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A method based on surface plasmon resonance (SPR) DNA biosensor has been developed for label-free
and high-sensitive detection of Salmonella. A biotinylated single-stranded oligonucleotide probe was
designed to target a specific sequence in the invA gene of Salmonella and then immobilized onto a strep-
tavidin coated dextran sensor surface. The invA gene was isolated from bacterial cultures and amplified
using a modified semi-nested asymmetric polymerase chain reaction (PCR) technique. In order to inves-
tigate the hybridization detection, experiments with different concentration of synthetic target DNA

ﬁeﬂvgerg: sequences have been performed. The calibration curve of synthetic target DNA had good linearity from
Surface plasmon resonance 5nM to 1000 nM with a detection limit of 0.5 nM. The proposed method was applied successfully to the
Biosensor detection of single-stranded invA amplicons from three serovars of Salmonella, i.e., Typhimurium, Enter-
Polymerase chain reaction ica and Derby, and the responses to PCR products were related to different S. typhimurium concentrations
Salmonella in the range from 102 to 10'° CFUmL~!. While with this system to detect E. coli and S. aureus, no signif-

icant signal was observed, demonstrating good selectivity of the method. In addition, the hybridization
can be completed within 15 min, and the excellent sensor surface regeneration allows at least 300 assay

cycles without obvious loss of performance.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Salmonellosis is considered to be one of the most widespread
foodborne zoonosis posing a public health risk. It is a global dis-
ease in both industrialized and developing countries, although the
incidence varies (Pieskus et al., 2008). Rapid diagnosis of Salmonella
infection could prevent epidemic outbreak as well as allow earlier
control interventions and corresponding therapy (Sparbier et al.,
2011).

Traditional culture-based methods are usually precise, but cum-
bersome and time-consuming, typically requiring 3-4 days to
indicate negative results and up to 7 days for a confirmed pos-
itive result (Bhagwat, 2004). Most immunoassay techniques are
also widely used, the methods of radioimmunoassay, fluorescence
labeled antibody assay, enzyme-linked immunosorbent assays
(ELISA) and immunoaffinity column assay have some limitations,
such as the labeled antibody, the radiation hazards, the complicated
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wash procedure, and a long analysis time (Yang et al., 2009). Molec-
ular techniques, in particular the polymerase chain reaction (PCR),
can circumvent many of these limitations. The PCR-based ampli-
fication of pathogen-specific DNA provides a promising means for
achieving the rapid and reliable identification of microbes, avoiding
cumbersome, time-consuming culturing steps, unfortunately, PCR
products are traditionally detected by agarose gel electrophoresis.
While this method is simple, it lacks sensitivity (Ahn and Walt,
2005). Alternative methods including real-time PCR (Hoorfar et al.,
2000) and dot blot hybridization (Lida et al., 1993) provide higher
sensitivity, but are rather unwieldy and require a procedure of
complex labeling. Thus, a simple, label-free, and sensitive method
needs to be developed to overcome the drawbacks of these existing
methods.

Surface plasmon resonance (SPR) technologies have been widely
used for quantitative analysis of various target biomolecules
(Homola, 2003). In SPR, the refractive index of the solution close
to the sensor surface changes when a detecting molecule binds to
the ligand-coated sensor chip, SPR measures the change, which can
be correlated to the amount of sensor surface-bound molecules.
There are a number of potential advantages to the use of SPR sys-
tems. Labeling, such as fluorescence or dye tagging, is not necessary,
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Scheme 1. Schematic illustration of the strategy for Salmonella detection. (a) DNA extraction from Salmonella cells and amplification using the second step-asymmetric PCR.

(b) Probe immobilization and interaction with PCR amplicons.

the interaction of a molecule with the biosensor surface may be
evaluated in real time, and only a very small sample volume is
required (Hwang et al., 2005). Recently, SPR-based assays for detec-
tion of bacteria, including Salmonella cells, which usually employ
antibodies (Abs) as recognition elements, have been described in
literature (Bokken et al., 2003; Oh et al., 2004; Subramanian et al.,
2006; Mazumdar et al., 2007, 2010; Waswa et al., 2007). However,
the production of specific Abs is difficult, expensive and extremely
time-consuming, and antibodies can easily lose their activity when
environmental conditions changed (Arya et al., 2010).

