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A  simple  colorimetric  sensing  method  was developed  for detection  of invA  gene  of  Salmonella  by
combining  DNAzyme  probe  self-assembled  gold  nanoparticles  and  polymerase  chain  reaction  (PCR)
technique.  Amino-modified  capture  probe  was  covalently  immobilized  on  the  surface  of  DNA–BIND
plate,  and further  hybridized  with  target  sequence  and  DNAzyme  probe  self-assembled  gold  nanopar-
ticles  to  form  a sandwich-type  hybridization  structure.  In  the  presence  of hemin,  the  DNAzyme  probe
could  form  a G-quadruplex/hemin  complex,  which  catalyzed  the  H2O2-mediated  oxidation  of  3,3′,5,5′-
tetramethylbenzidine  dihydrochloride  hydrate  (TMB)  to  cause  a dramatic  color  change.  The  invA  gene
was isolated  from  Salmonella  and amplified  using  a polymerase  chain  reaction  technique,  and  signal
was  further  enhanced  by DNAzyme  probe  self-assembled  gold  nanoparticles.  Under  optimal  conditions,
old nanoparticles the  absorbance  value  was  linear  with  the  logarithm  of  target  sequence  concentrations  in the range  of
0.5–50  nM,  with  a  limit  of detection  of 0.44  nM  for  target  sequence.  In  addition,  the  designed  method
allowed  the  quantitative  Salmonella  detection  in  water  from  3 × 103 to 3 ×  106 CFU  mL−1. This  strategy
exhibited  good  stability,  sensitivity  and  simplicity  and  might  be  a potential  tool  for  the practical  Salmonella
detection  in  clinical  diagnosis,  food  safety  and  environmental  monitoring.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Salmonella,  belongs to enterobacteriaceae, is a gram-negative
nteric bacilli. It is one of the most important pathogens in food-
orne diseases [1]. The number of cases of Salmonella infection is

ncreasing in recent years, which brings about great social and eco-
omic problems [2]. Therefore, a simple and sensitive method for
he detection of Salmonella is urgent demanded.

Different methods have been developed for the detection of
almonella, including traditional culture methods, enzyme-linked

mmunosorbent assay (ELISA) [3] and polymerase chain reaction
PCR) [4–6]. The traditional culture methods are laborious and time
onsuming, and take four to seven days to obtain a confirmed

∗ Corresponding author at: Medical Examination Centre, the First Affiliated Hos-
ital of Chongqing Medical University, Chongqing 400016, PR China.
el.: +86 23 68485688; fax: +86 23 68485786.

E-mail addresses: dingshijia@cqmu.edu.cn, dingshijia@163.com (S. Ding).

ttp://dx.doi.org/10.1016/j.snb.2014.02.104
925-4005/© 2014 Elsevier B.V. All rights reserved.
positive result [7]. Another widely used method is ELISA based
on the presence of specific antibodies of bacterium and flagellar
antigen. The antibodies have the disadvantages such as low affin-
ity, poor chemical stability, complicated preparation and high cost
[8,9]. In addition, the new molecular-based detection technique
such as PCR is extensively developed. It has distinct advantages
in sensitivity, but its successful application has been limited by the
lack of a sensitive and convenient method for direct detection of
PCR products [10]. Recently, colorimetric sensors have attracted
considerable attention for its intrinsic advantages such as low cost,
simple, and even only utilizing naked eyes [11–14].

DNAzyme probe is single-stranded DNA oligonucleotide with
rich guanine, which exhibits considerable potential as new bio-
catalyst formed by hemin and G-quadruplexes [15–17]. It is
proven that G-quadruplex/hemin complex has peroxidase-like

activity and can effectively catalyze the H2O2-mediated oxidation
of 3,3′,5,5′-tetramethylbenzidine dihydrochloride hydrate (TMB) to
cause a dramatic color change [18–21]. Owing to the competitive
advantages of DNAzymes probe over traditional protein enzymes

dx.doi.org/10.1016/j.snb.2014.02.104
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2014.02.104&domain=pdf
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ncluding high chemical stability, ease synthesis and low price
22,23], nowadays DNAzyme probes have been widely applied in

any fields, such as biomedicine and bioanalysis for the detection
f DNA, metal ion, small molecules and proteins [24–26]. Mean-
hile, to achieve highly sensitive signal, gold nanoparticles (AuNPs)
ave been widely applied in different biosensing systems for sig-
al amplification [27–29]. The detection assay based on bioactive
olecules, including protein enzymes, antibodies functionalized
uNPs has been reported for detection of DNA [30]. To date, there

