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ABSTRACT 

We present a fluorimetry-based technology for micro-RNA-21 (miR-21) sensing based on the 

concentration of miR-molecular beacon (MB) complexes and flushing of unbound MB. This 

concentration module consists of a microfluidic channel with the shape of a funnel operated with 

electrohydrodynamic actuation. We report a limit of detection of 2 pM in less than one minute for 

miR-21 alone, and then demonstrate that miR-21 levels measured in fine needle biopsy samples 

from patients with pancreatic cancer correlate with the reference technique of reverse-

transcription polymerase chain reaction (RT-PCR). Altogether, this technology has promising 

clinical performances for the follow-up of patients with cancer. 
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1 Introduction 

 

MicroRNAs (miRs) are single-stranded RNA molecules of 15–27 nucleotides that regulate 

gene expression at the post-translational level. miR concentration is profoundly altered in cancer, 

and this deregulation may participate to carcinogenesis (Calin and Croce, 2006; Pichler and 

Calin, 2015). Monitoring miRs levels  thus constitutes a valuable prospect for the management of 

patients with cancer (Etheridge et al., 2011). Next-generation sequencing, which provides 

genome-wide miR expression levels, is essential for de novo identification of miR-based 

biomarkers. Yet, the processing of clinical samples, which contain very low material input, 

remains a challenge (Coenen-Stass et al., 2018). For targeted miRs quantification, the gold 

standard is Reverse-Transcriptase quantitative Polymerase Chain Reaction (RT-qPCR) and its 

miniaturized low background version (RT-digital droplet PCR, ddPCR; (Forero et al., 2019)), 

which rely on labor intensive protocols with multiple controls (Stein et al., 2017).  

Alternatively, the race for fast technologies that do not rely on enzymatic amplification has 

not slowed down (Cacheux et al., 2019). Enzyme-free technologies for miR titration can coarsely 

be cast into two categories depending on whether detection occurs in bulk or on surfaces. Surface 

detection reaches high sensitivity but generally depends on sophisticated microfabrication 

strategies (Ansari et al., 2016). Bulk detection is readily achieved by fluorimetry, and most 

frequently relies on molecular beacons (MBs), which change conformation and become 

fluorescent upon hybridization to the target (Baker et al., 2011). This method is limited in 

sensitivity to 1 nM (Baker et al., 2011) and dynamic range due to the background signal from 

unreacted MBs (Garcia-Schwarz and Santiago, 2012). The limit of detection (LOD) has 

nevertheless been decreased to the fM level by replacing organic fluorophores with quantum dots 

(Su et al., 2014), or to 5 pM using more sophisticated signal transduction schemes based on 

endonucleases that provoke the release of a fluorophore engrafted to the probe and initially 

quenched by a gold nanoparticle (Degliangeli et al., 2014). Furthermore, signal amplification 

schemes based on strand displacement reactions have been implemented in order to convert each 

miR hybridization event into a cascade of detectable readouts (Li et al., 2015; Wu et al., 2015). 

These assays reached sub-pM to sub-fM LODs (Liang et al., 2017; Song et al., 2016; Wang et al., 

2019; Wu et al., 2016), though at the expense of generally long time to result (Shin et al., 2019).  
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In another yet non-mutually exclusive direction, fast and sensitive detection characterized 

by a LOD of 5 pM in 3 minutes has been reported by concentrating miR-MB complexes with 

isotachophoresis (Bahga et al., 2013; Bercovici et al., 2012; Persat and Santiago, 2011). 

Concentration can also be performed with the µ-Laboratory for DNA analysis and separation 

(µLAS) technology, which is based on the combination of hydrodynamic transport and a counter 

electrophoretic force (Malbec et al., 2019; Milon et al., 2020; Ranchon et al., 2016). 

Electrohydrodynamic actuation induces transverse migration oriented toward the channel walls. 

