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HIGHLIGHTS

o A ratiometric fluorescence biosensor
was designed for miRNA detection.

e The strategy had been applied to
differentiate miRNA expression levels
in cells.

e The CHA displayed signal amplifica-
tion ability, ensuring the sensitive
detection.

e The strategy held great potential for
the early clinical diagnostics.
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ABSTRACT

MicroRNA (miRNA) plays significant roles in cell proliferation, differentiation and apoptosis, and has
been considered to be valuable biomarker for cancer. Accurate and sensitive detection of miRNA is
crucially significant for cancer diagnosis and treatment. Here, a MnO; nanosheet-mediated ratiometric
fluorescence biosensor was designed for miRNA detection and imaging in living cells. It contained MnO,
nanosheets acting as DNA carrier, and fluorescent donor (FAM)-labeled hairpin H1 (recognition probe)
and fluorescent acceptor (TAMRA )-labeled hairpin H2 (amplification probe). When the biosensor entered
cell by endocytosis, MnO, nanosheets were degraded to Mn?* via intracellular glutathione (GSH) and the
adsorbed hairpins H1 and H2 were released. The intracellular target miRNA-21 hybridized with the
recognition unit of H1 to initiate catalyzed hairpin assembly (CHA) and a large amount of H1-H2 du-
plexes were produced. This brought fluorescent donor FAM and fluorescent acceptor TAMRA into close
proximity to produce fluorescence resonance energy transfer (FRET), inducing a ratiometric fluorescent
response (donor signal decreased and acceptor signal enhanced) for miRNA-21 detection. Furthermore,
this method could be applied to differentiate the expression levels of miRNA-21 in HeLa, HepG-2 and
LO2 cells. These results indicated that the proposed method possessed great potential in the early
diagnosis of miRNA-related diseases.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

MicroRNAs (miRNAs) are a group of noncoding RNA molecules
existence in eukaryotic cells including plants and animals [1,2].
MiRNAs play significant roles in a variety of biological process, such
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as cell proliferation, differentiation and apoptosis by adjusting gene
expression after transcription [3,4]. Accumulating evidences have
demonstrated that the alterations of miRNA expression levels are
closely related to the occurrence and development of cancers [5,6].
For instance, miRNA-21 was discovered to overexpress in various
cancers, such as breast cancer, liver cancer and lung cancer [7—9].
Therefore, miRNA can be identified as a potential cancer biomarker
[10,11]. The detection of miRNAs displays great significance for
early cancer diagnosis. Nevertheless, due to the limitations of
unique characteristics of miRNA, such as short size (approximately
22 nucleotides), low abundance, high sequence homology among
family members and vulnerable degradability, miRNA detection
method requires high sensitivity and accuracy [12].

Traditional miRNA detection strategies include Northern blot-
ting, real-time quantitative polymerase chain reaction (qRT-PCR)
and microarray [13—16]. Although these methods could achieve
miRNAs detection in solutions or in cell lysates, they suffered from
time-consuming steps, complex and expensive, impeding their
wide applications. To overcome these issues, several new methods
have been introduced for the detection of miRNAs, such as elec-
trochemical methods [17—19], surface-enhanced Raman spectros-
copy [20], colorimetric assays [21] and fluorescence methods
[22,23]. Among them, fluorescence methods have received great
attention because of short time consumption, great reproducibility,
simple and high sensitivity [24,25]. Furthermore, fluorescence
imaging can be applied to assay the target at the cellular level.

Currently,a series of methods for detecting miRNAs in living
cells have been devised using fluorescence imaging techniques.
Molecular beacon (MB) provided a method for monitoring miRNAs
in living cells. It was designed to hybridize with the target sequence
to generate fluorescent signal, achieving the detection of the target
miRNA [26]. However, MB was delivered into cells by transfection,
which exhibited low transfection efficiency, resulting in limited
expression. In recently, nanomaterials, such as molybdenum di-
sulfide (MoS;), graphene oxide (GO) and gold nanoparticles
(AuNPs), were widely used in biomedical and biosensing due to
their unique optical properties and biocompatibility [27—29].
Moreover, a method using nanomaterial as a carrier has been
increasingly applied for detection intracellular miRNAs. Wang
research group designed an AuNPs loaded split-DNAzyme probe for
imaging of miRNAs in cancer cells [30]. Kuang et al. developed a
DNA driven core-satellite assembly probe based on AuNPs and
quantum dots for detection of intracellular miRNAs [31]. Never-
theless, these measures are focused on single response signal and
based on surveying the absolute variation in fluorescent intensity.
These can prone to be affected by a variety of environmental factors,
including nuclease degradation, thermodynamic fluctuations, un-
even probe concentration distribution, cell autofluorescence and
light source drift, impacting the accuracy of target detection [32].

