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ABSTRACT: Sensitive and specific detection of disease-related gene and
single nucleotide polymorphism (SNP) is of great importance in cancer
diagnosis. Here, a colorimetric and fluorescent approach is described for
detection of the p53 gene and SNP in homogeneous solution by using gold
nanorods (GNRs) as both colorimetric probe and fluorescence quencher.
Hairpin oligonucleotide was utilized as DNA probe to ensure highly sequence-
specific detection of target DNA. In the presence of target DNA, the
formation of DNA duplex greatly changed the electrostatic interaction
between GNR and DNAs, leading to an obvious change in fluorescence and
colorimetric response. The detection limit of fluorescent and colorimetric
assay is 0.26 pM and 0.3 nM, respectively. Both fluorescence and colorimetric
strategies were able to effectively discriminate complementary DNA from
single-base mismatched DNA, which is meaningful for cancer diagnosis. More
important, target DNA can be detected as low as 10 nM by the naked eye.
Furthermore, transmission electron microscopy and fluorescence anisotropy measurements demonstrated that the color change
as well as fluorescence quenching is ascribed to the DNA hybridization-induced aggregation of GNRs. Therefore, the assay
provided a fast, sensitive, cost-effective, and specific sensing platform for detecting disease-related gene and SNP.
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1. INTRODUCTION

Sequence-specific DNA detection and single nucleotide poly-
morphism (SNP) play a significant role in areas including
clinical and diagnostics studies, control of food safety, forensics,
environmental monitoring, and so forth.1−5 SNP mainly refers
to the variation of single nucleotide within the DNA sequence.
Some of these variations have been discovered to be directly
linked to various human diseases.6 For example, the p53 gene
plays an important role in cell cycle control and apoptosis.
Mutation of the p53 gene can be found in almost 50% of all
human tumors.7,8 By far, SNPs are found to be involved in the
etiology of many human diseases, resulting in an increase in the
development of diverse methods for SNP genotyping. There-
fore, it is of significant importance to develop effective methods
for detection of disease-related genes and SNP. As one of the
promising probes for quantitative genomic studies, the
molecular beacon (MB) is a hairpin-shaped oligonucleotide
that can specifically report the presence of specific DNA, RNA,
and protein in homogeneous solutions.9,10 MB has significant
potential for sequence-specific DNA detection and SNP assay
due to its stem-loop structure. In general, conventional MBs are
dually labeled with a fluorescence donor and fluorescence
acceptor at the ends respectively, which leads to a complex
synthesis and high cost. To overcome those disadvantages,
there has been considerable interest in developing cost-effective
detection of DNA in homogeneous solution by utilizing single-

labeled hairpin DNA (hpDNA) as a recognition probe.11−14

Yang et al. proposed a novel self-assembled MB/SWNT system
for nucleic acid studies by using single-labeled hpDNA as the
recognition probe and single walled nanotubes (SWNT) as the
fluorescence quencher.13 Lately, using single-labeled hpDNA as
the recognition probe, Yang’s and Fan’s groups used GO as the
nanoquencher for specific DNA detection.15,16 Despite some
progress, there still exist some problems regarding the
sensitivity, response time, complex preparation, and treatment
of SWNT and GO. To develop cost-effective and more
universal methods, gold-nanorod-based colorimetric and
fluorescent methods have been proposed for simple and rapid
detection of p53 and SNP.
Gold nanomaterial, including gold nanoparticles and gold

nanorods, is a type of promising nanomaterial and plays
important roles in biosensing and bioanalysis due to its unique
optical properties and good biocompatibility. Owing to its
anisotropic rod-shape, gold nanorods have offered diverse
potentials for biomedical and bioanalytical applications, such as
the studies of biochemical reaction, nucleic acids, metal ions,
amino acids, and protein.17−24 Herein, we established a
colorimetric and fluorescent method for the detection of p53
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gene and SNP based on target−induced changes in electrostatic
interactions between DNA and GNRs. The changes in
absorbance and fluorescence were utilized to highly sensitive
study the sequence-specific molecular recognition. Taking
advantage of the high target-specificity of hpDNA, fully
complementary DNA can be distinguished from single-base
mismatch DNA. So, it successfully explored the potential
application of gold nanorods in developing a universal, cost-
effective, and reliable biosensing platform.

