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Abstract

Nucleic acid amplification is a key step in nucleic acid sequences detection assays. The use of
digital microfluidic devices to miniaturize amplification protocols reduces the required sample
volume and the analysis times and offers new possibilities for the process automation and
integration in one single device. The recently introduced droplet polymerase chain reaction
(PCR) amplification methods require repeated cycles of three or two temperature-dependent
steps during the amplification of the nucleic acid target sequence. In contrast, low temperature
isothermal amplification methods have no need for thermal cycling thus requiring simplified
microfluidic device features. Here, the combined use of digital microfluidics and molecular
beacon (MB)-assisted isothermal circular strand displacement polymerization (ICSDP)
technique to detect microRNA-210 sequences is described. microRNA-210 has been described
as the most consistently and predominantly upregulated hypoxia-inducible factor. The nM/pM
detection capabilities of the method have been preliminarily tested by targeting single stranded
DNA sequences from the genetically modified Roundup Ready soybean. The ability of the
droplet ICSDP isothermal method to discriminate between full-matched, single mismatched and
unrelated sequences has been also investigated. The detection of a range of nM/pM microRNA-
210 solutions compartmentalized in nanoliter-sized droplets was performed to demonstrate the
method capabilities for detecting as low as 10" moles of microRNA target sequences
compartmentalized in 20 nL droplets. The method capability to operate with biological samples

was tested by detecting microRNA-210 from transfected K562 cells.



Introduction

Digital microfluidics (also known as droplet microfluidics) has emerged as a key technology for
DNA and RNA amplification and detection.' Compared with the macroscale, the microfluidic
environment offers important advantages in biomolecular detection, such as reduced sample
volumes required for the analysis, short analysis time, and potential for automation and
integration.2 Such advantages are particularly desirable in nucleic acid amplification and
detection.’

The most renowned and currently widely used nucleic acid amplification technique exploits the
polymerase chain reaction (PCR). The method is simple, sensitive and cost-effective. However,
it is prone to sample contamination and suffers from biases in the template to product ratios of
the amplified target sequences.® The method relies on thermal cycling in vitro to reach a
maximum of twofold amplification in each cycle. The need for repeated heating and cooling
steps represents an important limitation of the method, particularly when the full exploitation of
advantages associated with the integration of nucleic acid amplification protocols in
microfluidic-based devices is going to be achieved.”™® In order to overcome such a limitation,
several alternative isothermal amplification methods have been developed.” These methods do
not require thermal cycling, which greatly simplifies point-of-care diagnostics. In addition, they
are often simpler and more tolerant to inhibitors present in real matrices than PCR. A number of
different isothermal methods have been introduced over the last ten years, including nucleic acid
sequence-based polymerization (NASBA), loop-mediated amplification (LAMP), helicase-
dependent amplification (HDA), rolling circle amplification (RCA), recombinase polymerase
amplification (RPA) and multiple displacement amplification (MDA).>’ Recently, the
isothermal circular strand-displacement polymerization (ICSDP) has emerged as a new and
promising method for nucleic acid amplification and detection.® The method belong to the
molecular beacon (MB)-assisted isothermal methods group that is attracting even more interest

for the inherent stability and selectivity in amplifying target sequences.’,'® In particular, ICSDP



relies on a hairpin fluorescence probe carrying a fluorophore (6-FAM) and a quencher (Black
Hole Quencher 1, BHQ-1) moieties linked to the ends of the stem (Fig. 1). The hairpin loop
sequence is designed in order to be complementary to the target sequence. A primer
complementary to the stem region at 3’-end of the probe is also used. In the absence of the
target, the hairpin probe is unable to anneal with the primer. Instead, the hairpin probe
undergoes a conformational change leading to stems separation as a consequence of the probe-
target hybridization (Fig. 1.I). Following this process, the primer anneals with the open stem
(Fig. 1.II) and triggers a polymerization reaction in the presence of both DNA polymerase I
(Exo” Klenow Fragment) and dNTPs that causes the primer extension and target displacement
(Fig. 1.1II). The displaced target recognizes and hybridizes with another probe, triggering the
next round of polymerization reaction. The hairpin conformational change results in the
separation of the quencher from the fluorophore and in the generation of a fluorescent signal that
linearly increases as the amplification reaction proceeds.

