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ABSTRACT Recent cases of human infection with avian influ-
enza H5N1 and H7N9 viruses underscore an urgent need for

techniques that can rapidly assess their potential threat to the
humans. Determination of the receptor-binding property of influ- /\ c AN /
I 3

l virus

enza virus is crucial to direct viral control and prevention measures. R "

Current methods to perform this analysis are dependent on
immunoanalytical strategies that use unstable biological compo-

Influenza

Dispersed gGNPs Hemagglutinin

nents and complex procedures. We have developed a facile colori-

‘f’%
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metric assay to determine the interaction of the viral hemagglutinin (HA) protein with host glycan receptors using glycan-functionalized gold nanoparticles

(gGNPs). This method is based on the color and absorbance changes of gold probes when the solution is simply mixed with HAs or intact viruses. The

resulting sensitivity and selectivity has enabled HA/virus binding to various glycan structures to be differentiated visually and rapidly. Using this system, we

have screened, in parallel, the receptor specificity of eight representative human and avian viral HAs and three whole viruses including an emerging H7N9

strain. Our results reveal the detailed receptor-binding profiles of H7N9 virus and its HA and show that they effectively bind to human-type receptors. This

gGNP-based assay represents a strategy that would be helpful for developing simple and sensitive systems to probe glycan-mediated biological processes.
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inding of influenza virus to host re-
Bceptors is an essential step for its

infection and transmission. This pro-
cess is mediated by the specific interaction
of a viral envelope protein, hemagglutinin
(HA), with the host surface glycan receptors
containing terminal sialic acid (SA). In gen-
eral, avian-adapted viruses prefer the a2,3-
linked SA receptors that are commonly
found on the intestinal epithelia of birds.
Human-adapted viruses preferentially bind
to receptors with an 02,6 configurations
that are predominately expressed in the
upper respiratory tract of humans." All
known subtypes of the influenza A virus
and all serotypes of HA (H1—H16) can be
found in wild birds, with the exception of
the H17N10 subtype recently found in bats.?
Therefore, avian species are thought to be
the natural reservoirs of the influenza A
virus.

WEI ET AL.

With respect to adaptation of avian
viruses to the human population, a shift in
HA-binding preferences to human recep-
tors, either through genetic reassortment
or mutations, is necessary. Evidence sug-
gests that previous pandemic viruses, HIN1
in 1918 and 2009, H2N2 in 1957, and H3N2
in 1968, were of avian origin but acquired a
preference for human receptors.>~° Several
other avian subtypes, such as the highly
pathogenic avian H5N1 virus, continue to
cause localized outbreaks in domestic poul-
try worldwide. In certain cases, they can
infect humans directly without changing
their inherent avian receptor preference.’
The emerging avian H7N9 virus in China
possesses the ability to infect humans,®
fuelling concerns that H7N9 and H5N1
could evolve into pandemic strains.

Analyzing the receptor specificity of in-
fluenza viruses is crucial in assessing their
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potential threat to the public. Several methods are
currently available to conduct these analyses; these
include glycan® and neoglycolipid'® microarray assays,
solid-phase binding assays,'' enzyme-linked immuno-
sorbent assays (ELISAs),'? and hemadsorption assays.'>
The analyses based on these methods have improved
our knowledge regarding the complexity and diversity
of influenza virus binding. However, there are some
limitations to these assays, such as their labor-intensive
nature and the instability of specific biological compo-
nents, thereby restricting their use to specialized labora-
tories. Recently, technologies involving surface plasmon
resonance (SPR) of gold sensor chips,'*'® microscale
thermophoresis,'® and surface biolayer interferometry’®
have been tested; however, these methods rely on
advanced instruments and are low throughput.