2. EXPERIMENTAL SECTION
Chemicals. All oligonucleotides were synthesized by Sangon

Biotech Co. (Shanghai, China). Chloroauric acid (HAuCl4·4H2O),
sodium borohydride (NaBH4), ascorbic acid, and cetyltrimethylam-
monium bromide(CTAB) were purchased from Beijing Dingguo
Biotechnology Co., Ltd. (Beijing, China). All of the metal salt was
purchased from Xi’an chemical reagent Co., Ltd. (Xi’an, China). Tris-
HCl buffer (20 mM, pH = 7.5) was used to prepare the
oligonucleotides stock solutions.
Instrumentation. All fluorescence measurements were performed

on a Hitachi F-7000 fluorescence spectrophotometer (Tokyo, Japan).
UV−visible absorption spectra were recorded on a Hitachi U-3900H
UV/Vis spectrophotometer (Tokyo, Japan). Transmission electron
microscopy (TEM) images were collected on a JEM-2100 instrument
(Jeol Co. Ltd, Tokyo, Japan).
Synthesis of Gold Nanorods (GNRs). Gold nanorods were

synthesized by chemical reduction process using a seeding growth
method according to the literature.25,26 The synthesis process has been
briefly described in the previous work.17 The properties of prepared
GNRs were characterized by TEM and UV−vis absorption spectrum
measurements.
Fluorescence Experiments. The changes in fluorescence spectra

were recorded on a fluorometer (F-7000, Hitachi). The fluorescence in
the range of 500−600 nm was measured with excitation at 480 nm.
First, the fluorescence of 100 μL of 20 nM F-hpDNA was read. Then,
0.5 μL of GNRs was added and incubated for 5 min before
fluorescence measurements. Subsequently, target DNAs were added.
DNA hybridization was carried out in Tris-HCl buffer (20 mM Tris-
HCl, 100 mM NaCl, pH = 7.5) for 5 min.
Fluorescence Polarization Measurements. The detail of

fluorescence polarization measurements was just as mentioned in the
previous work.17 The equation of fluorescence polarization (P) was as
follows:27
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I∥ and I⊥ are the vertically and horizontally polarized emission,
respectively, excited by vertically polarized light. Changes in
fluorescence anisotropy were recorded within 5 min.
UV Measurements. First, the UV−vis absorption spectra of 1.45

nM GNRs were read in the range of 400−900 nm. Then, hpDNA was
added and incubated for 10 min. Subsequently, target DNAs with
different concentration were added and incubated for 10 min.

3. RESULTS AND DISCUSSION
Proof of Principle. As depicted in Figure 1, GNRs-based

FRET and colorimetric assay have been proposed to detect the
p53 gene and SNP using gold nanorods as the fluorescence
quencher and colorimetric probe, respectively. Carboxyfluor-
escein-tagged hairpin DNA (F-hpDNA) was used as a DNA
probe for fluorescence assay. The CTAB-coated GNR is
positively charged. When hpDNA or F-hpDNA is mixed with
GNRs, the electrostatic interaction between GNRs and DNA
probe attracted DNA close to the surface of GNRs, leading to a
decrease in longitudinal absorption of GNRs and fluorescence
quenching of F-hpDNA. DNA hybrid is formed when input

target DNA, which strengthened the electrostatic interaction
between GNRs and DNA and led to the aggregation of GNRs.
As a result, the longitudinal absorption of GNRs obviously
decreased and the fluorescence of F-hpDNA was further
quenched. So, target DNA can be specifically detected by
colorimetric and fluorescence approach.
To verify the feasibility of fluorescence protocol, the

fluorescence response of F-hpDNA under different conditions
was investigated. It can be clearly found from Figure 2 that the

input of GNRs induced a decrease (∼ 46%) in the fluorescence
intensity of F-hpDNA (curve b), indicating that FRET occurred
between F-hpDNA and GNRs. Upon the addition of T1,
fluorescence of the F-hpDNA/GNRs mixture further de-
creased. This fact can be ascribed to the formation of DNA
hybrids that have higher surface charge than ssDNA. Therefore,
the electrostatic interaction between GNRs and F-hpDNA/T1
hybrid enhanced, leading to an increase in the FRET efficiency.
To exclude other possibilities of false signal, negative control
experiments have been designed. First, the fluorescence
response of F-hpDNA/GNRs mixture in the presence of
random DNA was studied. Figure 2 demonstrated that random

Figure 1. Schematic description of the GNRs-based fluorescent (A)
and colorimetric (B) strategy for detection of DNA and SNP.

