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a b s t r a c t

In applications of silicon nanowire field-effect transistors (SiNW-FETs) as biosensors, the SiNW-FETs

conventionally are all area modified (AAM), with receptors covering not only the minute SiNW surface

area but also the relatively large surrounding substrate area. In this study, using a bottom-up technique,

we successfully fabricated selective surface modified (SSM) SiNW-FETs with the receptors on the SiNW

sensing surface only. In this approach, the strategy was to modify the SiNWs with a chemical linker of

3-aminopropyltrimethoxysilane (APTMS) prior to photolithographic fabrication of the device. The

APTMS molecules modifying the SiNWs survived the harsh photolithographic processes, including

coating with photoresist, washing with organic solvent, and thermal annealing. These SSM SiNW-FETs

also exhibited desirable electrical characteristics such as ohmic contact and high transconductance.

Using the biotin–avidin binding system, we showed that the faster response time and smaller sample

requirements of the SSM SiNW-FETs, relative to the conventional AAM SiNW-FETs, clearly show that

restricting the surface modification of the SiNW-FETs substantially improves their detection sensitivity.

Detection with a SSM boronic acid-modified SiNW-FET of the dopamine released under high-Kþ buffer

stimulation from living PC12 cells also demonstrates that SiNW-FETs can serve as highly sensitive

biosensors for biomedical diagnosis. In binding affinity measurements with SiNW-FETs, the dissociation

constants (Kd) of the biotin–avidin and dopamine–boronic acid complexes were determined to be

1571 fM and 3378 fM, respectively.

& 2013 Elsevier B.V. All rights reserved.
ll rights reserved.
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1. Introduction

In the past decade, nanoscale field-effect transistors (FETs)
have attracted great attention because of their potential as ultra-
sensitive sensors for biomolecular detection (Chen et al., 2011;
Cui et al., 2001; Liu et al., 2012; Stern et al., 2007a; Tans et al.,
1998). In particular, the development of silicon nanowire FETs
(SiNW-FETs), fabricated by both ‘‘bottom-up’’ (Lin et al., 2010;
Patolsky et al., 2006) and ‘‘top-down’’ (Lin et al., 2009; Stern et al.,
2007a) techniques, can take advantage of the processing techni-
ques and mature fabrication methods of the silicon industry. To
date, SiNW-FETs have been extensively employed for highly
sensitive, label-free, and real-time detection of proteins (Lin
et al., 2010; Wang et al., 2007), DNA (Hahm and Lieber, 2004),
RNA (Zhang et al., 2009), cancer markers (Zheng et al., 2005),
viruses (Chiang et al., 2012; Patolsky et al., 2004), and other
species (Chen et al., 2011; Lieber, 2011).

Because SiNWs are normally covered with a thin silica sheath,
from oxidation of their surfaces upon exposure to air, such SiNWs
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have no chemical specificity toward particular analytes. Fortunately,
SiNW-FET surfaces can be modified with selected receptors that
subsequently allow them to achieve selectivity and nano- to femto-
molar detection limits for specific target molecules (Cui et al., 2001;
Pui et al., 2011; Pui et al., 2009). One economical, efficient, and
commonly used SiNW-FET surface-modification method is to use a
chemical linker, e.g., 3-aminopropyltrimethoxysilane (APTMS),
which immobilizes the receptor and anchors to the silica sheath of
the SiNW at opposite ends of the linker. However, the silica sheath
on the SiNW surface is no different from the oxidized layer of a
silicon wafer, which is usually used as a substrate for fabrication of
SiNW-FET devices. Upon surface modification, receptor molecules
are immobilized over the entire silica surface, covering not only the
minute SiNW surface but also the relatively large surrounding
substrate area. These types of SiNW-FET devices, which have all
area modification (AAM), are denoted AAM SiNW-FETs (as illu-
strated in Schemes 1 and 2). The ratio of the surface area of the
SiNW to the area of the surrounding substrate reflects the relative
Scheme 1. An illustration depicting the binding competition inv

Scheme 2. Schematic representations of the preparation, fa
probabilities of these two surfaces coming into contact with an
analyte molecule. In biosensing measurements using an AAM SiNW-
FET coupled with a microfluidic channel (dimensions on the order of
micrometers) to guide the flow of the sample solution, the ratio of
the surface areas of the SiNW and the surrounding substrate is very
small. This small ratio is undesirable because a large proportion of
target molecules are likely to be captured by the receptors immo-
bilized on the surrounding substrate before arriving at the actual
SiNW-FET device; the large proportion of captured molecules
consequently jeopardizes the detection sensitivity of the AAM
SiNW-FET (Schemes 1 and 2).

