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Abstract: We have applied a reusable
silicon nanowire field-effect transistor
(SINW-FET) as a biosensor to conduct
ultrasensitive detection of H5N2 avian
influenza virus (AIV) in very dilute so-
lution. The reversible surface function-
alization of SINW-FET was made possi-
ble using a disulfide linker. In the sur-
face functionalization, 3-mercaptopro-
pyltrimethoxysilane (MPTMS) was first
modified on the SINW-FET (referred

quent dithiothreitol washing to reduce
any possible disulfide bonding between
the thiol groups of MPTMS. Subse-
quently, receptor molecules could be
immobilized on the MPTMS/SiNW-
FET by the formation of a disulfide
bond. The success of the reversible sur-
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face functionalization was verified with
fluorescence examination and electrical
measurements. A surface topograph of
the SiNW-FET biosensor modified
with a monoclonal antibody against
H5N2 virus (referred to as mAbys/
SINW-FET) after detecting approxi-
mately 1077"m HS5N2 AIVs was
scanned by atomic force microscopy to
demonstrate that the SINW-FET is ca-
pable of detecting very few H5N2 AIV

to as MPTMS/SiNW-FET), with subse-

Introduction

Influenza viruses of types A, B, and C belong to the Ortho-
myxoviridae family of RNA viruses and are further classi-
fied into several subtypes based on two glycoproteins, he-
magglutinin (HA) and neuraminidase (NA), located on the
surfaces of the viruses.'! According to the statistical figures
for the worldwide pandemic outbreak of highly pathogenic
H5NT1 avian influenza virus (AIV) in the past eight years,
59% of the 539 infected humans died.?! Although the
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particles.

number of recent casualties bears no comparison to the out-
break at the beginning of the 20th century, the case death
rate is much higher now than before.®’! To prevent a poten-
tially hazardous AIV outbreak, a sensitive and rapid analysis
platform to establish a public health alarm system is manda-
tory. To date, several methods have been used to confirm
AIV infection, including immunofluorescence assay (IFA),
hemagglutination-inhibition (HI), enzyme immunoassays
(EIA), and reverse transcription polymerase chain reaction
(RT-PCR)."" Among them, the EIA-based techniques,
mostly targeting the abundant nucleoprotein in influenza
virus, are simple and convenient but cannot distinguish the
HA subtypes. RT-PCR has the best sensitivity; however,
choosing the proper primer sets becomes more challenging
due to the diverse virus subtypes and the continuing evolu-
tion of AIVs.

The development of the silicon nanowire field-effect tran-
sistor (SINW-FET) as a sensorial tool has significant impact
on the fields of chemical and biological analysis,”” biomedi-
cal diagnosis,” and cellular research,’! because of its ultra-
sensitive, label-free, rapid screening and real-time detecting
capabilities.®! Herein, we applied a SINW-FET to detect
H5N2 AIV particles (A/duck/Yunlin/04) with an emphasis
on the reversible surface functionalization of the SINW via
a disulfide linker, rendering the SiNW-FET a reusable
device for fast screening of HSN2 AIV. In the previous ap-
plications of SINW-FETs that were focused on detection of
specific antigens, the corresponding antibody was generally
functionalized onto the SINW-FET through covalent bond-
ing, where silane aldehyde was commonly adapted as
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a linker to anchor the antibody onto the SINW-FET.”) How-
ever, once silane aldehyde was linked with the antibody via
reductive amination, it was difficult to reverse the amine
linkage back to its original free aldehyde state after the anti-
gen detection. As a result, it was problematic to remove the
tightly bound antigen—antibody complex, yielding a device
that could only be used for a single measurement. Strong
oxidants might be able to cleave the amine linkage, but this
is unlikely without damaging the device. By judiciously se-
lecting a reversible functionalization method to anchor an
antibody onto a SINW-FET via a disulfide bond, we show in
the present study that this sensorial device is reusable by re-
ducing the disulfide bond with dithiothreitol (DTT), while
concurrently removing the antibody-virus complex. This re-
versible surface functionalization by reducing disulfide
bonds is comparable with our other recently developed tech-
nique of modifying the surface of a SINW-FET with the re-
versible association—dissociation between glutathione (GSH)
and glutathione S-transferase (GST)-tagged protein,*®®! al-
lowing the sensitive SINW-FET to serve as a reusable and
high-throughput biosensor for the fast screening of protein—
protein interactions under physiological conditions. Howev-
er, from the use of the GSH-GST reversible system, the
GST (a protein of ca. 2.5 nm in size)!'"! located between the
target-receptor complex and SiNW might partly screen the
interaction field exerted from the target-receptor complex
to the SINW-FET, thus reducing the acquired signal. In con-
trast to the sizable GST, the advantage of applying the
simple disulfide bond as a chemical linker for the immobili-
zation of a receptor protein onto the SiNW-FET surface
could minimize this detrimental field-shielding effect.

