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ABSTRACT: Herein, we describe a novel approach for rapid, label-free and specific
DNA detection by applying rolling circle amplification (RCA) based on silicon nanowire
field-effect transistor (SiNW-FET) for the first time. Highly responsive SiNWs were
fabricated with a complementary metal oxide semiconductor (CMOS) compatible
anisotropic self-stop etching technique which eliminated the need for hybrid method. The
probe DNA was immobilized on the surface of SiNW, followed by sandwich hybridization
with the perfectly matched target DNA and RCA primer that acted as a primer to
hybridize the RCA template. The RCA reaction created a long single-stranded DNA
(ssDNA) product and thus enhanced the electronic responses of SiNW significantly. The
signal-to-noise ratio (SNR) as a figure-of-merit was analyzed to estimate the signal
enhancement and possible detection limit. The nanosensor showed highly sensitive
concentration-dependent conductance change in response to specific target DNA
sequences. Because of the binding of an abundance of repeated sequences of RCA
products, the SNR of >20 for 1 fM DNA detection was achieved, implying a detection floor of 50 aM. This RCA-based SiNW
biosensor also discriminated perfectly matched target DNA from one-base mismatched DNA with high selectivity due to the
substantially reduced nonspecific binding onto the SiNW surface through RCA. The combination of SiNW FET sensor with
RCA will increase diagnostic capacity and the ability of laboratories to detect unexpected viruses, making it a potential tool for
early diagnosis of gene-related diseases.
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As the carriers of genetic information in all cells and in
many viruses, nucleic acids store most of the genetic

information for almost every specimen and are involved in all
growth and developmental processes of these organisms.1,2 The
novel methods for sensitive, specific, reliable, and repaid
detection of nucleic acid are therefore highly desired for
molecular biology research3−5 and disease diagnosis6−8

especially in the early diagnosis of a variety of infectious and
hereditary diseases, such as Hepatitis B, an exogenous gene
expression infectious disease. The copy number and genotype
of Hepatitis B virus (HBV) DNA are very closely related to the
disease progression and infection of Hepatitis B patients,9,10

which makes the quantitative detection of low-abundance DNA
very useful in the treatment and prevention of HBV or some
other infectious diseases. In detecting small amounts of specific
molecules, it is of great importance to convert the biological
information into an electronic signal. Several reported methods
including nanoparticles,11 cantilever,12 carbon nanotubes,13 and
so on cannot satisfy the demand of repaid, highly sensitive and
selective biochemical detection. Semiconducting nanowire
(NW) as biosensor has received considerable attention because
of its sensitivity, selectivity, label-free, and real-time detection
capabilities.14,15 By exploiting these attractive properties,
semiconducting NWs have been designed for recognizing a
wide range of targets.14,16−18

A variety of potential noise sources is crucial for NW
biosensing applications including intrinsic device noise due to
mobility and/or carrier fluctuations,19 thermal fluctuations of
the environment,20 and the interaction between biomolecules
and the NW surface.21 NWs-based biosensor is liable to the
interference thus has a high demand for testing environment
and circuit.22 The signal of SiNW is typically very weak,
variable, and not dependent on the target molecule
concentration especially for ultralow concentrations of the
target because of fluctuations in the signal.22 Therefore, in
order to simplify the testing circuit, lower the cost, improve
detection ability, and thus result in a more robust and portable
device, the improvement in signal-to-noise ratio (SNR) level of
NW device is imperative. The SNR will also determine the
sensitivity limit of the biosensor,23 which is expected to be
improved naturally. Better detection limit will increase capacity
of clinical diagnosis because of the ultralow concentrations of
specific markers in clinical samples. However, to date NW FET
biosensor studies have focused primarily on measuring the total
signal, such as silicon nanowire (SiNW) FET conductance, as a
function of changes in the analyte concentration.24,25 SNR in
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the SiNW FET device at equilibrium have not, however, been
studied too much.
In order to improve the SNR of NW device, it is not only

