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Elaborately designed diblock nanoprobes for simultaneous
multicolor detection of microRNAs+

Chenguang Wang, ° Huan Zhang, I° Dongdong Zeng I ° Wenliang Sun °, Honglu Zhang °, Ali
Aldalbahi ¢, Yunsheng Wang ?, Lili San °, Chunhai Fan °, Xiaolei Zuo *°, Xiangiang Mi *°

Simultaneous detection of multiple biomarkers has important prospects in biomedical field. In this work, we demonstrated
a novel strategy for detection of multiple microRNAs (miRNAs) based on gold nanoparticles (Au NPs) and poly adenine
(polyA) mediated nanoscale molecular beacon (MB) probes (named p-nanoMBs). Novel fluorescent labeled p-nanoMBs
bearing consecutive adenines were designed, of which a polyA served as an effective anchoring block binding to the
surface of Au NPs, and the appended hairpin block formed an upright conformation that favored the hybridization with
targets. Through the co-assembling method and the improved hybridization conformation of the hairpin probes, we
achieved high selectivity for specifically distinguishing DNA targets from single-base mismatched DNA targets. We also
realized multicolor detection of three different synthetic miRNAs in a wide dynamic range from 0.01 nM to 200 nM with a
detection limit of 10 pM. What’s more, we even detected miRNAs in a simulated serum environment, which indicated that

our method could be used in complex media. Compared with traditional method, our strategy provide a promising

alternative method for qualitative and quantitative detection of miRNAs.

Introduction

It is of great importance to develop rapid, sensitive,
and cost-effective bioassay methods in life sciences and
medical fields.»® Molecular beacon (MB) is a stem-and-
loop oligonucleotide, which was dual labeled with a
fluorophore and a quencher group on each end.* The
target can bind to the loop region and competitively
force apart the fluorophore and the quencher,
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generating a fluorescence signal.*> Therefore, MB can
serve as a promising molecular analytical tool.®® It is
reported that MB probes have many advantages, such
as high signal-to-background ratios, sensitive to the
target and high sequence specificity.” Hence, it has a
broad applications in biosensing, biomedical detection,
and even in rapid clinical diagnostics fields.'>**
However, traditional MB probes have some
inadequacies such as low efficiency of the quencher
and instability of the stem-loop structure, which limited
their further application."**> Recently, nanoscale MBs
(nanoMBs)  using nanomaterials (e.g. carbon
nanotubes, graphene oxide nanosheets or gold
nanoparticles) as quenchers have attracted
considerable attentions.’®™® Among which, gold
nanoparticles (Au NPs) are frequently used not only
because they possess distinct optoelectronic and
catalytic properties, but they exhibit ultrahigh
fluorescence quenching ability.”?* As early as in 2001,
Dubertret et al. designed a Au NPs-based MB using 1.4
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nm diameter Au NPs as quenchers with the sensitivity
enhanced up to 100-fold.** Fan and co-workers
constructed a multicolor nanoMBs for DNA detection
by use of relatively large Au NPs (15nm), which could
instantaneously detect three types of tumor-
suppressor genes.”® Tang et al. constructed a multicolor
MB probes which could be used for simultaneous
detection and imaging of four types of mRNAs in living
cells.”®

So far, the construction of Au NPs based nanoMB
probes mainly depended on assembling thiolated DNAs
to the surface of Au NPs, which employed a classical
process with the time-consuming salt-aging protocol
for about 1-2 days.””*® To simplify, Liu and his
coworkers functionalized gold nanoparticles with
thiolated DNA using a fast pH-assisted route, which
showed a synergistic effect between pH and salt in
forming DNA-Au NPs complex.”’ However, the above
two protocols have similar shortcomings where the
conformation and orientation of the probe could not
be accurately controlled and the hybridization
efficiency was relatively low.*® Poly adenine (polyA)
was a kind of newly reported linkers between Au NPs
and DNA oligonucleotides, which possessed similar
affinity with the thiol group but offered a much higher
controllability for the orientation of DNAs assembled at
the surface of Au NPs.>**? What’s more, the surface

density of polyA  mediated diblock DNA
oligonucleotides could be facilely modulated by simply
varying the length of polyA, meanwhile the

hybridization efficiency could be controlled and
improved.*®* Besides, they were free of modification
during the synthesis which in turn reduced the cost.

