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ARTICLE INFO ABSTRACT

Keywords: We investigated the feasibility of simultaneous detection of multiple environmentally- and biomedically-relevant
DNA RNA biomarker target sequences on a single newly fabricated 384-ch sensor array chip aiming at practical
RNA application. The individual sensor is composed of a photolithographically-fabricated Au/Cr-based electrode

Non-labeling detection
Sensor array
Environmental and biomedical diagnoses

modified with peptide nucleic acid (PNA) probes. The sensor array chips showed sequence-specific responses
upon hybridization of the probes with target sequences complementary to the probes in contrast to mismatch
versions. The target oligonucleotides have 15-22 mer sequences from messenger RNAs for estrogen-responsive
genes and microRNAs for lung cancer biomarkers. The dependence on target concentrations of sensor responses
was observed by using a single chip on which experiments for detection of several target concentrations pro-
ceeded simultaneously, with the detection limit of 7.33 x 10~ ®M. As more realistic samples, oligonucleotide
samples amplified by PCR from a synthesized template sequence were applied to the chip. They showed se-
quence-specific responses, revealing the potential for fabricated sensor array chips to be utilized to analyze PCR
samples. Unlike complicated and expensive chips that require nanofabrication, our sensor array chips based on
glass coated with gold thin films are simple and can be fabricated from inexpensive and readily available ma-

terials.

1. Introduction

The American Chemical Society's CAS Registry, the largest database
of chemical substances in the world, has registered more than 140
million kinds of synthetic chemical substances (August 2018, CAS
Registry, 2018). To be able to utilize these chemicals safely and effec-
tively, it is important to evaluate and understand their biomedical ef-
fects on human health and their biological effects on ecosystems. We
need to evaluate the effects of these chemicals not only individually but
also in combination. This is because they are present in the environ-
ment in the form of mixtures with other chemicals, alongside their
derivatives, as impurities, metabolites produced in biological systems,
and degraded products.

Cell-based bioassays are increasingly widely utilized as an alter-
native to animal testing, both for ethical reasons and for their ad-
vantage of rapidity(Alexander-Dann et al., 2018; Borlak, 2005; Huang,
2013; Wagner and Plewa, 2017). Assays are usually performed using
oligonucleotide detection techniques that include polymerase chain
reaction (PCR) methods and DNA microarray procedures based on the
fluorescence labeling of target DNAs and RNAs, representing biological
responses to external stimuli. With the range chemicals that need to be
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evaluated continuing to expand, there is a growing need for evaluation
of chemicals in the environment by in-situ fast screening(Campana and
Wilodkowic, 2018). Rapid, simple and cost-effective screening techni-
ques are therefore needed as an improvement to the conventional
techniques used to detect oligonucleotides.

These oligonucleotide detection techniques that use DNA and RNA
as indicators can also be employed for biomedical diagnoses. Cancer
diagnosis is potentially one of these applications. In the past decade, it
has become increasingly apparent that micro RNAs (miRNAs) are pre-
sent in the blood of cancer patients and that they are specific to the
types and stages of the cancers in question(Bonci et al., 2016; Kim et al.,
2015; Kreth et al., 2018; Wang et al., 2016). Moreover, miRNAs are
considered to be the first biomarkers to respond to changes in physical
condition, making them ideal for use in preemptive medicine. Detection
and identification of such miRNAs as disease biomarkers might con-
tribute to disease prevention at an early stage. Feasible and first aid
screening techniques are promising as medical diagnostic tools.

To achieve faster and simpler screening techniques, many re-
searchers have developed oligonucleotide detection techniques based
on a variety of approaches, including optical, microgravimetric, and
electrochemical techniques(Sassolas et al., 2008). Electrochemical
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Fig. 1. Oligonucleotide detection method based on switching controlled by hybridization-amenable accumulation of charge (A) and chemical structure of probe PNA
(B). Photolithographically fabricated 384-ch microelectrode array chip (C) and hydrophobic adhesive film with eight open windows for 4 X 4 electrode array blocks

D).

