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Stem-loop DNA-assisted silicon nanowires-based
biochemical sensors with ultra-high sensitivity,
specificity, and multiplexing capability†

Juan Xie, Xiangxu Jiang, Yiling Zhong, Yimei Lu, Siyi Wang, Xinpan Wei, Yuanyuan Su
and Yao He*

A class of stem-loop DNA-assisted silicon nanowires (SiNWs)-based fluorescent biosensor is presented in

this report. Significantly, the sensor enables rapid and sensitive detection of DNA targets with a

concentration as low as 1 pM. Moreover, the large planar surface of SiNWs facilitates simultaneous

assembly with different DNA strands, which is favorable for multiplexed DNA detection. On the other

hand, the SiNWs-based sensor is highly efficacious for detecting heavy metal ions. Mercury ions (Hg2+)

of low concentrations (e.g., 5 pM) are readily identified from its mixture with over 10 kinds of interfering

metal ions, even in real water samples. Given that SiNWs can be fabricated in a facile, reproducible and

low-cost manner, this kind of SiNWs-based high-performance sensor is expected to be a practical

analytical tool for a variety of biological and environment-protection applications.
Introduction

There is an ever increasing requirement for developing sensitive,
selective, and cost-effective biochemical sensing strategies in
myriad chemical and biological applications. This explains the
extensive attention given to well-known methods such as elec-
trical, optical, and magnetic detection methods.1–3 Among them,
optical techniques are highly promising because of their high
specicity and sensitivity. As is well known, nanomaterials of
unique optical properties have shown highly attractive opportu-
nities for myriad chemical and biological analyses in the past two
decades.4–6 Typically, semiconductor uorescent quantum dots
(QDs), known as highly uorescent nanoprobes, have been
widely used for bioimaging and biosensing applications due to
their strong luminescence, robust photostability, and size-
tunable emission color.7–9 Silver and gold nanoparticles (NPs),
serving as surface enhanced Raman scattering (SERS) substrates,
have been employed for ultra-high sensitive sensing applica-
tions.10–15 Recently, various kinds of nanomaterials (e.g., gold
nanoparticles (AuNPs), graphene, and carbon nanotubes) have
been utilized as novel uorescent quenchers for constructing
nano-molecular beacons (nanoMBs), enabling sensitive and
multiplexed DNA detection.16–22

Silicon nanomaterials have attracted extensive attention due
to a number of traits.23–28 Among them, silicon nanowires
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(SiNWs) have been widely explored for a variety of electronic and
biological applications.29–40 SiNWs-based bioapplications are of
particular interest, including our recent success in designing
SiNWs-based nanoprobes and nanoagents for tumor detection
and treatment.38–40 In particular, photostable SiNWs-based
nanoprobes have been employed for bioimaging application in
a long-term manner.38 SiNWs-based near-infrared (NIR) hyper-
thermia agents, featuring signicant photo-thermal effects, can
efficiently kill malignant tumor cells.39 Very recently, taking
advantage of large surface-to-volume ratio and porous structure,
we further developed a class of SiNWs-based drug nanocarriers
capable of cancer treatment in vitro and in vivo.40

By utilizing high quenching efficiency (QE > 90%), large
surface-to-volume ratio, and facile surface tailorability of
SiNWs, we herein employ stem-loop DNA and SiNWs for fabri-
cating a novel type of SiNWs-based uorescent sensors
featuring high sensitivity, specicity, and multiplexing capa-
bilities. In principle, uorescent signals can effectively switch
between “on” and “off” states by adjusting distance between the
SiNWs and uorescein tagged with DNA. As a result, biological
and chemical species of low concentrations (e.g., DNA and Hg2+

at �pM levels) can be readily detected, based on disruption or
formation of stem-loop conguration in the presence of targets.
In addition to high sensitivity, the resultant SiNWs-based
sensors feature multiplexing capabilities because of the huge
surface area and high surface-to-volume ratio of SiNWs, facili-
tating simultaneous detection of multiple DNA strands. More-
over, we further demonstrate that the prepared sensors are
suitable for detection of mercury ions (Hg2+) of low concentra-
tions (5 pM) in a real system.
Nanoscale, 2014, 6, 9215–9222 | 9215
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Results and discussion

