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A
large number of genetic diseases,
such as cancer and mitochondrial
diseases, have been revealed to

be associated with single-nucleotide poly-
morphisms (SNPs).1 Therefore, the ability
to detect ultralow concentrations of specific
nucleic acid sequences by using simple and
low-cost assays is important in clinical diag-
nostics, mutation detection, and biodefense
applications.2�5 In thepast decade, nuclease-
based amplification methods such as poly-
merase chain reaction, ligase chain reaction,
and rolling circle amplification have been
extensively employed to improve the sensi-
tivity and lower the detection limit.6�10

Although promising, most of these meth-
ods are limited by complex sequence de-
sign and sample preparation protocols.
Recently, great attention has been focused
on signal amplification without the use of
nucleases. The rapid emerging research
field of strand displacement-based isother-
mal amplification provides exciting possibi-
lities for advanced development of new
analytical tools and instrumentation for bio-
analytical applications.11,12 In particular, the
hybridization chain reaction (HCR) is a very
useful process, during which a long, linear,
double-stranded DNA (ds-DNA) molecule

with repeated units is formed through pro-
grammed self-assembling triggered by an
initiator DNA.13�18

Nanomaterial-based technologies provide
an exciting avenue that could significantly
lower the detection limit of specific analytes.
For instance, noble metal nanomaterials
that exhibit ultrahigh extinction coefficients
of the surface plasmon resonance (SPR)
absorption offer an excellent opportunity
to construct devices and assays with unpar-
alleled functionalities for highly sensitive
target analysis.19�24 The SPR responses of
noblemetal nanomaterials are sensitive and
strongly affected by structural parameters
such as size, shape, interparticle spacing,
and the surrounding dielectric envi-
ronment,25 making them the basis for bio-
logical labeling, sensing, and detection.
Among these nanomaterials, silver-based
nanomaterials have attracted intensive at-
tention due to their strong shape-depen-
dent optical properties. Compared with
gold nanomaterials, the structures and plas-
monic properties of silver nanomaterials
are subject to changes when exposed to
some disturbances.26,27 Meanwhile, silver na-
nomaterials produce a much stronger and
sharper plasmon resonance.28�30 Particularly,
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ABSTRACT Specific nucleic acid detection by using simple and low-cost assays

is important in clinical diagnostics, mutation detection, and biodefense applica-

tions. Most current methods for the quantification of low concentrations of DNA

require costly and sophisticated instruments. Here, we have developed a facile DNA

detection platform based on a plasmonic triangular silver nanoprism etching

process, in which the shape and size of the nanoprisms were altered accompanied

by a substantial surface plasmon resonance shift. Through the combination of

enzyme-linked hybridization chain reaction amplification and inherent sensitivity

of plasmonic silver nanoprims, this assay could detect as low as 6.0 fM target DNA. Considering the high sensitivity and selectivity of this plasmonic DNA

assay, it is expected to be of great interest in clinical diagnostics.
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triangular silver nanoprisms with three-dimensional
nanostructures exhibit exquisite features in the loca-
lized SPR (LSPR) owing to an extreme degree of
anisotropy in their structures.31 Silver nanomaterials
in principle promise a wider range of potential applica-
tions, including not only chemical and biological
sensing but also imaging and catalysis.32�37 Therefore,
silver nanomaterials are outstanding building blocks
for the construction of bioassays when their SPR shifts
in response to a biorecognition event. In this report,
we demonstrated that plasmonic triangular silver
nanoprisms can be applied for highly sensitive DNA
detection, where the properties of the plasmonic
silver nanoprisms are essential for their efficacy and
performance.