techniques have significant advantages because of their simple design,
inherently small dimensions, and low power requirements, contributing
to simpler and more compact oligonucleotide detection systems(Aoki,
2015; Bard and Faulkner, 2001; Lucarelli et al., 2008; Pale¢ek and
Bartosik, 2012; Sadik et al., 2009; Teles and Fonseca, 2008; Wang,
2005, 2006). Aiming at feasible fast screening both in the natural en-
vironment and at clinics, we have studied electrochemical oligonu-
cleotide detection techniques based on hybridization-triggered “on/off”
switching architecture without the need to label target oligonucleotides
(Aoki, 2012, 2015). One of our detection techniques is based on elec-
trostatic switching of the redox reaction of a charged redox marker
(e.g., [Fe(CN)¢] 4, controlled by hybridization-amenable accumulation
of negative charge in the target oligonucleotides on the sensor surface,
based on peptide nucleic acid (PNA) probes (Fig. 1A). Previous detailed
reports have revealed the sensors to identify the target oligonucleotides
sequence-specifically and with detection limits at the 10~ ! M(Aoki,
2012; Aoki and Tao, 2005) level. These detection limits correspond to
10~ ® mol (1 fmol) in 100 pL of solution. This sensor method matches
the performance of conventional fluorescence labeling-based methods,
with the additional advantage of no labeling step(Fiammengo, 2017).

In this study, employing the above method, we demonstrated si-
multaneous detection of multiple oligonucleotide biomarker sequences
on a single newly fabricated 384-channel sensor array chip for more
comprehensive and practical usages. Previously, we demonstrated
preliminary oligonucleotide detection based on 9-ch and 96-ch ad-
dressable sensor array chips(Aoki et al., 2010a, b), in which these chips
were evaluated by using only one target oligonucleotide sequence for
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one chip. The present sensor array chip was prepared from a photo-
lithographically fabricated Au/Cr-based microelectrode array chip
modified with several probe PNAs with sequences complementary to
the targets. As the sequences of the targets, we used RNA biomarker
sequences from messenger RNAs (mRNAs) for estrogen-responsive
genes and microRNAs (miRNAs) for lung cancer biomarkers. Hy-
bridization of the targets with the corresponding probes on the chip
showed sequence-specific sensor responses with the detection limit of
7.33 x 10~ 8 M. For mismatched oligonucleotides, however, the sensors
showed only small responses. As more realistic samples, oligonucleotide
samples with target sequences amplified by PCR from a synthesized
template sequence were applied to the sensor array chips. These
showed sequence-specific responses, revealing that the fabricated
sensor array chips could be utilized for PCR samples after standard
purification.

2. Materials and methods
2.1. Reagents

The sequences used in this study were from the National Center for
Biotechnology Information (NCBI)(National Center for Biotechnology
Information, 2018). Purchased from Eurofins Genomics Japan (Tokyo,
Japan) were oligonucleotides with the sequences listed in Table 1. The
artificially synthesized oligonucleotide probes listed in Table 1, pur-
chased from CBC (Tokyo, Japan), were designed as conjugates of pep-
tide nucleic acids (PNAs) and other moieties, where O and Cys denote
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Table 1
Sequences of the probe PNAs and target DNAs used in this study.

Sequences Name NCBI Accession # Remarks

Target DNAs 5" AGA CAG CAA TAA CCA CAGTA 3 DNA_1 L27560 Insulin-like growth factor binding protein

5 (IGFBP5)

5’ GTG GAG TAA TAG GGA AGG TTG C 3’ DNA_2 X63741 Early growth receptor 3 (EGR3)
5" CGT GAA AGA CAG AAT 3’ DNA_3 XM_009779 Trefoil factor family 1 (TFF1)
5" ACT GCA GTG AAG GCA CTT GT 3’ DNA_4 hsa-miR-17 Lung cancer biomarker
5’ TAG CTT ATC AGA CTG ATG TT 3’ DNA S5 hsa-miR-21 Lung cancer biomarker
5" GGG TAT TTG ACA AAC TGA CA 3’ DNA_6 hsa-miR-223 Lung cancer biomarker

Probe PNAs TAC TGT GGT TAT TGC TGT CT-O-Cys-NH, PNA_1 Complementary to DNA_1
ACA AGT GCC TTC ACT GCA GT-O-Cys-NH, PNA 4 Complementary to DNA 4
AAC ATC AGT CTG ATA AGC TA-O-Cys-NH, PNAS Complementary to DNA_5
GGG TAT TTG ACA AAC TGA CA-O-Cys-NH, PNA 6 Complementary to DNA_6

