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MicroRNAs (miRNAs) are small (∼22 nucleotides), non-
coding RNA molecules that regulate gene expression.1

Sequence-specific binding of miRNAs to target mRNA transcripts
induces gene silencing, via the formation of the RNA-induced
silencing complex (RISC). miRNAs play an important role in
gene regulation, both in normal pathology and disease, and
therefore constitute a marker for diverse cellular processes.1 In
particular, profiling miRNA is potentially a powerful diagnostics
and monitoring tool for cancer.2,3 Novel and improved tech-
niques for the isolation, detection, and quantification of miRNAs
are currently essential to unravel the functions andmodeof actions of
these small molecules whose analysis by traditional techniques is
still limited.4,5

The most popular and well-established miRNA profiling
methods are adapted from traditional nucleic acid analysis
techniques.4 These include Northern blot, microarrays, sequen-
cing, and reverse-transcription PCR (RT-PCR). Microarrays and
sequencing platforms have high throughput but require signifi-
cant instrumentation and amount of sample (about 5 μg of total
RNA), are time-consuming, and require preamplification which
yields significant sequence bias.4,6 RT-PCR7 has high dynamic
range and is sensitive but has low throughput and is less specific
than standard PCR.4 Lastly, Northern blot has moderate sensi-
tivity and allows for length discrimination of sequences but
remains time-consuming and requires large amounts of sample
(often >1 μg of total RNA). Northern blotting consists of gel
electrophoresis for separation of total RNA with subsequent
transfer to a nitrocellulose membrane, followed by hybridization
with a radioactively labeled probe visualized with a scintillation
counter.8 We here adopt a different hybridization strategy
which leverages isotachophoresis (ITP) and hybridization with

molecular beacons (MBs) for the profiling of miRNA. Our assay
is a single, amplification-free process which simultaneously
purifies, preconcentrates, actively mixes, hybridizes, and pro-
duces an optical signal whose intensity increases with the initial
target sample concentration.

Molecular beacons are sequence-specific nucleic acid probes
that fluoresce upon hybridization.9 Developed in the early years
of quantitative PCR, molecular beacons have become ideal
sequence-specific fluorescent reporters for nucleic acid amplifi-
cations assays and In Vivo hybridization.9,10 The sequence-
specific fluorescence of MBs originates from their unique struc-
ture shown in Figure 1c. MBs are composed of four units: (i) a
nucleic acid probe sequence (the loop, up to about 30 nt long)
complementary to the target sequence of interest; this sequence
is flanked by (ii) two, complementary self-hybridizing sequences
which allow conformation of the probe into a hairpin structure,
(iii) a fluorophore at the 50 end, and (iv) a suitable quencher at
the 30 end. We present a schematic of the MB hybridization
reaction mechanism in Figure 1c. When the molecular beacon is
free in solution, it acquires a hairpin structure which brings 50 and
30 ends to proximity, so the quencher hampers fluorescence. In
the presence of a sequence complementary to the probe, the
hairpin opens and hybridizes to the target. This is thermodyna-
mically favorable because the short stem hybrid is less stable than
the longer probe-target hybrid. In this configuration, the
distance between fluorophore and quencher is sufficient to
enable fluorescence.
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ABSTRACT: We present and demonstrate a novel assay for the
detection and quantification of microRNA (miRNA) that leverages
isotachophoresis (ITP) and molecular beacon (MB) hybridization. We
use ITP to selectively preconcentrate miRNA from total RNA. We
simultaneously focus MBs and use the ITP zone as a 10 pL reactor with
active mixing where MBs fluoresce upon hybridization to target
miRNA. To increase both sensitivity and selectivity, we leverage a
multistage ITP strategy composed of three discrete regions of different
concentrations of denaturant, sieving matrix, and magnesium chloride. We show that ITP hybridization is specific and selective to
the miRNA target. We demonstrate ITP hybridization of miRNA in a biologically relevant case by detecting and quantifying miR-
122 in human kidney and liver. ITP hybridization is a cheap, simple, high-speed, and amplification-free miRNA profiling method
which requires small amounts (order 100 ng) of sample. The technique therefore represents an attractive alternative to PCR or
Northern blot for miRNAs.
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Isotachophoresis is an electrophoretic preconcentration tech-
nique which focuses charged species in an inhomogeneous buffer
system.11 Generation of gradients of chemical potentials induces
focusing of ionic species whose mobilities range between that of
the trailing and the leading electrolyte (TE and LE) co-ions.
Species whose mobility is outside the TE-to-LE ion mobility
range will not focus.12 ITP is commonly used as a sample
preconcentration technique prior to capillary electropho-
resis,13,14 or as a standalone separation method.15 More recently,
we have leveraged the selectivity of ITP focusing for the
purification of nucleic acids12,16 and the measurement of global
miRNA abundance in diverse tissues.17 To our knowledge, ITP
has been utilized only a few times to perform chemical reactions.
Park et al. controlled immunoassays by ITP focusing of antibody
and antigen prior separation.18 Persat et al. proposed ITP as a
method of controlling isothermal, chemical cycling PCR (includ-
ing ITP hybridization/annealing and extension) and showed
preliminary data.19 Goet et al. described ITP as a way of bringing
and mixing reagents together and discussed DNA hybridization
coupled with ITP but did not present an experimental demon-
stration.20 Recently, one of us (J.G.S.) and co-workers21 showed
a preliminary demonstration combining ITP and MB hybridiza-
tion to identify rRNA sequences in urine samples.

