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olecular beacons (MBs) are spe-
cifically designed stem-loop-struc-
tured oligonucleotides that are du-

ally labeled with a fluorophore—quencher
pair at their opposite ends, enabling real-time
analysis of target nucleic acids via observation
of fluorescence alteration.! Since the intro-
duction by Tyagi and Kramer in 1996, MBs
have been extensively investigated as excep-
tional biomolecular probes and widely used
for bioapplications (e.g., biosensors, biochips,
monitoring of living systems, etc.).>~* In prin-
ciple, the stem helix brings the quencher and
fluorophore into close proximity, leading to
static fluorescence quenching. In the pre-
sence of the target molecule (e.g., DNA or
RNA), hybridization between the target and
the loop sequence of the MB takes place,
forcing the MB to undergo a spontaneous
conformational change. As a result, fluores-
cence is restored due to spatial separation of
the fluorophore and quencher. As is well-
known, the quencher plays a critically impor-
tant role in MBs as it may lead to higher
quenching efficiency and a lower “OFF”
signal. Organic molecules (e.g., 4-{[4-
(dimethylamino)phenyllazo}benzoic acid
(DABCYL)), as conventional quenchers,
have been well-established for construc-
tion of MBs. However, they often suffer
from low quenching efficiency and variant
quenching efficiency for different kinds of
fluorophores. For example, while DABCYL
efficiently quenches the fluorescence of
carboxyfluorescein (FAM), they possess
much less quenching efficiency for other
kinds of dyes (e.g., cyanine 5 (Cy5) and
Texas red). Consequently, conventional
MBs generally possess low sensitivity,
and multicolor MBs for multianalysis are
difficult to design.' ©
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Highly sensitive and specific DNA multianalysis

Nanomaterial-based molecular beacons (nanoMBs) have been extensively explored due to unique
merits of nanostructures, induding gold nanopartide (AuNP)-, carbon nanotube (CNT)-, and
graphene-based nanoMBs. Those nanoMBs are well-studied; however, they possess relatively poor
salt stability or low specificity, limiting their wide applications. Here, we present a novel kind of
multicolor silicon-based nanoMBs by using AuNP-decorated silicon nanowires as high-performance
quenchers. Significantly, the nanoMBs feature robust stability in high-concentration (0.1 M) salt
solution and wide-ranging temperature (10—80 °C), high quenching efficiency (>90%) for various
fluorophores (e.g., FAM, Cy5, and ROX), and large surfaces for simultaneous assembly of different
DNA strands. We further show that silicon-based nanoMBs are highly effective for sensitive and
specific multidetection of DNA targets. The unprecedented advantages of silicon-based multicolor
nanoMBs would bring new opportunities for challenging bioapplications, such as allele discrimina-
tion, early cancer diagnosis, and molecular engineering, etc.

KEYWORDS: molecular beacons - silicon nanowires - gold nanoparticles - DNA -
multianalysis

In recent years, a variety of nanomaterial-
based molecular beacons (nanoMBs) com- * Address correspondence to
posed of nanomaterials as quenchers apannale@cityu.edu.hk (S.T.L),
have been developed."”~'? For example, fchh@sinap.ac.cn (CF.),
. aohe@suda.edu.cn (Y.H.).
gold nanoparticle (AuNP)-based nanoMBs yache@ (YH)

have been shown to be highly efficient for  geceived for review December 23, 2011

sensitive DNA detection because AuNPs and accepted February 13, 2012.
could quench fluorophores with 100-fold
higher efficiency than organic quenchers.”~®
More recently, carbon nanotubes (CNTs)
and graphene, as novel quenchers, have  ©2012 American Chemical Society
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Figure 1. Top (a) and cross-section (b) scanning electronic
microscopy (SEM) images of the free SINW arrays. Top (c)
and cross-section (d) SEM images of the AuNP-decorated
SiNW arrays. (e) EDX pattern of the AuNP-decorated SiNW
samples; presents the corresponding elemental ratio calcu-
lated by the EDX software, revealing that the as-prepared
AuNP-decorated SiNWs contain Si and Au with 18.42 and
6.55% atomic concentration and 18.79% O due to oxidation
of SiNWs in the ambient environment. Note that C and Cu
weight concentration listed in the table are not avail-
able since carbon-based copper grids were used for the
EDX test.'® 0%