Herein we reported a novel strategy for
construction of multicolor nanoprobes based on Au
NPs and polyA mediated diblock hairpin MBs (named p-
MBs) for detection of miRNAs. As shown in Scheme 1,
polyA block of the p-MBs bound tightly to the surface
of Au NPs, and the hairpin block stood upright at the
surface of Au NPs. To the best of our knowledge, it is
the first time that fluorescent labeled diblock p-MBs
with consecutive adenines were designed as probes for
miRNA detection. During our study, we employed
13nm Au NPs to load three different dyes labeled p-
MBs by a facile pH-assistant method.>* Moreover, we
improved our method by co-assembling short oligo-As
(As) with p-MBs for higher stability and hybridization
efficiency. Meanwhile, we redesigned the hybridization
conformation of the p-MBs by making the stem section
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partially hybridize with the target to further improve
the sensitivity and selectivity for miRNA detection. Our
results showed that the Au NPs based p-MB
nanoprobes (named p-nanoMBs) can synchronously
discriminate three different miRNAs with a detection
limit of 10pM. Meanwhile, our probes also exhibited
good performance in simulated serum samples.

p-MBs
0

oy
7As o I Sf

Scheme 1. lllustration of the multicolor p-nanoMBs for
detection of three miRNA targets.

Results and discussion

Design and Construction of p-nanoMBs. At first,
we optimized the assembling condition of p-MBs with
Au NPs using single color probe, where 5’-end of p-MB1
was labeled with FAM and 3’-end modified with twenty
adenines. Distinct from the hybridization conformation
of original MB probe (target binds in the loop region of
the original MB), the structure of our probe was
designed with the5-stem sequence partially
complementary to the target sequence to gain higher
fluorescent signal (Fig. 1a). However, we found that p-
MB1 assembled Au NPs occasionally aggregated in salt,
and the background is relatively high before hybridizing
with the target.In order to solve the problem, we
improved the assembling protocol by introduction of
short oligo-As (5 As, named A;) to co-assemble with p-
MB1. From Fig. 1b, we could see that the fluorescent
signal was about 9 times higher than that without
As. We attributed it to that As could fill in the gaps at
the surface of Au NPs where polyA could not cover,
thus increased the stability and obtained better signal
to background ratio. The dynamic light scattering (DLS)
analysis data provided more solid evidence (Fig. S1%).

This journal is © The Royal Society of Chemistry 20xx
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The hydrodynamic diameters of Au NPs alone and Au
NPs assembled with As; didn’t show much difference,
which indicated that polyA preferentially adsorbed and
lay flat on Au NP surface. As a comparison, Au NPs co-
assembled with p-MB1 and short As had the largest
hydrodynamic diameter of 45.8nm, while the

hydrodynamic diameter of p-MB1 assembled Au NPs
was only 35.7 nm. The difference (~10nm) between
them suggested that the co-assembling method did
make the hairpin block form a more upright and
benefited

extended conformation that the

hybridization.
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Fig. 1 The fluorescent changes for designing and
constructing single color p-nanoMB. A: Fluoresent
signal of original MB1 (ori-MB1, the loop region was
completely complemented to the target) and the new
p-MB1 (MB1, the 5’stem sequence was partially
complemented to the target). B: Fluoresent signal of
assembling p-nanoMBs with (As) or without (no-As)
short oligonucleotides. The ratio between the hairpin
probel and As was 3:1 (final concentration ratio).

More interestingly, we found that
the ratio between the p-MBs and the As during the co-
assembly played an important role for the subsequent
detection. As shown in Fig. S2t, the ratio of 3:1 (final
concentration ratio) between p-MBs and As exhibited
strongest fluorescent signal than higher (e.g. 10:1 or
5:1) or lower (e.g. 1:3 or 1:2) ratios after hybridization
with the targets. Therefore, the ratio of 3:1 was
employed for preparation of p-nanoMBs and further
detection experiments.

We then constructed multicolor p-nanoMBs with
three different fluorophores Ilabeled probes. By
following a well-established fluorescence assay
protocol,®®> we found that each 13nm Au NP carried
about ~21 FAM labeled p-MB1, ~20 ROX labeled p-MB2,
and ~22 Cy5 labeled p-MB3 (details of the information
were given in Fig. S31 of the Supporting Information).
From TEM images in Fig. 2, we found that both the
naked Au NPs and the p-nanoMBs were uniform
distributed, which indicated the successful assembling

This journal is © The Royal Society of Chemistry 20xx

of our probes on the surface of Au NPs. The UV-vis
absorption spectra (Fig. S4t) showed that the
maximum absorption peak of the Au NPs was slightly
red-shifted from 519 nm to 525 nm after the assembly,
which also confirmed that the Au NPs were successfully
functionalized with p-MB probes.

