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ABSTRACT

A highly amplified, nanoparticle-based, bio-barcoded electrochemical biosensor for the simultaneous
multiple detection of the protective antigen A (pagA) gene (accession number, M22589) of Bacillus
anthracis and the insertion element (lel) gene (accession number, Z83734) of Salmonella enteritidis is
reported in this paper. The biosensor system is mainly composed of three nanoparticles: gold nanopar-
ticles (AuNPs), magnetic nanoparticles (MNPs), and nanoparticle tracers (NTs, such as PbS and CdS). The
AuNPs are coated with the first target-specific DNA probe (1pDNA), which can recognize one end of the
target DNA sequence (tDNA), and many NT-terminated bio-barcode ssDNA (bDNA-NT), which act as sig-
nal reporter and amplifier. The MNPs are coated with the second target-specific DNA probe (2pDNA) that
can recognize the other end of the target gene. After binding the nanoparticles with the target DNA, the
following sandwich structure is formed: MNP-2pDNA/tDNA/1pDNA-AuNP-bDNA-NTs. A magnetic field
is applied to separate the sandwich structure from the unreacted materials. Because the AuNPs have a
large number of nanoparticle tracers per DNA probe binding event, there is substantial amplification.
After the nanoparticle tracer is dissolved in 1M nitric acid, the NT?* ions are detected by square wave
anodic stripping voltammetry (SWASV) on screen-printed carbon electrode (SPCE) chips. The results
show that the detection limit of this multiplex bio-barcoded DNA sensor are 0.5 ng/mL of the insertion
element (lel) gene of S. enteritidis using CdS, and 50 pg/mL of the pagA gene of B. anthracis using PbS NTs.
The nanoparticle-based bio-barcoded DNA sensor has potential application in rapid detection of multiple

pathogenic agents in the same sample.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The development of systems allowing rapid DNA detection is
motivated by applications in many fields: DNA diagnostics, gene
analysis, fast detection of biological warfare agents, and forensic
applications (Sassolas et al., 2008). DNA sensor usually relies on
the immobilization of a single-stranded DNA (ssDNA) probe onto
a surface to recognize its complementary DNA target sequence
by hybridization. Transduction of hybridization of DNA can be
measured electronically (Ricci et al., 2009), optically (Dubertret,
2005; Pu et al., 2008; Sassolas et al., 2008), electrochemically
(Drummond et al.,2003; Weng et al., 2008), or using mass-sensitive
devices (Huang et al., 2006). Although optical detection method
for barcode DNA (bDNA) is commonly used and current opti-
cal sensing approaches are effective for high-density arrays, they
are hard to miniaturize and use for in-field detection or diag-
nosis. Electrochemical systems for biomedical diagnostics can be
miniaturized and integrated into micro-systems, including parts for
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signal processing, providing great deal of advantages over optical
detection (Templin et al., 2002). Indeed, portable systems for clini-
cal testing and on-site environmental monitoring are now being
developed (Wang, 2002). The basic categories of electrochemi-
cal detection of DNA include direct reduction/oxidation of DNA
(Karadeniz et al., 2003; Ozkan-Ariksoysal et al., 2008), indirect oxi-
dation of target DNA (tDNA) through the use of electrochemical
mediators (Yang and Thorp, 2001), DNA-specific redox indica-
tor detection (Miroslav Fojta, 2003), and DNA-mediated charge
transport electrochemistry (Jackson and Hill, 2001; Steel et al.,
1998).

Use of nanomaterials or nanoparticles in biosensors allows the
use of many new signal transduction technologies. Many biosen-
sors based on nanotechnology for the molecular detection of
foodborne pathogens and bio-terrorism agents can be found in
the literature. These detection techniques include conductive poly-
mer nanowires (Pal et al., 2008), nano-porous silicon (Mathew
and Alocilja, 2005; Zhang and Alocilja, 2008), gold nanoparti-
cles (Li et al., 2009; Wang et al., 2010) and carbon nanotubes
(Poonam and Deo, 2008). Three nanoparticle tracers (NTs) have
been used to differentiate the signal of three DNA targets in
connection with a sandwich hybridization assay and stripping
voltammetry of the corresponding heavy metals (Wang et al.,
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2003). Abio-barcoded DNA assay utilizes oligonucleotide-modified
gold nanoparticles (AuNPs) for signal amplification and magnetic
nanoparticles (MNPs) for easy separation from the sample. The
large bDNA-to-recognition agent ratio provides a means of sub-
stantial signal amplification. It is promising as it allows the rapid
detection of multiple protein targets at low-attomolar concentra-
tions (Goluch et al., 2006) and nucleic acids at high-zeptomolar
levels under optimized conditions (Nam et al., 2004).