Our assay exploits the distance-dependent optical
properties of gold nanoparticles (GNPs)."” Coupled
with multiple copies of SA receptors on their surface,
the GNPs allow virus/HA binding to be detected vi-
sually and using spectroscopy (Figure 1). Monodis-
persed glycan-functionalized GNPs (gGNPs) absorb a
narrow band of light (maximum absorbance 522 nm)
because of the SPR of gold probes, making the solution
appear red. Subsequent binding with trimeric HAs or
viruses results in gGNP aggregates, leading to a red
shift in SPR absorbance and thus a visible color change
of the solution to purple. Because the size and extent of
aggregates are dependent on binding ability, distinct
signal response patterns indicate binding specificity
and affinity. The use of GNPs for colorimetric sensing
was pioneered in 19808 and has since been developed
for the detection of nucleic acids, proteins, carbohy-
drates, and metal ions.'® 23 The detection of influenza
virus using this strategy was also reported recently.*2°
A key advantage of using gGNP probes is that glycan
multivalency can confer an avidity effect, which is
known to increase generally weak individual protein—
glycan interactions.”” Here, we present the design and
construction of gGNPs. We also demonstrate the use of
these gGNPs to develop a simple method for the rapid
detection of influenza virus receptor specificity.

RESULTS AND DISCUSSION

We developed two types of gGNPs, with either a2,3
or a2,6 linkages, that featured several typical structures
of SA receptors® (Figure 1A). These SA receptors, which
are modified by N-acetylation, sulfation, and fucosyla-
tion, represent natural glycan sequences commonly
found in cell surface glycoproteins and glycolipids.?®
We took into account three essential parameters that
might affect binding capacity and assay sensitivity
when designing the gGNPs. First, the high molar
extinction coefficient of GNPs with a diameter of
13 nm (2.7 x 108 M~" cm™") allows them to appear
red, even at nanomolar concentrations.?® This enables
sensitive detection of HA molecules or viruses, even at
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Figure 1. Structure of gGNPs (A) and mechanism of gGNP-
based assays (B). (A) In addition to SA receptors, a lactosa-
mine (LN)-displaying gGNP was also similarly synthesized
(see Figure 2). (B) gGNP aggregation was caused by its
binding to HA or whole virus. This results in a visual red-to-
purple shift. Concomitant changes in the SPR absorbance of
gGNPs were measured by UV—vis spectroscopy to quantify
binding specificity.

low concentration. The size of these nanoparticles is
similar to that for HA and about an order of magnitude
smaller than influenza viruses, allowing for easy for-
mation of gGNP—HA aggregates and attachment of
multiple gGNPs to the virus surface, thus inducing a
red shift in SPR absorbance. Second, the disulfide
linker, consisting of an alkyl chain terminated with
ethylene glycol groups, allows for the formation of self-
assembled monolayers that can attach to the surface of
GNPs.2° This results in resistance to nonspecific adsorp-
tion, stable dispersion in aqueous mediums, and uniform
orientation of SA receptors. Third, the SA receptors serve
as selective recognition elements, with their hydrophilic
features facilitating the solubility and stability of gGNPs.

Using the above-mentioned design elements, we
developed a modular synthetic strategy that allowed
for flexible synthesis of SA receptors and gGNPs
(Figure 2 and Supporting Information Figure S1).
The SA receptors (10a—10g), with a disulfide-
terminated linker at the anomeric center, were
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Figure 2. Chemoenzymatic synthesis of gGNPs. Reagents and conditions: (a) Cul, DMF/MeOH, rt, 50—80%; (b) a2,3-SiaT or
02,6-SiaT, CMP-Neu5Ac, Tris-HCl buffer (pH 8.0), 37 °C, 2 h, 17—87%; (c) deionized water, rt, 24 h. Abbreviations: DMF, N,N-
dimethylmethylformamide; rt, room temperature; SiaT, sialyltransferase; CMP, cytidine 5'-monophosphate; GNP, citrate-

coated gold nanoparticle.

synthesized by “click” reactions of alkynes 1—4 with
azide 5, followed by enzymatic a2,3 or a2,6 sialyla-
tions. The disulfides enabled straightforward modifica-
tions of citrate-stabilized GNPs with SA receptors
through ligand-exchange reactions,?® yielding the de-
sired gGNPs (12a—12g). This modular synthesis allows
for easy expansion of the scope of gGNPs by incorpor-
ating a number of new glycans that would facilitate
more comprehensive studies on influenza virus recep-
tor specificity and other glycan-mediated biological
processes by gGNPs.

