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Biomimetic Architectures for the Impedimetric
Discrimination of Influenza Virus Phenotypes
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1. Introduction
Rapid discrimination of avian vs. human phenotypes of emerging influenza A

virus isolates with pandemic potential is an important issue in pathogenesis
and epidemiology studies of the infection. In this work, functional architec-
tures are tailored on the surface of a gold electrode, introducing receptor mol-
ecules as a sensing entity that mimics those found in the membrane of target
cells of the influenza A virus and with the aim of developing an impedimetric-
based detector for influenza A virus phenotyping. In a bottom-up approach,
the artificial receptors are built by sequential assembly of a 1-octanethiol/
octyl-galactoside hybrid bilayer, followed by an enzyme-mediated function-
alization of the terminal galactoside groups with sialic acid molecules. The
detection mechanism relies hence on the specific affinity between the sialic
acid-galactose receptor moieties anchored on the modified electrode surface
and the hemagglutinin (HA) viral surface protein. By using the appropriate
type of sialyltransferase enzyme, sialylation of galactose residues is made

Pandemics occur when re-assorted influ-
enza viruses, harboring avian surface
glycoproteins, infect and spread among
humans owing to a limited immunity
against those new variants."? To cross
species Dbarrier from birds to humans,
pandemic influenza viruses require adap-
tation to human cells through acquisi-
tion of critical mutations mainly in the
receptor binding protein, hemagglutinin
(HA).Bl Permissive cells have at their
surface influenza virus receptors con-
sisting of sialic acid (SA) moieties linked
to galactose terminals of glycoproteins,
to which the hemagglutinin viral protein
binds as the first step of virus infection!**!

through 0+2,3 or 2,6 linkages. This permits the envisaged impedimetric
detector to discriminate rapidly between avian vs. human strains of influenza
A virus with the absence of elaborate sample preparation steps. In contrast to
immunosensors based on antibodies as bioreceptor, the sialylated modified
gold electrode is also able to distinguish among influenza phenotypes, which
could make the here presented detector a reagentless, label-free diagnostic
device for influenza phenotyping.

(Scheme 1). The type of linkage between
SA and the galactose groups determines
the host specificity of influenza viruses,
being the o-2,3 linkage specific for
avian-like and the 0+2,6 for human-like
viruses.[®’] This specificity correlates with
the type of SA-galactose linkage expressed
on host tissues, predominating the 2,6

in human trachea and the 2,3 in the

avian intestinal epithelium.®l Genetic and
phenotypic characterization of novel re-assorted viruses with
pandemic potential is of utmost importance for rapid imple-
mentation of control measures and to understand the molecular
mechanisms underlying interspecific transmission of influenza
viruses. Therefore, discrimination of pathogenic phenotypes
of emerging influenza virus isolates is an important issue in
epidemiology studies and surveillance of pandemics. Recurrent
outbreaks of avian influenza and its transmission to humans
have emphasized the need of efficient and reliable discrimina-
tion of receptor-binding, highly pathogenic viruses such as the
H5N1, from other human influenza viruses.?!

Existing standard diagnostic methods such as hemagglu-
tination, ELISA, virus isolation cultures, RT-PCR, or gene
sequencing are generally time-consuming, expensive, and may
lack either sensitivity or specificity.'*!] These short-comings
can be remedied by biosensors!'? and especially by those based
on electrochemical detection methods which are typically rapid,
sensitive, selective, and user-friendly.**l Various impedimetric
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Scheme 1. Schematic representation of the membrane of an influenza
virus-permissive cell and the structural comparison with the influenza
biosensor presented here.

immunosensors for influenza virus detection have been pre-
sented that relied on the use of specific antibodies as biorecep-
tors for the virus target analyte.'21*15] However, the antibody
performance is easily compromised by protein degradation when
being immobilized on the transducer surface and by limited
storage stability. Therefore, we followed a novel strategy based
on the tailoring of receptors similar to those found in target cells
as selective recognition elements of a biosensor. This approach
comes from inspiration by naturally occurring structures like
biological cell membranes. They are the host of a great variety of
molecules acting as receptors in the interaction with the external
environment!® and are therewith of special interest for the
development of novel biotechnological tools.l'”'8] In this context,
this work reports the development of a selective, impedimetric
sensor comprised of a miniaturized three-gold-electrode trans-
ducer configuration and a nanostructured biomimetic mem-
brane inspired by the influenza virus receptor (Scheme 1).

