
N
p

Z
a

b

a

A
R
R
A
A

K
m
D
R
L
S

1

s
n
a
r
o
c
m
r

s
m
t
t
d
[
m
m
a
n
k
5

0
d

Talanta 85 (2011) 1760– 1765

Contents lists available at ScienceDirect

Talanta

jo u r n al hom epage: www.elsev ier .com/ locate / ta lanta

anoliter  droplet  array  for  microRNA  detection  based  on  enzymatic  stem-loop
robes  ligation  and  SYBR  Green  real-time  PCR

eqi  Yua,  Ying  Zhua,  Yunxia  Zhanga,  Juan  Lib,  Qun  Fanga,  Jianzhong  Xib,  Bo  Yaoa,∗

Institute of Microanalytical Systems, Department of Chemistry, Zhejiang University, Hangzhou, 310058, China
Department of Biomedical Engineering, College of Engineering, Yan Nan Yuan 60, Peking University, Beijing, 100871, China

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 30 April 2011
eceived  in revised form 30 June 2011
ccepted 30 June 2011
vailable online 7 July 2011

a  b  s  t  r  a  c  t

In  this  paper,  a  nanoliter  droplet  array  based  on  enzymatic  stem-loop  probes  ligation  and  SYBR  Green
real-time  PCR  for  quantification  of  microRNA  was  developed.  By  employing  T4  RNA  ligase  2  instead  of  T4
DNA  ligase,  we  designed  simplified  stem-loop  probes  to perform  microRNA-templated  DNA  ligation  and
reduced  the  non-specific  ligation  of  T4  DNA  ligase.  SYBR  green  I  dye  was  employed  instead  of  TaqMan
probes  in  present  miniaturized  real-time  PCR  systems.  Specifically,  we  optimized  the  dosage  of  SYBR
eywords:
icroRNA
roplet array
eal-time PCR
igation

Green  I dye  in  nanoliter  droplet  and  verified  the  performance  of  this  system  by detecting  synthetic
mir-122  with  a 6 logs  dynamic  range  (from  1.5  × 105 to  1.5 ×  1010 copies).  Linear  relationship  of  the
standard  curve  (R2 = 0.9997)  and  high  PCR  amplification  efficiency  (96.83%)  were  obtained  under  the
optimized  conditions.  We  detected  the  expression  of  mir-122  across  five  mouse  tissues  and  the  result
was  consistent  with  that  TaqMan  microRNA  assay.  We  think  this  miniaturized  real-time  PCR  platform

st  con
YBR  Green reduced  the  detection  co

. Introduction

MiRNAs (or microRNAs), encoded by endogenous gene, are
mall single-stranded, non-coding RNA with the length of 18–25
ucleotides [1]. Its role in regulating gene expression [2,3] has
ttracted increasing attention in recent years. Plenty of studies
evealed that miRNAs participated in a series of important process
f life course, including early development [4], cell proliferation [5],
ell apoptosis [6]. So, research on accurate, sensitive and low cost
iRNA quantification method has great significance for biological

esearch and clinical diagnosis.
However,  miRNAs are not easy to detect, because of their

mall size and high similarity of the sequences. Some conventional
ethods (i.e. northern blot) [7,8] are complained on low sensi-

ivity, time and labor consuming. At present, real-time reverse
ranscriptase PCR (real-time RT-PCR) is playing a great role in
etecting miRNAs on account of high sensitivity and specificity
9–12]. In order to improve the specificity of miRNA measure-

ent and distinguish single nucleotide mismatch between similar
iRNA sequences, real-time RT-PCR assay for miRNA detection

lways employed stem-loop and TaqMan probe [12] or locked

ucleic acid (LNA) modified primers [13]. In addition, it was  well
nown that T4 DNA ligase could efficiently catalyze the joining of
′-phosphomonoester group and 3′-hydroxyl group of two DNA

∗ Corresponding author. Tel.: +86 571 88273496; fax: +86 571 88273572.
E-mail  address: yaobo08@zju.edu.cn (B. Yao).