Herein, a MnO; nanosheet-mediated ratiometric fluorescence
biosensor was constructed for miRNA detection and imaging in
living cells. MnO; nanosheet was a graphene-like sheet nano-
material [33]. It could act as DNA nanocarrier to deliver FAM
(donor) labeled recognition probes H1 and TAMRA (acceptor)
labeled amplification probe H2 into cells. After entering the cell,
MnO; nanosheets were degraded to Mn?* by intracellular gluta-
thione (GSH) [34] and hairpins H1 and H2 were released. In the
presence of target miRNA-21, the catalyzed hairpin assembly (CHA)
was triggered to form H1-H2 duplexes. This brought the fluorescent
donor and fluorescent acceptor into close to each other to produce
FRET, inducing ratiometric fluorescent response for miRNA-21
detection. Because of the self-correcting ability, the ratiometric
biosensor utilized the changes of the emission intensity ratio of
donor to acceptor to reduce the influence of experimental envi-
ronmental. Furthermore, this method had been applied to

differentiate the expression levels in HeLa, HepG-2 and LO2 cells.
These results indicated that the biosensor possessed great possible
for the early diagnosis of miRNA-related diseases.

2. Experimental section
2.1. Chemicals and reagents

All of DNA oligonucleotides, miRNAs, DNase I endonuclease and
Diethyl pyrocarbonate (DEPC) water were obtained from Sangon
Biotech Co., Ltd. (Shanghai, China). DNA oligonucleotides and
miRNAs sequences used in this assay were described in Table S1.
Trihydroxymethyl aminomethane (Tris), manganese chloride tet-
rahydrate (MnCl;-4H,0), hydrogen peroxide (H,0;), GSH and tet-
ramethylammonium hydroxide (TMA-OH) were obtained from
Macklin Biochemical Co., Ltd. (Shanghai, China). Antibiotics peni-
cillin/streptomycin, cell culture medium, fetal bovine serum and
PBS (pH 7.4) were purchased from Biological Industries (Beit-Hae-
mek, Israel). The HeLa, HepG-2 and LO2 cells were obtained from
Procell Life Science & Technology Co., Ltd. (Wuhan, China). All
chemicals were used as received without further purification.
DEPC-treated deionized water was used throughout all the
experiments.

2.2. Instruments

The fluorescence emission spectra were obtained on a Hitachi F-
7000 fluorescence spectrophotometer (Hitachi, Japan). The
ultraviolet-visible (UV-vis) absorption spectra were performed by a
U-2910 spectrophotometer (Hitachi, Japan). Transmission electron
microscopy (TEM) survey was recorded on a JEM-1011 transmission
electron microscope (JEOL, Japan). The Raman spectrum was per-
formed by a LabRAM HR800 spectrometer (Horiba Jobin Yvon,
France). Fluorescence images were obtained with an Axio Observer
3 inverted fluorescence microscope (Carl Zeiss, Germany) with an
objective lens of 63x. The MTT experiments were measured on a
microplate reader (Tecan Austria GmbH, Austria). Dynamic light
scattering (DLS) and zeta potential analysis were obtained on a
ZetaSizer Nano ZS90 (Malvern Instrument, Worcs, UK). It was
performed three times and each measurement consisted of 20 runs
of 10s.

