Open Access Article. Published on 18 March 2021. Downloaded on 2/20/2026 10:28:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

W) Check for updates ‘

Cite this: RSC Adv., 2021, 11, 11398

ROYAL SOCIETY
OF CHEMISTRY

(3

Nasopharyngeal carcinoma related miRNA
detection through a DSN enzyme assisted

tetrahedral probe for more accurate prognosisy
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MicroRNAs (miRNAs) play a pivotal role in cellular functions and in the development and progression of
cancer. Precise quantification of miRNAs from different clinical samples is a challenging but necessary
endeavor that is largely neglected by many emerging fluorescence technologies. Herein, we propose
here a novel miRNA detection method through a designed tetrahedral probe and DSN enzyme for

attached signal amplification. The highlights of the method are calculated as: (i) the tetrahedral probe
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induced a much higher transfection efficiency than normal probes; (ii) the DSN enzyme-based cleavage

ensures amplification and thus leads to a high detection sensitivity. In all, we believe that the proposed
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Introduction

MicroRNAs (miRNAs) play pivotal roles in development, cellular
differentiation, proliferation, cell cycle control and cell death,
and have been implicated in a variety of human diseases,
including cancer."” A growing body of evidence has implied that
miRNAs are closely related with the management of chemo-
therapy efficacy in diverse diseases. Nasopharyngeal carcinoma
(NPC) is a tumor type implicated with Epstein-Barr virus (EBV)
exposure, diet and genetic factors as its aetiology and arises
from the epithelial cells that line the nasopharynx.>* A growing body
of studies have demonstrated that abnormal expression of miRNAs
is closely related with pathogenesis process of NPC.>* Among all the
miRNAs reported, miR3188 is one of the most original miRNAs
discovered and are important in both reducing cell-cycle transition
and proliferation as well as significantly prolonging the survival time
of tumor-bearing mice as well as sensitizes cells to 5-FU.”* Therefore,
accurate and sensitive identification and quantification of both in
vitro and intracellular miR3188 will contribute to the fundamental
research and prognosis of NPC.

The most classic method for miRNA detection is qrt-PCR,
which is widely applied for in vitro miRNA detection from
clinical samples with a detection limit down to aM level.” Even
though, qrt-PCR is also criticized from some instinct
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method could greatly improve the sensitivity of intracellular miRNA imaging methods and contribute to
the fundamental research and prognosis of cancer.

drawbacks, including complicated primer design, temperature
cycle, heavy labor, high costs and the most importantly its
incapability for in situ miRNA imaging, that greatly limited its
further application with different requirements.'® Accurate and
sensitive in situ miRNA detection in living cells is pivotal for the
basically biomedical researches and disease diagnosis.'"*
However, the development of in situ miRNA imaging methods
are faced with a great challenge because of their low expression
level and complex environments. The most developed in situ
miRNA fluorescence imaging is mostly with a one-to-one
pattern that could not for accurate and sensitive monitoring
of intracellular miRNAs."*** Furthermore, the unsatisfactory
uptake efficiency of designed molecular beacons by parent cells
adds difficulties to the miRNA imaging methods and lead to
a low sensitivity. Therefore, it is in high demand to develop an
accurate and sensitive miRNA imaging methods with a favor-
able molecular beacon uptake efficiency. In recent years, duplex-
specific nuclease (DSN)mediated signal amplification has attrac-
ted great interest because of its good enzyme stability and high
catalytic activity. For example, Huiting Lu proposed an ultrasensi-
tive and multiple miRNA detection strategy through the combina-
tion of three-dimensional tetrahedron-structured probes-modified
gold nanoparticle probes and DSN-assisted signal amplification
with a low limit of detection.” Kai Zhang also successfully detected
target miRNA from complicated biological samples in a sensitive
way through two stages DSN-assisted target recycling signal
amplification. Therefore, DSN enzyme has attracted abundant
attention in the establishments of in vitro miRNA detection
methods. However, few of the former methods have investigated
the feasibility of DSN enzyme for intracellular imaging.

Herein, we propose here a novel in situ miRNA imaging
methods through the integration of both tetrahedral induced
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efficient intake of molecular beacons and DSN enzymes-based
signal amplification. In the proposed method, molecular
beacon is designed with a tetrahedral structure so as to improve
the uptake efficiency by target cells. Furthermore, tetrahedral
structure probe could be recognized and then displaced by
target intracellular miRNA, and thus keep the fluorescence
moiety get away from corresponding quenching moiety. As
a result, the obtained fluorescence is related with the amounts
of intracellular miRNA. With the assistance of DSN enzymes,
the DNA sequences that is complementary with target miRNA is
degraded and thus the released miRNA could attend a next
amplification cycle. Therefore, we believe that the proposed
method will greatly improve the sensitivity of intracellular
miRNA imaging methods and contribute to the fundamental
research and prognosis of cancers.

