Analyst

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

,(bmm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

[y RO.YAL SOCIETY
OF CHEMISTRY www.rsc.org/analyst


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 6

©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEDRAMDIMBAEDIAEMDIMNDMWOWWWWWWWWWWNNNDNNNNNNNRERPRPRERPREREREPR
QOO NOUPRRWNRPOOO~NOUOPRARWNRPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODMWN

Analyst

Cite this: DOI: 10.1039/x0xx00000x

Received 00th 00,2015
Accepted 00th 00,2015

DOI: 10.1039/x0xx00000x

WWW.rsc.org/

Analyst

RSC

Multiple amplified detection of microRNA based on
host-guest interaction between B-cyclodextrin polymer
and pyrene

Xiaochen Guo,* Xiaohai Yang,*® Pei Liu,® Kemin Wang,** Qing Wang,* Qiuping Guo,? Jin
Huang,® Wenshan Li,? Fengzhou Xu® and Chunxia Song?

MicroRNAs (miRNAs) participate in various biological processes of life course. The levels of miRNAs
can be useful biomarkers for cellular events or cancers diagnosis, thus sensitive and accurate analysis of
miRNA expression is crucial for better understanding its functions and the early diagnosis of human
disease. Here, we developed a multiple amplified detection for miRNA based on host-guest interaction
between B-cyclodextrin polymer and pyrene, which takes advantage of the polymerase-aided strand
displacement amplification and A exonuclease-assisted cyclic enzymatic amplification. The proposed
method allowed quantitative detection of miRNA-21 in a dynamic range from 1 pM to 5 nM with a
detection limit of 0.3 pM and demonstrated good ability to discriminate the target sequence from single-
base mismatched miRNA sequence. Moreover, the assay was applied successfully in complex biological
matrix. We believe that this proposed sensitive and specific assay has great potential as a quantification

method for miRNA detection in biomedical research and clinical diagnosis.

Introduction

MicroRNAs (miRNAs) are evolutionary conserved, single-stranded,
short noncoding RNA molecules involved in the regulation of gene
expression.”® Increasing evidence has indicated that the expression
levels of individual miRNAs may serve as reliable molecular
biomarkers for cancer diagnosis and prognosis.*® Therefore,
sensitive and accurate detection of miRNAs is imperative for better
understanding the biological functions of miRNAs and the early
diagnosis of human cancers. However, quantitative detection of
miRNA has always been a tough challenge due to its small size, low
expression level, susceptibility to degradation and sequence
similarity.®” Conventional standard methods used for MiRNA
analysis are Northern blotting, real-time polymerase chain reaction
(real-time PCR) and microarrays.5*> However, they are obsessed
with many drawbacks, such as low sensitivity and throughput,
complex design and tedious steps.**'® To overcome these
shortcomings, many new and simple enzymes-aided target recycling
methods have sprung up for miRNA analysis. Unfortunately, most of
the methods are limited by its unsatisfactory sensitivity or the
intrinsic properties of the enzymes used in miRNA detection. Thus,
the development of fast, convenient, sensitive and specific methods
for miRNA detection is still in great demand.*’*8

Recently, many novel fluorescent probes have been designed
for fluorescence technology application in various fields, including
nucleic acid detection, protein detection, metal ions detection and
tumor cell targeting.’®** Among them, many nanomaterials were
applied for the novel fluorescent probes design due to their unique
fluorescent property, like gold nanoparticles, carbon nanotubes and
graphene. Several new miRNA detection methods were reported
based on integration of the unique optical, electronic and catalytic
characteristics of these nanomaterials.”>%’ At the same time, many
new fluorescent methods based on supramolecular polymers have
also been developed.?®3° For example, a series of cyclodextrin
polymers sensing systems based on the host-guest interaction have
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been fabricated for fluorescent sensing.®* Previously, our group
has developed several fluorescence analytical methods based on
host-guest interaction between epichlorohydrin cross-linked -
cyclodextrin polymer (B-CDP) and pyrene.*** Compared with p-
CD monomer, this kind of 3-CDP is far more soluble in water and
could achieve more excellent fluorescence enhancement effect for
pyrene. Conventional fluorescent methods based on fluorescence
resonance energy transfer (FRET) are working in close proximity
and therefore are limited by the distance between the donor and
acceptor molecule, which practically makes the design of labeling
strategies not easy as expected.”® Since this signal amplifying
mode based on host-guest inclusion between B-CDP and pyrene
eliminates the previously demanding quencher, it not only could
solve complex probe design but also achieve further improvement in
sensitivity.