In the present work, we combine selective ITP extraction and
purification with MB hybridization for the sequence-specific
detection of miRNA. In the same manner as our previous
work on global (not sequence-specific) mature miRNA quan-
tification,17 we use a multistage ITP injection strategy to
accomplish sensitive, selective, and specific detection. This
multistage process achieves high sensitivity in an initial step,
high selectivity in a second step, and conditions optimal for
sensitive optical detection and hybridization in a third step. We
first summarize and discuss experimental conditions of the
multistage ITP hybridization assay. Then we demonstrate hy-
bridization and show selectivity and specificity of the assay using
synthetic miRNAs. We finally apply the ITP hybridization to a

biologically relevant case by detecting and quantifying a specific
miRNA in human liver.
Description of the Assay. We leverage the selectivity of ITP

focusing to perform hybridization solely on the RNA length
range of interest. We have used this feature of ITP to quantify
global miRNA levels in diverse cell cultures.17 Here, we selec-
tively focus mature miRNA (18 to 24 nt) and reject all RNA
molecules longer than 60 nt from the ITP zone. We therefore
avoid bias from hybridization of long RNAs that contain identical
or similar sequences; in particular, we exclude the 70 nt long
miRNA precursors pre-miRNA.1 This selectivity combined with
the simultaneous hybridization is in some ways similar to the
process of Northern blotting, which requires multiple successive
steps including electrophoresis and hybridization to achieve
detection. In contrast to Northern blotting, ITP here provides
simultaneous preconcentration and active mixing of target and
probe prior to and during detection.
We use a multizone ITP process which yields both specificity

and sensitivity in the initial miRNA purification process.We used

Figure 2. Schematic of the zones containing the initial three LE
mixtures in the commercial microchip used in this work. We create
the initial zones (see Table 2 and Materials and Methods) in the 12 μm
deep, 44 μm wide wet-etched borosilicate glass microchannel connect-
ing reservoirs 1 and 8. Before each experiment, we fill the microchannels
with LE1, LE2, and LE3 according to the sequence described in Table 2.
The three LE zones are highlighted for clarity. LE1 (green) and LE2
(red) zones meet at point A, and LE2 and LE3 (gray) meet at B.

Figure 1. Schematic representation of components of the ITP hybridization assay. (a) Schematic of the three-stage ITP strategy used for purification
and hybridization. We initially setup three contiguous zones of LE mixes with varying concentrations of polymer, denaturant, leading ion, and
magnesium chloride. The first zone LE1 allows for strong preconcentration of small RNA. The second has higher polymer concentration (shown by
increased density of cross-hatching) to selectively focus miRNA. LE3 has reduced denaturing conditions to allow for specific hybridization and increased
quantum yield of fluorophore. (b) Schematic demonstrating howMB can be integrated in ITP focusing. Targets (miRNA in this work) are initially in the
TE andMB in all three LE zones. In the frame of reference of the ITP interface, bothMB and target electromigrate toward the interface between TE and
LE ions. Probe and target hybridize preconcentrate and mix in the same zone, and hybridization generates a sequence-specific fluorescence signal in the
focused zone. (c) Depiction of the structure and mode of action of molecular beacon probes. MBs are DNA molecules with a probe sequence
complementary to the target of interest (i), flanked by two segments complementary to each other (ii). The complementary ends are labeled with a
fluorophore (iii) and a quencher (iv). In absence of target, the self-complementary flanking sequences hybridize to form a stem and “hairpin”
conformation where the quencher’s proximity inhibits fluorophore emission. In the presence of a complementary target sequence, theMB opens to form
a probe-target hybrid, increases the distance between the fluorophore and quencher, and produces a sequence-specific, quantitative fluorescence signal.
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a similar purification strategy in previous work on miRNA,17