necessary to reduce the noise level but also to have a high gain
in order to provide a high SNR, thus also preventing the high
number of false positive and false negative incidents. Therefore,
additional target signal enhancement is necessary in order to
detect minute concentrations of targets especially in cases
where the extrinsic noise level is high. Willner et al. have
performed some pioneering study on amplified sensing of DNA
by the application of enzymes,26 nanoparticles,27,28 and
magnetic particles,29 which provides guidance for our work.
The most commonly used methods include polymerase chain
reaction (PCR),30 T7 polymerase amplification,31 and rolling
circle amplification (RCA).32,33 PCR is usually used to amplify
defined sequences, but the introduction sequence errors and
the requirements for thermal cycling have limited its
applicability in nucleic acid detection. RCA is a simple and
unique amplification method with high sensitivity and
specificity owing to the stringent strand matching requirement
and its high amplification efficiency.32 In addition, unlike T7
polymerase amplification procedure RCA produces a signal
amplified product that remains linked to the DNA primer and
hence the method is suited to solid phase formats such as
SiNW-FET for generating localized signal at specific location.33

Being an isothermal process, RCA also overcomes the need for
costly and cumbersome equipment for temperature cycling and
reduces the complexity of the biosensor. Nevertheless, RCA
combined with various methods, such as electrochemical,
fluorescence chemiluminescence and bioluminescence, and so
on, are typically label-dependent with complex steps and
comparatively low sensitivity.32,34−37

Herein, we developed a new approach for sensitive and
specific HBV DNA detection by the combination of silicon
nanowire with RCA. The method that could result in signal
enhancement, eliminate expensive labeling steps, and simplify
signal readout was described for the first time. It also facilitated

object analysis, reduced the number of false counts, and
resulted in a more robust protocol. The signal was significantly
amplified due to the binding of an abundance of repeated
sequences of RCA products. The SNR of SiNW was analyzed
intensively to provide guidance for the design and optimization
of silicon nanowire sensor. Hence, the direct and label-free
detection of HBV DNA with SNR > 20 for DNA concentration
down to 1 fM and high specificity for single-nucleotide
polymorphism (SNP) discrimination were achieved. The
combination of SiNW FET sensor with RCA will not only
increase diagnostic capacity but also have potential in real-time
single-molecule detection.

Results and Discussion. The sensitivity of SiNW FET
nanosensor capable of sensing the presence of bound charged
species by their intrinsic charge is critically dependent on their
size and surface to volume ratio. For SiNW fabrication, the
advent of the “top-down” method15,38,39 has overcome the
integration issues faced by the traditional “bottom-up” method.
In this work, we developed a novel “top-down” method24 by
using complementary metal oxide semiconductor (CMOS)
compatible technology including conventional optical lithog-
raphy, anisotropic wet etching and so on for SiNW arrays
fabrication.40,41 The tetramethylammonium hydroxide
(TMAH) etches Si (111) planes at ∼1/100 the rate of all
other planes and thereby eliminates edge imperfections not
aligned to this plane and a very smooth (111) plane can be
formed. Since the dry oxidization of silicon down to the
nanometer level is a self-limiting process42,43 and the lateral
etching rate is very slow, the width of SiNW is controllable and
reproducible, which can be precisely controlled by controlling
the etching time and using self-limiting oxidization. In addition,
the slow etching, high-quality oxide and high-temperature
annealing guarantee the low level of nanowire noise at the Si/
SiO2 interface. We finally obtained well-ordered, homogeneous
and highly responsive SiNWs with triangle cross-section and
high surface-to-volume ratio.

