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ABSTRACT: A layered MoS,—thionin composite was prepared by sonicating their mixture in an ionic liquid and gradient
centrifugation. Because DNA is rarely present in single-stranded form, either naturally or after PCR amplification, the composite
was used for fabrication of a double-stranded DNA (dsDNA) electrochemical biosensor due to stable electrochemical response,
intercalation, and electrostatic interaction of thionin with DNA. The linear range over dsDNA concentration from 0.09 ng mL™!
to 1.9 ng mL™" is obtained, and moreover, it is suitable for the detection of single-stranded DNA (ssDNA). The biosensor has
been applied to the detection of circulating DNA from healthy human serum, and satisfactory results have been obtained. The
constructed DNA electrochemical biosensor shows potential application in the fields of bioanalysis and clinic diagnosis.
Furthermore, this work proposes a new method to construct electrochemical biosensors based on MoS, sheets.

he sensitive and selective detection of DNA has become a

subject of intense research during recent years due to its
potential application in the fields of pharmacogenetics,
pathology, genetics, and food safety,l_4 and various DNA
sensors have been reported.™® Among them, electrochemical
DNA sensors attract much more attention on account of their
high sensitivity and selectivity, portability, rapid response, and
low cost.”~® Especially, nanomaterials such as carbon nano-
tubes,'”!" graphene,'>'* and gold nanoparticles'*'* have been
used to construct electrochemical DNA sensors to achieve
extremely sensitive detection of DNA owing to their good
electronic properties and large specific surface areas. But so far
most of the reported DNA sensors have been applied to the
detection of selected DNA sequences.'®'” Few studies on the
electrochemical detection of double-stranded DNA (dsDNA)
are reported. In fact, DNA is rarely present in single-stranded
form, either naturally or after PCR amplification. Improvements
in the detection of dsDNA or natural DNA should lead to more
robust and flexible DNA diagnostics.'® For example, the
concentration of circulating DNA in human plasma/serum is
suggested to be an indicator for a variety of tumors,"”* and the
concentration of circulating DNA in a healthy person’s serum is
usually much lower than that in a cancer patient’s serum.
Therefore, the construction of a natural DNA sensor has become
a practical research topic.
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As a kind of layered material, MoS, attracts great attention in
the fields of nanoelectronics and optoelectronics.”"”** Moreover,
its catalytic performance toward hydrogen evolution reaction
(HER)>***and oxygen reduction reaction (ORR 2526 makesita
promising material in the fields of energy conversion and storage.
Besides, its unique electronic and electrochemical properties,
large specific surface area, and potential for surface modification
imply that it could also be applied in the field of biosensing.
However, until now just little research has been done in this
aspect.”” > On the other hand, thionin is a kind of cationic
phenothiazine dye that can show electrochemical activity.***" It
can bind strongly to dsDNA through intercalation and
electrostatic interaction to lead to a decrease in its own redox
signal when modified on the electrode.* What is more, it can be
attached on the surface of carbon nanotubes or MogS,, L,
nzinO\/\rires,32’33
modify MoS, nanosheets and constructed DNA biosensors.
Herein, we prepared a layered MoS,-thionin composite by an
extremely easy combination method of ultrasonication and
gradient centrifugation to construct a sensitive DNA electro-
chemical sensor. The DNA sensor could even work with the

which insinuates that it may also be used to
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existence of relatively high concentration of protein, and it could
detect the concentration of circulating DNA in human serum.

B EXPERIMENTAL SECTION

Preparation of MoS,—Thionin Composite. Thionin
acetate salt (for microscopy, Aldrich) was dissolved in 1-butyl-
3-methylimidazolium hexafluorophosphate (97.0%, Aldrich)
with a concentration of 10 mg mL™". Then MoS, (99%, 2 um
in size, Aldrich) was added to the mixture with a concentration of
10 mg mL™". This mixture was ultrasonicated by a SB-2200
sonifier (Shanghai Branson, China) at room temperature (22 + 2
°C) for 2 h. After that the suspension was centrifuged at 2000
rpm for 20 min to remove the large particles. The supernatant
was collected and centrifuged at 6000 rpm for 20 min to obtain
precipitation. Then the precipitation was gathered and washed
with DMF (99.9%, Aldrich) to remove the free thionin until the
supernatant was colorless. For a comparison, the bulk MoS, was
also ultrasonicated and centrifuged in 1-butyl-3-methylimidazo-
lium hexafluorophosphate in the absence of thionin to obtain the
MoS, sheets. The MoS,/thionin mixture was fabricated by
simply mixing MoS, sheets with thionin acetate salt in DMF. A
GS-15R centrifugation system (Beckman, America) was used for
these procedures.

