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A B S T R A C T

We investigated sequence-specific and simultaneous microRNA (miRNA) detections by surface plasmon re-
sonance (SPR) imaging measurements on SPR chips possessing an Au spot array modified with probe DNAs based
on a miRNA-detection-selective SPR signal amplification method. MiRNAs were detected with the detection limit
of the attomole level by SPR imaging measurements for different miRNA concentrations on a single chip. SPR
signals were enhanced based on a combination process of sequence-specific hybridization of the miRNA to the
probe DNAs, extension reaction of polyadenine (poly(A)) tails by poly(A) polymerase, binding of a ternary
complex of T30-biotin/horseradish peroxidase (HRP)-biotin/streptavidin to the poly(A) tails, and the oxidation
reaction of tetramethylbenzidine (TMB) on the HRP by providing a blue precipitate on the surface. This process
sequence-specifically and dramatically amplified the SPR signals. This is a simple, cost-effective, and feasible
signal amplification method based on the organic compound TMB instead of metal nanoparticles.

1. Introduction

Oligonucleotide detection-based tests, including safety screening for
environmental chemical toxicity and healthcare management, are in-
creasingly being adopted in the fields of environmental and biomedical
evaluation(Alexander-Dann et al., 2018; Huang, 2013; Huang et al.,
2011; Wagner and Plewa, 2017). This has prompted a great deal of
research into tests based on differences in DNA sequences between wild
types and mismatch types or on differences in RNA expression as a
transcriptome. Considerable efforts have been focused on RNA ex-
pression to reveal the difference between wellness and sickness or states
with and without stress. They demonstrate that RNA expression can be
used to evaluate biological responses to external stimuli(Fukushima
et al., 2014; Igarashi et al., 2015; Rakszewska et al., 2016).

Micro RNAs (miRNAs), i.e., short non-coding RNAs with a length of
20–25 bases, regulate the translation or degradation of messenger RNAs
(mRNAs), i.e., coding RNAs with genetic information(Siomi and Siomi,
2010). MiRNAs are increasingly being studied by numerous re-
searchers, including the potential application of miRNA-based tests to
the evaluation of stresses caused by environmental chemicals and to the
diagnosis of lifestyle-related diseases or cancers(Angelini and Emanueli,
2015; Kreth et al., 2018; Leung and Sharp, 2010; Mendell and Olson,

2012; Min and Chan, 2015; Olejniczak et al., 2018). MiRNAs as bio-
markers for cancers have also been elaborated by many researchers in
the past decade(Bonci et al., 2016; Hayes et al., 2014; Hofbauer et al.,
2018; Jansson and Lund, 2012; Mihelich et al., 2015). Since miRNA is
found in blood samples, which can be drawn routinely and minimally
invasively, the utilization of miRNAs in these fields is anticipated to
contribute to rapid testing(Inal et al., 2013; Mitchell et al., 2008;
Montani et al., 2015). Rapid and simple detection methods are needed
to permit the application of these miRNA detection tests in the en-
vironmental and biomedical fields as fast screening tools(Fiammengo,
2017; Graybill and Bailey, 2016).

In past decades, numerous oligonucleotide detection techniques
have been developed aiming at fast, rapid, and simple screening based
on electrochemical, gravimetric and optical techniques(Sassolas et al.,
2008). Surface plasmon resonance (SPR) imaging is an optical tech-
nique that enables real-time and multiplexed detection of biomolecules
on an SPR chip in a parallel manner without labeling the target bio-
molecules (label-free) or without any contact or wiring normally used
in electrochemical techniques(Smith and Corn, 2003; Spoto and
Minunni, 2012). SPR imaging-based biomolecular sensing is based on
the changes in SPR images before and after molecular recognition,
yielded by subtraction of pre-recognition images from post-recognition
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images of the SPR sensors on an SPR chip to provide molecular re-
cognition. The more target biomolecules are bound to the sensors, the
higher the contrast is obtained by the sensors.

