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Digital quantification of miRNA directly in plasma
using integrated comprehensive droplet digital
detection†

Kaixiang Zhang,‡ab Dong-Ku Kang,‡b M. Monsur Ali,b Linan Liu,b Louai Labanieh,b

Mengrou Lu,b Hamidreza Riazifar,b Thi N. Nguyen,b Jason A. Zell,c

Michelle A. Digman,de Enrico Gratton,d Jinghong Li*a and Weian Zhao*b

Quantification of miRNAs in blood can be potentially used for early disease detection, surveillance

monitoring and drug response evaluation. However, quantitative and robust measurement of miRNAs in

blood is still a major challenge in large part due to their low concentration and complicated sample

preparation processes typically required in conventional assays. Here, we present the ‘Integrated

Comprehensive Droplet Digital Detection’ (IC 3D) system where the plasma sample containing target

miRNAs is encapsulated into microdroplets, enzymatically amplified and digitally counted using a novel,

high-throughput 3D particle counter. Using Let-7a as a target, we demonstrate that IC 3D can specifically

quantify target miRNA directly from blood plasma at extremely low concentrations ranging from 10s to

10000 copies per mL in ≤3 hours without the need for sample processing such as RNA extraction. Using

this new tool, we demonstrate that target miRNA content in colon cancer patient blood is significantly

higher than that in healthy donor samples. Our IC 3D system has the potential to introduce a new para-

digm for rapid, sensitive and specific detection of low-abundance biomarkers in biological samples with

minimal sample processing.

Introduction

MicroRNAs (miRNAs) are a class of short (approximately 18–
23 nucleotides (nt)), single-stranded, non-coding endogenous
RNAs which play important roles in regulating gene expres-
sion via target mRNA degradation or translational repres-
sion.1 When cells undergo apoptosis or necrosis in the body,
significant amounts of miRNA can be shed into the blood
stream.2 The released miRNAs can circulate in blood in a

remarkably stable form, mainly due to the protection from
RNase degradation by Ago2 and exosomes.3 It has been dem-
onstrated that circulating miRNA expression levels are corre-
lated to the disease states of various diseases including can-
cer, neurodegenerative disorders and cardiovascular
diseases.2,4,5 Therefore, miRNAs can potentially be used as
convenient blood test markers for early disease detection, sur-
veillance monitoring and drug response evaluation.2,4,5

However, accurate quantification of circulating miRNA
biomarkers in blood that often exist at low concentrations for
early-stage, metastatic or recurrent diseases is still a major
challenge. Due to the low abundance of target miRNAs, large
input clinical sample volumes (100 s μLs to mLs) are typically
required, which few conventional detection systems can
directly handle without sample preparation and volume
reduction. Moreover, analytical sensitivity and specificity are
further hindered by the high background signal because tar-
get miRNAs are surrounded by other circulating nucleic acids
that are typically >1000 times more abundant in blood.
Indeed, conventional miRNA detection methods, such as
reverse transcription real-time polymerase chain reaction
(RT-qPCR) and microarray, suffer from non-specific amplifi-
cation and lack of valid internal controls.6 More recently, a
number of new methods including droplet digital PCR
(ddPCR), nanopore-based detection, sequencing and
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electrochemical sensing methods have also been developed
for miRNA measurement.7–13 In particular, ddPCR is an abso-
lute quantification method where extracted nucleic acid sam-
ples in a small volume are partitioned to picoliter or nano-
liter droplets, resulting in one or no molecule in each droplet
reaction.7 Compared to RT-qPCR, ddPCR has greater preci-
sion and improved day-to-day reproducibility because it uses
digital counting (1 or 0) without the need of normalization.7

However, despite of recent advances,14,15 fluorescent droplet
quantification using flow cytometry, 1D (or 2D) on-chip
counting in the current commercialized ddPCR systems (e.g.,
Bio-Rad, Life Technologies (QuantStudio) and Raindance) is
limited by its low throughput in droplet count (~1000 drop-
lets per s) and is only able to analyze small sample volumes
(10 s per microliters (μLs) or ~104–106 droplets).16 Impor-
tantly, with few exceptions,12,17 the current miRNA detection
methods including ddPCR typically require complex sample
processing steps including miRNA isolation, purification,
and reverse transcription, etc.7,18 These pre-analysis manipu-
lations significantly affect assay robustness and data repro-
ducibility due to loss of targets (especially when dealing with
low-abundance markers), and variations in reagents and kits
and technical expertise.7 Therefore, there is a great need for
a new technology that is more sensitive, robust and can
directly detect miRNAs in a large volume of patient blood
samples without the need for complex sample preparation.19