Fabrication of DNA Biosensors Based on MoS,—
Thionin Composite. MoS,-thionin composite was dispersed
into DMF with a concentration of approximately 2 mg mL™".
Then the solution was dropped on the glassy carbon (GC)
electrodes (® = 3 mm) and dried in the air with a loading of 0.1
mg cm . This modified electrode was then washed with
deionized water for five times to avoid the possible influence of
the residual DMF on the following experiments. The MoS,
sheets and MoS,/thionin mixture (the exfoliated MoS, sheets
were mixed with thionin directly in DMF) were also modified on
the GC electrodes with the same procedure for comparison.

Characterization. All electrochemical measurements were
carried out on a CHI 660D (Chenhua, China) at room
temperature. A Pt electrode was used as the counter electrode
and a modified electrode was used as the working electrode. A
saturated calomel electrode (SCE) was used as the reference
electrode for all the electrochemical tests. All the solutions were
saturated with N, during the cyclic voltammetric (CV) and
square wave voltammetric (SWV) measurements. For SWV
measurements, the incremental potential was set to be 4 mV with
a frequency of 15 Hz and the amplitude was 25 mV.
Deoxyribonucleic acid (dsDNA) sodium salt from salmon
sperm with molecular weight of 50 000—100 000 Da was bought
from ACROS Organics (CAS: 68938-01-2). Its ratio of UV
absorbance at 260 and 280 nm in 0.18 M NaCl was calculated to
be 1.8, which indicated that the DNA sample was sufficiently free
of protein and RNA. The concentration of the standard DNA
stock solution was spectrophotometrically determined to be
0.940 mg mL™" by measuring the absorbance of the diluted
solution at 260 nm. The dsDNA was denatured by heating at 100
°C for 10 min in a mixed solution of 15 mM NaCl and 1.5 mM
sodium citrate and quick cooling in an ice bath.>* The denatured
DNA was then tested for a comparison. Single-stranded DNA
(ssDNA) from calf thymus (Aldrich) and ribonucleic acid
(RNA) from torula yeast (Aldrich) were also used for the
measurements. The human circulating DNA was extracted from
human serum by using a circulating nucleic acid kit (CWhbiotech,
China). Briefly, protease was used to degrade the protein in the
serum. Then the ionic strength of the solution was enhanced and
an adsorption column was used to extract DNA from the mixture.

After that the column was washed with buffer and DNA was then
eluted from the column by water. 3.5 mL of human serum was
used for the extraction process each time and the extracts were
added to the N, saturated 0.1 M PBS for measurements. A
transmission electron microscopy (TEM) image was acquired on
a JEM-2100F electron microscope (JEOL, Japan). Scanning
electron microscopy (SEM) images were obtained on an S-4800
electron microscope (Hitach, Japan). X-ray photoelectron
spectra (XPS) were collected on an Axis Ultra spectrometer
(Kratos Analytical Ltd., Japan) and the binding energy was
calibrated by the C 1s peak at 284.8 eV. UV—vis absorption
spectra were recorded on a U-4100 UV—vis-NIR spectropho-
tometer (Hitach, Japan).

B RESULTS AND DISCUSSION

The layered MoS,—thionin composite was fabricated with the
assistance of ionic liquid by a one-step ultrasonication method.
Earlier works have proved that ultrasonication is an effective way
to exfoliate MoS, into nanosheets or even nanoparticles.>> >’ In
this work, MoS, sheets were exfoliated from bulk MoS, by using
1-butyl-3-methylimidazolium hexafluorophosphate as the sol-
vent and thionin was modified on the MoS, sheets during the
exfoliation process. Figure 1 is the TEM and SEM images of the

Figure 1. (a) TEM image of the MoS,—thionin composite. (b) SEM
image of the MoS,—thionin composite.

composite. Layered structures with sizes of hundreds of
nanometers could be observed. This result is similar to the
MoS, sheets obtained by exfoliating in the organic solvent,” thus
indicating that MoS, exists mainly in the form of MoS, sheets in
the MoS,-thionin composite, which is different from the raw bulk
MoS,. The MoS, sheets exfoliated by this method also
demonstrate similar structure to the MoS,-thionin composite
(Figures S-1 ~ S-2). The main reason is that thionin molecules
are very small. They could not be observed by TEM and SEM
characterizations.