A versatile route to achieve such biomimetic membranes on
the surface of a gold transducer can be provided by the concept
of supported hybrid bilayers as an interesting development of
the bilayer lipid membrane.'*?% The two halves of the mem-
brane may consist of different (bio)surfactants that are held
together by hydrophobic interaction of the hydrocarbon chains
facing each other. This chemical approach can offer enhanced
versatility in the design of functional interfaces and mimetism
of biological surfaces. Illustrative examples are genetic bio-
chipsl?!) or hybrid red blood cell membranes.??! Typically, the
anchoring bottom leaflet consists of alkane thiols or silanes,
which strongly adhere on metal or silica/silicate surfaces,
respectively, thereby giving rise to self-assembled monolayers
(SAMs) and turning the modified surfaces hydrophobic. The
upper leaflet can be constituted of biosurfactants that introduce
specific functionalities to the surface. Especially those of natural
origin such as lipids, glycolipids, lipopolysaccharides, lipopep-
tides, or sugar-based surfactants are frequently used.?3-%’
Among the different surface analytical techniques used for
studying layer deposition processes electrochemical imped-
ance spectroscopy is a powerful tool that has been applied to
probe and characterize the molecular structure of thin, organic
surface layers, ranging from mixed thiol SAMs,?%! Langmuir—
Blodgett derived lipid cell mimics,?”l and to monitor surface
adhered cell phenomena, which could be applied as a transduc-
tion mode for biosensing.28-3%

Here, we present the combination of different chemistries
related to bilayer formation and enzyme-mediated sialylation of
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galactose terminals, for the formation of nanostructured hybrid
bilayers on gold electrodes that mimic the viral receptors of
target cells. This nanostructure involves the self-assembling of
1-octanethiol and octyl-galactoside layers, the latter being further
functionalized with sialic acid groups by using the appropriate
type of sialyltransferase enzyme. This simple protocol leads to
a novel type of impedance-based biosensor device incorporating
biomimetic sialic acid-galactose receptors that allows the fast
discrimination of phenotypes of influenza virus isolates.

2. Results and Discussion

The influenza biosensor was prepared in a bottom-up approach
by stepwise deposition of individual SAMs. Octyl-galactoside
(OGal) containing hybrid biofilms were prepared on gold elec-
trode surfaces using 1-octanethiol (Othiol) as the surface modi-
fying component, which is well known to form densely packed
SAMs on gold.BY The assembly of OGal to form the upper
leaflet took place by adsorption onto the formed Othiol SAM,
and eventually gave rise to a hybrid Othiol-OGal bilayer. The
surface analytical techniques used in this work for substanti-
ating our layer build-up examinations were electrochemical
impedance spectroscopy (EIS), cyclic voltammetry (CV), X-ray
photoelectron spectroscopy (XPS), water contact angle measure-
ments, and atomic force microscopy (AFM). Figure 1 shows the
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Figure 1. a) Impedance spectra in the form of Nyquist plots (Z' vs. Z”)
recorded with the bare Au surface and after being modified with the
Othiol and OGal layers. The solid lines represent the fitting of data using
a Randles equivalent circuit. The measurement electrolyte was composed
of PBS (6.7 mM, pH 7.3) containing KNO; (0.5 M) and Fe(CN)g*/3-
(2 mM) as redox pair. The frequency range, modulation amplitude, and
DC potential were set to 100 kHz—1 Hz, 10 mV, and -8 mV, respectively.
b) A representation of the Randles equivalent circuit model used for the
analysis and interpretation of the EIS data.
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impedance spectra in the form of Nyquist plots of the gold elec-
trochemical cell recorded after each modification step. These
impedance data were analyzed by fitting the recorded spectra
to a simple Randles equivalent circuit model (Figure 1b),
which simply describes the electrical behavior of an electro-
chemical cell in contact with a liquid solution.?” This model
includes discrete electrical components and renders values for
the electrical double layer capacitance introducing a constant
phase element (CPEy), for the charge transfer resistance R,
for the impedance related to interfacial mass diffusion (the
so-called Warburg impedance, W), and for the solution resist-
ance Rg. The CPEy, R, and W are closely related to interfacial
properties such as surface layer density, layer imperfections, or
surface roughnessi®*3* and so EIS has become an established
technique to characterize surface confined membranes.[?”:33¢
As will be shown below, the high sensitivity of EIS to the detec-
tion of interfacial phenomena was not only used in this work
as a characterization technique to probe the layer architecture
of the virus biosensor, but also as the transduction mode of the
resulting biosensor for the detection of the viral particles.

