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A B S T R A C T

Hepatocarcinoma is the second leading cause of cancer-related death worldwide accompanied by the aberrant
expression of many genes. Among of them, p53 and p21 genes played a vital role in the development of liver
cancer. Thus, monitoring mRNA levels of the two markers is urgently needed for early diagnosis and under-
standing the molecular mechanism of hepatocarcinoma development. Herein, a functional nanosystem for in situ
and real-time monitoring levels of p53 and p21 mRNA was constructed using reduced graphene oxide nanosheet
assisted fluorescence probes. Comparing with traditional methods, the new method indicated high sensitivity
and outstanding selectivity towards p53 and p21 mRNA assay in vitro. Moreover, the functional nanosystem was
successfully used for monitoring dynamic change of mRNAs in HepG2 cells caused by cisplatin treatment, the
reliability of which was confirmed by RT-PCR. In summary, this strategy provides a promising tool to reveal p53
and p21 mRNA regulatory process in cancer cells, which is practicable for drug screening and therapy evaluation
on clinic.

1. Introduction

Hepatocarcinoma, the second leading cause of death from cancer
(9%), is seriously threatening to human health [1,2]. Until now, no
obvious symptom was found in the early stage of this kind of tumor.
However, abnormal expression and mutation of multiple genes often
appeared in this kind of tumor at early stage [3,4]. Thus, developing an
efficient and simple method for mRNA assay is helpful for improving
the early diagnosis. As a tumor suppressor, p53 plays an important role
in regulating cell cycle arrest, apoptosis, DNA repair, autophagy et al.
[5]. The aberrant expression of p53 mRNA played a vital role in the
development of hepatocarcinoma [6,7]. In addition, p21, a transcrip-
tional target of p53, is also associated with the development and
prognosis of hepatocarcinoma by mediating cell cycle and apoptosis.
Hence, real-time monitoring mRNA level of the two genes can provide
reliable evidence for the early diagnosis. Although many developed
techniques, including Northern blot [8], DNA microarrays [9], in situ
hybridization [10] and RT-PCR [11,12], has been used for in vitro
mRNA assay, monitoring of cellular mRNA in vivo, which can dyna-
mically reveal the spatial and temporal variations of mRNA, is still

scarce due to the weak and/or unspecific signal output in some extent.
Therefore, a more reliable analysis platform for real-time monitoring
mRNA in living cells would be of particular significance.

Recently, Sensors based on different nanomaterials, have been
widely used for biomolecular detection [13,14], heavy-metal ion de-
tection [15,16], water quality monitoring [17,18] et al. Among of these
nanomaterials, graphene oxide (GO), a 2D carbon nanomaterial, has
attracted wide attention due to its remarkable electronic, mechanical
and thermal properties [19–21]. Many evidences have indicated that
GO can efficiently quench the fluorescence signal of single-stranded
DNA (ssDNA) through π-π stacking, while the signal can be restored by
formation of double-stranded DNA (dsDNA) due to the weak interaction
between GO and dsDNA [22]. Although it has been reliably and sen-
sitively used for nucleic acid assay in vitro, the inherited toxicity of GO
to cells and tissues directly defined its limited application in vivo
[21,23]. However, the reduced graphene oxide (rGO) showed a sig-
nificant advantage of ultra-low toxicity [24,25]. Meanwhile, this kind
of nanomaterial with less hydrophilic edge groups is principally inter-
nalized by phagocytic uptake in cells, making intracellular imaging of
target genes possible [26]. In addition, the stronger adsorption and
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fluorescence quenching capability are also helpful for mRNA image in
vivo relative to GO [27].

In this work, we applied rGO for simultaneously monitoring p53 and
p21 mRNA in living cells by adsorbing FAM-labeled p21 probe (P21)
and Cy5-labeled p53 probe (P53) on the surface. After the two fluor-
escence probes hybridize with corresponding targets through base
pairing, the formation of DNA/RNA duplexes directly result in the re-
lease of probes from the surface of rGONS and accordingly restore
fluorescence signal (Scheme 1). Based on this principle, we established
a fluorescence ‘off/on’ method for simultaneous imaging of dual genes
in vivo.

