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Plants are exposed to a variety of environmental stress, and starvation of inorganic phosphorus can be a 
major constraint in crop production. In plants, in response to phosphate deficiency in soil, miR399, a type 
of microRNA (miRNA), is up-regulated. By detecting miR399, the early diagnosis of phosphorus deficiency 
stress in plants can be accomplished. However, general miRNA detection methods require complicated 
experimental manipulations. Therefore, simple and rapid miRNA detection methods are required for early 
plant nutritional diagnosis. For the simple detection of miR399, microfluidic technology is suitable for 
point-of-care applications because of its ability to detect target molecules in small amounts in a short time 
and with simple manipulation. In this study, we developed a microfluidic device to detect miRNAs from 
filtered plant extracts for the easy diagnosis of plant growth conditions. To fabricate the microfluidic device, 
verification of the amine-terminated glass as the basis of the device and the DNA probe immobilization 
method on the glass was conducted. In this device, the target miRNAs were detected by fluorescence 
of sandwich hybridization in a microfluidic channel. For plant stress diagnostics using a microfluidic 
device, we developed a protocol for miRNA detection by validating the sample preparation buffer, filtering, 
and signal amplification. Using this system, endogenous sly-miR399 in tomatoes, which is expressed in 
response to phosphorus deficiency, was detected before the appearance of stress symptoms. This early 
diagnosis system of plant growth conditions has a potential to improve food production and sustainability 
through cultivation management.

Introduction

In the natural environment, plants are exposed to various biotic 
and abiotic environmental stresses that can cause irreversible 
damage to their productivity and health. Timely diagnosis 
and response to plant stress are important for maintaining 
plant health and accomplishing precision farming and crop 

management. For these purposes, sensors and devices have 
been developed to detect the hormones involved in plant 
response [1,2]. Similar devices have been developed to diagnose 
heavy metal responses [3,4] and pathogen invasion [5–10]. In 
agriculture, microfluidic devices have been developed to diag-
nose fungal infections by detecting three plant hormones in 
grape juice [11,12]. The simple on-site diagnostics method with 
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portable equipment or kits is called point-of-care (POC) diag-
nostics, and these methods are gaining attention as a POC 
diagnostic tool for plants.

miR399 is a type of microRNA (miRNA), which are non-
protein-coding RNAs in length 18 to 24 bases that function as 
negative regulators of gene expression. In plants, miR399 is up-
regulated as a signaling molecule to maintain inorganic phos-
phate (Pi) homeostasis in response to phosphate deficiency in 
the soil [13,14]. As phosphorus is easily precipitated and not 
readily available to plants, it can be a limiting factor in crop pro-
duction [15,16]. Grafting experiments have shown that miR399 
moves from the shoot to the root through the phloem and sup-
presses the expression of the ubiquitin-conjugating E2 enzyme 
PHOSPHATE 2 (PHO2) in rootstocks [17–20]. PHO2 negatively 
regulates the subset of phosphate starvation-induced genes, 
including Pi transporter genes Phi1;8 and Pht1;9 [18]. Since the 
maintenance of Pi homeostasis by miR399 is widely conserved 
in higher plants such as tomato, rapeseed, pumpkin, cucumber, 
common bean, barley, and rice [18,20–26], miR399 could be a 
general biomarker for detecting phosphorus starvation in crops.

Many techniques have been used for miRNA detection to 
utilize miRNAs as biomarkers for cultivation management, 
including Northern blotting [27], microarray [28], real-time 
polymerase chain reaction (RT-PCR) [29], and next-generation 
sequencing [30]. However, these methods are time-consuming 
and require a high level of expertise. For easy detection of miRNAs, 
microfluidic technology has great potential for POC applica-
tions because of its ability to detect markers in a small sample 
volume, in a short time, and with simple manipulation. In the 
medical field, a rapid and sensitive miRNA detection system 
using sandwich hybridization driven by a degassed polydimeth-
ylsiloxane (PDMS) microfluidic device has been developed 
[31]. In this system, the fluorescent signal was amplified by 
fluorescein isothiocyanate-labeled streptavidin and biotinylated 
anti-streptavidin antibodies, and three types of miRNAs, which 
are cancer biomarkers, were detected from the total RNA of 
human leukocytes [32]. In plant science, as an miRNA-targeted 
sensor, photoelectrochemical sensors and rolling-circle ampli-
fication systems have been developed to analyze plant hormone 
signaling networks [33]. Such simple miRNA detection tech-
nologies in plants are expected to be a POC diagnostic tool for 
growth conditions.

In this study, we developed microfluidic systems for rapid 
diagnosis of plant growth conditions by detecting miRNAs 
from filtered plant extracts without RNA extraction. To create 
the miRNA detection device, two types of PDMS macro-flow 
channels were designed. For the developed device, miRNA 
detection protocol was created through the verification of the 
sequence specificity of the DNA probe, sample introduction 
method, and preparation methods of plant extracts. Finally, 
by using homemade amine-terminated glass and biotinylated 
antibody for signal amplification, endogenous sly-miR399 was 
detected in tomatoes grown under Pi-deficient conditions (Fig. 
1). This system has a potential for simple and on-site diagnosis 
of plant growth conditions.

