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Aptamers offer several advantages over 
traditional antibodies, including ease of 
synthesis and modification, high stability 
and low cost. Aptamers can be also 
applied to electrochemical (1–4), colori-
metric (5,6), fluorescence-based optical 
(7), and mass-sensitive methods (8,9). 
These features render aptamers well-
suited to real-time, on-site analyses, 
such as those required for production 
management of industrial products 
including foods and beverages.

Existing plat forms for aptamer 
sensor development often require two 
steps: (i ) isolation of aptamers against 
the target of interest from a pool of RNA 
or DNA molecules and (ii ) development 
of an aptamer-based sensor from the 
appropriate aptamer (10). To isolate 
desired aptamers, a selection technique 
known as SELEX (systematic evolution 

of ligands by exponential enrichment) is 
generally used (11,12). However, SELEX 
requires technical expertise because 
it involves large sequences libraries 
and complicated selection operations. 
To develop an aptamer-based sensor 
for practical analysis, it is necessary 
to optimize the detection process for 
a target molecule by combining an 
isolated aptamer and an appropriate 
method.

Recently, designed aptamers have 
been repor ted whose conforma-
tional change upon binding to a target 
molecule could be applied in aptamer-
based sensing process. Target analyte-
induced conformational changes were 
converted into signals, such as colori-
metric, fluorescence-based, or electro-
chemical signals by a DNAzyme-
based redox reaction (13,14), disas-

sembly of gold nanoparticle aggre-
gates (15,16), detection of captured 
aptamers by capture DNA immobi-
lized onto a support (17), or cleavage 
by DNAzymes (10,18). These sensor 
platforms, however, have never been 
applied to screening of aptamers or 
optimization of the sequences relevant 
to conformational changes.

Here we present a DNA module 
platform for designing simple aptamer 
sensors based on a microarray format 
combined with the secondary structure 
prediction in si l ico. Our plat form 
comprises four regions; aptamer, joint 
module, terminal stem, and a DNAzyme 
comprising a horseradish peroxidase 
(HRP)-mimicking DNAzyme (13) that 
catalyzes a redox reaction controlled by 
a structural change induced by binding 
of the aptamer to its target.
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Here we present a DNA module platform for developing simple aptamer sensors based on a microarray 
format combined with secondary structure prediction in silico. The platform comprises four parts: (i) ap-
tamer, (ii) joint module, (iii) terminal stem, and (iv) a DNAzyme that catalyzes a redox reaction controlled by a 
structural change induced by aptamer/target binding. First, we developed a joint module, capable of sens-
ing a conformational change in the aptamer region, that was linked to the signal transmission activity of a 
DNAzyme as the reporter in a concentration-dependent manner with the AMP aptamer. This module design 
was then used to generate an arginine sensor simply by replacing the AMP aptamer region with a previously 
reported arginine aptamer. Using this DNA module platform, we were also able to customize a microarray 
containing >10,000 sequences designed by in silico secondary structure prediction and successfully identi-
fy a new aptamer against patulin. Our results show that the DNA module platform can be used to readily de-
vise sensors based on known aptamers as well as create new aptamer sensors by array-based screening.

Reports

METHOD SUMMARY
Here, we present a new methodology for generating aptamer-based sensors based on a newly developed DNA module 
platform comprising four parts; aptamer, joint module, terminal stem, and signal region. To construct an aptamer sensor, the 
following operations are performed: fusing the regions, modifying region sequences in silico, and optimizing by microarray. 
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Materials and methods
Joint module design and optimization
First, an aptamer sensor based on an 
allosteric DNAzyme was designed as 
shown in Figure 1. Aptamer (AR), signal 
(SR), and terminal (TR) regions were linked 
through a joint module (JM). The JM is 
subdivided into two regions: an aptamer-
masking region and a linker region. The 
JM transmits the effect of a conforma-
tional change following binding of the 
AR to its target SR. The design of the 
JM is crucial for efficient and effective 
transmission of this signal. Aiming at 
optimizing the JM, we fused a DNAzyme 
sequence that mimics HRP (13) to a previ-
ously described AMP aptamer (19); this 
design should produce a system where 
the oxidation/reduction reaction can be 
detected as an electrochemical signal 
monitored by a microarray chip, specifi-
cally the CombiMatrix 12K ElectraSense 
chip (20). Each chip contains 12,544 
spots, and a total of 544 spots were 
used for fabrication and quality control, 
thus allowing simultaneous evaluation of 
12,000 possible JM sequences. These 
customized ElectraSense microarrays 
were purchased from Recenttec K. K. 
(Tokyo, Japan).