s no report for the simple and sensitive colorimetric assay of DNA
y using DNAzyme probes on the AuNPs, which can overcome the

nherent disadvantages of protein enzymes.
In this paper, the development of colorimetric sensing assay

ased on DNAzyme probe self-assembled gold nanoparticles is
escribed for detection of invA gene of Salmonella. The invA gene,
hich is located on Salmonella pathogenicity island 1 (SPI-1),
akes the specific detection of Salmonella possible because the

ncoded protein is essential for the invasion of epithelial cells by
almonella [31,32]. The G-quadruplex/hemin complex (DNAzyme)
xhibited highly catalytic activity, leading to dual signal ampli-
cation for detection of low-concentration target sequence. The
esigned method is simple, sensitive and specific, and could be

 powerful tool for the practical Salmonella detection in clinical
iagnosis, food safety and environmental monitoring.

. Experimental

.1. Reagents

3,3′,5,5′-Tetramethylbenzidine dihydrochloride hydrate (TMB),
emin, bovine serum albumin (BSA) and salmon sperm DNA were
btained from Sigma–Aldrich (USA). HAuCl4·4H2O was  purchased
rom Sinopharm Chem. Ltd. (Shanghai, China). Premix Taq Version
.0, DL500 DNA Marker and agarose were purchased from Takara
Dalian, China). All other reagents were of analytical grade, and

illipore-Q water (≥18 M�)  was used in all experiment.

.2. Oligonucleotides

The invA target gene sequence and other DNA oligonucleotides
ere obtained according to the literature [32]. All oligonucleotides
ere synthesized by Sangon Inc. (Shanghai, China), and the detail

ase sequences were showed in Table 1.

.3. Apparatus

DNA-BINDTM plates were purchased from Corning Costar Cor-
oration (New York, USA). The absorbance measurements were
erformed on an ELIASA (TECAN, Switzerland). UV–vis spectra were
arried out on a UV 2550-Vis spectrophotometer (Shimadzu, Japan).
ransmission electron microscopic (TEM) image was  carried out

sing an H-7500 transmission electron microscope (Hitachi, Japan).
he PCR reaction was taken with a My  Cycler thermal cycler (Bio-
ad Laboratories, USA). Gel images were completed on an imaging
ystem (Bio-Rad Laboratories, USA).

able 1
ligonucleotides used in the present work.

Oligonucleotide Sequence (5′–3′)

Capture probe C12-NH2-TTTTTCG
Detection probe TAC CGG CCT TCA
Target oligonucleotide TGCCGATTTGAAG
DNAzyme probe HS-(CH2)6-TTTTTT
Single-base-mismatched oligonucleotide TGCCGATTTGAAG
Non-complementary oligonucleotide CTAGCTAAATTCCC
tors B 198 (2014) 87–93

2.4. Preparation of AuNPs and DNA-functionalized AuNPs

AuNPs were prepared according to a reported method [27].
Briefly, 3.5 mL  of 1% trisodium citrate was added to 100 mL of boil-
ing 0.01% HAuCl4 solution and was  rapidly stirred. The color of
solution turned from pale yellow to deep red, indicating the forma-
tion of AuNPs. Then the solution was cooled to room temperature
with continued stirring and stored at 4 ◦C before use.

The DNA-functionalized AuNPs were synthesized by adding
80 �L of 10 �M DNAzyme probes and 20 �L of 10 �M detection
probes to 400 �L of Au colloidal solution. After incubating for 12 h
at 4 ◦C with slight stirring, the DNA conjugates were “aged” in 0.1 M
NaCl for another 12 h. Subsequently, the conjugates were collected
by centrifugation at 8000 × g for 30 min  and kept at 4 ◦C.

2.5. Preparation of DNA samples and PCR amplification

The Salmonella typhimurium strains were obtained from
Chongqing Center for Disease Control and Prevention (Chongqing,
China). These strains were grown aerobically at 37 ◦C for 16 h
in sterile liquid Luria–Bertani medium with shaking. For further
purification, the bacterial culture was ultracentrifuged at 10,000 × g
for 5 min at 4 ◦C. The supernatant was discarded and the cell pel-
let was  resuspended in 100 �L ultrapure water. The enumeration
of viable Salmonella was carried out by plating 100 �L of appro-
priate 10-fold dilutions in sterile ultrapure water onto plate count
agar. After incubating the plate for 24 h at 37 ◦C, the concentration
of Salmonella was estimated by calculating the average number of
CFU. Meanwhile, DNA extraction was  performed by incubating the
culture in a water bath for 15 min  at 100 ◦C and immediately chil-
ling on ice. Subsequently, the mixture was centrifuged at 10,000 × g
for 5 min  at 4 ◦C and the supernatant containing genome DNA was
used as template for the PCR.