Template 5 TGT TGT TTT TCT TTT TCT TTT TTT TTT TGA AGA CAG CAA TAA CCA CAGTAC Template L27560 The underlined part is recognized by
ATA TTA CTG TAG TTC TCT ATA GTT TTA CAT ACA TTC ATA CCATAACTCT 3 PNA_1

Primers 5" TAG AGA ACT ACA GTA ATATG 3’ PCR_11
5" AAA AAA AAG AAA AAG AAA AACAACA ¥ PCR_12
5" AGA GTT ATG GTA TGA ATG TAT 3’ PCR_21
5’ TAC TGT GGT TAT TGC TGT CT 3’ PCR_22

an ethylene glycol unit and a cysteine group, respectively (Fig. 1B). In
the study of PCR products, PNA_1 was used as a probe PNA from CBC,
and a template and primers were from Eurofins Genomics. 6-Hydroxy-
1-hexanethiol (6-HHT) was from Dojindo (Kumamoto, Japan). All
aqueous solutions were prepared with deionized and charcoal-treated
water (specified resistance > 18.2 MQ cm), obtained using a Milli-Q
reagent grade water system (Millipore; Bedford, MA).

2.2. Preparation of sensor array chips

A 384-ch microelectrode array chip (384 channels; array interval,
1 mm; diameter, 300 um) was photolithographically fabricated in a
manner similar to that reported in our previous papers (Aoki et al.,
2010a, b) or fabricated by NTT advanced technologies in the same
manner as ours, briefly described in Supplementary Information. The
fabricated 384-ch electrode array chip is shown in Fig. 1C.

A sensor array chip was prepared by modifying the electrode sur-
faces of the fabricated microelectrode array chip with probe PNAs and
6-HHT as follows. One-uL aliquots of a solution of 1:1100 uM probe
PNAs in 0.1% trifluoroacetic acid (TFA) aqueous solution—-50% glycerol
aqueous solution were dispensed onto the electrode surfaces. After
30 min of immersion, the array chip was rinsed with a 0.1% TFA aqu-
eous solution and water, and dried by N, blow. A 200-uL aliquot of
1 mM 6-HHT aqueous solution was then dropped on the chip to cover
all the electrodes. After 30 min immersion, the array chip was rinsed
with water and subjected to electrochemical measurements. The surface
density of probe PNAs were estimated by using a ferrocene-modified
probe PNA, briefly described in Supplementary Information. The den-
sity was induced to be (9.03 = 4.23) X 107" molem™2 (n=7). In
this modification process, electrode areas were separated from each
other by placing adhesive films as hydrophobic boundaries on the chip
so as to soak different electrodes in solutions containing different probe
PNAs (shown in Fig. 1D). The films were prepared from Parafilm
(Bemis; Oshkosh, WI) by cutting with a CC330-20 cutting plotter
(Graphtec; Kanagawa, Japan).

2.3. Preparation of PCR-amplified oligonucleotide samples

To demonstrate the detection of PCR products, PCR-amplified oli-
gonucleotide samples were prepared by basically following the protocol
for Pyrobest DNA polymerase (Takara Bio; Shiga, Japan), briefly de-
scribed in Supplementary Information(Takara Bio, 2018). This process
produced 70-mer PCR_1 and PCR_2 oligonucleotides as predominant
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PCR products. These PCR products were then purified by following the
protocol for Wizard SV Gel and PCR Clean-up System (Promega; Ma-
dison, WI), briefly described in Supplementary Information(Promega,
2018). The concentrations of the PCR products were measured using a
NanoDrop 2000 (Thermo-Fisher, Tokyo, Japan) to prepare solutions
containing 150 nM of PCR products.

2.4. Electrochemical measurements

Electrochemical measurements of the sensor array chips were per-
formed in a 5mM NaClO,4 + 2.5 mM phosphate buffer solution (pH 7.0,
Na™ salt) containing 1 mM K,[Fe(CN)s] as the electroactive marker at
25°C before and after incubation in an aqueous solution containing
DNAs. A three-electrode configuration was used, consisting of the
prepared sensor as the working electrode, an Ag/AgCl reference elec-
trode (internal solution: 3 M NaCl), and a platinum auxiliary electrode.
The electrochemical measurements were performed using the same
system as previously reported(Aoki et al., 2010a).