As schematically illustrated in Fig. 1, free SiNWs synthesized
through an established HF-assisted etching (HAE) strategy41–44

are rst modied with glutaraldehyde (GA) on their surface. The
steps are as follows: the SiNW surface is treated with O2 plasma
to confer hydroxyl groups (Step 1), and then further conjugated
with APTES in the second step (Step 2). Thereaer, GA mole-
cules are reacted with APTES molecules (Step 3), producing GA-
modied SiNW that is ready for assembly with DNA that is
tagged with amino group and organic dye molecule (e.g., Cy5) at
3 and 5, respectively, by the Schiff reaction.45,46 Notably, the
resultant stem-loop DNA-functionalized SiNW yields feeble
uorescence since Cy5 molecules are close to SiNW surface
(SiNWs feature high uorescence quenching efficiency over
90%, please see detailed data and discussion in Fig. 3). In
contrast, hybridization between capture DNA and target DNA
would lead to disruption of the stem-loop conguration,
resulting in effective separation of SiNW surface and dye
molecules. Therefore, uorescence is distinctly enhanced,
capable of detection of target DNA based on observing the
uorescence enhancement (so-called “signal-on” procedure,
Step 4). On the other hand, for Hg2+ detection, the GA-modied
SiNW is rst assembled with Cy5-tagged thymine-rich DNA
strands (i.e., T-rich mercury-specic oligonucleotide (MSO),
Step 40), yielding strong uorescence owing to relatively long
distance between Cy5 molecules and SiNW surface (i.e., signal-
on state). Aer adding Hg2+ ions, the two ends of DNA become
close to each other through thymine–Hg–thymine base pair
formation, leading to distinct SiNW-induced uorescence
quenching (Step 50). As a result, Hg2+ ions can be sensitively and
Fig. 1 Schematic diagram of construction of SiNWs-based fluores-
cent sensor for DNA and Hg2+ detection.

9216 | Nanoscale, 2014, 6, 9215–9222
specically detected via quantitatively analyzing decrease in
uorescence intensities.

A well-studied HAE approach was utilized for production of
free SiNW (diameter: �100 nm, length: 4 mm) arrays (Fig. 2a
and b).41–44 Fig. 2c and d presents typical transmission elec-
tronic microscopy (TEM) and high-resolution TEM images of a
single GA-modied SiNW, showing clear crystal planes of the
SiNW with [110] growth direction. Moreover, dark-eld scan-
ning TEM (STEM) images conrm that the modied SiNW
contains C, O, or Si element, as indicated by red, brown, or
yellow color in Fig. 2e, respectively. FTIR is also employed for
investigating alteration of chemical bonding induced by surface
modication. As shown in Fig. 2f, signicant absorption peaks
located in 1000–3500 cm�1 are observed for both pure SiNWs
and modied SiNWs, among which the 3440 cm�1 peak is
attributed to O–H stretching vibration.47,48 Compared to the
peak of the pure SiNWs (black line), the sharper and stronger
1060 cm�1 peak (vibration stretch of Si–O bonding) of the
modied SiNWs indicates the formation of more Si–O
bonds,43,49 which are produced by O2 plasma-treatment (red
line). For the SiNWs conjugated with APTES (blue line), the
strong absorbance in the ranges of 1016–1130, 1580, and
2930 cm�1 are observed, which is attributed to the Si–O–Si,
N–H, and C–H bond, respectively, conrming that the resultant
SiNWs have a large amount of amido groups.48,50,51 In case of the
GA-modied SiNWs, the spectrum (green line) shows a distinct
peak located at 1720 cm�1 (C]O stretching vibration) due to
their surface-covered aldehyde groups.43,52

Quenching efficiency (QE) is calculated based on an estab-
lished equation:16,20,44
Fig. 2 Cross-section (a) and top view (b) SEM images of the modified
SiNW arrays. TEM (c) and HRTEM (d) overview images of the GA-
modified SiNW. (e) STEM and corresponding energy-dispersive X-ray
spectroscopy (EDX) element mapping of the GA-modified SiNW. (f)
FTIR spectra of free SiNWs (black line), the O2 plasma-treated SiNWs
(red line), the APTES-conjugated SiNWs (blue line), and the GA-
modified SiNWs (green line).