XPS was then used to characterize the elemental composition
and bonding configuration of the composite as well as the MoS,
sheets because there was no obvious difference in morphology
between them. Figures S-3 ~ S-6 are the XPS survey spectra of
the MoS, sheets, thionin, MoS,—thionin composite, and MoS,/
thionin mixture, while Figure 2 is the spectra of the S 2p region
for the four kinds of materials. An obvious change in S 2p binding
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Figure 2. XPS spectra of S 2p region for the MoS, sheets, thionin,
MoS,—thionin composite, and MoS,/thionin mixture, respectively.

energy could be observed for the composite. The MoS, sheets
show a pair of S 2p peaks with the S 2p;, binding energy at 162.3
eV. Thionin also exhibits a couple of S 2p peaks with the S 2p;,
binding energy of 164.1 eV. The MoS,—thionin composite
demonstrates two pairs of S 2p peaks. One with the binding
energy of 162.3 eV matches well with the S 2p;,, peak of the
MoS, sheets. However, the binding energy of another S 2p;/,
peak for the composite is only 163.6 eV, which is lower than the S
2p;, binding energy of thionin. On the other hand, the S 2p;/,
binding energies of the MoS,/thionin mixture are nearly the
same as sole MoS, and thionin. These phenomena suggest that
there is interaction between MoS, sheets and thionin in the
composite. Thionin may accept electrons from the MoS, sheets
and lead to this decrease in binding energy. The reason for no
obvious shift in binding energy for MoS, sheets in the composite
is that the chemical environment of the planar S atoms in the
sheets has almost no change during the modification process.
Hence the most possible binding site for thionin is the S edge of
the MoS, sheets which only occupies a small portion. The report
that the S edge of MoS, could be modified by using thiol
chemistry®® helps to prove this surmise. What is more, thionin is
positively charged, which means that it could be more easily
attached on the negatively charged S edge of MoS,.** Therefore,
thionin may bind to the S edge of the MoS, nanosheets. The S
2p3/, peak with lower binding energy of the composite is in the
same place with the S 2p;/, peak of the MoS, sheets due to the
inert nature of the planar S, while the S 2p;,, peak with higher
binding energy of the composite shifts due to the interaction
between thionin and MoS, edges.

UV—vis absorption spectroscopy was further used to
characterize the interaction between MoS, sheets and thionin.
Figure 3 shows the absorption spectra of MoS, sheets, thionin,
MoS,—thionin composite, and MoS,/thionin mixture with DMF
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Figure 3. UV—vis spectra of MoS, sheets, thionin, MoS,—thionin
composite, and MoS,/thionin mixture in DMF.

as the solvent. Thionin displays two obvious absorption peaks at
about 500 and 610 nm separately, while MoS, exhibits several
weak peaks at 450, 610, and 675 nm. The MoS,—thionin
composite also shows two weak peaks at 450 and 675 nm that
corresponding to the absorption spectra of MoS,. But in addition
to these two peaks, it demonstrates another two broad peaks at
560 and 618 nm, which are mainly ascribed to the red shifts of
absorption peaks of thionin in the MoS,—thionin composite due
to the synergistic charge-transfer between thionin and MoS,
sheets. The result matches well with the XPS result. The MoS,/
thionin mixture only displays a broad and intense absorption
band, and the typical absorption peaks of thionin could not be
observed, which is different from that of the composite. The
possible reason for this is that the strong scattering of the MoS,
sheets causes fake absorption. Therefore, both XPS and UV—vis
characterizations prove that the long-time sonication of MoS,
and thionin mixture results in interaction between MoS, sheets
and thionin.

