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1 | INTRODUCTION

MiRNAs are an abundant class of short noncoding RNAs that are
approximately 22 nucleotides in length.! They exist in most eukaryotic
cells and play an important role in many biological processes, including
cell proliferation, differentiation, and apoptosis, by inhibiting protein
translation or accelerating messenger RNA (mRNA) degradation to
regulate gene expression.2”> Recently, many researchers have shown
that miRNA is closely related to many mortal diseases such as cancer
and cardiovascular disease, and thus, miRNA has become a reliable
marker of such diseases.®” MiRNA-27a (miR-27a) as one of multifunc-
tional miRNAs is expressed in various tissues, and the abnormal
expression of miR-27a has been observed in various diseases such
as colon cancer lymphangiogenesis, myocardial infarction, interverte-
bral disc degeneration, and so on,*°*> while miRNA-27b (miR-27b)

is related to gastric cancer, breast cancer, and so on.218 Therefore,

cated and used to the rapid and effective sensing of miRNA. The specific hybridization
between probe miRNA and different selected miRNAs (miR-27a, miR-27b, and Let-7a)
cause a different interaction mode, thus display different frequency change and
response patterns in the QCM sensor, which were used to detect miR-27a and
miR-27b. The selective sensing of miR-27a in mixed miRNA solution was also
achieved. This miRNA-based QCM biosensor has the advantages of real-time,

label-free, and short cycle detection.

miRNA, miR-27a, miR-27b, QCM sensor, response pattern

rapid and sensitive detection methods for such miRNAs are of great
important in disease prevention, early detection, screening, diagnosis,
and treatment.

Currently, probe hybridization and amplification technologies
have been the most commonly used methods for miRNA quantifica-
tion. Probe hybridization techniques include northern blotting,'? in
situ hybridization,?° and microarrays?! are well established but often
require a large quantity of samples. Amplification technologies,
including real-time fluorescent quantitative polymerase chain reaction
(RT-PCR)?? and rolling circle amplification (RCA),® are often time-
consuming and complicated to operate. Recently, the quartz crystal
microbalance (QCM) mass sensor has the characteristics of high sensi-
tivity, label-free and, real-time analysis, and it has been widely used in
biosensors.?%2> Many studies have shown that DNA-modified QCM
biosensors can be applied to detect such processes as DNA hybridiza-

tion®® and single base mismatch of DNA.?” However, studies on QCM
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biosensor for miRNA detection has been still limited.23° There are

only several examples. In 2016, Guo et al developed a miRNA-bound
QCM sensor coupled with gold nanoparticle (GNP)/dendrimer-
induced signal enhancement for recognition of miRNA-203, which
good linear relationship between frequency change and the concen-
tration of mMIRNA-203 was shown in the range of 1.0 x 107!1-
1.0 x 1077 M.?? In 2017, Premaratne et al*®° reported a QCM biosen-
sor for the detection of miRNA-21, and the detection limit (LOD) was
28 fM when combined with a signal enhancement strategy. Therefore,
the applications of the QCM sensor for miRNA detection is in its
infancy. In this paper, a miRNA-modified QCM biosensor was
fabricated and used for sensing miR-27a and miR-27b based on the

miRNAs' interaction mode and frequency change.

2 | EXPERIMENTAL SECTION

2.1 | Materials and reagents

All the synthesized miRNA sequences were purchased from Sangon
Biotech Co., Ltd. Their base sequences are showed in Table 1. 6-
Mercapto-1-hexanol was purchased from the Platinia Love Shanghai
(Shanghai, China).
Phosphate-buffered saline (PBS; pH = 7.4) was purchased from

Chemical Industry Development Co., Ltd
Xiamen Haibiao Technology Co., Ltd (Xiamen, China). The other
chemicals were of analytical reagent grade. Deionized water was used
in all experiments. Concentrated sulfuric acid was purchased from the
Zhuhai Huacheng Chemical Co., Ltd. Hydrogen peroxide (H,O,) was

purchased from the Guangzhou Chemical Reagent Factory.

2.2 | Apparatus and measurements

All on-line detections were implemented on a homemade aqueous
media measuring QCM system (Figure 1a). The system consisted of
a QCM biosensor, a reaction cell, an oscillator detector, a frequency
counter, and a computer. The AT-cut quartz crystals (13.0 mm diame-
ter, 5 MHz resonant frequency) were covered with gold electrodes on
both sides.

The miRNA quartz crystal sensors were prepared by using a two-
step assembling process. First, the quartz gold piece was soaked in
piranha solution (98% H,504:30% H,0, (v/v) = 7:3) for 5-10 minutes,
rinsed with deionized water, and dried with nitrogen. Second, the
pretreated quartz gold piece was immersed in the mixture of 6-
mercapto-1-hexanol (0.25mM) and probe miR-27a (from 0.1-1.5 uM)
solution for 24 hours at a certain temperature (from -20°C-45°C) to
form a miRNA-based biochip (Figure 1B).