039-9140/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.06.075
siderably,  thus  showing  the  great  potential  to  quantitative  biology.
© 2011 Elsevier B.V. All rights reserved.

oligonucleotides in presence of RNA templates [14]. The ligation-
dependent assays have been implemented to detect viruses in
which two  DNA hemi-probes hybridized to viral RNA nucleotides
were ligated by T4 DNA ligase, and then used as template for PCR
amplification [15,16]. Compared to the conventional PCR based
on cDNA reverse transcripted from RNA strands, ligase-mediated
gene detection could not only perform precise distinction of RNA
sequence variants, but also easily solve the small size limita-
tion of miRNA and produce corresponding DNAs with appropriate
length for following PCR amplification. However, T4 DNA ligase
was proven catalyzing the connection of single-strand DNA probes
at the absence of target molecules [17]. Li et al. [18] proposed a
method based on enzymatic stem-loop probes ligation to trans-
form miRNA target into cDNA template. This method significantly
reduced the nonspecific ligation of probes and the interference of
precursor miRNA and was  able to identify a single mutant in the
miRNA sequence.

Recently, development of microfabricated platforms has
become one of the major trends in chemical and bio-medical
applications and numerous researches have been reported on
miniaturized PCR technique which has advantages over tradi-
tional PCR platform such as high throughput, low cost and low
reagent consumption [19,20]. On this basis, we recently devel-
oped a low density nanoliter droplet array generated on chemical

modified silicon chip for gene quantification [21]. Reliable and sen-
sitive two-step real-time qRT-PCR assay for miRNA measurement
was performed within 500 nL droplets. Compared with common
continuous-flow-droplet-based PCR system [22,23], it was easy to
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ig. 1. Schematic illustration of the real-time PCR platform with fluorescence imag-
ng system.

istinguish the fluorescence of immobilized droplets during each
hermal cycle. Consequently, parallel assay of different samples and

ulti-step reactions in droplets was no longer difficult challenge.
To  the best of our knowledge, TaqMan probe was  used in most

f the present microchip-based real-time PCR systems [21,24–27],
owever SYBR Green based real-time PCR, as an alternative of
aqMan assay, which was usually employed in conventional quan-
itative PCR was seldom used in miniaturized PCR systems. That

ight because that oil phase which was usually used to separate
roplets and prevent evaporation in present microchip PCR systems
ould influence and reduce the fluorescence of the complex SYBR
reen dye and dsDNA products. Although TaqMan probe could
ring about higher sensitivity and ensure the detection specificity,

t would increase the experimental cost dramatically. A reliable and
nexpensive miniaturized SYBR Green based real-time PCR assay

ay become more attractive because of its great potential in bio-
ogical research.

Considering the abovementioned factors, herein, we demon-
trated a droplet-based real-time PCR platform utilizing SYBR
reen I for miRNA quantification. In this work, we employed T4 RNA

igase 2 instead of T4 DNA ligase in Ref. [18] and special stem-loop
robes were designed to minimize non-specific ligation. T4 RNA lig-
se 2 has better ability to distinguish the specific join-sites than T4
NA ligase, which makes it much easier to design probes and detect
ifferent miRNAs. By using mir-122 as a target mature miRNA, we
erformed the enzymatic ligation and SYBR Green based real-time
CR and optimized the dosage of SYBR Green dye for fluorescence
etection within 500 nL droplet array. We  finally validated this
ethod for quantifying the expression of mir-122 across 5 mouse

issues including spleen, kidney, lung, brain and liver.