been used to design nanobeacons with high sensi-
tivity. Moreover, multicolor MBs were possible since
fluorescence of different kinds of dyes could be
efficiently quenched by CNTs and graphene.'®~'2
Nevertheless, those AuUNP-based nanobeacons gen-
erally possess poor salt stability and thermo-
stability, thus limiting their wide applications.”®
Further, DNA is prone to nonspecifically adsorb on
CNTs or graphene via m—m stacking interac-
tion, leading to poor detection specificity of the
CNT- or graphene-based nanoMBs.”'°~ 12 Recently,
differently sized quantum dots functionalized
with different nucleic acids were employed for
multiplexed detection of different DNA targets.'
Despite the progress, there is still remaining a big
challenge to develop high-performance nanoMBs
with robust stability and high sensitivity and
selectivity.
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Silicon nanomaterials are an important nanostruc-
ture and have been extensively studied due to their
attractive properties, such as excellent electronic/me-
chanical/optical properties, favorable biocompatibility,
surface tailorability, and compatibility with conven-
tional silicon technology, etc.">~2° Particularly, silicon
nanowires (SiNWs), as a type of most important one-
dimensional silicon nanostructures, have shown great
promise for various applications ranging from electro-
nics to biology (e.g., solar cells, catalysts, sensors, anti-
microbials, and bioimaging).?' 2° Of particular note,
silicon-based nanohybrids made of SiNWs decorated
with nanoparticles (NPs) with remarkable properties
have been intensively studied recently.?'?® For in-
stance, silver nanoparticle (AgNP)-decorated SiNWs
show ultrahigh surface-enhanced Raman scattering
and antibacterial activity, which are distinctly superior
to free AgNPs.>>~>* Fluorescent quantum dot (QD)-
decorated SiNWs possess much stronger photostabil-
ity compared to that of free QDs.>® Those attractive
properties strongly suggest SiNWs as a promising
platform for the design of high-performance SiNW-
based nanohybrids with unique merits. On the basis of
previous achievements, we herein report the first
example of silicon-based multicolor nanoMBs, made
by using AuNP-decorated silicon nanowires (AUNP@
SiNW) as high-performance quenchers. Signifi-
cantly, such SINW quenchers feature robust stability
in high-concentration (0.1 M) salt solution and wide-
ranging temperature (10—80 °C), as well as high
quenching efficiency (>90%) for a range of fluoro-
phores (e.g., FAM, Cy5, and ROX). Consequently,
silicon-based nanoMBs are shown to be superbly
suitable for sensitive and specific multianalysis of
DNA.

RESULTS AND DISCUSSION

Free SINW arrays with ~170 nm diameter and
~4 um length are first produced via a well-established
HF-assisted etching (HAE) method (Figure 1a,b), devel-
oped in our previous reports.3*~32 Thereafter, AUNPs
are readily coated on the surface of SiNWs through a re-
duction reaction based on established protocols,>*2*2%
producing the AUNP@SINW array (Figure 1c,d). Energy-
dispersive X-ray spectroscopy (EDX) and corresponding
elemental ratio analysis confirm the presence of gold
(~39% weight concentrations) in the AuNP@SiNW
(Figure 1e). The resultant AuNP@SINW arrays are
then detached from the surface of the Si wafer by
ultrasonic treatment and collected for design of
silicon-based nanoMBs in our following experiment.
Transmission electronic microscopy (TEM) images
(Figure 2a) of the AuNPs@SiNWs show that about
~2600 AuNPs with sizes of 8—20 nm are distributed
on SiNWs with a diameter of ~170 nm and length of
~2 um.
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Figure 2. SEM images of AuNP-decorated SiNWs (a—c) and free AuNPs (d—f) in NaCl aqueous solution with different
concentrations (from left to right: 0, 0.03, and 0.08 M). Bar: 200 nm. Insets in (a—c) show TEM images of AuNP-decorated
SiNWs. Bar: 50 nm. (g,h) Display digital images of the AuNP-decorated SiNWs or free AuNP solution with NaCl concentrations

increasing from 0.01 to 0.1 M as marked.