where the zones allowed for successive preconcentration, selec-
tion, and quantification of global miRNA.We created three initial
contiguous LE zones arranged in series along the separation
channel. Initial LE zones had distinct initial concentrations of
(the same) leading ion, polymer sieving matrix, or denaturant. As
ITP proceeds, the nucleic acid sample trails leading ions as ions
migrate through the successive, stationary zones of denaturant
and sieving matrix (which have zero electrophoretic mobility).
Here, we combine highly selective purification and preconcen-
tration with a novel hybridization strategy. We use three succes-
sive zones to preconcentrate small RNA, select miRNA, and
hybridize and detect a specific target with MBs in the ITP zone.
The function of each step is summarized in Figure 1a. The

sample is mixed in the TE which includes 5 mM MOPS, 5 mM
Tris, and 92.5% v/v formamide. TE and sample are loaded into
the sample reservoir 1 of Figure 2. In the first zone LE1, we use a
low (0.5% w/v PVP) sieving matrix polymer concentration and
7 M urea. The mobility of miRNA increases with decreasing
polymer concentration, so LE1 yields a strong flux of RNA to the
ITP interface, but molecules longer than (mature) miRNA
molecules are also focused. Also, the slightly larger concentration
of leading ions in LE1 (50 mM) augments ITP preconcentration
dynamics.22 The second zone LE2 has large polymer concentra-
tion (3% w/v PVP), which globally decreases mobility of RNA.
This defocuses longer RNA (they fall behind and out of the ITP
focus zone) while leaving miRNA and MB focused, at the cost of
locally retarding focusing dynamics. As discussed below, the cut-
off length is below 60 nt, so that miRNAs can focus, but pre-
miRNAs cannot focus. Finally, LE3 has low denaturing condi-
tions (2 M urea, lower polymer concentration of 0.5% w/v), and
optimized magnesium chloride concentration (2 mM Mg2þ).
These conditions enable fast hybridization and optimize fluo-
rescence signals as miRNAs specifically bind to MBs.
We show a detailed view of the final ITP hybridization step

(occurring in LE3 zone) in Figure 1b. Initially, MB probes
targeting the miRNA of interest are dissolved in the three LEs,
and total RNA (which includes miRNA) is dissolved in the TE.
Leading and trailing ions are selected so that their mobilities
allow for simultaneous and colocated focusing of miRNA, MB
probe, and the miRNA-probe hybrid. (The latter ITP format
which focuses multiple analytes into a common, sharp zone is
called peak mode ITP.23) Under this condition, miRNA and MB
and the hybrid simultaneously focus at the interface between TE
and LE. In the laboratory frame, miRNA overspeed the TE ions
and other RNA and migrate toward the ITP zone. At the same
time, the ITP zone overtakes and focuses MBs initially in the LE,

so target and probe are actively preconcentrated and driven into
ITP zone. In this focused zone, and under optimized conditions,
miRNA hybridizes to the probe sequence of the MB, disrupting
their hairpin structure and yielding a sequence-specific increase
in fluorescence intensity within this ITP zone. This way, the
focused zone acts as a reactor volume defined by its axial width
and the cross-sectional area of the microchannel. In our 44 μm
wide, 12 μm deep channel, we estimate the volume of the ITP
reaction zone to be on the order of 10 pL, given our observed
∼10 μm wide ITP interfaces.23 This is a significantly smaller
reaction volume compared to existing microfluidic reactors,
which are at least on the order of a few nanoliters.24 The strong
preconcentration dynamics (we estimate order 103 to 104 fold
increase of reactants in our conditions) yield improved kinetics
and sensitivity.