Herein, we reported a multiple amplification fluorescent method
based on host-guest interaction between B-CDP and pyrene. This
amplification strategy integrates two reactions operating in series.
The first reaction is the polymerase-aided isothermal strand
displacement amplification activated by the target miRNA. The
second reaction is the X exonuclease (A exo)-assisted cyclic
enzymatic amplification.**' By combining strand displacement
amplification, cyclic enzymatic amplification and the excellent
fluorescence enhancement effect of 3-CDP for pyrene, this proposed
method allows for sensitive detection of miRNAs in a dynamic range
from 1 pM to 5 nM with a detection limit of 0.3 pM. Moreover, this
method also demonstrates good ability for discriminating the target
miRNA sequence from other mismatched miRNA sequences, and
achieved successful performance in a complex biological matrix. In
addition, the fluorescent probe involved in the proposed method is
very convenient to design and use which can reduce the analytical
cost and achieve simplicity for miRNA detection.
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Experimental section

Materials

Klenow fragment polymerase (exo), A exonuclease (A exo),
Deoxynucleotide (dNTP) and 10>NEB buffer (100 mM Tris-HCI,
100 mM MgCl,, 500 mM NaCl and 10 mM DL-Dithiothreito, pH
7.9) were purchased from New England Biolabs (NEB, UK). DNA
marker and loading buffer were purchased from TaKaRa Bio Inc.
(Dalian, China). SYBR Gold was purchased from Invitrogen (USA).
All the tips and tubes were sterilized and purchased from Shanghai
Sangon Biotechnology Co. (Shanghai, China). All the solutions
were treated with 0.1% diethyl pyrocarbonate (DEPC) and
autoclaved to protect from RNase degradation. DEPC was purchased
from Sinopharm Chemical Reagent Co., Ltd. RNase inhibitor was
purchased from Shanghai Sangon Biotechnology Co. (Shanghai,
China). B-cyclodextrin (B-CD) (97%) was purchased from Sigma-
Aldrich Co. Serum samples were collected from healthy volunteers.
All other chemicals, obtained from Reagent and Glass Apparatus
Corporation of Changsha, were of the highest analytical grade and
used without further purification or treatment. All the solutions were
prepared with ultrapure water obtained from a Millipore water
purification system (>18.2 MQ-cm). The RNA sequences and mono-
pyrene-labeled molecular beacon were synthesized by TaKaRa Bio
Inc. (Dalian, China) and purified by HPLC. The DNA sequence was
synthesized and purified through HPLC by Shanghai Sangon
Biotechnology Co. (Shanghai, China). All the sequences used in this
work are listed in Table S1.

Apparatus

All fluorescence spectra were measured using a Hitachi F-7000
fluorescence spectrometer (Hitachi Ltd., Japan) controlled by
FL Solution software equipped with aqueous thermostat
(Amersham) accurated to 0.1 °C. Excitation and emission slits
were all set for a 5.0 nm band-pass with a 700 V PMT voltage.
The excitation wavelength was set at 345 nm and the emission
spectra from 365 to 480 nm were collected with a 0.2x1 cm?
quartz cuvette containing 100 uL of solution. The fluorescence
intensity at 380 nm was used to evaluate the performance of the
proposed assay strategy.

Preparation of B-CDP

The B-CDP can be easily synthesized via a reaction of 3-CD and
epichlorohydrin in a sodium hydroxide solution according to the
procedure reported previously.*? The purified B-CDP powder was
re-dispersed in aqueous solution and stored at 4 <C for use. The
structure of B-CDP was confirmed by FTIR spectra and 'H
NMR spectra (Fig. S1). The molecular weight of B-CDP
(Mn~94,400) was measured by wusing gel permeation
chromatography (GPC, waters-515).

Agarose electrophoresis analysis

A 3% agarose gel was prepared by using 0.5 tris-borate-EDTA
(TBE) (pH 8.0). SYBR gold was used as the DNA stain and mixed
with the samples. The gel was run at 100 V for 45 min at room
temperature with loading of 10 uL of sample into each lane, and then
photographed in Gel Imaging (Tanon 2500 R, Tianneng Ltd.,
Shanghai, China).

miRNA-21 detection procedures

The experiments were performed in 100 pbL solution consisting of
miRNA-21 at different concentrations, 100 nM probe, 200 nM
primer, 25 U mL"* polymerase, 50 M dNTPs and 1>reaction buffer.
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Initially, the prepared solution was incubated for 40 min at 37 <C for
the isothermal strand-displacement polymerization reaction.
Following that, 5 U mL™ A exo was added for incubation about 25
min for the cyclic enzymatic reaction. Subsequently, the resultant
mixture was annealed and mixed with 1.5 mg mL? B-CDP for the
fluorescence measurements.

