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Dear Editor,

MicroRNAs (miRNAs) are non-protein-coding RNAs of 19-24
nucleotides that target mRNA transcripts harboring complemen-
tary sequences and regulate various environmental responses
and growth in plants [1]. For instance, miR399 has been found to
be upregulated in response to a phosphate deficiency in the soil
and targets the transcript of the ubiquitin-conjugating E2 enzyme
PHOSPHATE 2 (PHO?2) to induce Pi transporters [2]. Hundreds of
miRNA species are encoded in plant genome and are involved
in a broad range of biological processes such as the control
of flowering time, shoot maintenance, and developmental pro-
cesses. To engage miRNA information in agricultural challenges,
we recently developed a device to detect one type of miRNA
from plant exudates prepared by brief filtering through a column
without RNA purification procedures [3]. The detection system
of the microfluidic devices is based on sandwich hybridization,
in which biotinylated DNA binds to DNA probe immobilized in
the device channel via the target miRNA, and the biotin binds
to streptavidin, Alexa Fluor™ 555 conjugate (Alexa-SA), resulting
in fluorescent labeling of the target miRNA semiquantitatively
[3, 4]. Furthermore, the detection limit of miR399 in the system
[3] was evaluated to be 0.01 nM, with a linear range of 0.01-
10 nM. This system has sequence specificity, so it was expected
to detect multiple miRNAs simultaneously by creating detection
surfaces with different immobilized probes. In this study, we have
developed the plant diagnosis system to simultaneously detect
10 miRNAs using a multiprobing microfluid device and multiple
miRNA probes, each of which is highly specific to its own target
miRNA.

For simultaneous detection of multi-miRNA, a DNA immobi-
lization reactor with 10 parallel channels was created (Fig. 1A).
With this reactor, N-hydroxysuccinimide-modified DNA was
immobilized on amine-terminated glass. After removing the

reactor, a microfluidic device harboring 12 channels was mounted
on this DNA-immobilized glass for the diagnosis of the 12 samples
(Fig. 1A). For miRNA detection, a mixture of target miRNAs and
biotinylated DNA probes partially hybridized to the target miRNA
was injected into the device. The target miRNA then hybridized
with the DNA probe immobilized on the glass surface of the
device. miRNAs that were not complementary to the immobilized
DNA were not captured on the glass surface; therefore, each target
miRNA was detected on each detection surface (Fig. 1A).

Usability of the developed multidetection device was evaluated
through detection of artificially synthesized tomato miR399 using
a mixture of 10 different biotinylated DNAs of 0.4 pM each (bio-
DNAs mixture) in two methods: Alexa-SA premixing method and
Alexa-SA subsequent injection method. In the Alexa-SA premix-
ing method, the sample liquid was added to a buffer containing
bio-DNAs mixture and 0.4 pg/mL Alexa-SA and injected to the
device. In the Alexa-SA subsequent injection method, sample
liquid was added to a buffer containing bio-DNAs mixture and
injected into the microfluidic device, followed by the injection
of 4 pg/mL Alexa-SA. Using both methods, miR399 was success-
fully detected; however, the detection intensity was found to be
stronger in the subsequent Alexa-SA injection method (Fig. 1B).
This difference may be due to competition for Alexa-SA binding
between the biotinylated DNA that hybridized with miR399 (bio-
miR399) and other free biotinylated DNAs (Fig. 1C). In the Alexa-
aSA premixing method, the detection signal was also reduced
even when high concentrations of bio-miR399 were used, suggest-
ing competition for binding to Alexa-aSA between hybridized and
free biotinylated DNA. This competition was avoided using the
subsequent Alexa-SA injection method.

Using the subsequent Alexa-SA injection method, simultane-
ous detection of 10 types of artificially synthesized miRNAs was
performed. Using a DNA immobilization reactor, 10 DNA probes
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Figure 1. Simultaneous detection of multiple miRNAs with a microfluidic device. (A) Microfluidic devices and illustrations of the detection strategy.
The device was fabricated in two steps: first, a DNA immobilization reactor with 10 horizontal channels (left upper) was mounted on a glass for the
probing; second, after removal of the first reactor, a microfluidic device was mounted for miRNA detection with 12 vertical channels (left lower) on the
glass. By injecting a mixture of plant exudates and a series of biotinylated DNA probes in the channel, sandwich hybridization occurred (right). (B)
Detection of miR399 in the Alexa-SA premixing or subsequent injection method. Dots and dotted lines in the graph represent each data point and the
signal levels at three standard deviations (SDs) above the average of O nM, respectively. Error bar: SD. (C) Images of signal reduction due to competition
between the biotinylated DNA probe for miR399 and other biotinylated DNA probes (left). This competition can be avoided by subsequent injection of
Alexa-SA (right). (D) Fluorescence detection of the 10 different varieties of plant miRNAs at 10 nM concentrations. The samples were injected from top
to bottom. (E) Detection of endogenous miR399 and miR395 from the leaves of tomatoes grown under Pi-sufficient or Pi-deficient conditions. The
photographs show 23-day-old tomato seedlings treated with Pi-sufficient (top) or Pi-deficient (bottom) conditions for the last 9 days. The left and right
graphs show the detection of miRNAs by the microfluidic device and qRT-PCR, respectively. Scale bars: 1 cm (A) and 2 cm (E).