Herein, we first demonstrated a reusable SiINW-FET
device through the reversible functionalization of biotin on
the SINW-FET surface via a disulfide linker. This reusable
SiNW-FET was then modified with a monoclonal antibody
against HSN2 virus (mAbHS) to detect HSN2 AIV at very
dilute concentrations. Meanwhile, we also showed the bind-
ing specificity of the mAbH5-modified SINW-FET (referred
to as mAbyy/SINW-FET). From the surface topograph of
the SiINW-FET after detecting approximately 10™"m H5N2
AlIVs, we verified that the sensitive SINW-FET is capable of
detecting very few H5N2 AIV particles. This reversible sur-
face-modification technique via a disulfide linker can also
be applied to other field-effect transistors, such as organic
thin-film transistors!"'! and graphene-FETs."? By properly
selecting a thiol-containing chemical linker to be modified
on organic thin film transistors, or graphene-FETs, the tran-
sistor-based biosensors can function as reusable sensing de-
vices as well.

Results and Discussion

Figure 1 shows the schematic illustration and experimental
demonstration for the reversible surface functionalization of
a SINW-FET via a disulfide linker. First, 1% MPTMS in
ethanol was pumped into a polydimethylsiloxane (PDMS)
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microfluidic channel, which was designed to couple with the
SiNW-FET device arrays (Figure 1a). After the SINW-FET
was modified with 3-mercaptopropyltrimethoxysilane
(MPTMS) to form a MPTMS/SiNW-FET (Figure 1b), etha-
nol was introduced into the PDMS microfluidic channel to
wash the FET devices, followed by DTT in phosphate buf-
fered saline (1xPBS) to reduce any possible disulfide bond-
ing between the thiol groups of MPTMS. The MPTMS/
SiNW-FET was then flushed with 1 xPBS. Next, the receptor
molecules could be immobilized on the SINW-FET via the
formation of a disulfide bond with the MPTMS/SiNW-FET.

To demonstrate the reversible functionalization on the
MPTMS/SiINW-FET surface through a disulfide linker, V-
(6-(biotinamido)hexyl)-3'-(2"-pyridyldithio)-propionamide
(biotin-HPDP) was immobilized on the MPTMS/SiNW-FET
to make a biotin/SINW-FET (Figure 1b); subsequently, the
biotin moiety was removed with DTT to return the device
surface to MPTMS/SiINW-FET. Figure 1c shows an electrical
measurement to verify the reversibility between MPTMS/
SiNW-FET and biotin/SiNW-FET, involving the processes of
1) the formation of MPTMS/SINW-FET, 2) the immersion
of MPTMS/SiNW-FET in 1xPBS, 3) the reaction of biotin-
HPDP with MPTMS/SiNW-FET to form a biotin/SiNW-
FET, and 4) the removal of biotin with DTT to return the
device to MPTMS/SiNW-FET. In the course of the electrical
measurement, three reproducible cycles were observed to
demonstrate the reusability of the SINW-FET device via
a disulfide linker. Typically, a MPTMS/SiNW-FET can be
used repetitively for more than 20 cycles.