This journal is © The Royal Society of Chemistry 2014
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QE ¼ (Idye – ISiNWs)/(Idye) (1)

where Idye and ISiNWs stand for uorescent intensities of organic
dyes and SiNWs, which are determined according to uorescent
spectra of free SiNWs-treated organics. As shown in Fig. 3,
SiNWs lead to severe uorescence quenching towards FAM,
Cy5, and ROX, indicating that the SiNWs possess high QE
values (>90%) for the three types of organic dyes. This is
attributed to high-efficacy energy transfer from SiNWs to
organic dyes, consistent with previous reports introducing
AuNPs or CNTs-based quenchers of similarly high QE values of
�90%.16,18,20 Moreover, the nanowire-based structures may
facilitate enhancement of charge transportation, which is
considered as another positive factor for the observed high QE
value of SiNWs.

To verify that GA molecules are modied on the SiNW
surface, stem-loop conguration transformation-induced
change of uorescent intensities are visually compared in
parallel experiments by Maestro in vivo imaging system. As
shown in Fig. 4a and b, the red signal of Cy5 is feeble without
target DNA, which is due to SiNW-induced uorescence
quenching. Once hybridizing with a complementary target
sequence, uorescent intensity of Cy5 is largely recovered since
Fig. 4 Images of SiNW arrays on silicon wafers irradiated by ambient
light (a and c) or UV light (b and d). (a) and (b) are for DNA detection: (1)
control (pure SiNW arrays), (2) stem-loop DNA modified SiNW arrays,
(3) loop-structured capture DNAmodified SiNW arrays hybridized with
target DNA (1 mM). (c) and (d) are for Hg2+ detection: (1) control (pure
SiNW arrays), (2) T-rich mercury-specific oligonucleotides (MSO)-
modified SiNW arrays, (3) T-rich mercury-specific oligonucleotides
(MSO)-modified SiNW arrays reacted with Hg2+ (1 mM). Note that
negligible fluorescence observed in (b-2) and (d-3) is possibly due to
non-specific DNA absorption and non-uniform growth of SiNW arrays
on silicon wafers. (lexcitation ¼ 635 nm; windows: 650–720 nm;
exposure time: 150 ms). Scale bars stand for 2 cm.

Fig. 3 Fluorescence spectra of SiNWs (85 mg mL�1)-treated organic
dyes. Typically, compared to strong fluorescence of pure organic dyes
(red lines), SiNWs lead to severe fluorescence quenching (black lines)
with high QE values towards FAM (91.2%), Cy5 (92.8%), and ROX
(94.4%), respectively.

This journal is © The Royal Society of Chemistry 2014
the loop structures are destroyed, yielding distinct red uores-
cence. Similar phenomenon is observed when Hg2+ ions are
used instead, i.e., uorescence is recovered or depressed in the
absence or presence of Hg2+ ions (Fig. 4c and d). These results
demonstrate successful modication of GA molecules on SiNW
surface, and also suggest that our sensing strategy is suitable for
facile “naked-eye” detection of DNA or Hg2+ with relatively high
concentrations (�1 mM) via observation of uorescence “off”
and “on”.