Figure 2. Fluorescence spectra of F-hpDNA under different
conditions. (a) F-hpDNA, (b) a + GNRs, (c) b +10 nM T1, and
(d−g) F-hpDNA/GNRs with RDNA from 0.001 to1 μM.
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DNA strand has no effect on the fluorescence of F-hpDNA/
GNRs mixture. Secondly, the influence of reaction time on the
fluorescence was studied. Figure S1A in the Supporting
Information demonstrates that the fluorescence of the F-
hpDNA and F-hpDNA/GNRs mixtures slightly changed as
time goes on. Therefore, the fluorescence quenching was not
attributed to the bleaching of dye with elapsing time. Finally,
the effect of T1 on the fluorescence intensity of F-hpDNA was
studied. Figure S1B reveals that the fluorescence of F-hpDNA
cannot be quenched by T1 in the absence of GNRs. Based on
the above results, we draw a conclusion that fluorescence
quenching is ascribed to the specific molecular recognition
between DNA probe and target, and GNRs-based FRET for
DNA detection is feasible and reasonable.
Colorimetric assay (Figure 1B) utilizes the fact that changes

in electrostatic interaction between GNRS and DNAs will affect
the properties of GNRs. The UV−vis absorbance spectra of
GNRs in Figure 3 display a transverse absorption peak around

530 nm and a longitudinal absorption peak around 770 nm
(curve a). When hpDNA is mixed with GNRs suspension, the
UV−vis absorption spectra of GNRs slightly changed (curve b).
Since the negative charge density of ssDNA is much lower than
that of dsDNA. So, the electrostatic interactions between
ssDNA and GNRs just attracted DNA close the surface of
GNRs, and could not induce an obvious change in state of
GNRs. Upon addition of the T1 (curve c), a marked change in
the UV−vis absorption spectra of GNRs occurred. The
transverse absorption peak slight red shifted, while the intensity
of longitudinal absorption distinctly decreased accompanying
with a blue-shift. That is, DNA hybridization significantly
changed the state of GNRs. The strengthened electrostatic
interactions between GNRs and dsDNA caused the assembly of
GNRs, leading to a significant decrease in the longitudinal
absorption of GNRs. Therefore, changes in absorbance can be
utilized for quantitative determination of target DNA. More-
over, change in the color of GNR can directly reflect the
presence of target DNA. Curve d in Figure 3 demonstrates the
colorimetric response of hpDNA/GNRs mixture in the
presence of random DNA. As expected, there is no
fundamental change compared with hpDNA/GNRs. All these

results revealed that the change in color and absorbance of
GNRs was attributed to the specific DNA hybridization. It
further verified the feasibility of our colorimetric approach.

Optimization of Experimental Conditions. Since many
factors may affect the sensing performance, the influences of
these factors were investigated. First, the effect of reaction time
on the fluorescence intensity of F-hpDNA should be
considered. From Figure S1A it could be found that the
fluorescence of F-hpDNA hardly changed as time goes on
(Figure S1B). Meanwhile, the fluorescence intensity of both F-
hpDNA/GNRs and F-hpDNA/GNRs/T1 reached a minimum
in 5 min and almost remained constant after that. Secondly, the
influence of pH in the range of 6.5−8.0 was studied. It is clear
from Figure S2 that the FRET efficiency improved as the pH
value increased in the range of 6.5−7.5. The biological process
is highly related to pH; a small change in pH obviously affected
the reaction rate of the biological process. So the DNA
hybridization efficiency is high under the conditions similar to
physiological status. Then the response decreased gradually
once pH over 7.5. It may be attributed to the fact that higher
pH is unfavorable for the DNA hybridization reaction.
Therefore, pH 7.5 was chosen as the optimized condition.
Thirdly, the effect of ionic strength on the quenching efficiency
was studied. From information given in Figure S3, we
discovered that the quenching efficiency improved significantly
with the increase of NaCl concentration in the range of 0−0.1
mol L‑1. However, FRET efficiency decreased when the
concentration of NaCl exceeded 0.1 mol L‑1. Under lower
ionic strength, an increase in ionic strength may be helpful to
DNA hybridization efficiency, resulting in a higher FRET
efficiency. While the electrostatic interaction between DNA and
GNRs reduced under high ionic strength. Meanwhile, greater
than 100 mM of NaCl made the GNRs unstable.28−33 So, the
optimal concentration of NaCl is 0.10 mol L‑1 for this study.
It has been reported that the location of absorption peak

depends on the aspect ratio of GNRs.17 In this study, four kinds
of GNRs were prepared via adjusting the amounts of initial
silver nitrate from 100 to 500 μL (Figure S4). According to the
results of TEM, the average aspect ratio of GNRs was 1.8, 2.5,
3.5, and 3, respectively(Figure S5). As the aspect ratio of GNRs
will affect the absorption peak, the effect of amount and aspect
ratio of GNRs on the FRET efficiency should be investigated. It
can be discovered from the Figure S6A that the optimal average
aspect ratio of GNRs was 3.5 in this study. Moreover, the
fluorescence quenching efficiency was appropriate when 0.5 μL
of GNRs was used as the fluorescence quencher (Figure S6B).