The following prerequisites were 
essential for designing an appropriate JM: 
the length of the aptamer-masking region 
should be three or four bases, the linker 
region length should range from one to 
five bases, and internal and bulge loops 
should be present in the aptamer-masking 
region and an internal loop in linker region. 
From an extensive potential pool of JM 
sequences, we selected 2720 candidates 
containing objective 2-D hairpin structures 
that were predicted in silico (Figure 1A). 
The DNA structure was predicted using 
hybrid-ss-min (UNAFold) version 3.8 
software (http://mfold.rna.albany.edu) (21) 
using the DNA input mode with settings 
of 20°C and 0.2 M NaCl (equivalent to 
the binding conditions used in the in vitro 
assays). Each of the 2720 candidate JMs 
was fused between the AMP aptamer (19) 
and the DNAzyme (13), and we subse-
quently analyzed the efficiency of trans-
mission of the ON signal from the AR to 
the SR as described below.

Electrochemical and colorimetric 
detection of DNAzyme activity
The oxidation–reduction reaction 
activity of the DNAzyme was evaluated 

by comparing the electrochemical 
signal generated in the presence of 
the DNAzyme to that generated by a 
non-heme binding DNA oligomer (13) 
using the microarray technology in accor-
dance with the following protocol. Both 
DNAzyme and control sequences were 
linked to poly-dT (15) at their 3´ ends and 
synthesized directly onto five independent 
electrodes of the microarray chip. The 
microarray chip was immersed in 120 mL 
buffer [25 mM HEPES, 200 mM NaCl, 
20 mM KCl, and 0.1% (v/v) DMSO, pH 
7.4] and incubated for 10 min at 65°C. 
The chip was then cooled slowly to room 
temperature over 30 min in order to allow 
the probes to fold into their correct confor-
mations. Then, hemin solution was added 
(2.5 mM hemin final concentration in the 
buffer), and the chip was incubated for 
15 min at room temperature. Finally, the 
solution was replaced with the substrate 
solution [5 mM 2,2´-azino-bis-(3-ethylben-
zthiazoline-6-sulfonic acid) (ABTS) and 5 
mM H2O2 in the solution] and mixed gently 
by repeated pipetting before scanning 
the microarrays. The electrochemical 
reactions on the microarray were detected 
using an ElectraSense Reader (Combi-
Matrix, Irvine, CA) in accordance with 
the manufacture’s protocol. Since the 

electrochemical signal from the Electra-
Sense remained unchanged for at least 5 
min when ABTS was used as an electron 
donor (data not shown), the signal was 
measured 1 min after addition of substrate 
for all subsequent experiments.

Next, each of the 2720 candidate 
fusion sequences for the SR, JM, AR, 
and TR (CCC) (Figure 1A) was linked to 
poly-dT (15) at the 3´ end and synthe-
sized directly onto the electrodes of a 
microarray chip. The following operation 
was performed after the chip was cooled 
to room temperature over 30 min: The 
buffer was replaced (containing no or 5 
mM AMP), and the chip was incubated 
for 30 min at room temperature. Evalu-
ation of each of the JMs was carried 
out by normalizing the signal obtained 
in the presence of 5 mM AMP to that 
in the absence of AMP. Each sequence 
was spotted as triplicates or quintuplets. 
Experiments were repeated twice and 
correlated. In addition, we compared 
the results with those obtained with the 
JM reported by Teller et al. (22), referred 
to herein as “original JM,” which forms a 
perfectly complementary joint sequence 
(Figure 2).