Previously, we developed a miRNA detection method based on SPR
imaging with signal amplification that employed polyadenine (poly(A))
extension at the miRNA terminal and Au nanoparticles (AuNPs) binding
to the poly(A) tails after hybridization of the miRNA to the com-
plementary locked nucleic acid (LNA) probe(Fang et al., 2006). This
method achieved detection at the 10-fM level using a combination of
AuNPs and polymerases. AuNPs were also used for attomole detection
of mesophilic DNA polymerase products (Gifford et al., 2010), and for
measuring the binding of proteins to single-stranded DNA aptamers
based on DNAzyme hydrolysis of the aptamers(Chen and Corn, 2013).
Many other groups have reported metal nanoparticles-based SPR de-
tection as well, because the nanoparticles, especially AuNPs, have re-
markable SPR properties as enhancers of SPR electromagnetic field,
helping signal amplification and high sensitive detection(Coutinho and
Somoza, 2019; Zeng et al., 2014). The multiple signal amplification
strategy based on the combination of AuNPs and AgNPs detected of
miRNAs with the detection limit of 0.6 fM(Liu et al., 2017). The com-
petitive hybridization of target miRNAs with AuNP-DNAs showed the
detection limit of 500 pM for the targets(Hong et al., 2018). Metal
nanoparticles were also used for single-molecule investigation of ther-
modynamics of miRNAs based on local SPR (LSPR).(Chen et al., 2018).

For simplicity and rapidity of miRNA detection, in this study, we
have developed a SPR signal amplification method based on miRNA-
detection-selective precipitation of organic compounds, instead of
metal nanoparticles, to demonstrate sequence-specific and simulta-
neous miRNA detection at the attomole level. MiRNAs as lung cancer
RNA biomarkers were detected on a single SPR chip possessing the
probe DNA-modified sensors, incubated in solutions containing dif-
ferent target miRNA concentrations. Selective signal amplification of
the miRNA detection was achieved by utilizing the combination of
hybridization of the miRNA to a complementary probe DNA, followed
by extension of poly(A) tails of the miRNA by poly(A) polymerase, se-
lective binding of horseradish peroxidase (HRP) to the poly(A) tails,
and H2O2-mediated oxidation of tetramethylbenzidine (TMB) catalyzed
by the HRP and resultant precipitation of oxidized TMB (Ox-TMB)(Bos
et al., 1981; Josephy et al., 1982). The target miRNAs were sequence-
specifically and simultaneously detected at the pM level, equivalent to
amol-level in 1 μL of miRNA solution on 16 oligonucleotide sensors
fabricated on a single SPR chip. TMB-based signal enhancement is po-
pularly used in biochemical staining processes, including im-
munohistochemistry enzyme-linked immunosorbent assays (ELISA) as a
visualizing reagent(Frey et al., 2000; Rhee et al., 2010). Besides these
calorimetric techniques, TMB is also widely used in electrochemical
techniques (Akter et al., 2017; Fanjul-Bolado et al., 2005; Labib et al.,
2016; Shen et al., 2014), QCM (Alfonta et al., 2000; Chen et al., 2015),
and SPR(Li et al., 2007; Linman et al., 2010; Phillips et al., 2007) for
signal enhancement. We believe this to be a simple, cost-effective, and
feasible signal amplification method based on an organic compound,
TMB, rather than metal nanoparticles.

2. Experimental

2.1. Reagents

The sequences used in this study were from the National Center for
Biotechnology Information (NCBI). Oligo-DNAs and RNAs were pur-
chased from Integrated DNA Technologies (Skokie, IL) or Europhins
Genomics (Tokyo, Japan), with the sequences of 5′-TCA GTC TGA TAA
GCT A-NH2-3’ (from hsa-miR-21, DNA-NH2_miR21), 5′-GTG CCT TCA
CTG CAG T-NH2-3’ (from hsa-miR-17, DNA-NH2_miR17), 5′-AAA AAA
AAA AAA AAA AAA AAA AAA AAA AAA-NH2-3’ (A30-NH2), 5′-biotin-
TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT-3’ (T30-biotin), 5′-UAG
CUU AUC AGA CUG AUG UUG A-3’ (RNA_miR21), and 5′-ACU GCA

GUG AAG GCA CUU GUA G-3’ (RNA_miR17). 11-Mercapto-1-undecane
amine (MUAM) was from Dojindo (Kumamoto, Japan). Poly-glutamate
sodium (p-Glu), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hy-
drochloride (EDC), and N-hydroxysulfosuccinimide (sNHS) were from
Thermo Fisher Scientific (Waltham, MA) or Sigma-Aldrich (St. Louis,
MO). Poly(A) polymerase, Proteinase K, biotinylated horseradish per-
oxidase (HRP-biotin), and streptavidin were from New England Biolabs
(Ipswich, MA) or Thermo Fisher Scientific. The 3,3′,5,5′-tetra-
methylbenzidine (TMB) solution was from BioFX (Owings Mills, MD) or
Sigma-Aldrich. mPEG-NH2 (MW = 1000) was from LaysanBio (Arab,
AL). SDS and H2O2 were from Sigma-Aldrich. A phosphate-buffered
saline (PBS) was prepared from a 10-fold dilution of 10X PBS (100 mM
phosphate, pH 7.4, not containing Ca2+ or Mg2+; Fisher or Fujifilm-
Wako). All aqueous solutions were prepared with deionized and char-
coal-treated water (specified resistance > 18.2 MΩ cm), obtained using
a Milli-Q reagent grade water system (Millipore; Bedford, MA).

