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ABSTRACT

MiRNA-141
MicroRNA (miRNA) expression is commonly Off state On state
dysregulated in various diseases. Our aim was ) ! /\ /\ . =
to develop a simple and sensitive e . “ °
fluorescence-based assay for detecting P1/P2 pe P2
microRNA-141 (miR-141) activity using DNA a . ~
strand displacement. In this approach, one \,/ \,/ .
strand of the DNA probe (P1) is labeled with a PL/MiRNA-141 A )/‘ V.
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BHQ molecule at its 3’-end, while the

complementary strand (P2) is labeled with a FAM molecule at its 5’-end. When P1 and P2 hybridize to form a duplex DNA probe (P1/P2), no
fluorescence signal is observed (“off” state). Upon introduction of miR-141 target, the P1/P2 probe undergoes displacement based on the
toehold-mediated strand displacement reaction (TMSD), resulting in the formation of a new double-stranded complex between miRNA and
P1. This displacement releases a significant amount of single-stranded FAM-labeled nucleotides (P2), resulting in a robust fluorescence signal
(“on” state) that enabling target detection. The assay demonstrated high sensitivity for miRNA detection, with a detection limit (LOD) of 0.05
nM. Furthermore, in human serum samples, the sensor exhibited a satisfactory recovery rate ranging from 91.73% to 107.00%, with relative

standard deviations (RSD) between 0.24% and 0.69%. These findings underscore its potential as a promising diagnostic tool for cancer.
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INTRODUCTION

MicroRNAs (miRNAs) are small, endogenous, non-coding
RNA molecules typically composed of about 22 bases, crucial for
regulating gene expression. They have gained considerable
attention in recent years due to their pivotal roles in cellular
differentiation, biological development, and the onset and
progression of diseases.'* Extensive molecular biological studies
have highlighted the close connections between miRNAs and
cancer pathogenesis.>!! Specifically, miRNAs influence the
expression and structural dynamics of various oncogenes, tumor
suppressor genes, and their associated products. Dysregulated
miRNA expression is implicated in the initiation, progression,
and prognosis of cancer. Hence, developing new miRNA
detection technologies that are straightforward, cost-effective,
and highly sensitive is imperative. Such innovations could
significantly advance cancer research by offering crucial
diagnostic insights.
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Traditional methods for detecting miRNA include northern
blotting,’*™* fluorescent quantitative PCR,***® and microarray
technology.'*® Northern blotting involves digesting RNA
samples with restriction enzymes and separating them via
agarose gel electrophoresis to detect miRNA. However, this
method is low throughput, time-consuming, prone to
degradation, and lacks sensitivity for detecting low abundance
miRNA. Fluorescent quantitative PCR converts target miRNA
into cDNA via reverse transcription and detects it in real-time
using PCR and fluorescence. Despite its advantages, this method
suffers from false positives and challenges in primer design.
Microarray technology utilizes labeled probes to transcribe RNA
samples into labeled cDNAs for detection using oligonucleotides.
However, it is costly and less effective for miRNAs with similar
sequences. Newer methods include nanomaterial-based [20-23]
and fluorescence probe technologies, 2 offering simpler
synthesis and lower costs, yet facing issues like complex
operation and sequence design challenges.

Compared to traditional methods, DNA-based strand
displacement assays offer a simpler, more straightforward
approach, eliminating the need for time-consuming procedures.
Leveraging this advantage, we have developed a straightforward
and sensitive fluorescence-based assay for detecting the activity
of miR-141. The platform detects miR-141 by observing
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fluorescence changes (switching from “off” to “on”) that occur
during the strand displacement process. This method enables the
analysis of complex biological samples. The recovery rates
ranged from 91.73% to 107.00%, with relative standard
deviations (RSD) between 0.24% and 0.69%. This innovation is
poised to lay a solid foundation for early disease diagnosis and
holds promising clinical application potential.

U ~ ~ °
° v/ \.// \—T’ e
<@ ~
V/ V/‘\

PSS @ E "
: P HQ | 3
i MiRNA-141 i '
] |

Wavelength (nm)

Figure 1. Schematic diagram of the DNA strand displacement
sensor.

The design and principle of the method are illustrated in
Scheme 1. One strand of the DNA probe (P1) is marked with a
BHQ molecule at its 3’-end, while the complementary strand (P2)
is labeled with a FAM molecule at its 5’-end. Upon hybridization
of P1 and P2 to form a duplex DNA probe (P1/P2), no
fluorescence signal is detected (“off” state). Upon the presence
of the target miRNA, P2 can be displaced from the P1/P2 probe
to create a double-stranded miRNA/P1 complex. Subsequently,
large quantities of FAM-labeled single-stranded nucleotides are
released, resulting in a robust fluorescence signal (“on” state).
The intensity of the fluorescence signal at 525 nm rises with
increasing concentrations of the target, indicating improved
sensitivity of the method. This enables effective quantitative
detection of miRNA.