Mechanism Investigation. To further verify the sensing
mechanism, TEM imaging and fluorescence polarization were
performed. Based on the TEM images in Figure 4A, it was
observed that GNRs dispersed well without hpDNA. As shown
in Figure 4B, the space of GNRs became smaller when hpDNA
was mixed with GNRs. However, the formation of hpDNA/T1
hybrid led to the assembly of GNRs (image C). The TEM
result is in good accordance with fluorescent and colorimetric
measurements.
Furthermore, the sensing mechanism was further studied by

the fluorescence polarization (FP) assay. Fluorescence polar-
ization has been a valuable tool for biophysical research such as
nucleic acid hybridization, protein−protein interaction, and
interaction between biomolecules and small molecules.34−36

Figure S7A demonstrates the fluorescence polarization (FP) of
F-hpDNA probe under different conditions. The FP value of F-
hpDNA is relatively low. An increase in FP value was obtained

Figure 3. Absorbance spectra of GNRs under different conditions. (a)
GNRs, (b) GNRs/20 nM hpDNA, (c) b+50 nM T1, and (d) b+50
nM random DNA. Inset photographic images are the corresponding
colorimetric response.
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when F-hpDNA mixed with GNRs. However, the FP value of
F-hpDNA/GNRs mixture greatly increased after addition of
T1. Moreover, it gradually increased as the T1 concentration
increased (Figure S7B). Such an increase in fluorescence
polarization was attributed to the fact that the motion of the F-
hpDNA has been confined due to the strong electrostatic
interaction between dsDNA and GNRs. Therefore, fluores-
cence polarization and TEM measurements further proved the
principle of our method.
Fluorescent and Colorimetric Detection of SNP. To

investigate the ability to identify SNP, we firstly compared the
FRET efficiency in the presence of T1 and single-base mutation
DNAs. It is clear from Figure 5 that the proposed method has a
remarkably high specificity to discriminate complementary
target from single-base mismatched DNA. Then, we further
investigated the recognition capability to detect target DNAs
with different mutation numbers. The sequences of these
mismatched DNAs are demonstrated in Table 1. As shown in
Figure 6A, the FRET efficiency decreased proportionally with
the increase in mutation number of DNA. Hairpin DNA has a
stem-loop structure, which gives it higher specificity for
mutation recognition. Single-base mismatched target DNA
has much lower hybridization efficiency with hpDNA than that
of complementary target DNA. Meanwhile, we tested the

Figure 4. TEM images of (A) GNRs and GNRs in the presence of (B)
hpDNA and (C) hpDNA/T1 hybrid.

Figure 5. (A) Fluorescence spectra of F-hpDNA/GNRs in the
presence of complementary (T1) and single-base mismatched DNAs.
The mutation base of T21, T22, and T23 is T, A, and C, respectively.
(B) Bar chart of fluorescence response of target DNAs to F-hpDNA/
GNRs mixture. The error bar represents the standard deviation from
three independent experiments, where F0 and F are the F-hpDNA/
GNRs intensities in the absence and presence of target DNA,
respectively.