To achieve our goal of developing a 
label-free aptamer sensor that makes Figure 1 
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Figure 1. Detection scheme of the DNA module platform. (A) Structural design of aptamer sensors 
used in this study. (B) Colorimetric detection of aptamer binding was monitored by using a horse-
radish peroxidase (HRP)–mimicking DNAzyme as the signal region, which converts 3-ethylbenzthi-
azoline-6-sulfonic acid (ABTS) into a green chromophore that can be detected by the absorbance 
change. To improve sensitivity, a modified joint module (JM) was designed that integrates the ap-
tamer (AR) and signal (SR) regions. An AMP aptamer was used to optimize the JM. In addition, the 
reaction could also be detected by monitoring the electrochemical signal arising from the redox 
reaction. (C) The putative mechanism of the aptamer sensor described in this study. Before sensing 
the target molecule (left), the 3´ terminus of the AR is masked by the aptamer-masking region. After 
binding the target molecule (right), the masking sequence may enhance the stability of the ligand-
bound conformation of the aptamer sensor by forming new base pairs with one of the linker regions.
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use of a simplified colorimetric detection 
system, we confirmed the activity of the 
isolated JMs by measuring the absor-
bance change induced by the presence 
of the associated sensors in solution 
as shown in Figure 1. DNA constructs 
were purchased from Life Technologies 
(Tokyo, Japan). All oligonucleotides were 
cartridge-purified and freeze-dried by the 
company and diluted in 10 mM HEPES 
with 10 mM NaCl to generate stock 
solutions of 100 mM. Experiments were 
performed in 25 mM HEPES buffer with 
200 mM NaCl, 20 mM KCl, and 0.1% 
(v/v) DMSO, pH 7.4. DNA was diluted to 
a concentration of 12.5 mM with buffer, 
heated to 90°C for 5 min, and slowly 
cooled to room temperature over 30 
min. Ligand was added and allowed to 
interact with the DNA for 30 min. Hemin 
and ABTS were added to a final concen-
tration of 0.5 mM and 5 mM, respectively. 
The reaction was initiated by addition of 
hydrogen peroxide (final concentration 5 
mM). Color development was followed 
at 414 nm with a BioTek EON Micro-
plate Spectrophotometer. The oxidation 
absorbance changes (the ratio of A414,x) 
at ligand concentration x compared with 
buffer alone due to the hemin-catalyzed 

oxidation of ABTS2- by H2O2 were calcu-
lated using the following equation at 5 
min after addition of H2O2 and averaged 
over 3 trials: Ratio of A414,x = A414,x / Ā     414,0. 
Furthermore, in order to ascertain 
whether the isolated JM bears univer-
sality, an arginine aptamer (23) was also 
tested as the AR.

Rules for design of aptamer candidates
We synthesized 12,000 different candidate 
AR sequences comprising 30 bases 
fused to Joint 5, the DNAzyme, and the 
TR (CCC). AR candidates were designed 
in silico using the following criteria: (i) the 
predicted 2-D structure in the absence 
of ligand forms one hairpin loop; (ii) the 
length of the hairpin loop comprises 
three to seven nucleotides; and (iii) the 
length of the stem comprises six to nine 
nucleotides. Finally, 12,000 candidates 
were randomly selected from 14,441 
candidates with a 2-D hairpin structure 
predicted by the in silico analysis, because 
of the limitation of the number of samples 
available on the microarray plate. Detailed 
information on the design is shown below 
and in Supplementary Figure S1. Each 
sequence was linked to poly-dT (15) at the 
3´-end and synthesized directly onto two 

independent electrodes of the microarray 
chip; that is, each sequence was spotted 
as a doublet.

