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ARTICLE INFO ABSTRACT

Keywords: It has been reported that tungsten disulfide (WS,) can bind single-stranded DNA (ssDNA) with high affinity
Aptamer while it has less affinity toward double stranded DNA (dsDNA). In this work, for the first time, the high affinity
Biosensor between WS, and ssDNA was used to construct stable sensing interface for ATP detection. A DNA sequence with
Tungsten disulfide —SH at one end was first immobilized on Au electrode. WS, nanosheets were immobilized on the SH-DNA/Au
g]; electrode surface due to the strong affinity between WS, and ssDNA. Then the WS, nanosheets were used to

immobilize ATP binding aptamer (ABA) through the high affinity between WS, and ssDNA, too. When ATP
reacts with the ABA aptamer, duplex will be formed and dissociated from the WS, nanosheets. On the basis of
this, an electrochemical aptasensor for ATP was fabricated. This ATP sensor showed high sensitivity, selectivity
and stability due to the unique WS,-ssDNA interactions and the specific aptamer—target recognition.
Furthermore, this strategy was generalized to detect Hg?* using a mercury-specific aptamer (MSO). This
strategy can be expected to offer a promising approach for designing high-performance electrochemical

aptasensors for a spectrum of targets.

1. Introduction

Aptamers are short, single-stranded, functional DNA or RNA
structures, generated from random-sequence nucleic acid libraries
and can be chemically synthesized [1-3]. They possesses a series of
excellent properties, such as high specificity in molecular recognition,
broad range of targets from small inorganic and organic substances to
proteins and cells, good stability, lack of immunogenicity, low cost, and
controllable in modification [4-7], etc. Now, aptamers have been
extensively utilized to construct various biosensors [8—10].

Among varied analytical methods, electrochemical methods is
attractive because of its operation simplicity, low expense of instru-
ments, suitability for real-time detection and lower sensitivity to matrix
effects [11]. A variety of electrochemical biosensors have been devel-
oped for biological and environmental analysis [12-15]. In the
electrochemical sensors, biological sensing elements (e.g., enzymes or
antibodies) are immobilized/integrated at the electrochemical inter-
face. Upon target binding, the electrochemical signal is changed, which
is directly related to the concentration of target. Therefore, engineering
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the electrochemical sensing interface is important for improving the
sensitivity and stability of electrochemical biosensors. In the electro-
chemical field, the aptamer-target recognition events can be easily
converted into detectable electrochemical signals. Moreover, the cou-
pling of aptamers with nanomaterials will lead to the development of
novel biosensors with more promising performances [16—18].

In recent years, layered two-dimensional (2D) transition metal
dichalcogenides (TMDCs) with single or few atomic layers, have
received much attention owing to their special structures with high
specific surface area and unusual electronic properties [19-25].
Tungsten disulfide (WS,) nanosheets are archetypical examples of
inorganic analogues of graphene [26,27]. Layered WS, consists S—-W-S§
sandwiches in a trigonal prismatic coordination [28,29]. Compared
with graphene, WS, nanosheets can be synthesized on a large scale and
dispersed in aqueous solutions directly, indicating that WS, nanosheets
have great potential as a novel nanomaterial for biomedical applica-
tions [30-34]. However, the exploration of WS, nanosheets as a
bioanalytical platform is still at an early stage.

It has been reported that graphene oxide (GO) can bind and quench
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dye-labelled single stranded DNA (ssDNA) probes, while it has less
affinity towards double-stranded DNA (dsDNA) or secondary and
tertiary structured ssDNA [35-38]. More recently, MoS, and WS,
nanosheet have also been reported to possess the capability for
discriminating single stranded DNA (ssDNA) and double stranded
DNA (dsDNA) [39-42], which may catalyze the applications of
transition metal dichalcogenides nanosheets in biosensing field.