TABLE 1 Sequences of miRNA used in this study

Name Sequences(5'-3’)

Probe miRNA HS-GCGGAACUUAGCCACUGUGAA
miR-27a UUCACAGUGGCUAAGUUCCGC
miR-27b UUCACAGUGGCUAAGUUCUGC
miR-let-7a UGAGGUAGUAGGUUGUAUAGUU

All miRNA-sensing experiments were performed in a QCM cell.
First, phosphate buffer was injected into the QCM cell, and the crystal
frequency was measured as a background signal. After the signal
change was less than 1 Hz of frequency drift in 5 minutes, the exper-
iment could be continued. Then, the PBS solution with target miRNA
in different concentrations was injected into the cell, and the solution
in the QCM cell was kept still until a stable signal was obtained.
Finally, another phosphate buffer was injected into the QCM cell again
and the frequency was recorded.

3 | RESULTS AND DISCUSSION

3.1 | Self-assembly of miRNA-modified QCM
biosensors

To obtain a miRNA-modified QCM biochip that has the strongest rec-
ognition ability with the target miRNA, the self-assembly of the
miRNA-based QCM biochips was optimized. It has been reported that
the surface coverage of probes immobilized on gold surfaces is impor-

tant,%?

and thus, 6-mercapto-1-hexanol was used to regulate the sur-
face coverage of the probe miR-27a. Considering that the temperature
and ratio of 6-mercapto-1-hexanol and probe miR-27a may be the
most important factors that determine the self-assembly processes,
the influences of the temperature and concentration ratio were inves-
tigated. Because the hybridization between the probe miRNA and
complementary miR-27a would enhance the mass on the surface of
QCM sensor and reduce the frequency, thus frequency variation Af
of the miRNA-modified QCM biochips when interacting with miR-
27a was used as an evaluation index.

As shown in Table S1 and Figure 2A. The Af value first increased
and then decreased with the increase of temperature in the range
from -20°C to 45°C, and it reaches a maximum value at 5°C. The
influence of temperature is complicated. It can affect the thermody-
namics and kinetics of the formation of Au-S bonds between 6-
mercapto-1-hexanol/miRNA and gold surface, thus affecting the
competitive reaction between 6-mercapto-1-hexanol and miRNA.
Since the formation of Au-S is an exothermic reaction, it is clear that
lower temperature may be favorable for assembly, but lower
temperature will also lead to lower reaction rate and may reduce the
coverage of miRNA. Therefore, the best temperature obtained by
the experiment is approximately at an intermediate temperature of
-20°C to 45°C, which is 5°C.

The influence of the probe miRNA concentration is given in Table
S2 and Figure 2B. With the increase of the concentration from 0.1 uM
to 1.5 uM, the 2f gradually increased, reached the highest value at
1.0 uM, and then gradually decreased. Therefore, 1.0 uM was deter-
mined as the optimal concentration of the probe miR-27a for the
QCM. The coverage of the miRNA on QCM biochip is influenced by
the concentration of the probe miRNA and the competitive reagents.
The lower probe miRNA concentration gives lower coverage, thus
fewer target miRNAs would be hybridized and the 2f would be
smaller. As the concentration increases, the 2f increase to reach the
highest value. After that, the increases of the coverage may result in

smaller space between probe miRNAs, which is not conducive to the
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FIGURE 1 A, Schematic diagram of static detection quartz crystal microbalance sensor system. B, Self-assembly and detection process of the

QCM-microRNA sensor
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FIGURE 2 A, Effect of temperatures and B, effect of probe miR-27a concentrations on the assembly of microRNA-modified sensor

hybridization of the target miRNA, thus the frequency change
is reduced.

3.2 | Interaction patterns between probe miR-27a
and three miRNAs

Three miRNAs, miR-27a that is complementary to the probe miRNA,
miR-27b that has a single base mismatch to the probe miRNA, and
miR-let-7a that is completely mismatched to the probe miRNA, were
selected to study the sensing ability of miRNA-modified biosensor
toward different miRNAs. As shown in Figure 3, after the miR-27a
solution (0.5 x 107 M) was injected into the QCM sensor, the

frequency of the sensor was significantly decreased and remained

almost unchanged at about 5000 seconds, in which the maximum
change of frequency was about -127 Hz. After that, the PBS buffer
was injected at 5000 seconds, and the frequency was not obviously
changed, with only another 3 Hz reduction at 10 000 seconds. Then,
the PBS buffer solution (0.20 mL) was injected and the frequency kept
stable. Then, another miR-27a solution and another PBS buffer was
alternatively injected again several times but did not bring a significant
frequency change. These results indicate that the hybridization of
probe miRNA and complementary miR-27a was effective and easy
to be detected by QCM, the frequency change is comparable with
those reported QCM sensors.2?%°

For single-base mismatch miR-27b, the frequency was decreased
gradually and the frequency change reached to -24 Hz after 5000 sec-
onds when the PBS buffer of 0.5 x 107 M miR-27b was injected into
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FIGURE 3 Frequency change patterns of the quartz crystal
microbalance (QCM) sensor with miR-27a, miR-27b, and miR-let-7a

the QCM sensor. Then, the PBS buffer was injected and the frequency
was increased gradually, reaching -1 Hz at 10 000 seconds. Such a
frequency change pattern can be repeated by injecting miR-27b and
PBS solution again at 10 000 and 15 000 seconds, respectively. These
results indicate that the hybridization of probe miR-27a and miR-27b
was relatively ineffective, and thus, the probe miR-27a/miR-27b
composite can be converted back to single-strand miRNA when eluted
by PBS solution.