Because transverse forces increase with hydrodynamic flow velocity, electrophoretic velocity, 

and DNA molecular weight (MW) (Chami et al., 2020, 2018), this technology enables DNA 

separation in a linear channel, i.e. with constant hydrodynamic and electrophoretic settings. In a 

microchannel with the shape of a funnel, the amplitude of transverse forces progressively 

increases as the flow velocity and electric field build up near the constriction (Fig. 1A). By 

adjusting the pressure and tension, hydrodynamic and electrophoretic forces (along the x-axis in 

Fig. 1A) can be balanced to define a position of null velocity. Upstream of this stagnation point, 

hydrodynamic forces prevail so that molecules continuously flow to and accumulate at this 

position. Here, we use µLAS for detection of the cancer-promoting miR-21 (Humeau et al., 2015; 

Pfeffer et al., 2015) based on the selective enrichment of miR-21:MB complexes and elimination 

of unbound MB due to their lower MW.  In “ideal” conditions, i.e. with a mixture only containing 

the MB and miR-21, we report a LOD of 2 pM within 30 seconds. We then prove that miR-21 

titration can be performed in complex samples containing high concentrations of 

uncomplimentary RNA, and establish that absolute miR-21 levels measured in fine-needle biopsy 

samples of patients with pancreatic cancer are correlated to those of RT-qPCR.  

 

2 Materials and methods  
 

2.1 Microfluidic chips and data acquisition 
 

Microfluidic chips were fabricated following the same protocol as described in ((Malbec et 

al., 2019), see Supplementary Material). The maximal and minimal channel widths were 800 and 
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5 µm, respectively, and its depth at the constriction was 2 µm (Fig. 1A). The chip was filled with 

a solution containing 22 mM of NaCl and 5% (m:v) 1.3 MDa polyvinylpyrrolidone (the viscosity 

and relaxation time of the solution were 31 mPa.s and 1.1 ms, respectively (Naillon et al., 2019)). 

Actuation was operated using a 7 bar pressure controller (Fluigent) and a DC high voltage power 

supply (Labsmith). Videos were recorded with a Leica microscope equipped with a light engine 

for cyan excitation (Lumencore) and an sCMOS digital camera (Hamamatsu). We used a 20X air 

objective (Numerical Aperture of 0.8) and 4x4 binning (pixels of 1.3 µm). The inter-frame 

interval was set to 2 s with an exposure time of 0.2 s.  

2.2 Fine needle biopsy samples 
 

Fine needle biopsy material was obtained from the Bacap repository (The BACAP 

Consortium et al., 2018). Total RNA was extracted with miRNeasy Micro Kit (Qiagen). For miR 

reverse transcription, we used 10 ng of total RNA and miRCURY™ LNA™ miRNA RT Kit 

(Qiagen). Real-time PCR for miR-21 was performed using LNA™-enhanced microRNA qPCR 

primers (Qiagen) and the StepOne plus sequence detection system (Applied Biosystems).  

2.3 Genomic sequences 
 

miR-21C: 5’-(A)35-TAGCTTATCAGACTGATGTTGA-(A)35-3’. 

miR-21: 5’-UAGCUUAUCAGACUGAUGUUGA-3’  

MB: 5’-FAM-GCGCGTCAACATCAGTCTGATAAGCTACGCGC-BHQ1-3’, FAM, and 

BHQ1 standing for 6-carboxyfluorescein and black-hole quencher 1.  

 

3 Results and discussion 

3.1 Electrohydrodynamic actuation settings for miR-21 detection 
 

We first report the analysis of a stoichiometric solution of the miR-21 target (miR-21C) 

and a complementary MB at 100 nM in the microfluidic chip of 2 µm in height (Fig. 1A). We 

used a pressure of 2.5 bar and a counter electrophoretic force associated to a tension of 275 V. 

The resulting  maximum flow velocity   
    and electric field      were 20 mm/s and 17 
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kV/cm, respectively (see definition in Fig. 1A and details of the calculation in Supplementary 

Material). The corresponding Reynolds number and electrophoretic Peclet number were 10
-3

 and 

50, respectively, implying that the flow was laminar and electrophoresis occurred. We confirmed 

that the electric field did not induce temperature change, and that electrohydrodynamic actuation 

did not impair nucleic acid pairing (Supplementary Fig. S1). In Fig. 1B, we plot miR-21C:MB 

concentration kinetics. Within few seconds after application of the electric field, a fluorescence 

signal became measurable at the constriction (image 1 in Fig. 1B). The fluorescence intensity 

signal, as inferred from a Gaussian fit of the intensity signal along the symmetry axis of the chip 