On bare Au, a small semicircle characteristic of the CPEy
and the R generated at the liquid-surface interface is recorded.
The layer formation increases stepwise the radii of the semicir-
cles, this being related to an increase of the R, and a decrease
of the CPEy at the modified electrode surface. Generally, high
R values are indicative of densely packed surface layers that
hamper the charge transfer of the redox probe at the solution/
electrode interface.’”] This is also reflected in the recorded
cyclic voltammograms after each modification step, where the
capacitive currents steadily decreased (see Supporting Informa-
tion, Figure S2).

Similar information can be extracted from the characteriza-
tion data recorded for the optimization of the bilayer formation
conditions. In these studies (Figure 2), it has been found that
both adsorption time and concentration of OGal in the incuba-
tion solution are critical for the formation of a compact Othiol-
OGal bilayer. Advancing water contact angle measurements
were performed to investigate the change of surface hydropho-
bicity during the subsequent layer depositions (Figure 2a). The
contact angle on Au increased from 85° to 106° after formation
of the Othiol SAM, which is comparable to reported data.’"
After one day incubation in 5 mM OGal solution, the contact
angle decreased only marginally but a three-day incubation time
resulted in a substantial decay to 81°. Waltermo et al. measured
a water contact angle of 85° after octyl glucoside adsorption
(from 5 mM) on hydrophobized mica,*® which is a value in
good agreement with the data obtained in the present work.
The drop in surface hydrophobicity is assumed to be related
to an increased amount of galactoside headgroups at the solid/
liquid interface that renders the surface more hydrophilic.

Thedependenceofthe OGaladsorptionontheincubationtime
was investigated by impedance measurements. Thiolated gold
electrodes were immersed in 5 mM OGal solution for 1, 2, and
5 days and the corresponding R values are reported in Table 1.
It is apparent that the relative R, decreased with extended
OGal incubation times even though the absolute R (OGal) was
always above R.(Othiol). This is indicative for reduced com-
pactness of the formed Othiol-OGal bilayer upon prolonged
incubation. In order to clarify whether Othiol molecules
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Figure 2. a) Advancing water contact angle measurements on a bare Au
surface and octanethiolated gold chips incubated in OGal (5 mM) for 1
and 3 days. b) The surface coverage of Othiol on the Au electrodes as
a function of the OGal incubation, as deduced from voltammetric thiol
desorption experiments in deaerated NaOH solution (0.5 M). c) The rela-
tive R of Othiol-OGal-modified gold electrodes as a function of the OGal
concentration for an incubation time of 1 d. The error bars represent the
standard deviation of at least two measurements.

were apparently being replaced by OGal or simply removed
without substitution, voltammetric thiol desorption experi-
ments were performed (Supporting Information, Figure S3).
The results demonstrate a decrease in Othiol surface coverage

Table 1. R, data obtained from the fitting of Nyquist plots to the Ran-
dles equivalent circuit model. Spectra of thiolated gold electrodes that
were incubated in 5 x 10 m OGal for 1, 2, or 5 days were recorded.

Electrode #/Incubation time R [Q]

Othiol OGal OGal/Othiol
1/1 day 2026 9508 469
2/2 days 2855 10907 3.82
3/5 days 3999 6561 1.64

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a—d) Topographic AFM images, including topographic profiles of the bare gold surface (a), the Othiol SAM (b), the Othiol-OGal bilayer (c),
and the 2,6 sialylated surface (d). The sialylated chip was incubated in BSA solution (0.5%). €) A frequency-shift image of the Othiol-OGal bilayer is

shown. The AFM imaging was conducted in dynamic, noncontact mode.

with increased immersion time (Figure 2b). This observa-
tion suggests a damage of the initially formed 1-octanethiol
SAM upon prolonged incubation. The fact that the absolute
R(OGal) value is still higher than R (Othiol) could indicate
that the removed Othiol molecules were partially replaced by
OGal and thus, passivated the bare Au surface sites to some
extent. This assumption is also consistent with the results
from the water contact angle measurements, which suggest
elevated OGal presence at the surface after three days despite
of the Othiol SAM damage. As for a hypothesis, it is also
known that short chain alkanethiols (n < 10) form more defec-
tive and less compact SAMs which consequently are more
prone to desorption.! This may allow for the intercalation
of OGal molecules into the Othiol SAM that could reach the
gold surface where they eventually may replace Othiol mol-
ecules. This assumption was also supported by experiments
where the SAM was formed with 1-dodecylthiol that gave rise
to more compact layers. It has been noticed that the amount
of adsorbed OGal molecules was significantly lower than the
amount adsorbed on a 1-octanethiol SAM (data not shown).
Therefore, these findings can be interpreted that OGal inter-
penetration was impeded on the 1-dodecylthiol SAM while the
higher OGal content on the 1-octanethiol SAM should be due
then to intercalation.