Materials and Methods

Plant materials
Tomato seeds (Home Momotaro) (Takii Seed Corporation, 
Kyoto, Japan) were sown in watered Excel soil (Minoru Sangyo 
Co. Ltd., Okayama, Japan) and covered with vermiculite (GS30L; 

Nittai, Osaka, Japan). The soil was covered with plastic wrap 
and grown at 27 °C for the first 4 d. After removing the plastic 
wrap, tomatoes were grown for 10 d with modified MS 
medium (0.625 mM Pi MS), containing 0.625 mM KH2PO4, 
10 mM NH4Cl, 10 mM KNO3, 1.5 mM CaCl2, 0.75 mM MgSO4, 
0.05 mM H3BO3, 0.05 μM CoCl2, 0.05 μM CuSO4, 0.05 μM 
Na2EDTA, 2.5 μM KI, 0.05 mM MnSO4, 0.5 μM Na2MoO4, 
1.5 μM ZnSO4, B5 vitamins [34], and 2.5 mM MES, in which 
pH was titrated to 5.8 with 1 M KOH. For tomatoes grown for 
14 d, these seedlings were transferred and grown up to addi-
tional 14 d with Pi-sufficient or Pi-deficient conditions. For 
Pi-sufficient and Pi-deficient treatment, high-Pi MS medium 
(1.25 mM Pi MS) and low-Pi MS medium (0.05 mM Pi MS) 
were used, respectively. Pi-deficient treatment was performed 
for 5 or 7 d. To rescue from Pi-deficient conditions, the tomato 
seedlings grown for 7 d on 0.05 mM Pi MS medium were trans-
ferred to a 1.25 mM Pi medium and grown for additional 7 d. 
During the growth under each nutrient condition, the soil pots 
were completely soaked in the nutrient solution. In all opera-
tions of switching the soil pots to a new nutrient solution, to 
completely replace the nutrient conditions, the soil pots were 
incubated for 15 min in the new nutrient solution, and this pro-
cedure was repeated three times. On the fifth, seventh, and ninth 
day after the start of the Pi stress treatment (corresponding to 
19, 21, and 23 d after sowing, respectively), tomatoes were used 
for the detection of sly-miR399 using microfluidic device and 
quantitative RT-PCR (qRT-PCR). For these miRNA analyses, 
sampling was performed in three technical replicates from three 
biological replicates. For plant size measurements, 12 individu-
als from each growth condition were measured for stem length 
from the cotyledon position to stem apex, and the average value 
was calculated.

Preparation of amine-terminated glass (NH2-glass)
An amine-terminated surface is needed to immobilize the DNA 
probes on the glass substrate. In this study, commercially avail-
able NH2-glass (SD00011, Matsunami Glass, Osaka, Japan) and 
homemade NH2-glass were used. The preparation procedure 
of the homemade glass is as follows.

The amino groups were modified on the glass surface via a 
silane coupling reaction [35]. Glass slides (S-1111, Matsunami 
Glass, Japan) were placed in acetone (00310-53, Nacalai Tesque 
Inc., Kyoto, Japan) and washed using an ultrasonic cleaner 
(M2800-J, EMERSON Branson, Connecticut, USA) for 10 min. 
The glass slides were air-dried and subjected to plasma treat-
ment at 5 mA for 45 s using a plasma etcher (SEDE-PFA, 
Meiwa Fosis, Tokyo, Japan). The resulting glass slides were 
quickly placed in 15 g of N,N-dimethylformamide (DMF) 
(13016-65, Nacalai Tesque Inc., Japan) in a glass petri dish, and 
3-aminopropyldimethylethoxysilane (APDMES) (354-16483, 
FUJIFILM Wako, Osaka, Japan) and triethylamine (TEA) (202-
02646, FUJIFILM Wako, Japan) were added. The weight ratio 
of the components was DMF:APDMES:TEA = 100:5:0.3. The 
glass petri dish was sealed with fluoroplastic adhesive tape 
(NO.8410 0.08, MonotaRO Co. Ltd., Hyogo, Japan). To accel-
erate the silane coupling reaction, the mixture was held at 
80 °C using a hot plate (NHP-45N, Nissin Rika, Tokyo, 
Japan) for more than 11 h. After the reaction, the glass slides 
were brought to room temperature and washed three times 
with chloroform (038-02606, FUJIFILM Wako, Japan) for 
10 min using an ultrasonic cleaner. The cleaned glass was 
then air-dried.
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Fabrication of PDMS micro-flow channels
To create an miRNA detection device, two types of PDMS 
micro-flow channels were fabricated: DNA immobilization 
reactor and multichannel microfluidic chip (Fig. S1). A silicon 
wafer was used to fabricate 20-μm-thick negative masters with 
an ultrathick SU-8 3010 photoresist (Y301186, MicroChem, 
Westborough, USA) for PDMS micro-flow channel mold-
ing. The negative masters were treated with a solution of 
3-aminopropyltriethoxysilane (015-28251, Sigma-Aldrich, St. 
Louis, MO, USA) overnight under ambient conditions once 
before use. A PDMS precursor was poured into this negative 
master and cured as described previously [36]. The cured 
PDMS portion was peeled off from the negative master, and 
holes with diameters of 1.0 and 3.0 mm were punched with 
disposable biopsy punches (BPP-10F and BPP-30F, respectively, 
Kai Medical, Gifu, Japan) for the outlet (syringe pump suction) 
and sample inlet ports, respectively.