2. Experimental section

2.1. Chemicals and apparatus

DNA oligonucleotides were synthesized and purified by HPLC
(Takara Biotechnology Inc., Dalian) and the sequences are listed in

Table 1. The GO powder was purchased from Xianfeng Nanotechnology
Co., Ltd (Nanjing, China). Deoxyribonuclease I (DNase I) was purchased
from Solarbio Science and Technology (Beijing, China). All solutions
including hybridize buffer solution (50mM Tris-HCl, 15mM MgCl2,
1 mM EDTA, pH 7.5) were prepared using MilliQ water by a Milli-Q
Plus System (Millipore Corp., USA). Dulbecco's Modified Eagle Medium
(DMEM), fetal bovine serum (FBS), penicillin, streptomycin and other
chemicals were purchased from Sigma (Milan, Italy). Mouse anti-rabbit
IgG-p21 and p53 (sc-397, sc-6243) were purchased from Santa Cruz. All
cell lines were purchased from Xiangya Central Laboratory, Central-
South University.

Fluorescence measurement was performed on the FL-7000
Fluorescence spectrophotometer (Hitachi, Japan). Fluorescence ima-
ging was obtained using FV1000-IX81 Laser scanning confocal micro-
scopy (OLYMPUS, Japan). Zeta potential was recorded using a Zeta
sizer (Malvern Nano series, Malvern, UK). The FT-IR spectra were de-
termined on a Nicolet 6700 FT-IR spectrophotometer (Thermo Fisher
Scientific Inc, USA). UV–Vis absorption was determined on the DU800
spectrophotometer (Beckman Coulter Inc, USA). MTT assay was mea-
sured using microplate reader (PerkinElmer, USA). Fluorescent images
were collected using small animal multi-mode imaging system (lumi-
naxr, US).

2.2. Optimization of reaction conditions between probe and rGONS

GO powder was prepared as described previously [22]. Solutions of
100 nM FAM-labeled p21 probe (P21) and Cy5-labeled p53 probe (P53)
were incubated with various concentrations of rGONS for 10min at
room temperature before the fluorescence intensities of samples were
measured. Kinetic study of fluorescence quenching was carried out as
follows: after adding different concentrations of rGONS to the solution
of 100 nM P53 and P21, respectively, the fluorescence signal was re-
corded on the fluorescence spectrophotometer for 20min. The excita-
tion wavelength of P53 and P21 were 635 nm and 450 nm, respectively.
The emission wavelengths of P53 and P21 were in the range from 655
to 700 nm and 500–600 nm, respectively.

Scheme 1. (A) Preparation of functional DNA strands-immobilized rGONS (P53&P21@rGONS) nanosystem. (B) Illustration of the P53&P21@rGONS nanosystem for
mRNA imaging in vivo via the target-triggered specific hybridization.

Table 1
Sequences of oligonucleotides.

Name Sequence (5′-3′) Number of
bases

P53 TTTTTTTTTGCACAAACACGCACCTCAAAGC-Cy5 31
P21 TTTTTTTTTAGGACACATGGGGAGCCGA-FAM 28
scDNA TTCTTTCTTCCCTTGTTTGTT-FAM 21
T53 GCUUUGAGGUGCGUGUUUGUGC 22
T21 UCGGCUCCCCAUGUGUCCU 19
TVEGF CAUCACCAUGCAGAUUAUGCG 21
THCV GCUCCACUGGCAAGGCCUGG 20
TmiR-21 CAACAUCAGUCUGAUAAGCU 20
F-p21-primer ACCTTCCAGCTCCTGTAACATACT 24
R-p21-primer GTCTAGGTGGAGAAACGGGAA 21
F-p53-primer ATGAGCCGCCTGAGGTTGG 19
R-p53-primer CAGCCTGGGCATCCTTGAGT 20
F-β-action-

primer
TCCGTGGAGAAGAGCTACGA 20

R-β-action-
primer

GTACTTGCGCTCAGGAGGAG 20
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2.3. mRNA detection using P53&P21@rGONS platform

The probe@rGONS nanosystem was prepared by mixing 50 nM P53
and 50 nM P21 with 6 μg/mL of rGONS in the reaction solution. T53 and
T21 with different concentrations were added into the nanosystem and
incubated for 30min at 37 °C. Then, the fluorescence intensities were
measured. In dual targets detection, 100 nM P53 and 100 nM P21 were
mixed with 12 μg/mL rGONS, followed by addition of 100 nM T53 or
100 nM T21 mRNA. In addition, the specificity of the method was in-
vestigated by incubating the nanosystem with 100 nM T21, T53, TVEGF,
THCV and TmiR-21 at 37 °C for 30min, separately, before measuring
fluorescence intensity.