In this paper, we describe a combination of the NT and bio-
barcode approaches for a highly amplified, nanoparticle-based,
bio-barcoded electrochemical biosensor. The biosensor is designed
for the rapid detection of pagA gene of Bacillus anthracis (a
well-known bio-terrorism agent) and insertion element (lel) gene
from Salmonella enteritidis (one of the most common foodborne
pathogens). The biosensor utilizes nanoparticle tracers (NTs) termi-
nating the ssDNA bio-barcode conjugated to the gold nanoparticles
(AuNPs) as electrochemical indicators, and magnetic nanopar-
ticles (MNPs) for easy and clean separation from the sample.
After hybridization with the target DNA (tDNA), a magnetic
field is used to separate the sandwich complex consisting of
MNP-2pDNA/tDNA/1pDNA-AuNP-bDNA-NT. After the NTs (PbS
and CdS) are dissolved in 1M nitric acid, NT2* ions (Pb%* and
Cd%*) are measured by square wave anodic stripping voltamme-
try (SWASV) on a screen-printed carbon electrode (SPCE) chip and
yield well-resolved highly sensitive stripping voltammetric signals
for the corresponding targets. The new strategy combines multiple
pathogen detection, magnetic extraction and concentration, and
inherently amplified signal from the NT-bio-barcode assay.

2. Experimental
2.1. Reagents and materials

Hydrogen tetrachloroaurate (III) trihydrate and sodium cit-
rate dehydrate were used for the synthesis of gold nanoparticles.
Sodium sulfide, 3-mercaptoacetic acid, lead nitrate and cadmium
chloride were used for the synthesis of lead sulfide (PbS) and
cadmium sulfide (CdS) NTs. 1,4-Dithio-pL-threitol (DTT) was used
for the cleavage of oxidized thiolated oligonucleotides. 1-Ethyl-3-
[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC) and
N-hydroxysuccinimide (NHS) were used for the conjugation of car-
boxylic group on NTs and amine group on bio-barcoded AuNPs.
Amine terminated MNPs were used for sample separation. All
reagents were purchased from Sigma (St. Louis, MO). DNA isolation
was performed using the QiaAmp DNA Mini Kit (Qiagen Inc., Valen-
cia). Nap-5 column (GE Healthcare, Piscataway, NJ) was used to
purify the DNA product from DTT solution. Sulfosuccinimidyl 4-N-
maleimidomethyl cyclohexane-1-carboxylate (sulfo-SMCC, Pierce,
WI) was used as a cross-linker between thiolated DNA probe
(pDNA) and amine-coated MNPs. Sulfo-NHS acetate (Pierce, WI)
was used to block unreacted sulfo-SMCC. Bismuth standard stock
solution (1000 mg/L, atomic absorption standard solution) was
obtained from Fisher Scientific (Hanover Park, IL, USA). All solutions
were prepared in deionized water (~18 M2 cm).