As in above discussion, uorescence intensity of Cy5 can be
largely recovered in the presence of target DNA whose
sequences are listed in Table S1.† As a result, based on moni-
toring changes of uorescent intensities, target DNA with serial
concentrations can be sensitively detected in our experiment.
Fig. 5a–c shows gradual enhancement of uorescent intensities
induced by increase of DNA concentrations. Typically, the
uorescence intensity is �2589 for target DNA of 1 nM, and
gradually reduced to �2210, �1742, and �1449, as the DNA
concentration decreases to 100, 10, and 1 pM, respectively.
While the intensity is nally reduced to �1449 at 1 pM target
DNA, the value is distinctly larger than that of background
(�1127) or non-complementary DNA (�1083). Signicantly, the
uorescence changes differ �80% for wide-ranging concentra-
tions from 1 pM (�1449) to 1 nM (�2589). Such distinct
difference is acceptable and comparable to those reported in
previous publications.22,44,53–58 It is worth pointing out that, in
case of 10 nM target DNA, their uorescent intensity (�2690) is
similar to that of 1 nM target DNA (�2589), suggesting that the
maximum concentration of stem-loop DNA modied on SiNWs
(76.09 mgmL�1) surface in 100 mL ranges from 1 to 10 nM, which
coincides well with theoretical results (see calculation details in
the Experiment section). The SiNWs-based sensor is suitable for
discrimination of single-base mismatch. As shown in Fig. 5d
and e, the uorescence intensity is dramatically decreased to
�72% compared to that of complementary DNA-treated group.
Fig. 5 (a) Fluorescence spectra and (b) corresponding PL intensities of
complementary target DNA with serial concentrations. (c) The cali-
bration curve for the fluorescence intensity of SiNWs-based sensors
for DNA analysis in the presence of complementary target DNA with
serial concentrations. (d) PL spectra and (e) corresponding PL inten-
sities of SiNWs-based sensor with or without treatment of comple-
mentary DNA (10 nM) and single-based mismatches (lexcitation ¼ 480
nm). (f) Kinetic property of SiNWs-based fluorescent sensors. Error
bars indicate standard deviation determined from three repetitions.

Nanoscale, 2014, 6, 9215–9222 | 9217
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As shown in Fig. 5f, kinetic property of the SiNWs-based uo-
rescent sensor is also investigated. Typically, the sensor main-
tains stable and feeble uorescence without target DNA (black
line). In contrast, in the presence of target DNA, uorescent
intensity gradually increases accompanied with increase in
time, and is fully recovered at �60 min (red line).

Simultaneous multiplexed detection is of essential impor-
tance for practical detection assay. Large surface-to-volume
ratio of SiNWs enables simultaneous assembly of multiple DNA
strands onto surface of one single SiNW, facilitating construc-
tion of high-performance SiNW-based multiplexed sensors. In
our experiment (Fig. 6a), SiNWs are simultaneously modied
with three types of Cy5, ROX, or FAM-tagged capture DNA,
which are ready for multiplexed assay of three classes of tumor-
suppressor genes, i.e., exon segments of p16, p21, and p53
genes (see their sequence in Table S2†). As shown in Fig. 6b–d,
the sensor produces weak uorescent signals without target
DNA. In marked contrast, once hybridizing with targeted genes,
the uorescence at the maximum emission wavelengths of
516 nm (blue line in Fig. 6b), 666 nm (blue line in Fig. 6c), and
605 nm (blue line in Fig. 6d) are signicantly enhanced in case
of p16, p21, and p53, respectively.16,35 For discrimination of
single-based mismatches, uorescence relatively increases,
which is up to 24.5% (p16), 30% (p21), or 29% (p53), respec-
tively (red lines in Fig. 6b–d). The above data demonstrate that
the resultant SiNWs-based uorescent sensors are efficacious
for multiplexed detection of genes. A consensus has been
reached that, for multiplexing detection, the detection limits of
the individual cases are dominantly inuenced by the different
QE values of various organic dyes in multiplex detection, as well
as the signal-to-noise ratio of sensing devices.21,44,59 Notably,
taking advantage of high quenching efficiency (QE values >
90%) toward different classes of organic dyes (e.g., FAM, Cy5,
Fig. 6 (a) Schematic illustration of SiNWs-based sensors for multi-
plexed DNA detection. (b–d) PL spectra of the SiNWs-based sensors in
the presence of target DNA (10 nM) or single-based mismatches. For
different genes tagged with FAM (p16), Cy5 (p21), and ROX (p53), the
maximum emission wavelength is 516 nm (lexcitation ¼ 480 nm),
666 nm (lexcitation ¼ 643 nm), and 605 nm (lexcitation ¼ 578 nm),
respectively.