The PCR reactions were performed in 50 �L volumes consist-
ing of 5.0 �L genomic DNA, 1.0 �L of 20 �M forward and reverse
primers, 25 �L of Premix Taq (1.25 U of DNA polymerase, 2 × Taq
buffer, 0.4 mM of dNTPs) and 18 �L of water. The cycling parame-
ters consisted of 35 cycles of denaturation at 95 ◦C (30 s), annealing
at 64 ◦C (30 s) and extension at 72 ◦C (30 s) followed by a final exten-
sion at 72 ◦C for 4 min. PCR products were determined by running
10 �L of PCR mixtures in 2% agarose gel for 20 min  and observed
under ultraviolet light.

2.6. Preparation of colorimetric sensor

The amino-modified C12 linker-armed capture probe was dis-
solved in oligo binding buffer (50 mM Na2HPO4, 1 mM EDTA,
pH = 8.5) at a concentration of 0.25 pmol �L−1, and 100 �L/well was
added to the DNA-BINDTM plate to covalently couple and incu-
bated overnight at 4 ◦C. Then the plate was washed five times
with Tris–buffered saline (10 mM Tris, 150 mM NaCl, pH = 8.0)
to remove uncoupled capture probe. To block the unreacted

N-oxysuccinimide ester (NOS) groups, 200 �L of 3% BSA and
125 �g mL−1 salmon sperm DNA in oligo binding buffer were added
to each well and incubated for 30 min  at 37 ◦C. The colorimetric
sensor was  developed successfully and stored for future use at 4 ◦C.

CACCGTCAAAGGAA
 AAT CGG CAT TTT TTT TTT-(CH2)3-SH
GCCGGTAGCTAGATTCCTTTGACGGTGCG
GGGTAGGGCGGGTTGGG
GCCGGTAGCTAGATTCCATTGACGGTGCG
ATGAATCGCTCTAATTAAACTACCGAGA
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cheme 1. Schematic representation of colorimetric sensing assay for Salmonella t
ag.

hen, the mixed solution of PCR product and DNA-functionalized
uNPs in 2 × SSC (30 mM trisodium citrate (C6H5Na3O2·2H2O),
00 mM NaCl, 0.1% SDS, pH = 7.6) was heated for 5 min  at 95 ◦C

n a water bath and immediately chilled in ice. After the plate
as washed by washing buffer, the mixed solution was added

nto the plate, following incubation for 1 h at 37 ◦C to form a
andwich-type DNA hybridization. Then, the plate was washed 5
imes with 60 ◦C-heated 2 × SSC, each for 5 min. Next, 100 �L of

 �M hemin was added and the colorimetric sensor was incubated
t room temperature for 1 h, which would allow the formation
f G-quadruplex/hemin complex (DNAzyme). Finally, 50 �L of
.2 mg  mL−1 TMB  and 0.012% H2O2 solution were added as the sub-
trate of above peroxidase-like activity DNAzyme. After 2 h, add an
qual volume of 2 M H2SO4 into the solution to stop this reaction.
he absorbance value was measured at the wavelength of 450 nm.

. Results and discussion

.1. Principle of colorimetric assay for Salmonella detection

The principle of the Salmonella detection was  illustrated in
cheme 1. The capture probe was 5′-end chemically modified
ith a primary amino group and covalently linked to the plate

oated with a layer of reactive N-oxysuccinimide ester (NOS
roups) in a slightly alkaline environment. In the presence of
arget sequence, the hybridization reaction, between the capture

robe and the detection probe-functionalized AuNPs, occurred
o form a sandwich-type hybridization structure. Then in the
resence of hemin, the DNAzyme probe, assembled on AuNPs,
ould form a G-quadruplex/hemin complex, which can catalyze

ig. 1. (A) TEM image of AuNPs. (B) UV–vis absorption spectra of (a) AuNPs, (b) AuNPs with
f  0.1 M NaCl.
DNA detection using DNAzyme probe self-assembled gold nanoparticles as single

the H2O2-mediated oxidation of 3,3′,5,5′-tetramethylbenzidine
(TMB) to cause a dramatic color change. In this method, G-
quadruplex/hemin complex (DNAzymes), a new label instead
of traditional horseradish peroxidase (HRP), showed inherent
advantages of simplicity, low price and stability. In addition, the
sensitivity was  effectively enhanced by using AuNPs modified by
DNAzyme probe as single tag. This sensing platform not only
enlarged the target library of the DNAzyme probes based AuNPs col-
orimetric sensors, but also provided a new simple and economical
method to detect Salmonella.