The electrochemical cell was constructed by placing a silicone
rubber frame (size, 28 mm X 28 mm; thickness, 3 mm; frame width,
3 mm) on the prepared sensor array chip filled with 1 mL of the mea-
surement solution, with the reference and auxiliary electrodes inserted
into the solution perpendicularly and close to the chip. For cyclic vol-
tammograms (CVs), the potential was scanned from 0 to +0.5 V and
again back to 0 V at a scan rate of 0.1 V s~ 1. The sensor response to the
DNAs was expressed as the ratio of peak current (i) to the current de-
crease (ip — i) at the peak potential (E,) in the voltammograms measured
before incubation in the solutions containing the DNAs, (ip — i)/ip
(shown in Fig. 2A), similarly to our previous reports(Aoki et al., 2010a,
b). The normalized current change of (iy — i)/ip was depicted on a
pseudocolor scale ranging from green (low) to red (high) (Fig. 2C-D).

3. Results and discussion
3.1. 384-Ch electrode array chip

The fabricated electrode array chip was electrochemically in-
vestigated using [Fe(CN)¢]* as an electroactive marker, in a similar
manner to that reported in previous papers (Aoki et al., 2010a, b).
Cyclic voltammograms (CVs) of the [Fe(CN)¢]* marker for 384 elec-
trodes on the chip were investigated. While these 384 electrodes show
reversible or quasi-reversible responses (i.e., the differences between
oxidative and reductive peak current potentials (AE;) of the observed
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Fig. 2. CVs of 1 mM [Fe(CN)g]* marker for typical

sensors in the fabricated electrode array chip after
modification with PNA_1 (solid line in A and B) and
incubation in 100-uM solutions of target (DNA_1,
dashed line in A) and mismatch (DNA_2, dashed line
in B) DNAs. The 384 sensor responses for PNA_1
sensors incubated in solutions of target (DNA_1, C)
and mismatch (DNA_2, D). Sensor responses are de-
picted on a pseudocolor scale ranging from green
(low) to red (high).
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CVs were around 60-100mV), a slight trend was observed for the
electrodes in the more central areas to show larger AE, values and the
electrodes in more peripheral areas to show smaller AE, values (Fig.
S1). This trend is also observed when using other electrode array chips,
even after changing the order of electrodes for recording CVs. This
observed trend of the inconsistency of plasma treatment may be due to
the arrangement of the conductive areas on the chip, which might in
turn affect exposure conditions to plasma irradiation(Abuzairi et al.,
2016; Zaplotnik et al., 2015). We believe that this inconsistency of
plasma treatment was unlikely to have had a significant influence on
the following experiments, and that it is more important to focus on
relative signal changes before and after the target recognition, nor-
malized by subtracting the baseline from the observed signal.

3.2. Probe PNA-based sensor array chip

After electrochemical investigation of the fabricated electrode array
chip, PNA_1 and HHT were immobilized on the plasma-treated elec-
trode array chip to prepare a sensor array chip. CVs of [Fe(CN)e]*"
marker for the 384 sensors prepared on the chip were observed to be
quasi-reversible, as shown in Fig. 2A (solid line) for a typical sensor.
Next, a 100-puL aliquot of aqueous solution containing 100 uM target
DNA_1 with a complementary sequence to probe PNA_e3 was dropped
onto the sensor array chip. The chip was covered with a cover glass and
kept in a humid chamber for 40 minat 25°C during the incubation
process. After incubation, the CVs of the [Fe(CN)g]* marker showed an
irreversible redox reaction on the part of the marker, shown in Fig. 2A
(dashed line). This is because the hybridization of target DNA_1 with
probe PNA_1 caused a negative surface charge on the electrode and,
concomitantly, induced electrostatic repulsion between the negatively
charged marker and the negatively charged surface, inhibiting the

0.1
Potential / V vs Ag/AgCI
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redox reaction of the marker at the electrode surface. This result is
consistent with those in previous studies(Aoki et al., 2000; Aoki and
Tao, 2005). We also incubated another sensor array chip for probe
PNA_1 in a 100-pL aliquot of aqueous solution containing 100 uM
mismatch DNA_2 with an unrelated sequence, and made electro-
chemical measurements in the same manner. In this case, however, the
observed CVs showed almost the same CVs as before incubation, shown
in Fig. 2B (dashed line). This result indicates that the sensors prepared
on the chip have the capability to distinguish oligonucleotides se-
quence-specifically. The sensor has potential to be repeatedly used by
regenerating the device with the incubation in an aqueous solution of
urea, as we previously reported(Aoki and Tao, 2007). But, in this study,
we focused on the single use of the chips as “one-time” disposable de-
vices to prevent false positives in environmental and biomedical ap-
plications.