.  Experimental

.1. Fabrication of miniature real-time PCR system

The home-made real-time PCR system for microchip fluores-
ence detection was developed as shown in Fig. 1, including

 commercial Thermal Cycler (MGL96G/Y, LongGene, Hangzhou,
hina) for PCR reaction, two blue light emitting diodes (LED) (3W,
ree, Shenzhen, China) equipped with excitation filter (470D25,
B-Optical, Shenyang, China) as light source and a charge coupled
evice (CCD) (DH-SV1401FC/FM, Daheng Image, Beijing, China)
ith magnifying lens (MLM-3XMP, Computar, Tokyo, Japan) and a
iece of emission filter (535AF40, Omega, Brattleboro, USA) for flu-

rescence image capture. The droplet array chip was placed on the
etal objective table of the Thermal Cycler. Fabrication method of

ilicon PCR chips was reported earlier [21]. In brief, we  grew a layer
f SiO2 on the surface of the silicon wafer first, and then the sur-
2011) 1760– 1765 1761

face  was  silanized to be hydrophobic. After that, a 6 × 6 hydrophilic
spot array was fabricated on the surface of the silicon wafer using
photolithography followed by wet  chemical etching. The transpar-
ent indium tin oxide (ITO) glass (1.1 mm thick, 10 ohm, LAIBAO,
Shenzhen, China) as heated lid was covered above the PCR chip
and its temperature was  maintained at 60 ◦C by a homemade con-
trol unit. In addition, a program written in Labview (Labview 8.0,
National Instruments, Austin, USA) was used to control two  LEDs to
open/close, as well as a CCD to acquire fluorescence image of every
cycle in real-time and in situ.

2.2. Mature miRNAs, probes, and primers

The sequence of mature mir-122 (UGGAGUGUGACAAUGGUGU-
UUG)  and mir-21 (UAGCUUAUCAGACUGAUGUUGA) selected from
the Sanger Center miRBase at http://microrna.sanger.ac.uk/
sequences. Synthetic mature miRNA oligonucleotides
were  synthesized by Shanghai GenePharma (Shanghai,
China). Stem-loop probes and primers for mir-122 recog-
nition and PCR amplification were products of Invitrogen
(Shanghai, China). The sequence of two  probes were: 5′-
GGTCGTATCCAGGAGAGGGTGAAGGTATGCGGATTGGATACGACGAC
AAACACC-3′ (probe1) and 5′-ATTGTCACACTCCAAAGTCGTTCAGG
TATAACGACAA-3′ (probe2), respectively. The sequence of forward
primer was 5′-GGAGAGGGTGAAGGTATGC-3′ and the reverse
primer was 5′-TGAACGACTTTGGAGTGTGA -3′.

2.3.  Tissue preparation and total RNA extraction

Dissected organs including spleen, kidney, lung, brain and liver
from 3-week-old ICR mice provided by Zhejiang University Labo-
ratory Animal Center (Hangzhou, China), were used for preparing
mouse total RNA samples. All animal procedures were in accor-
dance with Institutional Animal Care and Use  Committee (IACUC)
and OECD guidelines. Total RNA was  extracted using TRNzol (Tian-
gen, Beijing, China) according to the manufacturer’s protocol and
the concentration of total RNA was  quantified by the value of A260
on a SP-752TM UV–vis spectrophotometer (Spectrum Shanghai,
China).

2.4. Ligation reaction

First,  probe 2 was  phosphorylated as follows. 10 �L of 100 �M of
probe 2 incubated at 75 ◦C for 5 min, then placed on ice for 2 min.
The phosphorylation reaction was performed in a 20 �L volume
containing aforementioned probe 2, 20 nmol of rATP (Promega,
Beijing, China), 10 U of T4 Polynucleotide kinase (T4PNK) (TaKaRa,
Dalian, China) and 2 �L of T4PNK buffer at 37 ◦C for 2 h, 65 ◦C for
20 min.

After  phosphorylation, 50 pmol of probe 1 and 50 pmol of 5′-
phosphorylated probe 2, 2 �L of sample solution (synthetic miRNA
or isolated total RNA) and 12 U of Cloned Ribonuclease Inhibitor
(RRI) (TaKaRa, Dalian, China) were mixed together and fixed up to
3.8 �L of anneal volume with DEPC treated water. The mixture was
incubated at 65 ◦C for 3 min, then slowly cooled down to 25 ◦C. 2.5 U
of T4 RNA ligase 2 (New Eanland Biolabs, Beijing, China), 0.5 �L of
10 × ligation buffer was added into the above mixture to a final
volume of 5 �L. When using T4 DNA ligase, 175 U of T4 DNA ligase
(TaKaRa, Dalian, China), 0.2 �L of RRI, and freshly prepared buffer
of 50 nmol Tris–HCl pH 7.5, 50 nmol MnCl2, 50 pmol ATP, 500 pmol
DTT (TaKaRa, Dalian, China) was added into the above mixture to a
final volume of 5 �L. 150 nL of ligation solution would be spotted on