In this work, for the first time, the high affinity between WS, and
ssDNA was utilized to construct stable sensing interface for ATP
detection. As shown in the scheme, a DNA sequence with —SH group
at one end was first immobilized on Au electrode via the Au-S
chemistry. WS, nanosheets were immobilized on the DNA layer due
to the strong affinity of the WS,/ssDNA interaction. Then the WS,
nanosheets were used to immobilize adenosine triphosphate binding
aptamer (ABA) through the unique WS,/ssDNA interaction, too. The
step by step modification of the DNA, WS, nanosheets and aptamer on
the electrode will lead to an increase in the charge transfer resistance
(R.). However, the binding reaction between aptamer and its target
adenosine triphosphate (ATP) would form duplex which have weak
affinity with the WS, nanosheets; as a result, R.; will be decreased. On
the basis of this, we fabricated an electrochemical aptasensor for the
detection of ATP. The sensor showed high sensitivity and specificity for
its targets due to the excellent properties of aptamer. During the whole
fabrication, only the Au-S chemistry and the strong WS,/ssDNA
interaction were used, so this ATP sensor also showed high stability.
Moreover, it is fairly easy to generalize this approach to detect Hg?*
using a mercury-specific, thymine (T)-rich oligonucleotide aptamer
(MSO) (Scheme 1).

2. Experimental section
2.1. Materials

All DNA sequences were synthesized and purified by Shanghai
Sangon Biotechnology Co. Ltd (Shanghai, China). The oligonucleotides
have the following sequences:

SH-DNA (This sequence is non-complementary for ABA and MSO):
5’ SH-C6- GCTCTGCGTTATCAGACTGA -3’

ABA: 5’-ACCTGGGGGAGTATTGCGGAGGAAGGT-3’,

MSO: 5’-ATTCTTTCTTCCCCCCGGTTGTTTGTTT-3’,

DNA stock were prepared with Tris-HCl buffer (25 mM Tris-HCI,
150 mM NaCl, pH=8.0). ATP, cytidine triphosphate (CTP), thymidine
triphosphate (TTP), and guanosine (GTP) were purchased from Sigma-
aldrich and prepared in the Tris-HCl buffer. The metal salts (Hg(Ac)o,
Pb(Ac),, CdCl,, CaCl,, FeCls, Cu(Ac),, Mg(Ac)s, ZnSO4, AgNO3) were
provided by Guoyao Co., Ltd. (Beijing, China) and used directly. 2-

SH-DNA
ATP
or Y
oF
Hg
>4
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Scheme 1. Schematic illustration of the electrochemical sensing strategy for the
detection of ATP or Hg".
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Mercaptoethanol (MCE), WClg and thioacetamide (C.HsNS) was
bought from Sigma-aldrich. The other reagents were of analytical
reagent grades, which also were bought from Guoyao Co., Ltd.
(Beijing, China). The human serum had been got from the 307th
Hospital of Chinese People's Liberation Army. Doubly distilled water
(DDW) was used throughout the experiments.

2.2. Preparation of few layered WS, sheets

WS, sheets were synthesized by a one-step hydrothermal reaction
according to the previous report [43]. Briefly, 3 mM WCls and
15 mM C,H;5NS were dissolved in 40 mL DDW water and stirred for
1 h using a magnetic stirrer at room temperature. The solution was
transferred to a 50 mL autoclave, heated to 250 °C and kept for 30 h.
After cooling naturally, the product was filtered and washed. Then the
product was dried in a vacuum at 50 °C for 8 h.

2.3. Characterizations

The WS, nanosheets were characterized with X-ray diffraction on a
Bruker D8 Advance powder X-ray diffractomer (D8-advance,
BrukerAXS, Germany) with Cu-Ka radiation (A=0.15406 nm), scan-
ning electron microscopy (HITACHI S-8020 microscopy, Japan) and
Raman spectrometer (HORIBA/LabRAM HR Evolution, France) with a
laser excitation wavelength of 532 nm and laser power of 1 mW/cm?.
For characterization of the fabrication process of the electrode, surface
plasmon resonance (SPR), Atomic force microscopy (AFM), and X-ray
photoelectron spectroscopic (XPS) were used. For the SPR, AFM and
XPS experiments, the samples were prepared on cleaned Au substrate,
and the modification process was the same as that on the electrode
surface. The angle-resolved SPR measurements were performed using
a Autolab SPR instrument (Eco Chemie BV, The Netherlands). This
instrument worked with a laser diode fixed at a wavelength of 670 nm,
a vibrating mirror was used to modulate the angle of incidence of the p-
polarized light beam on the SPR substrate. AFM was performed on a
SPI3800N microscope instrument (Seiko Instruments, Inc., Japan) in a
tapping-mode at room temperature. XPS were performed on a Thermo
Fisher Scientific ESCALAB 250Xi spectrometer (Thermo Fisher
Scientific, Inc, Waltham, MA, USA) with Al Ka excitation, and Cls
(284.5 eV) was used to calibrate the peak positions of the elements.

