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Abstract

An ultrasensitive impedimetric glycan-based biosensor for reliable and selective detection of
inactivated, but intact influenza viruses H3N2 was developed. Such glycan-based approach has a
distinct advantage over antibody-based detection of influenza viruses since glycans are natural
viral receptors with a possibility to selectively distinguish between potentially pathogenic
influenza subtypes by the glycan-based biosensors. Build-up of the biosensor was carefully
optimized with atomic force microscopy applied for visualization of the biosensor surface after
binding of viruses with the topology of an individual viral particle H3N2 analyzed. The glycan
biosensor could detect a glycan binding lectin with a limit of detection (LOD) of 5 aM. The
biosensor was finally applied for analysis of influenza viruses H3N2 with LOD of 13 viral
particles in 1 pl, what is the lowest LOD for analysis of influenza viral particles by the glycan-
based device achieved so far. The biosensor could detect H3N2 viruses selectively with a
sensitivity ratio of 30 over influenza viruses H7N7. The impedimetric biosensor presented here is
the most sensitive glycan-based device for detection of influenza viruses and among the most
sensitive antibody or aptamer based biosensor devices.
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1 Introduction

Glycans as complex carbohydrates are involved in many pathological and physiological
processes in living organisms including immune response, tumor metastasis, infection by
bacteria/viruses, inflammation, molecular recognition and cell signaling (Cecioni et al. 2015;
Park et al. 2013; Pritchard et al. 2015; Reichardt et al. 2013; Rogowski et al. 2015; Varki
2009; Wesener et al. 2015). Better understanding of glycan biorecognition in such processes
has been deeply studied in recent years since such information can be then applied for

"Corresponding author: Jan. Tkac@savba.sk, Tel.: +421 2 5941 0263, Fax: +421 2 5941 0222.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Hushegyi et al.

Page 2

development of novel therapeutic and diagnostic approaches; and for design of novel potent
vaccines, as well (Alley et al. 2013; Bournazos et al. 2014; Burton et al. 2012; Dalziel et al.
2014; Macauley et al. 2014; Medina and Garcia-Sastre 2011; Rouvinski et al. 2015).

From a structural point of view, glycans form a dense layer on the surface of various cell
types called glycocalyx, literarily meaning sugar coat (g/ykys=sweet, kalyx=husk)
(Hushegyi and Tkac 2014). Such a glycan coat is involved in cell-cell recognition and host-
pathogen interactions since glycans as more complex and information rich molecules
compared to DNA and proteins can effectively store and code information, working as an
identity card for a particular cell type (Song et al. 2015). The density of glycans on the cell
surface membrane is immense, with over 10 million glycan molecules containing terminal
sialic acid (i.e. reaching concentration of 100 mM) (Cummings and Pierce 2014).

Glycans present on the surface of the host cells have an important role in an initial stage of
viral infections involving various influenza subtypes. Influenza A viruses can infect humans,
birds, horses, pigs and marine mammals. The infection is realized through virus cell wall
glycoproteins called hemagglutinins (HA) and neuraminidases (NA). Influenza A viruses are
categorized according to the type of HA and NA proteins (i.e. HIN1, H3N2, etc.) present on
the viral surface with 18 HA and 11 NA subtypes described so far (Watanabe et al. 2014).
The first step in the infection process is an interaction between HA and host glycans
terminated in sialic acid (de Graaf and Fouchier 2014). Avian influenza viruses prefer to
bind to sialic acid which is linked to galactose via a2-3 linkage. On the other hand, human
influenza viruses prefer to bind to sialic acid, which is linked to galactose with a2-6 linkage.
There also exist influenza viruses (for example H3N2) which are able to make interactions
with glycans terminated in a2-3 and a.2-6 linked sialic acids (Air 2014).

Fluorescent glycan biochips with glycans printed at high density on glass slides have been
successfully applied to study interaction of glycans with glycan binding proteins or with
bacterial and viral particles in a highly parallel way (Arthur et al. 2014; Blixt and Westerlind
2014; Cummings and Pierce 2014; Geissner et al. 2014; Laurent et al. 2008; Stencel-
Baerenwald et al. 2014; Svarovsky and Joshi 2014). Biochips however have distinct
disadvantages i.e. a need to label glycoproteins or bacteria/viruses, what can compromise a
biorecognition process affecting reliability of detection (Gemeiner et al. 2009). Biosensors
working in a label-free mode not requiring presence of any label can solve this problem.
Moreover, some transducing mechanisms such as electrochemical-based ones (Palecek et al.
2015) can work in an ultrasensitive fashion (down to aM level), what is not the case of
fluorescent glycan biochips with limit of detection typically down to nM or sub nM level
(Hushegyi and Tkac 2014).