Table 1. Summary of Oligonucleotide Sequences

oligonucleotide sequence

F-hpDNA: FAM-
labeled hairpin
DNA

5′-FAM-CGAGCGTTCATGCCGCCCATGCTCG-3′

hpDNA: hairpin
DNA

5′ −CGAGCGTTCATGCCGCCCATGCTCG-3′

T1:
complementary
target DNA

5′-ATGGGCGGCAT GAAC-3′

T21: single-base
mismatch DNA

5′-ATGGGCTGCATGAAC-3′

T22: single-base
mismatch DNA

5′-ATGGGCAGCATGAAC-3′

T23: single-base
mismatch DNA

5′-ATGGGCCGCATGAAC-3′

T3: two-bases
mismatch DNA

5′-ATGGGAGGCCTGAAC-3′

T4: three-bases
mismatch DNA

5′-ATTGGCTGCATGCAC-3′

RDNA: random
DNA

5′-ATATCATATTTGGTG-3′
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specificity of colorimetric analysis. It is obvious from Figure 6B
that SNP can be easily and sensitively discriminated from T1, as
well as other mismatched DNA strands, by comparing the
change of absorbance peak around 770 nm. As a result,
complementary DNA can be sensitively and easily discrimi-
nated from mutation and random DNAs by the change in color
of GNRs. These facts revealed that the GNRs-based
colorimetric and fluorescent method could be used to
sensitively and selectively discriminate SNP.
Sensitivity of Fluorescent and Colorimetric Detection

of p53 Gene. To verify the potential application for
quantitative analysis, the relationship between fluorescence
response and target concentration has been studied. As
expected, the change in fluorescence intensity is directly related
to T1 concentration. The inset of Figure 7A demonstrates that
there is a remarkable linear relationship between quenching
efficiency and logarithmic concentrations of T1 in the range of
0.001−100 nM. The limit of detection was 0.26 pM, indicating
that it is a highly sensitive method compared with previously
reported fluorescence methods (Table S1).
Under the optimized conditions, target-induced changes in

absorption spectra of GNRs were recorded. It was discovered in
Figure 7B that the absorbance peaks of GNRs at both 530 nm
and 770 nm gradually decreased with the increasing of amount
of T1. Since the high sensitivity of the longitudinal plasmon

band to the interparticle interaction27,37,38 compared with the
transversal absorption band, a obvious change in intensity of
longitudinal absorbance band was utilized to quantitatively
analyze target DNA. A good linear correlation between
absorbance difference and T1 concentration in the range of
5−100 nM was obtained. GNRs-based colorimetric method is
sensitive with a detection limit of 0.3 nM (Figure 7B).
Meanwhile, it has been observed that the longitudinal
absorption peak blue shifted upon addition of target DNA,
accompanying a smaller red-shift of the transverse band. The
change in color of GNRs has also been observed (Figure 7C).

Figure 6. (A) Fluorescence response of F-hpDNA/GNRs in the buffer
as the concentration of target DNAs increased from 10 pM to 10 nM.
(B) Colorimetric response of hpDNA/GNRs in the buffer towards
different DNAs. The concentration of all DNAs is 100 nM. Inset is the
corresponding photographs.

Figure 7. (A) Fluorescence spectra of F-hpDNA/GNRs in the
absence/presence of different concentrations of T1. From curve (a) to
(j), the concentration of T1 is 0, 0.001, 0.005, 0.01, 0.05, 0.1, 1, 10, 50,
and 100 nM, respectively. (Inset) Linear correlation of the
fluorescence change versus logarithmic concentrations of T1. (B)
UV−vis absorption of GNRs in the absence and presence of DNA. (a)
GNRs, (b−i) GNRs/hpDNA + T1; from (b) to (i), the concentration
of T1 is 0, 1, 5, 10, 30, 50, 80, and 100 nM, respectively. (Inset) Linear
correlation of the absorbance change versus the concentrations of T1.
(C) Color changes of GNRs for visual detection of T1.
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Based on that, T1 can be sensitively detected as low as 10 nM
by the naked eye. These above results further proved that our
method is simple and sensitive compared with most other
methods (Table S1).

4. CONCLUSIONS
In summary, a GNRs-based colorimetric and fluorescent
approach for DNA detection and SNP discrimination has
been developed. In comparison with previous reports, this assay
presents the following unique features. Firstly, by utilizing
GNRs as the colorimetric probe, the p53 gene can be simply
and sensitively detected at as low as 0.3 nM by the change in
absorbance and at 10 nM by the naked eye without external
labeling. Secondly, hairpin DNA probe is single-labeled for the
fluorescent assay by using GNRs as the fluorescence quencher,
which exhibited some excellent features, including relative ease
of synthesis, high stability, and low cost. Thirdly, based on the
inherent specificity of the hairpin DNA, complementary DNA
was sensitively distinguished from single-base mismatched
DNAs and random DNA by the change in fluorescence
intensity, and absorbance or color of GNRs solution. Moreover,
GNRs-based fluorescent method can sensitively detect target
DNA at as low as 0.26 pM. Therefore, this assay provided a fast
and more universal method for the assay of disease-related
DNA and SNP in homogeneous solution with high selectivity
and sensitivity, and will find potential applications in genetic
studies and disease diagnosis.
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