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A B S T R A C T   

Duplex-specific nuclease signal amplification (DSNSA) is a promising microRNA (miRNA) quantification strat-
egy. However, existing DSNSA based miRNA detection methods suffer from costly chemical consumptions and 
require laborious multi-step sample pretreatment that are prone to sample loss and contamination, including 
total RNA extraction and enrichment. To address these problems, herein we devised a pneumatically automated 
microfluidic reactor device that integrates both analyte extraction/enrichment and DSNSA-mediated miRNA 
detection in one streamlined analysis workflow. Two flow circulation strategies were investigated to determine 
the effects of flow conditions on the kinetics of on-chip DSNSA reaction in a bead-packed microreactor. With the 
optimized workflow, we demonstrated rapid, robust on-chip detection of miR-21 with a limit-of-detection of 35 
amol, while greatly reducing the consumption of DSN enzyme to 0.1 U per assay. Therefore, this microfluidic 
system provides a useful tool for many applications, including clinical diagnosis.   

1. Introduction 

MicroRNAs (miRNA) are small non-coding RNAs that regulate gene 
expression [1] and have been found stable in RNase enriched environ-
ments, such as blood, urine, saliva, milk, and cerebrospinal fluid [2–5]. 
Due to these characteristics, miRNAs are promising biomarkers for a 
variety of diseases, such as diabetes [6], Alzheimer’s disease [4,7], and 
cancer [8,9]. However, the detection of miRNAs in body fluid is chal-
lenging due to the low abundance of miRNAs [10]. The most commonly 
used methods to detect miRNAs are qRT-PCR [11–13] and RNA micro-
array [14–16]. As the gold standard of miRNA detection, qRT-PCR is 
highly sensitive with a limit of detection at the level of a few copies per 
microliter; but it usually requests tedious sample processing to remove 
inhibitory species and costly instrumentation. RNA microarray is a high 
throughput method that can analyze multiple targets of miRNAs, but its 
sensitivity is relatively lower. There is still an urgent need of a low-cost, 
sensitive and easy-to-use miRNA detection methods for biomedical ap-
plications, such as clinical diagnosis. 

Recently, duplex-specific nuclease (DSN) has emerged as a new tool 
to develop simple and robust bioassays for miRNA quantitation because 
of its unique DNase activity that selectively cleaves double-strand DNA 
(dsDNA) or the DNA strand in a DNA-RNA hybrid, as opposed to single- 

strand DNA (ssDNA) or RNAs [17]. Based on this characteristic of the 
DSN, a numbers of DSN-mediated signal amplification (DSNSA) miRNA 
detection methods have been reported. For instance, an in-solution 
DSNSA-mediated miRNA detection assay that used a Taqman probe 
tagged with a fluorophore on one end and a quencher on the other end 
[18]. When hybridized with the target miRNA, the DNA probe is cleaved 
by DSN to separate the fluorescent dye from the quencher, generating 
the fluorescence signal. The released miRNA templates that can be 
recycled for another cycle of hybridization and DSN cleavage, and this 
process can be repeated thousands of times, leading to significant 
amplification in signal to improve the sensitivity of miRNA detection. 
Similarly, gold-nanoparticle (AuNP) labeled fluorescent ssDNA can also 
be applied as the capture probe during the DSNSA process [19]. The 
fluorophore attached on the ssDNA capture probe remained quenched 
by the surface of the AuNP until the ssDNA hybridized with the target 
miRNA and was cleaved by DSN. In addition, DSNSA based miRNA as-
says can also be achieved by immobilizing the fluorescently labeled 
ssDNA capture probe onto solid surfaces. For instance, magnetic 
beads-conjugated quantum dot-capped DNA capture probes (QD–CPs) 
were utilized to capture the target miRNA in a DSNSA-mediated miRNA 
assay for the purpose of Dengue virus detection [20]. After the DSNSA 
reaction, the beads carrying un-reacted capture probes were removed, 
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and the supernatant is measured to quantify the intensity of released 
quantum dots. In contrast to standard PCR detection of miRNAs, these 
DSN-based isothermal methods enable direct detection of RNA frag-
ments without the reverse transcription step, ease the design of specific 
primer/probes for short miRNA sequences, and negates the need for 
sophisticated thermal cycling instruments. Therefore, DSNSA is well 
poised for miRNA sensing because it simplifies the assay development, 
improves the assay robustness, mitigates the problems of sample 
degradation and contaminations, and reduces the assay cost. Despite 
these compelling advantages, the widespread application of DSNSA 
methods has been hampered by some practical barriers, such as the 
relatively high cost of DSN and lengthy enzymatic reaction required to 
afford high sensitivity due to the linear amplification process. To address 
these limitations, DSNSA has been coupled with other signal amplifi-
cation mechanisms to enhance the sensitivity and shorten the assay time 
[21–23]. However, these multi-stage signal amplification methods 
involve complex reagent composition and assay protocols that need to 
be carefully optimized, which compromises the simplicity and robust-
ness of DSN-based assays. 