one hydrophilic spot area by using pipette (0.1–2.5 �L Research ,
Eppendorf, Shanghai, China). When the whole 6 × 6 droplet array
had been spotted, 200 �L of PCR mineral oil (Sigma–Aldrich, St.
Louis, USA) was  covered the whole array to prevent droplet evap-
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in the presence of specific target sequence. �Ct between mir-122
and NTC (Ctmir-122 − CtNTC) was  evidently increased when the T4
RNA ligase 2 was  employed compared to T4 DNA ligase (about 12.1
vs. 1.9 cycles), thus reducing the nonspecific ligation at least 1000
ig. 2. Schematic diagram of stem-loop probes ligation-based real-time PCR assay f
)  were designed to hybridize with target miRNA. Then the probes were annealed an

n  the following PCR amplification. Quantification was performed on self-made dro

ration. Finally, the PCR chip incubated at 37 ◦C for 2 h (for T4 RNA
igase 2), or 16 ◦C 1.5 h, 70 ◦C 20 min  (for T4 DNA ligase), respec-
ively.

.5. SYBR Green real-time PCR assay

After ligation, each droplet would be added with 350 nL PCR pre-
ix containing 250 nL of SYBR® Premix Ex TaqTM (TaKaRa, Dalian,

hina), 50 nL of 10 �M forward and reverse primers and 15 nL of
0 × SYBR Green I (Biovision, Xiamen, China). The PCR reaction was
erformed at 95 ◦C for 2 min, followed by 35 cycles of 94 ◦C for 30 s,
0 ◦C for 40 s and 72 ◦C for 30 s. The fluorescence image of each
ycle was acquired during the extension segment at 72 ◦C by CCD
amera.

.6. Data processing methodology

For  data analysis, the fluorescence intensity of each droplet was
ead out using a program written in Labview and translated into
mplification plot using Excel and Origin. The threshold cycle (Ct)
as defined as the fractional cycle number at which the relative
uorescence intensity became greater than the threshold where
he threshold was defined as 10-fold of the standard deviation (SD)
alue of the PCR plot baseline.

. Results and discussion

.1.  Choice of ligase

T4  DNA ligase was proven to be able to distinguish a single
ismatch from nucleotide sequence homologous to target miRNA,

owever, Li et al. found that T4 DNA ligase could also catalyze the
igation between 5′-phosphomonoester and 3′-hydroxyl group of
ingle DNA strands in the absence of miRNA targets [18], albeit with
ubstantially lower ligation yield. Those nonspecific background
ignals would be significantly intensified in the subsequent PCR
mplification, thus becoming a very serious problem when low-
bundant miRNA target was characterized. In order to resolve this
roblem, a couple of improved probes with a stem-loop struc-
ure were designed, however, which might bring the increment
ifficulty for probe design. Meanwhile, T4 RNA ligase 2 was  also
 kind of enzyme, which could efficiently catalyze the ligation of
NA-templated DNA fragments [28,29]. Cheng et al. also demon-
trated that T4 RNA ligase 2 can greatly improve the specificity
or the ligation of padlock probes by using miRNA as the template
ection of miRNAs. A couple of oligonucleotide stem-loop probes (probe 1 and probe
ted in the presence of T4 RNA ligase 2. The joint DNA strand was used as a template
ased real-time PCR system utilizing SYBR Green I as the quantitative dye.

and  sensitively detected miRNA through a branched rolling-circle
amplification (BRCA) reaction [30].