Recently, we have developed a platform technology termed
‘Integrated Comprehensive Droplet Digital Detection (IC 3D)’
that integrates real-time fluorescent sensors, droplet microen-
capsulation and a high-throughput 3D particle counter for
rapid digital analysis.20 In our previous work, we demon-
strated that the IC 3D can selectively detect bacteria directly
from diluted blood at single-cell sensitivity using micro-
encapsulated DNAzyme sensors.20 Here, we demonstrate that
the IC 3D can be used to accurately quantify target miRNAs
directly from blood plasma within 3 hours. Specifically, the
IC 3D system combines microencapsulation for enabling digi-
tal quantification; isothermal exponential amplification
(EXPAR) for specific miRNA detection; and a 3D particle
counter for rapid, high-throughput droplet counting
(Scheme 1). Briefly, the plasma sample and sensing elements
are injected and mixed in a microfluidic device and then
immediately encapsulated into hundreds of millions of
picoliter-sized droplets. The EXPAR reaction, which elimi-
nates the need for thermocycler and reverse transcription,
would produce a real-time rapid fluorescence signal only in
the droplets that contain target miRNA. Our rationale is that
the confinement of samples in picoliter droplets can signifi-
cantly increase the effective miRNA concentration and mini-
mize the number of background molecules (interference)
from plasma.21 Therefore, microencapsulation permits high
sensitivity and digital detection (i.e., each droplet has 0 or 1
target miRNA). This is supported by extensive previous
droplet-based detection methods including ddPCR and digi-
tal RT-LAMP.22–25 In our IC 3D, the generated droplets
(‘microreactors’) are allowed to incubate at an isothermal

temperature for a certain period of time to generate fluores-
cence signal. As we mentioned earlier, we want to analyze
unprocessed patient plasma with a clinical sample volume of
typically 100 s μLs to mLs, which translates to hundreds of
millions to billions of droplets. To effectively detect single
fluorescent, target miRNA-containing droplets among hun-
dreds of millions of blank ones, in the IC 3D system, we inte-
grate a novel 3D particle counter system that can detect fluo-
rescent particles from mL volumes at single-particle
sensitivity within only several minutes.26,27

Materials and methods
Apparatus

ViiA™ 7 Real-Time PCR system (Life Technologies, Carlsbad,
CA, USA) was used to control reaction temperature and mea-
sure real-time fluorescent signal from exponential amplifica-
tion reaction (EXPAR) for target miRNA detection. RT-qPCR
was performed with the same instrument. Inverted fluores-
cence microscope (Eclipse Ti, Nikon, Tokyo, Japan) was used
to image the fluorescent droplets when studying EXPAR reac-
tion kinetics in droplet. 3D particle counting prototype sys-
tem (described in details below)26,27 was used to count fluo-
rescent droplets in a high throughput.

Reagents and materials

All synthetic, HPLC-purified DNA and miRNA (Let-7a, Let-7b,
Let-7c, miR-39) (sequences in Table S1†) were purchased
from IDT (Integrated DNA Technologies, Coralville, IA, USA).
Vent (exo-) polymerase, nicking endonuclease Nt.BstNBI,
NEbuffer 3.1 and ThermoPol buffer were purchased from
NEB (New England Biolabs, Ipswich, MA, USA). RNase inhibi-
tor, Taqman® miRNA reverse transcription kit, Taqman®

Scheme 1 Schematic diagram of IC 3D technology for miRNA
detection. Plasma samples and sensing elements (EXPAR part A and
EXPAR part B, see details in the Experimental section) are mixed and
encapsulated in hundreds of millions of picoliter-sized droplets using a
flow-focusing microfluidic device (step 1). Droplets are then collected
in a tube and incubated to conduct isothermal exponential amplifica-
tion (step 2). After incubation, droplets are detected (step 3) and
analysed (step 4) using a high-throughput 3D particle counter that can
robustly and accurately detect single fluorescent droplets from millili-
ter (mL) volumes of sample within several minutes.
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probes for miRNA including Let-7a and miR-39 (an external
control used in RT-qPCR), ROX reference dye and Countess®
cell counting chamber slides (for microscopic imaging of the
droplets) were purchased from Life Technologies (Carlsbad,
CA, USA). EvaGreen® DNA staining dye was purchased from
Biotium (Hayward, CA, USA). PCR supermix was purchased
from Bio-Rad (Hercules, CA, USA). miRNeasy Serum/Plasma
Kit was purchased from QIAGEN (Netherlands). Diethyl-
pyrocarbonate (DEPC) was purchased from Sigma-Aldrich
(St. Louis, MO, USA). All solutions for EXPAR were prepared
in DEPC-treated deionized water. ExoQuick exosome isolation
kit was purchased from System Biosciences (SBI, Mountain
View, CA, USA).

Cancer patient and healthy donor plasma samples

Healthy human blood samples were obtained from University
of California, Irvine Institute for Clinical and Translational
Science (ICTS) through the blood donor program (IRB #
2012–9023). Human blood samples from patients with meta-
static colon cancer were collected with written informed con-
sent at University of California, Irvine Medical Center (IRB #
2013–9627). All blood samples were collected with Light Blue-
Top Tube (3.2% Sodium Citrate, Becton Dickinson, Franklin
Lakes, NJ, USA) and plasma was isolated by centrifugation at
2000 rcf (relative centrifugal force) for 20 min. Isolated
plasma samples were then stored at −80 °C. For the experi-
ments where we use synthetic miRNA spiked healthy donor
plasma to evaluate IC 3D performance (Fig. 3a–d), the endoge-
nous miRNAs were first depleted prior to spiking with syn-
thetic miRNA in healthy donor plasma (see below for details).
When we analyzed miRNA to compare colon cancer plasma
and healthy donor plasma (Fig. 3f), we analyzed the raw
plasma sample without miRNA depletion from either samples.

