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nsitivity and selectivity of a GONS
quenched probe for an mRNA assay assisted with
duplex specific nuclease†
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Xuanming Liu,a Chunyi Tong *a and Bin Liu *a

The authors report a new graphene oxide nanosheet (GONS) based fluorescence method for mRNA assay

with duplex-specific nuclease (DSN)-assisted signal amplification. Following hybridization between the

target mRNA and its complementary DNA probe, the ssDNA in the DNA/mRNA hybrid is selectively

cleaved by DSN to produce small fragments. The released mRNA molecule then initiates another cycle

of hybridization and DSN digestion. In this manner, each mRNA molecule can specifically trigger many

cycles of hybridization and DNA cleavages to produce numerous small DNA fragments. The short DNA

fragments can exhibit strong fluorescence signals due to the weak adsorption of GONS to them. This

fluorescence assay for mRNA with increased selectivity has a 1 fM detection limit under optimal

conditions. Furthermore, this assay was successfully used for mRNA imaging in situ.
1 Introduction

Many studies have revealed that some genes, which possess
different expression patterns between tumors and normal
tissues, can act as biomarkers for early clinical diagnosis and
therapy assessment.1–4 Among of them, p21, a cell cycle regu-
latory protein, plays a very important role in the regulation of
cell proliferation and tumorigenesis.5 As an antitumor gene, the
level of p21 mRNA is signicantly decreased in the tumor
tissues and cell lines compared with normal cells.6,7 Thus, p21
mRNA can be used as a biomarker for tumor diagnosis, clinical
therapy and prognosis evaluation.

Until now, several efficient methods have been established
for mRNA assay including northern blotting, RT-PCR and gene
chip etc.8,9 As a standard method of mRNA assay, northern blot
method is complicated, time-consuming, large amount of
samples demand and easy to produce false positive or negative
results. Recently, several new methods based on nucleic acid
amplication signicantly have improved the sensitivity of
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mRNA detection. For example, qRT-PCR, molecular beacon
detection technology (MBs), rolling ring amplication tech-
nology (RCA), etc., have been used for mRNA analysis.9–11

Although thesemethods improved the specicity and sensitivity
in some extent, all of them introduced complicated primer or
probe design with high cost. Thus, developing a simple, ultra-
sensitive, highly selective and cost-effective biosensing platform
for mRNA assay is still of great signicance for biological assays
and clinical diagnostics.

Graphene oxide nanosheet (GONS) is a two-dimensional
carbon material with excellent electrical, thermal and
mechanical properties.12 The surface of this kind of nano-
material contains many functional groups on the basal plane
and edges, rendering it amenable to stably disperse in the
water. Until now, it has been widely used for biosensor,13,14

bioimaging,15,16 cellular image and drug delivery, etc.17–19 As
biosensors for molecules detection, these new systems can
overcome the shortcomings of traditional methods through the
following characteristics: GONS can directly adsorb long single-
stranded oligonucleotides labeled with uorophore and effi-
ciently cause uorescence quench through hydrophilic and p–p

interaction, while the duplex formation through hybridization
can reduce the adsorption capacity of GONS to DNA strands and
uorescent signal recovery through DNA strands release form
GONS surface.20–22 Furthermore, GONS can be used as a high
efficient carrier and protector of DNA probe for living cell image
by inhibiting nucleases unspecic digestion.23–25