Salt stability is of particular importance for nanoMB-
relative applications (e.g., aging process in salt solution
is required for DNA assembly with nanoMBs).”'* Sig-
nificantly, the resultant AUNP@SINW possesses robust
stability in aqueous solution of a wide range of salt
concentrations (0.01—0.1 M). As shown in Figure 2d—f,
while free AuNPs (recognized as established nano-
quenchers) are stable in aqueous solution (Figure 2d),
they gradually become aggregated with increasing salt
concentrations (Figure 2ef), due to salt-induced reduc-
tion of electrostatic repulsion between AuNPs® In
striking contrast, for AUNPs@SiNWs, no obvious aggre-
gation of AuNPs is observed, even in solutions with
salt concentration as high as 0.08 M (Figure 2a—c).
Figure 1g shows that AuNPs@SiNWs form a stable
light-brown colloidal suspension in salt solutions of
various concentrations. This is in sharp contrast to the
free AuNP solution, whose color is distinctly changed
from red to blue with increasing salt concentration
from 0.01 to 0.1 M (Figure 2h), indicating salt-induced
severe aggregation of AuNPs.'>3373% |t provides further
demonstration of the superior salt stability of AuUNPs@-
SiNWs. We attribute the robust salt stability to SINWs

SU ET AL.

|
TABLE 1. Quenching Efficiency of Free-Standing SiNWs
and AuNP-Decorated SiNWs

free SiNWs (%) AuNPs@SiNWs (%)
FAM 91.5 93.2
Q5 97.1 9.3
ROX 96.4 96.7

serving as an effective substrate for binding to the
in situ AuNPs, effectively preventing aggregation of
AUNPS.24'25'36'37

In addition to robust salt stability, the resultant
AuNPs@SiNWs feature ultrahigh fluorescence quench-
ing efficiency (>93%, Table 1) toward a variety of organic
fluorophores. Quenching efficiency (QE) is calculated
using the equation® '

QE = (Idye _ISiNWs)/(Idye) (1)

where Iy and Isivws are the fluorescence intensity of
the organic dyes and SiNWs/AuNPs@SiNWs, which are
estimated based on fluorescence spectra of different
dyes quenched by free SiNWs and AuNPs@SiNWs.
As shown in Figure 3, fluorescence of three kinds of con-
ventional organic dyes, such as FAM (carboxyfluorescein),
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Figure 3. Fluorescence spectra of different dyes, such as FAM (a), Cy5 (b), and ROX (c), quenched by free SiNWs and
AuNPs@SiNWs of the same concentrations (1.55 ug/mL). Fluorescence of three kinds of organic dyes almost disappeared in

the presence of the free SINWs or AUNPs@ SiNWs.
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Figure 4. (a) Schematic preparation of silicon-based nanoMBs for DNA analysis (figure is not to scale). (b) Fluorescence
intensity of different concentrations of complementary target DNA. Background and noncomplementary sequence are
presented as control. (c) Photoluminescence spectra of FAM-tagged probes in the absence and presence of 10 nM
complementary target DNA and single-based mismatched DNA (Aexcitation = 480 nm).

Cy5 (cyanine 5), and ROX (6-carboxy-X-rhodamine), al-
most disappeared completely in the presence of the
AuNPs@SiNWs. Moreover, control experiment shows that
free SINWs (SiNWs without surface modification) possess
similarly high quenching efficiency (>90%, Table 1) for
the three kinds of organic dyes. We attribute such high
quenching efficiency to efficient long-range energy
transfer from the dyes to SiNWs, similar to that in the
reported AuNPs or CNTs (~90%).2 ' Besides, the nano-
wire-based structures are favorable for enhancing charge
transport, which is regarded as an additional contributor
to the high quenching efficiency of SiNWs38 4