Preparation of endogenous miRNA depleted health donor
plasma

In order to test EXPAR using synthetic miRNA in 100%
plasma, we eliminated endogenous miRNAs from plasma
samples to avoid interference. First, we removed exosomal
miRNAs using Exoquick kit (SBI (System Biosciences), CA,
USA) according to the manufacturer's protocol. Briefly, the
plasma was centrifuged at 3000 rcf for 15 min to remove cell
debris. Then the supernatant was transferred to a sterile ves-
sel. ExoQuick exosome precipitation solution (120 μL) was
added to the plasma (500 μL) and mixed thoroughly, which
was then refrigerated overnight. The ExoQuick/plasma mix-
ture was centrifuged at 1500 rcf for 30 min. Following centri-
fugation, exosome-depleted plasma was separated for subse-
quent experiments. Non-exosomal miRNAs in plasma and
residue exosomal miRNAs were then removed by running the
exosome-depleted plasma through a miRNA isolation col-
umn. Specifically, exosome-depleted plasma was heated at 60
°C for 10 min to release the miRNAs from residual exosomes
and exosome-protein complexes.28 Plasma samples were then
loaded on a miRNA isolation column (miRNeasy Mini prep,

QIAGEN, Netherlands) and centrifuged at 2000 rcf for 1 min
to remove miRNA. The collected solution was then filtered
two more times using new miRNA isolation columns to
remove the remaining miRNA. The resultant, miRNA
depleted plasma was subsequently used to prepare synthetic
miRNA spiked plasma samples (below).

miRNA detection in plasma by bulk EXPAR

EXPAR for miRNA detection in bulk was performed based on
modifications of a previously reported protocol.29 Different
amounts of Let-7a miRNA were spiked in miRNA-depleted
plasma (final concentration: 1 fM, 10 fM, 100 fM, 1 pM, 10
pM, 100 pM or 1 nM). To suppress non-specific background
amplification, the reaction mixture for EXPAR was prepared
separately on ice as part A and part B. Part A consisted of
20% miRNA-spiked plasma, 1× NEBuffer 3.1, 0.2 μM amplifi-
cation template, 500 μM dNTPs and 1.6 U μL−1 RNase inhibi-
tor. Part B consisted of 2× ThermoPol buffer, 0.8 U μL−1 Nt.
BstNBI nicking endonuclease, 0.1 U μL−1 Vent (exo-) DNA
polymerase, 2× EvaGreen®, 2× ROX reference dye. Part A and
Part B were pre-heated at 55 °C before mixing. EXPAR was
performed at 55 °C and fluorescence intensity was monitored
immediately after mixing Part A and Part B solutions at inter-
vals of 1 min for 70 min using a ViiA™ 7 Real-Time PCR sys-
tem. All experiments were performed in triplicate. In another
set of experiments, endogenous Let-7a miRNA in healthy
donor or colon cancer plasma samples were analyzed using
bulk EXPAR as described above.

Fabrication and manipulation of microfluidic device

Microfluidic chip design and operating mechanism are
shown in Fig. 2a and S3.† Microchannel architectures were
designed using AutoCAD (Autodesk, San Rafael, CA, USA)
and transferred to high-resolution photomasks (CAD/Art Ser-
vices, Bandon, OR, USA). The microfluidic device with one oil
inlet and three aqueous inlets (one for the plasma sample
and the others for the sensing elements, i.e., EXPAR part A
and B) has a flow-focusing structure (width: 30 μm, depth: 40
μm) to form droplets through a flowing oil phase (see the
microscope image in Fig. 2a for structures and channel size).
All microfluidic channels are 40 μm in depth but it has dif-
ferent width (15 μm for the injection inlet channel and 30
μm for the droplet generation structure). The microfluidic
channels were fabricated with polydimethylsiloxane (PDMS)
using standard soft lithographic techniques.30 Briefly, silicon
elastomer base and curing agent (Sylgard 184; Dow Corning,
Wiesbaden, Germany) were mixed in a ratio of 10 : 1 w/w,
degassed, decanted onto SU8-on-Si wafer master (IDB Tech-
nologies Ltd, Wiltshire, UK), and fully cured overnight on a
heating plate at 65 °C. After thermal curing, the PDMS layer
was peeled off, followed by the punching of inlet and outlet
holes with a 1 mm sized punch (BIOPSY punch, Kay Indus-
tries co, Gifu, Japan). The PDMS layer and a glass slide were
bonded immediately after plasma exposure. Another glass
slide, containing inlets and outlet, was bounded on top of
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the PDMS layer to make three layers of glass-PDMS-glass,
which was tightened with two binder clips to prevent detach-
ment of the PDMS and glass layers due to high pressures
within the microfluidic channel. To make the inlets and out-
let on the glass slide (1 mm thickness), 1 mm halls were
formed using a press drill with a 1 mm diamond-coated drill
bit. HFE-7500 fluorocarbon oil (Dow Corning, Midland, MI,
USA) containing 1.8% (w/w) perfluorinated polyethers-
polyethyleneglycol (PFPE-PEG) surfactant was used as a con-
tinuous phase. Aqueous and oil phases were injected into the
microfluidic device via pressure equalization (PE) tubes
(Smith medical, Kent, UK). In all microfluidic experiments,
PHD 2000 syringe pumps (Harvard Apparatus, Holliston, MA,
USA) were used to inject liquids.