Figure 1. Device fabrication and electrical performance. (a) The schematic diagram of a completed SiNW FET. The source (S), drain (D), and
underlying back-gate (G) are labeled. (b) The cross-sectional view of a nanowire with gate potential and source/drain bias voltage labeled. (c)
Scanning electron micrograph of a typical SiNW with width of about 20 nm. (d) IDS/VDS curve for varying VGS (−20 to 20 V, ΔV = 2 V), illustrating
n-type accumulation mode behavior and IDS/VGS curve for VDS = 1 V (inset) of nanowire with length of 6 μm.
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The completed SiNW was configured as FET device
including source, drain, and gate electrodes as illustrated in
the schematic in Figure 1a. After the fabrication of SiNW and
gold electrodes, a protective layer of silicon nitride was coated
on the surface and only the silicon nanowire was exposed by a
deep UV photolithographic process, while the oxide on the
nanowire remained covered. This process allows the exposure
of only the silicon nanowire to air/solution and thus increases
sensitivity of the nanosensor.44 The SiNW-FET based
biosensor is a three-electrode system and two bias voltages
are needed for sensing (Figure 1b). The function of the source/
drain bias voltage is to bridge the semiconductor channel made
of SiNWs and the gate potential is responsible for modulating
the channel conductance. A scanning electron microscopy
image of a representative SiNW is shown in Figure 1c. Owing
to the planarization of the anisotropic wet etching, the
nanowire has no much roughness.
To verify the quality of SiNWs, the source-drain current

(IDS) versus source-drain voltage (VDS) dependence for varying
gate-source voltage (VGS) and the IDS/VGS curve for a constant
voltage were measured prior to the surface modification of
SiNW. The n-type, phosphorus-doped SiNW FETs were
employed in this work. Generally, in the measurement of the
IDS/VDS curve, the source-drain current was measured at several
constant bias voltages (VGS from −20 to 20 V with a step of 2
V) while sweeping the VDS from −5 to 5 V to test the
performance of SiNW FET. Also, in the measurement of the
IDS/VGS curve IDS was measured at constant voltage (VDS = 1
V) while sweeping the gate potential (VGS) from −20 to 20 V.
As seen in Figure 1d, the IDS/VDS curve of the SiNW shows
saturation asVDS increased that yielded typical n-type
accumulation mode behavior with a large on/off current
ratio, Ion/Ioff, exceeding 106. The IDS/VGS curve for VDS = 1 V
(Figure 1d, inset) helps to choose the sensing parameter for
practical biochemical applications. Furthermore, our device

shows very small electronic hysteresis between forward sweep
and backward sweep, indicating a small density of trapped
charges inside the structure (see Supporting Information Figure
S1).15

We then employed the n-type SiNW-FET device to
electrically detect HBV DNA through hybridization and RCA
signal amplification. The schematic design of DNA detection
with the combination of RCA and SiNW is shown in Figure 2.
All DNA oligonucleotides used in this work are listed in Table
1. Capture probe DNA with the terminal carboxyl group was
first conjugated to the amine of the 3-aminopropyltriethox-
ysilane (APTES)-modified SiNWs with the help of N-
hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethylamino-
propyl) carbodiimide (EDC). The probe modification was
followed by sandwich hybridization with the perfect matched
target DNA and RCA primer. Afterward, the RCA template was
hybridized to RCA primer after the 5′- and 3′- termini were
joined by a DNA ligase.32,45 Then, the RCA reaction was
performed in the presence of the Phi29 DNA polymerase and
dNTPs at room temperature, which created a long single-
stranded DNA (ssDNA) product. Through RCA reaction, the
signal of target DNA was significantly amplified, and the
amplification efficiency correlated with the perfect matched
target DNA concentration. The detailed process and
parameters can be found in Experimental Section.
The change of SiNW characteristics after different treatments

was studied and thus further elucidated the field-effect of the
SiNWs. Upon exposure to different buffer solutions, the output
IDS/VDS characteristic curves of the device were modified as
shown in Figure 3a. The change with different solution that
forms a different electrostatic charge environment of SiNW is
crucial in explaining the behavior of the SiNW biomolecular
sensor. Consequently, the electrostatic charges associated with
the biomolecular reactions play the role of an effective gate
voltage and the detection process does not introduce significant

Figure 2. Schematic illustration of RCA-based SiNW detection of DNA.