2.3. Synthesis of MnO, nanosheets

The synthesized of MnO, nanosheets were based on the re-
ported literature previously [35]. In a typical synthesis procedure,
20 mL mixture including 3 wt% H,0, and 0.6 M TMA-OH was mixed
with 10 mL MnCl;-4H,0 (0.3 M) solution under stirring within 15 s.
The obtaining dark brown solution was stirred at room temperature
overnight and then collected via centrifugation at 10000 rpm for
10 min. The obtained crude product was washed several times with
water and methanol and dried at 60 °C for 12 h to removal of re-
sidual solvent. In order to obtained MnO, nanosheets, 5 mg MnO,
solid was dispersed in 10 mL water under ultrasonication for 10 h,
and centrifuged to take the supernatant for the experiment.

2.4. In vitro fluorescence ratio detection of miRNA-21

Firstly, the oligonucleotides (H1 and H2) were heated to 95 °C
for 5 min and then naturally cooled to room temperature. Subse-
quently, MnO, nanosheets (40 pugmL™!) were mixed with H1
(20nM) and H2 (120 nM) in Tris-HCl buffer (0.1 M Tris, 0.01 M Nadl,
pH 7.4) and then added GSH (1 mM). Finally, the target miRNA-21
was added, followed by incubating at 37 °C for 40 min to trigger
CHA.
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2.5. Polyacrylamide gel electrophoresis experiment

The products of CHA reaction were analyzed by 15% non-
denaturating polyacrylamide gel electrophoresis (PAGE) in
1 x electrophoresis Tris-borate-EDTA (TBE) buffer. The gel was
stained with SYBR gold for 40 min and then imaging of gel was
visualized by UV imaging system (Bio-RAD Laboratories Inc., USA).

2.6. Cell culture

LO02 cells were fostered in DMEM medium supplemented with
10% fetal bovine serum and 1% antibiotics penicillin/streptomycin.
HepG-2 cells were grown in MEM medium containing 10% fetal
bovine serum and 1% antibiotics penicillin/streptomycin. HeLa cells
were grown in 1640 medium supplemented with 10% fetal bovine
serum and 1% antibiotics penicillin/streptomycin. All cells were
incubated in a humidified atmosphere containing 5% CO, and 95%
air at 37°C.

2.7. MTT assay

MTT assay was utilized to detect the cytotoxicity of MnO,
nanosheets. Firstly, HepG-2 cells were dispersed in a 96-well plate
(5000 cells per well) and then incubated at 37 °C overnight. Then
discard the original medium and added fresh cell medium con-
taining different concentrations of MnO, nanosheets (0, 10, 20, 30,
40, 50, 60 and 70 pgmL™") and incubated for another 24 h. Next,
5mgmL~' MTT solutions (20 pL) were added and incubated for
another 4 h. Finally, DMSO (100 uL) was mixed to per well to
dissolve crystals. After 4 min of shock, the absorbance was surveyed
at 490 nm by a microplate reader.

2.8. Fluorescence imaging

L02, HeLa and HepG-2 cells were first dispersed in chamber
slides and incubated with 5% CO, and 95% air at 37 °C overnight.
Then, the MnO, nanosheets and hairpin DNAs of H1 and H2, which
were dispersed in cell culture medium, were added into cells and
incubated another 4 hat 37 °C. Finally, washing cells three times
with PBS buffer, the fluorescence imaging was performed using
fluorescence microscope.

3. Results and discussion
3.1. Principle of miRNA detection and design

The principle of MnO, nanosheet-mediated ratiometric fluo-
rescence biosensor was illustrated in Scheme 1. It contained MnO,
nanosheets and two hairpins H1 and H2. MnO; nanosheets could
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Scheme 1. Scheme illustration of MnO, nanosheet-mediated ratiometric fluorescence
biosensor for miRNA detection and imaging.

absorb H1 and H2 as DNA nanocarrier and could act as fluorescent
quencher. Hairpin H1 contained fluorescent donor (FAM) and
recognition unit of target miRNA-21. Hairpin H2 contained fluo-
rescent acceptor (TAMRA) and amplification unit. The spontaneous
self-assembly between H1 and H2 were blocked due to the com-
plementary sequences were inserted in the stems [36,37]. After
being transferred to cells, MnO; nanosheets were degraded to
Mn?* by intracellular GSH and hairpin H1 and H2 were released.
The intracellular target miRNA-21 hybridized with the recognition
unit of H1. This could initiate the exposure of the hidden toehold in
the stem of H1 to recognize H2, which could substitute the miRNA-
21 from H1 to form steady H1-H2 double-stranded structure.
During the CHA process, fluorescent donor in the 3’ terminal of H1
was approach to the acceptor (located at H2) to generate FRET,
producing a ratiometric fluorescent response (donor signal
decreased and acceptor signal enhanced) for miRNA-21 detection.
Furthermore, the released target miRNA-21 could trigger the next
CHA to generate a great deal of H1-H2 complexes, resulting in
signal magnification. In this manner, the detection and intracellular
imaging of miRNA-21 could be achieved.