Using this reversible surface functionalization method, we
further made a reusable SINW-FET for the HSN2 AIV de-
tection, as represented schematically in Figure 2a. One ad-
vantage of choosing a disulfide linker for the reversible sur-
face functionalization on a SINW-FET is that the immobili-
zation reaction of receptor proteins (such as AIV-mAby; in
this study) through the disulfide bond can be carried out
conveniently at room temperature to avoid spoiling the
normal functions of proteins or damaging the SINW-FET
device, which could occur if the reaction would otherwise be
conducted at escalated temperature. Shown in Figure 2b are
the electrical responses of a SINW-FET in the processes of
preparing the MPTMS/SINW-FET with 500 mm DTT wash-
ing, 1x PBS flushing, mAbys immobilization, and another
cycle of renewing the surface functionalization initiated with
DTT washing. It is noted that the conductance of the SINW-
FET remained at the original level (the horizontal dashed
line) after the cleavage of disulfide bonds followed by 1 x
PBS flushing, again indicating that the device surface was
returned to the MPTMS/SINW-FET state without analyte
contamination and was ready for the next round of measure-
ment.

The successful immobilization of mAbys on a Si substrate
was also corroborated with a microfluorescence technique.
As shown in Figure 2¢, the fluorescent pattern was obtained
by attaching an anti-chicken IgG fluorescein isothiocyanate
conjugate (FITC-Ab) to a MPTMS-modified micropattern
with the same modification procedures as described in Fig-
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ure 2a. The illuminating pattern is in sharp contrast with the
dark unmodified surroundings, which also indicates that
there is no significant nonspecific adhesion on the Si surface
without modification. After the removal of FITC-Ab by
DTT washing, the blank image in Figure 2d was obtained,
thus demonstrating the complete cleavage of the disulfide
bonds on the Si substrate.

The € potential of HSN2 AIV, displayed in Figure 3, was
characterized at 2.4 <pH <8.4. From the C potential meas-
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Figure 1. Reversible surface functionalization on a SINW-FET via a disul-
fide linker. a) An illustration shows the experimental setup of a SINW-
FET system. A PDMS microfluidic channel was designed to couple the
SiINW-FET arrays to guide the flow of sample solution. An Ag/AgCl
electrode was used as a solution gate. b) A schematic diagram illustrates
that the surface of a SINW-FET was first modified with MPTMS and
then washed with DTT to form a MPTMS/SiNW-FET. To demonstrate
the reversible surface functionalization, biotin-HPDP was immobilized
on the MPTMS/SINW-FET (referred to as biotin/SINW-FET) through
a disulfide linker; the disulfide bond was subsequently cleaved with DTT
to return the device surface to MPTMS/SiNW-FET. c) An electrical mea-
surement verified the reversible surface functionalization between
MPTMS/SiNW-FET and biotin/SINW-FET, including the steps of 1) a
MPTMS/SiNW-FET after DTT washing, 2) the MPTMS/SiNW-FET im-
mersed in 1x PBS and then in reaction with biotin-HPDP to form
3) biotin/SINW-FET via a disulfide bond, and 4) the removal of biotin by
DTT washing to return the device to MPTMS/SiNW-FET. Three repro-
ducible cycles in the electrical measurement demonstrate the reusablility
of a SINW-FET device.

urements, the pI of HSN2 AIV was determined to be ap-
proximately 3.2. In addition, the transmission electron mi-
croscopy (TEM) images of HSN2 AIV particles (ca. 120 nm
in size) and polystyrene latex beads (137 nm in diameter)
were taken for comparison (Figure 4).

