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Cell status changes are typically accompanied by the simultaneous changes of multiple microRNA (miRNA)
levels. Thus, simultaneous and ultrasensitive detection of multiple miRNA biomarkers shows great promise
in early cancer diagnosis. Herein, a facile single-molecule fluorescence imaging assay was proposed for the
simultaneous and ultrasensitive detection of multiple miRNAs using only one capture anti-DNA/RNA
antibody (S9.6 antibody). Two complementary DNAs (cDNAs) designed to hybridize with miRNA-21 and
miRNA-122 were labelled with Cy3 (cDNA1) and Cy5 (cDNA2) dyes at their 5'-ends, respectively. After
hybridization, both miRNA-21/cDNA1 and miRNA-122/cDNA2 complexes were captured by $9.6
antibodies pre-modified on a coverslip surface. Subsequently, the Cy3 and Cy5 dyes on the coverslip
surface were imaged by the single-molecule fluorescence setup. The amount of miRNA-21 and miRNA-
122 was quantified by counting the image spots from the Cy3 and Cy5 dye molecules in the green and
red channels, respectively. The proposed assay displayed high specificity and sensitivity for singlet miRNA
detection both with a detection limit of 5 fM and for multiple miRNA detection both with a detection
limit of 20 fM. Moreover, it was also demonstrated that the assay could be used to detect multiple
miRNAs simultaneously in human hepatocellular cancer cells (HepG2 cells). The proposed assay provides
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Introduction

As a class of endogenous noncoding RNAs, microRNAs (miR-
NAs) play crucial regulatory functions in many biological
processes including genetic expression,® cell differentiation,”
proliferation,® and apoptosis.* Numerous studies have demon-
strated that the dysregulation of miRNA expression levels is
relevant to the occurrence and progression of human diseases,
especially a variety of carcinomas.”® Thus, miRNAs are regarded
as promising biomarker candidates for early cancer diagnosis.”®
Recent studies have also found that the progression of one
cancer is typically accompanied by the simultaneous changes of
multiple miRNA levels.” So, the simultaneous and sensitive
detection of multiple miRNAs is important to both clinical
diagnostics and fundamental research.
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and shows great prospects for early cancer diagnosis.

However, because of their intrinsic characteristics, such as
a short sequence length, low abundance (about 0.01% in total
RNA) in tissues and cells, instability and high sequence
homology," miRNA detection and analysis still remain a chal-
lenge, especially for the simultaneous and sensitive detection of
multiple miRNAs. The northern blot,"** reverse transcriptase
polymerase chain reaction (RT-PCR),**** and microarrays*® are
all examples of early assays for miRNA detection, but they have
the issues of complex procedures and high cost. Moreover, the
low sensitivity of these methods also limits their wide applica-
tion. Thus, many sensing assays have been explored for ultra-
sensitive microRNA analysis, including electrochemical
assays,'”*® electrochemiluminescence assays,'*>' colorimetric
assays,”?* fluorescence assays**>®* and surface enhanced
Raman spectroscopy (SERS) assays.”®*! Various signal amplifi-
cation strategies are typically designed in these methods to
improve their sensitivity. This undoubtedly increases the
complexity of the analysis process. In addition, most of these
methods lack the ability to detect multiple miRNA species
simultaneously with high sensitivity. Therefore, developing
a simple and sensitive assay for the simultaneous analysis of
multiple miRNA species is highly desirable.

In the past few decades, the single-molecule optical imaging
method has revolutionised molecular measurements by
pushing the detection limit down to the fundamental limit of
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digital analyte counting.®* Advances in optics, detectors and
fluorophores make the ultrasensitive and quantitative detection
of biomolecules possible without the demand for enzymatic
amplification. Compared with traditional ensemble methods,
single-molecule measurements provide much more informa-
tion due to their ability to measure distributions of single
molecule behaviour, allowing them to explore the hidden
heterogeneity of samples.**** These merits make it superior in
detecting and quantifying rare and aberrant species that would
be lost in the noise of ensemble detection. Moreover, using
fluorescent dyes of different colours as signal labels enables the
direct measurement of signals from multiple targets simulta-
neously. Given these advantages, the single-molecule fluores-
cence imaging method shows great promise for the sensitive
and simultaneous detection of multiple targets.