Micro RNAs (miR) are a group of small, non-coding RNAs that have emerged as a novel and
rapidly expanding area of interest in clinical diagnostics."' They play important roles in almost
every biological process, including cell fate determination, proliferation, and cell death.'*'*'* In
addition, miRs are implicated in cellular activities, such as immune response, insulin secretion,
neurotransmitter synthesis, circadian rhythm, and viral replication.ls’16 miRs expression profiles
have been linked to the diagnosis and prognosis of a variety of human cancers.'' In addition, the
presence of extracellular circulating miRs in biological fluids underlines the prominent role of
miRs as biomarkers.'’ Unfortunately, miRs detection is challenging mostly because of their
short length (19-23 nucleotides) and low concentration in biological fluids (nM—pM).18 Even
though a number of different approaches for the ultrasensitive detection of nucleic acid

4 119202122
sequences have been recently described "

the additional limitation represented by the
length of the sequence introduce significant challenges to the development of new and efficient

methods for miR detection.



Integration of PCR amplification in digital microfluidic devices has resulted in a dramatic
expansion of possibilities in nucleic acid detection and quantification.23 Digital PCR has been
also applied for miR quar1tification.24’25

Possibilities offered by digital isothermal methods in DNA detection have been demonstrated
with specific attention to RPA,26 LAMP,27 MDA,28 RCA% and hyperbranched RCA
amplification methods.”® However, at the best of our knowledge, no demonstrations of digital
isothermal detection of miRs have been provided so far.

In this work, the combined use of digital microfluidics and MB-assisted ICSDP amplification
for the selective detection of has-miR-210-3p (miR-210 FM) in nanoliter droplets is presented.
MicroRNA miR-210 is a key player associated with endothelial cell hypoxia,3 ! differentiation
and fetal hemoglobin production in erythroid cells.**™ Accordingly quantification of miR-210 is
becoming a key step for diagnosis, prognosis and prediction of therapeutic response in several
human pathological conditions, such as fetal hypoxia in-utero,”* aortic stenosis® and renal’®,
pancreatic’’ and prostate®® cancers. Moreover, circulating serum levels of miR-210 were found
to correlate with sensitivity to trastuzumab and tumor presence in breast cancer patients.”
Possibilities offered by droplet ICSDP in amplifying and detecting nucleic acid sequences were
preliminarily investigated by detecting a Roundup Ready Soybean (RRSoy FM) related

oligonucleotide sequence.40 Performances of droplet ICSDP in discriminating between full-

matched and single mismatched sequences were also demonstrated.

Materials and methods
Chemicals and reagents
Experiments were carried out by using ultra-pure nuclease free water (Milli-Q Element,
Millipore). 3M™ Fluorinert™ Electronic Liquid FC-3283 was used as the carrier (3M).
1H,1H,2H,2H-perfluoro-1-octanol (PFO) 97%, tris-(hydroxymethyl)-aminomethane (TRIS),

deoxynucleotides (ANTPs), dimethylsulfoxide (DMSO), dithiothreitol (DTT) and MgCl, were



purchased from Sigma-Aldrich. RNaseOUT™ Recombinant Ribonuclease Inhibitor was
purchased from Invitrogen™.

MiR-210, RR-soybean related oligonucleotides, primers and molecular beacons (Table 1) were
purchased from Thermo Fisher Scientific. Klenow Fragment (3°— 5” exo-) was purchased from
MedClone s.r.1.

Nucleic acid sequences folding and hybridization predictions were performed by using Mfold

web server.