2.4. Cytotoxicity assay of rGONS

Liver cancer cell lines of HepG2, SMMC-7721 and BEL-7404 were
seeded in the 96-well microplate (5×104 cells/well) and cultivated for
24 h. Then, rGONS (0–50 μg/mL) was added and incubated for 12 h at
37 °C. Following with rGONS treatment, cells were washed 3 times with
PBS and incubated with 100 μL MTT (0.5mg/mL) at 4 h. After dis-
carding the medium, 150 μL of DMSO was added to record the absor-
bance at 490 nm on the microplate reader.

2.5. Uptake assay of rGONS

After rGONS (1mg/mL) has interacted with Rhodamine 6G (RDM)
(Fluka) for 12 h, 10 KD filter was used to remove excess RDM from
rGONS. HepG2 cells seeded on the 12-well plates (5×105 cells/well)
were cultivated for 24 h, followed by PBS washing. Three kinds of
small-molecule inhibitors were respectively added and incubated for
1 h. Finally, rGONS-RDM (10 μg/mL) was added and incubated for
another 4 h. Meanwhile, Hoechst 33342 was added to stain cell nuclear.

2.6. mRNA detection in live cells

HepG2 cells were seeded on the 12-well plate with a density of
5× 105 cells/well. Cisplatin was used to induce p21 and p53 mRNA
expression in HepG2 cells. In a single target detection group, P21@
rGONS complex was incubated with liver cancer cells under 1% FBS for
10 h at 37 °C. In the dual targets assay, P21&P53@rGONS nanosystem
with different concentrations was added to HepG2 cells after treatment

with cisplatin. Fluorescence intensity of FAM and Cy5 were obtained
under laser scanning confocal microscope.

2.7. qRT-PCR assay

Cellular total RNA was isolated using TRIzol reagent. cDNA syn-
thesized using an iScript kit (Bio-Rad) was used as the template in the
following PCR reaction. The PCR reaction procedure was carried out as
follows: 5min at 95 °C, (30 s at 95 °C, 30 s at 55 °C and 30 s at
72 °C)× 40 cycles, 10 min at 72 °C using Bio-Rad real-time PCR system.

2.8. Western blotting

Cells were lysed in the RIPA buffer containing
Phenylmethanesulfonylfluoride. Samples were separated using SDS-
polyacrylamide gel electrophoresis and transferred into polyvinylidene
fluoride membrane. The membranes were blocked with 5% skim milk
in Tris-buffered saline with Tween-20 and incubated with antibodies
against p21, p53 or β-actin overnight at 4 °C, followed by incubating
with HRP-conjugated secondary antibodies. The blots were visualized
using BIO-RAD ChemiDoc XRS chemiluminescence system.

3. Results and discussion

3.1. Characterization of rGONS and feasibility of the mRNA detection
system

rGONS nanosheets were synthesized through the reduction of
GONS. AFM images indicated that the thickness and the size of control
GONS were of ∼1.5 nm and 80–150 nm, respectively, which is con-
sistent with previous reports Although the thickness of rGONS remains
stable, the size decreased to 50–80 nm after with reduction treatment
(Fig. 1A and Fig.S1. Zeta potential assay indicated a higher potential of
rGONS (−22mV) comparing with GONS (−28mV) (Fig. 1B), due to
the decrease of oxygen groups on the surface. Meanwhile, reduction
treatment of GONS resulted in the shift of maximal absorption from
218 nm to 231 nm (Fig. 1C), which is consistent with previous report
[25]. In addition, FT-IR showed that the sharp peak of C]O/COOH at
1652 cm−1 and the broad peak of –OH around 3400 cm−1 for GONS
was stronger relative to rGONS (Fig. 1D). These data clearly confirmed
the successful synthesis of rGONS.