All resulting gGNPs were fully characterized (Figure
S2). Transmission electron microscopy (TEM) analysis
revealed that modification of GNPs with glycans did
not significantly affect their morphology. Ultraviolet—
visible (UV—vis) spectroscopy measurement indicated
no remarkable change between the absorbance of
GNPs and gGNPs. Dynamic light scattering (DLS) assay
demonstrated the slightly increased diameter of
gGNPs compared to GNPs. MALDI-TOF MS analysis
identified the incorporated glycans in gGNPs. In parti-
cular, through X-ray photoelectron spectroscopy and
thermogravimetric analyses, all gGNPs were deter-
mined to have approximately 1600 glycan molecules
per particle with a molar ratio of 4:1 to free linkers
(glycan display level could be adjusted experimentally).
The details of glycan number calculation are provided in
the Supporting Information. As such, gGNPs with desirable
structures and properties were systematically verified.

We cloned two recombinant HA proteins: an avian
H5 from H5N1 A/Vietnam/1203/2004 (vieH5) with a.2,3
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specificity, and a human H1 from HIN1 A/California/
04/2009 (09HT) with a2,6 specificity. These soluble
proteins were expressed using a baculovirus system.'*'>
We chose these HAs because their receptor-binding
properties had been well-characterized.*”'* The HAs
were mixed with gGNPs in phosphate-buffered saline
(PBS) at room temperature. Combinations of 09H1 with
6'SLN—gGNP and vieH5 with 3'SLN—gGNP showed red
shifts in SPR absorbance (Figure 3B,D) and concomitant
red-to-purple changes (Figure 3l). These spectroscopic
and color shifts could be attributed to the HA-induced
formation of gGNP aggregates (Figure 3F,H). In contrast,
little or no changes were detected for other mixtures
(Figure 3A,C and Figure S3), demonstrating the selectivity
of this system. The specific HA—gGNP interaction can
also be verified by DLS experiments (Figure S4). Further
analysis revealed that binding of HA with gGNPs to
form aggregates was dependent on interaction time
(Figure 3J). Changes in absorbance indicated that all
interactions were completed within 80 min, with spe-
cific maximum Aggo/As»> ratios that could be used to
quantify relative binding affinities (Figure 3K). The
color transitions, which were observed at 80 min after
combining HAs with gGNPs, allowed easy differentia-
tion of HA receptor specificity by the naked eye. The
HA—gGNP binding kinetics were also observed to be
HA-concentration-dependent, with HAs at concentra-
tions higher than 4.2 ug/mL, sufficient for producing
visual and spectroscopic results (Figure S5). This sensitivity
was comparable to that obtained from more traditional
methods such as glycan microarrays and ELISAs.**'?
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Figure 3. Analysis of HA binding to gGNPs. (A—D) UV—uvis spectra of HA—gGNP mixtures showing selective binding of 09H1
with 6'SLN—gGNP and vieH5 with 3’SLN—gGNP. (E—H) TEM images of HA—gGNP interactions corresponding to A—D. These
show 6'SLN—gGNPs aggregated with 09H1 (F) and 3'SLN—gGNPs aggregated with vieH5 (H). Scale bars indicate 500 nm. (1)
HA—gGNP mixtures corresponding to A—D, showing red-to-purple shifts. (J) Kinetics of HA—gGNP interactions. Normalized
Aeso/Asz, values at 80 min were used for assessing the relative binding affinity of HAs. The 18H1mut is a D225G mutant (H3
numbering) of 18H1 HA from a pandemic H1N1 virus (A/South Carolina/1/18). This mutant has mixed 0.2,3/02,6 speciﬁcity.g'14
Error bars indicate standard deviations from three independent experiments. (K) Relative binding affinity of HAs to gGNPs.

Error bars indicate standard deviations from three independent experiments.

Collectively, these experiments demonstrate a simple,
fast, selective, and sensitive strategy for determining
HA—glycan interactions.