On the basis of the previous work, we further proposed
a method based on GONS/SP-DSN (graphene oxide nanosheet/
single-stranded probe-duplex specic nuclease) sensing
system for mRNA assay in vitro and in vivo. At the presence of
RSC Adv., 2017, 7, 35629–35637 | 35629
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Scheme 1 Schematic presentation of nano-MBs with GONS-enhanced quenching efficiency. The poly T tailed linear DNA has stronger infinity
with GONS than hairpin or dsDNA.
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mRNA, the SP with its targets formed duplex through hybrid-
ization. Thus, the uorescence probe detained from GONS
surface and the uorescence signal was primarily recovered.
The addition of DSN triggered many cycles of hybridization and
DNA cleavages that amplied the uorescence signal to realize
the ultra-sensitive and quantitative mRNA detection. By
systematically studying the interaction between GONS and
different DNA/RNA duplex via theoretical simulation and
experiment performance, we found that GONS could bind and
quench uorophore-labeled ssDNA/RNA probe. Meanwhile, the
formation of DNA/RNA duplex led to the release of the probe
from GONS and uorescence signal recovery. By using the
hybridization, digestion and rehybridization manner, the
GONS-based sensing platform can offer a simple and ultrasen-
sitive method for various kinds of molecules with improved
performance.
2 Experimental
2.1 Materials

The GO powder was purchased from Xianfeng Nanotechnology
Co., Ltd (Nanjing, China). All other chemicals were of analytical
grade used without further purication. MilliQ Water was used
for the whole procedure. Oligonucleotides, listed in the (Table 1),
were synthesized and puried by HPLC (Takara Biotechnology
Table 1 Sequences of oligonucleotides

Name Sequence (50–30)

P1 TTTTTTTTTAGGACACATGGGGA
P2 CACAACAGGACACATGGGGAGC
Random TTCTTTCTTCCCTTGTTTGTT-FA
MB DABCYL-CACAACAGGACACATG
T1 r(CUCGGCUCCCCAUGUGUCCU
mT1 r(CUCGGCUCCaCAUGUGUCCU
mT2 r(CUCGGtUCCaCAUGUGUCCU)
mT3 r(CUCGGtUCCaCAUGUcUCCU)
P21-primer-1 ACCTTCCAGCTCCTGTAACATAC
P21-primer-2 GTCTAGGTGGAGAAACGGGAA
b-actin-primer-1 TCCGTGGAGAAGAGCTACGA
b-actin-primer-2 GTACTTGCGCTCAGGAGGAG

35630 | RSC Adv., 2017, 7, 35629–35637
Inc., Dalian). All kinds of cell lines were purchased form the cell
library of Xiangya Central Laboratory, Central-South University.
Human gastric cancer and normal tissue samples were obtained
from the Third Xiangya Hospital, Central-South University.
Fluorescencemeasurement was performed on the Hitachi F-4500
Fluorescence spectrophotometer. AFMmeasurement was carried
out on the Nanoscope IIIa (Digital Instrument, USA) under
tapping mode, with a Pt/Ti coated tip (force constant of 4 N m�1,
MicroMasch). A droplet of GONS dispersion was cast onto
a freshly cleaved mica surface and the sample was maintained at
room temperature for several minutes to allowwater evaporation.
The image was obtained at 20 �C with humidity of 30%.
2.2 Optimization of reaction time between oligonucleotides
and GONS

The commercial graphene oxide was treated using probe soni-
cation and bath sonication in puried water for 2 h to get
a highly dispersible and homogeneous graphene oxide nano-
sheet. The products were stored at 4 �C for use and stability
observation. The working solution of uorescence probe was
obtained by diluting the stock solution to a concentration of
100 nM using 20 mM Tris–HCl buffer (pH 8.0). To optimize the
interacting time between uorescence probe and GONS, 1 mL of
the probe solution (100 nM), and 2.7 mg GONS were mixed. The
Base numbers

GCCGA-FAM 28
CGAGTrUGTG-FAM 31
M 21
GGGAGCCGAGTrUGTG-TAMRA 31
) 20
) 20

20
20

T 24
21
20
20

This journal is © The Royal Society of Chemistry 2017
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mixture was diluted with Tris–HCl buffer to a nal volume of
100 mL and incubated for 0, 1, 5, 10, 15, 20, 25, and 30 min at
room temperature. Then, the uorescence intensities of
samples at these time points were measured with uorescence
spectrophotometer.