It is worth pointing out that additional post-treat-
ment (e.g., O, plasma) and chemical reagents (e.g.,
3-(aminopropyl)triethoxysilane, APTES) are required
for DNA assembly on surface of free SINWs.*'~**
In contrary, DNA could be readily linked with the AUNPs@
SiNWs via S—Au bonds based on established pro-
tocols, producing a DNA—AuUNPs@SiNWs complex.” 9

Therefore, the AUNPs@SiNWs with robust salt stability and
high quenching efficiency are employed as quenchers to
construct silicon-based nanoMBs for sensitive and specific
detection of DNA. As shown in Figure 4a, stem-loop-
structured DNA strands, whose opposite ends are
modified with FAM and thiol molecules, are first as-
sembled with the AuNP-decorated SiNWs via Au—S
bonds, achieving silicon-based nanoMBs (step 1). No-
tably, the resultant nanoMBs produce feeble fluores-
cence since FAM molecules are close to the AuNPs@
SiNWs (see background (BG) in Figure 4b,c). Once the
target DNA is added, hybridization between the target
and the loop sequence of the MB takes place, and
the stronger intermolecular hybridization opens the
weaker stem helix, leading to spatial separation of the
organic dyes and AuNPs@SiNWs (Table 2). As a result,
fluorescence is largely restored in the presence of tar-
get DNA (step 2).'~* In our experiment, target DNA with
a series of concentrations is readily detected via the
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TABLE 2. Oligonucleotide Sequences for DNA Detection by Using the Silicon-Based nanoMBs (See Schematic Route in
Figure 3a)

oligonucleotides sequences
stem-loop DNA probe 5/-FAM-CGCTC® CCT TAT TAT TAT TCC GAGCG-T10°-(CH,)s-SH-3'
target DNA 1 (perfectly matched) 5'-GGA ATA ATA ATA AGG-3'
target DNA 2 (single-base mismatched) 5'-GGA ATA AC'A ATA AGG-3
noncomplementary DNA 3 5'-TGA GTG GAC GTC AAC GAG CAA-3'

? Underlined letters represent the stem sequence. ®T10 represents 10 Ts that serve as the spacer. ¢ Italic letter represents the mismatched site.

TABLE 3. Oligonucleotide Sequences for Multidetection of Three Types of Tumor-Suppressor Genes (p16, p21, and p53)
by Using the Silicon-Based NanoMBs (See Schematic Route in Figure 4a)

oligonucleotides sequences

stem-loop DNA probe A (p16) 5/-FAM-CGCTC? CAG AGG CAG TAA CCA GAGCG’-T10°-(CH,)¢-SH-3
target DNA A (p16 gene segment) 5/-TGG TT A (TG ((T (TG-3

target DNA A" (single-base mismatch) 5/-TGG TT A CCG (CT (TG-3'

stem-loop DNA probe B (p21) 5/-Cy5-CGCTC” CCC TAA TCC GCC CAC %"—HO"—(CHZ)G—SHS’
target DNA B (p21 gene segment) 5'-GTG GGC GGA TTA GGG-3

target DNA B’ (single-base mismatch) 5/-GTG GGC GTA TTA GGG-3

stem-loop DNA probe C (p53) 5'-ROX-CGCTC" (CT GGT GCC GTA GAT GAGCG™-T1 0%-(CH,)g-SH-3'
target DNA C (p53 gene segment) 5/-ATC TAC GGC ACC AGG-3

target DNA (' (single-base mismatched) 5/-ATC TAC GC'C ACC AGG-3'

“Underlined letters represent the stem sequence. ® T10 represents 10 Ts that serve as the spacer. “ Italic letters represent the mismatched site.
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Figure 5. (a) Schematic preparation of silicon-based multicolor nanoMBs for DNA multianalysis (figure is not to scale). (b—d)
Fluorescence spectra for multicolor Si-based nanobeacons in the presence of 10 nM target DNA or single-base mutated gene,
(b) FAM-tagged p16 with maximum emission wavelength at 516 nm (Aeycitation = 480 nm), (c) Cy5-tagged p21 with maximum
emission wavelength at 661 nm (Leycitation = 643 nm), and (d) ROX-tagged p53 with maximum emission wavelength at 605 nm
(Aexcitation = 598 nm).