We applied this method to investigate the receptor
specificity of a H7 HA, designated anhH7, which was
generated from an emerging human-infecting H7N9
A/Anhui/1/2013 virus. Characterizations of this virus,
including the global receptor preference, have recently
been conducted.®3' 33 Using X-ray crystallography,
our group and others have previously showed that
anhH7 bound to both 02,3 and 02,6 SLNs;'>** how-
ever, details of the anhH7 bindings to other SA recep-
tors remain unclear. To validate our results, we also
included several typical avian and human virus HAs as
controls to enable direct comparison with previously
reported results (Figure 4). Using predetermined con-
ditions, we conducted the assays in a high-throughput
manner. Interactions of eight HAs in combination with
seven gGNPs were screened in parallel. HAs from
human-adapted viruses (09H1, 18H1, 68H3) prefer 02,6
9gGNPs (Figure 4A), whereas those from avian-adapted
viruses (vieH5, qinH5, sheH5) favor 2,3 gGNPs
(Figure 4B). The 18H1mut exhibits relatively weak
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and mixed a2,6/a2,3 specificity. These binding pat-
terns are distinct for each HA and are largely consistent
with those from previous studies,*”*31%343> confirm-
ing the ability and reliability of our system. Similar to
glycan microarray analysis,” this method permits dis-
crimination of HA-binding preference for not only SA
linkages but also fine modifications in SA receptors
such as N-acetylation, sulfation, and fucosylation. For
anhH7, our assay reveals a dual human/avian receptor
preference. This is significant when compared with
other HAs tested in this study, suggesting the possibility
of anhH7 as an intermediate in avian H7 HA evolution
that would eventually facilitate H7N9 virus adaptation to
humans. Additionally, the observed 02,6 specificity of
anhH7 supports a recent study demonstrating that this
HA can weakly attach to human respiratory tissues.®
Analysis of HA proteins provides a basis for further
studies on the H7N9 virus. We rescued the A/Anhui/1/
2013 strain using reverse genetics technology'®
enable the virus-binding study. The rescued virus was
designated anhH7N9. The gGNP-based assay was ad-
justed for screening whole viruses using a laboratory
standard H1N1 strain, A/Puerto Rico/8/34 (PR8), which
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Figure 4. Analysis of the receptor specificity of H7N9 HA
compared to several representative human and avian viral
HAs. The 68H3 HA was generated from a pandemic H3N2 A/
Aichi/2/1968 strain. The qinH5 and sheH5 HAs were from two
avian H5N1 viruses, A/Bar-headed Goose/Qinghai/1/2005 and
A/Shenzhen/1/2011, respectively. (A) HAs binding to 02,6-type
gGNPs. Error bars reflect standard deviations from three in-
dependent experiments. (B) HAs binding to 02,3-type gGNPs.
Error bars reflect standard deviations from three independent
experiments. Note that the scale of panel A is different from B
because of the relatively low affinity of HAs to 02,6-type gGNPs.
(C) Colorimetric results of HA-binding assays.

has known binding specificity for 02,3 glycans®’
(Figure 5 and Figure S6A—C). We used HA titer to
represent the virus concentrations. This unit was de-
termined by hemagglutination assay, which employs
the viral binding to animal red blood cells to cause the
aggregation for visual analysis.'""'>*® The kinetics of
virus binding with gGNPs is faster than that for HAs,
with virus—gGNP interaction complete within 30 min
(Figure S6D). Only a small amount of virus (10 HA titer)
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Figure 5. Analysis of H7N9 virus receptor specificity compared
with the PR8 and 68H3N2 viruses. (A) PR8 and 68H3N2 viruses
specifically bound to 02,3- and 02,6-type gGNPs, respectively,
while anhH7N9 virus bound to both types of gGNPs. (B) TEM
analysis showing 3'SLN—gGNP aggregates due to PR8 virus
binding. Scale bars indicate 100 nm. (C) Dispersed 6'SLN—
gGNPs in the presence of PR8 virus. Scale bars indicate 100 nm.
(D) Colorimetric results of virus-binding assays.