The next parameter under investigation is the OGal con-
centration of the incubation solution. Octanethiolated Au elec-
trodes were immersed in various OGal solutions (0.5-5 mM)
for one day. The EIS results show a slight rise in the relative R,
for increased OGal concentration (Figure 2c), but this increase
is not significant, which suggests that the OGal concentration
might not be the key to generate a compact upper leaflet of the
Othiol-OGal bilayer.
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In conclusion, the optimized conditions used for the sub-
sequent sialylation were chosen to be one day incubation in
5 mM OGal since under these conditions a high amount of
galactose groups were incorporated on the electrode surface
and the Othiol SAM distortion appeared not to be highly
affected.

Atomic force microscopy was employed to study the forma-
tion of the multilayer structure and to examine the composi-
tional homogeneity of the Othiol-OGal bilayer. For this purpose,
topographic images with the corresponding surface roughness
values (RMS) were collected together with a frequency shift
image which can reveal variations in the chemical composi-
tion of the studied surface (Figure 3). The bare, polycrystalline
gold surface has a RMS value of 2.6 nm. Upon formation of
the Othiol SAM the RMS increases to 3.0 nm. After the sub-
sequent deposition of the outer OGal leaflet and SA molecules
the topographic images (Figure 3c,d) show the disappearance
of the crystalline grain structure and reveal a further rise in
RMS to 3.5 and 3.8 nm, respectively. This tendency demon-
strates the successive deposition of the organic layers. In addi-
tion, the domains of different contrast in the frequency image
in Figure 3e indicate certain compositional heterogeneity of the
bilayer. The AFM study confirms therewith the already assumed
defects upon bilayer formation that the electrochemical charac-
terization appeared to show.

The resultant Othiol-OGal biofilm was then modified with SA
molecules in order to be applied as the recognition element of
an affinity biosensor for the phenotypes of the influenza virus.
The specificity of the conceived sensor lies in the affinity of spe-
cifically linked sialic acid-galactoside moieties for the hemag-
glutinin of avian vs. human influenza viruses. The incorpora-
tion of these SA molecules in the Othiol-OGal biofilm occurs

wileyonlinelibrary.com 257

dadvd T1TInd



-
™
s
[
-l
wd
=
™

258  wileyonlinelibrary.com

Makies

Othiol-OGal-SA Cls | | othiol-0Gal-sA 5 O1s
o
S} e}
Q
oV
ol
@]
e Othiol-0Gal
Othiol-OGal
g
Q
(V]
540.0 526.0 5320 5280
Binding energy (eV)
T
Y U N1s
Othiol J Othiol-OGal-SA 2
O
.
(V]
292.0 288.0 284.0 280.0 410.0 405.0 400.0 395.0
Binding energy (eV) Binding energy (eV)
S2p
T;J\A» Othiol-OGal
T T T T
175 170 165 160 155 175 170 165 160 155
Binding energy (eV) Binding energy (eV)

b

o-2,3 Q

R 023
a-2,3 ”ﬁ BSA

Figure 4. a) XPS core level spectra of Au-supported Othiol, OGal, and
SA layers. The bands of Cls, O1s, and N1s were deconvoluted with 90%
Gaussian/10% Lorentzian peak shapes and the baseline was adjusted
with the Tougaard model. b) Western Blot image of &-2,3 sialylated gold
chips after incubation with a H5N9 influenza virus solution (1 ug mL™,
1 h, in triplicate). The dark stains on the chips reveal adsorbed virus and
thus demonstrate the successful a-2,3-sialylation. The control chip was
incubated with 1% BSA.

via sialylation of galactoside residues with the corresponding
02,6 or a-2,3-(N)-sialyltransferase (SAT) enzyme.