Preparing miRNA detection device
DNA immobilization was performed by mounting a DNA immo-
bilization reactor (Fig. S1A) on a NH2-glass plate and introducing 
reaction solution containing a DNA probe into the channel. As 
shown in Fig. 2, two types of DNA were immobilized on NH2-
glass using the procedure described below. The sequences of the 
immobilized DNA probes are listed in Table. The 15-base thy-
mine in the immobilized DNA probe is a linker sequence.

DNA probes containing an amino group (NH2-DNA) were 
immobilized by cross-linking reactions with glutaraldehyde 
(Fig. 2A) [31,37]. The channel on NH2-glass was filled with 
10% glutaraldehyde (17003-92, Nacalai Tesque, Japan) and 
incubated at 25 °C for 1 h. After incubation, the channel was 
washed by injecting sterilized water with a syringe pump (New 
Era Pump Systems, NY, USA) and polyethylene tubing (0.6 mm 
inner diameter) at 3 μl/min for 10 min, followed by the injec-
tion of 2 μM 5′-amino modifier DNA (Eurofins Genomics, 
Tokyo, Japan) at 1.5 μl/min for 10 min. Liquid injection with a 
syringe pump was performed by placing the introduction buffer 
into the 3-mm hole (inlet port) of the channel and pulling the 
buffer from the 1-mm hole (outlet port). The PDMS on glass 
was incubated at 25 °C overnight. To prevent drying, the inlet 
and outlet were sealed with adhesive tape and covered with a 
plastic lid and wet paper towels. The resulting glass substrate 
was designated as “NH2-DNA probe.”

DNA probes containing N-hydroxysuccinimide (NHS) ester 
group (NHS-DNA) were immobilized by coupling reactions 
with amino groups (Fig. 2B) [38]. For DNA immobilization, 
2 μM 5′-carboxy-modifier C10 DNA probe (Tsukuba Oligo 
Service, Ibaragi, Japan) and 50 mM 4-(4,6-dimethoxy-1,3,5-
triazin-2-yl)-4-methylmorpholinium chloride (DMT-MM) 
(D2919, TCI, Tokyo, Japan) in 100 mM MOPS buffer (pH 7.0) 
(341-08241, FUJIFILM Wako, Japan) with 1 M NaCl (191-
01665, FUJIFILM Wako, Japan) were injected to the channel 

Sample injection Signal amplification
Nutrient-deficient 
conditions

Nutrient-sufficient
conditions

Fluorescence detection 
of miRNAs

Glass 
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Sandwich hybridization at detection area

Alexa 555-streptavidin 
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Leaf extract
(filtered)

Sandwich 
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Microfluidic device

Diagnosis of plant growth conditions by miRNA detection
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Channel of 
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Biotinylated DNATarget miRNADNA probe

Biotinylated streptavidin antibody

Biotin

DNA

Antibody

Fig. 1. Overview of the developed miRNA detection system with microfluidic device.
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through the 1.0-mm hole. To prevent drying, the inlet and 
outlet of the channel were sealed with adhesive tape and cov-
ered with a plastic lid and wet paper towels. The glass slide with 
PDMS was incubated at 25 °C overnight. The resulting glass 
substrate was designated as “NHS-DNA probe.” In the method 
using NH2-DNA probe, a two-step reaction was required (Fig. 
2A). In the first step of the reaction, a side reaction can occur, 
in which both ends of glutaraldehyde react with the amino 
groups of the substrate. In the method using NHS-DNA probe, 
the reaction is completed in one step and no side reaction 
occurs (Fig. 2B).

After the DNA immobilization reaction, the DNA immo-
bilization reactor was removed from the glass plate in a 
wash buffer containing 5× SSC and 1% SDS, and the DNA-
immobilized glass was washed three times with sterilized water. 
This glass washing was performed on the day that the DNA 
immobilization reaction was completed. The glass slide was 
air-dried, and a multichannel microfluidic chip (Fig. S1B to D) 
was mounted with its channel crossing the DNA immobilized 
area. A blocking solution (11585762001, Roche Diagnostics, 
Indianapolis, USA) was injected into the 1-mm hole. After 1 h 
of incubation at 25 °C, the channels of the device were washed 
with sterilized water once using a syringe pump at 3 μl/min for 
5 min. Thus, the microfluidic-based miRNA detection device 
is ready to use.

