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Food safety is one of the most important issues for the food industry. Although the 
detection of microbial contamination is indispensable for the management of food hygiene, 
conventional cultural enrichment methods require from days to weeks to obtain results. 
Thus, there is an increasing need for rapid detection technology to shorten the examination 
time. We have developed signaling array technology for detecting nucleic acids with a 
sensing probe, which hybridizes with specific nucleic acids and emits fluorescence. This 
probe enables conventional DNA microarrays used for microbial tests to offer one-step 
detection of unlabeled nucleic acid fragments, thus simplifying the detection of microbes. 
This paper describes details of this signaling array technology and its applications.

INTRODUCTION

The increasing interest of consumers in food safety in 
recent years and the mandatory implementation of Hazard 

Analysis and Critical Control Points (HACCP) are surely 
increasing the need for food and beverage manufacturers 
to review the microbial control method. The most popular 
traditional microbial test method in the production field 
is a culture method, which is a test method that grows the 
microbes until they can be seen visually and determines the 
existence of bacteria by seeing whether or not they grow. 
Therefore, it takes a few days or a few weeks to obtain test 
results (Figure 1). Although there are many reports on 
rapid microbial test methods that can obtain test results in a 
shorter time (1), their deployment is slow. Reasons for the slow 
deployment include equipment deployment cost and high test 
cost, according to many customers.

We interviewed various customers and identified that 
the expertise required for tests and the high operational 

skills required for each test method form a large deployment 
barrier. Furthermore, carrying out a specialized test using a 
new method requires specialized knowledge and experience 
in chemical and biological f ields for test operations to 
interpretation of test results. We came to understand that 
to solve these problems is a more important issue than 
we anticipated. From this we concluded that providing a 
technology that allows everybody to evaluate the results 
without the need of specialized knowledge provides an 
opportunity to create a business.

Figure 1 General microbial test flow using  
a culture method
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So, Yokogawa developed a signaling array probe that is a 
new nucleic acid detection probe that speeds up and simplifies 
gene detection using a DNA chip. Using this probe eliminates 
complicated operations such as fluorescent labeling of target 
nucleic acid molecules that is required for conventional nucleic 
acid analysis using a DNA chip. Furthermore, this enables 
eliminating the chip cleaning process that is required after 
hybridization (bonding target nucleic acid molecules to the 
detection probe) when fluorescent labeling of target nucleic 
acid molecules is performed, and thus simplifying the test 
process. This paper describes first the principle and basic 
characteristics of the developed signaling array technology 
and then discusses the possibility of creating a rapid microbial 
detection protocol (test procedure) that can be used in food and 
other industries, while presenting actual detection results.

SIGNALING ARRAY PROBE

Gene Analysis Using a DNA Chip
A DNA chip is an analysis tool that is created by spotting 

and immobilizing DNA probes with a complementary 
sequence of target nucleic acids onto a solid phase substrate 
in an array format (Figure 2). The nucleic acid molecules 
with a complementary sequence bond with each other at some 
temperature and under some solution composition conditions. 
This characteristic enables the DNA probes immobilized 
on the DNA chip to selectively capture molecules with a 
complementary sequence from among many DNA molecules 
in a sample. This method is used in various research fields 
because it can determine a difference in the base sequence 
with a few base variations and enables a comprehensive 
analysis of multiple DNA sequences in a few tens of minutes 
with a small amount of sample.

Figure 2 DNA chip

Generally, a fluorescent dye is added to the target nucleic 
acid molecules for analysis using a DNA chip. The chip is 
cleaned after reaction with the probes and then fluorescence is 
detected to determine whether there are nucleic acid molecules 
strongly bonded with the probes. Differences in the cleaning 
solution composition, temperature, and cleaning time in the 
cleaning process have a significant influence on the detection 
results. Accordingly, a skilled technique is required to strictly 
control the operation to ensure repeatability and obtain correct 
results.