The miRNA-21 analysis in complex biological matrices were
also detected using the proposed multiple amplification method. The
miRNA-21 spiked serum samples were prepared by adding different
concentration of miRNA-21 in the treated human normal serums
(which was treated using centrifugal filtration device (30K) to
remove macromolecules,”® and additional 0.2 U pL™ ribonuclease
inhibitor was added to create an RNase-free environment). Note:
unless noted otherwise, all the experiments for measurements were
repeated three times at least in this study.

Results and Discussion

Design strategy for miRNA detection

As a proof-of-concept of our approach, miRNA-21 was chosen as
the model, and the mono-pyrene-labeled molecular beacon acted as
the signal report probe, which was phosphorylated at the 5’ end and
labelled with a pyrene at the 3’ end (Scheme 1). In addition, A exo
was introduced in this proposed method, which processively
degrades the removal of phosphorylated 5’ end from duplex DNA to
yield mononucleotides and single stranded DNA.*
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Scheme 1 (a) Schematic of the multiple amplified detection based on host-
guest interaction between B-CDP and pyrene by taking advantage of the
polymerase-aided strand displacement amplification and A exo-assisted cyclic
enzymatic amplification.

Scheme 1 outlines the mechanism of our amplified strategy. In
the presence of target miRNA, the strand-displacement amplification
reaction is initiated by the hybridization of the target miRNA with
the loop region of the molecular beacon, which makes the molecular
beacon be opened. Next, the free primer annealed to the end of the
molecular beacon and a primer extension reaction happens in the
presence of polymerase and dNTPs, which displaces the target
miRNA and synthesizes a single stranded DNA complementary to
the molecular beacon. The displaced miRNA subsequently bound to
a new molecular beacon, and a new extension cycle then occurred
(Cycle A in Scheme 1). With each reaction cycle, the target miRNA
is regenerated and DNA duplexs are formed. In the presence of A
exo, the DNA duplex produced from Cycle A is digested from the
phosphorylated 5’ end of the beacon, yielding pyrene-labeled
mononucleotides and single stranded DNA. The released single
strand DNA will perfectly match with the molecular beacon and act
as another target to trigger the second cycle (Cycle B in Scheme 1).

This journal is © The Royal Society of Chemistry 2013
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The lipophilic microenvironment of B—CDP could increase the
fluorescence intensity of pyrene. However, when the pyrene is
labeled on the DNA strand, there will be some steric hindrance for
pyrene to enter in the cavities of B—CDP because of the rigid
conformation of DNA strand. In other words, the steric hindrance
hinders pyrene from entering the cavities of B—CDP freely and thus
affects the fluorescence enhancement.® Because of very weak steric
hindrance of mononucleotides, the pyrene-labeled mononucleotides
are easily trapped into the hydrophobic cavity of B-CDP, and
accompanied with significant fluorescence enhancement.

In contrast, the molecular beacon will not be opened in the
absence of target miRNA and can not be digested by A exo.*
Therefore, it is difficult for pyrene attached onto the hybridized stem
to enter the cavity of B-CDP because of strong steric hindrance,
which will lead to a weak fluorescence signal.

Verification of the multiple amplification method

At first, the polymerase-aided strand-displacement reaction and A
exo assisted cyclic enzymatic reaction were proved by gel
electrophoresis. As shown in Fig. 1A, when polymerase was alone
added, a band higher than that in Lane 2 was formed (Lane 3),
suggesting that polymerase start the circular strand-displacement
reaction and produce DNA duplex. As expected, when A exo was
added, the DNA duplex disappeared compared with that in the
presence of only polymerase. It was because that A exo digested one
of the strands of the duplex DNA. The progress of the reaction was
also monitored via the fluorescence emitted from DNA duplex and
the digested molecular beacon as shown in Fig. 1B. In the absence of
miRNA-21, the strand-displacement amplification reaction and
cyclic enzymatic reaction was not initiated after the addition of
polymerase and A exo. The pyrene attached onto the hybridized stem
could not enter the cavity of B-CDP because of strong steric
hindrance, which led to the weak fluorescence signal. Therefore,
apparent increase in fluorescence intensity was neither observed
after the addition of polymerase and A exo (Fig. 1B (b)). In the
presence of miRNA-21, the strand-displacement amplification
reaction was initiated after the addition of polymerase. Pyrene at the
end of the formed DNA duplex could enter the cavity of B—CDP
reluctantly with some steric hindrance, accompanying with a certain
degree of fluorescence enhancement. Then, cyclic enzymatic
reaction was initiated after the addition of A exo. The pyrene-labeled
mononucleotides could enter the cavity of B-CDP freely with very
weak steric hindrance, accompanying with a quick rise in
fluorescence intensity (Fig. 1B (a)). These results confirmed that the
polymerase and A exo assisted quencher-free multiple amplification
fluorescent method indeed took place as expected.