Screening of candidates for the patulin 
aptamer using microarray technology
Screening of a patulin aptamer was 
carried out by a method similar to that 
used for JM isolation. The following 
operation was performed after cooling the 
chip to room temperature for 30 min: The 
buffer was replaced (containing no or 100 
mM patulin), and the chip was incubated 
for 30 min at room temperature. Evalu-
ation of each candidate was done by 
normalizing the signal obtained in the 
presence of the analyte to that obtained 
with buffer alone. Thirty patulin aptamer 
candidates were screened that displayed 
a signal in the presence of patulin that was 
1.5-fold greater than the control for each 
of the doublet probes. We subsequently 
evaluated the aptamer candidates using 
the colorimetric assay to assess dose-
dependency and sensitivity of detection 
of patulin. Furthermore, with respect to a 
patulin aptamer, we examined the speci-
ficity using two molecules, benzofuran, 
and (S)-patulin methyl ether, which have 
structures similar to that of patulin. Finally, 
in order to improve the sensitivity of the 
patulin aptamer-sensor, we examined its 
activity in the context of three types of TR 
(CCC, CCCA, and CCCAA).

Results and discussion
The redox reaction activity of the 
DNAzyme was f irst evaluated by 
monitoring the electrochemical signal 
using a microarray format and comparing 
it to that to a non-heme binding DNA 
oligomer (13). The microarray system 
enables detection of the redox reaction 
of the HRP-mimicking DNAzyme using 
ABTS and H2O2 substrates (Supple-
mentary Figure S2), leading to green color 
development in the solution. Because 
the activity of the DNAzyme was readily 
detected as an electrochemical signal in 
the microarray format, we next optimized 
the JM.

We examined whether the JM was 
able to effectively sense a conformational 
change of the reporter AMP aptamer 
region, enabling detection of signals from 
the DNAzyme in an AMP concentration–
dependent manner. We measured the ratio 
of the signal developed in the presence of 
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Figure 2. Scatter blot of signals obtained from the aptamer array for optimizing a more efficient joint 
module (JM). The 2720 designed JMs containing a variety of bulges and internal loops. Microarray 
technology was applied to evaluate the efficiency of the JMs by comparing them with a JM reported 
by Teller et al. (22), which forms a perfectly complementary chain, referred to here as the “original 
joint module.” The efficiency was evaluated by normalizing the signal obtained in the presence of 5 
mM AMP to that obtained in the presence of buffer alone. Experiments were repeated twice, and the 
results were correlated between the two experiments. The red and blue plotted points represent the 
normalized signals from the original JM and the designed JMs, respectively. Numbers (1–6) indicate 
selected JMs whose signals were superior to that of the original JM and were therefore studied further.
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5 mM AMP to that developed with buffer 
alone. Results obtained for each of the 
2720 candidate sequences comprising 
the SR (HRP-mimicking DNAzyme), the 
library of candidate JMs, the AR, and 
the TR (CCC) were then compared with 
a sequence including the original JM 
as a control (Figure 2). We observed a 
good correlation between the results of 
2 independent experiments (correlation 
factor = 0.799), leading to the identifi-
cation of a number of candidate JMs 
from the library displaying higher sensi-
tivity than the original JM. Because the 
differences in the signal ratio depended 
on the JMs, we evaluated the tendency 
to display greater electrochemical signal 
ratio according to seven parameters: (i) 
free energy of the secondary structure, 
(ii) length of the aptamer-masking (AM) 
region, (iii) the number of internal loops in 
the AM, (iv) the number of bulge loops in 
the AM, (v) the length of the linker region, 
(vi) the number of internal loops in the 
linker, and (vii) the GC content of the linker 
(Supplementary Figure S3). For example, 
although effective JMs tend to have free 
energies in the range of -10 to -6 kcal/mol 
in the absence of ligand, this is not suffi-
cient to lead to high sensitivity as the other 
6 parameters are similar to the pattern 
of free energies and can contribute to 
the sensitivity. Among the JMs that were 
more effective than the original JM, six 
were selected for further study and were 
referred to as Joint 1 through 6.