2.2. Apparatus

Target DNA (tDNA) was amplified by a thermocycler (Master-
cycler Personal, Eppendorf). Gel electrophoresis (Runone System)
was used to confirm the PCR product. After purification of the PCR
product, a spectrophotometer (SmartSpec 3000, Bio-Rad Laborato-
ries) was used to measure the concentration of pDNA in solution
and tDNA in the sample. A transmission electron microscope (TEM,
JEOL100 CXII) was used to image and characterize the NTs and
AuNPs. All magnetic separation was done using a magnetic separa-

tor (FlexiMag, SpheroTech). A centrifuge (Micro12, Fisher Scientific)
was used to separate and purify the nanoparticles. An incubator
(HS-101, Amerex Instrument Inc.) was used for the hybridiza-
tion reaction. Electrochemical measurement was performed with
a potentiostat/galvanostat (263A, Princeton Applied Research, MA)
thatis connected to a personal computer. The electrochemical soft-
ware operating system (PowerSuite, Princeton Applied Research,
MA) was used for electrochemical measurement and data analysis.
The integrated SPCE chips were purchased from Gwent Inc. Eng-
land. A SPCE chip is composed of two electrodes: carbon electrode
(working electrode), and silver/silver chloride electrode (counter
and reference electrode). The working area is limited by a meshed
well. The volume capacity of the electrochemical cell is 100 L.

2.3. Bacteria culture, DNA isolation and PCR

S. enteritidis (strain S-64) and B. anthracis Sterne strain
were grown following standard microbiological cultures. DNA
isolation was performed using the QiaAmp DNA Mini Kit (Qia-
gen, Valencia, CA). Primers were designed for the detection
of S. enteritidis using the insertion element (lel) gene (Wang
and Yeh, 2002). The single stranded forward and reverse
primers were lelL-5-CTAACAGGCGCATACGATCTGACA-3' and
IeIR-5'-TACGCATAGCGATCTCCTTCGTT G-3'. The following thi-
olated oligonucleotides were used to conjugate with the
nanoparticles: the first DNA probe (1pDNA) on AuNPs: 5'-
AATATGCTGCCTACTGCCCTACGCTT-SH-3’; the second DNA probe
(2pDNA) on MNPs: 5-SH-TTTATGTAGTCCTGTATCTTCGCCGT-3'.
The primers and pDNAs of the pagA gene (accession num-
ber, M22589) from B. anthracis Sterne strain were as follows:
pagAL: 5'-AAAATGGAAGAGTGAGGGTG-3’; pagAR: 5-CCGCCTTT-
CTACCAGATTTA-3’; 1pDNA: 5'-SH-GGAAGAGTGAGGGTGGAT
ACAGGCT-3’; 2pDNA: 5'-AGATTTAAATC TGGTAGAAAGGCGG-SH-
3’ (Hill and Mirkin, 2006; Song et al., 2005); bDNA on AuNPs for
both gene detection: 5'-NH,-TTATTCGTAGCTAAAA AAAAAA-SH-3'
(Hill and Mirkin, 2006). All oligonucleotides were synthesized
by the Integrated DNA Technologies Inc. (Coralville, 1A). The
PCR products were identified by gel electrophoresis and a UV
transilluminator after purification. After PCR amplification, the
PCR product was purified by PCR purification kits (QIAquick;
QIAgen, Valencia, CA) and diluted serially with distilled water. PCR
product concentration and quality were measured with a Bio-Rad
SmartSpec 3000 spectrophotometer. The serially diluted PCR
products of tDNA were used as DNA samples for the experiments.

2.4. Synthesis of nanoparticles

Gold nanoparticles were synthesized using a previously pub-
lished procedure (Zhang et al., 2009). Hydrogen tetrachloroaurate
(1) trihydrate aqueous solution (1 mM, 50 mL) was heated with
stirring on a hotplate. Once it refluxed vigorously, the solution was
slowly titrated with 5 mL of 38.8 mM sodium citrate. The dimension
and spectroscopic properties of AuNPs were characterized by a TEM
and UV-vis-NIR scanning spectrophotometer. Nanoparticle tracers
(PbS and CdS) were prepared according to the literature (Ding et al.,
2009; Zhu et al., 2004) by using 3-mercaptoacetic acid as a stabi-
lizer. Briefly, 3-mercaptoacetic acid (9.22 L) was added to 50 mL of
0.4 mM Pb(NO3); solution; pH was adjusted to 7 with 0.5 M NaOH.
The solution was bubbled with nitrogen for 30 min, then 1.34 mM
Na,S was dropwise added to the mixture. The reaction was carried
out for 24 h under bubbled nitrogen, and then gradually a brown
colloid was formed. For CdS nanoparticles, 2 L of 3-mercaptoacetic
acid was added to 100 mL of 1 mM CdCl; solution; pH was adjusted
to 11 using 0.5M NaOH. The solution was bubbled with nitrogen
for 30 min, then 50 mL of 1.34 mM Na,S was dropwise added. The
reaction was carried out for 24 h under bubbled nitrogen, and a yel-
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(A)