XPS was employed to verify the presence of linked sialic acid
molecules by examining the photoelectron bands of Cls, Ols
and N1s. Figure 4a shows XPS core level spectra of an 02,6 SA
terminal surface together with the underlying Othiol and OGal
layers for comparison. Deconvolution of the Cls band revealed
components at 288.9 eV, 287.2 eV, and 285.7 eV, which can be
attributed to COO~, C=0, and C-N functions,?? respectively,
which are only present in the sialic acid molecule. The underlying
OGal and Othiol molecules contribute with bands at 286.5 eV

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(C-0-C), at 284.6 eV (C—(C,H)), and at 285.8 eV (C-S), respec-
tively. The N1s band at 400.5 eV revealed the presence of unpro-
tonated amine groups,B3% attributable to the neuraminic acid
moiety of the sialic acid molecule. Nitrogen was not detected in
the underlying Othiol-OGal bilayer, confirming SA as the only
source of the observed N1s band. The deconvolution of the O1s
peak reveals a band at 531.2 eV, which is attributed to carbox-
ylic acid functions (O=C)B3% and is therefore associated with the
presence of the sialic acid moieties. Furthermore, the Ols peak
from the OGal terminated surface is decomposed into a band
at 533.4 eV (H,0 molecules) and at 531.8 eV that can be associ-
ated to hydroxyl (C-OH) and acetal (C-O-C) functions of the
galactose ring.*! Altogether, the results confirm the presence
of the expected molecules and that the OGal layer is success-
fully sialylated with the 02,6 linkage.

Additionally, XPS spectra of Au-Othiol and Au-Othiol-OGal
samples were recorded to evaluate possible damage of the
layers from ambient oxidation of the bottom Othiol SAM.
Figure 4a shows the signal of S2p at a binding energy close
to 162 eV. In both cases, the splitting between the S2p1/2 and
S2p3/2 photoelectron lines was observed, being 0.94 eV for the
Au-Othiol sample and 1.10 eV for the Au-Othiol-OGal sample.
It is also evident from both spectra the absence of signals at
163 eV that would indicate the presence of —SH groups due to
unspecifically adsorbed molecules.

The band centered at 168 eV is attributed to the slight oxi-
dation of the thiol group.*®*l Taking into account the areas
of the different signals, the Au-Othiol sample shows a content
of 13.3% oxidized sulfur and 86.7% thiolated sulfur, while in
the Au-Othiol-OGal sample the amount of oxidized sulfur is
close to 8.6%. In both cases, the extent of the oxidation is small
enough and we can assume that the hybrid bilayer maintains
its integrity, as already observed in analogous systems.*0]

The success of the sialylation process as well as the ability of
the resulting sialic acid-galactose system to act as viral receptor
can also be confirmed by means of a Western Blot (WB) assay.
For instance, the sialylation using an ¢-2,3 SAT was tested by
incubating the resulting modified surfaces with a H5N9 influ-
enza virus strain (A/turkey/Wisconsin/1/1968). This is an avian
influenza virus whose HA binds specifically to -2,3 linked
sialic acid groups. The adsorbed viral particles can then be
revealed by a WB assay. The results clearly reveal typical stains
on the sialylated surfaces which confirms the presence of
adsorbed H5N9 virus particles and therewith, the specific func-
tionalization with 0-2,3 bonded SA groups (Figure 4b). Overall,
the characterization studies of the modified electrode surfaces
demonstrate the presence of attached SA moieties and there-
with, resemble the surface of virus target cells (Scheme 1).

The response of the developed biosensor is based on EIS
measurements,[*] which, as mentioned above for the charac-
terization studies, can be highly sensitive to slight changes at
the double layer due, in this case, to the interaction of the virus
with the modified sensor surface. Non-sialylated gold electrodes
just modified with the Othiol-OGal bilayer show only a slight
increase in R/Ryj., possibly due to a weak unspecific virus
adsorption (Figure 5a). In contrast, &-2,6 sialylated electrodes
clearly demonstrate significantly increased R/Rpn values
attributed to the specific interaction with the human influ-
enza virus strain HIN1 (A/PR/8/34), as shown in Figure 5a.

Adv. Funct. Mater. 2013, 23, 254-262
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Figure 5. a,b) HIN1 adsorption study carried out by incubating sialylated and non-sialylated electrodes in virus solution (0.1 ug mL™") displaying
WB images of both gold chips after incubation in HIN1 solution (a), and response of the biosensor in solutions containing three different virus
concentrations (b). The incubation time refers to the total time during which the electrode surface was successively incubated in the virus solution.
The charge-transfer resistance values were calculated by fitting the EIS spectra and the corresponding R/Ry.n, values were extracted from individual
blank measurements carried out by incubating the sensors in phosphate buffer saline (PBS). c,d) AFM image of an electrode surface that shows two
adsorbed virus particles (c) and biosensor response when incubated in solutions containing serum, Porcine Respiratory and Reproductive Syndrome
(PRRS) virus (negative controls), and active HINT (positive controls) at 0.01 ug mL™" concentration (d).