Table 1. Sequence of Probe and Target Oligonucleotides

note sequences (5′-3′)
capture probe HOOC-TGGCTTTCAGTTATA
fully complementary target DNA ATACCACATCATCCATATAACTGAAAGCCA
1-base mismatched target DNA ATACCACATCATCCACATAACTGAAAGCCA
noncomplementary target DNA GCCATCTATTGCCCAATCGGCTTAGCCATG
RCA primer TGGATGATGTGGTATTTTTTTTTTTTTTTTCGTGTCCTCGTTGTCTGCTC
RCA template GCTTTCGATCGTTCTGAGCAGACAACGAGGACACGCTTACTGAATAGCTA
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changes in the electronic structure of the nanowire. To avoid
any influence of the pH in the measurements, the same pH =
7.4 has been used in all the measurements and solutions.
The DNA detection by real time monitoring the current

change was explored. When the buffer solution (0.1× ) flowed
through the capture probe modified SiNW sensor surface, the
electrical response of the SiNW-FET remained nearly
unchanged. Significantly, when the hybridization solution
containing 100 fM target DNA was introduced, the time-
dependent current measurement exhibited a rapid current drop
(Figure 3b). Of note, the decrease in electrical current
coincides well with previous reports,14,15,24,46 suggesting that
the binding of negatively charged target DNA to the gate
dielectric of n-type SiNW-FET results in the depletion of
carriers.47,48 The effect consistent with those previously
noted40,41 is essentially the mechanism of a semiconductor
nanowire biosensor. A further current decrease of electrical
current of SiNW observed after the addition of RCA reaction
buffer was due to repeated sequences produced by RCA.32,33

The greater number of sequences generated more negative
charges on biosensor surface, acting as a negative gate that
further depletes electron carriers in n-type nanowires and
decreases the current. After the RCA amplification, the signal
was significantly enhanced and the SNR of the SiNW device
was improved by ∼100%. Significantly, unmodified SiNW
exhibited very small current change after the 1 pM HBV DNA
hybridization and RCA process (Figure 3b), which was

comparatively negligible due to signal noise. The control
experiment demonstrated that the observed results are due to
specific target DNAs binding to the surface probes and the
absence of nonspecific binding of target DNA to SiNW surface.
A further exploration of the detection ability and SNR

improvement of the SiNW-RCA based biosensor was shown in
Figure 3c, where target DNA in standard solution with a series
of concentrations, ranging from 1 fM to 100 pM were tested.
Solutions of DNA of various concentrations were prepared by
dissolving and serially diluting DNA in 0.1× PBS as described
in Experimental Section. Probe DNA-modified SiNW FET
devices were used individually for different concentration DNA
detection. The data was normalized by computing |IDS/I0|and
plotted on the same axes for an effective comparison of the
relative change in SiNW current at different concentrations of
target DNA.
To evaluate the noise signal, blank buffer (0.1× PBS) without

DNA was injected onto the SiNW surface, and the baseline was
stabilized in the same buffer. As shown in Figure S2
(Supporting Information), the gate leakage current is very
small, and similar 1/f noise power spectra of current have been
explicitly in our nanowires. SiNWs are immune to large low-
frequency 1/f noises that often plague conventional FETs as
the dominant noise source.49,50

For a number of fluctuation noise, including correlated
mobility fluctuations, the current noise power spectral density is
given by51−53

Figure 3. Enhanced DNA detection with RCA based on SiNWs. (a) The I−V characteristics of the same SiNW when exposed to different solutions.
(b) Plots of SiNW current versus time for a probe DNA-modified SiNW-FET and an unmodified SiNW-FET, where region 1 corresponds to the
flow of hybridization buffer solution without target DNA, region 2 corresponds to the addition of 100 fM (red) and 1 pM (black) fully
complementary target HBV DNA, and region 3 corresponds to the introduction of RCA solution. (c) Plots of normalized current change versus time
with target HBV DNA at a series of concentrations (1 fM, 10 fM, 100 fM, and 100 pM) for probe DNA-modified SiNW device. (d) Relative current
change (ΔIDS/I0) as a function of the logarithm of target HBV DNA concentration for hybridization and RCA reaction process. I0 represents the
value of the initial current (t = 0). The length of SiNWs used in these studies was of 25 μm.
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where α is the Coulombic scattering coefficient, μ is the carrier
mobility, Cox is the oxide capacitance per unit area, gm is
transconductance, λ is the tunneling attenuation distance, k is
the Boltzmann constant, and Nt is trap density. R and L are the
SiNW radius and length, respectively
The root-mean-square (rms) current noise amplitude (δi) is