In our previous work we presented an ultrasensitive impedimetric biosensor which could
detect interactions between lectins or isolated influenza virus hemagglutinins and glycans,
with detection limit down to aM level (Hushegyi et al. 2015). The surface chemistry for
patterning of gold surface was based on a mixed SAM layer (self-assembled monolayer)
consisting of 11-mercaptoundecanoic acid (MUA) and 6-mercaptohexanol (MH), resisting
non-specific interaction up to 0.1 nM and allowing to control glycan density on the surface
(Hushegyi et al. 2015). In this work we would like to increase selectivity of detection by the
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glycan biosensor using surface chemistry based on a mixed SAM composed of thiols
bearing oligoethylene glycol (OEG) moieties resisting non-specific interactions (Scheme
S1). Moreover, the glycan biosensor was then applied in analysis of intact, but inactivated
influenza viral particles in an ultrasensitive and highly selective fashion.

2 Results and discussion

2.1 Choice of SAM components

In the previous study the glycan biosensor was constructed by modification of gold electrode
with a mixed SAM composed of 11-mercaptoundecanoic acid and 6-mercaptohexanol and
this interfacial layer was resistant to non-specific interactions up to 0.1 nM (Hushegyi et al.
2015). Here we wanted to increase selectivity of detection by using improved surface
chemistry. This is the main reason why we tested a mixed SAM composed of OEG-COOH
and OEG in this study since OEG surface chemistry proved to be effective in providing non-
fouling interface, previously developed by us for the SPR biosensor (Davis et al. 2009;
Davis et al. 2007). In the initial set of experiments, combination of OEG thiols or aliphatic
thiols terminated in —COOH and —OH with a variable chain length was tested. The following
combinations i.e. binary and ternary thiol mixtures were analyzed with various ratio between
components: 1. HS-(CHj)19-COOH and HS-(CH5)g-EG,-OH; 2. HS-(CH5)g-EG»-OCH,-
COOH and HS-(CHg)g-OH; 3. HS-(CHz)lo-COOH, HS-(CHz)g-EG:;-OH and HS-(CHz)g-
OH; 4. HS-(CHy)g-EG,-OCH»-COOH and OEG; 5. HS-(CH3)g-EG,-OCH,»-COOH and
OEG; 6. HS-(CH»)19-COOH, OEG and HS-(CH>)g-OH; 7. OEG and OEG-COOH. From all
these mixtures only the mixture #7 (i.e. OEG with OEG-COQH) offered moderate initial
RcT and easily fitted Nyquist plots, suitable for further biosensor construction.

2.2 Optimization of OEG-COOH:OEG ratio

When a proper functional (-COOH containing OEG thiol) and diluting thiol (-OH
terminated OEG thiol) were selected, the first parameter being optimized was the ratio of
these two thiols affecting sensitivity of the glycan biosensor towards its analyte — lectin
MAA. It was proved that pure OEG-COOH SAM layer gave a large RcT, which could not
be determined (not shown). The best sensitivity of detection of MAA by the glycan
biosensor was acquired on the interface modified by OEG-COOH and OEG with ratio of
1+5 with sensitivity value of the biosensor of (7.1+0.6) % decade™! and other dilution ratio
of either 1+15 or 1+3 gave considerable lower sensitivity of the biosensor device (i.e. (2.0
+1.0) % decade™! or (1.8 + 0.6) % decade™!, respectively) (Fig. 1). Reproducibility
determination for MAA lectin by the biosensor device with optimal composition of a mixed
SAM layer expressed as an average RSD was 6.7% (1.6-12.4%). It is worth noting, that this
average RSD value represents rather reproducibility of the biosensor device construction
than assay reproducibility since measurements done in triplicate were performed by different
biosensor devices. Assay reproducibility was investigated by five consecutive incubations of
the biosensor device with the plain buffer as shown in our previous study (Pihikova et al.
2016) revealing RSD of 1.5% and the signal increased from an original value of R¢; only by
2.9% (5 incubations i.e. 100 min).
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2.3 Selectivity and sensitivity of the glycan biosensor