Herein, we attempted to exploit the microfluidic principles to 
develop a simple and rapid DSNSA-mediated miRNA detection system. 
Microfluidics has been broadly applied to bioanalysis because of its 
ability to improve detection sensitivity and analysis speed while 
reducing the consumption of sample and reagents [24–26]. It provides a 
platform that is capable of integrating multiple functions, such as sam-
pling, sample enrichment, and detection all in one device by manipu-
lating nanoliters to femtoliters of fluids in microchannels [27]. To date, 
many microfluidic platforms have been reported for miRNA detection 
using various assays, including RT-qPCR [28], digital PCR [29], RCA 
[30,31], ddPCR [32], and the hybridization assays coupled with enco-
ded hydrogel particles [33–35], enzymatic amplification [36], laminar 
flow-assisted dendritic amplification [37,38], and electrochemical 
detection [39]. In addition, most of these microfluidic miRNA methods 
are capable of processing crude samples, such as cell lysate [31,33], 
human serum [35], without the need of off-chip RNA extraction. Despite 
the apparent advantages of microfluidics, very limited progress has been 
reported to date towards leveraging DSN-based miRNA detection. To 
our best knowledge, there have been only few reports on combining 
microfluidics with DSNSA for miRNAs detection. In one approach, the 
DSNSA assay was conducted in the conventional format and the 
microfluidic device was employed only as the ionization source for mass 
spectrometric analysis of the products of the DSN reaction [40]. The 
other report implemented the DSNSA detection strategy in an previously 
established self-priming microfluidic chip [41]. In contrast to these two 
methods, our system reported here directly adapts the microfluidic re-
action and reagent manipulation to promote the performance of DSNSA 
for miRNA detection. 

Our DSNSA-mediated microfluidic miRNA detection system in-
tegrates an affinity bead-packed microreactor for on-chip sample 
enrichment and purification and a pneumatically controlled micro-
channel circuit for DSNSA based miRNA detection. Solid-phase affinity 
capture using various materials, including magnetic beads [42], 
micro/nanostructures [43], hydrogel matrix [44], and agarose beads 
[45], affords an effective means for sample enrichment or signal 
enhancing. Compared to other surface-based systems, hydrogel particles 
offer from a number of advantages, such as 3D porous gel structure that 
provides enormous binding sites and the solution-like environment to 
promote binding kinetics [33–35], low cost, great biocompatibility, and 
robust chemistry for probe conjugation. Thus our miRNA detection 
system employs agarose beads for both target miRNA capture/enrich-
ment and DSNSA-mediated miRNA detection. Using the pneumatically 
automated microreactor system, we investigated the sample flow rate 
for the solid-phase miRNA capture, studied DSNSA reaction at the 
circulating and oscillating-flow-control modes and optimized the assay 
protocol. As a proof-of-concept, we demonstrated on-chip detection of 
miR-21, which achieved a limit-of-detection (LOD) of 1.168 pM (35 

amol) with ~1.5 h of sample enrichment and 2 h of DSNSA reaction. 
Compared to the off-chip assay, our on-chip DSNSA platform achieves 
significant improvement in sensitivity. Moreover, our method only 
consumes 0.1 U of DSN per assay, which is 1/6 of the amount of DSN 
needed for a 30 μL volume off-chip DSNSA miRNA assay, thus signifi-
cantly reducing the cost. Overall, our microfluidic device provides a new 
method to improve the performance of DSNSA-mediated miRNA assays 
and thus can be useful for various applications, such as clinical diagnosis 
and point-of-care testing. 

2. Experimental section 

2.1. Chemical materials 

All synthetic ssDNA and miRNA were purchased from Integrated 
DNA Technologies (IDT, Coralville, IA, USA). Sequences are listed in 
Table 1, respectively. HiTrap NHS-Activated HP affinity column was 
obtained from GE Healthcare (Chicago, IL, USA). Duplex-specific 
nuclease (DSN) is purchased from Evrogen (Moscow, Russia). Magne-
sium chloride (1 M) (Invitrogen), Ribolock RNase inhibitor (40 U/μL), 
Bovine Serum Albumin (BSA), 1 × Tris-EDTA solution, diethylpyrocar-
bonate (DEPC) treated water, Sodium chloride, Tris hydrochloride, and 
Tris-Base were ordered from Thermo Fisher Scientific (Waltham, MA, 
USA). Tween® 20 and ethanolamine were purchased from Sigma- 
Aldrich (St. Louis, MO, USA). 1 × Phosphate-Buffered Saline (PBS) 
was obtained from Mediatech, Inc. Sylgard® 184 Silicone Elastomer Kit 
is bought from Dow Corning Corporation (Midland, MI, USA). 

2.2. Agarose bead modification 

The fluorescent ssDNA capture probe was immobilized on 34 μm- 
diameter agarose beads via amine-NHS cross-linkage [46]. 0.1 g NHS 
activated Agarose beads were taken from the HiTrap NHS-Activated HP 
affinity columns and washed with cold 0.1 M HCl twice, cold water once, 
and cold 1 × PBS solution twice. The beads were then immerged into 
400 μL 1 × PBS solution containing 6.6 μM probe ssDNA, mixing over-
night on a rotator at room temperature. 0.5 M ethanolamine was used to 
block the active site on the beads surface by incubating for 2 h at room 
temperature the next day. The probe coated agarose beads were then 
washed with 1 × PBS solution containing 0.5 M NaCl three times and 
stored in 1 × TE buffer at 4 ◦C. 