Structure of Signaling Array Probe and its Detection 
Principle

Figure 3 shows a conceptual diagram of the newly 

developed fluorescent probe called a signaling array probe. 
The signaling array probe is created by immobilizing a pair of 
two probes onto the solid phase surface. One is a fluorescent 
probe in which the 5’-terminal is modified with fluorescent 
dye Cy®3 and the other is a quenching probe in which the 
3’-terminal is modified with quencher Black Hole Quencher®2 
(BHO®2). Note that the first few bases from the terminals 
of the probes modified by Cy3 and BHQ2, respectively, are 
complementary to each other. Doing so enables the Cy3 
molecules and BHO2 to come close to each other in the initial 
state in a solution, so that the Cy3 molecular f luorescence 
emission is suppressed by a f luorescence resonant energy 
transfer (the left state in Figure 3). However, when target 
nucleic acid molecules with high homology are hybridized with 
the probes, the fluorescent molecules and quenching molecules 
at the terminals are separated from each other and suppression 
is released so that fluorescence is emitted (the right state in 
Figure 3). This principle is used to implement probes that 
can detect hybridization of target nucleic acid molecules by a 
change in the fluorescent intensity. A DNA chip using these 
probes can detect hybridization by just dropping target nucleic 
acid molecules onto the chip. This can eliminate the cleaning 
process of the DNA chip after hybridization described above 
and simplifies the test protocol.

Figure 3 Signaling array probe

Quenching/Emission Response to Heat Changes
The terminals of the signaling array probes are also 

separated by heat, and emission suppression is released. 
Heating the probes separates the terminals of the two probes, 
which in turn separates the f luorescent molecules and 
quenching molecules to emit fluorescence. To ensure correct 
detection, the bond of the terminals must be released at a 
temperature of approximately 60°C at which the target nucleic 
acid molecules are hybridized to the detection probes.

We studied the quenching/emission response of the 
probes to heat changes in order to determine the temperature 
at which the bond of the terminals of the signaling array 
probes is released. We selected E. coli as an example of 
food bacteria and created a DNA chip by immobilizing a 
signaling array that specifically detects E. coli 16S rDNA. 
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We measured fluorescence intensity changes at the spots by 
changing the temperature of the DNA chip in a range between 
25 and 98°C. Since the quantum efficiency of Cy3 molecules 
decreases as the temperature increases, we corrected the 
fluorescent intensity based on the pre-measured temperature 
change characteristics of Cy3 molecules. We confirmed that 
the f luorescence increases nonlinearly as the temperature 
increases and an inflection point appears at a temperature of 
approximately 60°C (Figure 4). We confirmed that the bond 
of the terminals of the signaling array probes is released 
approximately at the hybridization temperature.

Figure 4 Changes in fluorescence intensity of signal 
array probes caused by temperature changes

Verifying Detection Sensitivity
We verified the detection sensitivity in order to determine 

whether the signaling array probe can be used as a microbial 
detection probe. We used a genome DNA extracted from 
E. coli as a template and amplified 16S rDNA as a target using 
the polymerase chain reaction (PCR). We refined only the 
target strand in the amplified product and used single stranded 
nucleic acid molecules as target. We prepared a sample 
solution with a target nucleic acid molecular concentration of 
0.1 to 3.2 nM, hybridized it for 30 minutes at 60°C and 5 rpm, 
and then measured the fluorescent intensity at the spots at a 
room temperature (Figure 5).

Figure 5 Detection lower limit of signaling array probe

As descr ibed above, the f luorescence emission is 
suppressed in the initial state of the signaling array probes. 
However, the fluorescence resonant energy transfer efficiency 
does not reach 100% so slight f luorescence is confirmed 
(negative control) even in the initial state in which no target 
nucleic acid molecules are present in the sample. Accordingly, 
hybridization of target nuclei acids to the probes can be 
confirmed by measuring a change in the fluorescent intensity. 
In this study, we defined a fluorescence intensity change where 
the fluorescence intensity ratio to the negative control exceeds 
2 as a lower detection limit. We reviewed the detection 
sensitivity results and confirmed that the fluorescent intensity 
at the spots decreases as the target concentration in the sample 
decreases and becomes equal to the negative control at 0.1 nM. 
We estimated that the target concentration at which the 
fluorescence intensity ratio to the negative control exceeds 2, 
in other words, the probe’s lower detection limit concentration, 
is approximately 0.4 nM. The signaling array probe has an 
enough sensitivity to detect a PCR product as a test target so 
we believe that the probe can be used for microbial tests.