In the subsequent experiments selectivity of the glycan biosensor was examined with one
analyte — lectin MAA and two non-specific probes. The first non-specific probe was lectin
DSL, which does not recognize glycan with a.2,3-terminated sialic acid and the second non-
specific probe was human serum albumin appearing in high abundance in human sera.
Results presented in Fig. 2 proved that the glycan biosensor was able to selectively bind only
its analyte — lectin MAA with sensitivity of (7.0+£0.3) % decade 1, while the other two
proteins being non-specific probes were not recognized by the glycan biosensor in the whole
concentration range examined (8 aM-0.8 nM). It is worth mentioning that calibration curve
for determination of MAA by the glycan biosensor device presented in Fig. 1 and Fig. 2
were obtained with independent set of biosensor devices (prepared on a different day
including electrode cleaning, patterning, activation, glycan immobilization and interaction
with MAA) showing very good inter assay reproducibility (Fig. 1 and Fig. 2) and very good
intra assay precision (Fig. 1 vs. Fig. 2) for MAA analysis. From calibration curve a limit of
detection (LOD) of 5 aM for MAA was calculated as described previously (Bertok et al.
2015).

2.4 Analysis of viral particles

After obtaining preliminary information about the glycan biosensor performance, the
biosensor was exposed to intact, but inactivated viral particles of influenza virus H3N2.
Results shown in Fig. 3 in a form of a Nyquist plot indicate that Rct of (46 + 6) kQ for the
glycan modified biosensor surface increased to a value of (58 £ 8) kQ after incubation of the
glycan biosensor with influenza H3N2 viral particles with density of 10 viral particles in 1 pl
and the Rc further increased with increased concentration of influenza H3N2 viral particles
up to a value of (130 £ 18) kQ after incubation with 100,000 viral particles in 1 pl (Fig. 3).
Such results suggest that the glycan biosensor could be utilized to quantitatively detect
influenza H3N2 viral particles.

Further, the selectivity of the glycan biosensor to detect targeted influenza virus particles
was tested. For such experiment influenza H3N2 and H7N7 viral particles were applied.
Results shown in Fig. 4 indicate that the glycan biosensor can selectively detect influenza
H3NZ2 viral particles (analyte) over influenza H7N7 viral particles (non-analyte) with a
selectivity ratio of 30 (i.e. sensitivity of (81 +6)% decade™! for H3N2 vs. (2.7 +0.6 )%
decade! for H7N7 influenza viruses). LOD for detection of influenza H3N2 viral particles
by the glycan biosensor of 13 viral particles in 1 pl was determined as previously described
(Bertok et al. 2015). H3N2 viral particles were detected by the glycan biosensor device with
sufficient reproducibility expressed as an average RSD of 9.7% (1.0%-23.5%), but this value
represents reproducibility of the biosensor device construction, as was stated above. Thus,
the glycan biosensor constructed possesses both high sensitivity and high selectivity of
analysis for influenza H3N2 viral particles, what can be applied for diagnostic purposes in
the future.

2.5 AFM imaging

AFM imaging did not reveal a big difference between a mean square roughness of bare gold
surface (Rq=0.74 nm) and the interface with glycan immobilized (R4=0.80 nm), what can be
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also seen in Fig. S1A and Fig. S1B. This is in a strong contrast to results shown in our
previous study, where a different mixed SAM layer (MUA and MH) was employed
(Hushegyi et al. 2015). Thiols with longer aliphatic chain i.e. 11 carbon for MUA and 6
carbon for MH formed a well ordered mixed SAM with thiol molecules well aligned with
each other (stabilized by van der Waals forces). When, such ordered SAM layer was applied
for immaobilization of glycan molecule, individual glycan molecules could be seen in AFM
images with Ry factor considerably higher compared to bare gold (i.e. 1.7-fold) (Hushegyi et
al. 2015). It is well known that OEG-based molecules form very flexible structures and thus
a mixed SAM composed of OEG-COOH and OEG will not be that well ordered also due to
a short aliphatic chain (only 3 carbons) of both thiols (OEG-COOH and OEG). Moreover it
can be anticipated that OEG groups can form quite multiple hydrogen bonds with glycan
molecules rich in —OH functionalities. As a result, glycan immaobilized on a mixed SAM
composed of OEG-COOH and OEG will not be exposed to the solution phase as an
extended chain. It is quite interesting that despite interaction between glycan and thiols
(OEG-COOH and OEGQG) after addition of lectin or influenza virus particles a biospecific
reaction between glycan and its glycan binding protein or whole virus was allowed. When
the glycan biosensor was incubated with influenza H7N7 viral particles, only a few features
could be seen in AFM images with R=0.68 nm (Fig. S1C) not differing from R, of a bare
gold surface (0.74 nm), revealing only a minute amount of attached biomaterial. When the
glycan biosensor was incubated with its analyte influenza H3N2 viral particles R increased
considerably to a value of 2.77 nm and the presence of a biomaterial (i.e. debris from
disrupted viral particles) including viral particles can be seen (Fig. S1D). It is possible to see
dark horizontal lanes in Fig. S1D, Fig. 5A and Fig. 5B at positions, where viral particles
could be seen due to movement of viral particles during scanning of the surface with the
AFM tip. This suggests that such biospecific interaction between immobilized glycan and
viral particles is not particularly strong.