Fig. 2 TEM images: A: AuNPs. B: the P-nanoMBs. Scale
bars are 20 nm.

Selectivity study of the p-nanoMBs using DNA
Targets as model. To further evaluate the potential
application of the p-nanoMBs for simultaneously
multicolor detection of miRNAs, we first employed DNA
targets (the sequences were shown in Table S1t) to
establish our method. Three different dye labeled p-MB
probes were co-assembled to Au NPs for detection of
DNA targets. Single-base mismatched DNA strands
were tested under the same condition to evaluate the
discrimination ability of our probes. Results (Fig. 3)
demonstrated that a  significant  fluorescent
enhancement was observed after addition of DNA
targets (with a final concentration of 200nM for each) ,
which led to 9.0-fold, 9.2-fold, and 13-fold higher
fluorescent signal for FAM-labeled, ROX-labeled and
Cy5-labeled p-nanoMBs respectively, comparing to the
background . In contrast, the fluorescent signals of
single-base mismatched DNA strands did not change
obviously. This significant differences demonstrated
that our p-nanoMBs were efficient in discriminating
specific targets and retained high sequence specificity.
We believed that this feature benefited from the
conformational constraint of hairpin structure, which
could be used for more challenging applications such as
allele discrimination.

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 Multiplexed detection of DNA targets using the p-
nanoMBs. The p-nanoMBs (1 nM, black curve) were
hybridized with three different perfectly matched DNA
targets (red curve) and single-base mismatched DNA
targets (blue curve) with the final concentration of 200
nM. A: DNA 155 (FAM labeled, emission at 520 nm). B:
DNA 196a (ROX labeled, emission at 607 nm). C: DNA
210 (Cy5 labeled, emission at 670 nm). Inset: the signal
to noise ratio of perfectly matched DNA targets (red)
and single-base mismatched DNA targets (blue).

Application of p-nanoMBs for multicolor
detection of different kinds of miRNAs. Simultaneous
detection of related biomarkers is quite significant for
early detection of tumor. Accumulated evidences have
demonstrated that miRNAs could be wused as
biomarkers for screening and detecting of early-stage
cancer.***® Recently, several miRNAs have already been

proven to be able to predict the development of
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pancreatic cancer.”* In the light of our above study,

herein we constructed multicolor p-nanoMBs for
detecting three types of synthetic miRNAs (miRNA-155,
miRNA-196a, and miRNA-210), where the p-MB probes
were labeled with FAM, Rox, and Cy5, respectively.
Interestingly, we found that our p-nanoMBs responded
specifically to the corresponding targets, and the
characteristic  fluorescent signal peaks showed
negligible cross-talk. As shown in Fig. 4, the
fluorescence intensity increased proportionally with
the miRNA target concentration from 0.01 nM to 200
nM with a well concentration-dependent linear curve
from 0.01 nM to 10 nM (inset of Fig. 4). It is
worth noting that the p-nanoMBs possessed a wide
dynamic range (3 orders of magnitude) for detection of
miRNAs with a quite low detection limit (10pM, >3SD),
which was 50 times higher than previous reported
multicolor nanobeacons.”® This improvement could be
attributed to our co-assembly strategy and the novel
design of hybridization conformation of our probes
towards the targets. The selectivity of the p-nanoMBs
towards different miRNAs was demonstrated in Fig. 5,
which exhibited that each fluorescent labeled probe
specifically hybridized with the corresponding miRNA
target, and caused 5 to 7- fold higher fluorescent
signals than other miRNAs. These above results
demonstrated that the p-nanoMBs could effectively
distinguish specific miRNA targets as well as single-base
mismatched DNA targets, implying that the p-nanoMBs
possessed high sequence specificity and selectivity
towards miRNA targets.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 The fluorescent intensity curve for the detection
of different synthetic miRNA targets with various
concentration (0, 0.01, 0.05, 0.1, 0.5, 1, 10, 50, 100, 150
and 200 nM) measured with different excitation
wavelength, respectively. A: FAM labeled p-nanoMBs
targeting miR155 B: Cy5 labeled p-nanoMBs targeting
miR210. C: ROX labeled p-nanoMBs targeting miR196a.
Inset: linear detection curve range from 0.01nM to
10nM.
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Fig. 5 Specificity of the p-nanoMBs over several miRNA
targets. p-nanoMBs (1nM) targeting to different
miRNAs were mixed with the target miRNA and three
other kinds of miRNAs. A: Target miR155 and other
pancreatic cancer related miRNAs (miR196a, miR21 and
miR210). B: Target miR196a and other pancreatic
cancer related miRNAs (miR210, miR155 and miR21), C:
Target miR210 and other pancreatic cancer related
miRNAs  (miR196a, miR155 and miR21). The
concentration of all the miRNAs are 200 nM.