2.3 Optimization of hybridizing time

To optimize the reaction time between DNA/mRNA hybrid and
DSN, 1 mL of the probe solution (100 nM), T1 (20 nM) and 1 mL
DSN solution (0.2 units) were mixed in the 47 mL buffer. The
mixture solutions were incubated for 0, 5, 10, 15, 20, 25, 30, 35
and 40min at 45 �C, respectively. Then, 2.7 mg GONS was added.
The mixture was diluted with a Tris–HCl buffer to 100 mL, and
incubated for 10 min at room temperature. Finally, the uo-
rescence intensities of these samples were measured with
uorescence spectrophotometer.

2.4 Fluorescence assay

In the uorescence quenching and hybridization assays, the
uorescent probe 1 (P1) and probe 2 (P2) with nal concentra-
tion of 100 nM were hybridized with target T1 in the buffer
(100 mM NaCl, 10 mM PB, 10 mMMgCl2, pH 7.4) for 10 min. In
the mRNA detection methods of self-assembled graphene oxide
complex of GONS/P1 and GONS/P2, GONS of 1 mL (1.5 mgmL�1)
were added into hybridization buffer. Aer incubation for
15 min, the uorescences of solutions were measured using
Hitachi FL-4500 uorescence spectrophotometer with excision
at 450 nm and emission range from 500 to 580 nm. Spectrom-
eter slits were set for 10 nm band-pass. In the concentration
gradient assay, the uorescent probe P1 (100 nM) were
hybridized with target T1 of 1, 5, 10, 20, 50 and 100 nM,
respectively for 10 min, to which GONS of 1 mL (1.5 mg mL�1)
added. Aer incubation for 15 min, uorescence measurements
were performed with same spectrophotometer. The specicity
of the new method was investigated through monitoring the
signal change of the uorescent probe (100 nM) caused by the
target or base mismatch targets (50 nM). All other operation
steps in the mRNA detection methods of uorescence probes
and self-assembled graphene oxide complex of GONS/P1 were
similar to the above described.

2.5 Cell culture, total RNA extraction and qRT-PCR

Human tumor cells were cultured in DMEM medium supple-
mented with 10% fetal calf serum, and penicillin–streptomycin.
Total cellular RNA was isolated from culture cells using TRIzol
reagent (Invitrogen) and concentrations were measured by
ultraviolet absorbance at 260 and 280 nm and subsequently
stored in aliquots at �80 �C. Real-time PCR was performed
using the LightCycler Instrument (Roche Applied Science) in
a total volume of 50 mL per PCR tube. For each reaction, 1 mL of
cDNA was placed in a 20 mL Platinum SYBRgreen qPCR Super-
mix (Takara) containing 0.1 mL of a temperature-released Taq
DNA polymerase (5 U mL�1; Platinum DNA Polymerase;
Takara), 0.5 mL of the primers, and 14.5 mL DEPC-treated water.
The cycling protocol was identical for p21 mRNA and consisted
of an initial 5 min denaturation step at 95 �C for activation of
This journal is © The Royal Society of Chemistry 2017
the DNA polymerase, followed by 45 cycles of denaturation at
95 �C for 15 s, annealing at 63 �C for 15 s, and extension at 72 �C
for 20 s.

2.6 Polyacrylamide gel electrophoresis and silver staining

15% polyacrylamide gel was prepared by adding 3 mL ddH2O, 5
mL 30% acrylamide, 2 mL � 5 TBE, 70 mL 10% ammonium
persulfate and 4 mL TEMED into centrifuge tube, the mixture
was quickly poured into glue. Electrophoresis was carried out at
room temperature for 1 h at a constant volt of 100 V. Finally, the
separated products in the gel was visualized by silver staining.