Fig. 1. TEM images of NTs: (A) CdS, showing an average diameter of 7 nm and (B) PbS, showing an average diameter of 3 nm.

lowish colloid was gradually formed. Both NTs were characterized
using TEM.

2.5. Functionalization of nanoparticles

Functionalization of AuNPs with thiolated 1pDNA and bDNA,
and functionalization of MNPs with 2pDNA through sulfo-SMCC
were shown in our previous publication (Zhang et al., 2009). The
thiolated oligonucleotide was suspended in 100 L of 0.1 M DTT
solution and the mixture was allowed to stand at room tempera-
ture for 2 h. Nap-5 columns were then used to purify the reduced
thiolated oligonucleotides. The synthesized AuNPs (1 mL), purified
thiolated bDNA (5 nmol), and purified thiolated 1pDNA (0.05 nmol)
were then mixed together, comprising a 100:1 ratio of bDNA-to-
1pDNA. Thiolated DNA would form a self-assembled monolayer on
the surface of AuNPs. After a serial salt addition, the particles were
stabilized for long-time storage at room temperature.

For the MNPs, the polyamine-functionalized iron oxide parti-
cles (1 mg) were reacted with 300 g of sulfo-SMCC bifunctional
linker for 2 h in 1 mL coupling buffer (0.1 M PBS buffer, 0.2 M Nacl,
pH 7.2). After rinsing, the reduced thiolated 2pDNA (1 nmol) was
added into 1 mL coupling buffer containing sulfo-SMCC-modified
MNPs and reacted for 8 h. The functionalized MNPs were then sus-
pended in 35mL of 10 mM sulfo-NHS acetate. The solution was
incubated and shaken at room temperature to block the unreacted
sulfo-SMCC on the surface of MNPs. After passivation, the particles
were centrifuged at 4000 rpm for 1 min and washed with passi-
vation buffer (0.2 M Tris, pH 8.5) and then with a storage buffer
(10mM PBS buffer, 0.2 M NaCl, pH 7.4).

To conjugate NTs with bDNA on AuNPs, 1-ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochloride (EDC) and
N-hydroxysuccinimide (NHS) were used to link the carboxylic
group on NTs and amine group on bDNA. EDC (5 mg) was added to
25 WL NTs, then 50 L of 9% NHS in dimethyl sulfoxide were added.
Hydrochloride (775 L, pH 5) was added immediately. The reaction
was carried out on vortex at room temperature for 20 min. To keep
the optimal pH value of the reaction, 5 L of phosphate buffer (1 M
NaCOs, pH 8) were added. The solution was shaken for 8 h at room
temperature and the conjugation solution was washed with water
at 13,000 rpm 3 times before usage.

After conjugation, the two functionalized 1pDNA-AuNP-bDNA-
NTs for pagA gene and for Iel gene were mixed in a 1:1 ratio. The two
2pDNA-coated MNPs were mixed in a 1:1 ratio also for the multiple
detection. The nanoparticles then were ready for the bio-barcode
assay.

2.6. Bio-barcode assay

A solution containing two tDNAs in one PCR tube was heated
at 95°C for 10 min to separate the dsDNA into ssDNA and then
cooled rapidly at 4°C. Serially diluted DNA samples (40 p.L) were