CREATING A MICROBIAL DETECTION 
PROTOCOL

To identify a microbe by gene detection using a DNA 
chip, the following four processes are generally required: (1) 
extraction (and refinery) of a nucleic acid (DNA or RNA) from 
a sample, (2) amplification of DNA and modification with a 
dye, (3) denaturation (creation of a single-stranded DNA), 
and (4) detection of a single-stranded DNA. To create an ideal 
protocol, the number of microbial detection processes must 
be minimized and complex operations must be eliminated to 
deploy the test in applications such as food production.

We had already developed a high-temperature high-
pressure nucleic acid extraction technique to extract nucleic 
acids from microbes in a short time (from a few tens of seconds 
to a few minutes) without using any biochemical reagent (2). 
This technique can extract nucleic acids from general bacteria 
as well as from various microbes, including those with a rigid 
cell structure such as a fungus. No biochemical reagent is used 
for extraction so the extracted nucleic acids can be delivered to 
the amplification process without passing through the refinery 
process. Using this technique can significantly reduce the pre-
processing time for DNA detection.

By using the high-temperature high-pressure nucleic acid 
extraction technique and the DNA chip with signaling array 
probes immobilized, we created a protocol that can detect 
microbes with a simple operation. Figure 6 shows a test flow. 
By using an asymmetric PCR in the target DNA amplification 
process, we also eliminated the denaturation process to detect 
a microbe using a DNA chip. Nucleic acid extraction took a 
few minutes, DNA amplification took 30 to 60 minutes, and 
hybridization took approximately 30 minutes. The entire 
process from nucleic acid extraction from enriched culture to 
microbial detection is completed within 2 hours. Accordingly, 
a test can be completed within 2 days including the enrichment 
process.
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DETECTION OF INDICATOR BACTERIA FOR 
MICROBIAL TESTS 

Detection of Single Bacterial Species
Many bacteria have been reported to be harmful to 

humans. We selected five main bacteria: Candida albicans 
(CA), Escherichia coli (EC), Pseudomonas aeruginosa (PA), 
Staphylococcus aureus (SA), and Salmonella enterica (Sal) 
(Table 1) from the microbial test indicator bacteria specified 
by Japanese Pharmacopoeia and made a DNA chip that can 
identify all these bacteria at once.

We selected a different target gene for each bacterial 
species. We selected SSP2 (sporulation-specific gene) for CA, 
fur (ferric uptake regulation gene) for PA, nuc (thermostable 
nuclease) for SA, iroB ( fur-regulated gene) for Sal, and dnaG 
(DNA primase gene) for EX, respectively. We confirmed that 
our DNA chip detected the microbes according to the protocol 
we created.

In the current food testing, culture is enriched before 
testing mainly to detect only viable bacteria. According to this 
procedure, we inoculated five bacterial strains, which are to be 
detected on a DNA chip with detection probes, into a Soybean-
Casein Digest Broth with Lecithin & 80 (SCDLP) or Glucose 
Peptone Broth with Lecithin & Pysorbate 80 (GPLP) culture 
media, respectively, with an average inoculum size of 103 cells. 
We left this culture for 24 hours to allow bacteria to grow and 
used its solution as artificial positive samples. We extracted 
genome DNA from each sample using the high-temperature 
high-pressure extraction technique, amplified it using the 
asymmetric PCR method, and added a saline sodium citrate 
(SSC) buffer to each sample to attain a 5-time greater final 

concentration. We applied it to the DNA chip, left it at 60°C 
and 5 rpm for 30 minutes for hybridization, photographed 
images with a fluorescent reader and calculated the fluorescent 
intensity at each spot using image analysis software. Figure 7 
shows typical DNA chip images before and after hybridization 
and a graph showing the fluorescence intensity at each spot.