2.4. Electrode preparation and fabrication of the sensing interface

Au electrode (1.6 mm in diameter, Shanghai Chen Hua Instrument
Co., Ltd, China) was polished carefully with 1, 0.3, and 0.05 pm
alumina powder sequentially and then washed ultrasonically in water
and ethanol for a few minutes, followed by electrochemically cleaning
in 1 M H,SO4 by cyclic potential scanning between —0.2 and 1.55V
until a standard cyclic voltammogram was obtained. Subsequently, the
Au electrode was rinsed with copious amounts of DDW and absolute
ethanol in turn.

Au electrode was first immersed in 15 uM SH-DNA solution for
20 h to assemble the DNA monolayer through the Au—S bond between
DNA and Au substrate, followed by rinsing with buffer. The electrode
was dried in a nitrogen stream, after which the interface was incubated
in 10 uM MCE and kept for 4 h. The modified Au electrode was put into
0.1 mg/mL WS, solution for about 24 h to immobilize WS, nanosheet,
followed by rinsing with copious water. The WS, nanosheet modified
electrode was incubated in 50 uM ABA solution for 24 h to immobilize
aptamer. The electrode was rinsed with Tris-HCI buffer and dried with
nitrogen, and the aptamer modified electrode was obtained.

2.5. Electrochemical detection of ATP

The concentration of SH-DNA and ABA to be immobilized onto the
electrode surface was optimized. The optimized concentration for SH-
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Fig. 1. low- (A) and high-magnification (B) FESEM images of WS, nanosheets. (C) Raman spectra and (D) XRD pattern of WS, nanosheets.
80 control sensor was also prepared. Au electrode was first immersed in
704 2 10 uM MCE solution for 4 h, and then 5 uL. WS, solution (0.1 mg/mL)
b was dropped on the MCE surface and allowed to dry at room
60 N temperature. 5 pL aptamer for ATP (ABA) at the optimized concentra-
tion (50 uM) was dropped onto the electrode surface and dried at room
o 50+ temperature. The electrode was washed gently with Tris-HCI buffer to
5 40 remove excess, nonadsorbed material.
§ A conventional three-electrode system was used for the electro-
< 301 chemical measurements. The modified Au electrode was used as
2 working electrode, Ag/AgCl (saturated KCl) electrode (Shanghai Chen
] Hua Instrument Co., Ltd, China) was used as reference electrode, and a
104 Pt plate (Shanghai Chen Hua Instrument Co., Ltd, China) was used as
counter electrode. A Gamry reference 3000 (Gamry Instruments,
0 T T T T T America) were used for the electrochemical measurements. The
-3000 -2000 -1000 0 1000 2000 3000

Angle(millidegrees)

Fig. 2. Angle-resolved SPR curves for the modification of the Au substrate. a, Au
substrate; b, SH-DNA layer; ¢, WS2; d, ABA aptamer.

DNA and ABA was 10 uM and 50 pM, respectively. Therefore, 10 uM
SH-DNA and 50 uM ABA was used to fabricate the ATP sensing
interface. The new as-prepared ABA modified electrode was immersed
in series concentrations of ATP and reacted for 1h, followed by
washing with buffer. The detection process for TTP, GTP and CTP
were the same as those used for ATP detection.

For investigating the stability of the constructed ATP sensor, a

electrochemical measurements were performed in 0.01 M phosphate
buffer solution (pH 7.4) containing 0.1 M KCl using 5mM
K3[Fe(CN)g]l/K4[Fe(CN)g] (1:1) mixture as a redox probe. The impe-
dance spectra were performed in the frequency range from 100 mHz to
100 kHz versus Ag/AgCl (saturated KCl) with a voltage amplitude of
5mV.