In order to verify the presence and immobilization of thionin
on the composite, the composite was modified on a GC
electrode, and its electrochemical property was studied in 0.1 M
PBS (pH = 7.4) with the protection of N,. For a comparison,
electrochemical response of the MoS,/thionin mixture modified
electrode was also recorded. Figure 4 is the CV responses of
MoS,, MoS,—thionin composite, and MoS,/thionin mixture.
The MoS, sheets show nearly no redox peaks. However, the
composite displays a pair of redox peaks at E, , = —0.22 V, which
is similar to that of the MoS,/thionin mixture. According to the
reported electrochemical behavior of thionin,*>*" the appearance
of these peaks indicates that thionin exists in the composite. But
the CV response of the MoS,—thionin composite is still a little
different from the response of the MoS,/thionin mixture. The
redox peaks of the composite are much broader than the peaks of
the mixture, and the reduction peak of the composite shifts more
negatively than that of the mixture, which means that the MoS,
sheets donate electrons to thionin to cause the interaction
between thionin and MoS, sheets. This phenomenon is similar to
the electrochemical response of ferrocene-filled carbon nano-
tubes.*® Besides, the electrochemical response of the composite
is quite stable. Only a slight decrease in current could be observed
for the composite after continuous scanning for S0 cycles (Figure
5). Whereas, the peak currents of the MoS,/thionin mixture
decrease quickly after continuous scanning, which implies that
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Figure 4. CV responses of the MoS,, MoS,—thionin composite and
MoS,/thionin mixture modified electrodes in the N, saturated 0.1 M
PBS at a scan rate of 50 mV s™".
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Figure S. Stability test for the MoS,—thionin composite modified
electrode in the N, saturated 0.1 M PBS at a scan rate of 50 mV s\,

thionin dissociates from the mixture during the scan (Figure S-
7). All of these further illustrate that thionin is bound on the
MoS, sheets during the long-time sonication of MoS, and
thionin mixture. Moreover, the redox peak currents of the
composite increase linearly with the increase of the scan rate
from 10 mV s™" to 200 mV s™" (Figure 6), which indicates the
characteristic of a surface-confined wave.

The MoS,—thionin composite modified electrode was then
used to determine the concentration of the natural dsDNA based
on the interaction of thionin and DNA.>**° SWV was chosen to
record the current response of the electrode because it is much
more sensitive than CV. Figure 7a is the SWV responses of the
MoS,—thionin composite modified electrode in the N, saturated
0.1 M PBS without and with the successive injections of dsSDNA.
In the absence of DNA, one peak appears at —0.27 V vs SCE,
which is attributed to the redox of thionin, the other peak at
—0.43 V versus SCE corresponds to the redox of the MoS,
surface defects because the MoS, sheets modified electrode
displays similar redox current at this potential (Figure S-8). The
peak current of the modified electrode at —0.27 V decreases with
the increase of dSDNA concentration from 0.09 ng mL ™" to even

HA)
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Figure 6. (a) CV responses of MoS,—thionin composite in the N,
saturated 0.1 M PBS at different scan rates of 10, 20, 50, 100, and 200
mV s™". (b) Plots of the anodic and cathodic peak currents versus the
scan rate.

hundreds of ng mL™" due to intercalation and electrostatic
interaction of thionin with dsDNA. A linear range over the
concentration of dsDNA from 0.09 ng mL ™" to 1.9 ng mL™" with
a sensitivity of 0.21 A mL ng™' was obtained (Figure 7b). If the
concentration of the detected dsDNA is higher than 1.9 ng mL™,
the sensitivity of the sensor would decrease, even though it could
still show response toward the addition of dsDNA. Compared to
our previous work based on MoS. I, nanowires,* the linear
range of this MoS,-based sensor decreases an order of magnitude
for dsDNA detection, which means the sensor in this work has
higher sensitivity. The possible reason for this is that MoS, sheets
provide good sensing platform for immobilization of thionin and
interaction of dsDNA with thionin due to plenty of S edges on
MoS, sheets. The reproducibility of this dsDNA sensor is
acceptable. Its relative standard deviation (RSD) is 7.2% for five
replicate preparations and measurements at the concentration of
0.94 ng mL™". What is more, the responses of this sensor are
nearly the same for five successive measurements (Figure S-9),
which indicates that this sensor could be effective for the sensitive
and accurate detection of dsDNA. However, its long-term
stability is inferior. After it is incubated in 0.1 M PBS for 24 b, its
response currents decrease and its redox potentials shift (Figure
S-10) due to the swelling of the modified film, resulting in falling
off partially from the electrode surface.
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Figure 7. (a) SWV responses of MoS,—thionin composite modified
electrode in the N, saturated 0.1 M PBS with the successive injections of
dsDNA. (b) The peak current response of the modified electrode to the
concentration of the dsDNA. The inset shows the linear part of the
curve.