SiNW-FETs that have selective surface modification (SSM),
with receptors modifying only the SiNW surface without con-
taminating the surrounding substrate, are referred to as SSM
SiNW-FETs (Schemes 1 and 2). Several approaches that have been
used to reduce the modification by receptors on the non-sensing
area include photolithography (Stern et al., 2007b), microcontact
printing (Renault et al., 2002), electrostatic attraction (Naujoks
olved in biomolecular detection by AAM or SSM SiNW-FET.

brication, and biosensing of AAM and SSM SiNW-FETs.
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and Stemmer, 2003), dip-pen nanolithography (Piner et al., 1999),
localized Joule heating (Park et al., 2007), and incomplete chemi-
cal etching methods (Masood et al., 2010). Despite the localized
surface modification, these methods are more suited to a silicon
on insulator (SOI)-based top-down approach and require
skilled labor.

Compared with top-down techniques, bottom-up methods
have advantages in synthesizing SiNWs with high crystallinity,
designated dopant density, a thin silica sheath, and easily con-
trolled diameters with a cost-effective preparation (Chen et al.,
2011). With the bottom-up approach, 2D mesh FETs for crossbar
memory switches (Chen et al., 2006) and a 3D FET nanoprobe for
recording intracellular signals (Tian et al., 2010) have recently
been successfully fabricated. These FET structures may lead to
device fabrication strategies that are not possible with top-down
methods (Lieber, 2011). In this study, the strategy is to modify the
SiNWs with APTMS (forming APTMS/SiNWs) prior to photolitho-
graphic fabrication of SSM APTMS/SiNW-FET devices. Subse-
quently, receptors are anchored to the SSM APTMS/SiNW-FET,
transforming it into a SSM receptor/SiNW-FET that detects target
molecules.

In tests, we first applied the biotin–avidin binding system to
demonstrate the increased detection sensitivity of SSM SiNW-
FETs compared with AAM SiNW-FETs. Furthermore, we employed
a SSM boronic acid-modified SiNW-FET (BA/SiNW-FET) to detect
the trace amount of dopamine released under high-Kþ buffer
stimulation from living PC12 cells. This ultrasensitive molecular
recognition and cellular detection allows SSM SiNW-FETs to act as
powerful biosensors in medicine and the life sciences. For
instance, neurons and adrenal glands synthesize catecholamines
for neurotransmission and physiological functions; abnormal
catecholamine concentrations in urine and blood are indicators
of neuroblastoma and pheochromocytoma (Poirier et al., 2012;
Strenger et al., 2007). Traditional electrochemical methods with a
detection sensitivity of �10�8 M have been applied to detect
catecholamines (Hu et al., 2008) and the dopamine secreted from
chromaffin or PC12 cells in single exocytotic events (Kim et al.,
2013). However, a diagnostic tool capable of sensing 10–13 M
catecholamine is often required to detect the minute amount of
catecholamines in biological samples (Davis et al., 1991). In this
study, we will show that the SSM BA/SiNW-FET is able to detect
10–15 M dopamine and that this detection limit is promising for
use of SSM BA/SiNW-FET in diagnosing the low dopamine levels
normally present in urine or blood samples.
2. Materials and methods

2.1. Materials and reagents

Deionized (DI) water (418 MO � cm) obtained from a purification
system (Millipore Synergy) was used throughout the experiments.
The phosphate buffered saline (1� PBS) consisted of 137 mM NaCl,
2.7 mM KCl, 10 mM Na2HPO4, and 2 mM KH2PO4 in NaOH at pH 7.4.
Commercially purchased chemical reagents and biological samples
are listed in Section S1 of the Supplementary data

2.2. SiNW synthesis and device fabrication

Synthesis of the single-crystalline boron-doped SiNWs
(Si:B¼4000:1) was catalyzed by 20 nm gold nanoparticles in a
chemical vapor deposition (CVD) reaction with the vapor–liquid–
solid (VLS) growth mechanism (Yang et al., 2004). The quality
of the as-synthesized p-type SiNWs was examined by high-
resolution transmission electron microscopy (HR-TEM) and
electron diffraction (ED) (JEM-2000FXP), as shown in Fig. S1 of
the Supplementary data. The SiNW-FET devices were fabricated
following standard photolithographic procedures (Patolsky et al.,
2006). Details of the SiNW synthesis and device fabrication are
given in Sections S2 and S3 of the Supplementary data.
2.3. Surface modification