(inset of Fig. 1B and red dashed arrow in the upper right micrograph), reached a plateau after ~40 

s. As soon as the electric field was turned off, trapped molecules were flushed out from the 

concentrator (image 4), and the fluorescence signal dropped back to its initial level. These 

concentration and flush cycles could be repeated multiple times with a repeatability of ~10% for 

consecutive experiments on the same chip and 25% in between different chips (Supplementary 

Fig. S2). Notably, in comparison to a fragment of 1 kbp (Milon et al., 2020), the concentration of 

the miR-21C:MB complex of ~30 bp required flow velocities and electric fields enhanced by 20-

fold and 200-fold, respectively.  
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Figure 1. µLAS technology for miR-21 sensing. (A) The panel shows a sketch and an optical micrograph 

of the microfluidic chip. The hydrodynamic flow field is oriented toward the funnel and electrophoretic 

forces in the counter-flow direction. The flow velocity and electric field are maximal at the tip of the apex. 

Viscoelastic forces are controlled by electrohydrodynamic settings, and adjusted to concentrate miR-

21:MB complexes and flush unbound MB (linear and hairpin structures, respectively). (B) The graph 

shows the temporal evolution of the maximum fluorescence intensity in relative fluorescence units (RFU), 

as deduced from the peak of the intensity profile along the symmetry axis of the channel (plot in inset). 

Numbers in fluorescence micrographs correspond to highlighted points in the graph. The scale bar 

corresponds to 100 µm. 

 

3.2 Selective concentration of miR-21:MB complex 
 

To prove the selective concentration of the miR:MB complex and concomitantly the 

flushing of unbound MB, we performed one experiment with a “dual chip” containing two 
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funnels in tandem operated with the same electrohydrodynamic settings, as initially designed for 

sizing expanded alleles in neurodegenerative diseases ((Malbec et al., 2019), micrographs in Fig. 

2A). This chip geometry allowed us to directly and instantaneously compare two mixtures 

composed of miR-21C and MB at concentrations of 1 and 100 nM or 10 and 100 nM (blue and 

black datasets in Fig. 2A, respectively). After one minute of concentration using   
    and      

of 30 mm/s and 19 kV/cm, a strong and a faint signal were observed in the channels that 

coincided with the difference in miR-21C concentration (micrograph 1 in Fig. 2A). The ratio of 

the two signals of ~9.2 fold in fact nearly matched the 10-fold difference in solution 

concentration. As the electric field      was increased to 24 kV/cm, we noted that concentrated 

miR-21C:MB complexes migrated in the counter-flow direction associated to a drop of the signal 

at the constriction (See supplementary Movie 1 and Fig. 2A). This response was readily 

explained by the build-up of electrophoretic forces that triggered a mode of transport dominated 

by electrophoresis. Then, the fluorescence signal at the constriction started to increase again with 

the same intensity in both channels. This even signal corresponded to the residual fluorescence of 

unbound MB, which are concentrated at higher electric fields due to their low MW. 

Consequently, this experiment showed that MB or miR-21C:MB could be selectively 

concentrated by tuning electrohydrodynamic settings. Interestingly, the concentration pattern of 

unbound MB resembled that of a “moustache” (image 2 in Fig. 2A). This shape could readily be 

accounted for by the insufficient electric field to efficiently concentrate MB, as already described 

in (Arca et al., 2016), and the difference between electric and hydrodynamic field profiles near 

the boundaries. Electrophoresis prevailed near the lateral walls, because the fluid flow field 

decreased more rapidly than the electric field (Stone et al., 2004). Conversely, the electric field 

was insufficient to stop molecules at the symmetry axis of the channel, where hydrodynamic 

forces were maximal. The resulting pattern of depletion at the center and accumulation at the 

walls was that of a moustache.  
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Figure 2. Detection of miR-21 in ideal conditions. (A) The blue and black datasets represent the signal 

over time in each channel of the dual chip. The first 15 s correspond to the steady concentration pattern of 

miR-21C:MB at      and   
    of 19 kV/cm and 30 mm/s. The electric field is then increased to 24 

kV/cm, and the intensity becomes comparable in both channels. The electric field is eventually turned off 

to flush the chip. (B) The graph shows the temporal variation of the peak fluorescence intensity using a 