Detection of miRNAs by microfluidic device
To the channels of the microfluidic device, samples mixed with 
free biotinylated DNA probes were loaded. To detect target 

miRNAs, streptavidin–Alexa Fluor 555 conjugate (Alexa-SA) 
(S21381, Invitrogen, Massachusetts, USA) was used as a fluo-
rescent substance. For detection of target miRNAs, two meth-
ods were used for Alexa-SA injection: Alexa-SA mixing method 
and subsequent injection method. In the Alexa-SA mixing 
method, sample liquid was added to a buffer containing 0.4 μM 
3′ modified biotin-TEG DNA (biotinylated DNA) (Eurofins 
Genomics, Japan), 0.4 μg/ml Alexa-SA, 1× phosphate-buffered 
saline (PBS), and 1× tris-EDTA (TE) buffer in sterilized water 
and injected to the microfluidic device for 30 min, followed by 
washing with wash reagent from the DIG wash and block buffer 
(11585762001, Roche Diagnostics, USA) at 1.5 μl/min for 
15 min. In Alexa-SA subsequent injection method, sample liq-
uid was added to a buffer containing 0.4 μM biotin-DNA, 1× 
PBS, and 1× TE buffer, in sterilized water, and injected into the 
microfluidic device for 30 min, followed by 4 μg/ml Alexa-SA 
injection at 1.5 μl/min for 15 min. After Alexa-SA injection, 
device channels were washed with wash reagent (11585762001, 
Roche Diagnostics, USA) at 1.5 μl/min for 15 min. In studies 
of detection sensitivity, sample buffers were prepared with 
miRNA concentrations ranging from 0.01 nM to 10 nM, and 
detection was performed using the Alexa-SA mixing method. 
In the study of comparing the buffer conditions, 10 mM 
RNaseOUT (10777019; Invitrogen, USA) was added to the 
sample buffer. The pumping operations were performed with 
a syringe pump and polyethylene tubing described above.

Tomato extract was obtained from the supernatant of tomato 
leaves crushed in equal weight of TE buffer or 100 mM dithio-
threitol (DTT)/90 mM tris-HCl buffer (pH 7.6) and centrifuged 

A B

Amine-terminated
glass

NH
2
-DNA probe NHS-DNA probe

Glutaraldehyde

DMT-MM

NH2-DNA
probe

NHS-DNA
probe

Fig. 2. Schematic of the procedures to immobilize two types of DNA probes on NH2-glass. The DNA probe contained (A) an amino group or (B) an NHS ester group attached 
to one terminus.

Table. Sequences of DNA probes and their targets

Target miRNAs

Immobilization DNAs modified at the 5′ 
end with NHS esters or amino groups 

(5′→3′)
Biotinylated DNAs modified at the 3′ 

end (5′→3′) Target of the probe

miR399c TTTTTTTTTTTTTTTCAGGGCAACT CTCCTTTGGCA UGCCAAAGGAGAGUUGCCCUG
sly-miR399 TTTTTTTTTTTTTTTTAGGGCAACT CTCCTTTGGCA UGCCAAAGGAGAGUUGCCCUA
Bold letters indicate different bases between the sequences.
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at 14,000 rpm, 10 min, 4 °C. Tomato supernatant was prepared 
from 30 to 70 mg of tomato leaves. Filtration of this extract was 
performed using Nanosep 30K (OD030C34, Pall Life Science, 
Portsmouth, England). For endogenous miRNA detection, 5 μl 
of filtered tomato extract from three individuals was added to 
the sample buffer containing 0.4 μM biotinylated DNA (Table 
1), 100 mM DTT, 1× PBS, and 1× TE buffer and made up to 
10 μl with sterile water. This sample buffer was injected into 
the channel of the microfluidic device at 0.3 μl/min for 30 min, 
followed by 0.4 μg/ml Alexa-SA injection at 1.5 μl/min for 
15 min. After Alexa-SA injection, device channels were washed 
with wash reagent (11585762001, Roche Diagnostics, USA) 
at 1.5 μl/min for 15 min. To amplify the fluorescence signal, 
7.5 μg/ml biotinylated anti-streptavidin (BA-0500, Vector Lab
oratories, Newark, USA), 4 μg/ml Alexa-SA, and wash reagent 
(11585762001, Roche Diagnostics, USA) were injected in turn 
at 1.5 μl/min in 10 min for four times. All pumping operations 
were performed on a paraffin stretching plate at 25 °C. The 
sequences of the biotinylated DNAs and target miRNAs used 
for the sequence specificity examinations are shown in 1 and 
Table S1, respectively.

After device manipulation, images of the probed area were 
taken from the glass side using a fluorescence microscope (BX63 
and U-FGW, OLYMPUS, Tokyo, Japan, or BZ-X810, Keyence, 
Osaka, Japan) and a charge-coupled device (CCD) camera 
(DP74, OLYMPUS, Japan). The fluorescence was detected at 
a wavelength of 575 nm. The fluorescence intensity was mea-
sured at five locations from one channel of the detection device 
using ImageJ software (1.53k, https://fiji.sc/). Measurements 
were performed in squares of 60 μm2, avoiding the edges of 
the lanes where the signal was weak. miRNA detection and 
background signals were measured from the upper side of 
the DNA probing area (sample-injected side) and above the 
detection area, respectively. The detection signal was deter-
mined by subtracting the luminance of the area of no DNA 
probe from the DNA probe, and the average of the five loca-
tions was determined.