Here, to be able to evaluate all the 384 sensor responses for the
sensor array chip, the sensor response to the DNAs is expressed as the
ratio of the current decrease (i, — i) to peak current (ip) at the peak
potential (E,) in the CVs measured before incubation in the solutions
containing the DNAs, (ip — i)/iy (See Material and methods and Fig. 2A).
The normalized current change of (iy - i)/ip was depicted using a
pseudocolor scale ranging from green (low) to red (high). The results
are shown in Fig. 2C-D, in which the values of the normalized current
changes are shown as 0.504 + 0.0581 and 0.000861 =+ 0.0596 for the
target (C) and mismatch (D), respectively. Virtually all of the sensors
showed sequence-specific responses, while some sensors in peripheral
areas showed rather stronger responses and sensors in central areas
showed somewhat weaker responses, as shown in Fig. 2C. Although this
inconsistent response trend is still noticeable, similar to that shown in
Section 3.1, the expression of sensor responses in the normalization of
current change in CVs outweighs this trend.
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Fig. 3. Eight-array blocks modified with corresponding biomedically-significant probe PNAs, incubated in solutions of target and mismatch DNAs (A) to record the
sensor responses (B) in the same manner as those in Fig. 2. The sensor responses are summarized in (C).

3.3. Simultaneous detection of environmentally- and biomedically-relevant
oligonucleotides

Multiple oligonucleotide detection is the key to utilization of oli-
gonucleotide detection techniques as diagnosis tools in the environ-
mental and biomedical fields. For example, biological evaluation of
chemical substances requires the simultaneous detection of tens or
hundreds of oligonucleotide sequences(McCormick and Nuwaysir,
2005). This prompted us to use 384-ch sensor array chips for the si-
multaneous detection of oligonucleotides with environmentally- and
biomedically-relevant sequences.

A hydrophobic adhesive film with eight open windows (Fig. 1D) was
prepared and used for the modification of the electrode array chip with
multiple probe PNAs. This film has eight windows that independently
separate the electrode area on the chip during modification and in-
cubation. Each window covers a 4 X 4 electrode array block (Fig. 3A).
The electrodes for the eight blocks were modified with four kinds of
probe PNAs (PNA 1, PNA 4, PNA 5, and PNA 6) targeting en-
vironmentally- and biologically-relevant sequences. After the mod-
ification process, these eight blocks were subjected to incubation in 10-
uL aliquots of aqueous solutions containing 100 uM of the target
(DNA_1, DNA_4, DNA 5, and DNA _6) or mismatch (DNA_3) oligonu-
cleotides. Fig. 3B shows the sensor responses. Among these four probe
PNAs, targets with complementary sequences to those of the probes
showed higher responses, while mismatches with non-complementary
sequences showed lower responses. Our results are summarized in
Fig. 3C. The error bars show standard deviations for all the available
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sensor responses, clearly showing sequence-specific target recognition.
Here, the four probe PNAs used in Fig. 3B showed similar responses to
the corresponding target and mismatch DNAs. This is probably because
of similar association constants for probe/target pairs. This result is
supported by several empirical equations, as we mentioned in a pre-
vious report.(Aoki and Tao, 2005). Ratilainen et al., (2000) studied the
relationship between the length and the binding thermodynamics using
numerous probe PNA/target DNA pairs and found that the association
constants for N-mer PNA/DNAs at 25 °C follow the below equation.