stoichiometric miR-21-C:MB concentration of 100 nM.      is set to 9.4 kV/cm and   
    spans 0 to 48 

mm/s, as indicated in the upper red panel. Numbers in fluorescence micrographs correspond to 

highlighted numbers in the graph. (C) The plot presents the fluorescence intensity profile along the 

symmetry axis of the channel. Experiment is performed with stoichiometric miR-21C:MB concentrations 

of 100 nM,   
    is set to 7 cm/s, and      ranges from 0 to 41 kV/cm. The four micrographs at the right 

are recorded at 34, 38, 40, 41 kV/cm after 20 s of concentration. (D) The graph on the left shows miR-

21:MB fluorescence signal as a function of miR-21 nominal concentration. MB concentration,       and 

  
   are set to 100 nM,  15 kV/cm, and 16 mm/s, respectively. The plot in inset presents the intensity 

profile along the symmetry axis of the channel for 0.1 nM  of miR-21. The four micrographs correspond to 

concentrations of miR-21 of 100, 10, 1, and 0.1 nM (from top to bottom). The scale bars represent 200 

µm. 
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3.3 Detection of miR-21 with a LOD of 2 pM in 30 s 
 

We subsequently aimed to optimize electrohydrodynamic actuation settings to enhance 

miR-21C:MB signal. First, using a constant electric field      of 9.4 kV/cm, we increased the 

pressure by steps of 1 bar, each lasting 20 s, i.e.   
    increased from 8 to 48 mm/s (upper red 

indications in Fig. 2B). This experiment showed a succession of linear regimes for the 

concentration kinetics, the first five slopes being roughly proportional to the flow rate (not 

shown). Hence, hydrodynamics expectedly constituted the source of convection to the 

concentration module, implying that high flow rates were beneficial to detection. We then 

performed a “mirror” experiment where   
    was set to 70 mm/s and      gradually increased 

from 29 to 41 kV/cm (Fig. 2C, see Supplementary Fig. S3 for the temporal variation of the 

signal). The maximum of the intensity profile along the symmetry axis of the channel increased 

with       from 29 to 38 kV/cm, and the position of the peak shifted away from the constriction 

(Fig. 2C). The maximum intensity signal then dropped, showing that the modulation of the 

electric field was critical to obtain peaked miR-21:MB signals. Given that we could not apply 

more than 200 V without a high risk of damaging the chip due to oxide breakdown, optimal 

detection therefore consisted in increasing the flow rate to obtain the highest signal to noise ratio 

for a tension of 200 V.  

We finally focused on miR-21 detection by preparing four mixtures with 100 nM of MB 

and miR-21 at concentrations spanning 0.1 to 100 nM. The samples were consecutively analyzed 

in one chip starting from the lowest miR-21 concentration. We set   
    and      to 16 mm/s 

and 15 kV/cm (these conditions were consistent with ones used for fine needle biopsy samples, 

see below). The miR-21:MB fluorescence signal was inferred from the peak of the intensity plot 

along the symmetry axis of the channel, as shown in the inset of Fig. 2D. The saturation of the 

signal occurred after 30 s for the four samples (Supplementary Fig. S4). The signal of 110 and the 

standard deviation of the noise of 4.3 were associated to a signal to noise ratio of 25 for the 

lowest miR-21 concentration of 0.1 nM (inset of Fig. 2D). We then estimated the LOD by 

plotting the signal as a function of miR-21 nominal concentration (Fig. 2D). The power-law 

response associated to an exponent of 0.7 could be extrapolated to a signal equal to two times the 
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standard deviation of the background (Nič et al., 2009), leading to a LOD of 2.0 pM. Notably, the 

comparison of different MB batches showed an unexplained variability in miR-21:MB 

fluorescence signal, which was characterized by different power-law scaling signatures but 

comparable LODs (Supplementary Fig. S5). 