2.2. Preparation of SPRI chips

SPRI chips (16 spots; array interval, 1.7 mm; diameter, 0.8 mm)
were fabricated in a manner similar to that reported in previous papers
(Fang et al., 2006) or purchased from GWC Technologies (Madison,
WI). Briefly, a mechanically polished SF-10 glass (Schott Glass; Mainz,
Germany) or equivalent (e.g., S-TIH10 from Ohara, Kanagawa, Japan)
was cleaned by O2 plasma emitted from a plasma cleaner. The glass was
treated with a Sigmacoat siliconizing reagent (Sigma-Aldrich) for
1 min, rinsed with hexane, ethanol, and water, and baked at 90 °C for
1 h. A 10 Å-thick Cr adhesion layer and a 450 Å-thick Au film were
deposited on the glass covered with a stencil template of the SPRI chip
pattern using a DV-502A metal evaporator (Denton Vacuum; Moores-
town, NJ) or a CFS-4EP-LL sputter setup (Shibaura Mechatronics, Ka-
nagawa, Japan). The Au surfaces were soaked in a 1 mM MUAM
ethanoic solution overnight, 2 mg/mL p-Glu in PBS for 1 h, and a PBS
solution containing 75 mM EDC +15 mM sNHS +0.25 mM DNA-NH2

or mPEG-NH2 overnight, as briefly described in Fig. 1A. The mod-
ification layout of DNA-NH2 and mPEG-NH2 are depicted in Fig. 1B.

Fig. 1. Modification of Au spot surface deposited on the glass substrate. The
surface was modified with 8-mercaptoundecane amine (MUAM), poly-gluta-
mate sodium (p-Glue), and 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
hydrochloride (EDC)/N-hydroxysulfosuccinimide (sNHS)/DNA-NH2 or mPEG-
NH2) (A). The layout shows DNA-NH2_miR17, DNA-NH2_miR21, A30-NH2, and
mPEG-NH2 modified spots (B).
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2.3. miRNA detection

The detection process of the target miRNAs is briefly described in
Fig. 2A. One-μL aliquots of an RNA solution in PBS were dropped onto
the prepared DNA-modified surface overnight (a). After RNA hy-
bridization, the surface of the chip was covered with a flow cell with a
volume of 100 μL, and a flow cell/SPRI chip/prism assembly was
composed. The solutions were passed through the flow cell at a flow
rate of 1 mL/min. Next, the surface was reacted with a mixture of 3 U/
μL M poly(A) polymerase and 1 mM ATP in a reaction buffer containing
20 mM Tris-HCl (pH 7.0), 0.6 mM MnCl2, 0.02 mM EDTA, 0.2 mM DTT,
100 μg/mL acetylated BSA, and 10% glycerol for 30 min and washed
with PBS for 30 min. The condition of the enzymatic reaction was de-
termined taking into account of that in the previous paper(Fang et al.,
2006). After the reaction, the surface was washed with 0.1 mg/mL
proteinase K in PBS for 30 min, with 0.01% sodium dodecyl sulfate
(SDS) in PBS for 30 min, and then with PBS for 30 min (b). The surface
was then reacted with a mixture of 100 nM T30-biotin, 300 nM HRP-
biotin, and 100 nM streptavidin in PBS, as the ternary complex of T30-
biotin/HRP-biotin/streptavidin, for 30 min and then washed with PBS
(c). The concentration of the ternary complex, 100 nM, was determined
so as the extended poly(A) should completely be reacted with the
complex in use of 5 μM target miRNAs, referring to the previous study
(Fang et al., 2006), where the 10 nM of T30-coated AuNPs was used for
extended poly(A) tails in use of 500 nM target miRNAs. Finally, the
surface was reacted with a mixture of 1000 μL of TMB solution and
100 μL of 30% H2O2 overnight and washed with PBS for 40 min (d).
TMB is oxidized to water-insoluble Ox-TMB (3,3′,5,5′-tetra-
methylbenzidine diimine, Fig. 2B), which appears as a blue precipitate,
by reaction with H2O2 on HRP. SPR images were collected before and
after each step to obtain a difference image by subtraction.