In this work, a sensitive and direct single-molecule fluores-
cence imaging assay was proposed for the simultaneous
detection of multiple miRNA species using the S9.6 antibody. It
has been demonstrated that the S9.6 antibody can effectively
bind with miRNA/DNA complexes.*® Moreover, several bio-
sensing assays have been successfully designed for the rapid
detection of miRNAs.***” However, few methods can simulta-
neously detect multiple miRNAs using the S9.6 antibody due to
the limitation of the methods themselves. In our method, two
cDNAs that complement miRNA-21 and miRNA-122 were
labelled with Cy3 and Cy5 dye, respectively. After miRNA-21 and
miRNA-122 were hybridized with their complementary cDNAs,
the miRNA-21/cDNA1 complex and miRNA-122/cDNA2 complex
were similarly captured by the $9.6 antibody that was pre-
modified on a coverslip surface. By imaging the Cy3 dyes from
c¢DNA1 and Cy5 dyes from ¢cDNA2 on the coverslip surface, the
amount of miRNA-21 and miRNA-122 was quantified through
counting the fluorescent spots of Cy3 and Cy5 dye molecules
that correspond to miRNA-21/cDNA1 complexes and miRNA-
122/cDNA2 complexes, respectively. Compared with other
methods, this method achieved simple and simultaneous
detection of double miRNA species using only one capture
probe (S9.6 antibody) that could be easily extended to detect
multiple miRNA species by adding more fluorescent label
colours. Moreover, the proposed assay showed high sensitivity
for the detection of multiple miRNAs without the assistance of
any signal amplified strategies.

Experimental section
Chemicals

Poly(v-lysine)-poly(ethyleneglycol)-biotin (PLL-PEG-Biotin)
(PLL(20 kDa)-g{3.5]-PEG(3.4 kDa)-biotin) and poly(t-lysine)-
poly(ethyleneglycol) (PLL(20 kDa)-g{3.5]-PEG(2.0 kDa)) were
obtained from Susos AG Inc. (Switzerland). Goat anti-mouse IgG
labelled with biotin (Biotin-IgG) was purchased Abcam Trading
Co., Ltd (Shanghai, China). The mouse anti-DNA/RNA antibody
(59.6 antibody) was obtained from KeraFAST (Boston, MA, USA).
Streptavidin (SA), DEPC water, and PBS buffer without RNase
(20x, pH 7.4) were purchased from Sangon Biological Engi-
neering Technology and Services Co., Ltd. (Shanghai, China).
Potassium hydroxide (KOH) and ethanol were obtained from
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Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). The
HepG2 cell line was purchased from the Cell Bank of Chinese
Academy of Sciences (Shanghai, China). All the reagents were of
analytical grade and used without any further purification. The
miRNAs were prepared in DEPC water. Other solutions were
prepared in PBS (1x, pH 7.4). The single-strand ¢cDNAs labelled
with dyes and miRNAs were obtained from Sangon Biological
Engineering Technology and Services Co., Ltd. (Shanghali,
China). The DNA and miRNA were purified by HPLC and their
purity was confirmed by mass spectrometry. Their sequences
are listed in Table S1.}

Coverslip treatment

Before being used in the experiments, the coverslips (Fisher,
25 mm X 25 mm) were pre-treated as follows: firstly, the
coverslips were cleaned in 1 M of KOH solution by ultra-
sonication for 10 min three times to remove grease on the
coverslip surface. After that, the coverslips were rinsed with
ultrapure water three times. Then, the coverslips were ultra-
sonicated in ethanol followed by washing in ultrapure water for
10 min with three repetitions. Finally, the coverslips were dried
using a N, stream.