K35 Ratilainen = (14 = l)N

@

The length of the probes used is 20 mer. The estimated K25 ratilainen
value is derived as 8.37 x 1022M ™1, The observed result is also sup-
ported by another model, reported by Giesen et al., (1998), which takes
into account not only the length but also the base pair sequence. Giesen
et al. developed a model of melting temperature (T,,,) as a good measure
of the stability of a PNA/DNA duplex, employing the nearest-neighbor
approach,

T Giesen = 20.79 + 0.83Tm pna/pna — 26.13f5yr + 0.44lpna 2)

where Ty, pna/pna IS the T, calculated using the nearest-neighbor
model for the corresponding DNA/DNA duplex, applying values of
change in enthalpy, —~AH’, and change in entropy, —AS’, as described by
SantaLucia et al., (1996) fy. is the fractional pyrimidine content in the
PNA strands, and Ipnp is the length of the PNA sequence. The estimated
T Giesen Values are 74.7, 77.3, 71.7, and 78.4 for PNA_1, PNA 4,
PNA_5, and PNA_6, respectively, showing the probe/target pairs to be
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100 uM of mismatch and 0 M, 1 nM, 10 nM, 100 nM, 1 uM, 10 uM, and 100 uM
of target DNAs (A) to record the sensor responses (B) in the same manner as
those in Fig. 2. The sensor responses are summarized in (C).

similarly stable.
From these results, we concluded that the sensor array chips re-
cognize environmentally- and biomedically-relevant targets.

3.4. Concentration-dependence of sensor responses

To investigate the limitations of the sensor array chips, we de-
monstrated the dependence of sensor responses on the target con-
centrations on a single chip. The electrodes were modified with the
probe PNA_1 and the eight probe-modified blocks were then incubated
in 10-pL aliquots of aqueous solutions containing 100 uM, 10 uM, 1 uM,
100nM, 10nM, 1 nM, and O M of the target DNA_1 and 100 uM of the
mismatch DNA_2. To confirm that the solutions did not intermingle by
crossing the hydrophobic barrier on the adhesive film, we put solutions
next to others with a 1000-fold difference in the target concentrations
(Fig. 4A). Sensor responses are shown in Fig. 4B. Fig. 4C, summarizing
the results in Fig. 4B. They demonstrate a large change in sensor re-
sponse in the range from 10 nM to 1 pM. The linear regression provided
the relationship of [Sensor response] = 0.183 x log[DNA] + 1.66
with the R? value of 0.999, showing the linearity of the response in this
range. Detailed investigations revealed a detection limit of
7.33 x 1078 M (S/N = 3.0, where the standard deviation at 10 nM of
0.0529 was used as a noise.) and the relative standard deviation of the
sensor responses (n = 16 at 1 uM of target DNA_1) proved to be < 10%.
This value is one thousand-fold the detection limit of 7.50 x 10~ ' M
obtained in the previous research using gold disk electrodes, based on
the same probe/target pair and the same working principle(Aoki and
Tao, 2005). The reason for the observed higher detection limit is not
clear, but we assume that it may be for reasons related to both the chips
themselves (contaminant residues not removed from the surface and
the resultant difference in the surface density of probe PNAs between
the microelectrodes) and the adhesive films (leakage of some con-
taminants from the adhesive films or mixing of the solutions with others
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Fig. 5. Four-array blocks modified with PNA_1, incubated in 50-uM solutions of
the target DNA_1 and mismatch DNA_2, 150 nM of PCR products of PCR_1 and
PCR_2 (A) to record the sensor responses (B) in the same manner as those in
Fig. 2. The sensor responses are summarized in (C).

via the films). Further optimization of the fabrication of the chips or the
adhesive films might be needed to improve the detection limit. In
contrast, sensor response to 100 M of the non-complementary DNA_2
solution was similar to that for the 0 M solutions. We therefore con-
cluded that the sensor responses were sequence-specific and dependent
on the concentration of the target. In this study, we investigated the
pair of PNA_1/DNA 1 to induce the detection limit, but it can be easily
applied to other pairs listed in Table 1 to induce the detection limits on
the single chip.