could result in marked spectral change (Figure S6E)
and a rapid color shift (Figure 5D). These results
indicate that increased HA valency on the viral enve-
lope, in addition to multiple copies of SA receptors on
the gGNP surface, confers a high avidity interaction
that leads to fast and sensitive detection of virus
binding. We also analyzed a human-adapted H3N2
virus, A/Aichi/1/1968 (68H3N2), which clearly shows
02,6 specificity.>'® The assay of anhH7N9 virus re-
vealed that it bound to both 02,3 and 2,6 receptors,
in accordance with the results obtained for anhH7 HA.
The ability of anhH7N9 virus to effectively bind to human
receptors correlates with results from recent studies
showing its efficient replication in cells derived from
the respiratory tract of humans and other mammals 23132
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Animportant aspect in the prevention and control of
influenza is continuous monitoring of the evolution of
all circulating strains in humans and animals to gauge
the potential for pandemics and to direct vaccine/drug
designs. In general, the study of receptor-binding prop-
erties of a particular influenza virus, or its HA, necessi-
tates the analysis of a number of relevant strains/HAs for
comparison. Colorimetric detection would be conve-
nient because it is simple and easily applicable to high-
throughput systems. The ability of gGNP-based assays
for quickly screening the specificity of HAs and viruses
was shown in our study (Figure 4C and Figure 5D). These
results can be visually discriminated, providing a tech-
nique for simultaneously screening receptor specificity
of a range of HA proteins or viruses.

CONCLUSIONS

We report a gGNP-based assay method for the
determination of influenza virus receptor specificity.

MATERIALS AND METHODS

Synthesis of gGNPs. Citrate-coated GNPs (13 nm in diameter)
were prepared by the reduction of HAuCl,>® Using ligand-
exchange reactions,”® gGNPs were generated from these GNPs
by treatments with disulfide-modified SA receptors 10a—10g
and free linker 11 (Figure 2). Briefly, 10a—10g in deionized
water (10 mM, 62.5 uL) and 11 in methanol (50 mM, 2.5 uL) were
added to a solution of GNPs in deionized water (1.4 nM,
10.5 mL). The mixtures were stirred at rt for 24 h followed by
centrifugation at 14000 rpm for 30 min. The resulting gGNPs
were separated, washed with deionized water, and redispersed
in PBS (pH 7.4). Concentrations of GNPs and gGNPs in media
were determined using UV—vis spectroscopy.*® Synthesis and
characterization of 10a—10g, 11, and other intermediate com-
pounds are detailed in the Supporting Information.

Cloning, Expression, and Purification of HA. The cloning, expres-
sion, and purification of HA proteins were performed as pre-
viously described.'® The genes encoding the ectodomains of
HAs from A/California/04/2009 (H1N1), A/South Carolina/1/18
(H1N1), A/Aichi/2/1968 (H3N2), A/Bar-headed Goose/Qinghai/
1/2005 (H5N1), A/Shenzhen/1/2011 (H5N1), A/Vietnam/1203/
2004 (H5N1), and A/Anhui/1/2013 (H7N9) were cloned into
baculovirus transfer vector pFastBac1 (Invitrogen) . The con-
structs also contain an N-terminal gp67 signal peptide for
secretion, a C-terminal thrombin cleavage site, a trimerization
foldon sequence, and a His6-tag at the extreme C-terminus. The
18H1-D225G mutants (18H1mut) were constructed by site-
directed mutagenesis. Transfection and virus amplification
were carried out according to the Bac-to-Bac baculovirus ex-
pression system manual (Invitrogen). HA proteins were pro-
duced by infecting suspension cultures of Hi5 cells (Invitrogen)
for 2 days. Soluble HA was recovered from the cell supernatant
by metal affinity chromatography using a 5 mL HisTrap HP
column (GE Healthcare), then purified by ion-exchange chro-
matography (IEX) using a Mono-Q 4.6/100 PE column (GE
Healthcare). The HA fractions were further purified using a
membrane concentrator (Millipore) with a molecular weight
cutoff of 10 kDa.

Preparation of Virus. A/Puerto Rico/8/34 (H1N1) was a stock in
our laboratory. A/Anhui/1/2013 (H7N9) was generated using a
reverse genetics method as previously described.’® Briefly, the
eight genes of the H7N9 virus were synthesized and cloned into
plasmid pHW2000. Cocultured MDCK and 293T cells (1:5) were
transfected with eight plasmids (0.5 xg each). To the culture
medium was added 0.9 mL of Opti-MEM (Invitrogen) containing

WEI ET AL.