9218 | Nanoscale, 2014, 6, 9215–9222
and ROX), the SiNWs-based sensors feature a low detection
limit of �10 pM for the multiplexing DNA detection. Fig. 7
shows that the uorescence of the SiNWs-based uorescent
sensors is gradually enhanced as the target concentration
increases from 10 pM to 10 nM.

In addition to sensitive DNA detection, our SiNWs-based
sensor modied with specic nucleic acid structures (e.g.,
aptamers) is also efficacious for detecting heavy metal ions. As a
proof of concept, we employ a T-rich mercury-specic oligonu-
cleotide (MSO) tagged with Cy5 molecules for modication of
the SiNWs-based sensor, enabling sensitive and specic detec-
tion of Hg2+ ions.60–62 In particular, in the absence of Hg2+ ions,
the MSO-modied SiNW yields strong uorescence due to
relatively long distance between Cy5 molecules and the SiNW
(Step 40 in Fig. 1 and black line in Fig. 8a). In contrast, the loop
structure is formed via the introduction of Hg2+ attributed to
specic binding of Hg2+ ions to thymine–thymine (T–T) base
pairs in DNA duplexes.60–64 As a result, Cy5 molecules efficiently
separate from the SiNW surface, and severe uorescence
quenching is observed due to high quenching efficiency of the
SiNW (Step 50 in Fig. 1). In our experiment, the MSO-modied
SiNWs are treated with Hg2+ ions of various concentrations
(5 pM–5 nM), and the kinetics of the uorescence decrease at
�666 nm is monitored. As shown in Fig. 8a and b, Hg2+ ions of
higher concentrations result in more severe uorescence
quenching. Typically, the uorescence intensity drops approx-
imately to 87%, 78%, 69%, 58%, 51%, or 43% of the original
intensity when the DNA concentration gradually increases to 5,
10, 50, 500, 1000, or 5000 pM, respectively. Notably, the inten-
sity of 5 pM Hg2+ (�4360) is obviously lower than the control
value (�4990), suggesting a low detection limit of Hg2+ ions
(5 pM) using our sensing strategy. We further determine the
selectivity of the sensor through specic detection of Hg2+ ions
in a mixture solution containing other kinds of interfering
metal ions (i.e., Ca2+, Mn2+, Ni2+, Cd2+, Fe2+, Ag+, Cu2+, Zn2+,
Mg2+, Co2+, and Ba2+), which are shown in Fig. 8c. Signicantly,
Fig. 7 (a–c) Corresponding fluorescent intensities of SiNWs-based
sensors for DNA multiplexed analysis in the presence of comple-
mentary target DNA with various concentrations: (a) FAM-tagged
probes, (b) Cy5-tagged probes, (c) ROX-tagged probes. (d–f) The
calibration curve for the fluorescence intensity of SiNWs-based
sensors for multiplexed DNA detection: (d) FAM-tagged probes, (e)
Cy5-tagged probes, (f) ROX-tagged probes.

This journal is © The Royal Society of Chemistry 2014
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Fig. 8 (a) Fluorescence spectra and (b) corresponding calibration
curve of SiNWs-based sensors for detection of Hg2+ with serial
concentrations. (c) Fluorescence intensity of the SiNWs-based sensor
in the presence of various interfering metal ions.

Paper Nanoscale

Pu
bl

is
he

d 
on

 0
6 

Ju
ne

 2
01

4.
 D

ow
nl

oa
de

d 
by

 Y
al

e 
U

ni
ve

rs
ity

 L
ib

ra
ry

 o
n 

30
/0

9/
20

14
 1

8:
32

:2
7.

 
View Article Online
only Hg2+ results in distinct decrease of uorescence signal,
which is due to highly specic binding of a T–T pair with Hg2+

ions.60–64

The SiNWs-based uorescent sensors are suitable for prac-
tical applications, allowing sensitive and specic detection of
Hg2+ ions in river water obtained from the Dushu Lake, Suzhou,
Fig. 9 (a) The calibration curve for the fluorescent intensity of MSO
probes (red line) and a control DNA (without T–T pairs) (black line) in the
presence of Hg2+ of serial concentrations in the real water sample. (b)
Kinetic property ofMSOprobes. (c) Fluorescence intensity of the SiNWs-
based sensor in the present of interfering metal ions with different
concentrations in the real water (from left to right: control, Ag+, Ba2+,
Ca2+, Cd2+, Co2+, Cu2+, Fe2+, Mg2+, Mn2+, Ni2+, Zn2+, and Hg2+).