Application of p-nanoMBs for miRNA detection in
simulated serum samples. The high selectivity and
specificity of this strategy inspired us to detect the
target miRNAs in complex samples. We mixed three
mMiRNAs (miR155, miR196a and miR210) with diluted
fetal bovine serum (10%). Even though there existed
interference of other components in the simulated
biological fluids, our preliminary experiments still
showed that each kind of p-nanoMB specifically bound

J. Name., 2013, 00, 1-3 | 5
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to its own miRNA target and produced a fluorescence
signal that was 5 to 7-fold higher (Fig. 6). This proved
that our method was able to detect target miRNAs in
complex media. This result indicated that the newly
designed p-nanoMBs might be a promising candidate
for real sample detection and exhibited a great
potential in clinical diagnosis.
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Fig. 6 Serum detection using multicolor p-nanoMBs. A:
The p-nanoMBs was mixed with miR155 target,
measured with 494 nm excitation wavelength. B: The p-
nanoMBs was mixed with miR196a target, measured
with 578 nm excitation wavelength. C: The p-nanoMBs
was mixed with miR210 target, measured with 633 nm
excitation wavelength.

Experimental

Materials. Hydrogen tetrachloroaurate () (HAuCl,-
4H,0, 99.99%), Trisodium citrate (CgHsNas;O; - 2H,0),

6| J. Name., 2012, 00, 1-3

Phosphate, NaCl, MgCl,, and KCI were purchased from China
National Pharmaceutical Group Corporation (Shanghai,
China). All the chemicals were of analytic grade and used
without further purification. Fetal bovine serum (FBS) was
purchased from Sigma-Aldrich. Water used in the
experiments was Milli-Q water.

All of the p-MB probes and DNA targets in the
experiment were synthesized and HPLC purified by Sangon
Biological Engineering (Shanghai China) Co., LTD. And all the
miRNAs were synthesized and purified by Invitrogen
Company. See details in Table S1.

Instruments. Transmission electron microscopy (TEM)
was carried out on a JEM-100CX Il electron microscope.
Absorption spectra were measured on a UV-Vis spectroscopy
(U-3010 UV-Vis spectroscopy, Hitachi, Tokyo, Japan).
Fluorescence spectra were collected by a fluorescence
spectrometer (F-900, Edinburgh Instruments Ltd, British).
Hydrodynamic diameters were measured by Delsa™Nano
Submicron Particle Size and Zeta potential Particle Analyzer
(Beckman Coulter Inc, United States). All pH measurements
were performed with a digital pH-meter (FE20, Mettler-
Toledo, Shanghai, China).

Preparation of Gold Nanoparticles. The 13nm Au NPs
was synthesized through citrate acid reduction method.” In
brief, 100mL HAuCl, (0.01%) was stirred rapidly and heated
to boiling, then 3.5mL trisodium citrate (1%) was injected
into the HAuCl, solution. The mixed solution was kept boiling
and stirring for another 20 minutes, then gradually cooled to
room temperature. The obtained Au NPs solution was
filtered through a 0.22um millipore membrane filter and
stored at 4°C for further use. Transmission electron
microscopy (TEM) images were used to measure the particle
sizes.

Prediction of PolyA Mediated p-MBs Structure. The
potential secondary structures of hairpin DNA probes were
predicted using NUPAK (http://www.nupack.org/). It
indicated that all three probes had formed “stem and loop”
conformation.