Quantitative RT-PCR
Total RNA was extracted from the first or second true leaves 
of tomatoes using TRIzol Reagent (15596026, Thermo Fisher, 
Massachusetts, USA). The extracted RNA was treated with 
Recombinant DNase I (2270A, Takara, Shiga, Japan), and 2 ng 
equivalent was synthesized using SuperScript 3 Supermix 
(18080400, Thermo Fisher, USA) with stem-loop primers and 
sly actin_R primers as internal controls (Table S2). Primers 
were designed based on previous studies [39,40]. qRT-PCR 
was performed using the KAPA SYBR Fast qPCR Kit (KK4621, 
Sigma-Aldrich, USA) and universal reverse primer (Table S2). 
The experiments were performed with three biological repli-
cates and three technical replicates.

Statistical analysis
For analysis of fluorescence intensity of miRNA detection by 
microfluidic device, the miRNAs were considered to be detected 
when the signal was higher than three standard deviations 
(SDs) of the negative control signal. For comparison of plant 
size and expression analysis of endogenous sly-miR399 by qRT-
PCR and microfluidic device, Welch’s t test was used. Analyses 
were conducted using Microsoft Excel (v15.54, Microsoft 
Corp., Washington, USA).

Results

Development of microfluidic device systems for 
miRNA detection
For simple detection of miRNA from plants, we designed detec-
tion methods using micro-flow channels. At first, to create DNA 
immobilized glass, a DNA immobilization reactor that had a 
single channel 0.5 mm wide and 450 mm long was used (Fig. 
3A and Fig. S1A). This reactor was mounted on a NH2-glass, 
and DNA immobilization reaction was performed in the chan-
nel. In this study, NH2-DNA probe and NHS-DNA probe were 
used as DNA probes (Fig. 2). After the DNA immobilization 
reaction, the DNA probing reactor was detached from the glass 
slide and a multichannel microfluidic chip (Fig. 3B) was mounted 
on the intersected DNA-probed area. This multichannel micro-
fluidic chip has six independent channels, each branching into 
five lanes of equal length (Fig. S1B and C), such that five uniform 
detection surfaces were obtained with a single sample introduc-
tion. In this way, DNA probed and no probed areas are created 
in the channels of the microfluidic device. A procedure of using 
DNA probing reactor and multichannel microfluidic chip is 
shown in Fig. 3C. For the microfluidic devices, pumping opera-
tion was performed with a syringe pump (Fig. 3D).

Detection of the target miRNA was achieved by sandwich 
hybridization using two types of probes that annealed to two 
different sequence fragments of the target miRNA [31,41]. An 
immobilized DNA probe trapped the target miRNA on the 
surface of the channel, and another free biotinylated DNA 
probe was bound to the remaining part of miRNA. A fluores-
cence signal Alexa-SA bound to the biotin portion of the sec-
ond free DNA probe produced a fluorescence signal depending 
on the presence of the target miRNA in the sample (Fig. 3E). 
Using this system, signals of artificially synthesized miR399c 
were detected using biotinylated DNA fragment, which are 
sequence-complementary to miR399c (Fig. 3F). In this experi-
ment, NH2-DNA probe and Alexa-SA mixing method were 
used (see Materials and Methods). Although 0 or 1 nM of 
miR399c-containing samples was loaded to each channel, the 
fluorescent signal of Alexa-SA was only observed on the prob-
ing area of the channel loaded with 1 nM miR399c (Fig. 3F). 
This result indicates that sandwich hybridization in microflu-
idic devices occurred. Next, the two DNA probes, NH2-DNA 
probe and NHS-DNA probe, were tested (Fig. 3G). The signal 
values were calculated by subtracting the luminance of the no 
DNA probed area from DNA probed area (Fig. 3F). The lumi-
nance for miRNA detection and the background signal were 
measured from the top of the DNA probing area (sample injec-
tion side) and above the detection area, respectively, in an area 
of 60 μm2. The same method was used for subsequent detection 
by the devices. We obtained a similar signal value for the 1 nM 
miR399c samples in both probes (Fig. 3G). Thus, both DNA 
probing methods were practicable. The signal value of 1 nM 
miR399c in the channel did not differ between lanes for NH2-
DNA probe (Fig. S2). Hereafter, we used NH2-DNA probe 
to detect artificially synthesized miR399 species, in which 
sequences were originated from Arabidopsis, and NHS-DNA 
probe to detect endogenous sly-miR399 in tomatoes.

Sequence specificity in miRNA detection
To examine the detection sensitivity of the device, a series 
of different concentrations of miR399c (0.01 to 10 nM) were 
detected with NH2-DNA probe and free biotinylated DNA 
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having complement sequences of miR399c (Fig. 4). In this 
device system, signals were substantially detected with 
0.01 nM and higher concentrations of miR399c in a con-
centration-dependent manner (Fig. 4A and B). The signal 
detection was performed as described in Fig. 3F. To examine 
the detection specificity of the miR399c probes for the tar-
get miRNA sequence, five homologs of miR399 (miR399a, 

miR399b, miR399d, miR399e, and miR399f) and another 
type of miRNA, miR156, were tested (Fig. 4B). Among 
these, miR399b, which had no base substitutions within the 
sequence and two extra bases at the 5′ end, was detected in 
a concentration-dependent manner, similar to miR399c. In 
comparison, miR399a, miR399d, and miR399f, which have 
one to two nucleotide substitutions from miR399c, were 
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also detected; however, the signal values were significantly 
lower than those of miR399c and miR399b. miR399e, which 
has three nucleotide substitutions, and miR156 were not 
detected at any of the prepared concentrations (Fig. 4B). 
These results indicate that this miRNA detection system 
has high target specificity with fewer than two nucleotide 
substitutions.