mixed with 0.8 mg MNP-2pDNA in 200 L assay buffer (10 mM PBS
buffer, 0.15M NaCl, 0.1% SDS, pH 7.4). The hybridization reaction
was maintained at a temperature of 45°C for 1h in an incubator.
After hybridization, the MNP-2pDNA/tDNA was washed twice with
the assay buffer, then resuspended in 200 pL assay buffer. Mean-
while, the functionalized 1pDNA-AuNP-bDNA-NTs complex was
centrifuged at 13,000 rpm for 20 min and the unreacted thiolated
oligonucleotides in the supernatant were removed. The puri-
fied 1pDNA-AuNP-bDNA-NTs complex was resuspended in 200 L
assay buffer, and 40 pL was then added into 200 L solution con-
taining the MNP-2pDNA/tDNA. The hybridization was incubated
at 45°C for 1 h with shaking. After the sandwich structure (MNP-
2pDNA/tDNA/1pDNA-AuNP-bDNA-NTs) was formed, the solution
was put on the magnetic separator for 3 min and then the super-

Under UV light

Fig. 2. Confirmation of conjugation of NTs and AuNPs.
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Fig. 3. Schematic of the multiple bio-barcode biosensor: (A) bio-barcode assay and (B) SWASV measurement.

natant was removed. The sandwich structures were washed five
times with 500 L of assay buffer in order to effectively remove the
excess 1pDNA-AuNP-bDNA-NTs complex that was not specifically
bound to the MNP-2pDNA/tDNA complex through hybridization.
The washed sandwich structure was dissolved in 10 L of 1 M nitric
acid to release the NT ions (Pb2* or Cd2*). After addition of 90 L
of acetate buffer solution (0.1 M, pH 4.5) with 1 mg/L bismuth, the
released NTions were ready for electrochemical measurement. The
attractive characteristic of bismuth is attributed to the formation
of multi-component bismuth alloys with numerous heavy metals,
such as Pb2*, Cd2*, and Zn2*, while facilitating the electrodeposition
of heavy metals.

2.7. Electrochemical analysis

Stripping voltammetric measurements were performed with an
in situ deposition of the bismuth film and NT ions in the presence of
dissolved oxygen. Studies were carried out by dropping a 100 p.L of
the sample solution in the well. A deposition potential of —1.2V
vs. Ag/AgCl was applied to the carbon working electrode with-
out stirring the solution. After deposition, the voltammogram was
recorded by applying a positive-going square-wave voltammetric
potential scan (with a frequency of 20 Hz, amplitude of 25 mV, and
potential step of 5mV). The scan was from —1.2V to 0.0V (Wang
et al., 2000). Based on our previous optimization studies, 1 mg/L of
bismuth and 10 min of deposition time were used for all SWASV
measurements. All experiments were carried out at room temper-
ature. Every measurement was replicated three times. All curves
were the average of three test results.

3. Results and discussion
3.1. Characterization of nanoparticles

The dimensions of the nanoparticles were characterized by
using a TEM. Our previous result (Zhang et al., 2009) showed that
the synthesized AuNPs had an average diameter of 15nm. The
absorption peak of the AuNPs was at 519 nm. Fig. 1 shows a TEM
image of our synthesized CdS nanoparticles with an average diam-
eter of 7nm, and PbS nanoparticles with an average diameter of
3 nm. After 1 month of storage at 4°C, the CdS and PbS NTs were
stable and did not aggregate.

3.2. Functionalization of nanoparticles

Confirmation of the functionalization of MNPs and AuNPs was
accomplished in our previous publication (Zhang et al., 2009).
1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride
(EDC) and N-hydroxysuccinimide (NHS) were used to crosslink the
carboxylic group on NTs and the amine group on bio-barcoded
AuNPs. Fig. 2 shows 3 test tubes labeled A, B, C after centrifuga-
tion at 13,000 rpm for 30 min. Tube A contains bio-barcoded AuNPs,
NTs, EDC and NHS. Tube B and C are two controls. Tube B has no
crosslinker while tube C only contains CdS NTs. There is a pellet that
shows a yellowish fluorescence under UV light in tube A. After cen-
trifugation, the conjugated particles became larger and were easier
to precipitate. Most of the NTs were conjugated with AuNPs and
were precipitated in the bottom. The precipitate shows a fluores-
cence signal under UV light (Fig. 2A). In tube B, there is a red pellet
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under white light in the bottom, while the solution shows yellow-
ish fluorescence under UV light. It shows that without crosslinkers,
the NTs and bio-barcoded AuNPs cannot be conjugated. The AuNPs
are larger and can be precipitated at 13,000 rpm so that we can see
the red pellet under white light, while the NTs are smaller and still
suspend in solution, showing fluorescence in the solution under
UV light. Tube C shows that centrifugation does not precipitate the
NTs. Overall, these results show that the conjugation of NTs to the
bio-barcoded AuNPs has been successful.