2.3.1. Modification of APTMS on SiNW-FETs

SSM APTMS/SiNW-FETs were produced by surface modifica-
tion of the SiNWs with thermally vaporized APTMS (Fig. S2) prior
to photolithographic device fabrication. The detailed protocol for
preparing SSM APTMS/SiNWs is described in Section S4 of the
Supplementary data. Electron spectroscopy for chemical analysis
(ESCA) of the prepared APTMS/SiNWs is shown in Fig. S3.

In the preparation of conventional AAM APTMS/SiNW-FETs,
APTMS was immobilized on the silica surface of the entire device
chip through solution-phase modification, of which technical
details can be found in previous publications (Chang et al.,
2012; Chiang et al., 2012; Lin et al., 2009, 2010; Tsai et al., 2011).
2.3.2. Immobilization of biotin

To anchor biotin on either the SSM APTMS/SiNW-FETs or the
AAM APTMS/SiNW-FETs, the chip containing APTMS/SiNW-FETs
was immersed for 30 min in a 1:9 (v/v) solution of DMSO and 1�
PBS containing 1 mM MBS. After MBS reacted with APTMS
through the formation of an amide bond, the chip was rinsed
with DI water, blown dry with N2 gas, and immersed for 1 h in a
1:9 (v/v) solution of DMSO and 1� PBS containing 5 mM biotin–
HPDP and 100 mM dithiothreitol. After the sulfhydryl group of
biotin–HPDP reacted with the maleimide group of MBS to
immobilize the biotin on the APTMS/SiNW-FETs (forming biotin/
SiNW-FETs), the chip was washed again with 1� PBS and DI
water, and finally, blown dry with N2 gas (Lin et al., 2008;
Nakajima and Ikada, 1995).
2.3.3. Immobilization of boronic acid

Modification of APTMS/SiNW-FETs with boronic acid to form
BA/SiNW-FETs was carried out by coupling the amino group of
APTMS with CPBA (5 mM) with the activators EDC (1 mM) and
NHS (1 mM) in 1� PBS for 10 min. The chip was subsequently
washed with 1� PBS and DI water and blown dry with N2 gas
(Lin et al., 2008).
2.4. Surface potential

The surface potential of an APTMS/SiNW was scanned by
Kelvin probe force microscopy (KPFM) in a Digital Instruments/
Veeco Bioscope SZ atomic force microscope (AFM) with a Nano-
scope IVa controller under ambient conditions (moisture at
5572%). The operational details of the KPFM measurements
can be found in our previous publication (Tsai et al., 2011) and
in Section S5 of the Supplementary data.
2.5. Electrical measurements

For electrical measurements of the SiNW-FETs, a digital multi-
meter (Keithley 6487), a lock-in amplifier (Stanford Research
System, SR830), and a data acquisition system (National Instru-
ments, DAQ BNC-2110) were employed. The experimental setup,
reproducibility of the electrical measurements, and the opera-
tional details are shown in Figs. S4, S5, and Section S6 of the
Supplementary data, respectively.
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2.6. Preparation and stimulation of PC12 cells

The PC12 cell line was cultured in Dulbecco’s modified Eagle’s
medium at 37 1C in an atmosphere containing 10% CO2, and the
medium was changed every other day. The suspended PC12 cells
were stimulated with different concentrations of Kþ buffer for
10 min. The cells were then centrifuged, and the supernatant was
collected for measurement. Details of the preparation and stimu-
lation of PC12 cells are described in Section S7 of the
Supplementary data
3. Results and discussion

3.1. Characterizations of the as-fabricated SiNW-FETs

Successful production of SSM APTMS/SiNW-FETs depends
heavily on the APTMS molecules (which modify the SiNW sur-
face) surviving a series of harsh fabrication processes, involving
coating with photoresist, incubating with organic solvent, and
annealing at 380 1C for 2 min in forming gas. Avoiding wire
aggregation in the APTMS/SiNWs is also crucial for subsequent
device fabrication. As shown in Fig. 1A, the modification with
APTMS via thermal evaporation ((i) and (ii)) enabled the produc-
tion of a large number of well-separated APTMS/SiNWs, in sharp
contrast to the aggregated APTMS/SiNWs that resulted from
solution-phase modification ((iii) and (iv)).