Additional support is also provided from WB images of sia-
lylated gold chips (inset in Figure 5a) that confirm the specific
attachment of HIN1 virus particles on the o-2,6 SA modified
surface by the appearance of dark stains whereas in the absence
of SA no stains can be observed.

The developed biosensor was further tested at low virus con-
centrations (0.05, 0.075, and 0.1 ug mL™), in order to roughly
estimate its sensitivity. Figure 5b shows that R/Ryp,y steadily
increased over the total incubation time for the three assayed
concentrations. For a fixed incubation time (45 min) the signal
follows a linear relationship with the virus concentration and a
sensitivity value of 20.1 (ug/mL)™ could be estimated (inset in
Figure 5b). Furthermore, the response of the biosensor is very
fast and clear differences could be recorded after a 6 min incu-
bation time, as observed in kinetic experiments (see Supporting
Information, Figure S4). This very short response time fur-
nishes the present biosensor with a great advantage over many
standard clinical methods such as real-time polymerase chain
reaction (RT-PCR), antigen tests, immunofluorescence, ELISA,

Adv. Funct. Mater. 2013, 23, 254-262
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or viral culture,'®!!l which are in some cases subjected to long
revelation periods over several hours or even days. Figure S5 in
the Supporting Information depicts the response with time of
two individual sensors and points out the nice reproducibility
of the sensor to the detection of HIN1 virus.

AFM imaging of electrode surfaces after virus detection
indicated individually adsorbed viral particles (Figure 5c) in a
comparable fashion to observations made by Wang et al.'*l of
adsorbed H5N1 virions on the electrode surface of an immu-
nosensor. The specific SA sites on the electrode surface may
account for this behavior and in turn give rise to the low detec-
tion limit of the here presented biosensor approach. The theo-
retical detection limit was estimated to be 0.024 ug mL™! (inter-
ception point of trend curve with y = 1 in Figure 5b). This is
by two orders of magnitude lower than other reported impedi-
metric influenza biosensors based on whole virion detection
without special sample pre-treatment.'*'%] In other cases, such
as impedimetric genosensors,*? the genetic material of influ-
enza viruses is used for detection,*}! which implies extraction
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Figure 6. Scheme for selectivity of @-2,6 and 2,3 sialylated electrodes toward HIN1 and H5N9 influenza viruses together with Nyquist plots of the
corresponding EIS assays of the sialylated electrodes after 45 min incubation in solutions of HIN1 and H5N9 virus: 2,6 sialylated electrodes (a,b) and
02,3 sialylated electrodes (c,d). The HIN1 and H5H9 virus sample concentrations were 0.1 tig mL™" and 0.75 ug mL™", respectively. Both samples
contained BSA (0.5%). The signals from virus detection were always related to the corresponding blank signals (R/Ryjnk), Which were recorded in
PBS solution also containing BSA (0.5%) in order to correct the absolute magnitude of the recorded Z’/Z” values that can differ between the various

electrodes.

of DNA or RNA, and in some cases even their amplification
by the PCR method. This requires elaborate sample prepara-
tion and biotechnological training of the user, making the
whole process tedious and not user-friendly. The detection limit
reached in the present work would be low enough for practical
phenotyping assays with enriched virus samples.

Efficient transmission of avian strains to humans and fur-
ther person-to-person propagation is mostly determined by the
ability of the HA protein of the avian virus to recognize spe-
cific SA receptors on the human cells. In the recent years, there
have been a number of cases of transmission of avian virus
to humans including those of the highly pathogenic H5N1
strain which so far are responsible of more than 340 deaths
in 15 different countries.’! Rapid discrimination of receptor-
binding phenotypes of emerging influenza virus isolates is
thus an important issue in pathogenesis and epidemiology
studies of the infection. Therefore, a biosensor being able to

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

discriminate between avian (0-2,3-specific) and human (0-2,6-
specific) influenza isolates would be a very useful tool to detect
the presence of the avian isolates with pandemic potential. It
would be also useful for measuring the degree of adaptation
of avian influenza viruses to human hosts in terms of receptor
affinity as well as research tool for the assessment of critical
amino acid residues in modified HA involved in receptor
binding and host-specificity.*Yl The selectivity of the 2,6 sia-
lylated biosensor is shown in Figure 6. A R/Ryj . value of 2.6
was obtained for a human H1IN1 influenza virus whereas no
signal above the blank was obtained for an avian H5N9 virus.
The 02,3 sialylated biosensor exhibited a significant selectivity
toward the corresponding H5N9 virus (R/Rppn = 1.9). Human
HIN1 (PRS8) virus, despite of exhibiting preferential affinity for
the 0-2,6 receptor, is also detected by this biosensor although
at lower extent (R/Ryuc = 1.4). Such dual recognition was
also observed in conventional hemagglutination assays using
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de-asylated/a-2,3 or 2,6-re-asylated chicken erythrocytes (Sup-
porting Information, Table S1), which supports the recorded
biosensor response by revealing the fact that some strains can
exhibit affinity to both types of receptor.*’] This fact has been
previously demonstrated to originate from avian-adaption
of egg-incubated influenza strains, developing a shift in the
receptor-binding phenotype toward interaction with ¢-2,3 sialic
acid receptors.[*®l This example underlines the usefulness of the
here developed biosensor for qualitative evaluation of pheno-
type shifts.