 

3.4 miR-21 detection in fine needle biopsy samples 
 

miR-21 detection in biological samples is challenging because large amounts of 

background RNA molecules with broad size distributions are present in the sample (see the size 

distribution of the RNA extracted from pancreas cancer cell lines in Supplementary Fig. S6). We 

thus aimed to investigate whether and how background RNA molecules could affect the detection 

capabilities of our technology. For this, we reconstituted two “model” mixtures using (i) one 

RNA ladder with 7 bands of 100 to 1000 nt, and (ii) total RNA extracted from yeast cell cultures, 

which predominantly contained two bands of 1800 and 3400 nt. These solutions were diluted in 

buffer at a final concentration of 5 ng/µL, i.e. a comparable concentration to that of fine needle 

biopsy samples (see below), and they were spiked with 1, 10, and 100 nM miR-21 with the MB at 

100 nM. We also prepared control solutions without RNA background, and processed the 

resulting nine samples on the same chip. In Fig. 3A, we report the fluorescence signal at constant 

     of 9.4 kV/cm and varying   
    from   4 to 32 mm/s. In the control, fluorescence intensity 

increased linearly with pressure, whereas a plateau was reached in both reconstituted samples for 

  
    greater than 16 mm/s (see micrographs in Supplementary Fig. S7). At   

    of 12 mm/s 

(Fig. 3B), we noticed that the power law exponent relating the signal to miR-21 concentration 

remained in the same range of 0.5 to 0.7 with or without RNA background. Moreover, although 

slightly degraded to 3 pM with the yeast RNA background, the LOD remained very comparable 

in the three samples. Hence, we performed miR-21 titration experiments in five fine needle 

biopsy samples from patients with pancreatic cancer in the low pressure regime with   
    and 

     of 12 mm/s and 9.4 kV/cm. After determination of the total RNA concentration by 

absorbance spectroscopy, ranging from 150 to 400 ng/µL, we diluted the samples down to the 

same total RNA concentration of ~20 ng/µL (see values in the inset of Fig. 3C). The associated 

miR-21 levels spanned nearly two decades from 3 to 260 pM. The five samples were processed in 
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one chip, and the total time of analysis was ~120 minutes with five consecutive detection cycles 

of 1 minute followed by rinsing during 15 minutes. We obtained a detectable signal for the five 

samples, and the plot of miR-21 fluorescence signal as a function of miR-21 nominal 

concentration measured by RT-qPCR showed a correlation associated to a coefficient of 0.7 (Fig. 

3C). Note that the signal of the negative control (MB alone, red line in Fig. 3C) recorded at the 

end of experiment was lower than the signal for every patient sample. Though refined 

measurements over a larger cohort would clarify the discrepancy between the reference of RT-

qPCR and our data for some samples, especially the samples with a RT-qPCR concentration of 

100 and 3 pM, we concluded that miR-21 titration can be operated in clinical samples. 

 

Figure 3: Detection of miR-21 in complex samples. (A) The plot presents fluorescence intensity as a 

function of   
    at constant      of 9.4 kV/cm using stoichiometric miR-21:MB concentration of 100 

nM without background or with 5 ng/µL of low range RNA ladder or yeast total RNA (light blue, dark 

blue, or green dataset, respectively). (B) The plot shows miR-21:MB fluorescence signal as a function of 

miR-21 concentration for   
    and      12 mm/s and 9.4 kV/cm. The color code of the datasets is the 

same as in (A). (C) The plot presents miR-21 intensity signal as a function of miR-21 concentration 

inferred from RT-qPCR for   
    and      of 12 mm/s and 9.4 kV/cm. MB concentration is 50 nM, and 

its analysis alone yields the signal plotted with the red horizontal line. The micrographs present the 

fluorescence intensity patterns (note that the signal before actuation is subtracted for clarity). The scale 

bar corresponds to 100 µm. 
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4 Conclusions 
 

In summary, an enzyme-free miR sensing strategy based on the selective concentration of 

miR hybridized to MB has been established. The LOD of 2 pM in one minute outperforms 

conventional MB bulk detection, and compares well to other concentration-based high sensitivity 

miR biosensing technologies. Further, we proved that the simplicity and rapidity of this 

technology was relevant to measure miR-21 levels in fine needle biopsy patients’ samples. In 

order to enhance the sensitivity of this technology, two synergetic and complementary 

developments can be envisioned. First, the concentration module performances can be improved 

by optimizing the microfluidic chip geometry. Second, strand displacement reactions to amplify 

the readout signal can be integrated ahead of the microfluidic concentration module in the 

detection process. 
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