To assess the feasibility of the DNA strand replacement sensor,
we employed polyacrylamide gel electrophoresis (PAGE)
alongside fluorescence detection. Initially, we evaluated the
chain displacement reaction using fluorescence detection. As
shown in Figure 2A, in the presence of target miR-141, the P1/P2
complex disassembles. This results in the displacement of P2
from the P1/P2 probe, forming a double-stranded miRNA/P1
complex that generates significant fluorescence signals (red
curve). Conversely, in the absence of miR-141, the P1/P2
complex remains intact, yielding only weak fluorescence (black
curve). Further validation was performed using PAGE (Figure
2B), where distinct bands corresponding to P1, P2, and miR-141
are visible in lanes 1, 2, and 3, respectively. Upon incubating
equal concentrations of P1 and P2, their individual bands
disappear in lane 4, replaced by a new band migrating further,
indicative of the formation of the P1/P2 duplex through
hybridization. Introducing target miRNA into the P1/P2 duplex
solution abolishes the P1/P2 band and generates a broader
downstream band (lane 6), consistent with lane 5, indicating a
mixture of miRNA and P1. These results confirm that miR-141
effectively initiates the "DNA strand replacement reaction.”
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To tailor the DNA strand replacement sensor developed in this
study for detecting target miRNA-141 and achieving optimal
sensing performance, we optimized two critical experimental
parameters: the hybridization ratio and the incubation time of P1
and P2. As depicted in Figure 3A, the fluorescence signal exhibits
the widest distinction when the concentration ratio of P1 to P2
reaches 4:1. Hence, the optimal ratio of P1 to P2 was established
as 4:1. Furthermore, the incubation times for P1 and P2 were
optimized. Increasing the incubation time from 10 to 80 min, the
signal peaked at 40 min (Figure 3B). Therefore, 40 min was
determined as the optimal incubation time for subsequent miR-
141 assays.
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Figure 2. Feasibility of DNA strand displacement sensor. (A)
Fluorescence verification of the DNA strand displacement sensor. (B)
PAGE characterization of the DNA strand displacement sensor
(Lane 1: P1, 1 uM; Lane 2: P2, 1 uM; Lane 3: miR-141, 1 uM; lane
4:P1,1 uM and P2, 1 uM; lane 5: P1, 1 uM and miR-141, 0.5 pM;
lane 6: P1, 1 uM, P2, 1 uM and miR-141, 0.5 pM.

To validate the superior performance of the DNA strand
displacement sensor under optimal conditions, fluorescence
emission spectra were measured in response to varying
concentrations of the target. Figure 4A illustrates a typical
concentration-dependent signal-on response for detecting miR-
141 (100-600 nM). The calibration plots demonstrate a linear
correlation between fluorescence signals and target concentration.
The regression equation for miR-141 (Figure 4B) is expressed as
y = 268.8620 + 0.6632x (R? = 0.9930), where y represents
fluorescence intensity at 518 nm, and x denotes target
concentration. Based on linear regression, the LOD was
calculated as 0.05 nM using the formula 36/S (where o is the
standard deviation of the background signal and S is the slope of
the regression line). These findings confirm that the proposed
approach enables convenient and sensitive analysis of miR-141.
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Figure 3. Optimization of experimental conditions. (A) The
hybridization ratio of P1 and P2. (B) The incubation time of P1 and
P2. Data represent means + SD.
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Figure 4. Fluorescence detection of miR-141 using DNA strand
displacement sensor. (A) Fluorescence spectra at varying
concentrations of miR-141 (a-f: 0, 100, 200, 300, 400, 500, 600
nM). (B) Linear correlation between fluorescence intensity and
miR-141 concentration.

We then investigated the specificity of this method in detecting
the target miR-141. Given the considerable sequence similarity
among miRNA families, we included multiple miRNAs for
assessment, such as two non-complementary miRNAs (e.g.,
miR-21 and miR-122), along with two mismatched sequences of
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miR-141 (e.g., 1-mis and 2-mis). As depicted in Figure 5, the
signal change for miR-141 was notably higher compared to the
mismatched miRNA sequences. These findings indicate that the
proposed method exhibits high specificity.

To assess interference resistance, serum was chosen as the
biological sample due to its complex composition. When spiked
with miR-141 in diluted human serum, recovery rates ranged
from 91.73% to 107.00%, with relative standard deviations
(RSDs) varying from 0.24% to 0.69%, as detailed in Table 1.
These satisfactory findings suggest that the fluorescent biosensor
proposed in this study can effectively detect miR-141 in complex
biological samples. This method, leveraging DNA strand
displacement, holds promise for future applications in early-stage
cancer diagnosis in clinical settings.
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Figure 5. Selectivity for miR-141. From left to right: blank, miR-
141, miR-21, miR-122 and 1 nt mismatched of miR-141, 2 nt
mismatched of miR-141. Data represent means + SD.

Table 1 Recovery results of the biosensor for miR-141 in 100-fold
diluted serum (n = 3)

S(I?wll\k/le)d F(?]K/r:)d Re((:%ery RSD (%)
100 91.73 91.73 0.69
200 214 107 0.24
400 394.12 98.53 0.25

In brief, we have developed a straightforward fluorescence
method based on DNA strand displacement to detect miR-141.
Our method presents several advantages. Firstly, the method is
user-friendly and highly sensitive, enabling straightforward
analysis of miR-141 with a LOD of 0.05 nM. Secondly, it is
capable of analyzing complex biological samples and is suitable
for clinical laboratories. It has successfully quantified miR-141
levels in human serum, achieving recovery rates ranging from
91.73% to 107.00% with RSD between 0.24% and 0.69%.
Thirdly, it minimizes reagent and sample usage, thereby lowering
analysis costs. We anticipate that this method has substantial
potential for advancing biomedical research and clinical
diagnostics.
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