’MATERIALS AND METHODS

Chemicals and Reagents. Leading electrolytes contain
DNase- and RNase-free Tris hydrochloride buffer (pH = 8.0,
Invitrogen, Carlsbad, CA), poly(vinylpyrrolidone) (PVP, MW =
1 000 000, Polysciences Inc., Warrington, PA), urea (EMD
biosciences, Gibbstown, NJ), and magnesium chloride (EMD
biosciences, Gibbstown, NJ). Concentrations in LE1, LE2, and
LE3 are, respectively, 50, 20, and 20 mM of Tris hydrochloride;
0.5% w/v, 3% w/v and 0.5% w/v of PVP; 7, 7, and 2M of urea; 0,
2, and 2 mM of magnesium chloride. The TE is a solution of
5 mM Tris (Sigma-Aldrich, Saint Louis, MO) and 5 mMMOPS
(Sigma-Aldrich) in 92.5% v/v formamide (UltraPure, Invitro-
gen). All solutions were prepared with DNase- and RNase-free
deionized water (Gibco, Carlsbad, CA).
We purchased HPLC-purified molecular beacons and syn-

thetic miRNA from Integrated DNA Technologies (Coralville,
IA). We used (DNA) molecular beacons, 50-labeled with TYE
665 fluorescent dye (excitation at 645 nm and emission at 665
nm) and 30-labeled with Iowa Black RQ quencher (peak absor-
bance at 656 nm). The precursor mir-26a was synthesized and
PAGE-purified by Dharmacon (Lafayette, CO). We provide the
sequences of synthetic oligoribonucleotides and probes used in
this work in Table 1. Total RNA from normal human liver and
kidney were obtained from Ambion (FirstChoice human total
RNA, Austin, TX). Before each experiment, we dissolved the
sample (total or synthetic RNA) to the specified concentration in
50 μL of TE, placed in a water bath at 70 �C for 5 min and finally
on ice until running the ITP hybridization experiment. Sepa-
rately, we dissolved the MB in 500 μL of each LE.
ITP Protocol. We here describe the injection protocol to

perform the three-stage ITP hybridization. We performed all

Table 1. Sequences of Oligoribonucleotides and Molecular Beacons Used in This Worka

oligo name (length) sequence (50 to 30)

miR-26a (22 nt) UUCAAGUAAUCCAGGAUAGGCU

miR-126 (22 nt) UCGUACCGUGAGUAAUAAUGCG

miR-122 (22 nt) UGGAGUGUGACAAUGGUGUUUG

mir-26a (77 nt) GUGGCCUCGUUCAAGUAAUCCAGGAUAGGCUGUGCAGGU

(miR-26a precursor) CCCAAUGGGCCUAUUCUUGGUUACUUGCACGGGGACGC

miR-26a MB (34 nt) TYE665 - CCGAGCAGCCTATCCTGGATTACTTGAAGCTCGG - IBRQ

miR-122 MB (34 nt) TYE665 - CCGAGCCAAACACCATTGTCACACTCCAGCTCGG - IBRQ
a For molecular beacons, TYE 665 is a fluorophore (with spectrum similar to Cy5) and Iowa Black RQ (IBRQ) is the quencher. miRNAs and precursor
are ribonucleic acids while molecular beacons are deoxyribonucleic acids. For molecular beacons, the complementary stem-forming sequence fragments
are underlined.
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experiments in an off-the-shelf borosilicate glass microfluidic
chip (model NS260, Caliper LS, Mountain View, CA) whose
design is shown in Figure 2. Its multiple T-junctions enable
generation of the initial serial LE zones by vacuum filling. Initially
we precondition the chip by successively flushing channels with
200 mM sodium hydroxide (5 min), deionized (DI) water
(1 min), 100 mM hydrochloric acid (5 min), and again DI water
(1 min). We then deliver LE1 to reservoirs 1, 2, and 3, LE2 to
reservoirs 4, 5, and 6, and LE3 to reservoirs 7 and 8. We
subsequently apply vacuum to reservoirs 3 and 7 for 5 min.
These preliminary steps help to reduce electroosmotic flow in
the borosilicate chip for subsequent experiments.
Before each experiment, all reservoirs are rinsed with DI water.