3 Results and discussion
3.1 Design of a uorescence-based method for mRNA assay

The principle of the GONS-based uorescence assay for mRNA
is illustrated in the Scheme 1. p21 mRNA as a proof-of-concept
target, a single-stranded DNA probe containing a poly T tail,
which was completely complementary to the p21 mRNA
sequences, was rstly synthesized. The two-stage mRNA assay
contains four key components of target mRNA, a FAM-labeled
linear probe, single-stranded DNA specic nuclease (DSN) and
water-dispersed graphene oxide nanosheet (GONS). We initially
used a linear probe labeled with FAM, which forms a well
characterized ‘FRET pair’ with GONS and the binding of GONS
with probe in the absence of target results in uorescence
quenching of FAM uorophore. In contrast, in the presence of
p21 mRNA, the ssDNA probe hybridizes with target to form
DNA/RNA heteroduplexes and produces weak signal restora-
tion. However, the addition of DSN can selectively recognize and
cleave the ssDNA in the DNA/RNA hybrid to produce very small
DNA fragments. The p21 mRNA fragment will be released and
initiate another round of hybridization and DSN digestion. In
this manner, each target mRNA can specically trigger various
cycles of hybridization and DSN cleavage events, thus allowing
sensitive detection of target mRNA using this kind of signal
amplication manner.

3.2 Characterization of graphene oxide nanosheet

Aer synthesizing GO using natural graphite powder by
a modied Hummers method, both probe sonication and bath
sonication was further used in the exfoliation of this kind of 2D
layered material due to the reason that the use of only bath
sonication oen resulted in irregular graphene oxide nano-
sheet.26 Atomic force microscopy was used to directly quantify
the degree of exfoliation to a single graphene sheet level aer
with probe and bath sonication treatment. The AFM image of
the prepared GO was indicated in the Fig. 1. According to the
section analysis, the thickness of the prepared was about 2–
4 nm (Fig. 1A). However, the thickness of graphene oxide with
probe sonication reduced to 1.5 nm (Fig. 1B), which matched
well with the reported thickness of single-sheet graphene oxide.
Furthermore, the obtained nanosheet graphene oxide could be
dispersed in the water and TE buffer without any noticeable
aggregation at room temperature for 4 days. As a control,
obvious aggregation was appeared in the graphene oxide
RSC Adv., 2017, 7, 35629–35637 | 35631

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra05656g


Fig. 1 AFM images and the corresponding height profiles of GO with
probe sonication (B) or not (A). (C) The dispersion stability of GO with
probe sonication (ii) or not (i).
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solution (Fig. 1C). From these results, it can be concluded that
we have prepared a highly dispersed suspension of nanosheet
graphene oxide with a lateral size of 150–200 nm and a thick-
ness of approximately 1.5 nm by combing probe sonication with
bath sonication.
3.3 Fluorescence quenching efficiency of GONS

To investigate the potential use of GONS as “nanoquencher” of
uorophore and select a more sensitive probe for target assay,
two kinds of pure linear and hairpin structured probe (P1 and
Fig. 2 Comparison the relationship between fluorescence signal and qu
GONS concentration varied from 1.5 to 18 mg mL�1. Fluorescence signal
measured after incubating 30 min at 45 �C. The red curve represents the
fluorescence intensity.

35632 | RSC Adv., 2017, 7, 35629–35637
P2) were designed and labeled with FAM or TAMRA, respec-
tively. By comparing the uorescence signal of these probes
labeled with different uorophore, we found that the signal of
the two kinds of probe labeled with FAM uorophore was
signicantly higher than those of TAMRA labeled probes, while
no difference was observed when they were incubated with
excess amount of GONS. Thus, FAM labeled probes (P1 and P2),
which emitted strong uorescence signals were used for the
following experiment. Firstly, we compared the uorescence
quenching efficiency of P1 and P2 at the presence of different
concentrations of GONS. The result indicated that quenching
efficiency of the two probes gradually increased as the
increasing of GONS concentration. Up to more than 99%
quenching efficiency of P1 was observed when the GONS
concentration was at 15 mg mL�1. However, only about 75%
quenching efficiency was observed for P2 under the same
condition (Fig. 2). We suspected that dramatic uorescence
difference mainly arose from the efficient differentiation ability
of GONS to them, which could be accurately dene the structure
effect on the interaction of GONS with DNA using the ratio of
Nunpaired bases/(Nunpaired bases + Nbase pairs).27 According to this
ratio, the theoretic quenching efficiency of P2, a hairpin struc-
ture probe is 76%, which is very similar to the practical result
(75%). In summary, these results demonstrate the highly uo-
rescence quenching efficiency of GONS for the linear probe
rather than that hairpin structure probe.
3.4 Effect of concentration of Mg2+ on the uorescence
quenching