In the present study, a new method based on SPR DNA biosen-
sor for the rapid detection of the invA gene was proposed to
detect Salmonella. The invA is a highly conserved gene located on
Salmonella pathogenicity island 1 (SPI-1) (Malorny et al., 2003),
which presents in almost all Salmonella serovars (Daum et al., 2002)
and has been used as a potential target for Salmonella detection
(Rahn et al., 1992; Jeong et al., 2011). Single-stranded biotiny-
lated oligonucleotide probes containing invA gene sequences were
immobilized onto a layer of streptavidin, which is covalently linked
to carboxylated dextran fixed onto the gold surface of the chip.
This procedure resulted extremely efficient in terms of sensitivity,
selectivity and stability of the realized sensor chip for hybridiza-
tion detection (Wang et al., 2004). The invA gene was isolated from
bacterial cultures by a rapid and efficient boiling method and ampli-
fied using a modified semi-nested asymmetric PCR technology,
then the obtained single-stranded amplicons were hybridized with
the complementary probes immobilized on a sensor surface. The
basic principle of the proposed method is illustrated in Scheme 1.
The sensitivity, specificity and reproducibility of designed DNA
sensor were evaluated in details, and the applicability of the pro-
posed strategy was demonstrated by detecting of three serovars of
Salmonella with a series of concentrations.

2. Materials and methods
2.1. Bacterial strains and DNA template preparation

The bacterial strains used in these experiments were kindly
donated from Chongqing Center for Disease Control and Preven-
tion (Chongqing, China). These strains were grown aerobically at
37°Cfor 16 h in sterile liquid Luria-Bertani medium. Viable counts
were performed by plating 100 p.L of appropriate 10-fold dilutions
in sterile PBS solution onto plate count agar in triplicate and incu-
bating the plates for 24 h at 37 °C. The concentration was estimated
by calculating the average number of CFU. One milliliter aliquot of
each bacterial culture was centrifuged at 10,000 rpm for 5min at

4°C.The supernatant was carefully removed and the cell pellet was
washed in 1 mL double-distilled water. After centrifugation, the
cell pellet was then resuspended in 50 L double-distilled water.
The microcentrifuge tube was incubated for 15 min at 100°C in a
water bath and immediately chilled on ice. After centrifugation at
10,000 rpm for 5min at 4°C, the supernatant containing genome
DNA was carefully transferred to a new tube. A 5 pL aliquot was
used as template DNA for the PCR. All DNA preparations were stored
at —20°C prior to use.

2.2. Synthetic oligonucleotides

The gene of the invA was used to design a specific probe
for Salmonella by exploring the GeneBank database, the speci-
ficity of primers for the PCR amplification of invA gene fragment
had been positively verified via the BLAST search engine
(http://www.ncbi.nlm.nih.gov/blast). All oligonucleotides used in
the experiment were synthesized by Sangon Biotech (Shanghai,
China). The corresponding nucleotide sequences of the oligonu-
cleotides used are reported in Table 1. All oligonucleotides were
dissolved with TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) into
stock solutions and stored at —20°C. They were diluted in appro-
priate buffer before use.

2.3. Polymerase chain reaction (PCR) amplification

The PCR reaction was carried out using a My Cycler ther-
mal cycler (Bio-Rad Laboratories, USA) with TaKaRa Premix Taq®
Version 2.0 (TaKaRa Biotechnology Co., Dalian, China). The DNA
amplifications were performed in a two-step PCR. A pair of primers
was used to produce double-stranded DNA (dsDNA), and an inter-
nal primer was introduced to obtain single-stranded DNA (ssDNA)
products. The first step was performed in a total volume of 50 L
contained 5.0 wLofgenomic DNA, 1.0 wL20 M of P-a, 1.0 nL20 uM

Table 1
Oligonucleotides used in the present work.

Oligonucleotide Sequence (5'-3')

Primer a (P-a) TCTGGTTGATTTCCTGATCGCA
Primer b (P-b) GCCAGGCTATCGCCAATAACGA
Primer c (P-c) ACACCAATATCGCCAGTACG
Probe biotin -
TCTGGTTGATTTCCTGATCGCA

