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Abstract
A novel detection system for biological agents using Loop-Mediated Isothermal Amplification (LAMP) and an 

electrochemical DNA chip, Bio BulwarkTM, has been developed. Genomic DNAs/RNAs roughly extracted from 
biological agents were amplified by the LAMP method using target-specific primers and strand-displace polymerase. 
The amplified DNAs were processed to hybridization with the electrochemical DNA chip. Anodic current derived from 
hoechst 33258, an electrochemically active intercalator, was relative to the amount of the target DNA hybridized 
with target-specific probes on the DNA chip. All reactions and measurements were conducted using disposable 
cassettes, which included the reagents for amplification and the DNA chip, and a mobile automatic detection system. 
The preliminary study showed that accurate detection of B. anthracis was carried out within 70 minutes. This system 
would prevent or minimize damage in the event of a criminal attack involving a biological threat.
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Introduction
Rapid identification of biological warfare agents on site is important 

for preventing or minimizing damage in the event of a criminal attack 
involving a biological threat. Although various detection systems have 
been developed, there are few useful systems available at present in 
terms of sensitivity and plurality of detection targets [1-3].

Molecular techniques based on an enzymatic amplification such 
as polymerase chain reaction are powerful tool for the sensitive and 
specific detection of microorganisms. Recently Loop-Mediated 
Isothermal Amplification (LAMP) has developed and become popular 
due to high specificity, high sensitivity and easy handling [4,5]. There 
have been a growing number of reports on the detection of dangerous 
bacteria or viruses using the LAMP method [6-11].

A DNA chip is a powerful tool for detecting multiple genes 
simultaneously. Although DNA chips based on a fluorescence 
detection method are already in widespread use [12-15], they require 
complicated procedures for fluorochrome labelling. Furthermore, 
expensive and large optical equipment is necessary. Recently 
electrochemical detection methods have been developed to overcome 
the above-mentioned drawbacks [16]. It uses an electrochemically 
active intercalator as amplification or hybridization indicator and 
requires no labelling step. The electorochemical signal of intercalator is 
measured by micro electrode and small size potentiostat, therefore large 
and expensive equipment is unnecessary. A combination of LAMP and 
the electrochemical detection is reported to achieve a simple genetic 
testing [17-20].

Here we report a newly developed mobile system for the detection 
of biological agents, Bio BulwarkTM, which performs the entire process 
from DNA amplification to detection automatically using the LAMP 
method and an electrochemical DNA chip.

Materials and Methods
Pretreatment

Environmental samples include impurities that inhibit DNA 

DNA amplification

The reaction condition of LAMP for B. anthracis was as described 
in a previous paper [11]. The specific primers for three target genes 

Mobile Automatic Detection System for Bacillus anthracis using 
Electrochemical DNA Chip

amplification and detection on the DNA chip. Furthermore, B. 
anthracis, a high-priority biological agent, exists as a spore in the 
field. The spore is a resistant form against unfavorable conditions 
such as high temperature, high pH, dry condition and irradiation. 
The extraction of DNA from the spore is difficult because it has a very 
hard shell. We developed a pretreatment reagent kit for environmental 
samples to extract and purify the DNAs, which is based on the beads 
beating method [21]. The kit consists of a sampling tool (SWAB TEST 
Pro. media ST-25, Elmex Ltd.), zirconia-silica beads (φ0.1 mm, Tomy 
Medico Co., Ltd) for beads beating and isopropanol and ethanol for 
purification. First, powder, liquid or deposit samples are collected and 
suspended in a buffer solution using a sampling tool. The suspended 
samples are added to a bead beating tube to crush a cell. The tube is 
shaken vigorously using a mini bead beater (Biospec 3110BX ) for 3 
min. After centrifugation at room temperature, a supernatant is moved 
to another tube and heated at 80°C for 3 min. Then, isopropanol and 
ethanol are added to the tube to precipitate and purify the DNA. We 
utilize B. subtilis as a sample in order to estimate extraction efficiency 
and purity of extracted DNA using the pretreatment kit, because 
it belongs to the same genus as B. anthracis and handling of the 
experiments is easier and safer. The extracted DNA was measured by a 
spectrophotometer.
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are designed: one is a unique gene in the genomic DNA (gDNA) and 
the other two are virulence plasmids, pXO1 and pXO2. The isothermal 
amplification was performed at 63°C. 

DNA chip

Figure 1 presents the principle of electrochemical DNA detection 
system [22]. The electrochemical DNA chip consists of gold electrodes 
patterned on glass substrate and DNA probes immobilized on 
electrodes. By applying target DNA on the DNA chip, the DNA 
probe with the complimentary sequence specifically hybridizes with 
the target DNA. After washing off the non-specifically bound DNAs, 
electrochemically active intercalator Hoechst 33258 is applied on the 
chip. The intercalator specifically binds to the double-stranded DNAs, 
i.e. hybridized DNA probes. When voltage is applied to the electrode,
the intercalator is oxidized and emits electrons. Anodic current
derived from Hoechst 33258 was relative to the amount of the target
DNA hybridized with target specific probes on the electrode. Thus,
the target DNA is detected simply by measuring an electrical current.
DNA probes for three target genes of B. anthracis immobilized on the
electrode surface were designed for a loop sequence of each LAMP
product in accordance with a previous paper [23]. Oligonucleotide
probes with a thiol group at 3’ end were obtained as custom synthesis

products. Each working electrode was spotted with 0.1 μL of the probe 
solution containing the 3 μM oligonucleotide probes. Then, the chip 
was washed with distilled water and stored at -20°C. For each probe, 
four electrodes were assigned. The hybridization and washing reaction 
were controlled at 45 and 30°C, respectively. 