In the upper trace of Figure Sa, the applicability of the
mAbys/SINW-FET to detect HSN2 AIV was tested with
a sample solution of 10" AIVmL™ (ca. 1.6x107m) in 1x
PBS, where the conductance of mAbys/SINW-FET was sta-
bilized in 1 x PBS in the beginning and increased dramatical-
ly upon the addition of HSN2 AIV, indicating the strong
binding affinity between mAbys and HSN2 AIV. The electri-
cal enhancement in the p-type mAbyy/SINW-FET is due to
a gating effect generated by the binding of the negatively
charged H5N2 AIV (pI~3.2, Figure 3) at pH 7.4. However,
this device responded only slightly to the subsequent addi-
tion of 10® AIVmL™', suggesting that the binding sites on
the mAbys/SINW-FET could have been saturated. As
a rough estimation, less than 20 AIVs could bind onto the
surface of mAby/SINW-FET, if the sensorial device is as-
sumed to have a SINW (ca. 30 nm in diameter) located be-
tween the source and drain electrodes (ca. 2 pm apart). The
molecular sizes for HSN2 AIV and mAby; are approximate-
ly 120 nm (Figure 4) and 8 nm,!" respectively.

To confirm that the signals are genuinely caused by bind-
ing H5N2 AIV onto the mAbys/SINW-FET, we conducted
two negative control experiments. The lower trace of Fig-
ure Sa shows the results of a test of whether HSN2 AIV
could be detected by a bare SINW-FET without any surface
modification. Before H5N2 AIV was introduced, the con-
ductance of the SINW-FET was balanced by immersing the
SiNW-FET in 1x PBS. No significant conductance change
was observed after the arrival of HS5N2 AIV
(10" AIVmL™). For comparison, we then modified mAb;
on the same SiINW-FET device (i.e., to form a mAbys/
SiNW-FET) to detect HSN2 AIV (10" ATIVmL™). As shown
in the inset of Figure 5a, the obvious electrical response
verifies that the conductance change in the mAbys/SINW-
FET originates from the specific binding between mAby;s
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Figure 2. Corroboration of the reversible surface functionalization on
a SiO,/Si surface with electrical measurement and fluorescence examina-
tion. a) An illustration represents a reusable MPTMS/SiNW-FET for the
detection of AIV by modification of mAbys. The surface of a MPTMS/
SiNW-FET was modified with mAbys through a disulfide linker to give
mAbys/SINW-FET. After AIV detection, the AIV-mAbys complex on
the SINW-FET (referred to as AIV-mAbys/SINW-FET) was removed by
DTT washing to return the device to the MPTMS/SiNW-FET state.
b) The reversible surface functionalization on a SINW-FET was tested by
electrical measurement. The electrical responses of a SINW-FET include
preparing the MPTMS/SINW-FET with 500 mm DTT washing, 1xPBS
flushing, mAbys immobilization, and another cycle of renewing the sur-
face functionalization initiated by DTT washing. The horizontal dashed
line marks the return of the conductance level when the SINW-FET sur-
face was regenerated to MPTMS/SINW-FET. c) Fluorescence from
FITC-Ab anchored on a MPTMS-modified SiO,/Si micropattern through
a disulfide linker is in sharp contrast to the dark surroundings without
the modification with FITC-Ab. d) The fluorescent pattern in (c) was re-
moved with DTT washing, demonstrating the effective breaking of disul-
fide bonds by DTT. The demarcation (dashed lines) highlights the pat-
tern in (c). The scale bars in (c) and (d) are 1 pm.

and H5N2 AIV. For another control test of the selectivity of
this sensorial device, we applied mAbys/SINW-FETs to the
detection of H6N1 AIV. As displayed in Figure 5b, while
there is no apparent electrical response of the mAbys/SINW-
FET to H6N1 AIV (10 AIVmL™), a conductance increase
was observed after introducing H5N2 AIV (10’ AIVmL™),
manifesting once more the binding specificity of the mAbys/
SiNW-FET. The sudden decrease of electrical conductance
after introducing H5SN2 AIV was caused by manually chang-
ing H6N1 AIV-containing solution to HSN2 AIV-containing
solution during the electrical measurement. In Figure 5, the
considerable signal collection time (minutes) for the mAby;/
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Figure 3. T potential of HSN2 AIV. The {-potentials of HSN2 AIV were
measured in 1xPBS at different pH values. The allantoic samples con-
taining HSN2 AIVs were taken directly from egg embryos and diluted
10°-fold. Each data point was measured five times with a single standard
deviation. The plot shows that the HSN2 AIV is negatively charged at
pH>4.