We then deliver LEs to the reservoirs as described above and in
Table 2 and apply vacuum to reservoirs 3 and 7 for 2 min.
Vacuum at reservoir 3 generates the interface between LE1 and
LE2 at the intersection A (see Figure 2) and vacuum at reservoir
7 creates an interface between LE2 and LE3 at the intersection B.
After loading, we release both vacuum connections, rinse reser-
voir 1 with DI water, and deliver the mixture of TE and sample.
We generate an electric field in the separation channel by
applying a 3 kV voltage difference between reservoirs 8 and 1
using a high voltage power supply (Labsmith, Livermore, CA).
This activates ITP focusing and migration of miRNA and MBs
through the three serial zones. We eventually stop voltage after
the ITP interface has passed the detector which monitors
fluorescence in the LE3 zone.

Optical Setup. We acquired data with an inverted epifluo-
rescence microscope (Eclipse TE200, Nikon, Japan) equipped
with a laser diode illumination (642 nm, Stradus 642, Vortran,
Sacramento, CA). Light was filtered using a standard Cy5 cube
(exciter/emitter 630/695 nm, model XF110-2, Omega Optical,
Brattleboro, VT) and focused though a 60� water immersion
objective (N.A. = 1.0, Fluor, Nikon, Japan). To reduce noise from
out of focus light sources, we built a custom confocal assembly by
placing a 150 μm pinhole (mounted precision pinhole, Edmund
Optics, Barrington, NJ) at the image focal plane. We measured
fluorescence intensity using a photomultiplier tube (PMT,
model H7422-40, Hamamatsu Photonics, Japan) with voltage
set to 900 V. We converted the PMT signal using an amplifier/
converter unit (C7319, Hamamatsu, Japan) and filtered it with a
simple low pass RC circuit (RC = 1.2 ms). We acquired the
resulting voltage signal with a DAQ card (NI USB-6211,
National Instruments, Austin, TX) controlled with Matlab
(TheMathworks, Natick, MA). We performed all measurements
at 250 kS/s data rate and applied a 4000 points moving average to
the signal for analysis. We processed the voltage trace by fitting a
Gaussian function to the ITP peak. We then calculated fluores-
cence intensity by integrating the raw data under the fit over
three standard deviations. Uncertainty bars determined fromN =
4 samples per condition and represent 95% confidence on the
mean, calculated assuming a Student's t-distribution.

’RESULTS AND DISCUSSION

Initial DemonstrationUsing SyntheticmiRNA. We present
a typical ITP hybridization assay in Figure 3. We perform the
multistage ITP with 1 nM of MB targeting miR-26a in all three
LEs. We compare the signal of an ITP assay where the TE
contains 1 nM synthetic miR-26a to a negative control (with no
target in the TE). We show the two resulting isotachophero-
grams (fluorescence versus time) in Figure 3. The (top) black
trace corresponds to the fluorescence intensity of the negative
control. This trace exhibits a signal peak which we attribute to
residual fluorescence from incomplete quenching of focused
MB.25 In the experiment where the TE contains 1 nM of miR-
26a (gray trace), the fluorescence signal in the ITP zone increases
significantly. This shows successful hybridization of the target
and MBs within the focused zone. To compare the two results,
we calculated the corresponding peak areas and report them
in the inset as a bar diagram. The peak area of the hybridized
peak (þ) is here about 6.5 larger than the one of the negative
control (-).
For an ITP hybridization experiment with a peak area A, we

define the relative fluorescence enhancement f as:

f ¼ A
Anc

- 1

Table 2. Summary of the Injection Protocol

reservoir

1 2 3 4 5 6 7 8

step 1 LE1, 5 μL LE1, 5 μL LE1, 5 μL LE2, 5 μL LE2, 5 μL LE2, 5 μL LE3, 5 μL LE3, 10 μL

step 2 vacuum 2 min vacuum 2 min

step 3 empty, rinse, add 10 μL TEþsample

step 4 GND þ3 kV

Figure 3. Initial demonstration of the ITP hybridization assay.We show
two isotachopherograms acquired 8 mm into the LE3 zone. In both
experiments, the LE contains 1 nM ofMB targeting miR-26a. The upper
black trace corresponds to a negative control experiment where the TE
contains no RNA. This trace exhibits a peak which we attribute to
imperfect quenching of the focused MB. The gray trace shows the result
of ITP-hybridization where we added 1 nM of miR-26a target to the TE.
The ITP peak has significantly greater amplitude compared to the
negative control. This demonstrates successful combination of ITP- and
MB-based hybridization for the detection of miRNA.We report the area
of each peak in the inset. The peak area of this experiment with 1 nM
target in the TE (þ) is more than 6 times larger than the area of the
negative control (-). The black trace is displacedþ0.5 s andþ0.7 A.U.
on the plot for clarity of presentation.