Fabrication of microfluidic devices

Microfluidic devices were fabricated in PDMS (poly-dimethylsiloxane) through the established
replica molding method. PDMS channels were created through the replication from masters in
polyvinyl chloride with depth of 80 um and width of 300-400 um as elsewhere described.*!
Replicas were formed from a 1:10 mixture of PDMS curing agent and prepolymer (Sylgard 184,
Dow Corning, USA). The mixture was degassed under vacuum, poured onto the master in order
to create a layer and then left polymerizing for 48 h at room temperature. The PDMS mold was
peeled off from the master surface and repeatedly washed with ethanol and ultra-pure water, and
dried before use. PEEK tubes (UpChurch Scientific, ID 0.508 mm; OD 0.774 mm) were inserted
in holes drilled into the PDMS device as inlets and outlets. After 30 s of air plasma etching of
the cleaned surfaces, carried out by using a Femto Diener Electronics plasma cleaner (40-kHz),
the irreversible adhesion of PDMS molds on microscope cover glasses was obtained. After the
air plasma etching, treated surfaces were quickly placed in contact with each other and the new
device placed at 60 °C for 30 min. Microfluidic devices were used after at least 24 h from their
fabrication in order to allow the PDMS hydrophobic surface to be recovered after the plasma

treatment to facilitate the interaction of water-in-oil droplets produced in microfluidic devices.



An example of microfluidic devices used for the experiments is shown in Figure 2. Flow rates of
the buffer (inlets 2 and 3) and ICSDP mix (MB, dNTPs and primer in the buffer. Inlet 1)

solutions were kept at 0.2 pL. min™ while the flow rate of the carrier was 1 ne min™.

Equipment and procedures for droplet ICSDP

Two Harvard 33 Twin syringe pumps (Harvard Apparatus) were employed to handle syringes
(Hamilton microsyringe model 1750 volume 500uL and Hamilton microsyringe model 1725
volume 250uL) used to control liquids flow in the microfluidic device. Pharmed BPT tubing
(ID=0.25 mm, Cole Parmer) were used to connect syringes to microfluidic device inlets. 1 pL of
target sample and Klenow Fragment exo- in buffer solutions were injected in the device through
inlet 4 and inlet 5, respectively by using a 1 pL. syringe (Hamilton Microliter model 7101). Inlets
were clamped to allow a proper loading of solutions. Sample loading was managed differently
for miR-210 detection. In this case, 200 nL of differently concentrated miR-210 FM or miR-210
CTR solutions were dispensed by using an automated 5 pL syringe (eVOL® XR automated
syringe). In particular, a specific syringe dispensing method was designed in order to introduce
200 nL of differently concentrated sample and control solutions so as to be preceded and
followed by 200 nL of buffer solution used for fluorescence signal reference into the
microfluidic devices. To prevent any sample concentration alteration caused by diffusion at the
interface between miscible phases, 200 nL. of the immiscible carrier was introduced before and
after each aqueous fraction. The sequence of the aqueous and immiscible fractions was closed

with 500 nL of the immiscible carrier.

Experiments were carried out at 37°C. A home-made temperature control system consisting of a
silicon heater (12 V; 1.25 W), a platinum sensing resistor (Pt 1000), a toroidal transformer (115-

230 Vac Primary, 30VA and 50VA) (RS Components) and a microprocessor-based digital



electronic controller (THP 48, Technologic) was used to maintain the selected temperature (+

0.1 °C) during the experiments.

A Leica DM IL Fluo inverted microscope equipped with a Leica DFC 450C digital camera and a
Lumen 200 (Prior Scientific Inc.) metal-halide lamp was used to observe droplet generation and
to detect MB generated fluorescence. MB fluorescence was induced by filtered radiation
produced with a Lumen 200 Prior scientific metal halide lamp. Image J 1.42 software was used
for image analyses. The fluorescence intensity was quantified by considering the average
brightness (pixel) from selected regions of interest (ROIs). The selected ROIs were chosen in

order to include the area inside the selected droplet.

Referenced fluorescence intensity was obtained by subtracting the intensity of the fluorescence
generated by MB in the presence of the complementary target from the intrinsic fluorescence of
the amplification mix (blank). Control experiments were carried out by using unrelated miR and
DNA sequences instead of the target sequence. Data shown have been obtained by averaging the

referenced fluorescence intensity calculated from five or seven different droplets.