This journal is © The Royal Society of Chemistry 2014
Jiangsu Province, China. The lake water samples are ltered
through a 0.22 mmmembrane, followed by addition of Hg2+ ions
of various concentrations (5 pM–5 nM). Fig. 9a presents the
calibration curve based on observing changes in uorescence
intensity induced by Hg2+ ions (red line). A control DNA
(without T–T pairs) is employed as a control, showing relatively
stable uorescence in the presence of Hg2+ ions with concen-
trations ranging from 5 pM to 5 nM (black line). We further
interrogate the kinetic property of the SiNWs-based sensor by
monitoring the uorescence decrease at �666 nm, as shown in
Fig. 9b. Typically, in case of Hg2+ ions-treated sample, the
uorescent intensity gradually decreases accompanied with
reaction time prolonging from 1 to 30 min (red line). In marked
contrast, the uorescence remains constant in the absence of
Hg2+ ions (black line). Furthermore, other metal ions (e.g., Ca2+,
Mn2+, Ni2+, Cd2+, Fe2+, Ag+, Cu2+, Zn2+, Mg2+, Co2+, and Ba2+) are
added into the water sample, leading to a negligible change in
uorescence intensities (Fig. 9c), conrming the high specicity
of the SiNWs-based sensor.
Experimental
Chemicals and reagents

DNA strands were purchased from TaKaRa Biotechnology
(Dalian) Co., Ltd (China) (Tables S1 and S2† show the sequences
of DNA). Hydrouoric acid (HF $ 40%), silver nitrate (AgNO3 $

99.8%), nitric acid (HNO3 65%–68%), and hydrogen peroxide
(H2O2 $ 30%) were purchased from Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China). Glutaraldehyde (GA)
($50%) was purchased from Tokyo Chemical Industry Co., Ltd.
3-Aminoprophyltriethoxysilane (APTES) ($99%) was purchased
from Sigma-Aldrich. Phosphate-doped silicon (100) wafers with
a sensitivity of 0.01–0.02 U were obtained from Heifei Kejing
Materials Technology Co., Ltd (China). Milli-Q water (Millipore)
was employed for preparing the solutions.
Instrumentation

UV-vis-near-infrared spectrophotometer (Perkin-Elmer Lambda
750) and spectrouorometer (HORIBA JOBIN YVON FLUO-
ROMAX-4) were used for measurement of UV-PL spectra. An
electron microscope (Philips CM 200) and scanning electron
microscope (FEI Quanta 200F) were utilized for TEM/HRTEM
and SEM characterizations.
Synthesis and functionalization of SiNWs

Basically, our previously reported HF-assisted etching strategy
was used for synthesizing silicon nanowires (SiNWs).41–44 Typi-
cally, acetone, Milli-Q water, and H2SO4 (98%) + H2O2 (30%)
mixture solution (volume ration: 3 : 1) were sequentially
employed for washing the silicon wafer. The cleaned Si wafer
was then treated by HF (5%) for 30 min to produce the H-
terminated Si wafer. Aerwards, the resultant sample was
immediately immersed in the silver nitrate (AgNO3) and HF
(10%) mixture solution with slow stirring for 3 min, and nally
treated with the HF (10%) and H2O2 (0.4 M) for 5 min,
Nanoscale, 2014, 6, 9215–9222 | 9219
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producing the SiNW (diameter: 100–200 nm, length: �4 mm)
arrays on surface of Si wafer (Fig. 2).