RESULTS AND DISCUSSION

Figure 1 schematically depicts the working prin-
ciple of the assay, which combines the nuclease-free
signal amplification and inherent sensitivity of plasmo-
nic silver nanoprisms. Two hairpin DNA strands;
biotinylated H1 and H2 with one overhang,
respectively;were introduced into the system. H1

can be opened by target DNA strand displacement,
and H2 contains a blocked target DNA sequence that
can only be opened triggered by the released single
strand in H1. These two hairpin DNA strands are stable
andwould not open or hybridize with each other in the
absence of the target DNA. In the presence of
the target DNA, a cascade of hybridization events is
triggered by the target DNA, forming a nicked linear,
long ds-DNA with numerous repeat units. Since H1 is
modified with biotin, we can use streptavidin-coated
magnetic beads to separate the nicked linear, long ds-
DNA from the original hybridization solution and apply
avidin-tagged glucose oxidase (avidin-GOD) to interact
with the rest of the biotin sites in the linear structure.
Therefore, the enzyme amplification and HCR are
coupled into one system to achieve a better sensing
performance. In the presence of glucose, molecular
oxygen is enzymatically reduced to H2O2. In turn, H2O2

acts as an oxidant to etch the triangular silver nano-
prisms into smaller spherical silver nanoparticles
accompanied by a substantial blue shift of the SPR
peak.

Figure 1. (A) Construction of HCR-based specific DNA detection platform. (B) The sensingmechanism is based on the etching
process of triangular silver nanoprisms.

Figure 2. Native polyacrylamide (8%) gel electrophor-
esis. A concentration of 2.5 μM was used for both H1

and H2. The concentrations of the target DNA used from
lane 1 to 9 were 0, 0.0625, 0.125, 0.25, 0.5, 0.75, 1.25,
1.875, and 2.5 μM, respectively. The gel was run at 150 V
for 60 min in TA buffer.
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To investigate the formation of the nicked long,
linear DNA, gel electrophoresis was first performed to
reveal the relationship between the amount of the
formed long DNA and the concentration of the target.
As shown in Figure 2, in the absence of the target DNA,
a well-defined band (lane 1) was observed, which
indicates that the two hairpin DNA monomers are
stable and the interaction between each other does
not happen without the target DNA, while in the
presence of the target DNA, a long dispersed band
was observed (lanes 2�8). With the increase of the
target DNA concentration, more H1 and H2 were
assembled into a highmolecular weight DNA structure.
With increasing the amount of the target DNA,more H1

and H2 were consumed, reflected by the gradual
disappearance of the low H1þH2 band at the bottom
of the gel. Moreover, a high concentration of the target
DNA resulted in the assembly of a broad range of
ds-DNA structures of different lengths. This is likely due
to the fact that when more target DNA strands are
introduced, more assembly sites are formed, leaving less
chance for H1 and H2 to assemble into longer structure.
Triangular silver nanoprisms with a high extinction

coefficient were synthesized according to previous
reports.31 High stability of the silver nanoprisms is
the key for the success of the assay. We tested the
influence of glucose, DNA, and GOD on the stability of
the triangular silver nanoprisms. No noticeable SPR
peak shifts were observed upon the addition of these
constituents (Figure S1), thus providing the opportu-
nity of using these triangular silver nanoprisms as the

indicator in our assay. Previous reports26 have indi-
cated that the poor chemical and structural stability of
the triangular silver nanoprisms are themain issue that
prevents their broad use. It is therefore essential to
develop strategies to shield them from aggregation
and degradation while maintaining their excellent
plasmonic properties. Two strategies were attempted
to tackle the stability problem. The first strategy was to
coat the triangular silver nanoprisms with passivated
shells to protect them from etching or other effects.
However, this strategy inevitably increased the com-
plexity and decreased their extinction coefficient and
consequently the sensitivity of the assay. The second
strategy was to separate the target DNA from its
original solution after it has interacted with H1 and
H2. In this connection, magnetic beads were used to
separate the target DNA.
Next, we tested the etching process of the triangular

silver nanoprisms by hydrogen peroxide. It is well
known that H2O2 is a powerful oxidizing agent with a
strong dependence on the acidity of the solution.38

Under acidic conditions,

H2O2 þ 2Hþ þ 2e� f 2H2O E0 ¼ 1:763 V (1)

Under alkaline conditions,

H2O2 þ 2e� f 2OH� E0 ¼ 0:867 V (2)

On the other hand, for the triangular silver nanoprisms,
their redox potential is given as follows:

Agþ þ e� f Ag E0 ¼ 0:7996 V (3)