Fig. 1. Comparison of physicochemical properties of GONS and rGONS. (A) AFM image of GONS and rGONS. (B) Zeta potential of GONS and rGONS. (D) UV–vis
spectrum of GONS and rGONS. (E) FT-IR spectrum of GONS and rGONS.
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3.2. The condition optimization of rGONS

As the quenching ability of rGONS to fluorescence probe is related
to concentration and reactive time [28], We then investigated the effect
of rGONS concentration on the quenching efficiency of fluorescence
probes and found that the fluorescent signal of probes decreased in an
rGONS concentration-dependent manner and both of the quenching
efficiency was more than 99% at the presence of 6 μg/mL rGONS
(Fig.S2, Fig. 2A and B). In addition, it has been reported that the lower
energy level of rGONS can increase the efficiency of electron transfer
from the dyes to rGONS comparing with GONS [29], which was re-
flected by the increase of quenching speed and the shortening of time
for reaching the plateau of fluorescence quenching rate (Fig. 2C and D).
In addition, other condition optimization of Mg2+ concentration, re-
action time and temperature referred to the data of our previous study
[22,30].

3.3. The S/B assay

In order to investigate the feasibility of the strategy, we monitored
the signal change of probes caused by the different target. As shown in
Fig. 3, the tight adsorption of P53 or P21 probe on the rGONS surface
resulted in strong fluorescence quenching while the presence of corre-
sponding targets caused the increase of fluorescence signal about 40-
fold (Fig. 3A and B) and 50-fold (Fig. 3C and D) due to the weak in-
teraction between hybrids and rGONS. Comparing with common, mo-
lecular beacon(S/B ratio< 20) [31], the above results demonstrated
the higher S/B ratio of rGONS-based fluorescence probe, which can be
attributed to the ultra-low background of the system.

3.4. In vitro detection of p21/p53 mRNA

We next studied the effect of mRNAs concentration on the fluores-
cence change of the nanosystem. Fig. 4A and B indicated that the
fluorescence signal increased as the target mRNAs concentrations
varied from 0 to 100 nM. Moreover, the concentration of two targets
and the corresponding fluorescence intensity indicated a good linear
relationship in the range from 0 to 100 nM (Fig. 4C and D). Based on the
standard curve, two regression equations for y=2.6294x - 4.1757 (T53,
C) and y=6.4082x - 19.74 (T21, D) were obtained, where y represents

the fluorescence intensity of 665 nm (T53) and 522 nm (T21), x indicates
the target concentration. The detection limits for p53 mRNA and p21
mRNA were calculated to be 0.71 ± 0.053 nM and 0.46 ± 0.045 nM
(detection limit (DL)= 3.3× (standard deviation/slope of the cali-
bration curve)) [32], respectively. Comparing with previous report
[33,34], the new detection system based on rGONS exhibited accep-
table performance for mRNA detection. In addition, we further studied
the regeneration of the nanosystem for the potentiality. As shown in
Fig.S3, the results indicated that hybrid duplex can be digested with
0.1 μg/mL RNase A while releasing probe, which was resorbed by
rGONS (decrease in fluorescence intensity). Therefore, the detection
system we designed has the possibility of regenerative ability.

3.5. Selectivity investigation of the rGONS-quenched probe for mRNA
detection

The selectivity ability was further assessed by comparing the
fluorescence signal of the nanosystem at the presence of different tar-
gets. As shown in Fig. 5A and B, both of T21 and T53 caused the increase
of significant fluorescence signal at 521 nm, while no obvious signal
increase was found when other DNA/RNA targets containing unrelated
sequences were present, due to the lack of hybridization between probe
and target. In addition, in situ imaging result obtained from IVIS ima-
ging system in Fig. 5C indicated the significant increase when the two
probes hybridized with the corresponding mRNA. Meanwhile, no cross
interference was observed for the two probes. Therefore, the new na-
nosystem is feasible for detecting target mRNA under complex en-
vironment.

