CrossMark View Article Online

4 click for updates
This is an Accepted Manuscript, which has been through the

Royal Society of Chemistry peer review process and has been
accepted for publication.

View Journal

ChemComm

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: N. Cheng, Y. Xu,
Y. Luo, L. Zhu, Y. Zhang, K. huang and W. Xu, Chem. Commun., 2017, DOI: 10.1039/C7CC01007A.

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
author guidelines.

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, outlined
in our author and reviewer resource centre, still 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.

ROYAL SOCIETY
&cnmlsﬂw

ROYAL SOCIETY .
OF CHEMISTRY rsc.li/chemcomm


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/
http://dx.doi.org/10.1039/c7cc01007a
http://pubs.rsc.org/en/journals/journal/CC
http://crossmark.crossref.org/dialog/?doi=10.1039/C7CC01007A&domain=pdf&date_stamp=2017-03-23

Page 1 of 4

Published on 23 March 2017. Downloaded by Hacettepe Universitesi on 27/03/2017 12:12:21.

ChemComm

ChemComm

)F CHEMISTRY

iew. Amclel nline
DOI: 104089/€7CC01007A

Specific and relative detection of urinary microRNAs signature in
bladder cancer for point-of-care diagnostics

Received 00th January 20xx,
Accepted 00th January 20xx

Xu®?*
DOI: 10.1039/x0xx00000x

www.rsc.org/

We present a dual-isothermal cascade strategy assisted by a
lateral flow peptide nucleic acid biosensor for point-of-care
detection of urinary microRNAs without a temperature protocol
and complex instruments. The assay is expected to be of great
promise for bladder cancer diagnosis and point-of-care.

MicroRNAs are a class of endogenous, non-protein coding
small RNA molecules (17-25 nucleotides) that act as gene-
expression regulators and play important roles in numerous
biological processes.! Recent findings indicate that the presence of
microRNAs in urine may provide a valuable source of stable and
noninvasive biomarkers in bladder cancer.2 3 Accordingly, point-of-
care biosensing platforms for urinary microRNA detection are

urgently needed to indicate cancer stage and response to treatment.

Among the currently available and common techniques for
microRNA detection, exponential isothermal amplification (EXPAR)
is an advanced isothermal amplification strategy that can generate
thousands of single-strand DNA (ssDNA) at a constant
temperature.* It has been successfully applied in the detection of
microRNA as a powerful signal amplification tool to derive various
sensors, such as liquid colorimetric biosensors,> fluorescent
biosensors,® 7 electrochemical biosensors,®® and surface-enhanced
Raman spectroscopy (SERS).1° However, these techniques are still
challenged with high background and nonspecific amplification due
to their small size and especially high similarity of sequences among
family members.11 12 More importantly, these biosensing platforms
are limited by absolute quantification of microRNAs, leading to
results that may significantly vary depending on the method used,
resulting in a still unmet challenge at the point-of-care.’® In fact,
relative changes in the expression of target microRNAs compared to
an internal reference have practical significance for cancer
diagnoses.’317 Therefore, strategies with high specificity and
relative quantification for urinary microRNAs detection are urgently
needed at the point-of-care.

Here, we introduce a dual isothermal cascade strategy (base
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stacking hybridization and exponential isothermal amplification,
BSH-EXPAR) assisted by a trident-like lateral flow peptide nucleic
acid biosensor (TLPB) to overcome these limitations. The system
features the following three main components. (A) BSH-EXPAR. BSH
is a high specific phenomenon that has been used to describe the
additional stability associated with hybridization reactions wherein
two oligonucleotides hybridize in a contiguous tandem to a longer
complementary DNA single strand.1® After base design optimization,
this technique is typically used for single-base discrimination.®
Introducing BSH to EXPAR and optimizing the isothermal process
can effectively overcome poor specificity. (B) Peptide nucleic acid
(PNA) probe. The PNA probe allows high selectivity for the target
with very low background due to advantages of PNA itself such as
increased sequence specificity, high binding affinity, its superior
stability to complementary DNA, and its powerful discrimination for
single-base mismatched DNA.2022 To consistently enhance
specificity, we introduced PNA instead of DNA as a probe for the
lateral flow biosensor for the first time. (C) Trident-like lateral flow
biosensor. We first reported this biosensor for the qualitative
detection of stacked genetically modified soybeans after careful
consideration of cross-reactivity and the limitations of Washburn's
theory.23 Here, this is the first application of the biosensor for
relative quantitative detection.