obtained by integrating SI over the measurement bandwidth
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where NS is surface density of bonded species number.
The expression gives the intrinsic SNR of SiNW FET and

shows tunability of SNR by nanowire size and surface charges.
The low-frequency noise originating from charge trapping/
detrapping (Nt) and depending on the intrinsic device quality is
the prevailing noise source in wet environments.53 The noise-
level dependency on ion concentration and pH level is
negligible.53−55 Therefore, a principal approach to achieve a

higher SNR is the enrichment of surface charge density so as to
unfreeze the severe limit of noise level to device sensitivity.
As shown in Figure 3c, concentration-dependent current

changes were observed. The introduction of 1 fM, 10 fM, 100
fM, and 100 pM solutions of target DNA resulted in a current
decrease of ∼2.5, ∼9, ∼14, and ∼20%, respectively. Notably,
after the RCA reaction process, the SiNW current was
significantly increased compared with that of introduction of
target DNA. The current change of 1 fM, 10 fM, 100 fM, and
100 pM solutions of target DNA increased to ∼7, ∼13, ∼26,
and ∼42%, respectively. RCA process made a great
contribution to the change of SiNW current, which indicated
a great potential to enhance the SNR of SiNW DNA biosensor.
In theory, the greater the number of repeated sequences
produced by RCA reaction, the greater the amount of the
negative charge on biosensor surface, acting as gate voltage to
charge SiNW FET. Therefore, a longer RCA reaction time was
expected to generate more complementary segments of the
circular template for enhanced signal amplification. It is drawn
from Figure 3c that a stable SiNW current was obtained after
some time when RCA reaction starts. We choose 1200−1300s
as a stable region to calculate the device SNR, thus f 2 = 0.01
HZ, and f1= 0.5 HZ. The current noise amplitude δi/I0 is
measured as 3.24 × 10−3 is buffer solution as shown in Figure.
3a. Therefore, the SNR of >20 was obtained for DNA
concentration of 1 fM. Lieber’s group has demonstrated that
telomerase activity can be monitored down to 10 cell level

Figure 4. Specificity of SiNW biosensor. (a) Plot of current versus time for the modified SiNW-FET DNA sensor in absence of target HBV DNA,
where region 1 stands for the flow of 0.1× PBS solution, region 2 for the addition of hybridization buffer solution without target DNA, and region 3
for the introduction of RCA solution. (b,c) Plots of current change of probe DNA modified SiNW-FET DNA sensor for noncomplementary DNA
(b) and one-base mismatched HBV DNA (c), where region 1 corresponds to the flow of hybridization buffer solution, region 2 corresponds to the
addition of 100 pM noncomplementary DNA (b) and 1 pM one-base mismatched target DNA (c), and region 3 corresponds to the introduction of
RCA solution. (d) The normalized current change of SiNW biosensors after DNA hybridization and RCA reaction for 1 pM and 100 pM one-base
mismatched target DNA detection and 100 pM fully complementary DNA detection. The length of SiNWs used in these studies was of 6 μm.
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without amplification and the detection of ∼2 fM PSA was
achieved with SNR >3.14 Therefore, the enhanced SNR is much
larger than previously reported,14,56 implying a detection floor
of 50 aM.15 The parameter that also affects the device
performance is Debye length,44,57,58 the distance over which
charge screen takes place. The surface density of bonded
species affecting device SNR is directly proportional to the
solution Debye screening length (see Supporting Information
Equation S5). Therefore, the performance and SNR of the
nanosensor can still be further improved by increasing the
Debye length.
The response of SiNW after hybridization and RCA reaction