Figure 4. Molecular size of HSN2 AIV particles. A TEM image shows the
distinctive shapes and morphologies of polystyrene latex particles
(137 nm in diameter, solid circle) and H5N2 AIVs (dashed circle). The
membrane proteins on the surface of the HSN2 AIV provide a clear con-
trast for distinguishing viruses from polystyrene latex particles. The size
of an H5N2 AIV particle is approximately 120 nm. The scale bar repre-
sents 200 nm.

SINW-FET to reach an equilibrium in binding with H5N2
AlVs stemmed from detection of very dilute sample solu-
tion (<1 fm) in the electrical measurement; accordingly, the
limited number of H5N2 AIV particles needed to flow
across the laminar fluid by diffusion and convection inside
the PDMS microfluidic channel to reach the mAby/SINW-
FET device surface. It is noted that without the delicately
site-directed immobilization of mAbys, the attachment of
mAby; via its amino groups to the SINW-FET surface could
cause a random orientation of the immobilized mAby.["
As a result, some of the binding sites on the immobilized
mAbys could be very close to the SINW-FET surface, com-
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Figure 5. Real-time detection of HS5N2 AIV by mAbHS/SINW-FET.
a) Upper trace: The mAbHS5/SiNW-FET biosensor has a prominent elec-
trical response to HSN2 AIV (107 AIVmL™), but it exhibits only a slight
variation in response to the subsequent addition of 10* AIVmL™', proba-
bly due to a saturation on the binding sites. Arrows indicate the addition
of HSN2 AIV. Lower trace: A negative control was developed by apply-
ing a bare SINW-FET without any surface modification for detection of
H5N2 AIV. No significant conductance change was monitored after the
addition of H5N2 AIV (107 ATIVmL™). Inset: In contrast, after the bare
SINW-FET was modified with mAbHS for detection of H5N2 AIV
(10" ATVmL™), an apparent conductance change was observed. b) An-
other control test was carried out using a mAbHS/SINW-FET to probe
H6N1 AIV (10° ATIVmL™'). While there is no apparent electrical re-
sponse to H6N1 AIV, a conductance increase was observed after intro-
ducing HSN2 AIV (107 ATVmL™"), illustrating the binding specificity of
mAbHS/SiINW-FET.

parable to the Debye—Hiickel screening length of the buffer
solution used.

As for the speculation that binding only a limited number
of H5N2 AIVs on the mAbys/SINW-FET could have caused
an electrical response in this biosensor, we attempted to ob-
serve the AIV-mAbys complex on the SINW-FET surface
by atomic force microscopy (AFM) after a biosensing mea-
surement. Figure 6a shows a typical electrical measurement
for detecting very dilute H5N2 AIVs (10* AIVmL™, ca.
1.6x1077M) with a flow rate of 500 uLh™'. Because of this
extremely small number density (10° AIVmL™) of H5N2
AlVs, a long response time of over 40 min was needed for
the signal detection in the electrical measurement. Figure 6b
displays the AFM surface topograph of the AIV-mAbys/
SiNW-FET, scanned right after the electrical measurement
shown in Figure 6a. The image confirms that only a very
small number of HSN2 AIVs bound to the mAbys/SiINW-
FET, and the virus size of approximately 120 nm is consis-
tent with that obtained from TEM imaging (Figure 4). In
this AFM topographic investigation, the surface images
before and after the electrical measurements were taken
(i.e. mAbys/SINW-FET and AIV-mAb;s/SiNW-FET, respec-
tively) to distinguish HSN2 AIV from any possible aggregat-
ed mAbys (picture not shown). The prominent signal-to-
noise ratio (S/Na18) in Figure 6a caused by very few H5N2
AIV particles bound to the mAbys/SINW-FET (Figure 6b)
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Figure 6. HSN2 AIVs bound on a mAbHS/SINW-FET examined with
electrical measurements and by AFM topography. a) A prominent con-
ductance change in the mAbHS/SINW-FET was observed after more
than 40 min of collecting HSN2 AIVs (10* AIVmL™") with a flow rate of
500 uLh~". b) An AFM topograph of H5N2 AIVs bound on the mAbHS5/
SiNW-FET was taken soon after the electrical measurement of (a) was
finished. The expanded scales for the bound HSN2 AIVs are displayed in
the insets, where HSN2 AIV particles are marked with white arrows. The
size of an H5N2 AIV (ca. 120 nm) is comparable to that observed by
TEM imaging in Figure 4. The scale bar represents 1 um.

indicates that this SINW-FET biosensor can serve as a pow-
erful molecular recognition and sensing platform for ultra-
sensitive biomolecular detection.