Figure 7 Detection results of indicator bacterial  
for microbial tests 

For all five bacterial strains tested, f luorescence was 
quenched at each spot before hybridization, while fluorescence 
was confirmed at each spot after hybridization. Furthermore, 
a specif ic increase in the f luorescence intensity was 
confirmed only at the target spot after hybridization and no 
false detection was confirmed. The ratio of the fluorescence 
intensity after hybridization to the negative control was 20 
to 146. We confirmed that detection can be performed with a 
good S/N ratio.

Table 1 Target microbes and target genes

Target microbe Target gene Strain

Candida albicans SSP2 NBRC1594

Escherichia coli dnaG NBRC3972

Pseudomonas aeruginosa fur NBRC13275

Staphylococcus aureus nuc NBRC13276

Salmonella enterica iroB NBRC100797

CA EC PA SA Sal CA EC PA SA Sal
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Simultaneous Detection of Multiple Bacteria Species
We confirmed that multiple bacterial species in a sample 

can be detected simultaneously. We mixed solutions of 
cultures of the five bacterial species in combination shown 
in Table 2 and used them as an artificial positive sample 
of multiple bacteria species. We performed a five-region 
multiple-amplification by the multiplex PCR method in the 
asymmetric PCR amplification process and obtained a target 
amplified product. In other processes, we used the same 
conditions as those for detecting a single bacterial species. 
Table 2 shows a list of combination of target bacterial species 
and detection results. We tested 13 combinations of five 
bacteria species in the case of simultaneous contamination of 
two or three bacterial species with focus on a high frequency 
of contamination of three bacterial species EC, SA, and Sal. In 
all 13 patterns tested, multiple contamination was successfully 
detected with a spot fluorescence intensity S/N ratio of 2 or 
more.

Conventional microbe test methods determine whether 
there are bacteria and identify the bacterial species by testing 
the growth characteristics and biochemical properties of 
individual bacterial species. Therefore, when testing a sample 
containing multiple bacterial species, they must isolate the 
bacterial species from each other and then test each of the 
bacterial species. In the meanwhile, our test method using 
a DNA chip that can test multiple bacterial species at once 
simplifies the test process and operation. So, we believe that 
our method is better than the conventional methods.

CONCLUSION

We developed a signaling array technology in which 
fluorescence is emitted by hybridization of nuclei acids and 
we made a DNA chip that can detect genes with a simple 
operation. Furthermore, we demonstrated that using this 
technology enables performing microbial testing rapidly and 
easily, and creating a test protocol that allows general users 
without microbiological knowledge to perform testing. Our 
technology to simplify the test process and operation allows 
everyone to perform testing rapidly. We hope that this rapid 
microbial test method by nucleic acid detection will be used 
more widely in the industry where the culture technique is still 
dominant.

Rapid microbial testing not only reduces the test cost 
but also enables more rapid feedback of test results, which in 
turn will increase product manufacturing efficiency, optimize 
distribution, reduce product disposal cost, and provide other 
benefits. We will carry out a proof of concept (PoC) for 
improving customers’ manufacturing processes using the 
technology we developed.
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Table 2 Results of simultaneous detection of 
multiple bacterial species

No.
Target 

bacterial 
species

Detection result

CA EC PA SA Sal

1 CA +

2 EC +

3 PA +

4 SA +

5 Sal +

6 CA/SA + +

7 EC/PA + +

8 EC/SA + +

9 EC/Sal + +

10 PA/SA + +

11 PA/Sal + +

12 SA/Sal + +

13 EC/SA/Sal + + +

11 11
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