Figure 3. (A) SPR peak shift of triangular silver nanoprisms in the presence of GOD and glucose; (B) TEM images of triangular
silver nanoprisms and (C�E) the shape change during the etching process (scale bare is 50 nm); (F) SPR peak of triangular
silver nanoprisms in the presence of different concentrations of GOD.
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It has a standard potential of 1.763 V in acidic solutions
and 0.867 V in alkaline solutions, both of which are
higher than that of Agþ/Ag (0.7996 V), thus suggesting
that H2O2 can be used as an effective etchant to
dissolve metallic silver according to the following
reactions:

glucoseþO2 sf
GOD

gluconic acidþH2O2 (4)

metallic AgþH2O2 sf
etching

Agþ þH2O (5)

Additionally, the GOD-catalyzed oxidation of glucose
produces gluconic acid, which effectively lowers local
pH and consequently increases the oxidizing power
(potential of H2O2/H2O couple) to speed up the etching
process. The etching process was inspected using
UV�vis spectrometry. As shown in Figure 3, when
GOD and glucose coexisted in the solution, a gradually
blue shift of the SPR peak was observed due to the
shape change of the triangular silver nanoprisms with
the advance of the etching process. TEM images
indicated that the morphology of the triangular silver
nanoprisms gradually changed from triangular to
spherical (Figure 3B�E). It was found that the etching
process is GOD concentration dependent. As shown in
Figure 3F, higher GOD concentrations produced larger
blue shifts of the SPR peak, which paves theway for the

development of a highly sensitive DNA assay. Next, we
compared the sensitivity of silver nanoprisms with
different aspect ratios and other nanostructures
(Figure S2). Results showed that with the decrease of
aspect ratio, the sensitivity decreased. Meanwhile,
other nanostructures such silver-coated gold nanorods
or gold nanocages were not suitable for the develop-
ment of sensitive assays using SPR shift as analytical
signal.
To evaluate the sensitivity of this assay for DNA

detection, the p53 gene was selected as a model. It
has been demonstrated that more than 50% of human
solid tumors are connected with mutations in the p53
gene, which is one of the main components of the cell
defense systemagainstmalignant transformation.39 As
indicated in Figure 1, the linear nicked ds-DNA could
be separated from the solution by using magnetic
beads. The specific interaction between avidin and
biotin is very strong, which guarantees high separation
efficiency. However, the excess of biotinylated H1

strands that do not take part in the assembly process
could also be absorbed on the surface of the magnetic
beads. Therefore, to eliminate the influence of non-
assembled H1 and H2, the magnetic beads must pos-
sess enough sites to anchor the long, biotin-decorated
ds-DNA apart from the nonassembled strands. We
tested the SPR peak shift of triangular silver nanopr-
isms at different H1 and H2 concentrations. As shown in
Figure S3, when the concentration was 0.5 μM, a
maximum peak shift was found. Higher concentrations
of H1 and H2 decreased the absorption of biotin-
decorated, long ds-DNA, while lower concentrations
resulted in less biotin-decorated, long ds-DNA forma-
tion. Under optimal conditions, we measured the
target concentration-dependent SPR peak shift pro-
cess. As shown in Figure 4, the SPR peak shifted when
the concentration of the target was from 10 fM to
100 nM, demonstrating that the etching of the silver
nanoprisms by H2O2 is strongly dependent on the
concentration of the target DNA. A semilogarithmic
dependence was obtained between the blue shift of
the SPR peak and the concentration of target DNA from
10 fM to 100 pM. The detection limit was calculated to
be 6.0 fM based on three times the standard deviation
of the control (blank), which was superior to most of
the recently reported nuclease-aided amplification
assays (Table S1). This high sensitivity was attributed
to the combination of enzyme-linked HCR amplification
and the use of inherently sensitive triangular silver
nanoprisms. These results clearly demonstrated the
ability of triangular silver nanoprism etching as a
general method for DNA detection with high sensitiv-
ity. In addition, we conducted the biosensing by add-
ing serum to the HCR buffer (Figure S5). The result
showed that the assay performs well when target DNA
is in 10�30% serum, which is very promising for real
sample analysis.