Human K562 cell cultures, transfection with pre-miR-210 and RT-gPCR

The human leukemia K562 cells were cultured in humidified atmosphere of 5% CO,/air in
RPMI 1640 medium (SIGMA, St. Louis, MO, USA) supplemented with 10% fetal bovine serum
(FBS; Biowest, Nuaille, F), 50 U/ml penicillin, and 50 mg/ml streptomycin. Cell growth was
studied by determining the cell number per ml with a Z2 Coulter Counter (Beckman Coulter,
Fullerton, CA, USA). For transfection, K562 cells were seeded in 24-wells plates at a density of
100,000 cells/well in a final volume of 500 pl and transfected with pre-miR-210 (ID: PM 10516,
Ambion, Life Technologies, Carlsbad, CA, USA) at a final concentration of 270 nM, using 6 pl
of cationic liposome Lipofectamine RNAi Max (Invitrogen, Life Technologies, Carlsbad, CA,

USA). All transfection steps were done accordingly to the manufacturer’s protocol. After two



days, cells were re-transfected employing the same procedure. Total RNA was extracted 96
hours after transfection using the TRIzol® Reagent (Invitrogen). For validation of miR-210
content, 0.3 ug of total RNA were employed to convert miRNA-210 to cDNA and to perform
the quantitative PCR amplification using an iCycler IQ5® (Bio-Rad, Hercules, CA, USA). The
TagMan® MicroRNA Assay and TagMan® Universal PCR Master Mix, no AmpErase® UNG
(Applied Biosystems, Foster City, CA, USA) was used. Changes in mRNA expression levels
were calculated after normalization to calibrator genes (U6 and Let-7c). For quantification, the
results were also compared with those obtained using the mature miR-210 oligonucleotide RT-
gPCR-amplified as external reference (IDT Integrated DNA Technologies, Leuven, Belgium).

The quantification by standard RT-qPCR was based on an external calibration protocol.

Results and discussion

Experiments were carried out by using a 10:1 mixture of FC-3283 and PFO as the carrier fluid
which was injected in the main channel of the microfluidic device (Fig. 2(a), Inlet 6).
Continuous flow rates of both the carrier fluid as well as the aqueous solutions were adjusted in
order to obtain a continuous and reproducible droplets generation at the T-junction of the device
where the aqueous phase meet the immiscible carrier fluid.

Droplet formation in a multiphase flow can be characterized by referring to the capillary number
(Ca) defined as Ca = nv/y, where 1 and v are the viscosity (kg m’ s’l) and the velocity (m s’l) of
the continuous phase, respectively, and vy is the surface tension (kg s?) between the dispersed
aqueous phase and the immiscible carrier fluid. Different Ca values result in different regimes of
behavior of the multiphase flow. In particular, low Ca values produce a fast droplet separation
from the T-junction. In this case, the process is dominated by the pressure drop across the
droplet and droplets are produced with a reproducible frequency and distance between adjacent

droplets.*” It is for these reasons that experimental conditions were optimized so as to operate at



Ca= 7.9 x 10°. Under similar experimental conditions about 20 nL in volume droplets were
produced with low frequency (0.3 Hz) (Fig. 2(b)). Microfluidic devices were designed in order
to introduce a time gap of 28 minutes between the droplet generation and the fluorescence
detection useful to obtain the ICSDP amplification.

The mixing of the target and ICSDP mix solutions inside droplets was accelerated by chaotic
advection while droplets were moving through winding channels in the device.

A typical experiment was carried out by detecting the fluorescence emitted from droplets where
the isothermal amplification reaction was triggered by the interaction between the target
sequence and MB.

The ICSDP method allows target hybridization, polymerization and target displacement
processes to occur producing a fluorescence output useful to detect trace amount of the target
sequence. In order to achieve a good fluorescence amplification it is important to accurately
design the MB hairpin fluorescence probe sequence. MB stem sequence should ensure a proper
stability of the stem structure so as to disfavor the stem sequence interaction with the primer in
the absence of target thus preventing the polymerization reaction to be triggered by MB/primer
interactions even in the absence of the target. On the other hand, sequences producing stem
structures that are too stable would retain hairpin probe conformational change even in the
presence of the target. MB stem structure used in this work consisted of 11-nt-long sequences
(Table 1) while 8-nt and 7-nt-long primers were used for DNA and microRNA amplification,
respectively. A shared-stem structure where one arm of the stem participates in either hairpin
formation or target hybridization was designed in order to favor the stem hairpin structure
opening in the presence of the target. In our case the shared sequence was constituted by six
bases of the hairpin stem sequence close to 5’-end of MB which are complementary to the

target.