process as a function of the log of DNA concentrations was
illustrated in Figure 3d. Here, we define a relative suppression
ratio of the current for the response of the device to the target
DNA: ΔI/I0, where ΔI is the change of the current in the assay.
The current of SiNW shift increases during the increase of
target DNA concentrations, and RCA amplification work at all
the concentrations. Compared with current change after DNA
hybridization, the signal after RCA amplification increased
more than 100%, implying a larger SNR and lower detection
limit. The signal change of 1fM target DNA verified by the
sensor response ∼7% demonstrates the ultrahigh device
sensitivity and effectiveness of RCA enhancement for this
SiNW-FET sensor. This SNR should also be possible to be
improved through variation in effective dopant concentration,
improvements in the contacts, effective modification, reaction
conditions and measuring techniques. Higher signal intensity
through RCA amplification will lower the demands on the
readout system. In addition, a high SNR is always an advantage
because it will facilitate object analysis, reduce the number of
false positive and false negative incidents, increase the
multiplexing capability, and result in a more robust and
portable protocol in general.
In addition, several control experiments were carried out to

quantify any background effects due to the nonspecific binding
and make sure the electronic responses of SiNW biosensor is
caused by perfect complementary hybridization and RCA
amplification. As shown in Figure 4a, the RCA reaction only
leads to negligible current change in the absence of target HBV
DNA with the exception of injection noise, which can be
observed in all measurements of our experiments. After a stable
reading was achieved in the hybridization buffer solution
without target DNA (Figure 4b), the addition of 100 pM
noncomplementary target DNA only produced a comparatively
negligible change in current. Even the RCA reaction did not
effectively lead to a significant current change. The specificity of
the SiNW biosensor was further interrogated with one-base
mismatched target DNA to demonstrate the reliability of RCA-
based HBV DNA detection. The introduction of 1 pM one-
base mismatched target DNA only leads to current change
∼10% after RCA reaction, which is significantly lower than fully
complementary target DNA (nearly 30%) (Figure 4c). We then
extend the detection by evaluating the one-base mismatched
target DNA of different concentrations. As shown in Figure 4d,
the current change after DNA hybridization and RCA reaction
for 1 pM and 100 pM one-base mismatched DNA and 100 pM
fully complementary DNA was demonstrated. The concen-
tration-dependent sensing results and the much smaller current
change compared to fully complementary DNA further
confirmed the specificity of SiNW biosensor. The controls
show that there is little nonspecific binding of DNA on SiNW
surface and only charges bounded on the SiNW surface is

responsible for the current change. With sample enrichment by
RCA, the interference from nonspecific binding onto the SiNW
surface could be reduced substantially,59 enhancing the
specificity of SiNW device to some extent.

Conclusions. In conclusion, for the first time we have
reported a label-free, ultrasensitive, electronic biosensor for
HBV DNA detection based on a combination of CMOS-
compatible SiNW FET and RCA amplification method. A
CMOS-compatible anisotropic wet etching technique for the
fabrication of SiNW arrays and a high-performance SiNW-FET
biosensor has been developed. The SiNW-FET sensor
demonstrated the ability to monitor HBV DNA hybridization
and RCA reaction process and sense the response in real time.
The biosensor has exhibited SNR > 20 for detection of 1 fM by
employing the RCA amplification method, which exceeds the
reported detection SNR by most previously reported DNA
sensors.14,56 This RCA-based SiNW biosensor also discrimi-
nated perfectly matched target DNA from 1-base mismatched
DNA with high selectivity. The study could provide a guidance
for the design and optimization of silicon nanowire sensor and
the signal enhanced method should be especially useful in cases
where the extrinsic noise level is high. Given the extraordinary
ability for label-free and ultrasensitive biomolecure detection,
mass reproducible ability, CMOS compatibility, as well as low
cost character, the SiNW device was expected to provide a
generic platform for numerous applications and offer great
promise for early diagnosis of gene-related diseases.