Preparation of sample cells and modification of the coverslip
surface

The sample cell was made by gluing one glass slide (25 mm x
40 mm, 6 mm thick) that has a hole in the middle onto
a coverslip via vacuum grease. Firstly, the coverslip was
passivated with a mixture of PLL-PEG and PLL-PEG-Biotin
(10 : 1) and biotinylated at the same time following previously
reported methods.®®*® Then, 50 pL of 0.2 mg mL " SA was
added to the sample cell and incubated for 15 min at room
temperature. After being washed with PBS buffer (1x, pH 7.4),
50 L of 0.1 pg mL ™" biotin-IgG solution was added to the
sample cell and reacted with SA for 15 min at room tempera-
ture. Then, the sample cell was treated with 50 pL of 5 ng mL ™"
S9.6 antibody and incubated at 37 °C for 1 h. Finally, the pre-
modified sample cell was washed with PBS buffer and stored
at 4 °C for the next step.

Detection of miRNAs

For the singlet miRNA detection, 25 pL of solutions with various
miRNA-21 or miRNA-122 concentrations were added to 25 pL of
solutions including 2 nM c¢DNA1 or 2 nM cDNA2, and the
mixture was hybridized at 37 °C for 1 h. Then, 50 pL of the above
mixture was added into the pre-modified sample cell. After
incubation at 37 °C for 70 min, the sample cell was washed with
PBS buffer several times. Finally, the sample cell was added with
50 uL of PBS buffer for single-molecule fluorescence imaging.
For the multiple miRNA detection, a mixture containing various
concentrations of miRNA-21 and miRNA-122 was added to
another mixture including 2 nM ¢cDNA1 and 2 nM cDNA2. After
being incubated at 37 °C for 1 h, the mixture was added into the
pre-modified sample cell and reacted at 37 °C for 70 min.
Finally, the sample cell was imaged by the single-molecule
fluorescence setup.

Chem. Sci., 2020, 11, 3812-3819 | 3813
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Study of the selectivity of the assay

For the selectivity study, 1 nM single-base mismatched miRNA
of miRNA-21 and miRNA-122, three-base mismatched miRNA of
miRNA-21 and miRNA-122, and noncomplementary miRNA
(including miRNA-143, miRNA-141, and miRNA-16) were added
into the detection system respectively instead of miRNA-21 or
miRNA-122. Finally, these samples were imaged by the single-
molecule fluorescence setup, and the image spots were counted.

Cell culture and miRNA extraction

The human hepatoma cell (HepG2) line was cultured in
a DMEM medium (Gibco, USA) that was mixed with 1% peni-
cillin streptomycin (Gibco, USA) and 10% fetal bovine serum
(FBS, Gibco, USA) at 37 °C under a 5% CO, atmosphere. The
small RNAs (<200 nt) were extracted by utilizing an RNA extract
kit (Sagon, Shanghai, China) according to its manufacturer's
protocol. The extracted miRNA-21 and miRNA-122 were
measured simultaneously by the proposed assay.

Single-molecule data collection and analysis

All the single-molecule imaging experiments were performed on
a previously described home-built single-molecule fluorescence
imaging system.” The Cy3 and Cy5 dyes were simultaneously
excited with a 532 nm laser and 632 nm laser, respectively. The
fluorescence from the Cy3 and Cy5 dyes was split by a dichroic
filter and collected by the two halves (green channel and red
channel) of an EMCCD. For the acquisition of single-molecule
data, 10 regions were imaged for each sample, and every
image contained 60 successive frames. All the measurements
were carried out at room temperature and the exposure time
was 100 ms. The MATLAB (MathWorks, MA, U.S) program was
used to analyse the single-molecule data. For each frame, the
interest region with a size of 40 x 20 um for each channel was
employed to count the image spots.

Results and discussion
Principles of the multiple miRNA assay

The designed principles for the simultaneous detection of
multiple miRNAs are displayed in Scheme 1. In this work,
miRNA-21 and miRNA-122 were selected as the model miRNAs
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to demonstrate the capability of the proposed assay for the
simultaneous detection of multiple miRNAs. The complemen-
tary cDNAs of miRNA-21 and miRNA-122 were labelled with Cy3
and Cy5 dye molecules at their 5'-ends, respectively. As shown in
Scheme 1, the coverslip surface was first passivated with PLL-
PEG to reduce the non-adsorption of signal probes and bio-
tinylated by PLL-PEG-Biotin at the same time.*®**° Then, the
secondary IgG antibody was immobilized on a coverslip surface
via the high affinity of biotin and SA. Finally, the $9.6 antibody
was assembled on the coverslip surface through binding
between the secondary IgG antibody and S9.6 antibody. After
the mixture of miRNA-21 and miRNA-122 hybridize with their
corresponding complementary cDNAs, the formed miRNA-21/
DNA1 complexes and miRNA-122/DNA2 complexes were
simultaneously captured by the $9.6 antibodies through their
specific affinity. Consequently, the Cy3 and Cy5 dyes labelled in
c¢DNA1 and cDNA2 respectively were assembled on the coverslip
surface. By imaging and counting Cy3 and Cy5 dye molecules on
the coverslip surface, miRNA-21 and miRNA-122 could be
measured parallelly.