http://pubs.acs.org/action/showImage?doi=10.1021/ac103225c&iName=master.img-003.jpg&w=144&h=108
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where Anc is the peak area of the negative control, i.e., an
experiment with equal MB concentration but a blank TE. In
the case presented in Figure 3, f is approximately 5.5. f theore-
tically varies between zero (when A = Anc) and a saturation value
where all focused MB are open. The latter occurs when the
number of target copies in the focused zone is much larger than
the number of MBs.
Efficiency and speed of hybridization depend on several

parameters including temperature, ion concentration, and target
sequence; for example, see Straus et al.26 Here, hybridization is
simultaneous and coupled with the ITP dynamics which pre-
concentrate beacons and target into the ITP zone. Thus, the
hybridization dynamics are also coupled to ITP chemistry and
conditions. The dynamics of f therefore depend on at least MB
sequence and concentration, choice of fluorophore/quencher
pair, temperature, ionic strength, magnesium concentration, ion
mobilities (particularly TE ion mobility), applied voltage, and
denaturant concentration. Here, we optimized the miRNA
hybridization process empirically. Briefly, we first performed a
set of control hybridization experiments off-chip using a series of
beacon and target concentrations in LE and TE buffers. We
quantified fluorescence signals and our signal factor f for these
mixtures using a Nanodrop 3300 fluorospectrometer (data not
shown). In this calibration, we also varied denaturant and
magnesium concentrations and chose concentrations which
maximized fluorescence enhancement for the ITP hybridization.
We then tested and fine-tuned these chemistries in a series of ITP
experiments. We hope to create and present a quantitative model
of this complex process in a future paper.
The fluorescence enhancement of MBs increases with target

concentration.25 In peak mode ITP, the amount of focused
sample is a linear function of sample concentration in the

TE.23 Consequently, in the ITP hybridization assay, f increases
with target concentration in the TE. We performed titration
experiments to illustrate the effect of sample concentration on
fluorescence enhancement. In Figure 4, we report fluorescence
enhancements for ITP hybridization at 100 pM MB with miR-
26a concentrations ranging from 1 pM to 100 nM in the TE
(circles). At low target concentration, here 1 to 10 pM, the
fluorescence enhancement remains negligible. f significantly
increases above 100 pM. The most sensitive increase occurs
between 100 pM and 1 nM. Above 10 nM, f varies only slightly
and seems to reach a plateau value, indicating saturation of MBs.
The maximum value of f in this titration experiment is approxi-
mately 28 (at 100 nM miR-26a).
Specificity. We demonstrate that in ITP hybridization, MBs

bind specifically to the correct target sequence. Molecular
beacons have intrinsically high specificity, 27 and we confirm
here that ITP conditions do not alter this property; we experimen-
tally verify that the detection of the miRNA target is not biased by
the presence of other miRNA. To this end, we perform ITP
hybridization on a mature miRNA whose sequence does not match
the MB probe. We used the MB designed for detection of miR-26a
and varied the concentration of a “model” exogenousmiRNA in the
TE: the mature miRNA sequence miR-126. The resulting titration
curve is shown in Figure 4 (“þ” symbols). Together with the
titration using the correct target (circles), we show titration with the
incorrect miRNA sequence miR-126 as a control for hybridization
specificity. The miR-126 control shows no increase in fluorescence,
demonstrating the specificity of ITP hybridization.
Selectivity. We now demonstrate the selectivity (associated

here with molecule length) for miRNA of the ITP hybridization
assay. Mature miRNAs are generated from processing of longer
precursors, successively the pri-miRNA and pre-miRNA. The
latter is about 70 nt long and is the shortest precursor preceding
full miRNA maturation.1 Because these precursors contain the
mature sequence, hybridization must be carried out exclusively
on isolated, shorter miRNA, as in Northern blotting. We achieve
this by leveraging the variation of electrophoretic mobility of
RNA with length. In a polymer sieving matrix, mobility decreases
with increasing polynucleotide length.28 miRNA is the shortest
class of RNA; hence, its mobility is the greatest among all RNA.
In particular, it is greater than that of its precursors. Therefore,
careful selection of the trailing ion and polymer concentration
allow for selective focusing of miRNA, excluding (longer) non-
miRNA containing an identical sequence.
To achieve high selectivity, we performed calibration experi-