Result and discussions

The principle of the proposed method for intracellular miRNA
imaging

The working mechanism of the method is illustrated in Scheme
1. In the proposed method, we have carefully designed four DNA
sequences: S1, S2, S3 and S4. In details, we have labeled a fluo-
rescence moiety Cy3 (Sulfo-Cyanine3) and corresponding
quenching moiety (BHQ-2, Black Hole Quencher-2). Further-
more, the 5’ terminal of S1 could specially hybridize with both
part of S3 and miRNA. After gradient cooling of the S1-S4
mixture from 90 °C to room temperature, the four DNA
sequences could auto-assembled into a tetrahedral structure.
Notably, the 5'-terminal part of S3 probe could only partially
hybridize with corresponding part in S1 and the molecular
beacon is on its “OFF” state due to the fluorescence is quenched
by BHQ-2. When target miRNA existed, it could specially
recognize the uncomplemented region in the 5’ terminal of S1
probe and form a NA-RNA complex. Afterwards, the DSN
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enzyme could recognize the DNA-RNA complex in the tetrahe-
dral beacons and specially degrade the DNA sequences in the
complex. Eventually, Cy3 gets apart from BHQ-2 and generated
fluorescence intensity, which is in positive correlation with the
amounts of intracellular miRNA. Besides, the released miRNA
could then enter the next amplification cycle to continuously
generate fluorescence signals.

Investigation of the designed tetrahedral probes for
intracellular miRNA imaging

It is widely reported that the tetrahedral structure probe could
induce a higher uptake efficiency and thus lead to a higher
sensitivity. Therefore, we firstly studied the self-assemble of the
designed tetrahedral probes via PAGE gel electrophoresis. As
shown in Fig. S1,T the S1 DNA sequences is about 50 bp in the
lane 1. When mixed with S2, the S1 + S2 complex is about 100 bp
with a lower mobility (lane 2). Meanwhile, the mobility of S1 +
S2 + S3 complex and S1 + S2 + S3 + S4 complex gradually
decrease in lane 3 and lane 4. Therefore, the tetrahedral is
successfully assembled. Besides the PAGE gel electrophoresis
analysis, we have also studied the fluorescence-quenching effect
in the self-assemble process through a fluorescence assay. In
the original stated of S1 alone, we have observed a high fluo-
rescence intensity about 789 a.u., and the fluorescence intensity
showed no obvious decrease when S1 mixed with S2 and S3.
When the four DNA sequences existed simultaneously, the
fluorescence intensity have greatly decreased, indicating that
only the successful assemble of the tetrahedral structure could
initiate the quench of Cy3 fluorescence (Fig. 1a). We then
investigated the feasibility of the method for miRNA detection
through a fluorescence assay. As shown in Fig. 1b, a signifi-
cantly high enhanced fluorescence responses were observed in
the presence of target miRNA and active DSN enzymes. The
sensing system with the active DSN enzymes could provide an
approximate 2.5 times higher fluorescence signals than that is

Scheme 1 The working principle of the proposed method for in situ miRNA imaging. The four designed ssDNA chain (S1, S2, S3, S4) could firstly
assembled into tetrahedral structure through gradient cooling; target miRNA-based chain displacements; DSN enzyme-based cleavage; signal

readout.
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Investigation of the designed tetrahedral probes for intracellular miRNA imaging. (a) The obtained fluorescence spectrum of tetrahedral

probes. Inserted is a histogram of calculated fluorescence intensity with different probes combination (S1, S1 + S2, S1 + S2 + S3,S1 + S2 + S3 +
S4). (b) The obtained fluorescence spectrum of sensing system when target miRNA and DSN enzyme existed together (red), without DSN enzyme
(green), and the control (only with tetrahedral probe alone, black). (c) Calculated fluorescence intensity of the sensing system with tetrahedral

probe and normal probe.

without active DSN enzymes, indicating that the participant of
active DSN enzyme could provide an attached signal amplifi-
cation which is consistent with its principles. Afterwards, we
compared the uptake efficiency of tetrahedral structure probe
and normal probes by target cells. Eventually, we have observed
a gradually increased fluorescence intensity in both the tetra-
hedral probe group and the normal probe group, indicating
both the two probes could enter target cancer cells (Fig. 1c).
Notably, when incubated with target cancer cells for more than
30 minutes, the tetrahedral group exhibited a gradually higher
fluorescence intensity than that in the normal probe group,
suggesting that the tetrahedral could provide a much higher
transmembrane efficiency than normal probes. The possible
high transmembrane process of the tetrahedral probe may
derived from its stable structure. At last, we have studied the
cytotoxicity of the designed tetrahedral probes in different
concentration and did not observe obvious cytotoxicity
(Fig. S2).1 Furthermore, we have also investigated the stability
of the designed tetrahedral probe through detection of fluo-
rescence intensity of tetrahedral probe in different experimental
conditions (BSA, PBS buffer, RPMI-1640). From the result in
Fig. S3,f there was no significant fluorescence signals
enhancements when tetrahedral probe incubated with different
experimental conditions, indicating a favorable stability of the
probe and potential capability for intracellular application.
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Optimization of the experimental conditions