Aer identifying this GONS-based sensing platform for target
mRNA assay, we investigated the effect of Mg2+ concentration
on the uorescence quenching of GONS and the interaction of
GONS/P1 with target. From the uorescence curves of Fig. 3A, it
was found that the pure GONS/P1 signal was inuenced by Mg2+

concentration and the background signal of GONS/P1 showed
an inverse “V” shape upon the increase of Mg2+ from 5 to 20 mM
when there was no target. We further evaluated the inuence of
Mg2+ on the assay by analyzing the signal to background ratio
(S/B), dened as S/B ¼ (Fhybrid � Fbuffer)/(FGONS/P1 � Fbuffer),
where Fhybrid, Fbuffer and FGONS/P1 were the uorescence inten-
sities of the probe-target hybrid, the plain buffer solution and
enching efficiency of probes under different concentration of GONS.
of 100 nM P1 (A) or P2 (B) with different concentrations of GONS were
fluorescence quenching efficiency, while the black curve indicates the

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (A) The effect of Mg2+ concentration on the fluorescence quenching efficiency and restoration of P1. Fluorescence emissions of GONS/P1
at the presence of T1 or not. (B) The relative S/B ratio at the different concentrations of Mg2+.
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the pure probe, respectively. As shown in the Fig. 3, the highest
S/B ratio was obtained at 15 mM Mg2+ due to the low back-
ground and increased hybrid signal of the probe. We also
investigated the effect of Mg2+ on the S/B of GONS/P2 and ob-
tained similar results (data not shown). These data suggested
that the presence of stem structure could increase the back-
ground signal and thus lead to a small S/B. While the linear
probe greatly improved the S/B ratio and consequently
increased the sensitivity for target mRNA assay.
3.5 Detection sensitivity of the assay

To determine the potential use of the new established system
for mRNA assay, we compared the uorescence restoration
capability caused by target mRNA in the presence of DSN or not.
Firstly, we employed S/B again to reect the uorescence
restoration without DSN (Fig. S1†). As we expected, a signicant
Fig. 4 Fluorescence emission spectra and PAGE gel electrophoresis of
rescence spectra of GONS/P1 sensing system at a series of concentration
sensing system at a series of concentrations of T1 (from 0 to 10 nM). (B
images.

This journal is © The Royal Society of Chemistry 2017
uorescence signal increase was observed aer the addition of
excess T1 mRNA when there was no DSN (Fig. 4A). A dramatic
increase of uorescence intensity was observed as the target
concentration varied from 1 nM to 100 nM. The detection limit
(determined to be three times the standard deviation in the
control buffer) was 0.5 nM, which was 4-fold higher than that of
the GONS-hairpin probe.27 However, the sensitivity of this
approach cannot fulll the requirement of sample quantica-
tion in the bio-lab or clinic diagnosis for the low detection limit.
We further investigated the uorescence change of the
proposed approach in the presence of DSN. We rstly investi-
gated the effect of DSN concentration on the reaction and found
that the maxiumum signal was obtained under the presence of
0.2 U DSN (Fig. S2†). We then investigated the signal change by
varying T1 concentration. As our expected that a dramatic
increase of uorescence intensity was observed when T1
different T1 concentration in the absence or presence DSN. (A) Fluo-
s of T1 (from 0 to 100 nM). (C) Fluorescence spectra of GONS/P1-DSN
and D) The silver staining results of polyacrylamide gel electrophoresis