3.6. Stability and cell viability assay of nanosystem/rGONS

Several kinds of nanomaterial inherited the strong anti-nuclease
ability, which can efficiently avoid the disturbance of nucleases when
the DNA probe was used for cell imaging [34,35]. In this study, we also
found that negligible change of the fluorescence signal of the two na-
nosystems was observed after with DNase I or cell-free extracts treat-
ment (Fig. 6A and B). Only the addition of corresponding targets can
recovery the fluorescence signal (Fig. 6C and D). In addition, PAGE
assay directly confirmed the anti-nuclease ability of P53@rGONS and
P21@rGONS nanosystem (Fig.S4). The characteristic of anti-nuclease

Fig. 2. Comparison of the relationship between
fluorescence signal and quenching efficiency of P53
and P21 under different concentration of rGONS. (A,
B) Fluorescence single changes of P53 and P21 with
different concentration of rGONS. (C, D) The fluor-
escence intensities of P53@rGONS (C) and P21@
rGONS (D) nanosystem at different time point.
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digestion demonstrated the practical applicability of this nanosystem
for mRNA imaging in living cells without the distribution of unspecific
nuclease degradation.

In addition, MTT assay was used to evaluate the cytotoxicity of
rGONS to the tumor cells. As shown in Fig.S5, all investigated cancer
cells showed more than 90% viability after incubating with high con-
centration of rGONS (50 μg/mL) for 12 h. Moreover, the viability of
investigated cell lines was more than 95% with the presence of 10 μg/
mL rGONS. By combining with our previous results that rGONS with
concentration less than 12.5 μg/mL did not affect gene mRNA expres-
sion [36], it can be concluded that the rGONS is suitable for in vivo

application without disturbing gene expression.

3.7. Uptake mechanism of rGONS

In addition, we also explored the cell uptake mechanism and the
located region of rGONS by using RDM as the indicator. Fig. 7A in-
dicated that all investigated inhibitors showed an inhibitory effect on
cell uptake of rGONS-RDM. Among of them, uptake efficiency of rGONS
reduced about 95% ± 2.4% in the presence of rottlerin while little
difference was observed between β-cyclodextrins and chlorpromazine
treatment group (Fig. 7B). As rottlerin, β-cyclodextrins and

Fig. 3. Feasibility analysis of the detection system. (A, C) The fluorescence emission spectra of P53@rGONS and P21@rGONS in the absence/presence of T53 and T21,
respectively. (B, D) Comparison of the signal-to-background ratio (S/B) of two probe@rGONS in the absence and presence of excess T53 and T21, respectively.

Fig. 4. (A, B) Fluorescence emission spectra of the
P53&P21@rGONS sensing platform in the presence
of T53 (A) and T21 (B) with different concentrations.
(C, D) The standard curve of absolute fluorescence
intensity (△FI) VS concentration detection of T53 (C)
and T21 (D) from 0 nM to 100 nM.
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chlorpromazine are specific inhibitors corresponding to caveolae-
mediated endocytosis, clathrin-dependent endocytosis and micro-
pinocytosis [37]. These results demonstrated that rGONS entered into
cell cytosol mainly through micropinocytosis, the most economical and
efficient pathway to maximize the uptake of extracellular substances

[38]. According to our knowledge, this is the first report for studying
the pathway of GO-based probe entering into cells, which is important
for explaining the efficiency difference of cell imaging using different
probe. Meanwhile, it was found that rGONS mainly located in the cy-
tosol, the same region with mRNA, which further confirmed the

Fig. 5. (A, B) Fluorescence intensity responses of the nanosystem measured at excitation wavelengths of 665 nm (A) and 522 nm (B). (C) Simultaneous detection of
dual mRNA in vitro.

Fig. 6. Nuclease stability of the nanosystem. (A)
Fluorescence signal curve of P53@rGONS in the
buffer without or with DNase I as a function of time.
(B) Fluorescence signal curve of P21@rGONS in the
buffer with DNase I or not as a function of time.
Fluorescence spectra after hybridization of the P53@
rGONS (C) and P21@rGONS (D) with target mRNA
in the absence of DNase I and the presence of DNase
I.