3.3. Bio-barcode DNA assay amplification and detection

Fig. 3A is a schematic showing the multiple bio-barcode assay.
After immobilization of oligonucleotides on the surface of nanopar-
ticles, both nanoparticles bind to the tDNA to form a sandwich
structure as a result of the specificity of pDNA. Before hybridiza-
tion, two bio-barcoded AuNPs were mixed in a 1:1 ratio. One was
PbS-AuNP-bDNA-1pDNA which recognizes the pagA gene from B.
anthracis, and the other was CdS-AuNP-bDNA-1pDNA which rec-
ognizes the Iel gene of S. enteritidis. Then two 2pDNA coated MNPs
were mixed in a 1:1 ratio also. One was specific to pagA gene from
B. anthracis and the other was specific to lel gene of S. enteritidis.
When the tDNA samples hybridize with the pDNA on the MNPs, a
MNP-2pDNA/tDNA complex (middle picture) is formed. Then the
1pDNA-AuNP-bDNA-NTs complex is added to form a sandwich
structure consisting of MNP-2pDNA/tDNA/1pDNA-AuNP-bDNA-
NTs. After hybridization is complete, the NTs on the bDNA are
released in 1 M nitric acid and the NT ions are measured by SWASV
on the SPCE chip. Fig. 3B shows SWASV measurements performed
with an in situ deposition of bismuth film and target metals (Pb
and Cd) in the presence of dissolved oxygen using a potentio-
stat/galvanostat.

Fig. 4 shows the electrochemical signal of anodic oxidation of
Pb from pagA gene from B. anthracis during a single target detec-
tion. The peak current of various tDNA concentrations (2 ng/mL,

D. Zhang et al. / Biosensors and Bioelectronics 26 (2010) 1736-1742

0.0001 4
0.00008 -
0.00008 -
0.00007 A
h 0.00006 -
0.00005 +
L] 0.00004 A
0.00003 -
0.00002 -

2ng/mL —*

Current (uA)

0. 2 ng/mL

1E08 000001 00001 0001 001 01 1 10
Target DNA Concentration (ng/mL)

20 pg/mL

Control

Current (A)

0.2 pg/mL
20 fg/mL

2 ngf‘mL
-1.2 -1 0.8 -0.6 -04 -0.2
Potential (V vs. Ag/AgCl)

Fig.4. Single detection of the bio-barcode biosensor using PbS NTs. The inset shows
the relationship of tDNA concentration and peak current.

0.2 ng/mL, 20 pg/mL, 2 pg/mL, 0.2 pg/mL, 0.02 pg/mL, and 2 fg/mL)
are 96 pA, 76 pA, 63 A, 46 pA, 21 pA, 14 A, and 13 pA, respec-
tively. The peak current of various tDNA concentrations increased
with increasing concentration. The shift of peak potential is notice-
able. There could be two reasons. First, the reference potential on
Ag/AgCl on two-electrode system could change with the current
which flows through the circuit. Second, the SPCEs we used for mea-
surement are not exactly identical. The base line is around 7 p.A. At
tDNA concentration of 0.2 pg/mL, the ratio of signal to noise (S/N) is
equal to 3. Therefore, the biosensor sensitivity for single detection
of pagA gene from B. anthracis is 0.2 pg/mL or 200 fg/mL.