Droplet generation of synthetic miRNA Let-7a spiked plasma

Different copy numbers (10, 50, 100, 500, 10 000, 50 000 or
100 000 copies) of synthetic miRNA were spiked in miRNA-
depleted plasma samples (100%) which were encapsulated
with EXPAR reagents to form 30 μm diameter droplets. As
such, the plasma sample was diluted 10x on-chip with the
EXPAR reagents. miRNA containing Plasma, EXPAR part A
(1× NEBuffer 3.1, 0.2 μM amplification template, 500 μM
dNTPs and 1.6 U μL−1 RNase inhibitor) and EXPAR part B (2×
ThermoPol buffer, 0.8 U μL−1 Nt.BstNBI nicking endonucle-
ase, 0.1 U μL−1 Vent (exo-) DNA polymerase, 2× EvaGreen®,
2× ROX reference dye) were injected independently into the
microfluidic device (Fig. 2a) via respective inlets at flow rates
of 0.3 μL min−1 for plasma and 1.35 μL min−1 for part A and
part B respectively, while the oil phase was injected at a flow
rate of 4 μL min−1. Uniform 30 μm diameter droplets were
generated by flow focusing the continuous flow, and the gen-
erated droplets were collected in 1 mL syringes while pulling
with the syringe pump to decrease the pressure inside the
microfluidic channel. To increase the throughput of the drop-
let generation, four of the microfluidic devices were used at
the same time and droplets were collected for 2 hours to gen-
erate 1.4 mL droplets in total from the four devices. Droplet
generation and droplet collection were all performed in a
cold room at 4 °C to avoid non-specific EXPAR.

Droplet detection using fluorescent microscope to monitor
EXPAR kinetics

Collected droplets were then transferred into 1.5 mL
Eppendorf tubes for EXPAR at 55 °C and 3 μL of droplets
were taken out from the tube every 10 min for imaging with
a fluorescent microscope (Eclipse Ti, Nikon, Japan). Micro-
scopic images were analyzed by manually for the quantifica-
tion of fluorescent droplets in the image.

3D particle counting system

A 3D particle counting prototype instrument built to our
specifications26,27 (ISS Inc, Champaign, IL, USA) was used for
the rapid quantification of fluorescent droplets in mLs of
sample (Scheme 1).20 The apparatus consists of a small

microscope and two motors providing rotational and vertical
motion of the cuvette. The excitation light generated by lasers
is focused at the volume positioned inside the cuvette, at a
distance of about 1 mm from the cuvette wall. This distance
can be adjusted so that detection of particles and analysis
could be done even in highly scattering media. The excitation
sources are two diode lasers emitting at 469 nm (ISS Inc) or
at 532 nm (Aquaplan, Busto Arsizio, Italy). A confocal micro-
scope was used in combination with simple mechanical
motions of the sample container in front of the objective
which provides the way to move and analysis a sample
containing particles through an observation region without
requiring a complex optical system with moveable optical
components. The excitation lights from the laser are com-
bined in one path through a set of dichroic filters Z470rdc
(Chroma Technology Corporation, Rockingham, VT, USA)
and directed through a 20 × 0.4 NA air objective (Newport,
Newport Beach, CA, USA) to the same volume in cuvette.
Fluorescence emitted from fluorescent droplets is collected
by the same objective, transmitted through the set of dichroic
filters, focused by a lens into a large pinhole (diameter = 2
mm), and then collimated by a second lens to the detectors.
Emission filters (FF01-HQ 500/24-25, Semrock, Rochester, NY,
USA) are located in front of each PMT. The signal from the
PMT is sent to the analog-to-digital converter (ADC) and
acquisition card (IOTech, Cleveland, OH, USA). The sampling
frequency is set to 100 000 Hz, corresponding to a time reso-
lution of 10 μs.

Droplet detection using 3D particle counter

After 50 min incubation at 55 °C, droplets were transferred to
a glass cuvette and the number of fluorescent droplets was
quantified by the 3D particle counter. We typically analyze 1
mL of droplet solution for 10 minutes. In practice, we cali-
brate the system with a known concentration of particles (for
example 100 mL−1) and we fix the time for the measurement
(can be any time, for example 2 minutes or 10 minutes) and
record the number of hits. Collected intensity profiles from
the 3D particle counter were analysed with a pattern recogni-
tion filter by SimFCS software (Laboratory for Fluorescence
Dynamics, Irvine, CA, USA: www.lfd.uci.edu). Patterns from
fluorescent droplets were identified and quantified by
matching with predetermined patterns using fluorescent
droplets that contain reacted EXPAR products, which include
distributions (e.g. Gaussian) of intensities as a function of
time, the speed of the particles, and the rate of signal sam-
pling.26,27 The number of detected fluorescent droplets
containing miRNA in actual samples was converted into a
value of concentration using the calibration factor obtained
previously with known numbers of fluorescent miRNA-
containing droplets.

