Journal of

Materials Chemistry B

Accepted Manuscript

Journal of

Materials Chemistry B

d medicine

ROYAL SOCETY
U, OF CHEMISTRY

>

' ROYAL SOCIETY
OF CHEMISTRY

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

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.

www.rsc.org/materialsB


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 8

Journal Name

ARTICLE

Cite this: DOI: 10.1039/X0XxX00000X

Received ooth January 2012,
Accepted ooth January 2012

DOI: 10.1039/X0XX00000X

www.rsc.org/

Journal of Materials Chemistry B

RSCPublishing

Molybdenum Disulfide-Based Amplified Fluorescent
DNA Detection Using Hybridization Chain Reactions

Jiahao Huang ', Lei Ye "', Xiang Gao*, Hao Li", Jianbin Xu ", and Zhigang Li*’

We report a novel MoS,-based fluorescent biosensor for DNA detections via hybridization
chain reactions (HCRs). As an emerging nanomaterial, MoS, has excellent fluorescence
quenching ability and distinct adsorption properties toward single- and double-stranded DNA.
In the sensing method, MoS, nanosheets are used to suppress the background signal and
control the “on” and “off” of fluorescence emission of the detection system with and without
the presence of the target DNA. In addition, the signal generation is amplified through the
target-triggered HCRs between two hairpin probes. The employment of MoS, and HCRs
guarantees the high sensitivity of the detection strategy with the detection limit of 15 pM. The
biosensor also exhibits very good selectivity over mismatched DNA sequences. The detection
takes place in solutions and requires only one “mix-and-detect” step. The high sensitivity,
selectivity, and operational simplicity demonstrate that MoS, can be a promising nanomaterial

for versatile biosensing.

Introduction

The detection of sequence-specific oligonucleotides plays essential
roles in a variety of areas, including life science, disease genetics,
and pharmacogenomic studies." 1In the past decades, tremendous
efforts and progress have been made in developing efficient methods
for sensitive, selective, simple, and cost-effective DNA detections.
Among all the properties, sensitivity is one of the most important
and of great concern in biosensor design because the target
concentration can be extremely low in real biosamples.* To improve
the sensitivity, a popular way is to use enzymes to duplicate the
DNA target or amplify the response signal. Polymerase chain
reaction (PCR),” ligase chain reaction (LCR),%’ rolling circle
amplification (RCA),*'" and nuclease-assisted target regeneration
methods,' 2 are some representative enzyme-aided, highly sensitive
schemes. However, the enzymes employed in these methods are
expensive, usually sequence-dependent, and sometimes require
complicated protocols, which may hinder the applications of these
methods. Practically, it is highly desirable to develop enzyme-free
strategies for sensitive DNA detection.

With the advances of nanotechnology, many enzyme-free, yet
sensitive detection approaches have been developed using
nanomaterials, such as gold nanoparticle (GNPs), quantum dots
(QDs), carbon nanotubes (CNTs), silicon nanowires (SiNWs), and
graphene. As a promising zero-dimensional nanomaterial, GNPs
have been used for sensitive detections of DNA,> RNA,* proteins,15
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and small molecules,'® due to their high extinction coefficients and
special optical properties. QDs also possess remarkable optical
properties, such as broad absorption spectra, narrow emission spectra,
high quantum yield, and outstanding photostability, which make
them possible to replace the traditional organic dyes for fluorescence
generation.”’18 CNTs and SiNWs are one-dimensional
nanomaterials. They surpass GNPs and QDs in terms of many
electrical and physical properties and are good candidates for highly
sensitive biodetections.'*?! In the past a few years, graphene, a two-
dimensional, single layer carbon material, has attracted a lot of
attention as a fascinating building block for versatile biosensor
fabrications due to its outstanding optical,**>* electrochemical, >
and electronic””*® properties. Moreover, graphene has unique
fluorescence quenching ability, distinct affinities to single- and
double-stranded DNA, and good biocompatibility compared with
other low dimensional nanomaterials.?*>!