2.6. Electrochemical detection of Hg* based on MSO and WS,

The fabrication process of the Au electrode for the Hg* sensor was
the same as that described for ATP except using the mercury-specific
aptamer (MSO) instead of ABA. The concentration of SH-DNA and
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Fig. 3. XPS spectra of (A) N5 and (B) P, for the modification of the Au substrate. a, Au substrate; b, SH-DNA layer; ¢, WS,; d, ABA aptamer.
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Fig. 4. Complex impedance plot (A) and CV plot (B) for the layer by layer modification process of the Au electrode in the presence of 5 mM [Fe(CN) ] >7/* in 0.01 M PBS (pH 7.4,
containing 0.1 M KCl). a, Au electrode; b, SH-DNA/Au electrode; ¢, WS,/SH-DNA/Au electrode; d, ABA/WS,/ SH-DNA/Au substrate.
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Fig. 5. (A) EIS response for the detection of different concentrations of ATP. a—f: 0.1 uM, 1 uM, 10 uM, 50 uM, 0.5 mM, 5 mM (B) The relationship between AR, and the logarithm of
the concentration of ATP. (C) Selectivity for the detection of ATP. ATP and other tested molecules were all used at 50 pM.

MSO for the fabrication was also 10 pm and 50 pm, respectively. For
the detection of Hg", the MSO modified Au electrode was immersed in

different concentrations of Hg" and reacted for 1h, followed by
washing. The detection process for other metal ions was the same as

those used for Hg" detection.

3. Result and discussion

3.1. Characterization of WS»

WS, nanosheets prepared according to one-step hydrothermal
reaction were characterized by field-emission scanning electron micro-
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Fig. 6. Stability of the constructed ATP sensor (a) based on the interaction of WS, and
DNA and a control sensor (b) based on the dropping method for a period of 30 days.

scopy (FE-SEM), Raman spectra, and X-ray diffraction (XRD) (Fig. 1).
SEM images reveal that the thickness of WS, sheets is ~5—-10 nm
(Fig. 1a and b). Many WS, sheets stacked together, just like a flower or
a ball. Raman spectroscopy reveals the characteristic peaks of WS, in
the 200-500 cm™! range (Fig. 1c), which is agreed with the previous
report [44]. XRD analysis of the WS, sheets shows high crystalline
hexagonal structure (Powder Diffraction File (PDF) No. 87-2417)
without any other impurities. The XRD result shows the direction of
sheet growth is along the (002) direction (Fig. 1d).

3.2. Modification process for the electrode

SPR spectroscopy is a powerful surface-sensitive technique for
detecting analytes adsorbed on a metal surface. In this experiment, it
was used to characterize the fabrication procedure of SH-DNA, WS,,
aptamer on a cleaned gold substrate. Fig. 2 showed the angle-resolved
SPR curves. In comparison with the blank gold surface (curve a), the
SPR angle right-shifted by about 325.1 + 17 millidegree after immobi-
lizing the SH-DNA layer (curve b). When the WS, layer was deposited
on the gold substrate (curve c), a right-shift in the SPR angle by about
311.2 £ 15 millidegree was observed. The immobilization of the
aptamers (curve d) also resulted in a large SPR angle shift toward
higher angles as expected (320.8 + 18 millidegree). The SPR results
confirmed the successful modification of the gold substrate.

AFM technique was also performed to fabricate the self-assembled
process of the biosensor construction. AFM image of the bare gold
shows uniformly distributed granular nanoporous surface morphology
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(Fig. S1A). After the assembling of SH-DNA probe (Fig. S1B), the
surface of bare Au changes into a well-arranged regular surface
morphology indicating the immobilization of SH-DNA probe onto Au
surface. After the assembling of WS, nanosheets, the WS, nanosheets
is moss-like on the SH-DNA layer rather than a homogeneous
monolayer (Fig. S1C). Similar result has been observed for graphene
sheet absorbing on self-assembled monolayer of n-octadecyl mercaptan
(C18H37SH) [45]. When the aptamers were further assembled on the
WS, nanosheets, the mosses become larger (Fig. S1D), indicating the
assembling of aptamers on the WS, nanosheets. The big-size mosses
lead to a very rough electrode surface and large area, which can be used
as sensing interface for detecting ATP or Hg?*.