Detection of miRNA in plant extracts by  
microfluidic device
To detect miRNAs in plant extracts, tomato leaf extracts were 
prepared for detection experiments (Fig. 5A). In this experi-
ment, NH2-DNA probe was used as an immobilized probe. 
Because it is assumed that ribonuclease (RNase) activity from 
plant exudates degrades RNA molecules and leads to a decrease 
in miRNA detection sensitivity, we first tested the effect of the 
RNase inhibitor (RNaseOUT) solution. However, 1 nM artifi-
cially synthesized miR399c in tomato extract was not detected 

in the presence or absence of the RNaseOUT solution (Fig. 5B). 
To prevent RNA degradation more extensively, we tested the 
effect of high concentrations of DTT as reducing agents, the 
effectiveness of which for RNA degradation was reported in a 
previous study [42]. Using 100 mM DTT/tris-HCl buffer 
(pH 7.6), significant signals were detected in tomato extract 
samples with 1 nM artificially synthesized miR399c but not with 
0.1 nM (Fig. 5C). To remove various sizes of crushed objects 
and debris potentially interfering with the miRNA detection in 
tomato leaf extracts, a filtration was conducted using a size-
fraction spin column, sized at 30 kDa. As a result, the detection 
of 0.1 nM miR399c was achieved (Fig. 5D). Thus, the detection 
sensitivity of miRNAs in tomato extracts was improved using 
100 mM DTT buffer and a filtration. The coefficient of deter-
mination (R2) of the approximate straight line of the detection 
signals in 0 to 10 nM showed that the detection of miR399c 
was relatively quantitative in this dynamic range both in water 
and in filtered extract (Fig. S3).

A

B

Fig. 4. Sequence specificity in detection of miR399 species by the microfluidic device. (A) Images of miR399c detection areas at different concentrations. Scale bar, 100 μm. 
(B) Schematic of miR399c detection by fully complementary DNA probes, and detection of miR399a to miR399f and miR156 by using the probes of miR399c. The sequence 
of each target miR399 species is described in the graph above. The bases in red and blue indicate the complementary hybridized bases for biotinylated and immobilized DNA, 
respectively. The bases in black indicate those that did not complement to the probes. Detection was performed using SD00011 commercial glass and an NH2-DNA probe. 
The dotted lines represent signal levels at three SDs above the average value of 0 nM. The magenta plots indicate higher signal intensity than the dotted lines. Error bar, SD.
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Detection of endogenous miRNA from tomato 
extracts by microfluidic device
Next, plant endogenous miRNAs were targeted for detection. 
For the experiments, 19-day-old tomato seedlings treated with 
or without low-phosphorus stress conditions for the most recent 
5 d were prepared (Fig. 6A). To detect endogenous sly-miR399 
in tomatoes, a microfluidic device was prepared using APDMES-
treated homemade NH2-glass and NHS-DNA probe that bind 
complementarily to sly-miR399. Although these tomato seed-
lings showed little differences, a significant increase in sly-
miR399 expression was detected in seedlings grown under 
phosphorus-deficient conditions by qRT-PCR analysis (Fig. 6B). 
Detection of endogenous sly-miR399 using microfluidic device 
was performed with 5 μl of filtered leaf extract (originated from 
approximately 2.5 mg of tomato leaves), but the detection sig-
nals of sly-miR399 were not increased by Pi-deficient treatment 
(Fig. 6C). We then conducted additional procedures for signal 
amplification by repeating the biotin-avidin binding reactions. 
A biotinylated anti-streptavidin antibody (biotinylated anti-
body) was used to amplify the detection signals. The detection 
signals could be amplified by alternately introducing biotinyl-
ated antibody and Alexa-SA (Fig. 6D). Using this method, the 
detection of 0.01 nM of artificially synthesized sly-miR399 in 
water background was significantly increased after three times 
amplifications (Fig. S4). Also, in the detection of the endoge-
nous sly-miR399, detection signals of Pi-deficient tomatoes 
were increased and became significantly higher than that of 
Pi-sufficient tomatoes after three times amplifications (Fig. 6E). 
Thus, endogenous sly-miR399 up-regulation under phosphorus 

deficiency stress conditions was detected through the signal 
amplification. The difference in detection between qRT-PCR 
and microfluidic devices may be due to the differences in the 
dynamic range of each detection method and reduced quantifi-
ability due to signal amplification in the microfluidic device. 
On the other hands, with a device using SD00011 commercial 
glass and NHS-DNA probe, signals were amplified even in the 
channels of no RNA samples (Fig. S5). These results indicate 
that when amplification by biotinylated antibody is necessary, 
APDMES-treated homemade NH2-glass is suitable. Additionally, 
to simplify the manipulation, a mixture of Alexa-SA and bioti-
nylated antibody was introduced once after Alexa-SA injection; 
however, this sometimes resulted in signal clusters in the detec-
tion area as strong dots (Fig. S6). Therefore, the application of 
a mixture of Alexa-SA and biotinylated antibody is thought to 
produce unstable results and was not applied.