Very recently, another two-dimensional nanomaterial,
molybdenum disulfide (MoS,), has received increasing attention as
an emerging nanomaterial.*> MoS, has similar structure to graphene
and shares many graphene’s merits. On the other hand, it has some
excellent properties associated with transition-metal dichalcogenides.
Particularly, MoS, is a highly efficient fluorescence quencher.
MoS,-based fluorescence biosensing systems®> have been reported to
show better sensitivity than graphene-based methods**** In
addition, MoS, bears very good properties for DNA absorption
without further surface modification, which is superior to
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graphene.*®*®  Therefore, MoS, is expected to be a promising

candidate for biosensing. Unfortunately, little work has been
conducted to employ MoS, for amplified biodetections. Extensive
work is required to explore the applications of MoS, in biosensing.
In this work, we report a MoS,-based, sensitive, and simple
method for DNA detection using hybridization chain reactions
(HCRs). In the sensing system, two complementary hairpin
DNA probes, HP1 and HP2, are employed. HP1 is labeled with
a fluorophore for fluorescence generation. The hairpin probes
are specially designed such that the target DNA can open HP1
and initiate HCRs between HP1 and HP2. MoS, is wisely used
to turnoff (without the target) or restore (in the presence of the
target) the fluorescence based on its discriminative adsorption
behaviors toward the hairpin DNA probes and HCR products.
In this method, HCRs are used to amplify the fluorescence
emission and MoS, is employed to reduce the background
signal. Therefore, it is a highly sensitive strategy. The
detection limit was determined to be 15 pM. Another
advantage of the proposed method is that MoS, nanosheets in
solutions act as a convenient platform for HCRs, which avoids
some problems in HCRs-assisted solid-phase methods,***** such
as tedious immobilization procedures, slow binding dynamics,
and high steric hindrance. Moreover, the sensing method is
enzyme-free, selective, and operationally convenient.

Experimental section

Materials

The hairpin probes (HP1 and HP2), target DNA, and mismatched
DNA sequences were synthesized by TaKaRa Bio Inc. (Dalian,
China), as listed in Table S1. HPI1 is labeled with a fluorophore,
FAM. Both HP1 and HP2 have a stem of 18 bps and a loop of 6 nts
with an extra anchoring tail of 6 nts, as shown in Fig. 1 and Table
S1. The sequences of HP1 and HP2 are complementary in a
staggered configuration (Table S1), such that they would hybridize
when HP1 is opened by the target DNA. Bulk MoS, (single crystal)
was purchased from SPI Supplies (PA, USA). Hydrazine hydrate,
naphthalene, anhydrous tetrahydrofuran, and sodium were all
purchased from Aldrich (St. Louis, MO, USA). All other reagents
were of analytical grade and used without further purification or
modification. All the solutions were prepared with ultrapure water
obtained from a NANOpure Diamond (Barnstead Int., Dubuque, 1A)
source.

Preparation of MoS, nanosheets

MoS, nanosheets were fabricated using solution exfoliation
approach.*® 0.8 g bulk MoS, and 15 mL hydrazine hydrate were
sealed in an autoclave and heated at 130 °C for 48 h. Then the
product of expanded MoS, was washed three times by water and
dried at 120 °C for 10 h. 0.35 g sodium, 0.96 g naphthalene, and 40
mL anhydrous tetrahydrofuran (fresh redistilled by sodium) were
stirred for 2 h in ice-water bath in argon atmosphere until the
solution became dark blue. Pre-expanded MoS, powder (0.8 g) was
then added to the dark blue solution and the mixture was further
stirred for 5 h. After the reaction, the product was washed five times
by anhydrous tetrahydrofuran. Distilled water (100 mL) was then
added to the intercalated sample. The mixture was sonicated in a
low-power sonic bath (60 W) for 30 min to form a homogeneous
suspension. The mixture was centrifuged at 10,000 r.p.m. for 15
min for several cycles to remove excess impurity, and then at 12,000
r.p.m. for 15 min in the last cycle.

Fluorescence Measurement
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Fluorescence measurements were performed using a F4500
fluorometer (Hitachi, Japan). According to the fluorescent property
of FAM labeled on HP1, the excitation and emission wavelengths
were set at 490 and 520 nm. The slit width for both excitation and
emission was set at 5 nm. To record the fluorescence emission
spectra, samples were excited by a 490 nm light and scanned from
510 to 600 nm with a step of 1 nm. All the solutions were of 600 uL
and prepared by mixing 50 nM HP1, 50 nM HP2, and a certain
amount of MoS, nanosheets in the reaction buffer, which consisted
of 50 mM MgCl, and 1 mM Tris-HCI with pH value equal to 8.0.
All the samples were incubated at 24 °C for at least 10 min before the
experiments.