X-ray photoelectron spectroscopic (XPS) measurement can also be
used to characterize the assembly of DNA on ITO or Au substrate [46],
because there are nitrogen and phosphorus elements in the DNA
strands. In this work, it was used to confirm the assembly of SH-DNA
and Aptamer on Au substrate. As shown in Fig. 3A, compared with the
bare Au substrate (curve a), a small peak of Nig (399.5 €V) can be
detected for the SH-DNA/Au sample, suggesting the SH-DNA has been
assembled on the Au substrate (curve b). When WS, layer was
immobilized on the SH-DNA/Au sample, as there is not nitrogen
element in WS, the XPS spectrum was nearly the same as that of SH-
DNA/Au sample (curve c¢). While after the immobilization of aptamer
on the WS,/SH-DNA/Au substrate, the peak of Ny, increases sharply,
indicating that aptamer has been assembled on the WS,/SH-DNA/Au
substrate (curve d). Correspondingly, the trend in peak intensity for the
Py, (131.4 eV) was consistent with the expected increase in phosphorus
content that accompanied the surface modification steps (Fig. 3B, a—d).
The XPS results also confirmed the successful modification of the
electrode.

EIS and cyclic voltammetry (CV) methods were also used to
characterize the layer by layer modification of the electrode in the
presence of [Fe(CN)g]*>~/*"(Fig. 4). The concentration of SH-DNA and
ABA was optimized (Fig. S2 and S3, Supporting information). The
circuit (Fig. S4, Supporting information) was used to fit the EIS data.
Compared with the bare Au electrode (Fig. 4A, curve a), the formation
of SH-DNA layer (Fig. 4A, curve b) on the Au electrode lead to a large
charge transfer resistance (R.;), because the negative charges of the
assembled ssDNA repel the negatively charged redox probes. The steric
hindrance introduced with the formation of the ssDNA layer on the
electrode surface also contribute to the large R [47]. When the WS,
layer was immobilized on the DNA modified-electrode, a further
increase in the R, value can be observed (Fig. 4A, curve c). When
the ABA aptamer was immobilized on the WS,/SH-DNA/Au electrode,
the R, value increase greatly (Fig. 4A, curve d). CV responses for the
modification process were also investigated (Fig. 4B). The modification
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Fig. 7. (A) EIS response for the MSO/WS,/SH-DNA/Au electrode before (a) and after incubated in blank buffer (b) and reacted with 100 nM Hg"(c). (B) The relationship between AR
and the logarithm of the concentration of Hg". (C) Selectivity for the detection of Hg". Hg" and other tested molecules were all used at 100 nM.
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of the SH-DNA layer on the electrode surface lead to a decrease of peak
current and an increase in peak-to-peak separation between the anodic
and cathodic waves of the redox probe. When the WS, layer and the
aptamer were further immobilized on the SH-DNA modified-electrode
in turn, a further decrease of peak current and a large increase in peak-
to-peak separation are observed. This illustrates that the layer-by-layer
modification of the electrode blocks the interfacial electron-transfer
between the redox probe and the surface considerably. The CV result is
consistent with that of the EIS measurement.

3.3. Electrochemical detection of ATP

When the modified electrode was incubated in blank buffer for 1 h,
the R value for the electrode is nearly unchanged, indicating that the
sensing interface is very stable. In the presence of ATP, duplex between
aptamer and ATP will be formed and dissociated from the WS, surface
because it has weak affinity with the WS, nanosheets; as a result, Re;
will be decreased. Fig. 5A shows the EIS response of the modified
electrode reacted with series of concentrations of ATP. The R
gradually decrease with the increased concentrations of ATP. The
variation of R value (AR.) before and after hybridization with one
concentration of ATP (for example, the ARct of the 5 mM ATP is
variation of R value of the remained ABA on the same electrode before
and after hybridization with the 5 mM ATP.), has a linear relationship
with the logarithmic value of the concentrations of ATP (Fig. 5B), and
ATP can be quantified over a concentration range from 0.1 uM to 5 mM
(R%=0.993). The detection limit is estimated to be 1.5 nM according to
the 30 rule, which is more sensitive than the most electrochemical
aptasensors that existed for ATP detection [48,49].

The capability in discriminating different nucleotide is crucial for
ATP detection. The selectivity of the ATP sensor was investigated using
the four kinds of nucleotides (ATP, CTP, TTP, and GTP). As shown in
Fig. 5C, a pronounced increase in the AR value corresponding to the
binding with 50 uM ATP is observed, while there is no remarkable AR
shift for CTP, TTP, and GTP. This result suggests that the WS»-based
ATP aptasensor has high selectivity, which may be due to the high
specificity of ABA aptamer.