Cultivation management of tomatoes using a 
microfluidic device
For the phosphorus deficiency stress diagnosis, tomatoes were 
grown under three conditions: Pi-sufficient, Pi-deficient 1, and 
Pi-deficient 2 (Fig. 7A, left). At first, all tomatoes were grown 
under Pi-containing condition (with 0.625 mM Pi MS) for 2 weeks 
after sowing. For the phosphorus deficiency treatment, these 
tomatoes were grown under 0.05 mM Pi MS conditions for the 
subsequent 7 d (Pi-deficient 1 and Pi-deficient 2). During this 
period, Pi-sufficient tomatoes were grown under 1.25 mM Pi MS 
conditions. On the seventh day after the start of the Pi stress 
treatment (corresponding to 3 weeks after sowing), detection of 
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sly-miR399 in tomatoes was performed using the microfluidic 
device. To diagnose these samples simultaneously, a multichannel 
microfluidic chip containing 12 independent channels was fab-
ricated (Fig. 7B and Fig. S1D). When using this microfluidic chip, 
it was attached to a DNA immobilized amine-terminated glass 
by a DNA probing reactor, as well as a six-channel microfluidic 
chip (Fig. 3C). By using this device, higher signals for sly-miR399 
were obtained from Pi-deficient 1 and Pi-deficient 2 tomatoes 
(Fig. 7A, right). Following the diagnosis, Pi-deficient 1 toma-
toes were switched to a 1.25 mM Pi MS condition for rescue, 
while the Pi-deficient 2 tomatoes were continued to grow under 
0.05 mM Pi MS conditions. The Pi-sufficient tomatoes were 
continued to grow under 1.25 mM Pi MS conditions. Two days 

after the Pi rescue treatment (ninth day after the start of the stress 
treatment), the tomatoes were again subjected to the microfluidic 
device. On the ninth day, sly-miR399 signals from Pi-deficient 1 
tomatoes (after rescue) were not significantly different from those 
grown under Pi-sufficient conditions but tended to be higher, 
while the samples of Pi-deficient 2 showed higher sly-miR399 
signals (Fig. 7A, right). To validate the results of the diagnostic 
system, expression analysis of sly-miR399 by qRT-PCR was per-
formed on the same tomato samples. The detection of sly-miR399 
by the microfluidic device and qRT-PCR showed the same ten-
dency in all samples (Fig. 7A, right). These results indicate that 
the developed microfluidic device can easily detect the expression 
of endogenous sly-miR399 caused by low Pi stress and its 
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suppression by subsequent Pi rescue treatment soon after the 
nutrition condition change.

To observe the growth of these tomatoes, plant height was 
measured at 0, 7, and 14 d after Pi deficiency treatment. At 0 
and 7 d after Pi deficiency treatment (before diagnosis and on 
the day of diagnosis, respectively), no difference was observed 
in plant height between the tomatoes under the three condi-
tions (Fig. 7A and C). Fourteen days after the Pi deficiency 
treatment, the tomatoes in the Pi-deficient 1 (rescued) were the 
same size as the tomatoes in the Pi-sufficient conditions. In 
contrast, tomatoes in Pi-deficient 2 exhibited impaired growth 
(Fig. 7A and C). Thus, by diagnosing Pi deficiency stress using 

this miRNA detection device, growth failure of tomatoes could 
be avoided. The developed miRNA detection system enables 
the diagnosis of growth conditions before the appearance of 
stress symptoms through the simple detection of miR399 in 
filtered tomato extracts.

Discussion

We developed a microfluidic system to detect miR399, a bio-
marker of phosphorus deficiency stress in plants. The mainte-
nance of phosphorus homeostasis by miR399 has been observed 
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Fig. 7. Cultivation management of tomatoes with microfluidic devices. (A) Tomato growth under different Pi conditions (left) and detection of sly-miR399 by microfluidic devices 
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probe. The bar graph on the right side shows the expression analysis of sly-miR399 by qRT-PCR. In this analysis, actin was used as an internal control. Asterisks indicate that 
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in a variety of plants [18,22–26], and studies overexpressing 
Arabidopsis miR399d in tomatoes have shown that miR399 
function is conserved across species [43]. miRNAs are involved 
in various responses, including sulfate starvation [21], nitrogen 
starvation [44], and copper homeostasis [45]. In addition, miRNAs 
are involved in the control of flowering time [46], shoot mainte-
nance [47,48], and developmental processes [49,50]; there-
fore, this technology can be applied to such a broad range of 
plant diagnosis.