For functionalization of SiNWs, the as-prepared SiNW arrays
were rstly treated with O2 plasma for 3 min at 300 W and 200
SCCM (SCCM denotes cubic centimeter per minute at STP) ow
rate (Step 1 in Fig. 1), followed by conjugation with 1% (v/v)
APTES in pure ethanol for about 2 h at room temperature (Step 2
in Fig. 1), and then reaction with 2.5% (v/v) GA for about 1 h at
room temperature (Step 3 in Fig. 1), yielding the GA-modied
SiNWs.45,65–67 Ultrasonic treatment was employed for detaching
the resultant GA-modied SiNWs from silicon wafer, which
were collected for fabricating the SiNWs-based uorescent
sensors.

SiNWs-based sensors for DNA detection

Briey, 1 mL of the loop-structured capture DNA (10 mM) was
dropped into 100 mL of buffer solution (10 mM Tris–HCl, pH
8.0, 100 mM KCl, 1 mM MgCl2) dispersed with 7.609 mg GA-
modied SiNWs. The resultant mixture was kept in a sealed box
for 12 h. During this period, the GA-modied SiNWs are readily
assembled with the capture DNA that were tagged with amino
group and organic dye molecule (e.g., Cy5) at 3 and 5, respec-
tively, by the Schiff reaction, which produced the stem-loop
DNA-modied SiNWs. The as-prepared capture DNA-modied
SiNWs were further puried through repetitive centrifugation
(12 000 rpm, 15 min, 4 �C) and washed there time with PBS
buffer (100 mM, pH 7.0). The clean product served as SiNWs-
based uorescent sensors for DNA detection. In our experiment,
1 mL of the target DNA strands was hybridized with the stem-
loop capture DNA strands modied on the SiNWs surface in
100 mL hybridization buffer (pH 8.0, 100 mM KCl, 1 mM MgCl2,
10 mM Tris–HCl) for 30 min at 37 �C, and then for 2 h at 25 �C.
The hybridization resulted in disruption of stem-loop congu-
ration, leading to enhancement of uorescence, which could be
readily detected by the spectrouorometer. In our experiment,
serial concentrations (1 pM–10 nM) of target DNA were sensi-
tively detected by using the above strategy. In terms of detection
of single-based mismatches, the procedures were the same as
the above-mentioned routines.

SiNWs-based sensors for multiplexed detection of tumor-
suppressor genes

Three classes of organic dyes, i.e., carboxyuorescein (FAM),
cyanine 5 (Cy5), and 6-carboxy-X-rhodamine (ROX)-tagged stem-
loop DNA, whose sequences are specically hybridized with
exon segments of p16, p21, and p53 genes, respectively, were
simultaneously modied on the surface of GA-modied SiNWs
to yield the SiNWs-based sensors with multiplexed sensing
capabilities. The resultant sensors were ready for multiplexed
detection of p16, p21, and p53 genes. Briey, three kinds of
uorophores, i.e., FAM-, Cy5-, and ROX-tagged stem-loop DNA
(1 mL, 10 mM), were simultaneously dropped into 100 mL of
buffer (10 mM Tris–HCl, pH 8.0, 100 mM KCl, 1 mM MgCl2)
dispersed with 7.609 mg GA-modied SiNWs. The resultant
mixture was kept in a sealed box for 12 h. As a result, the GA-
modied SiNW was readily assembled with the three types of
9220 | Nanoscale, 2014, 6, 9215–9222
capture DNA that were tagged with amino group and organic
dye molecule (i.e., FAM, Cy5, and ROX) at 3 and 5, respectively,
by the Schiff reaction, which produced the multiple capture
DNA-modied SiNWs sensor for multiplexed detection of p16,
p21, and p53 genes.16,21,44 Typically, 1 mL of p16, p21, or p53
genes were hybridized with the stem-loop capture DNA strands
modied on the SiNWs surface in 100 mL hybridization buffer
(pH 8.0, 100 mM KCl, 1 mMMgCl2, 10 mM Tris–HCl) for 30 min
at 37 �C, and then for 2 h at 25 �C. Based on similar “signal-on”
principle, uorescence recovery was sensitively detected using
the spectrouorometer. As a result, p16, p21, and p53 genes
with concentrations ranging from 10 pM to 10 nM were readily
detected in our experiment. For the detection of single-based
mismatches, the procedures were the same as the above-
mentioned manipulations.