In order to verify the practical use of this dSDNA sensor, the
anti-interference effect of the sensor toward protein was also
investigated. Figure S-11 shows the SWV response of the sensor
with and without 1 yg mL™" bovine serum albumin (BSA). A
small decrease in the peak current could be observed with the
addition of BSA, and the possible reason is that BSA can adsorb
on the modified electrode due to the electrostatic interaction
between negatively charged BSA and positively charged thionin,
hindering redox of thionin. Because the interference of BSA is
not significant, the response of the sensor toward dsDNA in the
presence of relatively high concentration of BSA is also
characterized. The results prove that this sensor also shows
good response with the addition of dsDNA at different
concentration levels of ng mL™" to sub ng mL™" even in the
presence of 1 g mL™" BSA (Figure S-12). A linear relationship
between the peak current and the concentration of dsDNA from
0.09 ng mL™" to 1.9 ng mL ™" is also obtained (Figure S-13). The
sensitivity is 0.19 #A mL ng™', which changes a little compared
with that of the sensor in the absence of BSA in the solution. This
reveals that the sensor is suitable for the detection of dsDNA in
the presence of high concentration of BSA.

In addition to dsDNA, the MoS,—thionin composite modified
electrode also shows response toward ssDNA and RNA because
both ssDNA and RNA can be dyed by thionin. This sensor

demonstrates a linear response from 0.20 ng mL™' to 2.0 ng
mL ™" with a sensitivity of 0.17 uA mL ng™" for denatured dsDNA
(Figures S-14, S-15) and a sensitivity of 0.14 A mL ng™' for
ssDNA obtained from Aldrich (Figures S-16, S-17), which is
similar to those of dsDNA, but for RNA, its sensitivity is lower
and its determination limit is higher. A linear response range over
RNA concentration from 10 ng mL™" to 200 ng mL™" with a
sensitivity of 0.0022 yA mL ng~' was obtained with this sensor
(Figures S-18, S-19). It seems that the modified electrode is more
sensitive to DNA than RNA. These reveal that the interaction
between thionin and polynucleotides involves intercalation and
electrostatic interaction. The electrochemical responses of this
sensor toward these different kinds of polynucleotides are helpful
to expand its application in the field of bioanalysis.

In order to test the suitability of the constructed sensor based
on thionin functionalized layered MoS, for detection of natural
DNA, the sensor was further used to detect the concentration of
circulating DNA in human serum. The circulating DNA was
extracted from the healthy human serum and then added to the
N, saturated 0.1 M PBS. A decrease in current could be observed
with the addition of DNA extracts (Figure 8). The concentration

10
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Figure 8. SWV responses of the MoS,—thionin composite modified
electrode in the N, saturated 0.1 M PBS with the injection of dsSDNA
standard sample and DNA extracts from the healthy human serum.

of the circulating DNA in the serum was calculated to be 1.0 ng
mL™!, which matched well with the theoretical value of healthy
human serum."® The recoveries of this biosensor were tested to
be 65% ~ 89% by adding 0.19—0.47 ng mL™" dsDNA into the
serum sample solution, which suggested that the result was
acceptable. These reveal that this constructed sensor is applicable
to the detection of the natural DNA in the real samples.

B CONCLUSION

In conclusion, we put forward an extremely easy way to
synthesize and modify MoS, sheets with the help of ionic liquid
1-butyl-3-methylimidazolium hexafluorophosphate. By sonicat-
ing the mixture of MoS, and thionin in the ionic liquid, the MoS,
sheets could be exfoliated from bulk MoS, and their surface could
be further modified by thionin based on charge transfer. The
synthesized MoS,—thionin composite has been used for
construction of a biosensor because it displays stable electro-
chemical response. The biosensor has been applied to the
detection of dsDNA through intercalation and electrostatic
interaction of thionin with DNA, resulting in decrease of
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electrochemical response, and a linear range over dsDNA
concentration from 0.09 ng mL™' to 1.9 ng mL™" could be
obtained even in the presence of relatively high concentration of
protein. Besides, the biosensor could further be used to detect
ssDNA and RNA. The biosensor has been applied to the
determination of the extracted circulating DNA from healthy
human serum with acceptable results. These suggest that the
sensor has promising application potential in bioanalysis and
clinical research. Research efforts along these directions are
expected to expand the application of MoS, greatly in the
biosensing field and other fields because this work provides an
easy one-step way to obtain functionalized MoS, sheets by
surface modification. Other molecules containing a thiol group
or electron-accepting molecules with structures similar to thionin
may also be modified on MoS, sheets by this simple method.
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