ACACCAATATCGCCAGTACGATATT-
CAGTGCGAGCAGGAAATCAACCAGA
TGCCGATTTCAAGGCCGGATGCT-
AGATTCCTTTGGCGGTGCGGCTACTGC

Target oligonucleotide

Non-complementary oligonucleotide
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of P-b, 25 pL of Premix Taq (1.25U of DNA polymerase, 2 x Taq
buffer, 0.4 mM of dNTPs) and 18 L of distilled water. The cycling
conditions consisted of an initial denaturation at 95°C for 1 min,
and then 35 cycles of 95°C for 30s, 55°C for 30s and 72°C for
30s. In the final cycle, extension was carried out at 72 °C for 4 min.
Amplification products of dSDNA were checked using electrophore-
sis in 2% agarose gels and detected by GoldView (SBS Genetech,
Beijing, China) staining. Gel images were captured on an imaging
system (Bio-Rad Laboratories, USA). Between the first and second
steps, a tube of the first PCR products was purified using DNA Frag-
ment Purification Kit (TaKaRa Biotechnology Co., Dalian, China),
dissolved in 30 L distilled water and 5 wL of the dilutions were
used as template for the second amplification of 40 cycles (95°C
for 30, 50°C for 30 s and 72 °C for 305s), the reaction performed in
avolume of 50 wL (5.0 wL of template, 1.0 wL 20 wM of P-c, 25 pL of
Premix Taq and 19 L of distilled water).

2.4. SPR technical platform

For all the experiments, the SPR device Biacore X™ analyti-
cal system and SA chips with streptavidin covalently immobilized
on a carboxymethylated dextran matrix were used (BIAcore AB,
Uppsala, Sweden). There are two independent flow cells on each
sensor chip (Fc1, Fc2). Running buffer was HEPES buffered saline-
EP (HBS-EP), which contains 10 mM HEPES (pH 7.4), 0.15M Nadl,
3mM EDTA, and 0.005% (v/v) Surfactant P20 (BIAcore AB, Upp-
sala, Sweden). All buffers for experiments were filtered (pore size
0.22 pm) and degassed before use. All experiments were conducted
atasample flow rate of 5 WL min~! and at an operating temperature
of 25°C. The Biacore X™ displays results as a time course of res-
onance units (RU). The analytical signal was derived from the RU
difference between the final value and the value (baseline value)
recorded before analyte injection. All sensorgrams are displayed in
subtracted trace in which non-specific binding and buffer-induced
bulk refractive index changes are eliminated, displaying only the
response corresponding to the true binding event. Sensorgrams
were evaluated using the BIA evaluation 4.1 software (Biacore).

2.5. Probe immobilization

The SA chip was first cleaned with three consecutive 1-min
injections of a solution of 1M NaCl in 50 mM NaOH before the
immobilization procedure. When the sensorgram reached a sta-
ble baseline after the cleaning process, biotinylated probes (1 wM
in HBS-EP) were injected into the Fc2 of the SA chip for 7 min using
a flow rate of 5 pLmin~!. Notably, Fc1 was not immobilized with
any probes, only used as the background control for detection. The
sensor chip was equilibrated with running buffer and subsequently
washed with 5 pL of 50 mM NaOH to remove all solutes from the
flow cell except the probes binding to the SA chip by biotin-avidin
system.

2.6. SPR detection

Synthetic oligonucleotides were diluted to the desired con-
centration with hybridization buffer (30 mM sodium phosphate,
450 mM NacCl, 3mM EDTA, and 0.25% Triton x100, pH 7.4), ampli-
fied products from PCRs were added to the hybridization buffer
in equal volumes. For each sample, 70 L of the synthetic oligonu-
cleotides or PCR products in hybridization buffer were injected into
both the probe immobilized and reference flow cells on a SPR chip.
After hybridization reaction, the chip was automatically washed
with the HBS-EP buffer to remove the unbound DNA sample.
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Fig. 1. A typical sensorgram of ssDNA probe immobilization and target DNA
hybridization on the BlAcore’s SA chip. At the end of each reaction step, the chip
surface could be regenerated by Glycine-HCI solution.

2.7. Surface regeneration

After each detection, 5 pL of regeneration solution (10 mM
Glycine-HCI, pH 3.0) were injected to the flow cells to dissociate the
bound target DNA. The cells were equilibrated with HBS-EP buffer,
the sensor chip was then ready for the next measurement. To test
whether the capture activity of the SA chip was harmed or affected
by the regeneration process, repeated interlaced injections of syn-
thetic DNA sample and regeneration solution were performed. This
procedure was repeated 300 times to determine the regeneration
performance.

3. Results and discussion
3.1. Immobilization of biotinylated probes

Biotinylated probes can be captured on an SA sensor surface
within 4-6 min and approximately 800-1000 RU could be obtained
in different experiments using recommended protocols (an exam-
ple is shown in Fig. 1). Continuous injections of the probe gave
almost no increase of signal, indicating the SA chip surface was sat-
urated by the probe. Even after washing the surface exhaustively
(>3 h) with running buffer, the response signal remained constant
without baseline drift (data not shown). Such a sensor surface is
really stable enough for the hybridization of analyte DNA sam-
ples. A typical sensorgram obtained from the binding of target DNA
and immobilized probes is shown in Fig. 1. As expected, the tar-
get DNA is able to specifically hybridize to the immobilized probe,
generating a stable complex on sensor surface.