Conclusions

We have demonstrated the ultrasensitive detection of HSN2
AlV using a reusable SINW-FET, which was made possible
by the reversible surface functionalization on the SINW via
a disulfide linker. The success of the reversible surface func-
tionalization was verified by electrical and microfluores-
cence examinations. Detections of very dilute HSN2 AIV at
107%-10"""m were achieved. After the biosensing experi-
ments, the very few bound H5N2 AIVs on the surface of the
mAbys/SINW-FET were investigated by AFM topography,
demonstrating the ultrasensitivity of SINW-FETS in biosens-
ing measurements. The demonstrative performance of this
reusable biosensor makes SINW-FET a good candidate for
fast high-throughput screening of proteins, DNA sequences,
small molecules, cancer biomarkers, and viruses.’¥ In partic-
ular, the SINW-FET biosensors can be advanced as a power-
ful tool for future biomedical applications, such as virus in-
fection diagnosis and early cancer detection.

Experimental Section

The chemical and biological materials used in the experiments are listed
in Supporting Information S1. SiNWs were synthesized from a chemical-
vapor-deposition reaction assisted with catalytic Au nanoparticles (Sup-
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porting Information S2) and the SINW-FET devices were fabricated fol-
lowing a standard photolithographic procedure (Supporting Information
S3). The experimental details for the SiNWs synthesis and SiNW-FET
fabrication can be found in our previous publications.®!%

Surface Functionalization

Figure 1 shows the schematic illustration and experimental demonstration
for the reversible surface functionalization via a disulfide linker. In the
beginning, 1% MPTMS in ethanol was pumped into a PDMS microflui-
dic channel (6.25x0.5x0.05 mm?®), which was designed to couple with the
SiNW-FET device arrays, at a flow rate of 300 uLh~! for 30 min by a sy-
ringe pump (KD Scientific, KD-101). After MPTMS was modified on the
SiINW-FET to form the MPTMS/SiNW-FET, ethanol was guided into the
PDMS microfluidic channel to wash the FET devices for 10 min, fol-
lowed by 500 mm DTT in 1xPBS (containing 138 mm NaCl, 2.7 mm KClI,
8 mM Na,HPO,, 1.5mm KH,PO,, pH7.4 with NaOH) for 30 min to
reduce any possible disulfide bonding between the thiol groups of
MPTMS. The MPTMS/SiNW-FET was then flushed with 1xPBS for
20 min.

Next, the receptor molecules could be immobilized on the SINW-FET via
the formation of a disulfide bond with the MPTMS/SiNW-FET. In a test
of the reversible surface functionalization of a SINW-FET (as represent-
ed in Figure 1b), 0.4 mm biotin-HPDP was pumped into the PDMS mi-
crofluidic channel at 0.4 mLh™' for 30 min to react with the MPTMS/
SiINW-FET to form a biotin/SINW-FET. For the HSN2 AIV detection,
we first mixed mAbys (3 pL) with N-succinimidyl-3-(2-pyridyldithio)pro-
pionate (SPDP, 2 uL) in a vial at room temperature for 30 min, in which
mAbys was linked to SPDP through the formation of an amide bond by
substituting the N-hydroxysuccinimide of SPDP with an amine group of
mAby;s. Subsequently (as illustrated in Figure 2a), this mAbys-containing
solution was added to 1 xPBS (45 pL) to form a mixture, which was then
pumped into the PDMS microfluidic channel at 25 uLh™! for two hours
to immobilize the mAbys on the MPTMS/SiNW-FET by the formation of
a disulfide bond. After the modification of mAby;s on the SINW-FET sur-
face to form the mAbys/SINW-FET, the device was washed with 1 xPBS
for 30 min and was then ready for AIV detection. To make the device re-
usable (Figure 2a), the AIV-mAbys complex was removed after each
biosensing experiment by cleaving the disulfide bond with DTT (500 mm
in 1xPBS) for 2h to restore the clean surface of the MPTMS/SiNW-
FET. This regenerated MPTMS/SiNW-FET was further rinsed with de-
ionized water before the next round of measurements. Typically,
a mAbys/SINW-FET device can be repeatedly used in electrical measure-
ments with more than five cycles.