recording intensity of fluorescence recovery. As shown in with increasing DNA concentrations from 50 pM to
Figure 4b, fluorescence intensity is gradually enhanced 10 nM. Notably, the intensity of 100 pM target DNA
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(~114000) is distinctively larger than that of background
(~105000) or noncomplementary DNA (~107 000).
It shows that the silicon-based nanoMBs enable the detec-
tion of DNA at low concentrations (~pM), better than the
reported DNA detection limit (typically in the nanomolar
range) by other kinds of nanoMBs (e.g, AuNPs)® '
Furthermore, the nanoMBs are utilized for discrimination
of single-base mismatch. Figure 4c shows that single-base
mismatched DNA produces ~20% of the fluorescence
intensity (with background subtracted) of the fully
complementary target, demonstrating that sil-
icon nanoMBs retain high sequence specificity of-
fered by the conformational constraint of stem-loop
structures.?”-?

Simultaneous multicolor detection of targets is im-
portant for molecular diagnostics. For example, early
phase cancers have been proven to be associated with
multiple tumor-suppressor genes.*>*® Large surface of
the AuNP-decorated SiNWs is available for assembling
multiple DNA strands, thus affording the possibility to
design all-in-one multicolor nanoMBs." Indeed, three
kinds of hairpin DNA probes labeled with FAM, Cy5, or
ROX are readily assembled on the surface of one single
SiNW in our experiment. The resultant multicolor
nanoMBs are then employed for simultaneous multi-
detection of three types of tumor-suppressor genes,
that is, exon segments of p16, p21, and p53 genes
(Table 3).*”~*° The nanoMBs stay in the “OFF” state and
produce feeble fluorescence in the absence of target
DNA (black lines in Figure 5b—d). Upon the addition of
specific targets to the probe mixture p16, p21, and p53,
the fluorescence intensity of nanobeacons is signifi-
cantly enhanced. Notably, the nanoMBs emit at the
unique wavelengths in response to the specific targets
because dye-to-dye energy transfer is effectively
avoided due to distinctly different maximum emis-
sion wavelengths of the three dyes (red lines in
Figure 5b—d). Notably, the concentration of target
DNA used for multiplex analysis is as low as 10 nM,
which is comparable or superior to the detection limit
(5—50 nm) of well-established nanoMBs (e.g., AUNPs
and graphene).”'" Moreover, for the single-base
mismatched DNA, the fluorescence intensity is re-
stored to some extent and reaches 20.1, 19.2, or
28.4% of the intensity of the complementary DNA
for p16, p21, or p53, respectively (blue lines in
Figure 5b—d). These results suggest that the resul-
tant silicon-based multicolor nanoMBs are superbly
suitable for concurrent analysis of multiple gene
targets.

Kinetic and thermodynamic properties of the silicon-
based nanoMBs are further investigated. As shown in
Figure 6a, nanoMBs stay in “close” state in the absence
of target (black line) but fluoresce upon meeting the
specific target. Particularly, fluorescence of nanoMBs is
restored and enhanced to ~30% within 5 min
(red line). This kinetics is similar to the established
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Figure 6. Kinetic and thermodynamic properties of silicon-
based nanoMBs. (a) Time-dependent fluorescence change
of silicon-based nanoMBs in the absence or presence of
different concentrations of FAM-tagged target DNA
(100 pM). (b) Temperature effects on fluorescence of silicon-
based nanoMBs (Acxcitation = 480 nm).