3.5. PCR-amplified samples

For application to real samples, we demonstrated the detection of
target DNAs based on oligonucleotide samples amplified by PCR. The
electrodes on the chip were modified with PNA_1, and the prepared
sensors were separately incubated in aqueous solutions containing
different oligonucleotides, as depicted in Fig. 5A. In this study, a hy-
drophobic adhesive film with four windows open to 8 x 8 electrode
array blocks was used to obtain sensor responses to four kinds of oli-
gonucleotides. For measurement, we used 12.5-uL aliquots of aqueous
solutions containing 50 uM of target DNA_1, 50 uM of mismatch DNA 2,
150 nM of PCR_1, and 150 nM of PCR_2 for PNA_1 sensors. PCR_1 or
PCR_2 of 70-mer length were produced by amplifying a 100-mer tem-
plate using Primers PCR_11 and PCR_12 or PCR 21 and PCR_22, re-
spectively, to prepare the sample solutions with concentrations of
150 nM after the gel-based standard purification described in Material
and methods. Sensor responses are shown in Fig. 5B and are summar-
ized in Fig. 5C. Target DNA_1 showed sequence-specific responses to
mismatch DNA_2. PCR_1 and PCR_2 also clearly showed responses.

Interestingly, PCR_1 and PCR_2 showed similar responses despite
their different positions captured by, or complementary to, probe
PNA_1 in the sequences. The capture position of PCR_1 is in the center
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of the sequence and, in hybridization, extends not only an overhanging
single-stranded DNA tail at the 5’ terminal to the bulk solution but also
a tail at the 3’ terminal to the sensor surface. In contrast, the capture
position of PCR_2 is at the end of the 5’ terminal and, in hybridization,
extends a tail only at the 3’ terminal to the bulk solution. We expected,
therefore, that hybridization of PCR_1 to PNA_1 would be sterically
hindered and that the observed sensor response would therefore be
smaller than that for PCR_2. It is generally known that the lengths of
linkers tethering probes to the surface and the lengths of overhanging
tails of target oligonucleotides extending both to the surface and to the
bulk solution can affect the efficiency of hybridization at the surface,
according to previous reports based on theoretical analysis(Peytavi
et al., 2005) and optical experiments(Halperin et al., 2006). It is not
clear why PCR_1 and PCR_2 showed similar responses, but it could have
resulted from the long overhanging tails of these oligonucleotides af-
fecting the hybridization efficiency.

4. Conclusion

We investigated the detection of multiple environmentally- and
biomedically-relevant RNA biomarker sequences on a single newly-
fabricated 384-ch sensor array chip aiming at practical application. The
chips showed sequence-specific sensor responses upon hybridization
with targets but far less so with mismatches. The dependence of sensor
responses on target concentrations was observed, with a detection limit
of 733 x1078M (S/N =3.0) and a relative standard deviation
of <10% (n = 16 at 1 uM of target DNA_1). As more realistic samples,
PCR-amplified oligonucleotide samples were applied to the chips and
showed sequence-specific responses, revealing that the fabricated
sensor array chips have potential for use with PCR samples.

Recent innovations and the development of novel sequencers are
opening the way to the use of nanotechnology-based miniaturized se-
quencers in environmental and healthcare management (Oxford
Nanopore Technologies, 2018; Pac Bio, 2018). However, we believe
that sensor array chips focusing on known oligonucleotides will play an
important role in biomarker screening, which will need simple, rapid,
and “one-time” disposable devices to prevent false positives in en-
vironmental and biomedical applications, in contrast to the current
complicated and expensive chips. Our sensor array chips that use glass
coated with gold thin films are simple and fabricated from inexpensive
and readily available materials(Aoki, 2015; Zhang et al., 2017). This
technique is likely to make environmental and biomedical diagnoses
simpler and easier to carry out.

For healthcare applications to clinical diagnosis, considerable ef-
forts have been made to find RNA biomarkers, including miRNAs, as
cancer biomarkers of the type employed in this study(Angelini and
Emanueli, 2015; Montani et al., 2015; Wang et al., 2016). For en-
vironmental applications to evaluate chemical toxicity, research in the
new field of toxicogenomics has led to organized public projects to find
RNA biomarkers including mRNAs as estrogen-responsive genes of the
type employed here, and to publish them in databases(Borlak, 2005;
Igarashi et al., 2015; Minami et al., 2014; Waters and Fostel, 2004). We
also have been searching for RNA biomarkers that are more sensitive to
chemical stress, since both sensor array development and biomarker
searching are crucially important to develop feasible screening techni-
ques(Tani et al., 2017). We believe that we will be able report other
novel sensor array chips based on our newly-identified RNA biomarkers
in the near future.
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