Detection of Roundup Ready soybean DNA

Preliminary experiments aimed at investigating possibilities offered by droplet ICSDP were
carried out by targeting the RRSoy FM sequence (Table 1) related to genetically modified
Roundup Ready soybean. The RRSoy CTR sequence was used as the control. The real time
detection of the fluorescence generated by ICSDP in the microfluidic device was performed by
filling a channel of the device with the ICSDP reaction mix (MB-RR 0.36 uM, 8-mer primer
0.36 uM, Klenow fragment exo” 10U, dNTPs 720uM, DMSO 6%, DTT 1 mM, MgCl, 5 mM in
50 mM Tris-HCI buffer - pH 8.0) containing RRSoy FM target or RRSoy CTR control
sequences (both 11 nM), respectively. Figure 3 shows the change of the referenced fluorescence
intensity over time obtained when the RRSoy FM target was allowed to anneal with the MB-
RR hairpin probe. The change of the detected fluorescence over time (linear within the
investigated time interval - slope of 1.3 x 10* pixel s™), to be compared with the signal detected
when the RRSoy CTR control was investigated, was caused by the conformational change of
MB-RR probe triggered by the RRSoy FM hybridization.

Performances of droplet ICSDP in detecting nucleic acid sequences were investigated by
adopting the microfluidics device shown in Fig. 2(a) under fully operative conditions. The
detection of RRSoy FM and RRSoy CTR sequences was performed by using the already
described ICSDP mix. In particular, in this case the three different arms of the microfluidic
device defining the water fraction of the system were used to introduce solutions containing 7)
(Fig. 2; inlet 1) MB-RR 0.36 uM, 8-mer primer 0.36 uM, dNTPs 720uM; ii) (Fig. 2(a); inlet 4)
1 uL. of RRSoy FM or RRSoy CTR 300 pM in concentration and iii) (Fig. 2(a); inlet 5) 1 pL of
10U Klenow fragment exo’, respectively. All solutions were in 50 mM Tris-HCI buffer (pH=8)
added with DMSO 6%, DTT 1 mM, MgCl, 5 mM. The flow rate for each of the three channels
was 0.2 uL min™ while the carrier was introduced through inlet 6 with 1.0 puL min™ flow rate.

Droplets were formed at the water fraction/carrier junction. The three aqueous solutions were



compartmentalized and mixed in droplets thus producing a dilution of the target concentration
by a factor of 3.

Fig. S1 of the Electronic Supplementary Material (ESM) shows the confidence interval of the
mean at the 95% level of the referenced fluorescence signals detected when RRSoy FM 100 pM
in concentration was detected. The detected fluorescence intensity was different (two-tailed t-
test, level 95%, v=8, p<0.0001) than that emitted by unrelated RRSoy CTR 100 pM droplets.
The ability to discriminate between full-matched, single mismatched and unrelated sequences
represents an important feature of a nucleic acid detection technology. In order to evaluate
droplet ICSDP performances in discriminating between the different interactions the referenced
fluorescence detected with 165 pM RRSoy FM solutions was compared to the signal detected
when analyzing 165 pM samples carrying a single-base mismatch at the center (mRRSoy C) or
more towards the end of the sequence (mRRSoy 3’T and mRRSoy 5°C) (Fig. 4). In this

specific case, experiments were carried out at 40°C.

Sequences carrying a single-base mismatch generated fluorescence signals different (two-tailed
t-test, level 95%, v=8, p< 0.001) than both the RRSoy FM full match and RRSoy CTR
unrelated sequence, respectively. In addition, the position of the mismatch in the target sequence
did not alter the method capability to discriminate between the full match and the control
sequences. These results demonstrate the droplet ICSDP specificity in targeting complementary
sequences by discriminating between full match sequences and sequences carrying a single-base

mismatch even at hundreds pM concentrations.