The simple detection of miRNAs in agricultural fields enables 
a rapid response to cultivation management. miRNA detection 
can be achieved by microarray, Northern blotting, and qRT-PCR 
analyses. However, these methods require advanced experimen-
tal techniques and facilities, such as RNA extraction and nucleic 
acid labeling. The newly developed miRNA detection technology 
does not require RNA extraction from plant tissue samples and 
can perform diagnoses using brief filtered samples. In addition, 
because this diagnosis can be conducted by simple operations 
such as pumping and fluorescent detection, it could be performed 
without advanced facilities. In the future, this technology would 
be developed into more user-friendly systems through miniatur-
ization of the equipment, simplification of sample preparation 
methods, and mass production in factories. Diagnosis of plants 
with this system is an individualized treatment approach in plant 
health and agriculture, similar to personalized medicine seen in 
human healthcare, and has the potential to be an innovative 
approach in plant care and management.

The developed miRNA detection system is based on sand-
wich hybridization in a microfluidic device to detect complemen-
tary binding target miRNAs. With this device, target miRNAs 
that were fully complementary to the probes were detected with 
high signals, as well as the target miRNAs that differed by one 
to two nucleotides from their targets but with low signals (Fig. 
4B). In addition, miR156, which differs in sequence from the 
target, could not be detected. This sequence-specific detection 
could be performed around room temperature (25 °C), indicat-
ing that the device can be used in temperature environments 
such as outdoor fields. The detection sensitivity of miR399c in 
plant extracts was increased by using column filter (Fig. 5C and 
D). Thus, the detection sensitivity is dependent on the sample 
conditions and sample preparation could be a target point for 
improving the efficiency of detection. The detection of endog-
enous miRNAs with this device is expected to be semiquantita-
tive because the background signal increases with sample condition 
and signal amplification. The advantage of this device is the 
easy detection of target miRNAs from filtered plant extracts 
without RNA extraction. Detection of 0.01 nM artificially syn-
thesized sly-miR399 in water and endogenous sly-miR399 from 
tomato extracts required three or more signal amplifications 
(Fig. 6E and Fig. S4). This result would suggest that the con-
centration of sly-miR399 in the filtered extracts of Pi-deficient 
treated tomatoes was estimated to be about 0.01 nM. Since 
signal amplification is performed by alternating introduction 
of Alexa-SA and biotinylated antibodies, the amplification pro-
cess could be accelerated by introducing automated alternating 
introduction systems to the microfluidic device. Signals from 
the tomatoes with Pi-sufficient conditions were also increased 
by signal amplification (Fig. 6E), possibly because a small amount 
of sly-miR399 is present in tomatoes even under Pi-sufficient 
conditions. For miR399c, in which sequence is from Arabidopsis, 
0.01 nM in water could be detected without signal amplification 
(Fig. 4B). This result would suggest that diagnosis of growth 

conditions by detection of miR399 without signal amplification 
may be possible for some plant species. Comparing the sequences 
of miR399c and sly-miR399, the bases at the 3′ end, which are 
closest to the glass surface of the device in sandwich hybridiza-
tion, are different (Table 1). These sequence differences may be 
responsible for hybridization with probes and detection sensitiv-
ity of miR399c and sly-miR399.

Scientifically reliable assessments of the nutritional status of 
plants are important for efficient agriculture. Plant nutrient defi-
ciency stress can be a major cause of growth failure; conversely, 
excess nutrition causes damage to soils, so proper nutrient man-
agement is required to reduce cultivation risks and protect the 
sustainability of agriculture. In crop production, phosphorus 
could be a limiting factor because it is easily precipitated and 
easily depleted from the topsoil, especially in acidic environ-
ments, and is not readily available for plant absorption [16]. 
Under fluctuating agricultural conditions, it is important to 
monitor the phosphorus requirements of plants and determine 
or suggest POC treatments during plant cultivation. Although 
the degree of phosphorus requirement differs depending on the 
type and age of the plant, examination of miR399 as a responsive 
biomarker using a diagnostic device can be applied to test them. 
Diagnosis targeting biological molecules allows early detection 
of the stress status of plants and quick POC treatment before the 
appearance of stress symptoms. Early diagnostic techniques are 
expected to reduce agricultural risks and improve the sustain-
ability of food production.

Conclusion
Stress diagnosis by detecting plant signaling molecules allows 
for early diagnosis of plant growth conditions and efficient 
agriculture. In this study, we developed a microfluidic device 
for simple diagnosis of plant growth conditions by detecting 
miRNAs. The developed device shows sequence specificity and 
can detect target sequences up to two nucleotides different from 
the complementary sequence of the probes. For detection of 
sly-miR399 in tomato extracts, sample filtration and signal 
amplification method were applied. Finally, detection of endog-
enous sly-miR399 from filtered tomato extracts without RNA 
extraction was accomplished by using homemade NH2-glass 
to fix the DNA probes. With this device, diagnosis of growth 
conditions was possible before stress symptoms appeared, 
and after diagnosis, tomatoes could be rescued from growth 
failure by switching growth conditions. This device requires 
pumping operations and fluorescence detection, and does not 
require advanced experimental facilities. Therefore, this device 
has potential for POC diagnostic applications in the cultivation 
field.
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