RT-qPCR for miRNA detection

Taqman probe based RT-qPCR was performed for miRNA
detection following a reported protocol.31 Briefly, 14–140 000
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000 copies of Let-7a miRNA were spiked into 200 μL of
miRNA-depleted plasma. Total miRNA was extracted and iso-
lated from plasma samples using miRNeasy Serum/Plasma
Kit (Qiagen, USA) according to the manufacturer's protocol.
Reverse transcription was performed using the Taqman
miRNA reverse transcription kit with miRNA-specific stem
loop primers. For the real time PCR reaction, a 30 μL reaction
mixture consisted of 15 μL 2× PCR supermix, 1.5 μL 20×
miRNA-specific probe, 0.6 μL 50× ROX reference dye, 3 μL
reverse transcription product and 10 μL H2O, which was pre-
pared for triplicate experiments. Standard curve, obtained
with spiked synthetic miR-39 at known concentrations, was
used to estimate of target miRNA concentration in samples.

Results and discussion
Bulk EXPAR for miRNA detection in plasma

We first validated EXPAR for rapid and real-time miRNA
detection in bulk. EXPAR is a homogenous and ultrasensitive
isothermal amplification method which has been used for
DNA and miRNA detection (Fig. 1a).29 EXPAR can provide
high output signal which is optimal for digital detection.
Since there is significant amount of miRNA in exosomes in
plasma, the choice of EXPAR was additionally motivated by
the fact that its operating temperature (55 °C) can release tar-
get miRNA from exosomes.28 In our study, Let-7a was chosen
as a model target because of its critical roles in regulating
cellular processes as a tumor suppressor by inhibiting
actively translating polyribosomes and interfering with the
accumulation of growing polypeptides.32 We first demon-
strate that, in reaction buffer (1× ThermoPol buffer, 0.5×
NEBuffer 3.1), Let-7a can be specifically detected at the fM
level by real-time fluorescent measurement using EXPAR (Fig.
S1†). We then examined EXPAR performance in plasma: vari-
ous amounts of synthetic Let-7a were spiked into RNase
inhibitor-treated, endogenous miRNA-depleted healthy donor
plasma (see Methods). We confirmed that our miRNA deple-
tion protocol effectively removed endogenous Let-7a content
in plasma (Fig. 1b). As shown in Fig. 1b, EXPAR in bulk can
detect 10 fM or higher concentrations of Let-7a in plasma but
cannot robustly distinguish concentrations below 10 fM
(compared to 1 fM in reaction buffer) in bulk reactions
because of the interference from plasma. To evaluate the
specificity of EXPAR in plasma, Let-7b and Let-7c were
selected as controls because of their sequence homology with
Let-7a (sequences are shown in Table S1†). Real-time fluores-
cence measurement shows that EXPAR can specifically distin-
guish Let-7a from Let-7b and Let-7c in plasma, which only
differ by one or two nucleotides (Fig. 1c).

Droplet digital (dd) EXPAR for miRNA detection

EXPAR in droplet for miRNA detection was subsequently
investigated. The droplet microfluidic device was designed
and fabricated using standard soft lithography and operated
following previously established procedures (see Methods).30

As shown in Fig. 2a, 100% raw plasma with various amount

of spiked miRNA was introduced through one of three aque-
ous inlets of the fabricated microfluidic device (also see Fig.
S3† for the CAD design). EXPAR reagents were introduced
separately as part A (NEBuffer 3.1, DNA template, deoxyribo-
nucleotides (dNTPs) and RNase inhibitor) and part B
(ThermoPol buffer, DNA polymerase (Vent (exo-)), nicking
endonuclease (Nt.BstNBI), EvaGreen and ROX reference dye)
to avoid non-specific amplification before introduction of the
target miRNA. The reagents and plasma are merged within
the microfluidic channel and encapsulated into uniform
droplets (30 μm in diameter in this work, ESI† Movie) using
a flow-focusing structure (bottom right panel in Fig. 2a). The
plasma sample was diluted 10 times on-chip with the EXPAR
reagents after mixing. Since the EXPAR reaction will yield
nonspecific background amplification if given sufficient time
(Fig. 1b),33 kinetics studies for single miRNA detection in

Fig. 1 Exponential amplification reaction (EXPAR) for miRNA detection
in plasma. a) Mechanism of how EXPAR generates fluorescent signal in
the presence of target miRNA. Designed DNA templates recognize the
target miRNA which triggers downstream amplification in the presence
of Vent (exo-) polymerase and nicking enzyme. The template strand is
designed with two identical sequences at each end of the template
that are complementary to the target miRNA and are separated by a
central domain composed of a nicking recognition site. Binding of the
target to the 3′ end of the template triggers extension and nicking by
Vent (exo-) polymerase and nicking enzyme, respectively. Exponential
amplification is obtained by that 1) the nicked strand is continuously
extended by strand displacement and polymerization, 2) and the
displaced strand can also trigger further reactions with more template
molecules. Together, these cyclical processes yield exponential
amplification. A dsDNA-binding dye such as EvaGreen® in the reaction
mixture binds to the amplified sequences and generates a fluorescent
signal that can be monitored in a real-time fashion. b) Real-time fluo-
rescence measurement of EXPAR triggered by spiked 1fM to 1nM syn-
thetic Let-7a miRNA in plasma. Error bar is based on triplicate experi-
ments. Mean ± s.e.m. c) Real-time fluorescence measurement of
EXPAR triggered by spiked 10fM synthetic Let-7a, Let-7b and Let-7c in
miRNA-depleted plasma. Error bar is based on triplicate experiments.
Mean ± s.e.m.
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droplet were first performed using fluorescence microscopy
to identify the optimal detection time that generates maxi-
mum target-specific fluorescence signal with minimum back-
ground (Fig. S4†). In this set of experiments, the bulk concen-
tration of spiked miRNA before encapsulation was 10 fM,
which translates to 8.85% of droplets with 1 miRNA per drop-
let on average after encapsulation. To avoid non-specific
EXPAR reaction, droplet generation and collection were all
performed in a cold room at 4 °C prior to the reaction. We
observed that after a 50 min EXPAR reaction the number of
fluorescent droplets that contain single Let-7a molecules
increases closely to the predicted number while Let-7b and
blank samples have no fluorescent droplets, although non-
specific signals begin to arise after 60 min (Fig. S4a and b†).
The background signal is generated from non-specific ampli-
fication likely due to the interaction between DNA polymer-
ase and the single-stranded EXPAR template sequence, which
can spontaneously form trigger sequences.33 This set of data
allow us to 1) demonstrate the feasibility of single miRNA
detection using ddEXPAR, and 2) identify 50 min as the opti-
mal ddEXPAR reaction time, which was used in subsequent
experiments when we detect miRNA in blood using IC 3D
(Fig. 2b).