The assay strategy is illustrated in Scheme 1. Urinary microRNA
was viewed as a target and applied in the BSH-EXPAR solution,
which consists of a microRNA-specific primer, a universal primer,
Bst. polymerase, Nt.BstNBI, deoxyribonucleotide triphosphates
(dNTPs), and buffer. As shown in Scheme 1A, the universal primer
involves four regions (green, brown, red and blue), and sequences
of the green region are complementary to the microRNA-specific
primer partly at its 3’ ends. Therefore, an EXPAR process occurs
efficiently in the presence of target microRNA based on the
phenomenon of BSH. The target microRNA (red) can hybridize with
the 5’ ends of the microRNA-specific primer (step 1). Then, the
microRNA-specific primer extends along the universal primer in the
presence of Bst polymerase and dNTPs to form stable double-
stranded DNA duplexes with a cleavage site (brown) for nicking
enzyme Nt.BstNBI (step 2). The cleavage (step 3) can generate a
short single-stranded DNA (ssDNA), which consists of a universal
linker (blue) and a DNA sequence with the same sequence as target
microRNA (red), except for the change of U to T (step 4).The ssDNA
can act as a new primer to initiate other amplifications (step 5).
Thus, the extension (step 6) and cleavage (step 7) can be repeated
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continuously and result in an exponential amplification. Finally, a
large amount of ssDNA (blue and red) can be produced (step 8), and
theoretical analysis from 1 target input to 2! product output is
presented in Table S1.
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Scheme 1. Schematic illustration of the base stacking hybridization
and exponential isothermal amplification and lateral flow peptide
nucleic acid biosensor. (A) Amplification by BSH-EXPAR; (B)
Detection amplified products by FPB.

The visual detection of single amplified products was
performed on the lateral flow peptide nucleic acid biosensor (LPB),
and a typical hybridization principle is shown in Scheme 1B. The
AuNPs-DNA conjugate was first dispensed on the conjugate pad,
and two biotinylated PNA probes (T and C) were pre-immobilized
on the nitrocellulose membrane through a biotin-streptavidin
interaction to form the test and control lines, respectively. The
sample solution containing amplified ssDNA was applied on the
sample pad. The solution was driven by capillary flow, passed the
conjugate pad, and then rehydrated the AuNPs-DNA conjugates.
The blue region of the ssDNA hybridized with the DNA probe of the
AuNPs-DNA conjugates. The as-formed hybrid continued to migrate
along the biosensor and was captured on the test line through the
reaction between the red region of ssDNA and the PNA probe-T.
The accumulation of AuNPs-DNA conjugates on the test line
produced a characteristic red line. Excess AUNPs-DNA conjugates
continued to migrate through the control line and were captured by
the PNA probe-C, thus forming the second red line on the control
line and indicating that the biosensor worked properly.

The principle of expanding multiplex and relative detection
was illustrated in Scheme 2. It should be noted that different
microRNAs (X1, X3, X3) can be converted to the BSH-EXPAR products
(YX1, YX2, YX3) with the same linker (Y, blue region), which can be
detected with the same DNA capture probe of the AuNPs-DNA
conjugates, the same PNA probe-C on control line and the specific
PNA probe-T. Together, they can simply and effectively form
specific sandwich-like hybridizations for multiplexed microRNA (X,
Xz, and X3) detection using TLPB. The relative intensity (Rl; or Rly) is
defined as the peak area of the test lines for X; or X, divided by the
peak area of the test line of X3 of each individual biosensor.
Therefore, the different Rls reflected the various relative expression
level for the targets (X;and Xz) by means of comparing the internal
reference (Xs), indicating that the developed sensing system can
relatively quantify multi-microRNAs.
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Scheme 2. Schematic illustration of multiplex and relative detection
of microRNAs. (A) Multiplex BSH-EXPAR (Input: X3, X,, X3; Output:
YX1, YX3, YX3); (B) Detecting multiple amplified products by TFPB; (C)
Relative detection of the peak area of test lines for X; or X, divided
by the peak area of test line for X; (Rl; or Rly).