In this work, we employed T4 RNA ligase 2 to catalyze miRNA-
templated DNA ligation, instead of T4 DNA ligase in Ref. [18]. The
schematic diagram of this method was shown in Fig. 2, including
hybridization, ligation and PCR amplification steps. Obviously, the
ligation of two  DNA probes was  the key step where ligase was nec-
essary to catalyze the joining of 5′-phosphomonoester group and
3′-hydroxyl group of two probes in the presence of miRNA target
as template. To investigate the specificity of the miRNA-templated
ligation assay, we  compared the catalysis efficiency between T4
DNA ligase and T4 RNA ligase 2. Fig. 3 shows the difference of
cycle threshold value (�Ct) of the two ligase. For T4 DNA ligase, the
fluorescence of all droplets enhanced quickly and almost simulta-
neously. The �Ct between mir-122/mir-21 and no template control
(NTC) were very slight (only about 0.7 and 1.9 cycles) at a con-
centration of 1.5 × 108 copies per droplet. This result verified that
even without target sequence, T4 DNA ligase could still get two
nucleotide probes (probe1 and probe2 in Fig. 2) joining together
nonspecifically [18]. However, when using T4 RNA ligase 2, the Ct
value of mir-122 was  significantly different from that of NTC, while
the fluorescence of mir-21 remained unchanged until the fluores-
cence of NTC started to increase at about the 27th cycle. It meant
that T4 RNA ligase 2 could catalyze stem-loop probes ligation only
Fig. 3. Histogram of the difference of Ct value (�Ct) between mir-122/mir-21 and
no template control (NTC) across two ligases.
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Fig. 4. Correlation of the amount of SYBR Green I put into the PCR mixture to the
�Ct  value and the relative fluorescence intensity at the 40th cycle. There were 6
groups with 0, 7.5, 15, 22.5, 30, 37.5 nL of extra SYBR Green I put into the 500 nL
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s
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olds in our work, which was significantly improved compared with
revious BRCA method [30].

.2. Optimization of dosage of SYBR Green I

In addition to TaqMan assay, the SYBR Green PCR assay
s another commonly used real-time PCR technique, which is
mployed by most of the researchers. SYBR Green PCR is widely
sed because of the ease in designing the assays and its rela-
ively low setup and running costs. Despite its widespread use, this
echnique was  surprisingly seldom reported in miniaturized PCR
ystems. Although the commercial kit used in our real-time PCR
etection system contained certain concentration of SYBR Green I
ye, we found that the fluorescence intensity of the droplets hardly

ncreased during PCR amplification even at high concentration of
emplate. We  think that might be mainly caused by the influence
f the mineral oil covered on the droplet array for preventing evap-
ration. In this experiment it was observed that the concentration
f SYBR Green I was critical for the relative fluorescence intensity
f small volume PCR amplification in droplet, affecting not only the
ensitivity but also the Ct value. Fig. 4 shows that the amount of
YBR Green I put into the PCR mixture would greatly affect the �Ct
alue, as well as relative fluorescence intensity at the plateau phase
at 40th cycle) of amplification.

It  was observed that, the �Ct (Ctmir-122 − CtNTC) increased with
he increment dye concentration before 15 nL/droplet of SYBR
reen I input, while greatly decreased when the input amount was
bove 15 nL/droplet. Meanwhile, relative fluorescence intensity at
he plateau phase increased with the concentration of extra SYBR
reen I, and increase rate decreased gradually. Nevertheless, when

he concentration of extra SYBR Green I was above 30 nL/droplet,

elative fluorescence intensity dropped rapidly. We  think that is

 balance of two kinds of influence of the SYBR Green dye on the
roplet array based real-time PCR assay, one is the increment of
ensitivity of the fluorescence detection and the other is the inhi-

ig. 5. Real-time quantitative PCR detection of synthetic mir-122: (a) distribution of dr
ynthetic mir-122 is 1.5 × 1010, 1.5 × 109, 1.5 × 108, 1.5 × 107, 1.5 × 106, 1.5 × 105 and 0 c
b)  Amplification plot of synthetic mir-122 over six orders of magnitude. (c) Standard cur
droplets,  respectively. Each group was tested in 6 independent droplets where 3
droplets contained 1.5 × 108 copies of mir-122 and the other 3 droplets were no
template control.

bition of the PCR amplification [31]. Therefore considering of the
�Ct and relative fluorescence intensity synthetically, 15 nL/droplet
of extra SYBR Green I was  used as an optimized concentration for
high sensitivity of the droplet array based real-time PCR assay.