3.2. Synthesis and characterization of MnO, nanosheets

The synthesized of MnO; nanosheets were by utilizing H,O0, to
oxidize MnCl;-4H,0 in the presence of TMA-OH and characterized
by the TEM, UV-vis spectroscopy, DLS and Raman spectra. As shown
in Fig. 1, the synthesized product exhibited a lamellar structure
with a transverse diameter range of 100—350 nm and a strong UV
absorption peak centered at 360 nm. In the Raman spectra, two
major vibrational features corresponding to MnO, could be iden-
tified at 570 and 640 cm~". The Raman band at 570 cm~! was due to
the Mn-O stretching vibration, while the band located at 640 cm™!
could be attributed to the Mn-O symmetric stretching vibration
[38,39]. In addition, zeta potential analysis displayed that it had a
negative charge (—9.21 mV). These results indicated that the
experiment successfully synthesized MnO; nanosheets.

Next, we performed absorption and DLS characterization of
hairpin-assembled MnO; nanosheets. As depicted in Fig. S1,
hairpin-assembled MnO, nanosheets exhibited a strong UV ab-
sorption peak centered at 260, 360 and 560 nm. The absorption
peak at 360 nm was the characteristic peak of MnO, nanosheet,
while the peak located at 260 nm and 560 nm could be attributed to
the dye-labeled hairpin probe H1 and H2. At the same time,
compared to the individual nanosheets (100—350 nm), we could
discover that the transverse diameter of hairpin-assembled MnO,
nanosheets increases (220—950 nm). These results indicated that
hairpin probe H1 and H2 could be adsorbed onto the MnO,
nanosheets.

In addition, we tested the fluorescence quenching ability of
MnO; nanosheets for fluorescent dyes (FAM and TAMRA) by fluo-
rescence analysis. As shown in Fig. S2A, H1 (labeled FAM) displayed
strong fluorescence emission around 520 nm. However, the fluo-
rescence intensities of H1 solutions would be gradually reduce with
the MnO; nanosheets concentrations increased until completely
quenched at the concentration of 40 ng mL~. Similar conclusion
was also obtained utilizing TAMRA-labeled probe H2 (Fig. S2B).
These results showed that MnO, nanosheets could effectively
quench the fluorescence of dyes. In addition, when GSH was pre-
sent in solution, the fluorescences of H1 and H2 were recovered
gradually by degrees because MnO; nanosheets could be degraded
and released hairpin probes (Fig. S3).

3.3. Fluorescence ratio detection in vitro

We examined the practicability of the MnO,; nanosheet-
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Fig. 1. Characterization of MnO, nanosheets. (A) TEM images, (B) UV-vis absorption spectrum, (C) DLS and (D) Raman spectrum results.

mediated ratiometric fluorescence biosensor for miRNA detection
in vitro. As depicted in Fig. 2A, we noticed that the fluorescence of
H1 (520 nm) was strong (black curve) and H2 exhibited a weak
fluorescence emission peak at 570 nm (purple curve). It could be
attributed to the abruption of the FRET pair. Compared to absence
of target (red curve), the fluorescence emission peak of H1 was
weakened and the signal of H2 was enhancement at 570 nm with
the addition of miRNA-21 (blue curve). The reason was that the
donor and acceptor were approach to each other, resulting that the
energy was transferred from the donor to acceptor. The ratio of
fluorescence intensities of (Fa/Fp)positive and (Fa/Fp)negative: Which
respectively represented the fluorescence of the acceptor to donor
ratio in the presence and the absence of miRNA-21, could be uti-
lized as an output signal. To further confirm the feasibility of the
detection of miRNA, the CHA reaction sequences and the products

were analyzed by using PAGE. As displayed in Fig. 2B, the bands in
lanes 1, 2 and 3 correspond to miRNA-21, H1 and H2, respectively.
The H1 and H2 alone were mixed without the addition of miRNA-
21, and no obvious H1-H2 duplex band (lane 4) was observed,
demonstrating that the hairpin H1 and hairpin H2 could coexist in
solutions and no CHA occurred. In the presence of miRNA-21, a
strong band that migrated rather slowly (lane 5) was observed,
suggesting that the CHA had taken “place and the self-assembled
complex of two hairpins was formed. These results demonstrated
that this method could be adopted for miRNA-21 detection.