RSC Adv., 2017, 7, 35629–35637 | 35633
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Fig. 5 Specificity detection of GONS/P1-DSN system. (Fm � F0)/(Ft �
F0) � 100% indicates the relative fluorescence intensity, in which F0, Ft
and Fm represents the fluorescence intensities of blank, comple-
mentary and mismatch targets, respectively. The relative fluorescence
intensity in the presence of T1 was normalized as 1. The concentration
of GONS/P1, T1 and mTs are 100 nM. The error bars represent the
standard deviation of the three repeated experiments.

Table 2 Quantitative result of p21 mRNA in tumor cell lines and
samples
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concentration was increased from 1.0 fM to 10 nM at the
presence of 0.2 U DSN (Fig. 4C). The target concentration and
the corresponding uorescence value had a good linear rela-
tionship in the range from 1.0 fM � 1.0 nM, which was indi-
cated in Fig. S3.† According to the standard curve, we obtained
a regression equation of y ¼ 6.365x + 22.07, the corresponding
regression coefficient (R2) is 0.979, where y represents the
uorescence intensity of 522 nm, x indicates the value of log C
(C shows different T1 concentration in pM). The detection limit
was 1.0 fM (estimated from three times the standard deviation
in the blank solution). Comparing with the above direct assay
system, the sensitivity increased about 5 orders magnitude with
the aid of DSN. This data suggested that the proposed approach
was appropriate for sensitive quantication of mRNA. In order
to conrm the reliability of the assay, we further detected the
products of the assay using PAGE method. From Fig. 4B and D,
it was found that the duplex of DNA/RNA increased as the
upregulation of target concentration, while smear bands were
only produced with the presence of DSN (Fig. 4D). This result
further conrmed the reliability of the uorescence detection
system.
Tumor cell lines p21 mRNA (10�13 mol mg�1)

BT-549 5.18
QBC-939 3.83
SMMC-7721 2.64
HCT-116 1.28

Tumor cell lines

p21 mRNA (10�13 mol mg�1)

Normal Gastric cancer

1 4.78 3.67
2 6.09 5.87
3 4.59 2.62
4 3.91 4.45
5 4.96 3.05
3.6 Selectivity investigation of GONS-quenched probe for
mRNA assay

The high specicity is the major advantage of hairpin struc-
ture probe.28,29 We also studied whether the proposed dual
amplication approach had similar ability to discriminate the
perfect and mismatch targets. The complementary target (T1)
and the mismatch targets containing 1, 2 and 3 mismatch
bases (mT1, mT2 and mT3) were used as detection objects.
Fig. S4† and 5 displayed relative uorescence intensity of
GONS-P1 in the presence of these targets with or without DSN,
respectively. From the two gures, it was found that all targets
differentially caused the uorescence increase of GONS/P1,
while the uorescence enhancement by the mT1, mT2 and
mT3 were 75%, 50% and 20% of that caused by the
35634 | RSC Adv., 2017, 7, 35629–35637
complimentary T1, respectively. This data indicates that the
linear probe can discriminate base mismatch. It has been re-
ported that the existence of mismatch base pair in the duplex
can signicantly reduce the efficiency of DSN digestion.30 We
also found that the uorescence signal caused by mT1 and
mT2 was only 50%, 25% of that by T1, nearly no uorescence
increase was observed for mT3 aer introducing DSN for the
assay (Fig. 5). These data clearly demonstrated that the intro-
duction of DSN signicantly improved base mismatch
discrimination ability and accordingly increased selectivity of
the assay.
3.7 p21 mRNA detection in complicated biosamples