Validation of the proposed assay

The feasibility of the proposed assay to simultaneously detect
miRNA-21 and miRNA-122 was verified as shown in Fig. 1. In the
absence of either miRNA-21 or miRNA-122, no spots are observed
at both the channels (green and red channels). This indicates
that no miRNA/DNA complexes are formed and captured by the
S9.6 antibody. From another point of view, it also suggests that
the passivation of the coverslip surface works well to prevent the
non-specific binding of unpaired cDNA probes to the coverslip.
In the presence of miRNA-21, many fluorescent image spots at
the green channel from Cy3 dyes are observed, but no image
spots are observed at the red channel. This indicates that many
miRNA-21/cDNA1 complexes are formed and captured by the
S9.6 antibody, but no miRNA-122/cDNA2 complex is formed.
Alternatively, in the presence of miRNA-122, numerous image
spots are observed only at the red channel, showing that only the
miRNA-122/cDNA2 complexes are formed and bound to the S9.6
antibody on the coverslip surface. When both miRNA-21 and
miRNA-122 are present, image spots from both Cy3 and Cy5 dyes
are simultaneously observed at the green and red channels,
respectively. This indicates that both miRNA-21/cDNA1

Single molecule
fluorescence imaging

AN,

My
cDNA2

Scheme 1 Schematic illustration of single-molecule fluorescence imaging assay for the simultaneous detection of multiple miRNAs.
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miRNA-122

miRNA-21 + miRNA-122

Fig.1 Simultaneous detection of multiple miRNAs by the single-molecule imaging assay. The concentration of both miRNA-21 and miRNA-122

is 500 pM. Scale bar represents 5 pm.

complexes and miRNA-122/cDNA2 complexes are formed and
captured by the S9.6 antibody on the coverslip surface. However,
there are fewer overall image spots at the two channels in the
presence of both miRNAs compared with the case of only one
miRNA species being present. This is because the two types of
miRNA/cDNA complexes compete with each other to combine
with the S9.6 antibody. These results demonstrate that the
single-molecule fluorescence counting assay can be used to
simultaneously detect multiple miRNAs. In addition, the single-
molecule fluorescence photobleaching experiments are further
implemented to demonstrate that the spots observed in the
image are single molecules. The results show that all Cy3 and Cy5
dye image spots displayed photobleaching and photo-blinking
with one step, corresponding to single Cy3 and Cy5 dye mole-
cules (Fig. S17).

Optimization of the experimental conditions

The distribution of S9.6 antibodies immobilized on the cover-
slip surface greatly influences the sensitivity of the proposed
assay. A high density of $9.6 antibodies on the coverslip surface
is beneficial for capturing more miRNA/DNA complexes and
thus improves the sensitivity of miRNA detection. However, an
S9.6 antibody distribution that is too dense on the coverslip
surface could lead to excessive capturing of miRNA/DNA
complexes. This will bring about an overlap of the image
spots and hamper the distinction of individual fluorescent
spots. The optimization results of $9.6 antibody concentrations
are shown in Fig. S2.7 When the concentration is above 10 ng
mL ", the image spots from the miRNA/DNA complexes are too
dense to distinguish. Although individual molecules from an
$9.6 antibody concentration of 10 ng mL™"' can be distin-
guished, some molecules are still connected together. More-
over, the image spots from concentrations below 5 ng mL ™" are
fewer than those from the concentration of 5 ng mL™". Thus, 5
ng mL ™" is selected as the optimized $9.6 antibody concentra-
tion. The binding time of the S9.6 antibody and IgG is also
optimized. The results show that 60 min is the optimized
binding time (Fig. S37).