2.4. SPR imaging measurements

An SPR imager (GWC Technologies) was employed for all the SPRI
experiments based on near-infrared excitation from an incoherent white
light source. Briefly, as shown previously (Fang et al., 2006), collimated
p-polarized light was used to illuminate the flow cell/SPRI chip/prism
assembly at a fixed incident angle near the SPR angle. The reflected
light is directed through a band-pass filter centered at λ = 830 nm and
collected with a CCD camera. The data was collected using V++ di-
gital imaging system software (Digital Optics, Auckland, New Zealand)
and further analyzed using ImageJ image analysis software (NIH; Be-
thesda, MD).

3. Results and discussion

3.1. SPR response of prepared sensors

The prepared sensor was used for SPR measurements. In Fig. 3A,
SPR responses collected from four kinds of SPR sensors on a chip were
demonstrated, in which each SPR response is expressed as an average
value of SPR responses for sensors modified with each species, in the
range of steps from hybridization of the target RNA_miR21 to removal
of nonspecific adsorption by proteinase K. The SPRI chip was covered
with the flow cell to build the flow cell/SPRI chip/prism assembly,
followed by flowing 5 μM RNA_miR21 in PBS. As a result, an SPR re-
sponse was obtained only for the DNA-NH2_miR21-modified sensors
complementary to the target RNA_miR21, though a low level of noise or
fluctuation of the sensors were observed (Fig. 3B). After the extension
reaction of poly(A) tails at the terminal of the target RNA by the flowing
poly(A) polymerase solution in PBS for 120 min, the sequence-specifi-
city of the SPR responses for the DNA-NH2_miR21-modified sensors
appeared to decline due to the non-coincidence of the other SPR re-
sponses. However, the flow of the proteinase K solution, 0.01% SDS in

Fig. 2. SPR signal amplification process based on
enzymatic reactions (A). The probe DNA-NH2, teth-
ered on the Au surface, is hybridized with the target
miRNA (a). Poly(A) polymerase extends poly(A) tails
at the 3′ terminal of the target miRNA on the surface
(b). T30-biotin/HRP-biotin/streptavidin ternary
complex is bound to the poly(A) tails (c). TMB is
oxidized with H2O2 on HRP to Ox-TMB as a blue
precipitate (d). Oxidation reaction of TMB to Ox-TMB
(B). (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web
version of this article.)
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PBS, and PBS helped making their response coincident. The use of
proteinase K limits signal variance when performing measurements by
reducing/blocking a majority of nonspecific adsorption events. These
results revealed that the extension reaction of poly(A) tails proceeds
sequence-specifically. The difference of Δ%R between sensors for DNA-
NH2_miR21 and those for DNA-NH2_miR17 (=ΔΔ%R) of
0.243 ± 0.116% (at 40 min, n = 4) in the hybridization (Fig. 3B) was
magnified to 1.66 ± 0.831% (at 250 min, n = 4) after the extension
reaction of poly(A) tails (Fig. 3C), where about 7-times enhancement of
ΔΔ%R was observed. Here, we expressed the SPR responses as the gray
values as well the Δ%R, for the easy comprehension of the results in the
next sections. In Fig. 3C, the gray value at 250 min for the DNA-
NH2_miR21-modified sensors (solid line) is 13.4, and those for the
others are 5.5.

3.2. RNA detection by SPR imaging measurements

Next, to enhance SPR responses by the RNA-detection-selective
enzymatic reaction, the solution of the ternary complex of T30-biotin/
HRP-biotin/streptavidin was passed through the flow cell.
Hybridization of their T30 with poly(A) tails was expected to make the
sensors react with the target RNA obtain their HRP. In this study, we

immobilized not only the DNA-NH2_miR21 as the complementary
probe, but also the DNA-NH2_miR17 as the noncomplementary probe,
A30-NH2 as the positive control, and mPEG-NH2 as the negative control
on the chip, for comparison. In this study, we use a 5 nM RNA solution
instead of a 5 μM RNA solution used in the previous section, 3.1, be-
cause of the demonstration of the sensor responses for lower RNA
concentrations.