Results and discussion

Working mechanism

The detection principle of the proposed biosensor is
illustrated in Fig. 1. In the sensing method, MoS, nanosheets
and two hairpin DNA probes, i.e., FAM-labeled HP1 and HP2,
are employed. MoS, is reported to be able to not only absorb
single-stranded DNA in a selective manner but also quench the
fluorescence signal efficiently. In the absence of the target
DNA, HP1 and HP2 are adsorbed on the surface of MoS,
nanosheets due to the strong binding force between the
nucleobases in their anchoring ends and MoS,.3*** Since MoS,
nanosheets exhibit excellent fluorescence quenching ability, the
fluorescence emission of FAM labeled on HP1 should be very
weak and the background signal is expected to be low. When
the target DNA is introduced, it hybridizes with the anchoring
end and stem part of HP1. This opens the hairpin structure of
HP1 and causes the rest sequences of HP1 to bind with parts of
HP2. Similarly, after HP2 is opened, the exposed part of HP2
hybridizes with the complementary sequences of another HP1.
Such HCRs can generate a long chain of HP1-HP2 duplex led
by the target DNA. In the long chain complex, all the
nucleobases are wrapped by the helical backbones and their
interactions with MoS, become weak. This leads to the
desorption of the long HP1-HP2 duplex from MoS, nanosheets
and the recovery of the fluorescence emission of FAM.
Theoretically, a small amount of target DNA can trigger the
formation of many such long chains. Since each chain can
generate very strong fluorescence signal, the proposed sensing
method is expected to be highly sensitive.

“Off” State

= e S TN S

Molybdenum disulfide

Chain reactions l

and Liberation

Absorption and

(1 195ae],

HP1

2 HP1
Q T T I [T ==

VN

Target DNA P2 HP2 éééT. : el B Er o HP1
y ““‘\\W{rﬁ" arget DNA [
“On” State
Fig.1 Detection principle of the proposed strategy. Two

hairpin DNA probes, HP1 and HP2, and MoS, nanosheets are
employed. HP1 is labeled with FAM. Without the target DNA,
HP1 and HP2 are adsorbed by MoS, due to the strong
interaction between single-stranded sequences (the anchoring
ends of HP1 and HP2) and MoS,, and the fluorescence is
quenched. When the target DNA is introduced, it hybridizes
with HP1 and consequently initiates the hybridization chain
reactions (HCRs) between HP1 and HP2. The HCR products,
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long double-stranded DNA (dsDNA), are released due to the
weak dsDNA-MoS, interaction. This leads to the recovery of
fluorescence emission. In this method, the detection sensitivity
is enhanced through the reduced background signal (MoS,) and
amplified fluorescence emission (HCRs).

Characterization of MoS, nanosheets

MoS; has a layered structure of hexagons that consist of a plane of
molybdenum atoms sandwiched covalently between two planes of

sulfur atoms. The two typical Raman peaks, Eég and 44 > are
strongly associated with the thickness of MoS, nanosheets. The E! .

peak is attributed to the in-plane relative motion between the two
sulfur atoms and the molybdenum atom, while the 4;, peak is

attributed to the out-of-plane vibration of the two sulfur atoms in

4

opposite directions.* E%g and Arg peaks in frequency approach

each other as the number of layers decreases.* The Raman
spectrum was employed to identify the MoS, nanosheets using a
532-nm excitation line. As shown in Fig. 2a, the E} . peak of the

MoS, nanosheets shifted to 384.3 cm™, while the 4 peak shifted to
403.3 cm' compared to bulk MoS, (for bulk MoS,, E%g and Ay

peaks are at ~383 and ~408 cm™, respectively®). This is consistent
with that of mechanically exfoliated single-layer MoS, nanosheets.*’
These shifts are mainly attributed to the structure changes or long-

range columbic interlayer interactions for E%g * and the decrease of

the force constant resulted from the weakening of the interlayer van

der Waals force between layers for 4, 4 The morphology of the

exfoliated MoS, nanosheets was further analyzed by atomic force
microscopy (AFM). The thickness of these nanosheets was tested by
using the tapping mode AFM image of the MoS, nanosheets
deposited on a SiO,/Si substrate, as shown in Fig. 2b. The
topographic height was around 1 nm, which agrees with the typical
height of single-layer MoS, nanosheets (between 0.6 and 1.0 nm).*
The average size of the MoS, nanosheets was about 3 pm.

Intensity (a. u.)

380 400 420 440

Raman shift (cm™) St
Fig.2 Characterization of MoS, nanosheets. (a) and (b) are the
Raman spectra and AFM image of the solution-exfoliated MoS,
nanosheets deposited on SiO,/Si substrates, respectively.