This journal is © The Royal Society of Chemistry 2020

On the other hand, the sensitivity of miRNA detection
depends on the S9.6 antibody capturing efficiency towards
miRNA/DNA complexes. Thus, the capturing time of the S9.6
antibody for the miRNA-21/cDNA1 complexes and miRNA-122/
c¢DNA2 complexes is investigated in order to achieve high
sensitivity. As shown in Fig. 2A, the number of image spots from
captured miRNA-21/cDNA1 complexes increases greatly with
the binding time extending to 60 min. After 60 min, the number
of image spots levels off, showing that the capturing of miRNA/
DNA complexes reaches saturation. At this moment, the highest
capturing efficiency is obtained. For the miRNA-122/cDNA2
complexes, the optimal binding time with the S9.6 antibody is
70 min. Therefore, in order to obtain the highest capture effi-
ciency for both complexes, a capturing time of 70 min is applied
to all experiments.

Characterization of the single-molecule detection of miRNA-
21 and miRNA-122

The analytical performance of the proposed assay is first
demonstrated by measuring singlet miRNA. Under optimized
conditions, two sets of miRNA-21 and miRNA-122 samples with
various concentrations are measured, respectively. In order to
reduce the sample error, ten regions are imaged for each
sample. The average count number from the 10 regions is used
to quantify the number of miRNAs. As shown in Fig. 3A, the
number of image spots from Cy3 increases with the increase of
miRNA-21 concentration. It shows a good linear relationship
with the logarithm of the miRNA-21 concentration in the range
from 10 fM to 1 nM. The linear regression equation is N =
111.83 logy[C] + 224.97 (R* = 0.9917) (Fig. 3B), and the detec-
tion limit is 5 fM (shown in the lower right panel of Fig. 3A). For
the singlet miRNA-122 detection, as shown in Fig. 3C and D, the
number of counts from Cy5 shows a similar linear relationship
with the logarithm of the miRNA-122 concentration. It follows
the correlation equation of N = 108.78 log;,[C] + 208.50 (R* =
0.9952) (Fig. 3D) in the same range from 10 fM to 1 nM. The
detection limit for miRNA-122 is 5 fM (shown in the lower right
panel of Fig. 3C). These results indicate that the proposed assay

Chem. Sci., 2020, 11, 3812-3819 | 3815
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standard deviation of three experiments.

can be used for the sensitive and simple detection of singlet
miRNA without the need for signal amplification. Interestingly,
we found that the linear slope value (111.83) for the miRNA-21
assay is slightly bigger than the value (108.78) for the miRNA-
122 analysis, indicating that the S9.6 antibody has a slightly
stronger affinity with the miRNA-21/cDNA1 complex than with
the miRNA-122/cDNA2 complex.

To further demonstrate the capability of the proposed assay
for simultaneous detection of multiple miRNAs, the sensitivity
was measured by simultaneously adding different concentra-
tions of miRNA-21 and miRNA-122. The results are shown in
Fig. 4. As both miRNA concentrations increase, the number of
image spots from both Cy3 and Cy5 dyes rise gradually (Fig. 4A).
In the concentration range from 500 pM to 50 fM, the number of
counts from Cy3 and Cy5 dyes shows a linear logarithm rela-
tionship with the miRNA-21 and miRNA-122 concentrations,
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respectively (Fig. 4B and C). The linear regression equations are
N = 86.20 log;o[C] + 143.75 (R* = 0.9956) and N = 57.60 log;,[C]
+ 83.74 (R* = 0.9821) for miRNA-21 and miRNA-122, respec-
tively. The detection limit for both miRNAs is 20 fM. These
results show that the proposed assay has excellent capability in
the simultaneous detection of multiple miRNAs. At the same
time, we found that different levels of one miRNA have effects
on the other miRNA detection due to the competition between
miRNA-21 and miRNA-122 at high concentrations (shown in
Fig. S47).