In Fig. 1B, panels (i) and (iii) show AFM images of an APTMS/
SiNW and a bare SiNW, respectively, on a Si substrate, and panels
(ii) and (iv) display the corresponding KPFM images. Consistent
with previous reports, the surface potential of the APTMS/SiNW,
in (ii), is higher than that of the bare SiNW, in (iv), by 3873 mV
Fig. 1. The APTMS modification of SiNW-FETs. (A) Scanning electron microscopy (SEM

SiNWs prepared by thermal-evaporation. (iii) and (iv) are APTMS/SiNWs prepared by s

an APTMS/SiNW (left column) and a bare SiNW (right column). (C) ESCA spectra of a

substrate after the series of photolithographic and annealing processes required during

SiNW-FET (black), an AAM APTMS/SiNW-FET (blue), and a SSM APTMS/SiNW-FET (red)

legend, the reader is referred to the web version of this article.)
(from five measurements) (Gangopadhyay and De, 2000; Zou
et al., 2008). The approximately constant surface potential along
the APTMS/SiNW indicates the uniformity of the surface mod-
ification. An APTMS/Si substrate was also examined by ESCA after
coating with photoresist, washing with organic solvent, and
thermal annealing (Figs. 1C and S3). As shown in Fig. 1C, the
N1s signal at 401 eV in the ESCA spectrum corresponds to the
APTMS molecules that survived the photolithographic process
(8075% from three measurements (red) compared to 100% for
the pristine APTMS/Si substrate (blue) and 0% for the bare Si
substrate (black)). The high preservation of APTMS during the
harsh photolithographic processing indicates that the fabrication
of SSM APTMS/SiNW-FETs with this bottom-up technique has
potential.

In Fig. 1D, the successfully modified SSM APTMS/SiNW-FET
and AAM APTMS/SiNW-FET were further analyzed by their
source–drain current as a function of the gate voltage (Isd–Vg).
For both devices, a high transconductance of �5.070.3 mS was
measured in 0.01� PBS. In the inset, an ohmic contact in the
as-fabricated SSM APTMS/SiNW-FET is indicated by the linear
relation between the source–drain current and the bias voltage
(Isd–Vsd) plot; this result is comparable to previous results for
AAM SiNW-FETs (Cui et al., 2001). Fig. S6 shows the electrical
conductance of SSM APTMS/SiNW-FET in buffer solutions with
various pH values, similar to previous results for an AAM APTMS/
SiNW-FET (Cui et al., 2001); the conductance remains constant at
each given pH and increases stepwise with pH from 5.0 to 8.5. At
low pH, the NH2 group is protonated to form NH3

þ (Vezenov
et al., 1997) and acts as a positive gate, which depletes hole
carriers in the p-type SiNW and decreases the conductance. At
high pH, SiOH is deprotonated to form SiO� , which correspond-
ingly causes an increase in conductance. The observed pH
) images at different magnifications of APTMS/SiNWs. (i) and (ii) are the APTMS/

olution-phase modification. (B) AFM (upper row) and KPFM (lower row) images of

bare Si substrate (black), a pristine APTMS/Si substrate (blue), and an APTMS/Si

device fabrication (red). (D) The Isd–Vg curves (measured at Vsd¼30 mV) of a bare

in 0.01� PBS at pH 7.4. (For interpretation of the references to color in this figure
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response over a wide range can be attributed to an approximately
linear change in the total surface charge density (versus pH)
because of the combined acid and base behavior of both surface
groups. In bare SiNW-FETs (with only SiOH functionality), the
conductance should be nearly constant at pHo6 but grow
exponentially at pH46 (Bolt, 1957; Cui et al., 2001). The
observed threshold-voltage shift (shown in Fig. 1D relative to a
bare SiNW-FET) and the sensitive pH responses (in Fig. S6)
indicate that the surface of the as-fabricated SSM APTMS/SiNW-
FET device was well functionalized with reactive amino groups.