The prepared SPR chip was soaked in 5 nM RNA_miR21 in PBS
overnight for hybridization with probe DNA-NH2s, followed by building
the flow cell/SPRI chip/prism assembly, the extension reaction of poly
(A) tails, the removal of nonspecifically adsorbed species, and the re-
action with the ternary complex of T30-biotin/HRP-biotin/streptavidin.
Fig. 4A shows an SPR image (subtraction of the SPR image collected in
the hybridization of the target RNA, the same afterwards) after the
reaction with the ternary complex. The SPR response for the sensor
modified with DNA-NH2_miR21 appeared larger than those for the
other sensors. Comparisons using the line profiles of the image made
the trend clearly observable (Fig. 4B), revealing that the response for
the DNA-NH2_miR21-modified sensor was large even compared to that
for the A30-NH2-modified sensor as the positive control. This shows that
the reaction of the ternary complex with the poly(A) tails extended as a
result of the sequence-specific hybridization of the target RNA with the
probe DNA-NH2_miR21 on the sensor. On the other hand, low SPR re-
sponses were observed in the sensors for DNA-NH2_miR17 and mPEG-
NH2, probably due to the nonspecific adsorption of the ternary complex
to the sensor surfaces. The difference in the sensor responses between
the complementary probe and noncomplementary probe was about 20
as a grayscale value.

In the TMB/H2O2 treatment after the above reaction, TMB was
oxidized to Ox-TMB on the HRP of the ternary complex to become a
blue precipitate. At the same time, the SPR response of the sensor for
DNA-NH2_miR21 was markedly enlarged. In comparison, the sensors
for DNA-NH2_miR17 and mPEG-NH2 showed quite a small increase in
SPR responses (Fig. 4C). The difference in SPR responses between the
DNA-NH2_miR21 and DNA-NH2_miR17 sensors was about 90 as a
grayscale value, a 4.5-fold increase compared to before TMB/H2O2

treatment (Fig. 4D). From these results, we concluded that TMB/H2O2

treatment after the reaction of the ternary complex RNA-detection se-
lectively enhances the SPR responses.

3.3. RNA concentration dependence and limitations of the detection method

To discuss the limitations of this detection method, the same
method was applied to more diluted concentrations of the target RNA.
In this study, we demonstrated the sensor responses by using the other
miRNA, RNA_miR17, to show the responses to the variety of RNAs. The
prepared SPR chip was soaked overnight in solutions of three different
concentrations: 5 nM, 50 pM, and 0.5 pM RNA_miR17 in PBS, after
which the SPR signal enhancement process was applied as described in
3.2 (Fig. 5A). The SPR image for the chip was subjected to the reaction
with TMB/H2O2 as shown in Fig. 5B. The line profiles of the image are
shown in Fig. 5C. The sensor modified with DNA-NH2_miR17 hy-
bridized with 5 nM RNA_miR17 showed the SPR response as a grayscale
value of around 80. A similar SPR response was observed with 50 pM
RNA_miR17. In contrast, the sensor showed as small a response to 0.5
pM RNA_miR17 as that to DNA-NH2_miR21, the noncomplementary
probe. Detailed study of Fig. 5C showed the SPR responses for the
sensors of DNA-NH2_miR17 of 16.6 ± 1.45, 71.7 ± 21.1, and
65.9 ± 13.0 for 0.5 pM, 50 pM, and 5 nM RNA_miR17, respectively,
while the response for the sensor of DNA-NH2_miR21 of 24.8 ± 8.22
(n = numbers of pixels). The SPR response was not linear with the
miRNA concentrations probably due to the multiple enzymatic signal-
amplification process of the detection methodology of this study. These
results reveal that the detection method is able to detect target RNAs at
the picomolar level, where the amount of RNAs can be measured in
attomoles when using 1 μL of miRNA solution.