Preparation of the p-nanoMBs. To prepare the polyA
block mediated DNA-AuNPs conjugates, the main procedure
included four steps. First, p-MB probes and oligo-As (As)
were added to an Au NPs solution (10nM) to reach final
concentrations of 3uM and 1uM, respectively. Second,
citrate-HC| buffer (pH=2, 500mM) was added to the mixed
solution to reach a final concentration of 10mM. After slight
vortex mixing, the mixture was incubated at room
temperature for 3 min. Then, the pH of the solution was
adjusted back to neutral by adding 200 mM PB buffer (pH
7.6, 3uL buffer for 50uL AuNP solution) and incubated for
another 5-10 min at room temperature. Finally, the mixture
solution was centrifuged at 12000 rpm, and washed three
times with 100 mM PB buffer (PH 7.6) to remove the

This journal is © The Royal Society of Chemistry 20xx
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unassembled probes completely. The final p-nanoMBs
solution was redispersed in 100 mM PBS buffer (PH 7.6) for
further experiments with a final concentration of 1nM
(determined by measuring their emission peak at 524 nm, &=
2.7x10%L molem™).

Quantitation of Each Probe Loaded on the p-nanoMBs.
The amount of the p-MB probes loaded on Au NPs were
qguantified by the published protocol.44 The mercaptoethanol
(ME) was added (with a final concentration of 20mM) to the
p-nanoMBs solution (final concentration=1nM). After being
incubated overnight with shaking at room temperature, the
p-MB probes were released from the surface of Au NPs. Then
the released probes were separated through centrifugation
measured with a fluorescence spectrometer. The
fluorescence of FAM-labeled p-MB1 was excited at 494 nm
and measured at 520 nm. The fluorescence was converted to
molar concentrations of p-MBs by interpolation from a
standard linear calibration curve that was prepared with
known concentrations of fluorescent DNA with identical
buffer pH, ionic strength and ME concentration.

Dynamic Light Scattering (DLS) Measurements. DLS
measurements for hydrodynamic diameters of AuNPs,
AuNPs-As,  AuNPs-MB1  and  AuNPs-MB1-As (final
concentration=1nM) were conducted using Delsa™ Nano
Submicron Particle Size and Zeta potential Particle Analyzer,
Beckman Coulter, Inc.

Hybridization Experiment. For multiplexed detection,
the p-nanoMBs (1nM) containing FAM, ROX, Cy5 colors were
incubated with three complementary miRNA targets with
increasing concentrations (0, 0.01, 0.05, 0.1, 0.5, 1, 10, 50,
100, 150, 200 nM), respectively. After 1 h at 37°C, the
fluorescence was monitored at corresponding condition. All
experiments were repeated at least three times.

Specificity Experiment. The complementary DNA or
miRNA target for each probe and other targets (mismatch
DNA or non-target miRNA) were spiked in 200uL
hybridization buffer containing 1nM multicolor p-nanoMBs,
with the final concentration of the targets were 200 nM. All
experiments were repeated at least three times.

miRNA Detection in Fetal Bovine Serum. For detection
of miRNA in diluted fetal bovine serum (FBS), 100uL of FBS
with or without additional multicolor p-nanoMBs solution
was diluted with 900uL PBS buffer (pH7.6, 100mM). Then
three miRNA targets were added to the 200ul diluted FBS
(10%), respectively. The final concentration of the targets
was 200 nM.

Conclusions

To sum up, we developed a novel probe (p-nanoMBs) based
on gold nanoparticles (Au NPs) and polyA mediated diblock
hairpin molecular beacons (p-MBs), which could be used for

This journal is © The Royal Society of Chemistry 20xx

multicolor detection of miRNAs with high selectivity and
sensitivity. In our study, we employed polyA block to
conjoint with Au NPs through a fast pH assisted assembling
method instead of traditional thiolated attachment way,
which was simple and low-cost. Short As were introduced to
co-assemble with our p-MB probes, which guaranteed the
stability and gained better signal to noise. Besides, we
redesigned the hybridization conformation of the p-MBs by
making stem sequences partially complementary to the
targets to improve the sensitivity and selectivity of our
probes. Based on this novel design strategy, the p-nanoMB
probes could realize multicolor detection of three different
pancreatic cancer related miRNAs (miRNA-155, miRNA-196a,
and miRNA-210) with a detection limit of 10pM. We also
challenged the detection ability of our probes towards more
complicated samples, and the results suggested that the p-
nanoMBs might be a promising candidate for real sample
detection and exhibited a great potential in clinical diagnosis.
More importantly, compared to traditional detection of
single miRNA biomarker, our approach of multiple detection
could offer more comprehensive and reliable information,
which is of great importance in early diagnosis.
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