AuNP-based nanoMBs (ca. ~40% within 5 min) but
lower than that of conventional stem-loop MBs
(ca. ~80% within 5 min).2” We reason that the strong
affinities of fluorophore binding to AuNPs@SiNWs
would reduce the rates of hybridization and loop open-
ing, similar to the reported mechanism of AuNP-based
nanoMBs.®° Notwithstanding, this minute-level kinetic
is rapid enough to meet the criteria for various practical
applications."” In addition, thermostability of the
silicon-based nanoMBs is studied by monitoring the
fluorescence change over a temperature profile. Signifi-
cantly, the prepared nanoMBs show extremely strong
temperature stability, preserving feeble fluorescence in
a wide range of temperature from 10 to 80 °C
(Figure 6b), which is superior to the conventional MBs
or established AUNP nanoMBs (e.g., while both kinds of
MBs are held in the “close” state with minimal fluores-
cence atlow temperature (20—40 °C), their fluorescence
is obviously restored along with temperature elevation
due to their thermal destabilization®®). This unique
behavior indicates that the AUNPs@SiNWs undergo little
or no conformational changes in the temperature range
studied, and surface adsorption is much less dependent
on temperature than DNA melting.2*° It is worth point-
ing out that such remarkable thermal stability allows the
use of the silicon-based nanoMBs in various temperature-
relevant applications, such as real-time PCR studies under
normal temperature-cycling conditions.>'>?
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CONCLUSION

To summarize, we have presented a novel multicolor
silicon-based nanoMBs by using AUNPs@SiNWs as high-
performance quenchers. Significantly, the nanoMBs fea-
ture robust salt and thermal stability, high quenching
efficiency to various kinds of fluorophores, and large
surface for concurrent assembly of different DNA strands.

METHODS

Materials and Devices. DNA oligonucleotides were synthesized
and purified by TAKARA Biotechnology (Dalian, China). Hydro-
fluoric acid (=40%), hydrogen peroxide (=30%), silver nitrate
(=99.8%), nitric acid (65—68%), and gold chloride (=47.8%)
were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Silicon (100) wafer (phosphate-doped
(p-type), 0.01—0.02 Q sensitivity) was purchased from Heifei
Kejing Materials Technology Co., Ltd. (China). All chemicals were
used without additional purification. All solutions were pre-
pared using Milli-Q water (Millipore) as the solvent. All optical
measurements were performed at room temperature under
ambient air conditions. UV—vis absorption spectra were re-
corded with a Perkin-Elmer Lambda 750 UV—vis—near-infrared
spectrophotometer. Photoluminescence (PL) measurements
were performed using a HORIBA JOBTN YVON FLUOROMAX-4
spectrofluorimeter. The TEM/HRTEM overview images were
recorded using Philips CM 200 electron microscope operated
at 200 kV. SEM was characterized by using scanning electron
microscopy (FEI Quanta 200F). Energy-dispersive X-ray (EDX)
spectroscopy was utilized to determine the fraction of the
resultant AuNP-decorated SiNWs. The samples were first dis-
persed onto carbon-coated copper grids with the excess sol-
vent evaporated and then characterized by using Philips CM
200 electron microscope equipped with EDX spectroscopy.

Synthesis of AuNPs@SiNWs. Basically, SINW arrays were pro-
duced via a well-established HF-assisted etching (HAE) method,
developed in our previous reports.3°~3 In detail, the silicon
wafer was cleaned with acetone by ultrasonic treatment for
10 min and washed with Milli-Q water (Millipore) three times.
Afterward, the silicon wafer was immersed in an oxidant solu-
tion containing H,S0,4 (98%) and H,0, (30%) with a volume
ratio of 3:1 for 30 min and rinsed with Milli-Q water three times
to remove organics. The cleaned silicon wafer was further
immersed in hydrogen fluoride (HF, 5%) aqueous solution for
30 min to achieve a fresh H-terminated silicon wafer covered by
Si—H bonds. The H-terminated silicon wafer was then immedi-
ately placed into a freshly prepared reduction solution contain-
ing silver nitrate (AgNOs) and HF (10%) and slowly stirred for
3 min. Thereafter, the treated silicon wafer was immersed into a
solution composed of 10% HF and 0.4 M H,0, for 5 min,
achieving the aligned SiNWs with ~170 nm diameter and
~4 um length. Afterward, the resultant aligned SiNWs were
immersed into 1 mM HAuCl, for 5 min at 60 °C, rinsed with
ultrapure water three times, and dried under a stream of
N,. AuNPs were readily coated on the surface of SiNWs through
a reduction reaction, producing the AuNP@SIiNW array. The
resultant AUNP@SINW arrays were then detached from the
surface of the Si wafer by ultrasonic treatment and collected
for design of silicon-based nanoMBs.