This journal is © The Royal Society of Chemistry 2013
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Fig. 1 (A) Gel electrophoretic analysis of the products by the polymerase-
aided strand displacement amplification and A exo-assisted cyclic enzymatic
amplification. miRNA-21 (Lane 2): 200 nM; miRNA-21 (Lane 3, 4): 50 nM;
beacon: 200 nM; primer: 400nM; polymerase: 50 U mL™, A exo: 10 U mL™.
(+ means in the presence of, - means in the absence of). (B) Time course
study of the polymerase and A exo-aided multiple amplification fluorescent
method. The concentrations of miRNA-21, beacon, primer, polymerase, A

exo and B-CDP were 0.5 nM, 100 nM, 200 nM, 25 U mL?, 5 U mL™ and 1.5
mg mL™, respectively.

As the basis of our strategy, the excellent fluorescence
enhancement effect of 3-CDP for pyrene was then proved. As shown
in Fig. 2A, the fluorescence intensity enhanced greatly with the
increasing concentration of B-CDP in the presence of 0.5 nM
miRNA-21. In the absence of miRNA-21, the fluorescence intensity
kept very faint with the increasing concentration of 3-CDP due to the
steric hindrance of pyrene-labeled molecular beacon. To further
explore the amplification effect of different methods, we evaluated
their performance with control experiments under the same target
miRNA-21 concentration of 0.5 nM. In the presence of 3-CDP, some
increase in fluorescence intensity was observed with the assistance
of polymerase-aided strand displacement amplification (Fig. 2B (c)).
It is worth noting that a significant increase in fluorescence intensity
was obtained by combining the polymerase-aided strand
displacement amplification and A exo-assisted cyclic enzymatic
amplification. (Fig. 2B (d)). It is clear that this strategy is not only
dependent on the polymerase-aided strand displacement
amplification but also obviously relies on the A exo-assisted cyclic
enzymatic amplification.

J. Name., 2013, 00, 1-3 | 3
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Fig. 2 (A) Fluorescence enhancement of various concentrations of f-
CDP: 0, 1, 1.5, 2, 3 and 4 mg mL™. The concentrations of miRNA-21,
beacon, primer, polymerase and A exo were 0.5 nM, 100 nM, 200 nM, 25
U mL?and 5 U mL?, respectively. (B) Fluorescence spectra of different
amplification methods. a: miRNA-21 + beacon + primer; b: miRNA-21 +
beacon + primer + B-CDP; c: miRNA-21 + beacon + primer +
polymerase + B-CDP; d: miRNA-21 + beacon + primer + polymerase + A
exo + B-CDP. Error bars indicated the standard deviations of three
experiments.

Optimization of experimental conditions

The fluorescence increasing factor used in this work was (F-Fg)/F,
where F and Fy were the fluorescence intensities of the detection
system with and without target miRNA-21 respectively.

Some factors, such as the concentration of mono-pyrene-labeled
molecular beacon, polymerase and A exo, and the reaction time of
polymerase-aided strand displacement amplification and cyclic
enzymatic amplification would affect the performance of the
detection method. To ensure a better performance, these factors were
investigated to establish the optimal condition for our detection
system.

The mono-pyrene-labeled molecular beacon plays a crucial role
in the performance of this assay. Enough beacon needed to be added
to carry out enough rounds of cycles, but an obvious background
signal would be observed at a relatively high concentration as shown
in Fig. S2 (A), which could be resulted from the intrinsic
fluorescence of the pyrene-labeled beacon and a bit of digestion by
A exo.

The concentration of A exo and the reaction time of enzymatic
recycling were optimized to avoid unwanted background signal
mainly resulted from the non-specific cleavage by A exo for the
pyrene-labeled beacon as shown in Fig. S2 (B) and Fig. S2 (C).

As shown in Fig. S2 (D) and Fig. S2 (E), higher concentration of
polymerase and longer amplification time did not obviously change
the signal. Hence, 25 U mL* and 40 min were chosen for the strand
displacement polymerization amplification reaction.

