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We studied the electric detection of a biomarker by using p-type Si-nanowire-based field-effect
transistors (FETs) for biological applications. A combination of electron-beam lithography and

a lift-off process was utilized to fabricate individual 50-nm-thick Si nanowire FETs.

The gate-

dependent I — Vsp curves revealed that the conductance of a Si-nanowire FET increased with
increasing negative V. The conductance of the Si nanowire FET depended upon the existence of
negatively charged streptavidin binding to a biotin with a peptide and Matrix metalloproteinase-9
(MMP-9), cutting the peptide. Our results suggest that Si-nanowire FETSs can be used to detect

MMP-9 activity.
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I. INTRODUCTION

Technological convergence of nanotechnology (NT),
biotechnology (BT), and information technology (IT)
has become a new paradigm in the 21st century. Semi-
conducting nanowires for biological applications are rep-
resentative examples in NT-BT convergence technology
because since they can provide the opportunity of inves-
tigating novel ways to detect biomolecules. Recent stud-
ies [1-8] demonstrated that field-effect transistors based
on semiconducting nanowires were a useful platforms for
real-time, label-free, highly-sensitive, direct electric de-
tection of biological and chemical species in solution,
excelling over conventional optical methods. Many re-
search groups have been developing nanowire-based bi-
ological sensors to detect viruses [2], DNA [3], proteins
[4], and so on for the diagnosis of various diseases.

In this work, we present field-effect transistors
(FETs) based on p-type Si nanowires grown by using
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chemical vapor deposition for electric detection of a
biomarker, Matrix metalloproteinase-9 (MMP-9). Ma-
trix metalloproteinase-9 (MMP-9) is a kind of proteolytic
enzyme capable of digesting extracellular matrix compo-
nents [9]. MMP-9 has recently received particular at-
tention because it is involved in a number of diseases,
such as cancer, angiogenesis, alopecia, and metastasis.
MMP-9 appears to have potential as a biomarker or a
therapeutic target for these diseases [10,11].

The underlying principle of the electric detection of
MMP-9 using a Si nanowire-based FET is shown in Fig.
1. The peptide substrate (biotin-GGPAG|CHAK-NH,)
of MMP-9 was chemically synthesized and immobilized
on the surface of the Si nanowire. Biotin was attached
to the end of peptide substrate in order to accommo-
date streptavidin. When streptavidin binds to a biotin
linked to the peptide substrate on a Si-nanowire FET,
the conductance of the FET changes from the baseline
value due to surface charge of streptavidin (pI ~ 5 to
6), which is negatively charged [12]. The conductance of
the FET drops when MMP-9 cleaves the peptide. For
a p-type nanowire FET, the conductance increases when
the surface charge of the streptavidin is negative. Our
results demonstrate that Si-nanowire FETs are powerful
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Fig. 1. Si nanowire principle of the electric detection of
MMP-9 by using a Si nanowire-based FET configured as a
sensor with peptide, where the cutting of MMP-9 gives rise
to a decrease in the conductance of the FET.

platforms for detecting MMP-9 activity for direct and
rapid diagnosis of various diseases.

II. EXPERIMENT

Si nanowires were synthesized by using chemical va-
por deposition (CVD) with 20-nm gold nano-clusters as
catalysts, silane as a reactant, and boron as a p-type
dopant with a B/Si of 1 : 1,000. Si nanowires with aver-
age diameter of 50 nm [13] were dispersed on a thermally
oxidized Si (100) substrate with an underlying conduct-
ing Si used as a back gate. A combination of electron-
beam lithography and a lift-off process was utilized to
fabricate an individual 50-nm-diameter nanowire device
as shown in Fig. 2. Rapid thermal annealing (RTA)
was performed under vacuum conditions (<10~¢ Torr)
at 300 — 600 °C for 3 min in order to make contacts be-
tween the Ti/Au electrodes [14-17] and to passivate the

Fig. 2. A SEM image of a 50-nm-thick Si nanowire device
with Ti/Au contacts for electrical transport measurements.

Si-Si0,, interface traps [18]. The I — V curve became
more linear and symmetric, and the conductance was in-
creased ten times after RTA. The enhanced two-terminal
conductance and stability are attributable to better con-
tacts between Ti/Au electrodes and the Si nanowire and
to passivation of defects at Si-SiO, interface.

The Ti/Au contacts to a Si nanowire were isolated by
spin coating a 300-nm-thick electron-beam resist. The
active sensing area, spacing between source-drain elec-
trodes, was 3 um in all devices. A droplet containing
MMP-9 was applied to the active sensing area of the
nanowire device. In order to immobilize peptides on
the surfaces of Si nanowires, we employed an oxygen
plasma at 0.3 Torr and 25 W for 60 sec to remove con-
taminants on the surfaces of the Si nanowires. Then,
the nanowires were immersed in a 2% ethanol solution
of 3-(trimethoxysilyl)propyl aldehyde containing 4% wa-
ter and 0.1% acetic acid for 1 hr. Peptides were linked
to the Si nanowires by dropping a concentration of 5-
ug/ml peptides with 4-mM sodium cyanoborohydride
The biotin-peptide used in this experiment has an amine
functional group that can immobilize biotin on the sur-
face of a aldehyde-modified nanowire via hydration. All
electrical measurements were performed at room temper-
ature under an ambient air environment.