Digital quantification of Let-7a in plasma by the IC 3D

To robustly and accurately count fluorescent droplets that
contain target miRNA among hundreds of millions of blank
ones in a short period of time (which cannot be achieved by
existing flow cytometry or 1D on-chip droplet detection), in

our IC 3D system, we incorporated a 3D particle counter
which is able to detect fluorescent particles from mL volumes
at single-particle sensitivity within minutes.26,27 The innova-
tive design of this instrument allows for rapid scanning of
mLs of collected droplets in a cuvette (Fig. 2a) in a spiral
motion in front of an objective of the confocal microscope
(Scheme 1). The optics of the particle counter is designed to
measure a relatively large volume (100 pL) in about 0.01 ms
(or 100 seconds for about 1 mL). As we described earlier,
droplets were formed by encapsulating miRNA-spiked raw
plasma with different miRNA concentration (10, 50, 100, 500,
10 000, 50 000 or 100 000 copies per mL) and EXPAR reagents
in the microfluidic device. In addition, as we used a single-
channel droplet generation device in this paper, in order to
rapidly analyse a large sample volume, we used four parallel
devices that allowed us to produce 1 mL droplets within 2
hours. This also helps us to minimize the interference
resulted from potential nonspecific EXPAR reaction during
droplet production. The droplets were then collected, incu-
bated at 55 °C for 50 min off-chip to allow the EXPAR reac-
tion to take place, and then analyzed by the 3D particle coun-
ter (Scheme 1).

Using this system, we have demonstrated that fluorescent
droplets that contain single target miRNA, can be detected at
single-droplet sensitivity. Fig. 3b shows a typical time trace
with fluorescence intensity spikes obtained from Let-7a-
containing droplets but there were no signal peaks above the
threshold (three times s.d. of the baseline) from control drop-
lets that contained only plasma (Fig. 3a) or Let-7b spiked-
plasma (Fig. 3c). To determine the concentration of the drop-
lets in the sample, the temporal profile generated by the
photodetector is analyzed with a pattern recognition algo-
rithm (inserted box in Fig. 3b) implemented in the SimFCS
software. The pattern recognition algorithm matches ampli-
tude and shape features in the temporal profile to a
predetermined pattern that is characteristic of the time-
dependent fluorescence intensity of droplets passing through
the observation volume. Such pattern recognition allows us
to achieve exceptionally reliable and accurate detection of a
low concentration of target fluorescent particles or droplets
in large sample volumes that are often surrounded with
nonspecific background signals.26,27 We next demonstrate
that IC 3D can provide digital quantification of target Let-7a
at a broad range of extremely low concentrations from ~10 s
to 100 000 copies per mL (Fig. 3d, raw data are presented in
Table S2†). There is an excellent linear correlation between
actually detected number of droplets and the predicted con-
centration of Let-7a spiked in plasma with accuracy and rela-
tive standard deviation (i.e., precision) typically of ~60–95%
and ~10–50%, respectively (Table S2†). Because our current
particle counter prototype is configured to analyze 1 mL sam-
ple and the raw plasma samples are subject to a 10 times on-
chip dilution, we practically only analyze 100 μL of each raw
sample in this set of experiments. Under this condition, our
limit of detection (LOD) is 50 copies per mL for miRNA
spiked in 100% raw plasma. We had inconsistent result when

Fig. 2 miRNA detection by droplet EXPAR. a) CAD design of the
droplet-based microfluidic device (top) and microscopic image of
plasma microencapsulation (bottom). Scale bar: 100 μm. b) Represen-
tative fluorescence microscope images of miRNA-depleted plasma
(100%) alone, spiked with Let-7a, or spiked with Let-7b that were
encapsulated with EXPAR reagent. The collected droplets were incu-
bated at 55 °C for 50 min before imaging. Scale bar: 100 μm.
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we tried to detect 10 copies per mL, i.e., 1 copy in 100 μL that
was actually analyzed, which is likely due to the inherent dif-
ficulty in single molecule sample preparation, handling and
measurement among a large volume. However, we emphasize
that our particle counter can robustly detect as low as 1–10
fluorescent particles or droplets in an mL solution.20,26 We
believe the LOD can be further improved in the future by
minimizing the plasma dilution factor or miRNA enrichment,
which allows us to analyze a larger volume of raw plasma
sample per measurement than the current 100 μL used in
this paper.