ments in the same manner as we did in our previous work on
miRNA isolation.17 We first chose an initial trailing ion (here
MOPS) and selected a polymer concentration in LE2 that shows
focusing of miRNA andMB (separately and simultaneously). We
then adjusted LE2 polymer concentration (by increasing from
the initial concentration) to reject pre-miRNA from the focused
zone while retaining ITP focusing of miRNA andMBs.We found
that 3% w/v PVP in LE2 matched this requirement. For the
current conditions, we estimate our cutoff length to be about 60
nt (we focus only on shorter RNA).
We also use Figure 4 to illustrate the selectivity of this

chemistry by comparing the aforementioned results for the short,
mature miR-26a (here the capital “R” indicates a mature se-
quence, vs the small case “r” which indicates a precursor) to
results of focusing a sample of its 77 nt long precursor mir-26a
(“x” symbols in Figure 4). The enhancement f for the longer
molecule sample mir-26a is globally much smaller than the signal

Figure 4. Demonstration of specificity and selectivity of the ITP
hybridization assay. We performed ITP hybridization with MBs target-
ing miR-26a and where the TE contains miR-26a (circles), miR-126
(plus), or mir-26a (cross) at concentrations ranging from 1 pM to 100
nM. We here report relative fluorescence enhancement f as defined in
the text. To aid in data visualization, we fitted the data with spline
functions (dashed lines). Titration with miR-26a shows the signal
generated from hybridization of the perfectly matching target. Fluores-
cence enhancement remains small at low concentration (below 10 pM)
and significantly increases at 100 pM and above. f plateaus over about 10
nM, where nearly all focused MBs are open. We also verified potential
unspecific hybridization by titrating with miR-126 (whose sequence is
distinct from miR-26a) and observed that fluorescence enhancement
remained approximately null at all concentrations. This confirms the
specificity of MB hybridization in the ITP zone. Titration with the
precursor mir-26a sample shows only slow increase of fluorescence with
concentration above 10 nM, since the longer molecules are filtered out
by the ITP process. This shows that ITP in the LE2 zone excludes
miRNA precursors from the focused zone and allows for selective
hybridization on miRNA.

http://pubs.acs.org/action/showImage?doi=10.1021/ac103225c&iName=master.img-004.png&w=142&h=106
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generated by the mature miRNA. f remains at background level
equivalent to about 1 nM mir-26a. We note a slight increase of
fluorescence enhancement with increasing precursor concentra-
tion above 10 nM. We attribute this residual signal to hybridiza-
tion of byproducts (present at low concentrations) resulting
from imperfect RNA synthesis and PAGE purification (purity
∼90% according to the manufacturer). These byproducts in-
clude short RNA fragments containing segments of the mature
sequence, which can hybridize with MB. Our previous work in
calibrating the cutoff lengths of this three-zone ITP purification
support this conclusion.17

Altogether the data show fluorescence in the focused ITP zone
is unaffected by nontarget miRNA, and that the MB signal is
specific to miR-26a.29 The length selectivity and sequence
specificity of our assay shows its efficacy to precisely detect
specific miRNA sequences in total RNA samples.
miR-122 Profiling in Human Liver with ITP Hybridization.

To show the efficacy of the ITP hybridization assay in a
biologically relevant case, we performed detection of miR-122
in two human tissue total RNA samples. We chose the following
liver-specific miRNA target for its large dynamic range of
expression: miR-122 is highly expressed in liver but poorly
expressed in other organs.30 We diluted total RNA from human
liver and kidney in TE down to 10 ng μL-1. We then performed
the ITP hybridization assay on these samples with 100 pM MBs
in the LE targeting miR-122. We show a sample isotachopher-
ogram for the detection of miR-122 in liver in Figure S1,
Supporting Information.
We show results of these experiments along with a negative

control (blank run) in Figure 5, where we report ITP peak areas.
ITP hybridization of miR-122 in kidney shows a slight increase in
fluorescence (f = 0.2), which is not statistically significant
compared to negative control (failed the t test). We conclude
that the concentration of miR-122 in kidney is below the limit
of detection of our assay. We estimate this limit to 2 pM (f > 0.4,

see calibration below), which corresponds to 3000 copies per cell
(assuming 25 pg of RNA per cell). This is consistent with the
amount of miR-122 measured in mouse kidney by the RNase
protection assay.30 Conversely, ITP hybridization of miR-122 in
liver yields significant signal enhancement (f = 1.3( 0.15). This
indicates that miR-122 is largely expressed in liver compared to
kidney, confirming previous reports.30