3.2. Enhanced detection sensitivity

3.2.1. Detection of avidin with biotin/SiNW-FET

We chose the biotin–avidin binding system to be a model to
compare the detection sensitivities of SSM and AAM SiNW-FETs
by anchoring biotin to both devices to detect avidin (Fig. S4A). To
avoid device-to-device variation in detection sensitivity (Ishikawa
et al., 2009), in biosensing experiments with SiNW-FETs, the
current change (DIsd) in response to binding between the receptor
and target was transformed to the corresponding change in gate-
voltage change (termed the calibrated response and represented
by DVcal

g ) with the Isd–Vg transfer curve of the FET device used (as
displayed in Fig. S7). In Fig. 2A, biotin/SiNW-FETs were used to
detect 10 nM avidin (in 0.01� PBS) that flowed at 0.3 mL/hr
through a polydimethylsiloxane (PDMS) microfluidic channel
above the FET-devices. The upper right and left illustrations
compare the real time detection by the AAM and SSM biotin/
SiNW-FETs, respectively; the bottom panels show the differences
in the response times for avidin detection (10 nM, 100 nM, and
Fig. 2. Detection of avidin with SSM (AAM) biotin/SiNW-FET. (A) Real time recordings o

SiNW-FET (red traces) and the AAM biotin/SiNW-FET (blue traces). (B) and (C) show the

detection of 5 mL avidin at Cavidin¼1 fM–1 nM. (D) A column plot of Vcal
g at different C

(B) and (C) with the Isd–Vg transfer curve of the AAM (blue) and SSM (red) biotin-SiNW

plot of Vcal
g as a function Cavidin is summarized from the data in (D) measured by SSM

Cavidin=DVcal
g as a function of Cavidin. (For interpretation of the references to color in thi
1 mM) by SSM biotin/SiNW-FET (red traces) and AAM biotin/
SiNW-FET (blue traces). The detection of avidin (pI¼10.5) in
0.01� PBS at pH 7.4 with a p-type biotin/SiNW-FET causes a
decrease in the electrical conductance because of a gating effect.
Upon reaching the biotin–avidin binding equilibrium, the changes
in Vcal

g from both the SSM and AAM devices are nearly identical,
indicating that the binding sites of the SSM and AAM biotin/
SiNW-FETs captured an approximately equal number of avidin
molecules. However, at low sample concentrations (e.g., 100 and
10 nM), a much longer response time is required by the AAM
biotin/SiNW-FET to reach equilibrium compared with the SSM
biotin/SiNW-FET; this result clearly indicates the avidin-binding
competition between the biotins immobilized on the SiNW and
the surrounding substrate in the AAM device (upper illustrations
in Fig. 2A and Schemes 1 and 2). Given the very small ratio of the
surface areas of the SiNW and the surrounding substrate, a
significant proportion of the avidin is captured by the biotins on
the surrounding substrate before arriving at the binding sites on
the SiNW, resulting in the longer response time (i.e., larger
sample volume required) of the AAM biotin/SiNW-FET.

In addition, the SSM and AAM biotin/SiNW-FETs were com-
pared by detecting a finite volume (5 mL) of an avidin solution
(in 0.01� PBS) at various concentrations (Cavidin¼1 fM–1 nM)
(Fig. S4B). Figs. 2B and 2C show the Isd–Vsd curves measured with
AAM and SSM biotin/SiNW-FETs, respectively. The measured Isd

data at Vsd¼�0.1 V were transformed to Vcal
g and are summarized

in Fig. 2D as a function of Cavidin. Notably, although 5 mL of 1 fM
avidin caused a sizable change of Vcal

g � 5 mV in the SSM
biosensor, the response of the AAM sensor is negligible for the
same sample solution. At 100 fM, a difference in Vcal

g of �20 mV
f Vg
cal while avidin at 10 nM, 100 nM, and 1 mM, was perfused onto the SSM biotin/

Isd–Vsd curves measured by the AAM and SSM biotin/SiNW-FETs, respectively, for

avidin. The Vcal
g values were transformed from the measured Isd at Vsd¼�0.1 V in

-FETs. The error bars present the standard deviations of three measurements. (E) A

biotin/SiNW-FET. The inset shows a least-squares fit (Eq. (1)) of the measured

s figure legend, the reader is referred to the web version of this article.)
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(SSM) vs. �8 mV (AAM) is observed. Moreover, a 5 mL drop of
1 pM avidin almost saturated the SSM biotin/SiNW-FET; in
contrast, the AAM biotin/SiNW-FET did not saturate until
CavidinZ100 pM. These results demonstrate that the SSM system
is more sensitive than the AAM to trace detection in a tiny sample
volume.