When injecting miR-let-7a, the frequency of the QCM sensor did
not change, indicating the lack of interaction between the probe miR-
27a and miR-let-7.

As described above, the frequency change patterns of the three
miRNAs are totally different, which can be attributed to the different
interactions between the probe miR-27a and the three miRNAs. Both
miR-27a and miR-27b can reduce the frequency of QCM sensors via
their interactions with the probe miRNA. Therefore, it is not reliable
to detect them only by the frequency change.?” However, if the fre-

guency change pattern (reduced gradually and reduced and increased
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repeatedly for miR-27a and miR-27b, respectively) is considered at the

same time, it is more reliable to distinguish them.

3.3 | Analysis of miRNA

The frequency changes upon the addition of miR-27a and miR-27b at
different concentrations were measured. As shown in Figure 4A, the
frequency changes significantly decreased from -11 to -127 Hz along
with increasing the concentration of miR-27a from 0.2 x 107 to
045 x 10® M. The frequency change (Hz) versus the miR-27a
concentration (107® M) follows a simple exponential equation
y = -46.25315 + 24.27145exp (3.94193x) obtained by the least-
squares fitting method with a correlation coefficient (R?) of 0.97422
(Figure 4b).

As shown in Figure 5a, the frequency changes significantly
decreased from -1 to -24 Hz through increasing the concentration
of miR-27b from 0.2 x 107® M to 0.45 x 107 M, indicating that the
sensitivity is significantly lower than that of miR-27a. The frequency
change versus the miR-27b concentration (107 M) follows a simple
linear equation y = -17.10714 + 80.71429x obtained by the least-
squares fitting method with a correlation coefficient (R?) of 0.97723
(Figure 5B).

For comparison, the frequency changes upon addition of miR-let-
7a at different concentrations were also measured. The frequency did
not obviously change as expected. All of the data are summarized in
Table S3.

3.4 | Selectivity

To examine the selectivity of this sensor to detect specific miRNA, we
conducted a study on mixed miRNA targets. As shown in Figure 6, the
mixture of single-base mismatch miR-27b and miR-Let-7a (both are
0.5 x 107 mol/L) and the mixture of complementary miR-27a and
miR-let-7a (both are 0.5 x 107® mol/L) gave frequency changes of
-29 Hz and - 135 Hz, respectively. These changes are close to those
of the single miR-27a (-127 Hz) and miR-27b (-24 Hz), respectively.
Therefore, the mismatch miR-Let-7a had no significant influence on

the frequency change. Interestingly, the mixed complementary miR-

y=-46.25315 + 24.27145¢exp(3.94193x)
R2 =0.97422

U.'ZU 0.r25 ﬂ.‘30 0.255 0.‘40 U.AS 0.;”0
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FIGURE 4 A, Real-time frequency responses of the miRNA-modified quartz crystal microbalance (QCM) sensor with addition miR-27a. From a to
g:0,0.2,0.25,0.3,0.35, 0.4, 0.45, and 0.5 uM miR-27a in PBS solution. B, The initial miR-27a concentration was correlated with the frequency

change through an exponential relationship
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FIGURE 5 A, Real-time frequency responses of the miRNA-modified quartz crystal microbalance (QCM) sensor for miR-27b detection. From a to
g: 0,0.2,0.25, 0.3, 0.35, 0.4, 0.45, and 0.5 uM miR-27b in phosphate-buffered saline (PBS) solution. B, The initial miR-27b concentration was

correlated with the frequency change by a linear relationship
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FIGURE 6 Real-time frequency responses of the miRNA-modified
quartz crystal microbalance (QCM) sensor for the detection of
different mixed miR-RNAs

27a and single-base mismatch miR-27b (both are 0.5 x 107® mol/L)
gave a frequency change of -124 Hz, which is also close to that of
only miR-27a (127 Hz). This indicates that the perfectly matched
RNA-RNA hybrid is preceded by nonperfect RNA-RNA hybrid with
a nucleotide mismatch, which were often observed,?>3233 and thus,
the frequency changes triggered by the single-base mismatched
target were very small when competing with the complementary
target. These results indicate that the sensor has potential to detect

biological samples.

4 | CONCLUSIONS

In conclusions, a miRNA-modified QCM sensor for the qualitative or
quantitative detection of miRNA is prepared. The specific interactions
caused by hybridization between the probe miR-27a and target
miRNA (completely complementary, single-base mismatch, and
complete mismatch miRNA) are discussed. Qualitative detection of
complementary and single base mismatch miRNA can be achieved
based on their interaction patterns. In addition, quantified detection

can also be achieved by detecting the frequency change, in which

the minimum detection concentration of the target miR-27a is

0.2 x 107 mol/L without any enhancement strategy.
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