Fig. 7. Cellular trafficking and uptake mechanism of rGONS. Confocal microscopy images of the internalization and sub-cellular localization of rGONS in the
presence of different inhibitors. The error bars represent the standard deviation of the three repeated experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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reliability of mRNA assay by using this system.

3.8. Imaging of p53&p21 mRNA in living cells

Based on the above findings, the system was used for mRNA ima-
ging in living cells. First, we investigated the effect of incubation time
on the fluorescence signal change and found that the signal positively
varied with incubation time before 8 h (Fig.S6). This data clearly

confirmed the high stability and the reliability of imaging in situ of the
probe system by avoiding false positive signal inherited in the mole-
cular beacon-based method [39]. Then, the p21@rGONS was used to
directly characterize the difference of p21 mRNA in several kinds of
tumor cell lines. Fig. 8A indicated that fluorescence intensity decreased
according to the sequence of BEL-7404, HepG2 and SMMC-7721, re-
spectively, which directly reflect the mRNA level from single cell. In the
control experiment, nearly no fluorescence was observed for scDNA@

Fig. 8. Detection of p21 mRNA level in liver cancer cell lines (BEL-7404, HepG2, SMMC-7721). (A) Fluorescence images of these cell lines were taken after 8 h of
incubating with P21@rGONS nanosystem or scDNA@rGONS nanosystem to cell. (B) The comparison of p21 mRNA level in different cancer cell lines obtained from
P21@rGONS nanosystem and RT-PCR.

Fig. 9. p53&p21 mRNA image in vivo (A) As the treatment time increased from 0 to 48 h, progressively increasing fluorescence signals corresponding to P53 and P21
were visualized in HepG2 cells under laser confocal microscopy. (B) p53 and p21 mRNA assay of HepG2 cells treated with cisplatin for different time using P53&
P21@rGONS detection system and RT-PCR analysis. (C) p53 and p21 protein assay of HepG2 cells treated with cisplatin for different time.
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rGONS nanosystem, which reflected the reliability of mRNA imaging in
living cells. Meanwhile, p21 mRNA level in these cell lines (Fig. 8B, red
line) were further confirmed using RT-PCR assay (Fig. 8B, bar). The
consistent results between the two methods indicate that this detection
system could effectively discriminate the level of p21 mRNA in different
cancer cells.

3.9. Dynamic simultaneous detection of p53 and p21 mRNA

Based on the eminent performance of rGONS nanosystem for p21
mRNA image, the method was then used to simultaneous monitor the
effect of cisplatin treatment on the dynamic change of p53 and p21
mRNA. As shown in Fig. 9A, both of red and green fluorescence in
HepG2 cells, which correspondingly reflected the p53 and p21 mRNA
levels, increased in a time- and concentration-dependent manner,
which is consistent with previous report that cisplatin can upregulate
level of p53 signaling pathway related mRNA [40]. Meanwhile, in vitro
assay using P53&P21@rGONS nanosystem and RT-PCR method further
confirmed the upregulation of the two genes mRNA induced by cis-
platin (Fig. 9B). Moreover, cisplatin treatment can upregulate p53 and
p21 protein in a concentration-dependent manner (Fig. 10). These re-
sults clearly indicate that the probe@rGONS nanosystem is hopeful for
reliably monitoring the efficiency of drug treatment on the gene mRNA
expression.

4. Conclusions

In this study, we developed a new nanosystem for double mRNA
assay in vitro and in vivo by monitoring fluorescence signal change of
nanosystem. In vitro assay indicated its outstanding fluorescence
quenching efficiency, excellent biocompatibility, high cell uptake effi-
ciency and strong anti-nuclease capability in living cells. Meanwhile,
the nanosystem with high selectivity can rapidly detect target mRNA
with a limitation of 0.71 ± 0.053 nM (p53) and 0.46 ± 0.045 nM
(p21). Moreover, the nanosystem was successfully applied to monitor
the regulating function of cisplatin on p53 and p21 mRNA from living

cell level, which is beneficial for evaluating the efficiency of che-
motherapy. In summary, this study provides a general strategy for
constructing mRNAs assay system only by changing the probe se-
quence, which holds great potential for exploring transcription-related
molecular mechanism of diseases.
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