3.2. The performance of biosensor for the detection of synthesized
oligonucleotides

In order to elucidate the analytical performance of the biosen-
sor proposed in this work, experiments were carried out with
different concentrations of synthetic target oligonucleotides. In
Fig. 2A, the response signal increases with the increase of tar-
get nucleic acid concentration. The response was linear with
the logarithm of target DNA concentration in the range form
5nM to 1000nM, and the detection of as low as 0.5nM can be
achieved (Fig. 2B), the corresponding regression equation was
(ARU) Y=-145.13+435.51 x Ig C (nM) with the correlation coeffi-
cient of 0.9994. Each point of the calibration curve was done three
times, the error bars shown inset of Fig. 2B represent standard devi-
ations. The average of the relative standard deviations (RSDs) was
4.3%, which guaranteed the precision of the biosensor. Rapidity is
the most prominent advantage of this method. The time required
for the hybridization is only 15 min, moreover, with this procedure
no labeling is required and the hybridization interaction can be
observed in real-time.
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Fig. 2. (A) The sensorgrams obtained with synthetic target DNA concentrations of 1000 nM, 500 nM, 100 nM, 50 nM, 10nM, 5nM, 1nM, 0.5nM, 0nM (from a to i). (B)

Calibration curve of ARU versus synthetic target DNA concentration.

3.3. Amplification of target sequence and identification of PCR
products

PCRamplicon, whichis generally dsDNA, needs to be pre-treated
to obtain ssDNA available for hybridization with the complemen-
tary immobilized probe. The most common procedure involving
thermal denaturation is not compatible with SPR instrumentation
using flow systems such as Biacore X™ (Mariotti et al., 2002).
Magnetic particle separation (Mariotti et al., 2002), producing
‘unilateral protruding DNA’ (UPD) (Miyachi et al., 2000) or using
peptide nucleic acids (PNA) probes (Kai et al., 2000) can solve
the problem but they are expensive and complicated. The target
ssDNA can be obtained by asymmetric PCR amplification without
any pre-treatment steps (Giakoumaki et al., 2003). However, tra-
ditional asymmetric PCR relies on using unequal concentrations of
primers, is difficult to optimize, often inefficient, and tends to pro-
mote non-specific amplification (Sanchez et al., 2004). In this work,
in order to achieve higher sensitivity for the detection of Salmonella,
a modified asymmetric PCR technique is introduced to produce
predominantly ssDNA target from extremely low concentration of
starting template. The PCR was performed in two steps by first using
a “symmetric” PCR. A 231-bp fragment of the invA gene was suc-
cessfully amplified from genomic DNA of three different Salmonella
strains, which could be verified by agarose gel electrophoresis
(Fig. 3A). However, there was no target band observed in PCR prod-
ucts corresponding to 104-102 CFUmL~! of S. typhimurium due to
the low resolution of gel electrophoresis (Fig. 3B, lanes 6-9). Then
a tube of obtained dsDNA products was purified in order to remove
the excess primers. The second PCR step was performed by using
an internal primer and the first (symmetric) PCR product as a tem-
plate. Compared with traditional asymmetric PCR, this semi-nested
asymmetric PCR technology provides a more sensitive and specific
means for producing ssDNA. In fact, a reduction in target length
could disrupt secondary structure interference and thus greatly
improve hybridization efficiency.

3.4. Detection of Salmonella

The PCR amplification products from Salmonella invA gene PCR
reaction were diluted with buffer solution to provide high ionic
strength which is necessary for hybridization and to protect the
surface from nonspecific adsorption. The SPR biosensor was then
applied to analyze the PCR products, as shown in Fig. 4, significant
signals were obtained with invA amplicons from the three differ-
ent Salmonella strains. The signal values of S. enterica and S. derby
strains were also well consistent with the value of S. typhimurium
strain at high and low concentration. These results indicated that