2.3. Microchip fabrication 

The DSNSA circulation chip involves a Polydimethylsiloxane (PDMS) 
pneumatic control layer, a PDMS fluidic layer, and a glass substrate. 
Molds for both PDMS layers were fabricated by using standard photo-
lithography on the 4′′ silicon wafers (P100). The mold for the pneumatic 
layer of ~100 μm in height was patterned using SU-8 2050 (Micro-
Chem). The mold for the fluidic layer underwent two-step photoli-
thography process: a ~25 μm thick layer was spin coated first with SU-8 
2025 (MicroChem) to pattern the flow channel and then the second ~75 
μm thick layer of SU-8100 was coated and patterned to define the bead 
chamber and the detection window. Both of the molds were treated with 
a gas phase silanization with Trichloro(1H,1H,2H, 2H-perfluorooctyl) 
silane (Sigma Aldrich, St. Louis, MO, USA). 

Table 1 
Sequences of oligonucleotides.  

Name Sequence (5′–3′) 

Capture probe for miR-21 5′-FAM-TCAACATCAGTCTGATAAGCTA–NH2–3′

hsa-let-7a-5p 
hsa-miR-21-5p 
hsa-miR-200a-3p 
hsa-miR-200b-3p 

5′-UGAGGUAGUAGGUUGUAUAGUU-3′

5′-UAGCUUAUCAGACUGAUGUUGA-3′

5′-UAACACUGUCUGGUAACGAUGU-3′

5′-UAAUACUGCCUGGUAAUGAUGA-3′
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Standard soft lithography was used for fabricating the pneumatic 
control layer and the fluidic layer. 40.5 g mixture of Sylgard® 184 at 8:1 
(base: curing agent) weight ratio was poured onto the mold and incu-
bated at 65 ◦C for 2 h. Once PDMS was cured on the mold, it was peeled 
off and cut into pieces. 1 mm diameter holes were punched as the inlet of 
each pneumatic control channel. 6 g mixture of Sylgard® 184 at a 15:1 
(base: curing agent) weight ratio was spanned on the fluidic layer mold 
at 500 rpm for 30 s and 800 rpm for 30 s, followed with 2 h incubation at 
65 ◦C for 2 h. The pneumatic control layer and the fluidic layer were 
treated with UV-ozone, then aligned and assembled manually. The 
assembled double-layer PDMS chip was incubated at 80 ◦C overnight for 
permanent bonding. After tearing the double layer chip off from the 
mold, a 2 mm diameter puncher was used to punch holes for inlets and 
outlets of each flow channel. The glass subtract was treated with piranha 
solution for 15 min before assembled with the double layer PDMS slab. 
UV-ozone was used to form permanent bonding between the glass slide 
and the PDMS slab. All flow channels were blocked with 0.1% BSA for at 
least 2 h. The chip was then stored at 4 ◦C until usage. 

2.4. Off-chip DSNSA assay for off-chip optimization 

The DSNSA assay was optimized in 0.5 ml reaction tubes before in-
tegrated into the chip. For the final optimum condition, 3 μL stock 
fluorescent ssDNA capture probe conjugated agarose beads were taken 
and washed with 50 mM Tris buffer (pH 8.0). The supernatant was then 
replaced by 29 μL of working solution (50 mM Tris buffer containing 10 
mM MgCl2, 0.8 U μL− 1 RNase inhibitor, 0.02 U μL− 1 DSN, pH 8.0). 1 μL 
miRNA was added to the solution as the analyte. The final reaction 
volume was 30 μL. The reaction tube was then rotated for 2 h at 40 ◦C in 
an incubator (Benchmark Scientific, NJ, USA). After the reaction, the 
fluorescence intensity of the supernatant was measure by Biotek Cry-
tation 5 imaging reader (Biotek, VT, USA). 

2.5. On-chip DSNSA assay 

Before the assay, all the chip channels were washed with DEPC- 
treated water, and then the probe conjugated agarose beads were fil-
led into the bead chamber by gravity. The solution in each channel was 
replaced by the capture buffer (1 × TE buffer containing 350 mM NaCl 
and 0.05% (w/v) Tween®20) [34]. Right before the capture, the chip 
was placed on a hotplate at 95 ◦C for 5 min and then cooled down to 0 ◦C 
on ice. The on-chip pumping then started to pump the buffer flowing 
through the beads. During the capture process, at room temperature, 30 
μL of sample in the capture buffer was pumping through the bead 
chamber at room temperature by using the on-chip 4-step pumping with 
a flow rate at 0.34 μL/min, followed with 5 μL capture buffer. Once the 
capture process was done, the on-chip pumping was stopped. For the 
DSNSA reaction, the buffer in all the channels was replaced with ice-cold 
working solution (50 mM Tris buffer containing 10 mM MgCl2, 0.8 U 
μL− 1 RNase inhibitor, 0.02 U μL− 1 DSN, pH 8.0) by flushing each 
channel with 5 μL working solution. All the pneumatic valves were then 
closed, and the on-chip pumping was engaged to make the Agarose 
beads oscillate inside the bead chamber to enhance the mixing effi-
ciency. The chip was placed at a 40 ◦C incubator for 2 h for the DSNSA 
reaction. After the reaction was finished, the fluorescence intensity of 
the detection chamber was tested using a fluorescence microscope. The 
image was analyzed using ImageJ (NIH). 

