were tested twice, each 

time starting with the extracted RNA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Influenza A viruses utilize sialylated host glycans for attachment and infection

• A novel 3D glycan bead array enables detection and analysis of low abundance 

virus

• Virus glycan-binding specificity can be analyzed directly in primary samples

• The glycan-binding profile reflects the actual tropism of virus in nature
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Figure 1. 
Schematic representation of the 3D mucin mimetic bead array. Mucin mimetic 

glycopolymers are labeled with a single Alexa Fluor 488 (AF 488) fluorophore and a single 

biotin at the terminal ends. The glycopolymers are conjugated to streptavidin-coated 

magnetic bead at an average density of 27-molecules/1600 nm2. Note that the density of HA 

spikes (blue) is approximately 13-molecules/1600 nm2 and NA spikes (pink) cluster on the 

viral envelope (17).
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Figure 2. 
Density dependent detection of A/PR/8/34(H1N1) binding to mucin mimetic beads. (a) 3’-

sialyllactose and (b) 6’-sialylalactose mucin mimetic polymers were conjugated to magnetic 

beads at varying densities. The polymers density was calculated post conjugation as 

explained in supplementary Fig. 1. The binding of A/PR/8/34(H1N1) at 9.2–160 HAU/ml 

was tested on the array. To control for non-specific binding of virus to the beads, binding to 

lactose polymer conjugated beads at respective density was subtracted from the results. (c) 
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The NA activity of A/PR/8/34(H1N1) at 9.2–160 HAU/ml was quantified using the reporter 

molecule 4MU-NANA.
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Figure 3. 
Glycan library structures.

The numbering below the structures corresponds to the list of glycoconjugates in 

supplementary Table 1. In the diagram, horizontal glycosidic bonds represent β (1,4) 

linkages, while vertical bonds represent β (1,3) linkages, until otherwise indicated.
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Figure 4. 
Validation of the 3D mucin mimetic bead array. (a) The binding of A/PR/8/34(H1N1) and 

(b) A/Aichi/2/68(H3N2) at 64 HAU/ml was tested on an array of beads conjugated to a 

library of 43 mucin mimetic polymers. Error bar = s.d., n=3. (c) The NA activity of A/PR/

8/34(H1N1) (circles) and A/Aichi/2/68(H3N2) (squares) at 9.2–160 HAU/ml was quantified 

using the reporter molecule 4MU-NANA.
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Figure 5. 
Detection of avian IAV binding to the bead array. The binding of (a–f) six avian IAV and (g–
h) two human IAV was tested on portion of the array containing pairs of 3’- and 6’- 

sialoglycoconjugates (detailed list in supplementary Table 3). NA activity of viral stock is 

noted at the title of each graph. (a–d) Expected binding to α2-3 linked sialic acids was 

observed for four of the subtypes. (e–f) A/mallard/California/14-320/2014(H2N1) and A/

mallard/CA/1490/2013 (H5N5) bound sialoglycoconjugates in both α2-3 and α2-6 linkage. 

Error bar = s.d., n=3
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Figure 6. 
Analysis of primary samples on mucin mimetic beads. (a–b) Cloacal swab samples from 

mallard ducks were directly applied to 3’-sialylalactose (black) and 6’-sialylalactose (gray) 

mucin mimetic beads. To control for non-specific binding to the beads, binding to lactose 

polymer conjugated beads was subtracted from the results. Bead bound virus was detected 

by quantifying NA activity (a) or by RT-PCR (b). Error bar = s.d., n=3. (c) The samples 

were analyzed at J. Craig Venter Institute to determine IAV subtype. The NA activity (pmol 

4MU/1h) of each sample was quantified prior to bead capture using the 4MU-Neu5Ac 
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method, and HA activity (HAU/ml) was determined for turkey erythrocytes agglutination. 

ND= not detected, NT = not tested.
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