We performed quantification of miR-122 in liver using this
measurement and leveraging a calibration curve we built with
synthetic miR-122, in the same manner as the calibration of
Figure 4. We measured the peak area of ITP hybridization of
synthetic oligos dissolved at 1, 10, and 100 pM in the TE. We
then performed a linear interpolation between the respective f
values to yield a simple relation between fluorescence enhance-
ment and miRNA concentration. We show a portion of this
interpolation in the inset of Figure 5 (gray solid line) for
concentration values neighboring 10 pM. Using this calibration
and the value of f found for liver (fliver in the inset of Figure 5), we
calculated that a liver cell contains 16 000 ( 400 copies of miR-
122. This is on the same order of magnitude as an RNase
protection assay (50 000 copies per cell30) or RT-PCR measure-
ments (10 000 copies per 10 pg of RNA or 25 000 copies per cell
given our assumption on RNA mass per cell).31 We believe the
slight discrepancy between these three values arises in part from
each assay’s uncertainty, biological variability, differences in RNA
quality,32 or distinct efficiencies of miRNA extraction methods.33

’CONCLUSION

We presented, characterized, and demonstrated an assay for
the detection and quantification of miRNA targets in total RNA
samples. The assay is based on an ITP process which selectively
focuses miRNA and MB into an order 10 pL zone, in which we
perform and analyze MB hybridization. We showed that ITP
hybridization enables length-selective detection of miRNA and
can distinguish miRNA from its precursors. We also showed that
the sequence specificity of MBs was unaffected by coupling
hybridization with ITP. Finally, we demonstrated the efficacy of
the assay for the detection of miRNA targets in total RNA. We
successfully detected miR-122 in liver and corroborated reduced
expression in kidney. Using calibration experiments, we calcu-
lated the amount of miR-122 in liver, and our estimate is in fair
agreement with measurements performed with other quantifica-
tion methods. ITP hybridization is a fast (<2 min), low compo-
nent cost (∼$50 per chip, standard epifluorescence microscope
and power supply, ∼$0.50 of reagents per 100 runs), and
sensitive (down to 3000 copies per cell) microfluidic method
for miRNA profiling that requires small amounts of sample (100 ng
of total RNA) with about a three-decade dynamic range. Its speed,
automation, and low sample consumption make it an attractive
alternative to PCR or Northern blot analysis. We hypothesize that
further optimization of ITP and MB chemistries and dynamics
could significantly enhance sensitivity and reach the 100 copies per
cell level. We also hypothesize that ITP hybridization can be
extended to the detection and quantification of any type of nucleic
acids, for example RNA, rRNA, or genomic DNA.
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Figure 5. Demonstration of ITP hybridization assay for detection and
quantification of miR-122 in kidney and liver. We plot peak areas of ITP
hybridization experiments where LEs initially contain 100 pM MBs
targeting miR-122. The experiments shown have TEs which contain a
blank (left bar), 10 ng μL-1 of total RNA from human kidney (middle
bar), and 10 ng μL-1 of total RNA from human liver (right bar). The
increase in fluorescence for kidney over the control is not statistically
significant, showing our assay predicts miR-122 concentration in kidney
below a limit of detection of 3000 copies per cell. The peak area for liver
is significantly greater, indicating greater expression of miR-122. We use
a calibration curve built using synthetic miR-122 to estimate target
concentration from fluorescence enhancement. The solid gray line in the
inset shows a calibration curve resulting from interpolation of hybridiza-
tion results from synthetic miR-122 versus concentration (red “x”
symbols). We use this curve to calculate the concentration correspond-
ing to the enhancement fliver = 1.3. We estimate this concentration to
10.3 pM, corresponding to approximately 16 000( 400 copies per cell.
Uncertainty bars represent 95% confidence on the mean.
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