We next directly compared our IC 3D with the current gold
standard, RT-qPCR for Let-7a measurement in plasma. The
RT-qPCR experiments were performed following standard
protocols where total miRNA were first isolated using a con-
ventional miRNA isolation kit and then analyzed by TaqMan
probe-based RT-qPCR (Fig. 3e). The LOD of the IC 3D assay
is two to three orders of magnitude lower than that of RT-
qPCR, which is ~103 copies per mL according to our experi-
mental data (Fig. 3e). We observed that the RT-qPCR consis-
tently detected smaller amounts of Let-7a than the spiked
amounts, while the IC 3D in Fig. 3d did not show such bias.
We contribute the artifact in RT-qPCR to the loss of target
miRNA during sample processing, which is one of the chal-
lenges our new IC 3D_EXPAR aims to address as it can
directly detect miRNA from unprocessed plasma. In addition,
the artifact resulted from sample processing in RT-qPCR is
particularly profound when dealing with target miRNA at low

concentrations compared to high concentrations
(Fig. 3e and f below). In addition, we found that RT-qPCR
typically only detected approximately 11–32% of the actual
targets spiked in the plasma sample. The loss in target detec-
tion is likely due to the inefficiency of the miRNA isolation
step. It should also be noted that RT-qPCR cannot operate
directly using plasma samples and typically requires miRNA
extraction and purification (see Methods). Furthermore, RT-
qPCR takes approximately 8 hours to conduct the manual
experimental procedures including miRNA isolation, reverse
transcription, and quantitative PCR, while our IC 3D
approach allows us to get a result within 3 hours. In sum-
mary, despite of recent advances in qPCR-based RNA analysis
that could achieve LOD of 50 copies per mL using expensive
and sophisticated sample processing and analysis equipment
(e.g., Life Technologies and Qiagen),34 our simple IC 3D tech-
nology exhibits superior performance than routine RT-qPCR
methods with respect to LOD, robustness, assay time, and
simplified work-flow.

Clinical validation of IC 3D using clinical colon cancer
samples

To demonstrate the potential clinical applicability of the IC
3D system, plasma samples from colon cancer patients and
healthy donors were analyzed (these clinical samples were
utilized after review and approval from the IRB (see
Methods)). The plasma samples were first tested in bulk

Fig. 3 Let-7a quantification in plasma using the IC 3D. a–c) Representative time trace with fluorescence intensity profiles of droplets obtained
from blank (a), Let-7a (b) and Let-7b (c). Only the target Let-7a group generates fluorescence intensity spikes, which demonstrates the specificity
of the IC 3D assay. In b) and c), the miRNA concentration is 10 fM in plasma before encapsulation. Threshold was obtained by ‘Three sigma rule’
(three times s.d. of the baseline) d) actually counted Let-7a number using IC 3D (y axis) vs. spiked Let-7a concentration (x axis). 103 copy per mL =
1.66 aM. Error bar is based on triplicate experiments. Mean ± s.e.m. n = 3. e) RT-qPCR for Let-7a detection in plasma (after miRNA purification and
reverse transcription). Note: 10 and 100 copies per mL are undetectable. Error bars are based on triplicate experiments and are too small to see.
Mean ± s.e.m. f) Let-7a concentration quantification in 3 healthy donor plasma samples and 3 colon cancer patient plasma samples detected by
RT-qPCR and IC 3D. Error bar is based on triplicate experiments. Mean ± s.e.m. n = 3. P value <0.05 (student T test).
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using EXPAR and demonstrated that EXPAR can be used for
direct Let-7a detection in plasma, although the fluorescent
amplification curves between healthy donor and colon cancer
patient samples cannot be well distinguished (Fig. S2†). IC
3D was then used to quantify Let-7a concentration in 3 repre-
sentative colon cancer patient samples and also three healthy
donor controls. Our hypothesis is that that the confinement
of samples containing low-abundance miRNAs in picoliter
droplets can significantly increase the effective miRNA con-
centration, provide a means for digital quantification (i.e.,
each droplet has 0 or 1 target miRNA) and minimizes the
number of background molecules (interference) from
plasma.25 Indeed, we demonstrated that the IC 3D can
robustly quantify target miRNA directly from unprocessed
plasma as validated by RT-qPCR for the same samples
(Fig. 3f). RNase-treated plasma was also included as a nega-
tive control to confirm that the fluorescent droplets are due
to the target Let-7a (Fig. S5†). Interestingly, we found that the
Let-7a content in colon cancer samples is statistically signifi-
cantly higher than that in healthy donor samples as digitally
quantified by IC 3D (Fig. 3f) (although it was not distinguish-
able by bulk EXPAR (Fig. S2†)). This is further confirmed by
RT-qPCR using more patient samples (Fig. S6†). The higher
level of Let-7a (although known as a tumor suppressor)35 in
cancer samples could be due to the higher content of exo-
somes and miRNAs that shed from tumors into the blood
stream,36 which presents a topic of future inquiry. Although
Let-7a is associated within exosome,37 some other miRNAs
are known to be resistant to degradation by complexing with
proteins such as Ago2.28 To demonstrate the sequence uni-
versality of IC 3D_EXPAR for miRNA detection directly from
plasma, we also performed IC 3D_EXPAR that targets miRNA-
92a (Fig. S7†), which is known to form a complex with the
Ago2 protein. Moreover, miRNA-92a is also considered as one
of the most important biomarkers for colorectal cancer.38,39