To evaluate the selectivity of the proposed method for the
detection of miRNA-21 and miRNA-122, single-base mis-
matched miRNAs (SM miRNA1 for miRNA-21 and SM miRNA2
for miRNA-122), three-base mismatched miRNAs (TM miRNA1
for miRNA-21 and TM miRNA2 for miRNA-122), and noncom-
plementary miRNAs (including miRNA-143, miRNA-141, and

B
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Fig. 3 Single-molecule fluorescence imaging of various concentrations of singlet miRNA, (A) miRNA-21, and (C) miRNA-122. Standard curve of
the number of image spots as a function of singlet miRNA concentrations for (B) miRNA-21 and (D) miRNA-122, respectively. Error bars represent

the standard deviation of three experiments. Scale bars represent 5 pm.
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miRNA-16) are chosen as negative controls. As shown in Fig. 5,
the number of Cy3 image spots in the presence of miRNA-21 is
1.9, 7.2 and 11.4-30.2 times higher than that of the single-base
mismatched miRNA (SM miRNA1), three-base mismatched
miRNA (TM miRNA1), and noncomplementary miRNA
(including miRNA-143, miRNA-141, and miRNA-16), respec-
tively. Similarly, the number of Cy5 image spots in the presence
of miRNA-122 is 1.9, 9.0 and 12.5-36.0 times higher than that of
the single-base mismatched miRNA (SM miRNA2), three-base
mismatched miRNA (TM miRNA2) and noncomplementary
miRNA (including miRNA-143, miRNA-141, and miRNA-16),
respectively. These results are comparable with or even better
than those of previous reports**** and demonstrate that the
proposed assay can selectively detect the target miRNAs and
discriminate even a single-base difference.

Cell sample analysis

Both miRNA-21 and miRNA-122 are expressed in human hepa-
tocellular (HepG2) cancer cells."** To evaluate the detection
capability of this method in complex samples, the proposed assay
is used to simultaneously detect miRNA-21 and miRNA-122
concentrations in HepG2 cell samples. As shown in Fig. 6, both
Cy3 and Cy5 counts corresponding to miRNA-21 and miRNA-122

This journal is © The Royal Society of Chemistry 2020

= miRNA-21
B miRNA-122

miRNA-143
miRNA-16
miRNA-141

Fig.5 Specificity assessment of the single-molecule imaging assay for
the measurement of single-base mismatched miRNAs (SM miRNA),
three-base mismatched miRNAs (TM miRNA), and noncomplementary
miRNAs (miRNA-143, miRNA-16, and miRNA-141).
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respectively show good linear relationships with the logarithm of
the cell number. The miRNA-21 count is fitted by a linear equa-
tion N = 60.81 log;o[cell number] — 52.89 (R* = 0.9912) in the
range of 100-100 000 cells (shown in Fig. 6A). The miRNA-122
count is fitted by the equation N = 56.10 log;¢[cell number] —
120.64 (R* = 0.9835) in the range of 500-100 000 cells (shown in
Fig. 6B). The detection limits of miRNA-21 and miRNA-122 are 25
and 100 cells, respectively. The larger linear slope of the fitting
equation and lower detection limit of miRNA-21 suggest that the
miRNA-21 concentration in the HepG2 cell is higher than that of
miRNA-122, which is consistent with previous reports.** These
results demonstrate that the proposed method can be applied to
accurately detect multiple miRNAs in cancer cells.

Conclusions

In summary, an ultrasensitive and simple single-molecule
fluorescence imaging assay was proposed to simultaneously
detect multiple miRNAs with the S9.6 antibody specifically
capturing miRNA/DNA complexes. The proposed assay has

3818 | Chem. Sci,, 2020, N, 3812-3819
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several advantages for miRNA detection: (1) the detection of
multiple miRNAs can be simply achieved by designing various
c¢DNAs with dye molecules of different colours, and using only
one capturing antibody that simplifies the experiment and
reduces the cost. (2) The ultrasensitive detection of miRNAs can
be realized without the requirement of any signal amplification
strategies, reducing the complexity of the analysis process. (3)
The versatile assay can be extended to detect other miRNAs by
designing their complement cDNAs and labelling different dye
molecules. Moreover, the proposed assay is also demonstrated
to be able to detect miRNAs in cancer cells. Therefore, the
proposed assay provides a novel platform for the ultrasensitive
detection of multiple miRNAs and shows great promise in early
cancer diagnosis.
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