2.6. qRT-PCR 

Reverse transcription was done by using TaqMan™ MicroRNA 
Reverse Transcription Kit (Applied Biosystem, Foster City, CA, USA). 
The operation followed the manufacturer’s protocol with slight changes. 
Briefly, each 30 μL reverse transcription reaction mix consists of 0.3 μL 
100 mM dNTPs, 2 μL 50 U μL− 1 MultiScribe™ Reverse Transcriptase, 3 
μL 10 × Reverse Transcription Buffer, 0.38 μL 20 U μL− 1 RNase 

inhibitor, 16.32 μL RNase free water, 6 μL 5 × RT primer and 2 μL RNA 
sample. The Reverse transcription mix was incubated at 16 ◦C for 30 
min, 42 ◦C for 30 min, 85 ◦C for 5 min, and ended at 4 ◦C. qPCR was done 
by using the TaqMan® MicroRNA assay (Applied Biosystem, Foster City, 
CA, USA) on Mastercycler epgradient S (Eppendorf). Each 20 μL PCR 
mix consists of 1 μL 20 × TaqMan MicroRNA Assay, 1.33 μL RT reaction 
product, 10 μL TaqMan 2 × Universal PCR Master Mix (No AmpErase 
UNG), and 7.67 μL Nuclease-free water. The PCR mix was incubated at 
95 ◦C for 10 min, 40 cycles of 95 ◦C denature for 15 s and 60 ◦C anneal/ 
extend for 60 s. For testing the biological sample, 1 mg/mL Breast 
Adenocarcinoma (MCF-7) total RNA (Invitrogen, Carlsbad, CA, USA) 
was diluted to 1 ng/uL and 10 ng/uL with nuclease-free water, and then 
analyzed by using the qRT-PCR protocol described above. The result was 
compared with the data from the On-Chip DSNSA assay. 

3. Results and discussion 

3.1. Chip design and assay principle 

The principle of our method is to utilize the microfluidic reaction 
system to promote the DSN enzymatic reaction while reducing the 
amount of expensive DSN enzyme needed. To further enhance the 
analytical sensitivity and speed, we intended to construct a total 
analytical system that combines sample processing (i.e., isolation and 
enrichment of specific miRNAs from biological samples) and miRNA 
quantification by DSNSA assay in one on-chip workflow. This capacity 
would enable direct miRNA detection without the need of total RNA 
purification which may result in variability in yield, sequence bias, cross 
contaminations, and RNA degradation [31,47]. A photo and the design 
of our microfluidic chip that contains three units were shown in Fig. 1A 
and B, respectively. It is a multi-layer device that consists of a PDMS 
pneumatic control layer, a PDMS fluidic layer, and a glass substrate. In 
the pneumatic control layer, the control circuit designed for precise 
delivery and routing of samples/reagents consists of a three-valve pump 
[48] and a set of lifting-gate valves [49] that control the input reservoir, 
output reservoir and circulation channel, respectively. The fluidic layer 
contains a main flow channel connecting a bead-packed microchamber 
and a detection chamber, as well as a circulation channel. The flow 
channels and the microchamber were fabricated to be ~25 μm and 
~100 μm in height to trap DNA probe-conjugated agarose beads of ~34 
μm in average diameter in the bead chamber for on-chip sample 
enrichment and DSNSA reaction (Fig. 1B(a)). The width of the flow 
channel and the bead chamber are 150 μm and 1500 μm, respectively. A 
detection chamber of 100 μm in height and 450 μm in width is incor-
porated downstream to avoid the signal interference from the fluores-
cent agarose beads. Compared to the 25 μm-high flow channels, this tall 
detection chamber provides a four-fold optical distance, which greatly 
enhances the sensitivity of fluorescence detection as shown in Fig. 1B(b). 

The on-chip miRNA assay workflow, as illustrated in Fig. 1C, consists 
of three steps: solid-phase miRNA capture step, DSNSA reaction, and 
fluorescence detection. In the miRNA capture step, the sample solution 
was driven by the 4-step on-chip pumping to flow through the bead- 
packed chamber. The target miRNA is captured and enriched by the 
complementary ssDNA capture probe immobilized on the agarose beads. 
The DSNSA-reaction step is then carried out after replacing the buffer in 
the channel with the reaction master mix and increasing the tempera-
ture. The DSNSA reaction relies on the nature of duplex-specific 
nuclease (DSN), which only hydrolyzes the DNA part of a DNA-miRNA 
hybrid and thus releases the miRNA. The released miRNA is subse-
quently captured by another probe and form a DNA-miRNA hybrid 
again, ready for the next cleavage. Meanwhile, the fluorophore attached 
to the probe DNA strand is also released to serve as the source of the 
signal. The on-chip pumping keeps working using the same parameter 
set as in the capture step, during which the reaction system is sealed by 
closing both input and output valves to avoid the diffusion toward the 
inlet and outlet reservoirs. As shown in the supplementary Video 1, the 
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reaction system is being stirred thoroughly by the on-chip pumping to 
expedite the DSNSA reaction. In the meantime, the released fluorophore 
molecules are defusing homogenously to all channels, including the 
detection chamber for the signal readout. The design of the circulation 
channel and the circulation valve (Fig. 1B(c)) allow us to assess two 
different flow control modes in order to optimize the on-chip DSNSA 
reaction. As depicted in Fig. 1D, the circulating-flow mode allows the 
reaction mixture except the agarose beads to flow along the channel 
circuit as the circulation valve is open. In contract, in the oscillating-flow 

mode, the circulation valve is closed and the micropump was operated to 
oscillate the reaction mixture within the main channel. 