Figure 4. (A) UV�vis spectra of triangular silver nano-
prisms in the presence of different concentrations of target
DNA; (B) peak shifts of triangular nanoprisms with the
concentrations of the target DNA.
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We also investigated the specificity of this triangular
silver nanoprism-based DNA assay to differentiate
SNPs. Figure 5 shows the UV�vis absorption spectra
of the silver nanoprisms in the presence of different
DNAs. As shown in Figure 5, the largest SPR peak shift
was observed when the target DNA was perfectly
matched. However, when the mismatched sequences
were introduced in the target DNA, fewer peak shifts
occurred. Three-base mismatched DNA induced no
peak shift at all. This high specificity is due to the weak

strand displacement between target DNA and H1,
which subsequently leads to less long nicked ds-DNA
formation (Figure S6). These results indicated that this
DNA assay can provide an excellent capability to
differentiate between perfectly matched and mis-
matched DNA targets, demonstrating the excellent
selectivity of this assay.

CONCLUSIONS

In summary, we demonstrated a facile DNA detec-
tion assay based on a plasmonic triangular silver
nanoprism etching process, in which the shape and
size of the nanoprisms were altered accompanied by
SPR shift. Meanwhile, it combined the enzyme andHCR
amplification into one system, which greatly lowered
the detection limit. The results indicated that this
plasmonic DNA assay can detect as low as 6.0 fM target
DNA by simplemixing andmagnetic separation. More-
over, this DNA assay also showed high specificity in
differentiating SNPs, which makes it a promising plat-
form for biomedical applications. In addition, the assay
does not require a sophisticated experimental proce-
dure or equipment. Considering the high sensitivity
and selectivity of this plasmonic DNA assay, it is
expected to be of great interest in clinical diagnostics.
Alternatively, on-chip biosensing devices can also be
envisaged by simply changing the avidin-modified
magnetic beads with avidin-decorated chips.

EXPERIMENTAL SECTION
Preparation of Triangular Silver Nanoprisms. The triangular silver

nanoprisms were synthesized according to a reported pro-
cedure.31 Briefly, AgNO3 (40 μL, 0.1 M), sodium citrate (600 μL,
0.1 M), and H2O2 (30 wt %, 112 μL) were mixed with water (final
volume: 40 mL) at room temperature and vigorously stirred for
10 min. Then, NaBH4 (100 mM, 400 μL) was rapidly injected into
this mixture, and the solution changed gradually from colorless
to yellow, red, and blue, indicating the formation of Ag nano-
prisms. The resultant triangular nanoprism solution was kept at
4 �C before use.

Native Gel Electrophoresis. H1 and H2 (both 50 μM) in buffer
(10mMTris-Ac, 500mMNaAc, pH= 6.8) were heated to 95 �C for
5 min and then allowed to cool to room temperature in 2 h
before use. Different concentrations of the target DNA were
incubated with 2.5 μM H1 and H2 at room temperature for 2 h.
Then the samples were applied to a polyacrylamide gel (8%,
37.5/1 acrylamide/bis(acrylamide)) to evaluate the formation of
the long ds-DNA in 1� TA buffer at 150 V for 1 h. Gel was stained
with silver ions to image the position of DNA. The photographic
image was obtained directly with a digital camera.

Assay Procedure. In a typical DNA assay, samples containing
target DNAweremixedwithH1 (500 nM) andH2 (500 nM) in Tris-
Ac buffer (100 μL, 10 mM Tris, 500 mM NaAc, 0.05% Triton-100,
pH = 6.8) at room temperature for 2 h. Then streptavidin-coated
magnetic beads were added into each mixture and kept for
30 min before magnetic separation. The magnetic beads were
wash three times using Tris-Ac buffer. Next avidin-GOD (0.8 μL,
5 mg/mL) was mixed with the magnetic beads in Tris-Ac buffer,
and the magnetic beads were then separated and washed
three times with Tris-Ac buffer. The magnetic beads were
mixed with glucose (1.0 mM) in 50 μL of water for 1 h. The

supernatant was mixed with the silver triangular nanoprisms
(100 μL, the silver naoprisms were centrifuged once before
use) for 30 min. Then the absorption was measured on the
UV�vis spectrophotometer.
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