Overall, the results here presented confirm the conceived con-
cept of selectivity afforded by the choice of the corresponding
sialyltransferase enzyme and even point toward the possibility
to assess the degree of HA adaptation to human or avian target
cells in terms of relative affinity to one or another biosensor.

To test the specificity of the present biosensor, we used the
PRRS virus that commonly accompanies influenza viruses in
the porcine respiratory complex and is frequently present in
respiratory clinical samples as nasal exudates. PRRS viruses
are, like influenza, enveloped viruses but lack the specific pro-
teins that bind sialic-bearing surface molecules.*’l Figure 5d
displays the sensor response for the PRRS virus together with
that recorded in serum (background). As can be noticed, the test
with PRRS virus did not give a signal above the background and
the biosensor can therefore be considered to be non-specific for
this virus. The present results imply that the adsorption mecha-
nism is essentially based on the specific interactions between
the viral hemagglutinin and the sialic acid sites. A further con-
trol was conducted with non-inactivated HIN1 virus to rule out
potential alterations of the virus membrane structure inflicted
by the UV treatment and that could consequently affect the cor-
rect detection. The R/Ryni curve of active HIN1 in Figure 5d
shows a steady increase with incubation time. The R/Ryjuk
value at 45 min is 1.9 which is comparable to the one recorded
with a 0.075 ug mL™! concentration of inactivated HIN1 virus.
Given the low concentration of 0.01 g mL™! of the active virus
applied, this signal substantiates a very high sensitivity of the
sensor for active viruses. Considering these observations, it can
be suggested that the inactivated HIN1 virus might have suf-
fered from protein damage, which reduced its detectability by
the present biosensor setup based on ligand-receptor affinity.

3. Conclusions

In summary, we have successfully transferred a receptor con-
cept originating from the membrane of target cells to the sur-
face of a sensing device. A hybrid Othiol-OGal membrane was
prepared for that purpose by sequential adsorption of the two
membrane leaflets. The optimized conditions were found to be
incubation of the Othiol SAM for one day in 5 mM OGal. The
sialylation of these bilayers with the specific SAT enzymes could
provide 02,3 and 2,6 linked SA groups. This allowed for the
preparation of biosensors selective to influenza virus receptor-
phenotypes, based on the affinity between the specific sialic
acid groups and the viral hemagglutinin. The resultant affinity
biosensor could successfully detect and distinguish between
human (H1N1) and avian (H5N9) isolates. The impedimetric
sensing approach shows short response times and high
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sensitivity. A further advantage of the present biosensor is that
no sample preparation is required. Thus, the influenza bio-
sensor conceived and prepared in this work is “easy to handle”,
fast, cheap and could be very convenient for phenotype char-
acterization of viral isolates. Additionally, the versatility of this
layer-by-layer approach permits a possible expansion toward the
detection of other human and veterinarian viruses by incorpo-
ration of the corresponding cellular receptor molecules on the
detector surface.

4. Experimental Section

Materials: All chemicals and biological material were purchased from
Sigma—Aldrich unless otherwise noted.