Fluorescence Imaging

A microscopic fluorescence imaging technique was employed to corrobo-
rate the successful modifications of MPTMS and mAbys on a Si sub-
strate. A micropattern was designed on a Si wafer (Figure 2¢) and fabri-
cated with a standard photolithographic procedure using LOR5SB/S1813
photoresists.”®%! After the modification of MPTMS on the patterned Si
substrate, the surrounding photoresists were washed off with a PG re-
mover at 60°C for two hours. The procedures to anchor an anti-chicken
IgG fluorescein isothiocyanate conjugate (FITC-Ab) onto the MPTMS-
modified Si surface via the SPDP linker are the same as those described
above for the immobilization of mAbys. Finally, a fluorescence image of
the FITC-Ab anchored micropattern (Figure 2(c)) was taken with a re-
verse fluorescence microscope (Nikon, Eclipse TE2000-U).

Electrical Measurement

The electrical characteristics (including the plots of source—drain current
vs. gate voltage (I-V,) and Iy vs. source—drain voltage (I-V,q)) of the
as-fabricated SINW-FETs are presented in Supporting Information S4.
The electrical conductance of a SINW-FET was measured at V=30 mV
by a detection system that combined a current preamplifier (DL Instru-
ment, 1211) with a lock-in amplifier (Stanford Research System, SR830
DSP) operated at a modulation frequency of 79 Hz and a time constant
of 100 ms.*&%7416 In the electrical measurements, an Ag/AgCl electrode
(BAS, MF2052) coupled to the PDMS microfluidic channel was used as
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a solution gate (Figure 1a) and kept at ground potential throughout the
real-time electrical measurements to minimize noise in the system.

Zeta () Potential

The C-potential of HSN2 AIV was characterized at 2.4 <pH <8.4 by a Ze-
tasizer (Malvern Instruments, 3000MS), as shown in Figure 3.

H5N2 AIV Concentration

The method to determine the number density of HSN2 AIV particles
was adapted following the procedures used by Zheng et al.!'”! with the de-
tails described in Supporting Information S5. By counting the number
ratio between HSN2 AIVs and polystyrene latex beads from 50 TEM
(JEOL JEM 2010 Analytical TEM at 200 kV) images (a representative
one is shown in Figure 4), the concentration of an original sample of
H5N2 AIVs was estimated statistically to be approximately
10" ATVmL.

Surface Topography

The microscopic topographs on the surface of SINW-FETs before (i.e.
mAbys/SINW-FET as shown in Figure 2a) and after (i.e. AIV-mAbys/
SiNW-FET in Figure 2a) sensing HSN2 AIV (10* AIVmL™") were taken
by AFM (Veeco, Bioscope SZ, NSIV) in tapping mode at a scan rate of
0.5 Hz "%
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Nanowire Transistor-Based Ultrasensi-

tive Virus Detection with Reversible
Surface Functionalization

(AIV-mAby5/SINW-FET)

AlV detection
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Catching the flu: The surface of a sili-
con nanowire field-effect transistor
(SINW-FET) is functionalized with

a mercaptosilane, which forms a disul-
fide bond to a monoclonal antibody
against avian influenza virus (AIV).
This mAbys/SINW-FET device shows
an electrical response when the virus is
bound. The sensor can be regenerated
by cleaving the disulfide bond to
release the antibody-virus complex
and adding another portion of anti-
body.
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