Experimental Section. Materials and Reagents. All DNA
oligonucleotides (Table 1) were purchased from Sangon
Biotech Co., Ltd. (Shanghai, China). Phi29 DNA polymerase
and Phi29 DNA polymerase reaction buffer were obtained from
New England Biolabs. Bovine serum albumin (BSA) and
deoxyribonucleoside 5′-triphosphates (dNTPs) mixture were
obtained from Fermentas. The 3-aminopropyltriethoxysilane
(APTES), phosphate-buffered saline (PBS), 1-ethyl-3-(3-
(dimethylaminopropyl) carbodiimide (EDC), and N-hydrox-
ysuccinimide (NHS) were purchased from Sigma-Aldrich
(U.S.A.) and used as received. Other chemicals were obtained
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Solutions were prepared with Milli-Q deionized water.

SiNW Fabrication. Nanowire FET devices were fabricated
from silicon-on-insulator (SOI) wafers as described previously
in ref 38. Briefly, commercially available (100) oriented SIMOX
silicon-on-insulator (SOI) wafers with light boron adulteration
of 5 × 1015 cm−3 were used in this method. The NW-FET
device regions were first defined with a wet chemical etch
(tetramethylammonium hydroxide, TMAH), which etches
Si(111) planes at ∼1/100 the rate of all other planes. Then a
thin nitride film (50 nm) was deposited by low-pressure-
chemical-vapor-deposition (LPCVD) to protect the (111)
plane previously defined. After the nitride film was patterned by
ion-beam etching, the 100 nm SiO2 layer beneath was totally
removed by diluted HF. Then by using TMAH for the second
time, we finally got controllable SiNW arrays with a triangular
cross section after removing the nitride film. It should be noted
that this etch produces triangular devices due to the (100)
orientation of the SOI wafers. To decrease the density of
surface dangling bonds on the Si surface and increase the
stability of the sensors, a high-quality SiO2 layer was finally
thermally oxidized on the silicon nanowire surfaces.

Surface Modification. After the fabrication, the nanowires
are functionalized by applying silanization. The SiNWs were
first prepared by cleaning in an oxygen plasma (1.2 mbar, 150
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W for 600 s) to remove contaminates as well as to generate
more hydrophilic surfaces with hydroxyl terminating the
silicon-oxide surface. Then the devices were immerged in 2%
absolute ethanol solution of APTES overnight, followed by
rinsing thoroughly with ethanol. Following this, a self-
assembled monolayer with terminal amino group was prepared
by blowing the surface with nitrogen and heating at 120 °C for
5 min.
DNA Hybridization. For capture probe immobilization, 5′-

carboxyl-modified single-stranded DNA (ssDNA) was modified
on the surface of the silanized nanowires by exposing nanowire
to PBS solution that contained 1 μM ssDNA, freshly prepared
EDC (0.2 mM), and NHS (0.8 mM) solution for 3 h. For
target DNA hybridization, the capture probe modified
nanowires were immerged in 10 μL of hybridization solution
containing 1 μL of perfect matched target DNA (1 fM ∼100
pM), 1 μM RCA primer, 0.1 × PBS, and 1 μM RCA template.
After the incubation at room temperature for about 10 min, the
nanowires were washed three times with buffer.
RCA Reaction. After DNA hybridization, RCA solution

including Phi29 DNA polymerase (0.1 U/μL), Phi29 DNA
polymerase reaction buffer (0.1 × ), dNTPs (1 mM for each of
dATP, dCTP, dGTP and dTTP), and 1 mg/mL BSA were
introduced onto surface of nanowires, and the reaction was
carried out at room temperature. The real-time monitoring of
the RCA process was carried out by observing current change
of SiNW devices. After RCA reaction, the solution was
removed from the surface of the nanowire.
Sensing Apparatus and Parameters. For general electrical

measurement, SiNW was characterized by using a Cascade
probe station with HP 4156 module, which can control gate
potential and source/drain bias voltage. SiNW for real-time
DNA sensing and RCA process monitoring was performed by
using an Agilent 34410A multimeter.
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