DNA chip cassette

The DNA chip cassette has functions for both DNA amplification 
by LAMP reaction and DNA detection by electrochemical DNA chip. 
As shown in (Figure 2a), on the top surface of the cassette, there is 
a sample injection port and electrical signal connecting pads. This 
cassette has liquid flow channels and accordion chambers that serves 
as the reagent reservoir and the pump, respectively. After injecting a 
sample into a cassette, the cassette is completely sealed and all reactions 
are thereafter performed within the airtight cassette in order to prevent 
contamination by leakage of amplified DNA products. There are eight 
chambers in the cassette as shown in (Figure 2b). The first chamber is 
to hold the injected sample (sample chamber), the next four chambers 
contain DNA primers and polymerase for multiplex amplification 
(amplification chambers), and the other chambers contain reagents 
for hybridization, washing, and electrochemical detection (reagent 
chambers). Sample and reagents flow through narrow channels in the 
cassette, and microvalves in the channels control the flow direction. 
All valves and pumps are controlled from outside. Figure 3 shows 
the schematic diagram of the sample and reagent flows and the 
reaction process in the cassette. An injected sample is divided into 4 
amplification chambers that are heated for DNA amplification. All 
amplified DNA products are gathered into a mixing chamber and 
mixed with hybridization reagent stored in the chamber in advance. 
The mixed sample is transferred to the DNA chip and hybridized 
with DNA probes on the DNA chip. Then, a washing buffer removes 
non-specified hybridized DNA. Finally, intercalator molecules react 
with double-stranded DNA on the DNA chip and electrochemical 
measurement is performed. Apart from injection of the pretreatment 
sample, all processes were performed in the cassette without preparation 
of reagents. 
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Figure 1: Detection principle of the electrochemical DNA chip.
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Figure 2: DNA chip cassette and automated DNA detection equipment Bio 
BulwarkTM.
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Figure 3: Processes of sample and reagents flow in the cassette.
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Mobile fully automated DNA detection equipment

Figure 2c shows the mobile fully automated DNA detection 
equipment Bio BulwarkTM for the DNA chip cassette described above. 
The entire system is incorporated in a compact and portable case. This 
equipment has a touch screen LCD for easy operation. A maximum of 
15 kinds of biological agents are detectable simultaneously by using 2 
cassette slots. Detection time is 70 min in high-sensitivity mode and 40 
min in high-speed mode. All systems are controlled by a PC. 

Results and Discussion
Extraction of DNA from spores

Sensitivity of system

After the extraction of DNA from B. anthracis using the 
pretreatment kit, we estimated the sensitivity of the Bio Bulwark 
system. Figure 4 shows a typical histogram of electrical signals for 
B. anthracis detection. Electrical signals from 3 genes related to B.
anthracis are obviously higher than those from other genes. The
dilution experiments showed that 10 pg gDNA and 1 pg pXO1 and
10 pg pXO2 were clearly identified by using Bio Bulwark. A genome
size of B. anthracis is about 5.23 Mbp [24]. These amounts of genes are
equivalent to 10^3 cfu bacteria.

Specificity of system

B. anthracis has different pathogenicity depending on the presence
of plasmid DNA pXO1 and/or pXO2. By using various B. anthracis 
strains, we have checked the specificity of our DNA chip cassette. 
For Pasteur I and Pasteur II (No.30) strains that have both pXO1 and 
pXO2, the currents for all three probes are positive. For Davis strain 
and Pasteur II (No.34) with only pXO2, the current for pXO1 is 
negative. For Pasteur II (No.36) without plasmid, the signal of gDNA 
is only positive. 

We also tested cross-reactivity to 12 species (23 strains) closely 
related to B. anthracis, such as B. cereus and other Bacillus spp. The 
electrochemical currents for all 3 genes are negative to the related 
species. These results proved the high specificity for various anthrax 
strains.

Although we only describe the results of B. anthracis detection in 
this paper, the DNA chip cassette was not limited to B. anthracis. We 
have accomplished the detection of nineteen biological agents using 
this system.

Conclusion
We have developed a mobile system for biological agent detection, 

Bio BulwarkTM. Only by injecting a crude extract into a disposable 
cassette, the target genes of B. anthracis were easily detected within 70 
min. This system makes it possible to detect biological agents on site 
with high sensitivity, specificity and rapidity. It is expected that this 
system would prevent or minimize damage in the event of a criminal 
attack involving a biological threat.
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