In order to obtained a better detection performance, we have then
optimized the experimental conditions including the concentration of
DSN enzymes, the incubation time of DSN enzymes and the incuba-
tion time of tetrahedral probes. In the experiment exploring the
concentration of DSN enzymes used in the sensing system, we have
diluted the purchased DSN enzymes into different concentration
gradient and detected the fluorescence intensity of the whole systems
with 100 nM miRNA. From the result in Fig. 2a, we have obtained
a gradually increased fluorescence signals with the concentrations of
DSN enzymes ranging from 0.1 UL ' to 1 U L™* and observed no
more increasements with the concentration more than 1 U L%,
indicating the concentration 1 U L™ could provide an optimized
detection performance. We then studied the incubation time of DSN
enzymes. As shown in Fig. 2b, then sensing system could provide
a most significant fluorescence increments when incubated with DSN
enzyme for about 45 min. Therefore, 45 min is selected as the most
appropriate incubation time. With the same procedure, the incubation
time of tetrahedral probe is eventually determined 90 min (Fig. 2c).

Sensitivity and specificity of the sensing system for in vitro
miRNA detection

Under the optimized experimental conditions, we have then
studied the sensitivity of the method through applying it for
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Fig.2 Optimization of the experimental conditions. (a) Calculated fluorescence intensity of the sensing system with different concentrations of
DSN enzymes. (b) Calculated fluorescence intensity with different incubation time of DSN enzymes. (c) Calculated fluorescence intensity with

different incubation time of tetrahedral probe.
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Fig. 3 Sensitivity and specificity of the sensing system for in vitro miRNA detection. (a) Fluorescence spectrum of the sensing system for target
miRNA detection with different concentrations. (b) Correlation equation of the fluorescence intensity and amounts of miRNA. (c) Fluorescence

intensity of the sensing system for different miRNA detection.

Fig. 4
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Intracellular miRNA imaging through the proposed method. (a) Imaging result of the intracellular miRNA. From left to right: inhibitor,

normal, mimics. The green fluorescence dots are the intracellular fluorescence generated by the proposed method when target miRNA exited.
Scale bar = 1 um. (b) Calculated amounts of the miRNA through quantifying the fluorescence intensity of five randomly selected cells.

target miRNA detection with different concentrations ranging
from 100 fM to 1 nM. The fluorescence intensity gradually
increased with the concentration of target miRNA increased
from 100 fM to 1 nM (Fig. 3a) and is positively correlated with
the amounts of target miRNA. Eventually, the obtained corre-
lation equation was determined Y = 184.4 x lg C + 75.03 (C
refers to the concentration of target miRNAs) with a correlation
coefficient R*> = 0.9975 (Fig. 3b), indicating that the method
could provide a sensitive response to the quantification of target
miRNA. The limit of detection (LOD) of the proposed method
was also calculated to be 25.7 fM through triple deviation
method. Furthermore, we verified the selectivity of the method
through applying it for the detection of different miRNAs
including miR-21, miR-155, Let-7a, Let-7b. As a result, we have
obtained a significantly enhanced fluorescence intensity for the

detection of target miRNA compared with the other four miR-
NAs (Fig. 3c), indicating that the method also showed a favor-
able specificity for different miRNA detection, which could meet
the clinical application requirements.

Application of the method for in situ miRNA imaging

Considering the good biocompatibility, high transfection effi-
ciency of the designed tetrahedral probe, we eventually applied
the proposed sensing system for in situ miRNA imaging. From
the imaging result in Fig. 4, the CNE-1 cells treated with miRNA
inhibitors, which could depress the expression of target miRNA,
showed negligible fluorescence, while the cells treated with
miRNA mimic showed a much higher fluorescence response
compared with the normal cell and inhibitors treated cells,
indicating that the method could accurately report the dynamic

Table 1 A brief comparison of the method with some former proposed miRNA detection methods®

Title Sensitivity In vitro/in situ Complexity Ref.
The method M Both Exo-1II
CRISPR-Cas12a M In vitro Cas12a enzyme; RCA related enzymes
UCNPs based ™M In situ UCNPs
Qrt-PCR M In vitro Equipment; primers; DNA
polymerase

“ RCA: rolling circle amplification; UCNPs: upconversion nanoparticles.
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variation of intracellular miRNAs. Confocal result with lower
magnification in Fig. S4.1

Conclusions

Herein, we report a novel intracellular miRNA imaging method
implementing tetrahedral probe and cleavage characteristics of
DSN enzymes and demonstrated its high sensitivity and speci-
ficity through a series of experiments. In the research, we have
compared the tetrahedral structure probes with normal struc-
ture probes and also verified the high transfection efficiency of
the designed tetrahedral probes. We find that the sensing
system is amenable to detection of oncogenic miRNAs in CNE-1
cells with high sensitivity and successfully monitored the
expression change of oncogenic miRNAs in cancer cells,
providing a useful complementary tool for cancer clinical
diagnosis and prognosis. We have then compared the in vitro
detection capability of the method with some former developed
methods (Table 1) and summarized the advantages as: (i)
capability of both in vitro and in situ miRNA detection; (ii)
a relatively high transmembrane efficiency derived from the
tetrahedral structure probe; (iii) a comparable sensitivity with
most of the former methods. This study not only has reference
value in biomedical research but also has potential value in
clinical analysis and product development applications such as
the development of in vitro diagnostic reagents.
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