3.2. Characteristics of DNA-functionalized AuNPs

Fig. 1A illustrated the size and shape of AuNPs obtained by
transmission electron microscopy (TEM) measurement. It can be
seen that most of the AuNPs were spherical and homogeneous dis-
tributed with a mean size of 24 nm in diameter. The bioconjugation
of DNA on the synthesized AuNPs was confirmed by UV–vis absorp-
tion spectra (Fig. 1B). The AuNPs exhibited an absorption peak at
520 nm (curve a), and the color of solution was red. After the AuNPs
were functionalized with thiolated DNA, the absorption peak at
520 nm was obviously observed and the color of the solution was
still red, when 0.1 M NaCl solution was added (curve b). As shown
in curve c, AuNPs without SH-DNA after addition of 0.1 M NaCl, the
absorption peak declined sharply and the solution color switched
from red to gray black. This could be attributed to the fact that

the unmodified AuNPs were unstable in high-concentration salt
solution and gathered speedily with each other. The above results
strongly demonstrated that the AuNPs were successfully labeled
with thiol-modified oligonucleotides.

 SH-DNA after addition of 0.1 M NaCl, and (c) AuNPs without SH-DNA after addition
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ig. 2. Dependences of OD value on TMB  concentration (A), H2O2 concentration (B
heir  optimal conditions.

.3. Optimization of experimental conditions

The appropriate reaction conditions played an important role
n the improvement of sensitivity. So some basic variables were
ptimized. Fig. 2A showed the absorbance value of different con-
entration of TMB. With the increasing concentration of TMB, the
ptical density (OD) sharply increased and tended to a steady value
fter 0.2 mg  mL−1. Therefore, 0.2 mg  mL−1 was chosen as the opti-
um  TMB  concentration for colorimetric detection. In addition, the

oncentration of H2O2 was  also optimized. As shown in Fig. 2B,
ith the increasing concentration of H2O2, the OD value increased

apidly (line a), meanwhile the blank response also increased, and
he maximal difference was obtained at 0.012% (line b). Thus,
.012% was selected as the optimal concentration to obtain high
atio of signal to background.

The incubation time and temperature of substrate were impor-
ant parameters that influenced the enzyme-catalyzed reaction.
he OD values sharply increased with the increasing incubation
ime up to 2 h and then reached a plateau (Fig. 2C), which suggested
hat 2 h was enough for the reaction of DNAzyme and substrate.
hus, the incubation time of 2 h was adopted. Fig. 2D showed the
D values of different temperature from 20 ◦C to 70 ◦C. It exhib-

ted a plateau and obtained maximum response between 30 ◦C and
0 ◦C. In this experiment, 40 ◦C was chosen as optimal temperature.

Some other important experimental conditions such as the con-
entration of hemin and the dilution ratio of DNA-functionalized
uNPs also influenced the assay performance. As shown in Fig. 3A,

he OD values increased significantly with the increasing concen-

ration of hemin, and the signal exhibited no further remarkable
ariation after more than 2 �M hemin. So the concentration of
emin was fixed at 2 �M in following experiments. The effect of
ilution ratio of the prepared DNA-functionalized AuNPs solution
e (C), temperature (D), when one parameter changed and the others were under

on the absorbance response was shown in Fig. 3B. The OD values
tended to be constant and decreased gradually when the dilution
ratio was  greater than 1:3. Therefore, the dilution ratio of 1:3 was
used for the optimal dilution.

3.4. Sensitivity of colorimetric assay

To explore the sensitivity of the colorimetric sensors for target
DNA detection, the absorbance signals of different concentrations
of target DNA at 450 nm were measured. As shown in Fig. 4A, the
OD value increased remarkably with the increment of target DNA
concentration. Fig. 4B showed the good linear relationship between
the OD values and the logarithm of target DNA concentration was
obtained in the range of 0.5–50 nM,  with correlation coefficient of
0.996. The limit of detection (LOD) was calculated to be 0.44 nM,
which was lower than the other reported DNAzyme based DNA
sensors [33,34]. In addition, the color change of different concen-
trations of target DNA could be readily differentiated with naked
eye, as shown in Fig. 4C.