Next, we reproduced the microarray 
results using the colorimetric assay with 
sensors containing Joints 1 through 
6. Joints 1, 5, and 6 showed a dose-
dependent increase in absorbance in the 
presence of the ligand (Figure 3). Joint 5 
(Sequence #1 in Table 1) displayed the 
greatest absorbance change at lower 
concentrations of AMP and minimum-
variance at 0 mM (Figure 3). For example, 
absorbance changes at 50 and 500 mM 
in Joint 5 were 0.076 and 0.15, respec-
tively. On the other hand, absorbance 
changes at 50 and 500 mM in the Original 
Joint were 0.022 and 0.084, respectively 
(Supplementary Figure S4). Thus, there 
was an improvement in sensitivity of AMP 
detection with our newly optimized joint 
module. Interestingly, Joints 1, 5, and 6 
shared a consensus sequence within the 
aptamer masking region (AM) (TRTT) in 
the 5´ to 3´  direction, in which the 5´  T 
forms a mismatch pair with the G at the 

3´  end of the AR; where “R” indicates an 
A or G that forms an internal loop, and 
the two 3´  Ts pair with As at the 5´  side 
of the masked AR region. This sequence 
conservation suggests these elements 
might be important for the enhanced 
activity.

We then examined if this module 
design could be used to generate an 
arginine sensor by simply replacing 
the AMP aptamer region with a known 
arginine aptamer (23). The aptamer-
masking region was four bases long 

and contained an internal loop, whereas 
the linker region was identical to that of 
Joint 5 (Sequence #2 in Table 1; Figure 
4). The AM was modified from Joint 5 
in AMP sensor to reflect the 3´ terminal 
sequence of the arginine aptamer. In 
addition, we compared Joint 5 with a JM 
that formed regions of perfect sequence 
complementary with lengths of four and 
two bases in the AM and linker regions, 
respectively, as well as with the original 
JM in the AMP aptamer sensor (Figure 
4) (22). Compared with the original JM, 

Figure 3 

Figure 3. Colorimetric assay using aptamer sensors with Joints 1, 5, 6, and the original Joint 
Module (JM). The y-axis represents the absorbance change (see equation the “Materials and 
methods” section) at the concentrations shown on the x-axis.

Table 1. Sequences of the oligonucleotidesa (in the 5´→ 3´ direction) used in this study.

ID Ligand Sequence

Sequence #1 AMP GGGTAGGGCGGGTTGGGAGCTATTCCTGGGGGAGTATTGCGGAGGAAGGGATCCC

Sequence #2 Arginine GGGTAGGGCGGGTTGGGAGCGAACGACCAGGGCAAACGGTAGGTGAGTGGTCGATCCC

Sequence #3 Patulin GGGTAGGGCGGGTTGGGAGCTATTCCTGCGGGCGCTGTTCGCCTAGTCGGAAGGGATCCC

aSignal region (SR) (in italics); joint module (JM) (in bold); aptamer region (AR) (underlined).



REPORTS

www.BioTechniques.com290Vol. 60 | No. 6 | 2016

Joint 5 conveyed enhanced sensitivity to 
the arginine aptamer (Figure 4). Therefore, 
we conclude that Joint 5 appears to be a 
general enhancer sequence for aptamer 
sensors.

Patulin, with a molecular weight of only 
154 g/mol, is a mycotoxin produced by 
fungal species that frequently grow on 
fruit and vegetables.. To date, a useful 
biosensor based on an aptamer for 
patulin has never been reported. In order 
to perform the general SELEX protocol, 
patulin must be chemically modified for 
immobilization. However, because of its 
rather simple molecular structure, it is 
difficult to design an appropriate patulin 
analog without altering the chemical 
structure (24,25). This might have 
hindered the development of aptamer 
sensor against patulin. We theorized that 
our aptamer microarray system would 
be an appropriate method for the devel-
opment of an anti-patulin aptamer sensor.