For this experiment, IC 3D_EXPAR was directly compared
with RT-qPCR as we described previously for Let-7a. We
found that miRNA-92a can be quantified by IC 3D_EXPAR
but the quantified miRNA-92 concentration was about 17.2–
22.9% of that of RT-qPCR (Fig. S7b†). We suspect this is due
to that miRNA-92 are stably associated with Ago2 protein and
therefore not accessible for EXPAR reaction. Arroyo et al.,
described that exosomal miRNA Let-7a can be released by
heating at 55 °C but Ago2-associated miRNA-92a required
protease K treatment for dissociation. We tried to release
miRNA-92a from Ago2 by protease K treatment followed by
denaturing of protease K at 75 °C for 10 minutes prior to
encapsulation with the EXPAR components. However, prote-
ase K could not be fully inactivated by heating and thus
inhibited the IC 3D_EXPAR (data is not shown). In an alter-
native approach, plasma-containing droplets were heated at
70 °C for 5 min to release miRNA-92a from Ago2 and IC
3D_EXPAR was performed immediately after. Our attempt to
dissociate miRNA from Ago2 by pre-heating within the drop-
lets has resulted in significantly increased counted numbers
although still lower than that obtained from RT-qPCR. At this

stage, it is unclear whether the lower miRNA count in IC
3D_EXPAR even after pre-heating is due to incomplete disas-
sociation of miRNA from Ago2 or actually degradation of
miRNA and/or inactivation of polymerase/nicking enzyme by
heating.

Conclusions

In summary, we have developed a new technology termed
‘Integrated Comprehensive Droplet Digital Detection (IC 3D)’
that can provide digital quantification of target miRNA in
unprocessed plasma at a broad range of low concentrations
from 10 s to 100 000 copies per mL within 3 hours and a
LOD of ~50 copies per mL. The innovative integration of real-
time isothermal sensing, microencapsulation and the 3D par-
ticle counter in the IC 3D system surpasses existing methods
for miRNA detection with respect to sensitivity, rapidness,
and, importantly, minimal sample processing (i.e., without
the need for RNA isolation and purification, as typically
required by other systems).7,8,10,11,40,41 Indeed, the conven-
tional methods including RT-PCR typically require sample
preparation or conducted in buffer with typical LOD of 103

copies per mL.18,34 In addition, compared to other 1D on-
chip7,42,43 or 2D droplet detection systems14,15 such as wide-
field fluorescence imaging, the major advantages of our sim-
ple 3D particle counter include 1) high throughput: 100 000 s
droplets per s or an effective volume of observation of 0.1 ml
min−1, which allows us to rapidly interrogate a large volume
(mL) of droplets, and 2) robustness: the detection of a ‘hit’ is
defined by a pattern recognition algorithm20 besides thresh-
old intensity that alone often suffers from higher false-posi-
tive/negative rates.23,24 Additionally, our IC 3D can distin-
guish single molecules because IC 3D operates using
“digital” measurements, which droplets are counted as either
‘0 (negative)’ or ‘1 (positive)’. Because of the “digital” nature
and pattern recognition algorithm for a “hit”, our assay is
consistently able to distinguish a droplet that contains zero
or a single miRNA. The other advantage of our IC 3D is that
we can avoid loss of miRNA during sample preparation,
which further improves sensitivity. The different blood
miRNA levels between cancer and healthy individuals
observed in this study suggest that using miRNA as a bio-
marker, while using the IC 3D as a sensitive and robust
detection system, can potentially be used for cancer monitor-
ing and therapeutic response evaluation. In addition, advan-
tages of IC 3D over current commercially available ddPCR
systems such as Bio-Rad, Life Technologies (Quanta Studio)
and Raindance Technologies, are 1) miRNA can be quantified
directly in plasma, 2) IC 3D can accommodate large sample
volume (1 mL or hundreds of millions of droplets), compared
to typical sample volumes of 14–50 μL in the commercial sys-
tem.7,44,45 This not only allows us to improve detection
throughout but further increase detection sensitivity of target
nucleic acids from vast background, 3) our system operates
under isothermal condition without the need of reverse-
transcription and thermocycler, and 4) IC 3D is less
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expensive because the particle counter is basically miniatur-
ized confocal microscope system that consists of inexpensive
diode lasers and PMT detector. The cost of particle counter
can be as low as several thousands dollars as we described in
our previous report.20 Finally, our ongoing effort aims to
develop a fully automated system that is able to perform mul-
tiplex assays using multiple sensors for different targets. In
particular, we will integrate a high-throughput droplet gener-
ation system (256 droplet-generating channels) which is able
to convert 1 mL plasma to 30 μm droplets at a generation
rate of 1000 Hz per channel within 10 min. Finally, we are
performing head-to-head comparison between our IC 3D and
other digital detection systems (e.g., ddPCR) for miRNA
detection with respect to sensitivity, sample preparation,
robustness and throughput.
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