Sensitivity of miRNA detection

4| J. Name., 2013, 00, 1-3

Under the above optimal experimental conditions and according
to the experimental protocol described in the Experimental
section, we investigate the detection limit of this strategy by
measuring the fluorescence intensities upon addition of various
concentrations of miRNA-21. As shown in Fig. 3A, a gradual
increase in the fluorescent peaks at 380 nm and 400 nm was
clearly observed in the miRNA-21 concentrations ranged from 0
pM to 5 nM. Fig. 3B illustrates that fluorescence intensity
exhibited a good positive linear correlation towards miRNA-21 in
the dynamic concentrations from 1 pM to 25 pM with a detection
limit of 0.3 pM (three times the standard deviation of the blank
solution). The sensitivity achieved in this proposed method
attributes to the polymerase-aided strand displacement
amplification, the A exo-assisted cyclic enzymatic amplification
and the excellent fluorescence enhancement effect of 3B-CDP for
pyrene.
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Fig. 3 (A) Fluorescence spectra of the multiple amplified fluorescent
method over a range of miRNA-21 concentrations. (B) Standard curve for
the relationship between the fluorescence intensity at 380 nm and
concentration of miRNA-21. Inset is the calibration curve for the
concentrations of miRNA-21 from 0 to 25 pM. The concentrations of
beacon, primer, polymerase, A exo and B-CDP were 100 nM, 200 nM, 25
UmL™, 5U mL?"and 1.5 mg mL™, respectively. Error bars indicated the
standard deviations of three experiments.

Specificity of miRNA detection

Distinguishing among members from other homologous sequences is
of great importance for better understanding the biological functions
of individual miRNAs. Since miRNA families often possess closely
related sequences with high homology (1- or 2-base difference), it is
a great challenge for distinguishing individual miRNAs.**" To
validate the specificity of the detection system, the same
concentration of miRNA sequences including miRNA-21, single-
base mismatched miRNA-21 (sSmRNA), three-base mismatched
miRNA-21 (tmRNA) and Random RNA were prepared for analysis

This journal is © The Royal Society of Chemistry 2013
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(Sequences were listed in Table S1, ESI). As shown in Fig. 4A, the
fluorescence intensity of miRNA-21 is 2.5-fold higher than that of
SmRNA and 4.3-fold higher than that of tmRNA, suggesting the
good specificity of the proposed method for miRNA assay, which
further supports the feasibility of the proposed method.

Detection of miRNA in human serum

Considering the significance of miRNA analysis in complex
biological matrices,®® we challenged our method for detecting
miRNA levels in serum samples. As demonstrated in Fig. 4B, the
calibration curve revealed a dynamic correlation between the
fluorescence intensity at 380 nm and the miRNA concentrations in
the range from 5 pM to 10 nM, which was almost consistent with
that obtained in pure buffer solution. With the addition of increasing
concentrations of miRNA, the fluorescence intensity also showed a
dynamic increase as obtained in pure buffer solution (see Fig. S3,
ESI). The results strongly confirmed the adaptability of our multiple
amplification method for miRNA detection in complex biological
matrices.
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Fig. 4 (A) Specificity evaluation of the proposed method for miRNA-21,
concentrations of RNA were all 0.5 nM. (B) Calibration curve for the
relationship between the fluorescence intensity at 380 nm and
concentration of mMIiRNA-21 for detection in human serum. The
concentrations of beacon, primer, polymerase, A exo and B-CDP were
100 nM, 200 nM, 25 U mL™, 5 U mL™ and 1.5 mg mL™, respectively.
Error bars indicated the standard deviations of three experiments.

Conclusions

In summary, we have successfully demonstrated a homogeneous,
sensitive and rapid multiple amplification method for miRNA

detection based on host-guest interaction between 3-CDP and pyrene.

Our strategy offered several unique advantages: first, the host-guest
interaction between epichlorohydrin cross-linked B-CDP and pyrene
is an effective and simple fluorescence enhancement mode; second,

This journal is © The Royal Society of Chemistry 2013
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the mono-pyrene-labeled reporter beacon eliminates the previously
demanding quencher, which is very convenient to design and use;
last, this multiple amplified detection method not only exhibits
competitive analytical characteristics compared with previously
reported multiple amplification methods (Table S2 in ESI), but also
displays fine reproducibility and practical utility in complex
biological samples. On the basis of the advantages presented here,
we believe that this proposed assay holds great promise for future
advances in research on the biological roles of miRNA and
application of clinical diagnosis with miRNA as target, and might be
further applied for other sensitive detection of small molecules,
metal ions and proteins in combination with specific aptamers.
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