Fig. 3. SPR sensorgrams for DNA-NH2_miR17 (solid line), DNA-NH2_miR21
(dotted line), A30-NH2 (chain line), and mPEG-NH2 (dashed line) modified Au
spots in the serial treatments of (a) and (b) depicted in Fig. 2A. In this case,
5 μM RNA_miR21 was used in the treatment of (a) in Fig. 2A (A). The sensor-
grams in the range from 0 to 40 min and the range from 160 to 250 min were
enlarged (B and C, respectively). The difference of Δ%R between sensors for
DNA-NH2_miR21 and those for DNA-NH2_miR17 was showed as ΔΔ%R.
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Here, the sensors modified with mPEG-NH2 as the negative control
(Line 2 in Fig. 5C) showed as large an SPR response as that for the
sensor with DNA-NH2_miR17 as the complementary probe. This result
is different from that in Section 3.2, in that the sensor with DNA-
NH2_miR21 as the noncomplementary probe showed only a small re-
sponse. From the SPR image in Fig. 5B indicating an air bubble on the
sensor with mPEG-NH2, it is likely that bubbles prevented the washing-
out of nonspecific absorbed Ox-TMB. Similarly, remaining Ox-TMB on
the sensors with mPEG-NH2 and DNA-NH2_miR21 (Line 1 in Fig. 5B),
hindered from washing, was also observed. Air bubbles can cause un-
intentional false positives. This is one of the reasons why the depen-
dence of the SPR response was not observed to be linear with the
miRNA concentrations in this study. It is therefore necessary to prevent
bubbles from being entrained into the flow system.

The developed method has the detection limit at the attomole level,
meaning that the method needs an oligonucleotide amplification pro-
cess (e.g., amplification by polymerase chain reaction (PCR)) before the
detection. We believe, however, that this is a simple, cost-effective, and

feasible signal amplification method based on the organic compound
TMB instead of metal nanoparticles.

4. Conclusion

In this study, miRNAs as lung cancer RNA biomarkers were detected
based on SPR imaging to simultaneously demonstrate selective detec-
tion and the detection limit of RNA sensors on a single SPR chip in
which sensors were prepared by immobilizing probe DNAs on the Au
surfaces of the chip, incubated in solutions containing different target
miRNA concentrations. The target miRNAs were detected at the atto-
mole level by simple SPR signal amplification based on the combination
of sequence-specific hybridization of the target RNA to the sensors,
extension reaction of poly(A) tails by poly(A) polymerase, reaction of
the ternary complex of T30-biotin/HRP-biotin/streptavidin, and oxida-
tion reaction of TMB on HRP. While preserving sensitivity similar to
that of methods based on metal nanoparticles, the developed miRNA
detection method is a simple and cost-effective signal amplification

Fig. 4. The SPR image measured after the treatment of (c) in Fig. 2A (A) and line profiles at line 1 and 3 (B). The SPR image measured after the treatment of (d) in
Fig. 2A (C) and line profiles at line 1 and 3 (D). In these cases, 5 nM RNA_miR21 was used in the treatment of (a) in Fig. 2A. The areas for the sensors for DNA-
NH2_miR21 were emphasized with the asterisk (*).
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method employing TMB as an organic molecule commonly used in
biochemical staining processes, including ELISA. This is a simple, cost-
effective, and feasible signal amplification method based on the organic
compound TMB instead of metal nanoparticles.

This study demonstrates the limitations of this method in that the
precipitated Ox-TMB resulting from oxidation of TMB was not effec-
tively washed out in the presence of air bubbles and that the liquid flow
in the flow cell accidentally flushed away the precipitated Ox-TMB.
Consequently, the amplification of SPR responses might be affected by
the instability of the observed Ox-TMB. More stable amplification of
SPR responses is needed.

The utilization of RNA biomarkers is becoming increasingly im-
portant for the environmental and biomedical evaluations (Alexander-
Dann et al., 2018; Hayes et al., 2014; Hou et al., 2011; Mendell and
Olson, 2012; Wagner and Plewa, 2017; Wang et al., 2016; Wang and
Cui, 2012). From this viewpoint, size-reduction and onsite feasibility of
the biomarker detection system might be necessary(Campana and
Wlodkowic, 2018; Fiammengo, 2017). Some optical and electro-
chemical approaches for the detection system have recently been de-
veloped(Aoki, 2015; Aoki et al., 2019; Graybill and Bailey, 2016).
Compared to electrochemical detection systems, however, spectro-
scopic detection systems have in the past had a problem with minia-
turization(Sassolas et al., 2008). This was also the case with SPR. Re-
cently, on the other hand, newly emerged smartphone-based
spectroscopic methods have been studied, and these methods are ex-
pected to assist research into the on-site detection of RNA biomarkers
(Roda et al., 2016). The method in this study, which features simple and
feasible signal amplification, has potential for use in on-site detection of
this type. Continuing studies on improvement of sensitivity by
achieving stable signal amplification are anticipated.
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