Biosensor Preparation: An on-chip three-electrode electrochemical
cell was used for the fabrication of the Influenza virus biosensor. The
chip layout and its fabrication details are provided in the Supporting
Information. The bare gold electrodes were initially cleaned with ethanol,
rinsed in water and dried under a N, stream. Then, an electrochemical
activation step was carried out in a KNOs solution (0.1 M) by cycling the
potential between +0.2 V and —2.2 V (vs. Ag/AgCl reference electrode),
40 times at a 100 mV s™' scan rate. This treatment gave rise to a clean
gold electrode surface, which was tested in a KNO; solution (0.5 M)
containing a ferrocyanide/ferricyanide redox pair (2 mM). The cleaned
electrodes were immersed overnight (ca. 16 h) in T-octanethiol (Othiol)
solution (1 mM) in ethanol. The surfaces were rinsed with copious
ethanol and then dipped in an aqueous octyl-galactoside (OGal, from
Carbosynth, UK) solution at different concentrations and varying
incubation times. The adsorption was carried out by means of an ¢-2,6-
sialyltransferase enzyme (SAT) from Photobacterium damsela (EC 2.4.99.1)
and 0-2,3-SAT from Pasteurella multocida (EC 2.4.99.4). For instance,
18 uL of 0-2,6-SAT stock solution (160 wg mL™") were mixed with 180 uL of
the substrate cytidine-5"-monophospho-N-acetylneuraminic acid sodium
salt (CMP-sialic acid) (at 5 mg mL™") and 1080 uL PBS. The as-modified
gold surfaces were kept in this solution for 4 h at 37 °C, subsequently
rinsed with phosphate buffer saline (PBS) and placed overnight in bovine
serum albumin (BSA) solution (2%) to block any unspecific adsorption
sites. Until use, the sialylated electrodes were stored in PBS at 4 °C.
0.8 X 0.8 cm? gold chips, prepared by evaporation of Cr and Au on 4-inch
Si/SiO, substrates as described above, were employed for comparative
Influenza virus detection using Western Blot assays.

Biofilm Characterization: XPS spectra were recorded on a VG Escalab
200 R using monochromatic Al Ko radiation at 1486.7 eV (200 W, 12 kV)
in the non-focusing mode under UHV. The photoelectron energy was
analyzed with a PHOIBOS 150 9MCD and a multi-channeltron detector.
The binding energies for each spectrum were calibrated with respect to
the Cls band at 284.6 eV. AFM images were acquired in dynamic mode
on a Nanotec AFM instrument equipped with a Si cantilever. The force
constant of the cantilever was 2.8 N m™' and the resonance frequency
75 kHz. Dynamic water contact angle measurements were performed on
a Kriiss drop shape analysis system (Germany). Western Blot images,
using a M58-Biotin/Streptavid-HRP combination for virus detection,
were obtained on a ChemiDoc XRS+ system from Bio-Rad (CA, USA).

Electrochemical Analysis: Electrochemical impedance spectroscopy
(EIS) measurements were performed on a Frequency Response Analyzer
SI11255 HF from Schlumberger connected to the Solartron 1480 MultiStat
potentiostat, in the measurement electrolyte composed of PBS (6.7 mM,
pH 7.3) containing KNO; (0.5 M) and Fe(CN)¢*/3~ (2 mM) as redox pair.
The frequency range, modulation amplitude and DC potential were set
to 100 kHz-1 Hz (10 data points per decade), 10 mV, and -8 mV (this
potential corresponding to the half-wave potential of the Fe3*/Fe?*redox
pair vs. Au pseudo-ref. potential), respectively. The Nyquist plots of the
EIS spectra were fitted to a Randles equivalent circuit model.’3 Othiol
surface coverage was estimated by integration over the cathodic peaks
in voltammograms obtained from Othiol desorption experiments as
detailed in the Supporting Information.
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Influenza Virus Detection Using EIS: Virus detection was carried
out by EIS with the modified gold electrodes as described above. The
as-prepared biosensors were firstly subjected to an EIS measurement
in order to record the blank values. Subsequently, the electrodes were
incubated with virus containing aliquots prepared from a purified
PR8/34 (HINT) virus stock solution (800 pg mL7"). This HIN1 stock
was inactivated by exposure to UV light prior to the assays. Working
solutions of different HINT concentrations were prepared on a daily basis
and always kept at 4 °C. Drops of 50 uL were placed on the electrode
and kept under humid atmosphere to prevent solvent evaporation. After
15 min the electrode was rinsed with PBS and dipped in the measurement
electrolyte for EIS. Control measurements were conducted with the PRRS
(Porcine Respiratory and Reproductive Syndrome) virus and the H5N9
influenza virus strain (A/turkey/Wisconsin/1/1968), which were suspended
in PBS containing mouse serum and BSA. For the selectivity test study
(EIS measurements) the HINT virus sample was suspended in BSA/PBS
(0.5%) solution at a virus concentration of 0.1 ig mL™". The corresponding
blank recordings were performed with BSA/PBS solution (0.5%). The
H5N9 virus was present in serum at a stock concentration of 800 ug mL™
and diluted with BSA/PBS (0.5%) to 0.75 pig mL™". All virus concentrations
are estimated on the basis of total viral protein concentration.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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