The dissociation constant (Kd) of the biotin–avidin complex
can be determined by a least-squares fit of the Vcal

g �Cavidin data (in
Fig. 2D) to the Langmuir adsorption isotherm model (Chang et al.,
2012; Ohno et al., 2009):

Cavidin

DVcal
g

¼
1

DVcal
g, max

Cavidinþ
1

DVcal
g, max

Kd ð1Þ

where the relative DVcal
g is defined as DVcal

g ð%Þ ¼ Vcal
g �Vcal

g, 0=Vcal
g, 0�

100ð%Þ, Vcal
g, 0 is the calibrated response at Cavidin¼0 that induces

no detectable signal, and Vcal
g, max is the saturated calibrated

response at high Cavidin. As shown in Fig. 2E, a least-squares fit
(Eq. (1)) of the Vcal

g �Cavidin data measured with the SSM biotin/
SiNW-FET (Fig. 2D) yields Kd¼1571 fM for the biotin–avidin
complex; this result is consistent with the Kd value obtained in
previous studies (Laitinen et al. 2006). In comparison, a least-
squares fit (Eq. (1)) of the Vcal

g �Cavidin data measured with the
AAM biotin/SiNW-FET (Fig. 2D) gives Kd¼3247173 fM; the
considerable uncertainty and much larger Kd (by �20 times)
indicates inaccuracy compared with the SSM biotin/SiNW-FET.
This result is observed because the number of avidins that could
bind to the AAM biotin/SiNW-FET is too low to reach the biotin–
avidin equilibrium, especially at very low Cavidin. As indicated in
Fig. 2D, the smaller Vcal

g measured by the AAM system at
Cavidinr10 pM (relative to the SSM system) arises because in
the AAM biotin/SiNW-FET measurements, part of the avidins
were captured on the surrounding substrate before arriving at
the binding sites on the SiNW, resulting in deficient avidins to
Fig. 3. Detection of dopamine released from PC12 cells. (A) The Isd–Vsd curves were mea

plot is transformed from the measured Isd at Vsd¼�0.1 V in (A). The dashed line marks t

of the measured Cdopamine=DVcal
g vs. Cdopamine. (C) An illustration of the experimental des

after centrifuging the cells, the supernatant was diluted (II) and applied to a BA/SiNW

collected from PC12 cells stimulated with various Kþ concentrations. The Vcal
g value

converted to the concentration of dopamine in the supernatant (right ordinate) accord

color in this figure legend, the reader is referred to the web version of this article.)
reach a genuine biotin–avidin equilibrium. This deterioration in
accuracy is enhanced as Cavidin decreases. Consequently, the
association constant (Ka¼1/Kd) is underestimated by fitting the
incomplete Vcal

g vs. Cavidin data for the AAM biotin/SiNW-FET to Eq.
(1), leading to an overcalculated Kd of 3247173 fM and a poor
standard deviation.
3.2.2. Detection of dopamine released from PC12 cells

As nanoscale biosensors for molecular recognition, SiNW-FETs
(and carbon nanotube (CNT)-FETs) have been successfully used to
detect proteins, DNA/RNA, viruses, bacteria, mammalian cancer
cells, and so on. However, most biomolecular analytes studied to
date are large in size, with high molecular weights, and carry a
large charge, which can exert a strong electric field and facilitate
sensitive detections by FETs. It is comparatively challenging for
FET-based biosensors to recognize weakly charged small mole-
cules. To date, only a few small molecules have been studied with
SiNW-FETs/CNT-FETs, e.g., label-free detection of adenosine-
50-triphosphate (Wang et al., 2005) and glutamate (Lee et al.,
2009) and charge-enhancer assisted detection of adenosine
(Zayats et al., 2006), cocaine (Sharon et al., 2009), and glucose
(Cella et al. 2010).