3.5. Specificity and reproducibility of the assay

In order to investigate the selectivity of the established
colorimetric biosensor for the detection of target DNA, three
different synthetic oligonucleotides including full complemen-
tary oligonucleotides, single-base-mismatched oligonucleotides
and non-complementary oligonucleotides were analyzed. Fig. 5
displayed the changes of absorbance value after hybridization

with 3 nM and 30 nM of the three different oligonucleotides
and the background. The assay gave a very clear response with
full complementary oligonucleotides, but the interaction with
single-base-mismatched oligonucleotides was  significantly weaker
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han that of the complement sequences. The absorbance value
ith the non-complementary oligonucleotides exhibited signifi-

ant decrease and were of the same order of magnificent as the
ignal of the blank background. Therefore, the results demonstrated
hat the designed colorimetric sensor was highly selective to the
equence of the target DNA.

To estimate the reproducibility of the developed colorimetric
ensor, the sensor was investigated by detecting synthetic target
NA at 3 nM and 30 nM with six replicates, respectively. The rela-

ive standard deviation (RSD) of six replicates measurements was
ess than 5%, which suggested a satisfactory precision and accept-
ble reproducibility of the designed assay.

.6. Detection of Salmonella in water
To evaluate the feasibility of established colorimetric sensor
or the detection of actual Salmonella in water, the absorbance
alues of different concentrations Salmonella were measured. The
ultivate bacteria was processed as described steps by extracting

ig. 4. (A) UV-vis absorption spectra for different target DNA concentrations of 0, 0.5, 1
oncentration. The error bars represent average standard errors for three measurements.
hen one parameter changed while the others were under their optimal conditions.

genomic DNA with a rapid and efficient boiling method and the
PCR was performed using the extracted invA gene. Then the post-
PCR analysis was  performed by both colorimetric biosensor and
agarose gel electrophoresis. The amplification of a 284 bp fragment
of invA gene was successfully achieved, which could be verified
by 2% agarose gel electrophoresis (Fig. 6A). The colorimetric-PCR
assay could be applied to analyze the denatured PCR products for
Salmonella from 3 × 103 to 3 × 106 CFU mL−1, and the absorbance
values to different PCR samples were shown in Fig. 6B. How-
ever, no target band could be observed in PCR products when
the concentration was below 3 × 105 CFU mL−1, this is attributed
to the low EtBr straining efficiency for ssDNA. On the con-
trary, the established colorimetric-PCR sensor could effectively
detect Salmonella as low as 3 × 103 CFU mL−1, which was much
lower than other methods reported previously for the detec-

tion of Salmonella [35,36]. Thus, the designed colorimetric-PCR
assay is simple, fast and sensitive, which could be regarded as
a valid alternative to conventional assays for the detection of
Salmonella.

, 3, 5, 10, 30, 50 nM (from a to h). (B) Plot of absorption for target different DNA
 (C) Colorimetric responses of the sensor to different concentrations of target DNA.
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Fig. 5. Comparison of OD values after hybridization with 3 nM and 30 nM of
target oligonucleotides (a), single base mismatched oligonucleotides (b), non-
complementary oligonucleotides (c), blank (d), respectively.

Fig. 6. (A) Gel electrophoresis photos of 500 bp size maker (M) and PCR products
of  3 × 106 (a), 3 × 105 (b), 3 × 104 (c), 3 × 103 (d) CFU mL−1 Salmonella. (B) Typical
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protein biomarker based on electrochemiluminescent quenching of quan-
tum dots by hemin bio-bar-coded nanoparticle tags, Anal. Chem. 83 (2011)
D  curves of colorimetric assay with PCR products obtained from serial dilutions of
almonella in the range of 3 × 103–3 × 106 CFU mL−1.

. Conclusions

This work we demonstrated a simple and sensitive colorimetric
iosensor assay for the detection of Salmonella by using the species-
pecific invA gene and integrating PCR technique and DNAzyme
robe self-assembled gold nanoparticles for signal amplification.
n the optimal experimental conditions, the amplification greatly

mproved the sensitivity for detection of target DNA down to
.44 nM,  and the color of 0.5 nM target DNA could be observed
irectly by naked eyes. In addition, the designed assay had been suc-
essfully applied to detect PCR amplified products from Salmonella
nd could detect Salmonella as low as 3 × 103 CFU mL−1 in water.
n conclusion, this method possessed the advantages of simplic-
ty, sensitivity, low-cost and reliability, which might become a
owerful tool for Salmonella monitoring in real samples and has
 promising prospect for clinical diagnosis, food safety and envi-
onmental monitoring.
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