In Fig. S2A roughness of three different surfaces is visualized showing no big difference in
the surface topology for bare gold surface and the surface with covalently linked glycan to a
mixed SAM layer. The roughness of the interface increased considerably after incubation
with influenza H3N2 viral particles. AFM analysis of individual influenza H3N2 viral
particle showed that the height of the particle is approx. 23 nm with a particle width of 170
nm (Fig. S2B). Considering AFM tip convolution effect the width can be within range of
80-120 nm, what is a typical size of influenza virus particles (Amano and Cheng 2005). The
height of the viral particle however does no fall within this expected range, but recently it
was suggested that influenza viral particles belong to the softest viral particles ever found
and that AFM tip can quite easily disrupt viral particle (Li 2012). This would also means
that even though viral particle shown in Fig. S2B seems to be intact it is damaged. A similar,
although not so sharp visualization of influenza virus particle, with height of ~20 nm was
recently published (Wicklein et al. 2013). Further, the evidence of damaging influenza H3N2
viral particle by the AFM tip is shown in Fig. S3. From this image it is clear that features
(most likely proteins) which are on the top of the viral particle are more affected/compressed
compared to the features appearing on the side of the viral particle.
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2.6 QCM study

QCM experiment was applied to further prove specificity of detection of influenza H3N2
viral particles over influenza H7N7 viral particles on the glycan biosensor (Fig. S4). Further
analysis revealed that (4.4 + 0.6) ug cm2 of influenza H3N2 viral particles was bound on the
glycan surface, while in case of influenza H7N7 viral particles only a mass density of (0.38
+0.05) pug cm2 was bound. It is worth mentioning that a QCM setup we used, operated in a
batch mode with QCM chip being at the bottom of the measuring cell. We tried to calculate
surface density of influenza H3N2 viral particles on the glycan interface and by taking a
molecular weight of influenza A virus of 174x108 g mol! (Ruigrok et al. 1984) we found a
value of (1.5 + 0.2)x1010 viral particles percm2. Once we took a hard sphere model into
account (Lahiri et al. 1999) we can calculate that viral particles would have the size of
approx. 90 nm. This value also suggests that during AFM imaging viral particles were
severely damaged, as discussed above.

2.7 Comparison of the glycan biosensor with published concepts

Here we would like to compare LOD for detection of viral particles by the glycan-based
biosensor obtained in this work with other published biosensor devices. There are of course
various biorecognition elements, which can be used for construction of biosensors including
glycan receptors, DNA/RNA aptamers and antibodies (Cheng and Toh 2013; Gopinath et al.
2014; Hsieh et al. 2015; Krejcova et al. 2012; Krejcova et al. 2014a; Krejcova et al. 2014b;
Rodrigo et al. 2014).

Glycan-based biosensors. There is only one impedimetric study for detection of influenza
H1N1 viral particles published so far based on non-covalent immobilization of a
disaccharide galactose-sialic acid having hydrocarbon tail (octane), which was embedded
during immobilization into SAM formed from octanethiol. Such biosensor could detect
H1N1 viruses down to 0.05 pg mlt (~2x10° viruses pl-t) (Wicklein et al. 2013).

Glycan modified gold nanoparticles were applied for plasmonic detection of human
influenza X31 virus with LOD of 0.1 ug ml-1 (~ 3.5x10° viruses pl't) (Marin et al. 2013)
and sialic acid modified gold nanoparticles were applied for colorimetric detection of
influenza viral particles down to concentration of 4,500 particles pl! (Lee et al. 2013).

Optimized colorimetric detection of influenza virus particles based on a previous work
(Charych et al. 1993; Reichert et al. 1995) using polymerized liposomes containing sialic
acid offered LOD ~1 HAU in 250 pl (~4,000 viruses pl-1) (Charych et al. 1996).

Quartz crystal microbalance glycan biosensor can provide LOD of ~1.5x10° viruses ml-1
(~150 viruses pl'1) (Sato et al. 1999). In another study, thiolated glycans were used to
prepare a QCM biochip for detection of H5SN1, H5N3 and HIN3 down to a concentration of
few pM (~10 viruses pl1) (Wangchareansak et al. 2013).

