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ABSTRACT: Influenza virus, through cell invasion and prop-
agation with the interaction between hemagglutinin (HA) present
on its surface and glycans on the host cell, causes a rapidly
spreading infection throughout the world. In the present
investigation, we succeeded for the first time in the attomolar-
level sensing and discrimination of influenza A viral HA molecules
H1 and HS by using a glycan-immobilized field effect transistor
(FET) biosensor. The small ligand glycans immobilized on the
FET device, which make effective use of the charge-detectable
region for FET-based detection in terms of Debye length, gave an
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advantage in the highly sensitive detection of the proteins. Two kinds of trisaccharides receptors terminating in sialic acid-a2,6-
galactose (6'-sialyllactose) and in sialic acid-a2,3-galactose (3'-sialyllactose) were conjugated directly with the SiO, surface of
FET devices by a simple glycoblotting method using the self-assembled monolayer (SAM) of aminooxy terminated silane-
coupling reagent, 3-aminooxypropyltriethoxysilane. Furthermore, it was demonstrated that the FETs with densely immobilized
glycans, which possess the high capture ability by achieving the glycoside cluster effect, clearly distinguish HA molecules between
their subtypes H1 (human) and HS (avian) at the attomolar level, while the conventional method based on HA antibodies
achieves only picomolar-level detection. Our findings indicate that the glycan-immobilized FET is a promising device to detect
various pathogenic bacteria and viruses through glycan-protein interaction found ubiquitously in many infectious diseases.

B iosensors that determine the level of proteins at ultralow
concentrations provide accurate and rapid biological
information related to health-care, contributing to the enhance-
ment in quality of life (QOL). For achieving the degree of
specificity and sensitivity required for their practical use in the
biomedical field, a field effect transistor (FET) that realizes
label-free sensing of proteins is a promising tool, as discussed
for the application to tumor marker detection, DNA
sequencing, and so on.'™* The FET generally detects potential
changes on its gate surface in terms of the intrinsic charge of
target molecules, which are allowed to react specifically with
probe molecules immobilized on the gate surface, such as the
threshold voltage shift (AV) in the gate voltage (V) drain
current (I) characterlstlcssg Yet, the FET-based detectlon
suffers from its limitation in detection because charge detection
in electrolytes decay exponentially with distance from the
solid—electrolyte interface by ionic screening effects (Debye
screening effect).”>>® The response of FET is profoundly
affected by the screening effect, suggesting that the size of
receptors needs to be considered to improve the sensitivity.
Nowadays, influenza viruses undergo mutation, facing the
constant danger of multiple deaths resulting from pandem-
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ic”™"" In preparation for the pandemic, rapid and highly

sensitive detection of the influenza viruses is a crucial step in
preventing the spreading of the infection. For the detection of
influenza virus using FET biosensors, commonly used probes,
such as antibodies, are relatively large (4—14 nm) in size,
resulting in a large space occupied by the probe in the Debye
length region even in low ionic strength solution (~7.5 nm in
0.01x phosphate buffered saline solution), suggesting that the
signals caused by target adsorption will become weak. Antigen
binding fragment (Fab) and aptamer, which are smaller than
the antibody, may be useful, but these receptors are incapable
of detecting the change in hemagglutinins (HAs) from various
host viruses. Here we propose the use of small glycoligands,
sialylated trisaccharide structures, to realize an efficient
application of the ideal region for highly sensitive detection
of viral HAs by using FET-based biosensor (Figure 1A).
Glycans, their length ranging from angstroms to a few
nanometers, play an essential role as ligands in the cell specific
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Figure 1. Glycan-immobilized field effect transistor (FET) biosensor.
(A) Optical image of an FET chip and schematic illustration of glycan-
immobilized FET for highly sensitive and specific detection of
influenza virus hemagglutinin (HA). (B) One step functionalization of
the SiO, surface of FET devices with aminooxy terminated
trialkoxysilane reagent followed by glycoblotting with unmodified
glycans.

recognition by various HA variants of the influenza viruses in
influenza virus infection to host cells.

When the influenza virus invades epidermal cells, HAs bind
with sialic-acid-containing oligosaccharides such as a2,3- and/
or a2,6-sialyl N-acetyllactosamine units of glycoconjugates.'>"
Since human adaptation of avian HSN1 virus HA is determined
by a characteristic glycosidic linkage between sialic acid and
galactose residues,'”'* it is expected that rapid, highly sensitive
and convenient detection and characterization of viruses can be
achieved by using the FET biosensor immobilizing the above-
mentioned two sialyl oligosaccharide ligands. Thus, host cell
surface-mimetic glycan-immobilized platform may allow highly
sensitive and specific recognition of the HA proteins on the
virus surfaces. We considered that the glycoblotting method
using an aminooxy-terminated self-assembled monolayer
(SAM) is an ideal and versatile technology for the
immobilization of complex oligosaccharides on the sensitive
FET surfaces (Figure 1B).">'¢ The glycoblotting reaction does
not require any additional coupling reagents and proceeds

smoothly under mild acidic conditions to permit direct
immobilization of unmodified glycans (see the Supporting
Information). In addition, glycoblotting on SAM is expected to
lead to its high density and efficient orientation, which have a
great advanta§e in capturing the target proteins by the glycoside
cluster effect.'”