Fig. 5 shows the electrochemical signal of anodic oxidation of
Pb and Cd, and the specificity of the biosensor. When the sample
contains no tDNA, there are no stripping signal at —0.61V (Pb) and
—0.87V (Cd). When the sample contains 0.05 p.g/mL of the pagA
gene from B. anthracis and the insertion element (lel) gene of S.
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Fig. 5. Specificity test of the multiple bio-barcode biosensor.
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enteritidis, the peak current at —0.61V (vs. Ag/AgCl) is 35 pA and
the peak current at —0.87V (vs. Ag/AgCl) is 39 pA, respectively.
When there is only 0.05 p.g/mL of pagA gene from B. anthracis, the
stripping voltammogram shows a current peak of 39 wA at —0.61V
from the anodic oxidation of Pb, and no peak at —0.87V. When
there is only 0.05 p.g/mL of the insertion element (lel) gene of S.
enteritidis, the stripping voltammogram shows a current peak of
46 A at —0.87V from the anodic oxidation of Cd, and a small peak
at —0.61V. The possible reason would be that the washing steps
were not thorough and the unreacted PbS NTs generated the noise.
Overall, these results show that this bio-barcoded DNA sensor has
a good specificity. It can differentiate pagA gene from B. anthracis
(labeled with CdS) and Iel gene of S. enteritidis (labeled with PbS)
when the concentration of tDNA is relatively high.

Fig. 6 shows the sensitivity of the biosensor. For the detection
of the pagA gene from B. anthracis, the peak currents at —0.61V (vs.
Ag/AgC(l) of various concentrations (50 ng/mL, 5 ng/mL, 500 pg/mL,
and 50 pg/mL) are 38 A, 34 pA, 29.5 pA, and 23 pA, respectively.
For the detection of the insertion element (Iel) gene of S. enteritidis,
peak currents at —0.87 V at various tDNA concentrations (50 ng/mL,
5ng/mL, 500 pg/mL, and 50 pg/mL) are 42.5 pA and 35 pA, 32 pA,
and 27 pA, respectively. Fig. 6B shows that the stripping signals of
released Pb%* and Cd?* have a linear relationship with the logarith-
mic concentrations of target DNA, that is, the signal increases with
increasing logarithmical concentration of target DNA. Compared to
the single detection with PbS NTs in Fig. 4, Fig. 6 shows a lower peak
current value with higher concentration. The presence of residual
materials in a multiple detection assay is obviously influencing the
deposition and/or reduction of the lead ions.

The base lineat —0.61V and —0.87 Vare 7 A and 10 A, respec-
tively. Considering the ratio of signal-to-noise (S/N)> 3, the results
show that the detection limits of this bio-barcoded DNA sensor are
as low as 0.5 ng/mL of the insertion element (lel) gene of S. enteri-
tidis using CdS, and 50 pg/mL of pagA gene from B. anthracis using
PbS NTs.

4. Conclusion

A highly amplified, nanoparticle-based, bio-barcoded elec-
trochemical biosensor for the multiple detection of pagA gene
(accession number, M22589) from B. anthracis and insertion ele-
ment (lel) gene (accession number, Z83734) from S. enteritidis has
been described in this paper. The biosensor system is mainly com-
posed of three nanoparticles: gold nanoparticles (AuNPs), magnetic
nanoparticles (MNPs), and nanoparticle tracers (NTs, such as PbS
and CdS). AuNPs, PbS and CdS nanoparticles were synthesized
by chemical methods and characterized by TEM. The conjuga-
tion of carboxylic group on NTs and amine group on bio-barcoded
AuNPs was efficient. After mixing the nanoparticles with the tDNA,
the sandwich structure (MNP-2pDNA/tDNA/1pDNA-AuNP-bDNA-
NTs) was formed. The electrochemical signal of released NT ions
increased with increasing tDNA concentration. The results show
that the biosensor has a good specificity, and the sensitivity of sin-
gle detection of pagA gene from B. anthracis using PbS NTs is as low
as 0.2 pg/mL. The detection limits of this multiplex bio-barcoded
DNA sensor are as low as 0.5 ng/mL of the insertion element (lel)
gene of S. enteritidis using CdS, and 50 pg/mL of pagA gene from
B. anthracis using PbS NTs. The nanoparticle-based bio-barcoded
DNA sensor has potential applications in multiple detection of bio-
terrorism threat agents, co-infection, and multiple contaminants in
the same sample.
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