340 360

25 ym

Transmission electron microscope (TEM) was then applied to
examine the exfoliated MoS, nanosheets suspended on a lacey
carbon TEM grid. The low magnification TEM image in Fig.
3a shows the existence of wrinkled MoS, nanosheets. The
overlap and slight corrugations were due to the large aspect
ratio of two dimensional single-layer materials.** Fig. 3b
displays a high-resolution TEM (HRTEM) image taken from
part of the exfoliated MoS, nanosheets. The inset shows the

This journal is © The Royal Society of Chemistry 2012
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selected area electron diffraction (SAED) patterns of the
exfoliated MoS, nanosheets, which indicate that the MoS,
nanosheets possessed high crystallinity, as judged from the
characteristic honeycomb lattice.

Fig.3 TEM images of MoS, nanosheets. (a) Low magnification
TEM image of the MoS, nanosheets. (b) A typical HRTEM
image taken from part of the MoS, nanosheets. The inset
shows the SAED pattern from the MoS, surface.

Fluorescence quenching ability of MoS, nanosheets

The quenching capability of MoS, nanosheets is critical for
the proposed detection method. To verify the performance of
MoS, nanosheets, the fluorescence responses of samples
containing HP1 and HP2 at different MoS, concentrations were
studied. Fig. 4a shows the time response of the fluorescence
intensity at the peak emission wavelength (A=520 nm) when the
sample containing 50 nM HP1 and 50 nM HP2 was examined
with successive additions of MoS, nanosheets (concentration
varied from 0 to 65 ug/mL). It is seen that the quenching
processes completed within a very short time (about one
second), which is much faster than those caused by GNPs,
CNTs, and GO.">?**° This might result from the large planar
surface area and superb adsorption property of MoS,.***° Fig.
4b displays the corresponding fluorescence spectra right after
the addition of MoS; nanosheets at each step. It is found that
the fluorescence signal decreased with increasing MoS,
concentration. Fig.4c depicts the quenching efficiency of MoS,
as a function of MoS, concentration. The quenching efficiency
is defined as (Fy-F)/F,, where F and F, are the fluorescence
intensities of the solutions at the wavelength of A=520 nm with
and without MoS,, respectively. The quenching efficiency
reached about 95% when the MoS, concentration was higher
than 60 ug/mL, which was chosen for the other experiments in
this work. The fluorescence quenching of FAM is mainly due
to the long range resonance energy transfer from the donor
(FAM) to the accepter (MoS,).”"** Table S2 lists the quenching
performance of different nanomaterials in some DNA-based
biosensing systems.

Detection feasibility

The feasibility of the proposed method was tested by
introducing the target DNA into the sensing system. Fig. 5
shows the fluorescence intensity (Fig. 5a) and fluorescence
emission spectra (Fig. 5b) for different samples. As depicted in
Fig. Sa, the fluorescence intensity of the sample containing 50
nM HP1, 50 nM HP2, and 60 ug/mL MoS, nanosheets was
about 262 a.u. and remained nearly unchanged in the whole
reaction process. Similar fluorescence response was observed
for the sample containing 50 nM HP1 and 60 ug/mL MoS,
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because HP1 was the sole source of fluorescence. However,
when the two samples were tested with 35 nM target DNA, the
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Fig.4 Effects of MoS, concentration on the fluorescence
response of the sensing system. (a) Time response of the
fluorescence intensity at 520 nm emission wavelength. (b)
Fluorescence emission spectra. (c) Quenching efficiency, (Fy-
F)/F,, as a function of MoS, concentration (F and F| are the
fluorescence intensities of the DNA solutions at 520 nm
emission wavelength with and without MoS,, respectively).

fluorescence responses behaved quite differently. For the
sample containing MoS, and HP1 only, the signal increased
slightly and approached 760 a.u. after about 2 h. For the
proposed sensing system, the response signal increased quickly
with time. The fluorescence intensity reached 2968 a.u. 3 h
after the same amount of target DNA was added into the
solution. The increasing fluorescence signal was the
consequence of the formation of the HCRs products (HP1-HP2
duplex) and their subsequent detachment from MoS,
nanosheets, which confirms the reaction mechanism in Fig. 1.
Compared with the case containing HP1 only, the proposed
sensing system led to 5.3-fold increase in the net signal gain
after 3 h reaction (Fig. 5a), which is calculated as

(FHP 1 +HP2+MOSZ+Target'FHP 1+HP2+MOSZ)/(FHP 1+M0$2+Target'FHP 1+MOSZ)

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

with F being the fluorescence intensity at the wavelength of
A=520 nm. Therefore, the current detection scheme has the
potential to strengthen the detection sensitivity. It is noted that
the HCRs take a couple of hours, which is much longer than the
fluorescence quenching time of MoS, (Fig. 4). This is a
drawback of the current method.