B RESULTS AND DISCUSSION

Specificity of the Glycan-Immobilized Surface to HA
Protein. We investigated the specificity of the interaction
between proteins and glycans immobilized on the FET surface
using atomic force microscopy (AFM). AFM images show clear
differences in surface morphologies after the immersion of the
glycan-immobilized surface in protein-containing solutions,
revealing high specificity of the directly immobilized glycans
to a target protein (Figure S1 in the Supporting Information).
It should be noted that the nonspecific adsorption of HSA was
suppressed after the optimization of the reaction time and the
concentration of the glycan solution (Figure S2 in the
Supporting Information). This result clearly indicates that the
sialylated glycan-immobilized FET surface possesses high
specificity to the influenza virus HA, and the nonspecific
adsorption can be depressed by controlling the glycan density
on the FET surface. Characterization using X-ray photoelectron
spectroscopy was also performed (Figure S3 in the Supporting
Information).

Cross-Reactivity of Glycan-Immobilized FETs to
Human H1 HA and Avian H5 HA. To test cross-reactivity
of the present glycan-immobilized surface of the FETs, we
evaluated the response of FET in the presence of HA and HSA
solutions (Figure 2). For the FET with the Siaa2,6'Lac-
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Figure 2. Cross-reactivity of glycan-immobilized FETs with human
influenza virus H1 HA and avian influenza virus HS HA. The FETs,
prepared with Siaa2,6'Lac and Siaa2,3'Lac, were tested by using HA
derived from A/HIN1/New Caledonia/20/1999 and A/HSN1/
Indonesia/05/2005 (500 pM, respectively). The control experiment
was conducted by using HSA (150 nM). Error bars represent the
standard deviation (N = 3—4).

immobilized surface, a clear response of FET to human H1 HA
(A/HIN1/New Caledonia/20/1999, 500 pM) was observed.
In this system, the binding of HA (pI = 6.85)'® negatively
charged in 0.01X PBS (pH 7.4) to the gate surface causes a
change of FET characteristics as a shift AV, in the positive
direction (Figure S4 in the Supporting Information). On the
contrary, no significant shifts were detected when the FETs
were immersed in avian influenza virus HS HA (A/HSN1/
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Indonesia/05/200S, S00 pM), suggesting that the adsorption of
H1 HA was specific against the dense Siaa2,6'Lac-immobilized
surface. As anticipated, essentially no shift was observed when
HSA solution (150 nM) was used instead of HA solution.
These results were in good agreement with the AFM
observations showing no aggregates found on the glycan-
immobilized surface after HSA immersion as described above.
In addition, the FET with the Siaa2,3'Lac-immobilized surface
showed a high specificity with HS HA and little cross-reaction
with H1 HA. Thus, the difference in the linkages between
Siacr2,6Gal and Siaa2,3Gal emerged in the cross-reactivity tests
using H1 HA and HS HA. These results indicated that the
immobilized glycans maintain its original function as ligands for
influenza virus HAs.">"

Discrimination of Influenza A Virus Hemagglutinin
Human H1 and Avian H5 Using Glycan-Immobilized FET
Biosensor. Surprisingly, it was revealed that the glycan-
immobilized FETs allowed quantitative sensing of HAs ranging
from S0 aM to 5 nM. Figure 3A shows the sensor responses
from 3 or 4 different FET devices displaying Siac2,6'Lac
residues with respect to HA concentration. Increasing the
concentration of H1 HA (A/H1N1/New Caledonia/20/1999)
molecules increased the negative charge of adsorbed HAs
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Figure 3. Quantitative determination of HAs using glycan-immobi-
lized FETs. Detection of human influenza virus H1 HA and avian HS
HA for (A) Siaa2,6'Lac-immobilized FETs (50 aM—S nM) and anti-
H1 HA mAb immobilized FET (50 pM—S nM) and (B) Siaar2,3'Lac-
immobilized FETs (500 zM—500 pM). Error bars represent the
standard deviation (N = 3—4).