Supplementary data related to this article can be found online at 
https://doi.org/10.1016/j.talanta.2021.122396 

3.2. Agarose bead-based DSNSA miRNA assay 

Although the reaction parameters of the DSNSA reaction were well 
established in previous studies, the DSNSA on agarose surface has not 

Fig. 1. Automated microfluidic system for DSNSA-mediated miRNA detection. (A) Photo of a pneumatically automated microfluidic circulating chip with red dye 
filled in the bottom flow channels and green dye filled in the top pneumatic control circuit. (B) Design of the chip showing the pneumatic control layer, the fluidic 
layer and the glass substrate. (a) Drawing (left) and white-field image (right) of the microchamber to trap agarose beads for DSNSA reaction. (b) Drawing (left) and 
fluorescence image (right) of the detection chamber to enhance fluorescence signal intensity. (c) White-field images of a lift-gate valve operated to control flow 
direction. Scale bars: 150 μm. (C) Schematic of the integrated on-chip DSNSA miRNA assay workflow: (1) Solid-phase miRNA capture by flowing the sample through 
the bead-packed microchamber. (2) DSNSA reaction step, during which the fluorescent ssDNA capture probes of the DNA-RNA hybrids are cleaved by DSN to release 
the fluorophore and the miRNA. The capture and cleavage cycle repeats until the end of this step. (3) The accumulated free fluorophore is then measured to 
determine the concentration of the analyte miRNA. (D) Schematic of the circulating-flow mode and the oscillating-flow mode designed for improving the flow mixing 
during the DSNSA reaction. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

X. Zhou et al.                                                                                                                                                                                                                                    

https://doi.org/10.1016/j.talanta.2021.122396


Talanta 232 (2021) 122396

5

been studied yet. We selected miR-21 as the analyte for the development 
of our assay. The miR-21 is a promising biomarker associated with a 
variety of cancers, including breast cancer [50], lung cancer [51,52], 
prostate cancer [53], pancreatic cancer [54], colon cancer [55], gastric 
cancer [56], etc. It is essential and meaningful to detect miR-21 rapidly, 
sensitively, and cost-effectively. To simplify the development of our 
on-chip DSNSA method, the optimization of reaction parameters, such 
as the concentration of MgCl2 and the reaction temperature, was carried 
on via off-chip DSNSA assays. 

The concentration of MgCl2 was optimized in reaction tubes due to 
the fact that the enzymatic activity of DSN can be impacted by the 
concentration of the Mg2+ ion in the reaction system. Interestingly, as 
presented in Fig. 2A, it was observed that the signal intensity was 
increasing along with the MgCl2 concentration until 10 mM and then 
decreasing. This could be a result of the decrease in the DSN activity due 
to the increasing ionic strength [17]. Thus, 10 mM was picked as the 
optimum MgCl2 concentration for our on-chip DSNSA assay. The reac-
tion temperature was also investigated since it is an important param-
eter that determines the reaction rate of the DSN enzymatic reaction. We 
optimized the reaction temperature by performing the DSN reaction 
under different temperatures in the range from 30 to 60 

◦

C in reaction 
tubes. As depicted in Fig. 2B, the signal intensity reached the highest 
value at 40 

◦

C and then dropped rapidly, while the reported working 
temperature of DSN could be as high as 60 

◦

C [17]. This could be caused 
by the melting DNA-miRNA hybrids at the high temperature due to the 
low melting temperature of miRNA. Therefore, 40 

◦

C was determined to 
be the best working condition for the DSNSA reaction. 

However, the off-chip DSNSA miRNA assay is not cost-effective due 
to its need for a large amount of DSN per each assay. On the other hand, 
there is still room to improve the sensitivity due to the inefficient mixing 

of the beads and the fluid during the DSNSA reaction. As demonstrated 
in Fig. 2C, with our microfluidic device, a much higher signal was ob-
tained while a lower background was achieved. This was due to the 
higher surface-to-volume ratio in the micrometer scale microfluidic 
channel than that in a centrifuge tube. Meanwhile, the pumping system 
build in the chip also provides an efficient mixing for the reaction sys-
tem, which expedited the DSNSA reaction. 

3.3. Microfluidic DSNSA 

The optimized DSNSA mediated miRNA assay was employed on the 
microfluidic platform, on which the fluorescence signal could be 
measured at the detection chamber, as demonstrated in Fig. 3A. A solid- 
phase miRNA capture step was integrated into the on-chip assay prior to 
the DSNSA reaction. In the capture step, the flow rate of the sample 
solution is an important parameter that significantly influences the 
sample capture efficiency [57]. A high flow rate will shorten the capture 
time, but it will also reduce the interaction between the target miRNA 
molecules and the ssDNA capture probes, resulting in a decrease of 
capture efficiency. In our chip, the flow rate can be controlled by 
employing different pumping parameter sets for the on-chip pump, as 
described previously [48]. To optimize the flow rate for the sample 
capture step, we tested 0.14, 0.34, 0.43, 0.60, 0.83 μL/min as the flow 
rate of 30 μL of 500 pM miR-21, followed with on-chip DSNSA detection 
with the same reaction condition. As shown in Fig. 3B, flow rates higher 
than 0.34 μL/min caused signal dropping, which indicated insufficient 
capture efficiency. Interestingly, a slower flow rate also leads to signal 
reduction, presumably attributed to the degradation of miRNA when 
held at room temperature for too long. Hence, 0.34 μL/min was selected 
to be the optimum flow rate for the on-chip sample capture process. For 

Fig. 2. Development of agarose bead-based DSNSA. (A) Optimization of MgCl2 concentration. (B) Optimization of reaction temperature. (C) Comparison between the 
signal detected for the on-chip assay and the bulk assay for miRNA detection. The on-chip approach was performed with the circulating flow mode during the on-chip 
DSNSA process. Error bars: standard deviation (n = 3). 
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30 μL of the sample solution, it required less than 1.5 h to finish the 
capture step. 