Detection of miR-210

Mature miR-210 is formed in the cell cytoplasm as a consequence of DICER enzyme processing
of the hairpin precursor miR (hsa-miR-210) sequence. The enzymatic process produces 22-nt
long sequences able to mediate the translational inhibition of the targeted mRNA. The use of

droplet ICSDP for miR-210 FM detection required to specifically design the molecular beacon



sequence (Table 1) to obtain the most efficient detection performances. In addition, the short
miR-210 FM sequence to be targeted imposed the use of a 7-nt long primer. The shorter
targeted sequence (22-nt vs. 26-nt) combined with the smaller primer (7-nt vs. 8-nt) used for the
ICSDP process account for the reduced fluorescence intensity detected for miR-210 FM
compared with RRSoy FM. Nevertheless, the real time detection of the fluorescence from static
droplets comprising the ICSDP mix (MB-miR 0.31 uM, 7-mer primer 0.31 uM, Klenow
fragment exo” 10U, RNase OUTTM Recombinant Ribonuclease Inhibitor 40U, dNTPs 300 uM)
and 12 nM miR-210 FM or miR-210 CTR sequences, respectively, demonstrated the efficacy
of the method in discriminating between the miR-210 FM target and the unrelated miR-210
CTR control sequences (Fig. 5). The change over time of the fluorescence detected followed a
saturating exponential model when the ICSDP process was applied for miR-210 detection.

Droplet ICSDP was then applied to the miR-210 FM detection by using the already described
microfluidic device (Fig. 2). Also in this case the detection protocol was based on the sequential
detection of fluorescence produced by droplets carrying blank solutions, miR-210 FM and miR-
210 CTR. In order to fully demonstrate the possibilities offered by the digital microfluidic
approach experiments were carried out by introducing 200 nL of the solution to be analyzed
through the sample loading inlet (Fig. 2, inlet 4). In order to avoid any alteration in the
concentration of the injected solutions caused by Taylor dispersion, the 200 nL aqueous
solutions were compartmentalized in the device between 200 nL of the immiscible liquid used as
the carrier in the microfluidic devices. Fluorescence from miR-210 FM and miR-210 CTR
droplets formed at the water fraction/carrier junction was referenced to fluorescence from blank
droplets so as to minimize instrumental fluctuations. The water fraction was constituted by
solutions having the following composition: i) (Fig. 2(a); inlet 1) MB-miR 0.31 pM, 7-mer
primer 0.31 uM, dNTPs 300 uM, RNaseOUT 40U; ii) (Fig. 2(a); inlet 4) 200 nL of miR-210
FM or miR-210 CTR solutions followed by 200 nL of buffer and iii) (Fig. 2(a); inlet 5) 1 pL of

Klenow fragment exo 10U, respectively. Flow rate for aqueous solutions was 0.2 pL min™



while the carrier was introduced through inlet 6 with a 1.0 pL. min” flow rate. Droplets 20 nL in
volume were formed at the water fraction/carrier junction. Figure 6 shows the confidence
interval of the mean at the 95% level of the referenced fluorescence signals detected when
droplets carrying miR-210 FM with concentrations ranging from 165 pM to 4 nM solutions
were detected. The detected signals show a saturation trend and a clear discrimination between
target and unrelated sequences for the concentration range between 330 pM and 4 nM. For the
lowest detected concentration (165 pM) no discrimination (level 95%; p=0.028) was obtained

between the target and the control sequence.

Data shown demonstrate that the described isothermal method can be efficiently applied for the
detection of 20 nL droplets carrying mature microRNAs sequences hundreds of pM in
concentration. More specifically, fluorescence generated from one single droplet containing
about 3.3 attomoles of miR-210 FM can be detected and discriminated from the unrelated miR-
210 CTR sequence by combining droplet ICSDP with droplet microfluidics. The whole
experiment can be performed by managing as low as 200 nL of the sample solution carrying as

low as 6 x 10’ mature miR-210 molecules.