Surface plasmon resonance with immobilized sialic acid containing liposomes offers LOD
down to ~0.1 pM (~6x10* viruses pl"1) (Hidari et al. 2007) and a very similar LOD for
analysis of influenza A virus was also achieved with SPR based on a chip with immobilized
bovine brain lipid containing sialoglycolipids (Critchley and Dimmock 2004).
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Antibody-based biosensors. Interferometric label-free approach with immobilized antibodies
could detected influenza A viruses down to 6.0x10° pl-1 (Gopinath et al. 2009).
Immunosensor based on photonic crystal device could detect HIN1 viruses down to 3,500
particles in 1 pl (Endo et al. 2010). Field-effect transistor based device with immobilized
antibodies offered LOD of 280 H5N1 viral particles pl"1 (Guo et al. 2013) or 29 H3N2 viral
particles pl-t (Shen et al. 2012). Surface plasmon resonance assisted fluorescent method
with immobilized antibodies offer LOD of 200 H3N2 viruses in 1 ul (Nomura et al. 2013).
Quartz crystal microbalance with immobilized antibodies could provide LOD of 640 H5N1
viruses in 1 pl (Wang and Li 2013). Surface acoustic wave sensors with immobilized
antibodies can detect as low as 3,500 influenza A viruses in 1 pl (Jiang et al. 2015) and with
application of gold nanoparticles down to 138 H3N2 viruses pul"! (Gopinath et al. 2013). A
nanocomposite based on graphene oxide in a sandwich configuration with two antibodies
involved could detect 1 influenza particle in 1 pl (Yang et al. 2015) and another sandwich
configuration based on formation of Ag nanoparticles could detect 23 H7N9 viruses in 1 pl
(Wu et al. 2015)

Aptamer-based biosensors. Impedimetric biosensors with immobilized DNA aptamers could
detect influenza A viruses (HLIN1) down to 1 virus in 1 pl (Kiilerich-Pedersen et al. 2013).
Quartz crystal microbalance with immobilized DNA aptamer could provide LOD of 64
H5N1 viruses in 1 pl (Wang and Li 2013). A rather sophisticated assay protocol with
involvement of magnetic beads, gold nanoparticles, DNA aptamers, a lectin and an enzyme
amplified detection of H5N1 viruses with ability to detect as low as 4 viral particles in 1 pl
(Fu et al. 2014).

3 Conclusions

The EIS being a label-free detection mode have distinct advantages compared to fluorescent
glycan biochips. The study shows that EIS with optimized interfacial glycan-based layer can
provide ultrasensitive and highly selective analytical platform for analysis of glycan binding
proteins and inactivated, but intact influenza viruses in a wide concentration window. The
study is a solid foundation for sensitive detection of various influenza subtypes including
highly infectious ones based on interaction between viruses and natural host receptors -
glycans. The EIS glycan-based biosensor has potential to be integrated into an array format
of analysis with an enhanced robustness of detection in a parallel way. Such an array could
provide a rapid evaluation of viral pathogenicity as well as the concentration, without a need
to apply highly specific, but quite expensive antibodies.
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Figure 1.

Ogtimization of the composition of a mixed SAM layer composed of OEG-COOH and OEG
ratio (black 1+3, red 1+5, green 1+15) with its influence on the sensitivity of detection of
MAA lectin (analyte, inset figure) by the glycan biosensor. Calibration curves for Maackia
amurensis agglutinin (MAA) detection by the glycan biosensors built up on a mixed SAM
with three different composition are shown, as well. At least three independent electrodes
were used for data generation.
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Figure2.
Calibration of the glycan biosensor by two different lectins Maackia amurensis agglutinin
(MAA, an analyte), Datura stramonium lectin (DSL) and human serum albumin (HSA).
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Figure 3.

In?pedimetric characterization of the prepared glycan biosensor (SAM + glycan) and after
interaction with increasing concentration of influenza H3N2 viral particles within a
concentration range from 10 viral particles in 1 pl up to 100,000 viral particles in 1 pl. Data
were fitted with an equivalent circuit shown in Scheme S2 with fitted parameters provided in
Table S1 (both shown in the Supplementary information file).
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Figure 4.
Calibration curve for detection of influenza H3N2 viral particles (black, an analyte) and
influenza H7N7 viral particles (red, a non-analyte).
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Figure5.
AFM images of A) glycan biosensor + H3N2 virus 1.5 x 1.5 pm (z=35 nm), B) glycan

biosensor + H3N2 virus 250 x 250 nm (z=37 nm).
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