In this study, we also detected dopamine (pI¼8.93) (Sedeh
et al., 1993), released from live PC12 cells by high-Kþ stimulation
with SSM and AAM BA/SiNW-FETs (Fig. S4B) through the binding
of BA with the diol group of dopamine (Nakajima and Ikada,
1995). Before the cellular experiments, a standard calibration
curve was established by testing various concentrations of dopa-
mine (Cdopamine¼1 fM–100 pM) with BA/SiNW-FETs. The Isd–Vsd

curves measured with a SSM BA/SiNW-FET are displayed in
Fig. 3A with the corresponding Vcal

g �Cdopamine plot at Vsd¼�0.1 V
in Fig. 3B. The linear response of the SSM BA/SiNW-FET to
Cdopamine spans from 1 fM to �1 pM. In the inset, Kd¼3378 fM
sured with a SSM BA/SiNW-FET at Cdopamine¼1 fM–100 pM. (B) The Vcal
g 2Cdopamine

he linear range for dopamine detection. The inset shows a least-squares fit (Eq. (1))

ign for PC12 cells stimulation. PC12 cells were stimulated with high-Kþ buffer (I);

-FET for Vcal
g measurement (III). (D) The Vcal

g values were measured from samples

s (left ordinate) measured with SSM (red) and AAM (blue) BA/SiNW-FETs were

ing to the calibration curve shown in (B). (For interpretation of the references to
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for the dopamine–boronic acid complex is obtained by fitting the
Vcal

g �Cdopamine (1 fM�100 pM) data points to Eq. (1).
We then used SSM and AAM BA/SiNW-FETs to detect the

dopamine released under high-Kþ stimulation from live PC12
cells. As illustrated schematically in Fig. 3C, the suspended, living
PC12 cells were stimulated for 10 min with a buffer containing
potassium chloride at CKþ ¼20, 40, 60, and 80 mM. After stimula-
tion, the PC12 cells were removed by centrifugation, and the
supernatant was diluted 1000-fold in 0.01� PBS. For each CKþ ,
5 mL of the diluted supernatant was dropped directly on the BA/
SiNW-FET device to quantify the released dopamine. Fig. 3D
summarizes the amount of dopamine released from the PC12
cells at different CKþ measured by SSM (red) and AAM (blue)
BA/SiNW-FETs. At CKþ ¼20 mM, the released Cdopamine, measured
by either SSM or AAM BA/SiNW-FET, is negligible and is not
significantly different from that of PC12 cells without stimulation
(CKþ ¼0 mM). Nevertheless, prominent releases of dopamine
(Cdopamine410 fM) were detected with a SSM BA/SiNW-FET for
CKþ Z40 mM; this detection is in sharp contrast to the very weak
signals detected by AAM BA/SiNW-FET for the same CKþ . These
distinctive results demonstrate that a SiNW-FET device with
restricted-area modification (restricting modification solely to
the sensing surface) has a substantially improved detection
sensitivity and can be used as an ultrasensitive biosensor for
molecular recognitions.

Dopamine, a neurotransmitter in the central nervous system
and a hormone secreted by adrenal medulla and excreted via
urine, has a number of important physiological roles in the bodies
of animals. The urinary dopamine level is a diagnostic indicator
for neuroblastoma and pheochromocytoma (Poirier et al., 2012;
Strenger et al., 2007). However, because of the low urinary
dopamine level (�10�13 M) (Davis et al., 1991), it must usually
be collected over a 24-hour period to ensure successful detection
by traditional electrochemical methods with �10�8 M detection
sensitivity. In contrast, the SSM SiNW-FET in this work was
demonstrated to detect 10�15 M dopamine and has an advantage
for the immediate biomedical diagnosis of dopamine present in
urine or blood samples.
4. Conclusions

In summary, we have successfully fabricated SSM APTMS/
SiNW-FETs using a bottom-up approach consisting of SiNW
synthesis, APTMS modification, and lithographic fabrication. The
fabricated SSM SiNW-FETs possess excellent electrode contact,
modification efficiency, and transconductance qualities. Using the
biotin–avidin binding system, we showed that a SSM SiNW-FET is
a substantial improvement over an AAM SiNW-FET, due to
superior detection sensitivity, faster response time, and smaller
sample requirements, rendering the SSM SiNW-FET a highly
sensitive biosensor for molecular recognitions. Detection with a
SSM BA/SiNW-FET of the dopamine released under high-Kþ

stimulation from living PC12 cells also shows that sensitive SSM
SiNW-FETs can be utilized for immediate biomedical diagnosis. In
the binding affinity measurements, the dissociation constants of
the biotin–avidin and dopamine–boronic acid complexes were
determined to be Kd¼1571 fM and 3378 fM, respectively.
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