were immobilized in parallel and a multiple detection device
was prepared. For general use, DNA probes were designed based
on Arabidopsis miRNA sequences. Although some miRNAs are
similar in sequence to each other (e.g,, miR159 and miR319, or
miR156 and miR157), this miRNA detection system was shown

to have target specificity with fewer than two nucleotide sub-
stitutions [3]. When one type of miRNA was loaded individually,
detection signals were obtained specifically on each detection
surface on the channel without cross-reaction; however, when all
of the 10 types of miRNAs were loaded at 10 nM concentrations,
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they were all detected at once (Fig. 1D). Notably, even for the
detection of the same miRNA concentration, the detection sig-
nal intensities differed depending on the sequence present. The
melting temperature (Tm) of the probes did not correlate with
signal intensity. Secondary structure prediction of the nucleic
acids using CentroidFold [5] indicated that some of the DNA
probes and all of the miRNAs used in this study could form
secondary structures by themselves. In addition, the biotinylated
DNA probes for miR160 and miR169 could form heterodimers. In
fact, the signal intensities of these miRNAs were relatively low.
Taken together with the fact that the detection procedure was
conducted at room temperature, secondary structures and dimer
formation might be responsible for the detection signals intensity.

Using a multiplex miRNA detection device, 10 different kinds of
miRNAs were detected simultaneously from tomato leaves grown
under Pi-sufficient or Pi-deficient conditions to diagnose their
growth condition (Fig. 1E). At the young stage, these seedlings
did not show significant differences in their growth appearance.
Sample preparation from tomato leaves and signal detection with
a biotinylated antistreptavidin antibody (biotinylated antibody)
were performed as described by Kawakatsu et al. (2024) [3]. Dithio-
threitol (DTT) buffer was shown to prevent RNA degradation [6],
and endogenous miR399 was successfully detected by Quanti-
tative real-time PCR (qQRT-PCR) from plant extracts prepared in
this buffer, suggesting that DTT buffer is a suitable for simple
detection of miRNAs. The total RNA concentrations in the leaf
extracts ranged from 0.5 to 0.7 pg/pnL. After four times of signal
amplifications, the detection signal of miR399 was stronger in the
Pi-deficient samples, which was confirmed by gRT-PCR (Fig. 1E).
In addition, the upregulation of miR395 under Pi-deficient con-
ditions was detected using this device and qRT-PCR (Fig. 1E). For
the other miRNAs, the detection signal intensities were low, and
no significant differences were identified in either the device
assay or the gRT-PCR analyses. miR395 is a phloem-mediated
signaling molecule induced by low sulfate levels [7]. A previous
study using Arabidopsis showed that miR395 was downregulated
in shoots under phosphorus deficiency conditions [8], which is
different from the present results in tomato. This variation in
miR395 expression may represent the complexity of the miRNA
regulatory system and the crosstalk between different nutrient
deficiency responses.

Plant diagnosis by examining biomolecules generated in plants
will make it possible to detect early responses to such environ-
mental stresses before plants exhibit phenotypic changes in their
appearance. In this study, we improved a previous microfluidic
device that detects one target miRNA and developed a multide-
tection device that detects 10 miRNA species at one time. The
multidetection device could allow for rapid diagnosis of multiple
symptoms in plants and increased general availability. A sim-
ple on-site diagnostic method using portable devices and kits
is called point-of-care (POC) diagnostics, and microdevice-based
approaches to metabolite detection were also attempted [9]. The
developed device can detect miRNAs from filtered plant extracts
without advanced laboratory equipment and deleterious chemi-
cals, and it may be used for a POC diagnosis in cultivation sites.
This miRNA detection system will be useful in diagnosing plant
growth conditions for cultivation managements.
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