3.3.  Performance of the droplet based PCR assay

We used synthetic mir-122 to test the performance of this

droplet array based SYBR Green real-time quantitative PCR assay.
Fig. 5a shows the distribution of different droplet reactions and
a series of fluorescence images of droplets with serial dilution of
synthetic mir-122 (from 1.5 × 105 to 1.5 × 1010 copies) at different

oplet array and the fluorescence images at different thermal cycles. The input of
opies per droplet, respectively. Each reaction was run in triplicate or sextuplicate.
ve of synthetic mir-122.
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ig. 6. (a) Correlation of total RNA input (23.4–2340 pg/500 nL droplet) to the Ct va
f  mouse tissues. The dark and white rectangles represent the relative expression o
aqMan probes, respectively. Both of them show high expression of mir-122 in live

hermal cycles. The amplification plot was given in Fig. 5b. Plot-
ing the Ct value against the logarithm of copy number of synthetic

ir-122 input (shown in Fig. 5c), excellent linear relationship was
btained (R2 = 0.9997). It meant a dynamic range of at least 6 logs
as available in a single assay with this system. At the same time,

mplification efficiency reached as much as 96.83%.

.4. Expression profile of mir-122 in tissues

As mir-122 is specifically abundant in the adult liver tissue and it
onstitutes 70% of the total miRNA population [32], next we tested
he capability of this assay to detect changes in mir-122 expres-
ion across 5 tissues isolated from 3-week-old ICR mice. Total RNA
xtracted from spleen, kidney, lung, liver and brain was  quanti-
ed based on the A260 value. In 500 nL droplet, for liver tissues in
hich the expression of mir-122 was highest, the linear correla-

ion (R2 = 0.9940) of the Ct value to total RNA input (23.4–2340 pg)
as shown in Fig. 6a. Actually, it was found that PCR amplification
ould be inhibited notably if total RNA input was above 2340 pg
er droplet, which caused the increment of fluorescence intensity
oo weak to be detected. Therefore, the total RNA input should
e ensured within the linear range to obtain high sensitivity and
ccuracy.

Furthermore, we investigated the expression of mir-122 in
ouse liver and other 4 tissues. As showed in Fig. 6b, the result was

onsistent with that of real-time RT-PCR system based on nano-
iter droplet array employing TaqMan probe [21], thus proving the
bility of this system to detect real biological sample. As expected,
ir-122 was highly expressed in mouse liver, but extremely low in

ther tissues, which was in agreement with that reported in earlier
iterature [33].

.  Conclusions

In summary, we developed a SYBR Green real-time PCR system
or quantification of miRNAs based on stem-loop probes ligation
nd nanoliter droplet array. This platform has several advantages
ncluding: (1) the utilization of nanoliter droplet array reduced the
eagent/sample consumption greatly from over 10 �L to 500 nL;
2) the implementation of PCR chip based on silicon chip realized

ulti-step and parallel reactions in droplets which were used as
mmobilized micro-reactors; (3) employing T4 RNA ligase 2 which
reatly improved the specificity of the assay through reducing the
on-specific ligation of T4 DNA ligase in miRNA-templated DNA
robes ligation reaction; (4) it was demonstrated that SYBR Green

ye could also be successfully used in miniaturized real-time PCR
ssay. The whole detection system was very easy to be constructed,
hich might be helpful for widely application. We  believe this

ystem might become a simple, sensitive, accurate and especially

[

[

f mir-122 in mouse liver. (b) Relative expression profiles of mir-122 across 5 kinds
122 detected by our system using SYBR Green I and real-time RT-PCR system using

 low expression in other tissues.

low  cost tool for detection of miRNAs, even could be employed for
large-scale actual application.
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