For the proof-of-concept experiment, we selected microRNA
126 and microRNA 182 (code Xjand X,) as our initial targets (Table
S2); they were robust since all samples contained readily detectable
amounts of these species and were typically used to distinguish
bladder cancer patients from controls.2 2425 In addition, microRNA
152 (code X3) was considered a suitable reference gene for
analyzing circulating microRNAs in the urine of bladder cancer
patients.2 The BSH-EXPAR amplification process was verified via
agarose gel electrophoresis (Figure 1). This strategy depended on
microRNA-specific primers, universal primers, Bst. polymerase and
Nt.BstNBI, as no target bands were observed when any of these
were omitted from the reaction. The accuracy of this multiplex
reaction was based on the approximately equal amplification
efficiency of the primers, which was examined by real-time BSH-
EXPAR. According to previous reports, when three primer sets were
added to a reaction mixture, the reaction could efficiently amplify
each target with levels reaching the detection limits in
approximately the same time and with similar amplification
efficiency. As shown in Figure S1, around the same amplification
efficient was obtained with this design, indicating that the cascade
was reliable and well-suited for simultaneous measurements.
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Figure 1. The agarose gel electrophoresis image of the BSH-EXPAR
amplification process. Lane M: DL2000 DNA marker. Lanes 1 and 14:
Synthetic product ssDNA (blue and red) as marker. Lanes 2 and 3:
Positive control. Lanes 4 and 5: MicroRNA-specific primer omitted.
Lanes 6 and 7: Universal primer omitted. Lanes 8 and 9: Bst.
Polymerase omitted. Lanes 10 and 11: Nt.BstNBI omitted. Lanes 12
and 13: Negative control. The concentration of target microRNA
was 1 nM.
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We further employed agarose gel electrophoresis to investigate
the effect of the stacking hybridization base number on the
brightness of the target band (Figure S2). The results indicated that
5 stacking hybridization bases without blank signal was suitable for
this design. Moreover, a reaction time of 20 min was chosen for
BSH-EXPAR based on Figure S1. Additionally, we studied the effect
of the amount of the AuNPs-DNA conjugation, the concentration of
the PNA probe, and the hybridization time of DNA-PNA by
comparing the analytical performances of TLPB (Figure S3). After
optimization, 2.5 pL of AuNPs-DNA conjugation, 50 uM of the PNA
probe, and 5 min of DNA-PNA hybridization were selected to be
used in the following experiments.

Under the optimal conditions determined above, the
selectivity of the proposed assays was examined using the
interference microRNAs with one-base mismatch (1M), two-base
mismatch (2M), and three-base mismatch (3M) of microRNA 126,
microRNA 182, and microRNA 152 at the 5’ end, at the 3’ end, and
in the middle. As shown in Figure 2, the peak area of targets
scarcely changed compared with the blank control, while the
response from the interfering microRNA remained as low as the
blank control, with no notable cross-reactivity. The yellow dotted
line represents the cutoff value for positive calls, which was set as
the value of negative control plus three times the standard
deviation (SD) of the negative control. The high hybridization
selectivity of the cascade strategy was achieved by taking
advantage of the base tracking effects of BSH and the binding
specificity between targets and PNA probes of TLPB.