III. RESULTS AND DISCUSSION

Figure 3 presents (a) gate-dependent current wvs
source-drain voltage (I — Vgp) curves at various gate
voltages (Vi) and (b) I — Vi curves recorded for var-
ious Vgp (0.1 — 1.0 V) for an individual 50-nm-thick
Si nanowire All I — Vgp curves were found to be lin-
ear, demonstrating that the Ti/Au electrodes make good
ohmic contacts to the Si nanowire, as seen in Fig. 3(a).
The Si nanowire was also found to be p-type from the
gate-dependent I — Vgp curves, showing that the con-
ductance of the nanowire increases with increasing neg-
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Fig. 3. (a) Gate-dependent I — Vsp data at various gate
voltages (V) and (b) I — Vg curves recorded for various Vsp
(0.1 - 1.0 V) for a 50-nm-thick Si nanowire.

ative V. The I — Vg curves for the Si-nanowire FET
obtained at different source-drain voltages are indicative
of a p-channel metal-oxide-semiconductor FET [19-22]
[see Fig. 3(b)]. The conductance modulation of the Si
nanowire was found to exceed two orders of magnitude
by changing the gate voltage from —4 to 0 V. This large
switching voltage is believed to be due to the 300-nm-
thick oxide dielectric layer used in the Si-nanowire FET.
The carrier concentration and the carrier mobility in the
p-type Si nanowire FET were determined to be 2.17 x
10'7 cm™2 and 13.6 cm?/V's, respectively from the re-
sults of I — Vg curve measurements. We infer from the
results of the transport properties that Si-nanowire FETs
are sensitive to the surface charge of negatively-charged
streptavidin, binding to a biotin with a peptide.

Prior to the electrical detection of MMP-9 by us-
ing a Si-nanowire-based FET, fluorescence microscopy
was employed in order to investigate the modification
of the nanowire’s surface after functionalization with
the biotin-peptide and subsequent exposure to strepta-
vidin labeled with FITC (3-9 mol of FITC/ 1 mol of
streptavidin, Sigma-aldrich Co., USA). Fig. 4. exhibits
(a) an optical image of immobilized biotin on the sur-
faces of Si nanowires and (b) a fluorescence image after
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Fig. 4. (a) Optical images of immobilized biotin on sur-
faces of Si nanowires and (b) a fluorescence image after biotin-
streptavidin binding.

biotin-streptavidin binding. One unit of this labeling
molecule binds 1 pg of biotin. Control experiments were
performed in order to confirm that the green fluores-
cence resulted from the specific binding of streptavidin
to the biotin-peptide on the nanowire’s surface. When
the bare nanowires (without biotin) were exposed to a
300-nM of streptavidin solution, green fluorescence was
not observed (data not shown). However, the nanowires
with biotin-peptide modification showed bright green flu-
orescence [see Fig. 4(b)]. Our results strongly suggest
that the fluorescence in the nanowires originates from
the biotin-streptavidin interaction and the peptide sub-
strates are successfully immobilized on the surfaces of
the nanowires.

Figure 5 shows the real-time conductance response for
a Si-nanowire FET functionalized with peptide-biotin
during the flow of the buffer solution, 300 nM of strepta-
vidin, and 300 nM of MMP-9. Addition of solution with-
out streptavidin was found to have no appreciable effect
on the conductance of the Si-nanowire FET (see Step 1 in
Fig. 5). However, for addition of a 300-nM streptavidin
sample solution, as indicated by the first arrow in Fig. 5.
an abrupt (<5 sec) increase in the conductance was found
to occur and then to remain steady (see Step 2 in Fig.
5). The increase in the conductance of the Si-nanowire
FET is attributable to the negative surface charge den-
sity [3-5] associated with binding of negatively-charged
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Fig. 5. Real-time conductance response for a Si nanowire
FET functionalized with peptide-biotin during the flow of the
buffer solution, 300-nM streptavidin and 300-nM MMP-9.

streptavidin at the surface of the Si nanowire, as previ-
ously addressed. When 300 nM of MMP-9 was applied
to the Si-nanowire FET, the conductance was found to
drastically decrease, as indicated by the second arrow in
Fig. 5. This is due to the proteolytic activity of MMP-9,
which is cutting the peptide and subsequently giving rise
to the removal of negatively-charged streptavidin from
the surface of the Si-nanowire FET. Our results success-
fully demonstrate that Si-nanowire FETs can be used
for monitoring the enzymatic activity of MMP-9, which
is regarded as a biomarker of serious diseases, such as
cancer metastasis.

IV. CONCLUSION

We have investigated field-effect transistors (FETS)
based on individual Si nanowires grown by chemical va-
por deposition for biological applications. An individ-
ual 50-nm-thick Si nanowire was found to be p-type
from the gate-dependent I — Vgp curves. The conduc-
tance of the nanowire was found to increase with in-
creasing negative Vg, suggesting that Si-nanowire FETs
are sensitive to the surface charge of negatively-charged
streptavidin binding to a biotin with a peptide. Flu-
orescence microscopy studies illustrate that the fluores-
cence in Si nanowires results from the biotin-streptavidin
interaction and that the peptide substrates are suc-
cessfully immobilized on the surfaces of the nanowires.
Real-time conductance for a Si-nanowire FET function-
alized with peptide-biotin changes due to the bind-
ing of negatively-charged streptavidin and to the prote-
olytic activity of Matrix metalloproteinase-9 (MMP-9).
Our results demonstrate the possibility of applying Si-
nanowire-based FETs for monitoring the enzymatic ac-
tivity of MMP-9 as a representative biomarker of various
diseases.
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