In order to achieve a satisfactory sensitivity, the on-chip DSNSA 
assay requires a thorough mixing of the system during the reaction. 
However, most of the existing on-chip mixers, such as stagger herring-
bone mixer [58], twisted channel [59], zigzag channels [60], etc., are 
designed for continuous flow. Although some of the mixers are able to 
mix the reaction system locally, they require sophisticated 
acoustic-activation technology [61,62], which may cause a rise of 
temperature due to ultrasonic irradiation and thus not ideal for the 
on-chip DSNSA assay. To address the need for a simple local mixer for 

the on-chip DSNSA assay, we designed an active mixing strategy by 
taking advantage of the pneumatic-controlled on-chip pumping. To 
study the impact of different flow types on the on-chip DSNSA assay, we 
designed a circulation channel and a circulation valve to enable the 
circulating-flow-control mode and the oscillating-flow-control mode, as 
above mentioned. The on-chip pump kept working with the same 
parameter set for both mixing modes, but the reaction system was mixed 
in a different way according to the status of the circulation valve, as 
illustrated in Fig. 1D. The circulating flow mode mixed the reaction 
system with the continuous flow, while the oscillating flow mode does 
that with locally mixing. To determine the optimum mixing strategy for 

Fig. 3. On-chip DSNSA assay optimization. (A) Fluorescence images taken at the detection chamber after the on-chip DSNSA assay with the blank and 500 pM miR- 
21. (B) Optimization of the sample flow rate used in the solid-phase miRNA capture step. (C) Signal comparison between the oscillating flow mode and the circulating 
flow mode for the DSNSA reaction. (D) Comparison of signal intensity of 300 pM miR-21 and blank with different beads amount. (E) Optimization of DSN con-
centration using 300 pM miR-21 and blank. (F) Background subtraction for optimization of DSN concentration shown in (E). Error bars: standard deviation (n = 3). 
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the on-chip DSNSA assay, we compared these two mixing modes by 
analyzing 30 μL 500 mM miR-21. As shown in Fig. 3C, it was notably the 
signal of 500 pM miR-21 from the oscillating flow mode was almost as 
twice as that from the circulating flowing mode, while the background 
remained nearly unchanged. The relatively lower mixing efficiency of 
the circulating-flow-control mode could be explained by the lack of 
contact between the miRNA and the probe-conjugated agarose beads 
when the released miRNA molecules were flowing in the circulation 
channel. With the circulating-flow-control, each molecule of target 
miRNA needs to travel along the circulation loop channel after being 
released from the capture probe by DSN to return to the beads chamber 
to be capture again. However, there is no DSNSA reaction happening 
inside the circulation loop channel, so the travel of each target miRNA 
inside the circulation loop did not contribute to the signal generation. 
Consequently, with the oscillating-flow-control mode, the target miRNA 
does not have to travel through the loop channel to be re-captured. Thus, 
in terms of the miRNA capture efficiency, the oscillating-flow-control 
mode performs way better than the circulating-flow-control mode and 
thus was picked as the optimum mixing strategy for the on-chip DSNSA 
reaction. 

The amount of probe conjugated agarose beads filling in the beads 
chamber is significant to both the solid-phase miRNA capture step and 
the DSNSA-reaction step. More beads will provide more binding sites for 
the target miRNA capture, but could cause problems such as an increase 
of background. To determine the optimum beads amount filled into the 
chamber, we filled the chamber with different amounts of beads and 
performed the on-chip DSNSA assay on 30 μL of 500 pM miR-21. As 
illustrated in Fig. 3D, although the background went up as the amount of 
beads increased, the signal started to decrease when the beads fill out 

the chamber over 50%. This could be due to the reduced volume of the 
reaction master buffer within the channel caused by the increased space 
occupied by the agarose beads. Thus the total amount of DSN was not 
enough to maintain the enzymatic reaction rate, resulting in low effi-
cient signal amplification. Therefore, filling the chamber 50% with the 
beads was chosen to be the best condition for the on-chip DSNSA miRNA 
assay. 

The concentration of DSN is vital for the DSNSA reaction in terms of 
both assay sensitivity and reagent consumption. To optimize the DSN 
concentration, the on-chip DSNSA mediated miRNA assay was carried 
out on 30 μL of 300 pM miR-21 with five different DSN concentrations 
from 0.005 to 0.06 U μL− 1. As shown in Fig. 3E, although the signal of 
miRNA increased along with the rise of the DSN concentration, the 
background performed the same. To accurately evaluate the impact of 
different DSN concentrations, we subtracted the background as illus-
trated in Fig. 3F. It was evident that the signal reaches a platform after 
0.02 U μL− 1, which indicated that a DSN concentration higher than 0.02 
U μL− 1 would not help to increase the sensitivity of this assay. Therefore, 
0.02 U μL− 1 was selected to be the optimum concentration of DSN for 
our on-chip DSNSA miRNA assay. With the optimum DSN concentration, 
our on-chip method only required 0.1U of DSN. Compared to the con-
ventional off-chip DSNSA mediated miRNA assay that usually required 
at least 30 μL of working solution containing DSN, our on-chip strategy 
only needs 5 μL, significantly reducing the consumption of DSN per test. 