3.4. Optimization of experimental conditions

To acquire the best assay capability, the reaction conditions,
such as the ratio of H1 and H2 and reaction time were investigated

A 2000F B
-~ —H1
2 1500 —H2
el H1+H2
= . H1+H2
Z 1000 H1+H2+miRNA-21
9
d 500 H1 %
H2
) ) ' N WA
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Fig. 2. (A) FRET detection of different systems: black curve, H1; purple curve, H2; red curve, H1+H2; blue curve,H1+H2-+miRNA-21. All systems were excited at 488 nm. (B) PAGE
demonstration of CHA reaction: lane M, DNA marker; lane 1, miRNA-21; lane 2, H1; lane 3, H2; lane 4, H1+H2; lane 5, H1+H2+miRNA-21. (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)
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in this article (Fig. S4). The optimal ratio of H1 and H2 was 1:6 and
the reactions could complete within 40 min.

3.5. Stability experiment

To investigate the stability of this biosensor, we calculated the
relative standard deviation (RSD) of intra- and interassay (n= 3).
The RSD obtained from the intraday precision were 3.8%, 2.0% and
12% at the miRNA-21 concentrations of 5.0 x 10°2molL",
1.0 x 108 mol L~ and 1.5 x 108 mol L™, respectively. The RSD of
interday precision were 4.3%, 3.8% and 1.9% at same miRNA-21
concentrations in three days. These results indicated that this
sensor displayed a good stability.

In addition, we compared the effect of nuclease Dnase I (cleave
ssDNA and dsDNA) toward ratiometric fluorescence probes and
single dye fluorescence probe (Fig. S5). When Dnase [ was mixed
with ratiometric fluorescence probes H1 and H2, the ratio of Fa/Fp
hardly changes (Fo and Fp respectively represented the fluores-
cence intensity of the acceptor and donor), suggesting that no false
positive signal was generated. However, when added Dnase I into
single dye fluorescent probe, gradually enhanced fluorescence
signal was observed that would be undistinguishable from a true
target miRNA-21 binding response. Effectively, both types of probes
could be destroyed by Dnase 1. The difference was that the signal
would change after the single dye probe was destroyed while the
ratiometric probe would not because the donor and acceptor were
not brought to each other. The results certified that the ratiometric
probe could effectively avoid the generation of false positive signals
and improve the accuracy of miRNA detection.

3.6. Sensitivity

Under the optimized conditions discussed above, the analytical
capability of the sensing system were recorded in vitro by
measuring the ratio of (Fa/Fp)positive/(Fa/Fp)negative upon the addition
of miRNA-21 at different amounts. As depicted in Fig. 3, the ratio of
the fluorescence intensities of (Fa/Fp)positive/(Fa/FD)negative €nhanced
linearly with the concentration range from 0.1 to 20nM and the
linear equation was (FA/FD)positive/(FA/FD)negative =0.2352C + 1.0001
(C represented the concentration of miRNA-21; R = 0.9974). The
limits of detection (LOD) of miRNA-21 was estimated (36/K, ¢ was
the standard deviation of the blank solution) to be 73 pM. It was
lower than most of the reported method and the advantage of
ratiometric biosensor compared with some already reported stra-
tegies were exhibited in Table S2. This result indicated that ratio-
metric fluorescence biosensor could achieve sensitive detection of
miRNA-21.

FL intensity (a.u.)