Quantification of miR-210 from K562 cells

In order to achieve the proof-of-principle that droplet ICSDP is suitable for quantifying
microRNAs from real biological matrices, miR-210 was analyzed in two RNA samples, one
obtained from K562 cells after 96 hours after transfection with 270 nM pre-miR-210 (sample
270 96h), the other obtained from control K562 cells cultured for 96 hours in the absence of
treatments (C1 96h). miR samples were quantified for miR-210 content by RT-qPCR (Figure
S2).Sample 270 96h demonstrated to contain 18 nM miR-210 (annealing temperature 60°C).
The transfection of K562 cells with pre-miR-210, therefore, allows to obtain content higher
more than 30-fold of mature miR-210. The detection experiments were carried out by

introducing a sequence of (Fig. 2(a); inlet 4) 200nL of 270 96h, buffer, C1 96h and buffer



solutions. To prevent any sample concentration alteration caused by diffusion at the interface
between miscible phases, 400 nL of the immiscible carrier was introduced before and after each
of the above mentioned solution. The water fraction of the microfluidic device was constituted
by solutions having the following composition: MB-miR 0.31 pM, 7-mer primer 0.31 pM,
dNTPs 300 uM, RNaseOUT 40U (Fig. 2(a); inlet 1); 200 nL of 270 96h, C1 96h of buffer
solutions (Fig. 2(a); inlet 4); 1 pL of Klenow fragment exo” 10U (Fig. 2(a); inlet 5). Flow rate for
aqueous solutions was 0.2 pL min" while the carrier (Fig. 2(a); inlet 6) was introduced with a
1.0 pL min” flow rate. The experiment was carried out at 37°C. Fluorescence from 270 96h and
C1 96h droplets was referenced to fluorescence from blank droplets. Fig. S2 (panel D) of the
Electronic Supplementary Material (ESM) shows the confidence interval of the mean at the 95%
level (two-tailed t-test, level 95%, v=8, p<0.0001) of the referenced fluorescence signals
detected when 270 96h and C1 96h were injected into the microfluidic device. It is possible to
clearly discriminate the fluorescence signal of the droplets carrying 270 96h with respect to the
control fluorescence signal. To allow the quantification of miR-210 in this biological sample a
calibration curve was built *****® in the 0.33 nM and 1.66 nM miR-210 FM concentration
range (Fig. 7). Also this experiment was carried out as already explained. The procedure
allowed to calculate a concentration of miR-210 in the 270 96h of 0.94+ 0.14 nM (confidence
interval of the mean at the 95% level), a concentration which is in the range of that obtained by
RT-gqPCR (18 nM) which is a standard procedure for microRNA quantification. In addition, the
results obtained fully support the concept that different miR-210 levels can be detected. This is
the major requirement in miRNA patterning in diagnostics. Despite the fact that additional
experiments are necessary to extend the quantification of miR-210 to a larger number of
samples, and to fully demonstrate differences existing between droplet ICSDP and RT-qPCR
quantification, these data are the proofs-of-principle that droplet ICSDP can be employed to

detect miRNAs in complex biological matrices.



Conclusions

When combined with digital microfluidics ICSDP offers a convenient environment for fast,
simple and effective DNA and microRNA detection. In addition, droplet ICSDP isothermal
procedure simplifies the integration of nucleic acids detection protocols in microfluidic devices.
We applied the new method for the detection of Roundup Ready soybean genetically modified
sequence and miR-210. miR-210 was also detected in real biological matrices using RNA
prepared from K562 cells samples transfected with pre-miRNA-210 and therefore producing
high levels of mature miR-210. Potential offered by the method have been demonstrated by
designing specific experiments using a total of 200 nL of solutions carrying a total of as low as 6
x 107 molecules. The method sensitivity, specificity and capabilities in discriminating between
target and unrelated sequences as well as sequences carrying a single-base mismatch has been
investigated. In addition, the method offers possibilities for detecting as low as 3.3 10 moles
of microRNA target sequences compartmentalized in 20 nL droplets.