Although the specificity of the DSNSA miRNA assay has been well 
studied in conventional off-chip platforms, it is still important to verify it 
on our microfluidic platform. To investigate the specificity of the on- 
chip DSNSA mediated miRNA assay, high concentration (1 nM) of 
Let7a, Let7b, miR-200a, and miR-200 b were measured by using the 

Fig. 4. Analytical performance of the microfluidic DSNSA mediated miR-21 assay. (A) Specificity test of on-chip DSNSA miR-21 assay. (B) Signal intensity com-
parison of 500 pM miR-21 and the blank using different pumping pressure during the reaction step. (C) Calibration curve of miR-21 detection using the microfluidic 
DSNSA. (D) Expanded view of the low concentration range of the plot in (C). Error bars: standard deviation (n = 3). 
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miR-21 probe, respectively. As depicted in Fig. 4A, the signal intensities 
of these high concentrated non-target miRNAs from the assay were all at 
blank level, while only 300 pM of miR-21 obtained a fluorescence signal 
in high intensity, which indicated the specificity of the DSNSA mediated 
miRNA assay remained excellent on our on-chip platform. 

Good reproducibility is essential for our approach when performed 
on different instruments, in which case the pump pressure applied to the 
pneumatic control circuit is the primary variable. To assess the repro-
ducibility of our method, we performed the on-chip DSNSA assay on 30 
μL of 500 pM miR-21 with diverse pump pressures from 30 kPa to 100 
kPa. As shown in Fig. 4B, neither the signal intensity nor the blank level 
was significantly impacted by the change of pressure. This result 
revealed that our method was qualified with excellent reproducibility 
and capable of tolerating large variation of pump pressure that could 
possibly occur when performed on different instruments. 

We calibrated the on-chip DSNSA mediated miRNA assay with syn-
thetic miR-21 under the optimum reaction conditions. As illustrated in 
Fig. 4C, the linear range of our approach is from 5 to 500 pM. The 
correlation equation was Y = 10.69X+701.33 (R2 = 0.9998), in which Y 
represents the fluorescence intensity observed at the detection chamber, 
and X represents the concentration of miR-21 in unit of pico-molar. A 
detection limit at 1.168 pM was obtained based on the summary of the 
value of blank signal and three standard deviations. Furthermore, a good 
linear relationship was retained even in the low concentration range 
(<50 pM), as shown in Fig. 4D. In addition, compared to the off-Chip 
assay, our on-chip platform achieved significant improvement in sensi-
tivity, which is due to the increased surface-to-volume ratio enabled by 
the microfluidic platform, as well as the enhanced mixing efficiency 
assisted by the oscillating-flow-control mode. These results demon-
strated that our microfluidic platform significantly increased the sensi-
tivity of the DSNSA miRNA assay. 

3.4. Testing with biological samples 

To investigate the applicability of our on-chip DSNSA method on 
biological specimens, we measured the miR-21 in the total RNA 
extracted from a breast adenocarcinoma cell line MCF-7, and the com-
mercial stem-loop RT-qPCR Taqman™ miRNA assay was employed as 
the validation. As shown in Fig. 5A, a calibration curve of miR-21 
standard was prepared with the commercial RT-qPCR method for the 
purpose of quantitative measuring of miR-21 in the total RNA sample. 
For the quantitation of miR-21 in the total RNA extracted from MCF-7 
cell line, 1 mg/ml extracted total RNA was diluted to 10 ng/μL and 1 ng/ 
μL and measured by our on-chip approach and the commercial RT-qPCR 
method. As shown in Fig. 5B, the concentration of miR-21 in 10 ng/ml 

and 1 ng/ml of the total RNA measured by our on-chip DSNSA approach 
was 91.9 ± 2.62 pM and 10.99 ± 2.04 pM, respectively. These results 
matched that from the commercial RT-qPCR method, which were 95.92 
± 1.06 pM and 8.4 ± 1.08 pM, respectively. This suggests that our 
approach is capable of analyzing biological samples with high accuracy 
and robustness. In addition, compared to the standard RT-qPCR method, 
our on-chip method does not require a reverse transcription method and 
can process the sample within the chip with high level of automation. 
Such capability not only minimizes the human errors existing in the 
laboratory operation process, but also reduce the potential sample 
contamination and RNA degradation, thus holding great promise for its 
potential adaptability to a variety of applications, such as clinical 
diagnosis. Furthermore, it is possible to detect miRNAs directly in 
complex biofluids, such as blood plasma or serum [35]. Previous studies 
have demonstrated the superior performance of hydrogels for nucleic 
acid binding, especially from complex biological samples, compared to 
other solid-phase biosensing systems, due in part to the non-fouling 
nature of the hydrogels. Adapting our method to measurements of 
clinical biofluids will require further optimization of the assay param-
eters, such as the sample preheating which was found to suppress 
non-specific adsorption during the incubation step for target capture 
[33]. In addition, to further mitigate the potential cross-reactivity issue 
caused by the mismatch between the capture probes and interfering 
nucleic acids, we can increase the temperature for DSNSA reaction to 
ensure highly specific miRNA/probe hybridization, because the working 
temperature of DSN was reported to be as high as 60 

◦

C. 