M 1 2 3 4
A

231b

B M 1 2.3 4 5 6 7 89

231bp

Fig. 3. Agarose gel electrophoresis of PCR products. The arrow on the left marks the
expected PCR product of 231-bp invA gene. Size markers (M), the fragments are lin-
ear dsDNA bands of 500, 400, 300, 200, 150, 100, 50 base pairs, and (A) PCR products
of 10 CFUmL~" S. typhimurium (1), 10'© CFUmL"! S. enterica (2), 10'° CFUmL"'S.
derby (3); (B) PCR products of 10'° (1), 10° (2), 108 (3), 107 (4), 106 (5), 10° (6), 104
(7), 103 (8), 102 (9)CFUmL"! S. typhimurium.
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Fig. 4. SPR signals for the detection of 3 Salmonella strains at different concentra-
tions. Data are expressed as mean+SD (n=3).
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the developed method could be applied to detect different serovars
of Salmonella contained the invA gene, which exists in almost all
Salmonella serotypes. The response is proportional with the con-
centration of S. typhimurium over the range of 102-101© CFUmL"!
(Fig. 5). The high sensitivity based on the powerful amplification
ability was comparable to recently reported values obtained by
other methods for the detection of Salmonella (Oh et al., 2004;
Mazumdar et al., 2007; Salam and Tothill, 2009; Kyprianou et al.,
2010; Li et al.,, 2010). A control experiment of PCR blanks (contain-
ing all the reagents of the PCR mixture except the template DNA)
indicated that the PCR blanks did not interfere with the detection.
Furthermore, the whole detection process, including sensor sur-
face generation, DNA extraction, PCR amplification and real-time
detection, can be done within 4.5 h.

3.5. Specificity of the method

In order to assay the biosensor selectivity in the hybridization
of the target DNA, two different oligonucleotides corresponding to
full and non-complementary sequence to the probe were designed
and used with the capture probe previously immobilized onto
the sensor surface. The biosensor gave a very clear response with
fully complementary oligonucleotide, and the interaction with
non-complementary DNA did not result in measurable analyti-
cal signals (Table 2). Thus, the results suggest that the process of
hybridization is highly selective to the sequence of the target DNA,
itoccurs only with the fully complementary chain not with the non-
complementary one. This result provides an absolute guarantee for
the follow-on specific detection of PCR amplicons from the invA
gene of Salmonella. E. coli and S. aurues cells were also used to prove
the selectivity of the method for Salmonella detection. E. coli and S.
aurues cells were diluted to obtain a concentration of 108 CFU mL~!.
No significant response, in comparison to Salmonella, was obtained

Table 2
Test the specificity of the method.
Concentration ARU
av? SD
Target DNA 10nM 2874 14.76
500nM 1055.8 39.74
Non-complementary 10nM 7.5 20.53
DNA 500 nM 9.9 11.58
S. typhimurium 108 CFUmL"! 655.8 39.25
E. coli 108 CFUmL-! 7.6 9.29
S. aurues 108 CFUmL"! 6.4 13.94

2 Average of 3 values.

when the E. coli and S. aurues were checked using the same assay
(Table 2). The high selectivity of Salmonella detection was achieved
due to the high specificity of the biosensor and the primers designed
to invA gene.

3.6. Regeneration performance of sensor surface

10 mM Glycine-HCI (pH 3.0) was used as regeneration solution,
one or two 1-min injections could remove the binding target DNA
completely form the SA chip surface without irreversible loss of
its activity (Fig. 1). Up to 300 cycles of binding/regeneration pro-
cesses on the same chip, the SPR response decreased <20% (data not
shown). These results indicated that a well-immobilized SA chip
can be regenerated more than 300 times. Therefore, the sensor chip
can be reused by simply washing the analyte off from the surface,
resulting in a reduced detection cost and a rapid detection process.

4. Conclusions

We developed a SPR-based DNA biosensor for detection of
Salmonella, an important foodborne pathogen. The highly specific
DNA probe for invA gene sequence recognition was immobilized on
a sensor surface using biotin-streptavidin binding system. The invA
gene was isolated from bacterial cultures employing a simple DNA
extraction and amplified using a modified semi-nested asymmetric
PCR technique. The use of PCR allows achieving a highly sensitive
and specific detection of Salmonella. As the results indicated, this
DNA biosensor can detect as low as 10% CFU of Salmonella cells form
1 mL sample within 4.5 h, and excellent regeneration of sensor sur-
face could reduces the cost of the approach greatly. The strategy
proposed in this report performs the advantages of rapid detection,
free label, high sensitivity and specificity, and general applicability
to almost all Salmonella serotypes, which has potential application
in Salmonella detection. Future investigation will be focused on the
optimization of a standardized sample preparation procedures and
the method could be potentially developed as a pragmatic tool
for Salmonella monitoring in real samples. Moreover, we deduce
that this method could detect various other pathogens by immobi-
lization of appropriate probes and amplification of corresponding
specific gene fragments.
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