ARs were designed in silico according 
to the following criteria: (i) presence of 
a predicted 2-D structure forming one 
hairpin loop in the absence of ligand; (ii) 
hairpin loop length of 3–7 nucleotides, 
and (iii) stem length of 6–9 nucleotides. 
The number of exhaustive combinations 
of dot-brackets indicating secondary 
structure was calculated under the above-
mentioned three conditions (873,694 
dot-bracket combinations, Supple-
mentary Figure S1). In order to select 

allowable bracket and dot combinations, 
GC pairs contributing the most stable free 
energy and A residues unpaired with G 
and C were assigned to bracket and dot 
sites, respectively. The secondary struc-
tures of 873,694 sequences were then 
predicted. We found 3,96 sequences 
to be consistent with their bracket and 
dot combinations. A, T, G, and C were 
assigned to these 3896 secondary 
structures in the following manner. In 
each secondary structure, 1000 unique 
sequences were generated under the 
following 2 conditions: (i) GC, AT, and 
TG pairs were randomly assigned to the 
stack regions, but the GC pair was prefer-
entially assigned; (ii) The bases in loop 
regions were randomly assigned with 
equivalent probabilities of generating A, 
T, G, and C. The secondary structures 
of the 3,896,000 unique sequences 
were predicted, and 171,530 different 
sequences were selected according to 
their agreement with the structural rules 
outlined above. As a result, the ratio of 
GC, AT, and TG pairs in the stack regions 
was 86:12:2, respectively. Finally, each 
candidate was combined with the SR 
(DNAzyme), Joint 5, and the TR (CCC), 
and then their secondary structure 
was predicted. Candidates with the 
objective 2-D hairpin structures (Figure 
1A) were retained as the final candidates 
(14,111 total sequences). Because only 
12,000 candidates could be simultane-

ously evaluated, 2,111 candidates were 
removed by excluding candidates with 
a hairpin loop length of 6 or 7 and those 
with a stem site length of 9 nucleotides.

We selected 30 patulin aptamer 
candidates that exhibited a normalized 
signal ratio of 1.5-fold or greater (Supple-
mentary Figure S5). The reproduc-
ibility of the observed sensitivity in the 
selected candidates was confirmed by 
monitoring the absorbance change in the 
colorimetric assay. We then selected 3 
candidates showing signals that corre-
lated with increases in patulin concen-
tration (0, 0.005, 0.05, 0.25, 0.5, and 2.5 
mM) (Supplementary Figure S6). Among 
the latter, Candidate 3 could detect 50 
mM patulin with an absorbance change 
of 0.05. In order to evaluate the speci-
ficity of candidate 3 to patulin, two struc-
turally similar molecules [benzofuran, and 
(S)-patulin methyl ether] were tested. As 
shown in Figure 5, Candidate 3 gave 
rise to an increased absorbance change 
in a concentration-dependent manner 
against patulin, but not when tested in 
the presence of either of the two struc-
turally similar molecules.

In order to further improve the sensi-
tivity of Candidate 3 (Sequence #3 in 
Table 1), we examined 3 types of TRs 
(CCC, CCCA, and CCCAA) at lower 
concentrations of patulin (0, 1, 5, 10, and 
25 mM). Among the TRs tested, CCCA 
was shown to improve the sensitivity of 
patulin detection with a 0.1 absorbance 
change at a patulin concentration of 25 
mM (Supplementary Figure S7). Thus, we 
have succeeded in further improving the 
sensitivity by customizing the TR, a part 
of our DNA module platform.