4. Conclusion 

We have successfully developed a low-cost, sensitive, and easy-to-use 
on-chip DSNSA-mediated assay for miRNA detection. Our method in-
tegrated the sample enrichment and the DSNSA mediated miRNA assay 
in one streamlined analysis workflow and obtained a LOD at 1.168 pM 
(35.04 amol) of miR-21 and a dynamic range from 5 to 500 pM with 
excellent specificity and robustness, only requiring 0.1 U DSN per test. 
As a proof-of-concept, we used our method to quantitatively measure the 
miR-21 in the total RNA extracted from the MCF-7 cell line, and the 
result was verified with the commercial stem-loop RT-qPCR Taqman™ 
miRNA assay. Our on-chip approach significantly improved the com-
petitivity of the DSNSA miRNA assay. It thus potentially can be utilized 
in numerous fields, such as clinical diagnosis and point-of-care testing. 
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Chaotic mixer for microchannels, Science 295 (2002) 647–651. 

[59] C.-P. Jen, C.-Y. Wu, Y.-C. Lin, C.-Y. Wu, Design and simulation of the micromixer 
with chaotic advection in twisted microchannels, Lab Chip 3 (2003) 77–81. 

[60] C.Y. Lee, C. Lin, M. Hung, R. Ma, C.H. Tsai, C.H. Lin, L.M. Fu, Experimental and 
numerical investigation into mixing efficiency of micromixers with different 
geometric barriers, Mater. Sci. Forum, Trans. Tech. Publ. (2006) 391–396. 

[61] R.H. Liu, R. Lenigk, R.L. Druyor-Sanchez, J. Yang, P. Grodzinski, Hybridization 
enhancement using cavitation microstreaming, Anal. Chem. 75 (2003) 1911–1917. 

[62] Z. Yang, S. Matsumoto, H. Goto, M. Matsumoto, R. Maeda, Ultrasonic micromixer 
for microfluidic systems, Sens. Actuators A Phys. 93 (2001) 266–272. 

X. Zhou et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S0039-9140(21)00317-9/sref52
http://refhub.elsevier.com/S0039-9140(21)00317-9/sref52
http://refhub.elsevier.com/S0039-9140(21)00317-9/sref53
http://refhub.elsevier.com/S0039-9140(21)00317-9/sref53
http://refhub.elsevier.com/S0039-9140(21)00317-9/sref53
http://refhub.elsevier.com/S0039-9140(21)00317-9/sref53
http://refhub.elsevier.com/S0039-9140(21)00317-9/sref54
http://refhub.elsevier.com/S0039-9140(21)00317-9/sref54
http://refhub.elsevier.com/S0039-9140(21)00317-9/sref54
http://refhub.elsevier.com/S0039-9140(21)00317-9/sref55
http://refhub.elsevier.com/S0039-9140(21)00317-9/sref55
http://refhub.elsevier.com/S0039-9140(21)00317-9/sref55
http://refhub.elsevier.com/S0039-9140(21)00317-9/sref55
http://refhub.elsevier.com/S0039-9140(21)00317-9/sref56
http://refhub.elsevier.com/S0039-9140(21)00317-9/sref56
http://refhub.elsevier.com/S0039-9140(21)00317-9/sref56
http://refhub.elsevier.com/S0039-9140(21)00317-9/sref57
http://refhub.elsevier.com/S0039-9140(21)00317-9/sref57
http://refhub.elsevier.com/S0039-9140(21)00317-9/sref57
http://refhub.elsevier.com/S0039-9140(21)00317-9/sref58
http://refhub.elsevier.com/S0039-9140(21)00317-9/sref58
http://refhub.elsevier.com/S0039-9140(21)00317-9/sref59
http://refhub.elsevier.com/S0039-9140(21)00317-9/sref59
http://refhub.elsevier.com/S0039-9140(21)00317-9/sref60
http://refhub.elsevier.com/S0039-9140(21)00317-9/sref60
http://refhub.elsevier.com/S0039-9140(21)00317-9/sref60
http://refhub.elsevier.com/S0039-9140(21)00317-9/sref61
http://refhub.elsevier.com/S0039-9140(21)00317-9/sref61
http://refhub.elsevier.com/S0039-9140(21)00317-9/sref62
http://refhub.elsevier.com/S0039-9140(21)00317-9/sref62

	Microfluidic circulating reactor system for sensitive and automated duplex-specific nuclease-mediated microRNA detection
	1 Introduction
	2 Experimental section
	2.1 Chemical materials
	2.2 Agarose bead modification
	2.3 Microchip fabrication
	2.4 Off-chip DSNSA assay for off-chip optimization
	2.5 On-chip DSNSA assay
	2.6 qRT-PCR

	3 Results and discussion
	3.1 Chip design and assay principle
	3.2 Agarose bead-based DSNSA miRNA assay
	3.3 Microfluidic DSNSA
	3.4 Testing with biological samples

	4 Conclusion
	Credit author statement
	Declaration of competing interest
	Acknowledge
	References