The origin of tumor cell had been shown to be a potent regu-
lator of p21 mRNA expression level.31,32 We wanted to deter-
mine whether this proposed approach could accurately
quantify p21 mRNA levels with different cell origin. Four
different tumor cell lines were selected and total RNA extracted
from these cells was subjected to the GONS-probe based assay
and the result was indicated in Fig. S5.† From this gure, it was
found that the level of p21 mRNA decreased according to the
sequence of BT-549, SMMC-7721, QBC-939 and HCT-116,
respectively. Among of them, the quantitative test showed
that the level of BT-549 cell was about 4-fold higher than that of
HCT-116 in (Table 2).

It had been reported that p21 mRNA was generally lower in
the tumor tissues than that of normal control.33 We then
investigated whether the new approach could be used to
discriminate the difference of p21 mRNA in tissue samples. 5
pair gastric tissues were selected and the total RNA extracted
from these tissue samples were subjected to the uorescence
assay. The result in Fig. 6A showed that a different extent
decrease of p21 mRNA in the 4 patients (80%) compared with
the corresponding adjacent tissues. Only one patient didn't
show uorescence signal change between the tumor and adja-
cent tissue. Meanwhile, the result also conrmed that p21
mRNA level was related with the personal origin tissue.
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 (A) Quantitative detection of p21 mRNA expression levels in 5 gastric cancer and normal tissue samples. (B) Detection of p21 mRNA in
tissues by qRT-PCR. The error bars represent the standard deviation of three repetitive measurements.

Fig. 7 p21 mRNA image in situ BT-549 cells were incubated with GONS/P1 at the presence of DSN or not.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ju

ly
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 6
:0

3:
18

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
According to the standard curve (Fig. S3†), we obtained p21
mRNA level of the investigated cell lines and tissue samples
quantitatively (Table 2). We further measured p21 mRNA levels
of these tissue samples using qRT-PCR method, the results are
indicated in Fig. 6B. By comparing the results in Fig. S5† and
Fig. 6A and B, it was found that the p21 mRNA levels of these
tissue samples observed by the two methods are consistent.
However, the new proposed method showed the signicant
advantages of simplicity, high speed and low cost comparing
with classical RT-PCR method.
3.8 p21 mRNA image in situ using GONS/P1-DSN system

It has been reported that GONS, a highly efficient carrier for
delivering DNA into cells, can strongly protect DNA from
nuclease digestion.24,25,34,35 In order to further wide the capa-
bility of the new method, we used it to monitor p21 mRNA level
in vivo by using BT-549 cells as a model. Aer incubation of BT-
549 cells with GONS/P1 for 4 h under 45 �C, we observed a weak
green uorescence signal in tumor cells, which indicated the
successful entry of GONS/P1 into the cells and hybridization
with p21 mRNA. Almost no uorescence signal was observed in
the control sample. However, GONS/P1-DSN co-incubating with
BT549 cells showed stronger uorescence signal comparing
with that of cells without DSN (Fig. 7K vs. 7I). This result clearly
indicated that DSN effectively amplied the uorescence signal
in the cell, which is urgent for mRNA assay and early diagnosis
This journal is © The Royal Society of Chemistry 2017
in vivo, especially for the identication of cells infected with low
abundance RNA virus.
4 Conclusions

In summary, this study designed a simple, high sensitive and
specic method for mRNA assay using GONS labeled single-
stranded DNA probe and DSN, a specic enzyme amplica-
tion cascade cycle. Based on the GONS/P1-DSN sensing system,
the purpose of mRNA sensitive detection was achieved, the
detection limit reached 1 fM. In addition, the sensing system
can not only detect mRNA in living cells specically, but also is
hopeful for monitoring the dynamic change of mRNA in situ.
Based on these characteristics, this assay system will be helpful
for enhancing the understanding of mRNA function in a wide
range of biological processes, as well as for the early diagnosis
of disease and new drug development.
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