The loading of the SiNWs with the stem-loop nucleic acid
probes was calculated based on a well-studied method.68 In
particular, the modied SiNWs were fully hybridized with the
uorophore-tagged loop-structured DNA (1� 10�2 nmol) in 100
mL of buffer, containing SiNWs at a concentration of 76.09 mg
mL�1 in a sealed box overnight. Aerwards, centrifugation was
employed for precipitation of the DNA-modied SiNWs (12 000
rpm, 15 min, and 4 �C). Residual DNA featuring an optical
density of 0.003114 at 260 nm in the supernatant was then
calculated as 0.89 � 10�2 nmol by a previously reported
method.68 As a result, we deduced that stem-loop DNA strands
with a saturation concentration of 11 nM were loaded on the
SiNWs, consistent with our experimental results (i.e., uores-
cent intensity reached the maximum value in the presence of
1–10 nM target DNA).
SiNWs-based sensors for Hg2+ detection

1 mL of Cy5-modied mercury specic oligonucleotide (1 mM), a
kind of aptamer with the affinity constant of 1.4 � 106 M�1,69

was dropped into 100 mL of buffer solution (10 mM Tris–HCl,
50 mM NaNO3, pH 7.2) dispersed with GA-modied SiNWs
(85 mg mL�1). The resultant mixture solution was kept in a
sealed box for 12 h. During this period, the GA-modied SiNWs
are readily assembled with the capture DNA that were tagged
with amino group and organic dye molecule (e.g., Cy5) at 3 and
5, respectively, by the Schiff reaction, which produced the
mercury specic oligonucleotide-modied SiNWs ready for
detection of Hg2+ ions. In our experiment, 1 mL of the Hg2+ ions
solution was dropped into the above-mentioned solution, and
then kept in a sealed box for 3 h at 25 �C. The added Hg2+ ions
resulted in formation of stem-loop conguration, leading to
decrease of uorescence, which could be readily detected by the
spectrouorometer. In our experiment, serial concentrations (5
pM–5 nM) of Hg2+ ions were sensitively detected by using the
above strategy. To verify specicity of the SiNWs-based sensors,
100 nM interfering metal ions (i.e., Ca2+, Mn2+, Ni2+, Cd2+, Fe2+,
Ag+, Cu2+, Zn2+, Mg2+, Co2+, and Ba2+) were used instead of Hg2+

ions. Other manipulations were identical to the above-
mentioned procedures.

For detection in real water sample, the real water sample was
obtained from the Dushu Lake, Suzhou, Jiangsu Province,
This journal is © The Royal Society of Chemistry 2014
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China. The sample was ltered through a 0.22 mm membrane,
followed by addition of Hg2+ ions of various concentrations
(5 pM–5 nM). All the manipulations are identical to the above-
mentioned procedures. To verify specicity of the SiNWs-based
sensors, interfering metal ions (i.e., Ca2+, Mn2+, Ni2+, Cd2+, Fe2+,
Ag+, Cu2+, Zn2+, Mg2+, Co2+, and Ba2+) with various concentra-
tions ranging from 5 pM to 5 nMwere used instead of Hg2+ ions.
Other manipulations were identical to the above-mentioned
procedures.

Conclusions

We herein present a kind of high-performance SiNWs-based
uorescent biochemical sensor to take advantage of the unique
merits of SiNWs. Of particular signicance, the sensor is highly
efficacious for multiplexed detection of DNA targets at �pM
levels. In addition to DNA detection, the sensor is capable of
detecting metal ions based on the similar signal-on-off prin-
ciple, allowing sensitive and specic detection of 5 pM Hg2+

ions in real water samples. These results suggest this signal-on-
off sensing strategy affords high-efficacy means for sensitive
and specic detection of wide-ranging chemical and biological
analysis. Given SiNWs can be fabricated in reproducible and
low-cost manners,38–44 we believe that the novel SiNWs-based
sensors are highly practical for wide-ranging biochemical
analysis and detection.
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