3.7. Selectivity

Sequence similarity between family members was a significant
feature of miRNA, and a great challenge for intracellular miRNA
detection was to discriminate differences between members of
miRNA family. To further verify the specificity of the sensing sys-
tem, we compared the ratio of (Fa/Fp)positive/(FA/FD)negative T€-
sponses to miRNA-21 and four interfering miRNAs, including
miRNA-141, let-7a, let-7b and miRNA-21-5p. As shown in Fig. 4,
the ratio of (Fa/Fp)positive/(FA/FD)negative Of interfering miRNAs were
all close to the 1, and obviously lower than that from miRNA-21 the
same concentration. The degrees of interference (DI) value for these
interfering miRNAs were calculated according to the following
equation:

A-C
“B-C

DI x 100%

where A was the (Fa/Fp)positive Of interfering miRNAs, B was the (Fa/
Fp)positive Of MIRNA-21 and C was the (Fa/Fp)negative (blank). The DI
values for the four interfering miRNAs were 0.1%, 1.3%, 0.2% and
0.3%, respectively. These results suggesting that the proposed
sensor exhibited a high selectivity for miRNA detection.

3.8. MiRNA-21 imaging in living cells

Cytotoxicity was a key factor to consider in the design of
intracellular nanoprobe systems. The cytotoxicity of MnO, nano-
sheets was first investigated by MTT assay. HepG-2 cells were
incubated separately with different concentrations of MnO;
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Fig. 5. Fluorescence imaging of intracellular miRNA-21 in HepG-2 cells under different incubation times from 1 to 5 h. Scale bar is 20 pm.

nanosheets for 24 h. As depicted in Fig. S6, when MnO; nanosheets
concentration attained 70 pg mL~, the cell viability was still above
83%. This result displayed that MnO, nanosheets possessed low
cytotoxicity to HepG-2 cells. Next, HepG-2 cells were incubated
with the MnO, nanosheets and hairpin DNAs for different times
(1-5h) to optimize incubation time between probe and cell. As
showed in Fig. 5, as the incubation time prolonged, the red fluo-
rescent in HepG-2 cells tend to increased gradually until saturation
reached at 4 h. The fluorescence intensity did not increase with

DIC FAM

HeLa

HepG-2

Lo02

further increase of incubation time. This result indicated that
increasing FRET signal could be obtained after incubation 4 h and
this biosensor could be applied to miRNAs imaging.

Finally, we explored the performance of the biosensor to the im-
aging of miRNA-21 in living cells. Cancer cells HeLa and HepG-2,
which overexpressed miRNA-21, were choose as the positive cell
and LO2 (normal cell) with minimal level of miRNA-21 as control cell
[40]. As shown in Fig. 6, after incubation with the ratio probe for 4 h,
Hela cells and HepG-2 cells exhibited weakly green fluorescent

TAMRA Overlap

20 pm. 20 pm

20 pm 20 pm

Fig. 6. Fluorescence imaging of miRNA-21 in HelLa cells, HepG-2 cells and LO2 cells. Scale bar is 20 pm.
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signals (FAM) and obvious red fluorescent signals (TAMRA), demon-
strating that HeLa and HepG-2 displayed the higher level of expres-
sion of miRNA-21. However, LO2cells displayed strong green
fluorescence and insignificant red fluorescence, suggesting that
L02 cells possessed a relatively low miRNA-21 expression level. These
results were consistent with conventional technique qRT-PCR (Fig. S7)
and previously reported intracellular expression levels of miRNA-21
[30]. These experimental results demonstrated that the proposed
ratiometric imaging method could distinguish normal cells and can-
cer cells, displaying potential application value in cancer diagnosis.

4. Conclusion

In summary,a MnO; nanosheet-mediated ratiometric fluores-
cence biosensor had been established for miRNA detection and
imaging in living cells. Compared to the single dye detection, the
ratiometric fluorescent method allowed fluorescence intensity to be
simultaneously measured at two distinctly different wavelengths. It
avoided the generation of false positive signals caused by experi-
ment environment, such as enzymatic degradation, thermodynamic
fluctuations, uneven probe concentration distribution and light
source drift. The CHA signal amplification ensured that it exhibited a
high sensitivity. Furthermore, the biosensor could be applied to
differentiate the miRNA-21 expression levels in HeLa, HepG-2 and
L02 cells. These results indicated that the biosensor possessed great
possible for the early diagnosis of miRNA-related diseases.
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