within the Debye length, resulting in the enhancement of the
magnitude of AV,. We also investigated the influence of
different buffer ionic strengths on device sensitivity (Figure SS
in the Supporting Information). Conversely, the control
experiments performed by the incubation with HS HA (A/
HSN1/Indonesia/05/2005) did not yield any significant
signals, indicating that the nonspecific adsorption of avian
source HA within the same concentration range was sup-
pressed. This result suggests that the FET-gate surface modified
with glycans can discriminate between human and avian
influenza viruses with high sensitivity and specificity. It should
be emphasized here that the sensitivity of the glycan-
immobilized FET in the detection of HI HA (>50 aM) was
much higher than that of the antibody (monovalent Fab)-
immobilized FETs (>50 pM). It is clear that the difference in
size between glycans and antibodies greatly influence the
sensitivity of the FET-based detection. Well-oriented glycans as
small as ~2 nm in length offers two distinct advantages in the
sensitive detection based on FET devices: an effective use of
the charge-detectable region and an increase in the number of
recognition sites for target binding. The detectable region of
the charge in target proteins is defined as the Debye length,
approximately 7.5 nm in height from the gate surface in the
present experimental conditions. Considering the size of
antibodies ranging from 4 to 12 nm in general, glycans have
the merit of effective use of the interfacial region for the
detection. The size of immobilized molecule is also reflected in
its occupation area on the gate surface, from which the number
of potential sites for target binding could be higher in the case
for glycans than antibodies. Because the glycoside cluster effect
of the glycan-blotted SAM can also greatly contribute to
enhance the HA—glycan interaction, the immobilized glycans
capture more HA oligomers than the immobilized antibodies
which are bound to the HA molecules in the monovalent form,
suggesting the enhancement of sensitivity (see the Supporting
Information for details).

Some additional information on HA specificity for the
alternative isomer, Siaa2,3'Lac, was also obtained. When HAs
were incubated with the glycan (Siaar2,3'Lac) immobilized on
FET, changes in the magnitude of AVg were detected
specifically only for avian HS HAs in the wide range of 500
zM to 500 pM (Figure 3B). Interestingly, we discovered that
this device can discriminate HS HAs of two viral strains, A/
HS5N1/Vietnam/1203/2004 and A/HS5N1/Indonesia/05/
20085, in terms of the difference of the substitution of HS HA
in the binding affinity with the Siac2,3'Lac-immobilized FET
surface,'"” while little response was observed for human
influenza virus HA (A/H1N1/New Caledonia/20/1999). The
higher affinity observed in HS HAs with Siaa2,3'Lac-
immobilized FET than that of HI HA with Siaa2,6'Lac
residues might be due to the less hindered a2,3-linkage, in
which a linear glycan topology remarkably influences the
binding profile with individual HA cavities."* In view of its
binding specificity, these results are in good agreement with the
knowledge reported in previous literature on the glycan-binding
specificity of HAs using glycan microarray.”® The merit of the
present method is evident because the new class of glycan-
immobilized FET devices allowed for the first time ultrahigh
sensitive analyses of both human and avian influenza virus HAs
within the clear binding specificity based on the difference in
the glycoside bond between the terminal sialic acid and
galactose residues.
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B CONCLUSIONS

We established a novel strategy for the development of FET-
based biosensor device to detect and discriminate human and
avian influenza virus HAs (H1 and HS) at attomolar-level
sensitivity. It was demonstrated that the glycan-immobilized
FETs (Sia2,6'Lac-immobilized FET and Siaa2,3’Lac-immobi-
lized FET) prepared directly by the glycoblotting reaction
made possible the effective use of the crucial interface region
for the detection of charge by FET in terms of Debye length.
The clear specificity of the FETs to the HAs, observed in the
present study, is attributed to the uniform orientation of glycan
directly immobilized on the gate through aminooxy-terminated
SAM. The present glycan-immobilized FET devices were found
to detect 60 HS HA molecules and 6000 H1 HA molecules in
20 uL samples, respectively. In other words, this sensor device
can capture even a single influenza viral particle displaying HS
molecules and 12 particles displaying H1 molecules, since a
single virus particle carries approximately S00 HA molecules on
its surface membrane as the principal constitution protein.*"**
It is important to note that antibody-based detection requires at
least 1 X 107 HA molecules per 20 uL test solution. The short-
glycan-immobilized FET could detect the influenza virus
particle directly in clinical application similar to other sensitive
detection methods.”® When avian influenza viruses are passed
between humans, the viruses are considered to possess the HA
binding affinity not only with Siaa2,3Gal but also with
Siaa2,6Gal linkages on the cell surface.”**> The present
method clearly facilitates a protocol for rapid monitoring and
identification of the generation of mutant viruses exhibiting
significant affinity toward Siaa2,6Gal structure from avian
influenza viruses. We believe that the glycan-immobilized FET's
reported here are promising devices to provide valuable
information for the protection of pandemic.
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