Construction of Silicon-Based NanoMBs. The whole procedure is
schematically shown in Figure 4a. In detail, 1.55 mg of the
resultant AUNPs@SiNWs was first dispersed in 50 mL of aqueous
solution, achieving a AUNPs@SiNWs solution with a concentra-
tion of 31 ug/mL. Afterward, 10 uL of 1 uM fluorophore-tagged
loop-structured DNA was added to a 1 mL solution of AuNPs@
SiNWs, which was then kept in a sealed box overnight. One
molar NaCl phosphate-buffered solution was added to the
mixture to yield a final concentration of 0.1 M NaCl for 12 h
to guarantee adequate self-assembly between DNA and

SU ET AL.

Our findings further demonstrate that the silicon-based
nanoMBs are highly effective for sensitive and specific
multidetection of DNA targets. Consequently, silicon-
based multicolor nanoMBs, serving as promising molec-
ular probes, can offer new opportunities for wide-ranging
bioapplications, such as allele discrimination, early cancer
diagnosis, and molecular engineering.>®

AuNPs@SiNWs. The resultant product was precipitated via
centrifugation at 12 000 rpm for 15 min at 4 °C and then washed
three times with 100 mM PBS solution (pH 7.0), with repetitive
centrifugation and dispersion. The final product was collect as
silicon-based nanoMBs for further DNA detection.

DNA Detection by Using the Silicon-Based MBs. Manipulation is
similar to that of AuNP-based MBs described in our previous
publication.® The resultant MBs were hybridized with the target
DNA (10 uL, 1 uM) in 1 mL of hybridization buffer (10 mM
Tris+-HCI, pH 8.0, 100 mM KCl, T mM MgCl,) for 30 min at 37 °C.
The fluorescence recovery of nanoMBs was monitored in a
spectrofluorimeter.

The manipulations were repeated for target DNA with
different concentration in the range of 50 pM to 10 nM. When
single-base mismatched DNA was used, all of the manipulations
were identical to those described above.

For multidetection of three types of tumor-suppressor
genes (i.e., exon segments of p16, p21, and p53 genes), multi-
color nanoMBs containing FAM, ROX, and Cy5 colors were
employed. Either complementary or one-base mismatched
DNA targets of different origins were spiked in a 1 mL hybridiza-
tion buffer containing multicolor nanoMBs. After 30 min incu-
bation, the fluorescence was monitored at appropriate
excitation wavelengths. The FAM fluorescence was excited at
480 nm and measured at 512 nm; the ROX fluorescence was
excited at 578 nm and measured at 598 nm, and the Cy5
fluorescence of was excited at 643 nm and measured at 661 nm.

Salt Stability Comparison of Free AuNPs and AuNP-Decorated SiNWs.
The salt stability of AUNPs and AuUNPs@SiNWs was investigated
by adding NaCl of different concentrations. Samples under salt
circumstances were characterized by the UV—vis and SEM. One
molar NaCl was added to the 100 uL sample solution to reach a
final concentration of 0.01—0.1 M. The mixed solution was
further incubated for a few seconds. Notably, the free-standing
AuNPs are gradually aggregated by adding NaCl solution,
whose color is distinctly changed from pink to purple (0—
0.03 M NacCl) and eventually to blue (0.04—0.1 M NacCl). In
contrast, the color of SINWs@AuNPs did not change after adding
NaCl solution, even in high salt solution (e.g., 0.1 M NaCl),
suggesting that SINWs@AuNPs were stable in salt solution.

Kinetic and Thermodynamic Studies of Silicon-Based MBs. DNA
targets of 100 nM were employed in both kinetic and thermo-
dynamic studies. For kinetic and time-dependent studies, a series of
fluorescence spectra were acquired at 3 min time intervals, and the
peak intensity at 512 nm was plotted as a function of time. All of the
spectra were obtained at room temperature by excitation with a
480 nm excitation wavelength. For thermodynamic studies, fluo-
rescence intensity was monitored at temperatures varied from 10
to 85 °C, with a 5 °C elevation each step of 5 min incubation.
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