This method is conceptually different from conven-
tional techniques currently in use. Unlike plate- and
chip-based assays in which the analyte must be im-
mobilized to a solid surface, free gGNPs and viruses/
HAs in medium are able to partake in a dynamic
binding process that allows the avidity effect to be
fully exploited. The results from our system rely on the
unique optical properties of GNPs, as opposed to
fluorophore- and/or enzyme-conjugated antibodies.
This results in our assays being easier to conduct and
enables immediate analysis of emerging viruses with-
out the need of an antibody against that virus. Finally,
visual detection without the aid of any instruments
makes this method ideal for developing a portable
device that can be used in the field. This gGNP-based
assay represents a strategy that would be helpful for
developing simple and effective techniques to probe
glycan-mediated biological processes, which is ubiqui-
tous in living systems.

10 uL of lipofectamine 2000 (Invitrogen). After incubation at
37 °C for 6 h, the transfection mixture was removed from the
cells and 1 mL of Opti-MEM containing 2 ug/mL of TPCK-trypsin
(Worthington Biochemical Corporation) was added. After
48 h of incubation, the supernatant was inoculated in specific
pathogen-free chicken eggs to produce stock virus. A/Aichi/1/
1968 was prepared from the genes of a pandemic H3N2 strain
using a similar procedure. The rescued H7N9 and H3N2 viruses
were sequenced to exclude any unwanted mutations and
inactivated by treatment with 0.1% [-propiolactone before
being used in gGNP-based assays. Virus concentrations were
determined by hemagglutination assays with 1% chicken red
blood cells. The virus generation and inactivation experiments
were performed in approved biosafety level (BSL-3) contain-
ment laboratories.

gGNP-Based Assay. Solutions of HA (1 mg/mL) and gGNP
(2.8 nM) in PBS (pH 7.4) were prepared. Then, HA solution (2 uL)
was mixed with gGNP solution (120 uL) in a 200 uL quartz cuvette or
in the well of a 96-well polystyrene microplate (Corning). The
absorbance of mixtures was monitored at different time inter-
vals using a UV—vis spectrophotometer (Hitachi U-2910) or a
multimode reader (Infinite 200 PRO, Tecan). Normalized
Asso/Asz> values at 80 min were used to assess the relative
binding affinity of HAs. The color of mixtures was observed in
8-strip PCR tubes (Genview). In HA-concentration-dependent
binding assays, solutions of HA at different concentrations
(0.0625—4 mg/mL) were used. In virus-binding assays, 12 ul
of virus suspensions (256 HA titer) in the allantoic fluid of
embryonated chicken eggs containing oseltamivir carboxylate
(20 uM, Roche) was mixed with 88 uL of gGNP solutions (2.5 nM,
in PBS). The spectroscopic and colorimetric analyses were
carried out according to the procedure described for HA-
binding assays. Normalized Aggo/As2> values at 30 min were
used to assess the relative binding affinity of viruses. Viruses
with varying concentrations (4—512 HA titer) were used for
determining the concentration dependence of virus bindings.

TEM Analysis. Solutions containing gGNP and HA were pre-
pared as described for gGNP-based assays. After incubating
these solutions for 80 min, aliquots (10 uL) were transferred with
a pipet to carbon-coated copper TEM grids. The grids were left
to stand at rt for 10 min. Then, excess liquid was removed with
tissue paper, and the grids were air-dried before analysis.
Similarly, samples for virus-binding analysis were prepared from
suspensions containing virus and gGNP (after 30 min of
incubation). The grids were negatively stained using a 1%
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aqueous solution of uranyl acetate (30 L) and air-dried before
analysis. All samples were examined with a JEOL 1400 micro-
scope operating at 100 kV.

DLS Analysis. Solutions containing gGNP and HA in quartz
cuvettes were prepared according to the procedure described
for gGNP-based assays. After 80 min of incubation, the cuvettes
were applied to DLS measurement. Experiments were per-
formed on a Zetasizer 3000HS instrument (Malvern) with a
helium—neon laser source (632.8 nm) operating at a scattering
angle of 90° and a temperature of 25 °C.
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