Here we developed a DNA module 
platform for designing simple aptamer 
sensors based on a microarray format 
combined with the secondary structure 
prediction in silico. We have found that 
the joint module, one of four regions in 
the DNA module platform, was a key 
component for sensitivity and succeeded 
in screening for effective JMs that were 
able to sense conformational changes 
in the reporter AMP aptamer region 
linking to the signal transmission activity 
of the DNAzyme in a concentration-
dependent manner. We also showed 
that this module design was capable of 
generating an arginine sensor simply by 
replacing the AMP aptamer region with a 
reported arginine aptamer. Furthermore, 
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Figure 4. Colorimetric assay to compare the sensitivity of detection of arginine with an aptamer sensors 
incorporating Joint 5 selected from the screen in Figure 2. The aptamer-masking region (AM) was four 
bases long and contained one internal loop, whereas the linker region was identical to that of Joint 5 (Se-
quence #2 in Table 1). The y-axis represents absorbance change see equation the “Materials and methods” 
section) at the concentrations shown on the x-axis. Joint 5 and the original joint module (JM) are shown.
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this DNA module platform was applied to 
an aptamer array screening system, and 
aptamers that recognized patulin were 
obtained by the system.

In our JM-modified DNA module 
platform, Joint 5 appears to effectively 
enhance the conformational change of the 
aptamer sensor by transmitting the energy 
acquired by target molecule binding 
efficiently and rapidly to the DNAzyme. 
The complementary AM sequence in 
Joint 5 may enhance the stability of the 
entire aptamer sensor structure, leading to 
inactivation of aptamer binding structure 
and also the binding to the target molecule 

by base pairing with one of the linker 
regions as shown in Figure 1C. In addition, 
the enhanced activity of Joint 5 was found 
to be independent of the sequence of the 
AR and other peripheral regions in the 
arginine aptamer sensor. These features 
would allow us not only to generate an 
aptamer-sensor simply by replacing the 
AR with a known or screened aptamer, but 
also to develop simple aptamer sensors 
based on a microarray format combined 
with secondary structure prediction in 
silico. Moreover, this microarray system 
would also enable us to increase sensor 
sensitivity by systematically optimizing 

Figure 5 

Figure 5. Colorimetric assay using the patulin aptamer sensor developed in this study. The li-
gand specificities of the selected patulin aptamer were investigated by using two similar analyte 
molecules: benzofuran and (S)-patulin methyl ether. The y-axis represents absorbance change 
(see equation the “Materials and methods” section) at the concentrations shown on the x-axis.
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individual sensor regions (AR, SR, TR, and 
JM) by testing simultaneously the effects 
of introduction of arbitrary sequences into 
specific regions in an iterated fashion that 
allows repeated stages of optimization.

Among seven positive patulin aptamer 
candidates, we identified a sequence that 
detected patulin with high sensitivity and 
reproducibility. Unfortunately, the present 
patulin aptamer sensor did not fully meet 
the minimum sensitivity requirement for 
screening patulin in foods and beverages 
suggested by WHO (26), and thus it needs 
to be improved for higher sensitivity. This 
might require further optimization of the 
sensor itself to improve the sensitivity, 
or appropriate enrichment of the patulin 
concentration during sample prepa-
ration. However, conventional detection 
methods for patulin, such as thin-layer 
chromatography (TLC) (27) or high-perfor-
mance liquid chromatography–mass 
spectrometry (HPLC-MS) (28), are either 
insufficiently sensitive or require the use 
of an expensive instrument with sophis-
ticated handling that is not convenient 
for real-time and on-site detection. In 
contrast, aptamer sensors, albeit requiring 
some improvement, potentially allow us to 
detect target molecules by real-time and 
on-site since they requires only a simple 
colorimetric detection of the green color 
by the naked eye.

Even though the size of an aptamer 
microarray library (104) is much smaller 
than that normally required by the SELEX 
method (~1015, covering the entire range 
of 25 bases), we were able to identify 
aptamers against small molecules 
using our DNA module platform based 
on a microarray format combined with 
secondary structure prediction in silico. 
Importantly, the platform proved less time-
consuming and labor-intensive compared 
with existing methodologies, allowing for 
development of a colorimetric detection 
system for real-time and on-site detection 
of target molecules.
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