To evaluate the sensitivity, we examined the approach using
different concentrations of target microRNAs (ranging from 0 to
1nM). Figure 3arepresents a typical image of TLPB. Visual
detection for target microRNAs can be achieved by observing the
color of the test lines, which can be observed as low as 1 fM. There
is no colored band on the test line of the TLPBs in the absence of
target microRNAs (negative control). Quantitative detections of X;
were performed by recording the intensities of the test lines using a
portable strip reader. The limit of detection (LOD) was calculated to
be 0.6 fM based on negative control plus three times the SD of the
negative control. The resulting plot of response versus microRNA
concentrations was linear over the 1 fM to 100 pM range as shown
in Figure 3b. Similar detection results for X, and X3 were also
obtained (data not shown). This detection at the femtomolar-level
was suitable for independent quantitative work in urine.?% 26
Obviously, our assay’s sensitivity was superior to the recently
reported lateral flow biosensors for microRNA detection (Table S3).
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Figure 2. Specificity investigations of one-base mismatch (1M), two-
base mismatch (2M), and three-base mismatch (3M) of microRNA
126, microRNA 182, and microRNA 152 at the 5’ end, at the 3’ end,
and in the middle. The concentration of microRNAs was 1 pM. The
yellow dotted line represents the value of negative control plus
three times the standard deviation (SD) of the negative control and
was used as the cutoff value for a positive signal.
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Figure 3. The performance of the BSH-EXPAR-TLPB cascade in
response to various concentrations of target microRNA. (a) Typical
photo images. Target concentrations: (1) 1 nM; (2) 100 pM; (3) 10
pM; (4) 1 pM; (5) 100 fM; (6) 10 fM; (7) 1 fM; (8) 0. (b) The
calibration curve.

At the clinical level, microRNA analysis of species in urine
sample revealed the ratios of microRNA 126: microRNA 152 (X;1:X3)
and microRNA 182: microRNA 152 (X;:X3), which showed an
average 9.9-fold and 3.9-fold increase in urine samples of patients
with bladder cancer patients in comparison to healthy donors.2
Therefore, we tried to detect different ratios of targets (Xi or Xa)
and their markers (X3) at basal concentrations of 1 fM, which was
selected according to previous reports that quantified microRNA in
urine.?* 26 Figure 4a displays the bar graph of TLPB’s peak area
using increased ratios of 1-fold, 5-fold, 10-fold, 15-fold, and 20-fold
of X1:X3and Xz:X3, and Figure 4b shows the relationship between Rly
and the logarithm of ratios of X;:Xs. Similar results of Rl, versus X,:X3
were also obtained (data not shown), indicating that the proposed
assays were reasonable for the quantitative work of relative
expression measurements.
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Figure 4. The performance of TLPBs in response to various ratios of
targets (X1 0r Xz) and their markers (Xs) at basal concentrations of 1
fM. (a) Bar graph of TLPB’s peak areas with the increased ratios of
1-fold, 5-fold, 10-fold, 15-fold, and 20-fold of X;:X3and X,:Xs. (b) The
calibration curve of relative intensities versus logarithm of ratios of
X1:X3.
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To demonstrate the capability of the developed method for
microRNA detection in complex biological samples, microRNA 126,
microRNA 182 and microRNA 152 extracted from urine samples of
bladder cancer patients and healthy donors were analyzed using
the BSH-EXPAR cascade. As shown in Fig. S5 (A-C), the relative data
obtained by using the developed method were consistent with
results obtained using the quantitative real-time polymerase chain
reaction (qRT-PCR), indicating that the proposed method was
capable of microRNA quantification in real complex samples. In
addition, it was observed that the microRNA 126 and microRNA 182
showed higher expression levels in bladder cancer patients
compared with healthy donors (Fig. S5D), which was in good
agreement with previous reports.2428 The matrix effect of the
method was investigated for the detection of recoveries in the
urine with added microRNA 126 at given concentrations. The
estimated recoveries of BSH-EXPAR range from 93.41% to 104.38%
(Table S4), which indicated the high capability of the proposed
method for sensitive microRNA detection in real complex samples.

In summary, the developed assay quantified the absolute
amount of microRNAs down to 0.6 fM and a 20-fold relative
expression of the target, which was reasonable and suitable for
quantitative work in urine samples. Moreover, it combined BSH
with EXPAR amplification in one system and introduced PNA as an
alternative probe into lateral flow biosensors, which greatly
improved specificity for differentiating one-base mismatches. In
addition, targets were detected in urine samples without
temperature protocols and sophisticated instruments, making it
possible to use them as non-invasive biomarkers in cancer
detection and as predictors of therapeutic responses at the point-
of-care. Alternatively, integrated devices based on this design could
be envisaged by simply changing the reaction solution for
amplification into a freeze-dried powder and using pre-coated
tubes.
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