The new approach represents a promising tool for the development of simpler and more
convenient lab-on-chip devices for miRNAs detection. Further experimental efforts are
necessary to determine the detection limit of this technology in the quantification of miRNAs in
clinically-relevant samples (for instance blood samples from cancer patients to detect circulating
free miRNA as diagnostic/prognostic markers). Finally, further experiment are expected to
generate a conversion table which will homogenize the data obtained with this strategy to those
obtained with other approaches, such as the RT-qPCR, or droplet digital PCR, all of them based

on very different concepts and strategies.
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Table 1

Description Sequence Acronym Tm
Target RR 5’ AAGACCCTTCCTCTATATAAGGAAGTTTT?’ RRSoy 54.9°C
Soybean FM
, , RRSoy
Control RR 5 TGGCTAGAGTAGAGTGAGCTAATCAATTT3 CTR 56.1°C
Soybean
il:ll:esroy 5’ AAGACCCTTCCTCTCTATAAGGAAGTTTT3 (A—C) leéS"y 49.9°C*
mismatch
RR S RRS
Outeroy 5’ AAGACCCTTCCTCTCTATAAGTAAGTTTT3 (G—T) T oy 47.2°C*
mismatch 3’
RR Soy
, , mRRSoy

outer 5’ AACACCCTTCCTCTCTATAAGGAAGTTTT3 (G—C) g 47.5°C*
mismatch 5’
Primer 8-mer

5 TCTTGACT3’ 8-mer 22°C
Molecular
Beacon RR  5'(6FAM) TCTTGACTTCCTTATATAGAGGAAGGG o oo 68.9°C
Soy” TCTTGGAAGTCAAGA (BHQ1)3’ - .
Target
;‘;a'm‘R'zw' 5’ CUGUGCGUGUGACAGCGGCUGA3’ m';;im 60.4°C
Control .

. , miR-210
miR-210 5"UCAUAGAGUACUAAUAUCAUCU3 CTR 45.5°C
Primer 7-mer 5 TCTTGTC3’ 7-mer 20°C
Molecular 5°(6-FAM) TCTTGTCAGCCGCTGTCACACGCA
i‘fi‘;‘;‘;oh CAGGGCTGACAAGA (BHQI) 3 MB-miR  80.8°C
l -

* Tm for mismatched sequences was calculate from IDT's Oligo Analyzer (Version 3.1)

® Complementary sequences of the hairpin stem are underlined. Red letters define the primer

complementary sequence.



Primer E

I
-
Target
5

Hairpin probe Klenow fragment exo-

(3

T < T 3
LU,
CCTTCTCTE TR

Figure 1: Schematic description of the isothermal circular strand displacement polymerization
strategy.
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Figure 2: (a) Microfluidic device used for the droplet-based nucleic acid detection.
(b) Representative optical image of a droplet generated in the microfluidic device.
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Figure 3 : Referenced fluorescence intensity versus time generated by ICSDP when 11 nM
RRSoy FM and RRSoy CTR sequences were targeted. The experiment was carried out in the

continuous microfluidic environment under static conditions.



14 -

N

Ref. fluor. int. (a.u.)
i T
1] T
I 1l LLLILLLLE
W—@'
LT L

wiil]

RRSoy CTR mRRSoy 3'T  mRRSoy 5'C mRRSoy C RRSoy FM

Figure 4: Average referenced fluorescence intensity (n=5) detected from RRSoy FM compared
with those detected from mRRSoy C, mRRSoy 5°T and mRRSoy 3’T sequences carrying a
single-base mismatch differently located in the sequence. The average referenced fluorescence
intensity for the unrelated RRSoy CTR sequence is also shown. Detected solutions were 165
pM in concentration. The temperature during the experiment was maintained at 40°C. Error bars

represent the confidence interval of the mean at the 95% level.
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Figure 5: Referenced fluorescence intensity versus time generated by ICSDP when 12 nM miR-
210 FM and miR-210 CTR sequences were targeted. The experiment was carried out in the
continuous microfluidic environment under static conditions.

The non-linear regression for miR-210 FM (R*= 0.939) was carried out by using a saturating

exponential function (y = a(1 — e™2%)).
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Figure 6: Average referenced fluorescence intensity produced after the droplet ICSDP detection
of differently concentrated (range 165 pM- 4 nM) miR-210 FM solutions compared with the
average referenced fluorescence intensity produced by the unrelated miR-210 CTR solutions
having the same concentration (two-tailed t-test, level 95%, v= 12, p<0.0001). Error bars

represent the confidence interval of the mean at the 95% level.
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Figure 7: Calibration of the droplet ICSDP assay with concentrations of target miR-210 ranging
between 0.33 nM and 1.66 nM. Error bars represent the confidence interval of the mean at the
95% level.
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