3200 F T T T T T 7]
* HP1+HP2 + MoS, + Target a

* HP1+MoS, + Target
2400 * HP1 + HP2 + MOSZ
v HP1+ MoS)

1600

Fluorescence intensity (a.u.)

800
e
o 1 1 1 1 1
0 1800 3600 5400 7200 9000 10800
Time (s)
T T T T T
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——HP1 + MoS,, + Target E
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——HP1 + MoS,

5000

2000
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o o

o 1
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Wavelength (nm)

Fig.5 Fluorescence responses of samples with and without the
addition of HP2 and/or the target DNA. (a) Kinetic studies. (b)
Fluorescence emission spectra. The concentrations of hairpin
DNA probes and MoS, in all the samples were 50 nM and 60
ug/mL, respectively. They all reacted at 24 °C for 3 h with or
without the addition of 35 nM target DNA.

Detection sensitivity

The sensitivity of the detection strategy was investigated by
varying the target concentration. Fig. 6a shows the
fluorescence spectra of the sensing system upon the addition of
target DNA after incubation for 3 h. It is seen that the
fluorescence intensity increased with increasing target
concentration. Fig. 6b plots the fluorescence intensity at the
wavelength of 520 nm for target concentration ranging from 30
pM to 5 nM. The response signal appeared to be linearly
proportional to the target concentration in the range from 0 to
200 pM, as shown in the inset. Based on the linear fit, the limit
of detection (LOD) was theoretically determined as 15 pM,
which is the value of 30/S (o is the standard deviation of the
background signal and S is the slope of the linear regression
line shown in the inset of Fig. 6b). This LOD is one or two
orders of magnitude lower than GNPs-, CNT- and GO-based
approaches.'*!%%

As HCRs also contributed to the
amplifying the response signal, experiments involving only
HP1 and MoS, were conducted for comparison, where HCRs
were not involved.

sensitivity through

Fig. 7 demonstrates the fluorescence
spectra at different target concentrations (Fig. 7a) for the

This journal is © The Royal Society of Chemistry 2012
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sample without HP2 and the fluorescence intensities at the
wavelength of 520 nm (Fig. 7b) 3 h after the target was
introduced. The LOD of this approach without HCRs was
theoretically obtained as 1.8 nM, which is 120 times poorer
than that of the present strategy.
background

Therefore, the reduced
MOS2
fluorescence generation due to HCRs guaranteed the high

signal achieved by and amplified

sensitivity of the current sensing method.
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Fig.6 Fluorescence response of the proposed sensing system
(50 nM HP1, 50 nM HP2, and 60 ug/mL MoS,) in the presence
of different amounts of target DNA. (a) Fluorescence emission
spectra. (b) Fluorescence intensity at the emission wavelength
of 520 nm as a function of target DNA concentration. The inset
shows the linear relationship in the concentration range from 0
to 200 pM. All the samples reacted at 24 °C for 3 h before
measurement.

Detection selectivity

The selectivity of the proposed system was also examined
by scrutinizing the sensing system with non-specific DNA
sequences, including single base-, three base-mismatched, and
random DNA sequences (Table S1). The fluorescence
intensities after the addition of 10 nM different DNA sequences
are depicted in Fig. 8a. It is seen that the target DNA produced
a significantly high fluorescence signal compared with those
caused by the mismatched DNA sequences. Fig. 8b shows the
fluorescence intensities at the emission wavelength of 520 nm,
where the signals were scaled by the background signal. The
fluorescence intensities for the target, single-base-mismatched,
three-base-mismatched, and random DNA were about 5.15,
1.87, 1.63, and 1.24 times the background signal, respectively.
The excellent selectivity is attributed to the stable structure of
HP1 and unfavorable hybridizations between mismatched DNA
sequences and HP1.

This journal is © The Royal Society of Chemistry 2012

Journal of Materials Chemistry B

800 a 40nM 4

—30nM
—20nM
—10nM
600 —3nM 1

—0

Fluorescence intensity (a.u.)
Y
(=3
o
L

1 1 N

0 1 1
510 525 540 555 570 585 600
Wavelength / nm

Fluorescence intensity (a.u.)

250 | s

1 1 1

s s
0 5 10 15 20 25 30 35 40

1 1

Target concentration (nM)

Fig.7 Fluorescence response of samples without HP2 and
HCRs (50 nM HP1 and 60 ug/mL MoS,) for different
concentrations of the target DNA. (a) Fluorescence emission
spectra. (b) Relationship between the fluorescence intensity at
the emission wavelength of 520 nm and the target DNA
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