During the whole fabrication process, only the Au—S chemistry and
the strong WS,/ssDNA interaction were used, so this ATP sensor
should have high stability in principle. To investigate the stability of the
constructed ATP biosensor, a control ATP biosensor was prepared, in
which the WS, nanosheets were dropped on the MCE modified Au
electrode, and the aptamer for ATP was dropped on the WS, surface.
These two kinds of sensor were kept at 4 °C for 30 days. The AR, of the
two sensors for one concentration of ATP (50 uM) was measured in
five-day interval. As shown in Fig. 6, during 20 days, nearly no decrease
has been observed in the AR, value for the constructed sensor for
50 uM ATP, and after 30 days there is only 4.2% decrease in the AR
value. For the control sensor, there is 45% decrease in the AR value
for the same concentration of ATP after 20 days, and only 25% of the
AR, value is remained after 30 days. This result substantially indicates
that constructed ATP sensor has high stability as expected, which may
be due to the unique interaction between WS, and ssDNA.

To investigate the applicability of the aptasensor under realistic
conditions, the human blood plasma samples were prepared. The
plasma samples were pretreated according to the previously reported
procedure [50]. Briefly, they were deproteinized by trichloroacetic acid
and diluted with 25 mM Tris-HCl buffer (1:9). Subsequently, the
different concentrations of ATP were spiked into the pretreated plasma
and the concentrations of ATP in the as-prepared samples were assayed
using the developed ATP aptasensor. Table S1 shows that the ATP
aptasensor can be applied for the detection of ATP even in the
complicated matrix under realistic conditions.
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3.4. Electrochemical detection of Hg**

Hg?" is a highly toxic heavy metal known for its severe effects on
human health and the environment [51,52]. For testifying the general-
ity of the integrated sensing platform, we fabricated a sensing strategy
for Hg?" using a mercury-specific oligonucleotide (MSO) probe, which
can strongly and selectively bind Hg>* due to the T-Hg>*—T coordina-
tion. As shown in the scheme, instead of the ABA, the MSO probe was
immobilized on WS,/SH-DNA/Au electrode through the strong inter-
action between MSO and WS, nanosheet. MSO/WS,/SH-DNA/Au
electrode was immersed in different concentrations of Hg>* and
reacted for 1 h, and then EIS spectra were recorded. The R value is
nearly unchanged when the MSO/WS,/SH-DNA/Au electrode (Fig. 7A,
curve a) was immersed in the blank buffer for 1 h (Fig. 7A, curve b).
However, when the MSO/WS,/SH-DNA/Au electrode was reacted with
100 nM Hg?*, a decrease in the R, value is obtained because MSO
reacted with Hg?" to form stable DNA duplexes, which can be easily
dissociated from the WS, surface (Fig. 7A, curve c).

Fig. 7B shows the relationship between AR, and different Hg>*
concentrations in logarithmic scale. The AR, possesses a linear
correlation to the logarithm of Hg?" concentration in the range from
0.1 nM to 500 nM (R?=0.991). The detection limit is about 0.5 pM
(30), which is better than some previously reported electrochemical
Hg?* sensors [53,54]. To test the specificity of Hg?>* sensor, the
interferences of other metal ions for detecting Hg®* were performed,
including Ca®*, Cu?*, Fe®*, Mg?*, Pb>*, Ba®*, Ag®, Zn**(Fig. 7C).
Compared with that of 100 nM Hg?*, the response from these metal
ions is less than 5%. So the interference of these relevant metal ions to
this Hg?* sensor is negligible. The Hg?* sensor also showed high
stability as that of the constructed ATP sensor.

4. Conclusion

In summary, for the first time, we reported that the unique WS,-
ssDNA interaction can be used to construct electrochemical aptasen-
sors for ATP and Hg?*. These two sensors showed high sensitivity,
selectivity and stability due to the unique WS,-ssDNA interactions and
the specific aptamer-target recognition. It would be easy to generalize
this strategy to detect a spectrum of targets using WS, and different
aptamers. In addition, this sensing strategy can also be expanded to
other analogous of WS,, such as GO and MoS,, which have been
reported to possess the similar interactions with ssDNA as that of WS,.
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