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ARTICLE INFO ABSTRACT

Keywords: Simple, rapid, sensitive detection of tumor biomarker carcinoembryonic antigen (CEA) is of great importance for
Molybdenum disulfide (MoS5) the screening, diagnosis and prognosis evaluation of various gastroenteric tumor. This paper presents a “turn-on”
Aptamer fluorescent biosensor based on molybdenum disulfide (MoS,) nanosheets and fluorophore labeled protein ap-

Carcinoembryonic antigen (CEA)

tamer for rapid and sensitive detection of CEA protein. CEA aptamer probe can be adsorbed on the surface of
Fluorescent biosensor

MoS, nanosheets in close proximity via van der Waals force, triggering fluorescence resonance energy transfer,
and consequently fluorescence signal of aptamer probe was quenched. While in the presence of CEA protein, the
fluorescence signal was recovered because aptamer probe could detach from MoS, nanosheets with binding-
induce conformation change. MoS, nanosheets with high quenching efficiency combined with well dis-
crimination ability between aptamer and aptamer/protein afforded the biosensor easy construction, fast de-
tection and high sensitivity. The sensing platform also exhibited good reproducibility, selectivity and showed
high sensitivity for CEA protein in a broad range of 100 pg/mL-100 ng/mL with the detection limit of 34 pg/mL.
The aptamer-MoS, based fluorescent biosensor may be an ideal mode for protein detection in clinical sample,

pesticide detection and environmental monitoring.

1. Introduction

Cancer is a major worldwide public health problem and the second
leading cause of death globally [1]. The cure rate is very low in the
middle and late stage, however, it is high at the early stage [2-4].
Therefore, early detection and treatment are significantly important
strategy for conquering cancer. Highly sensitive detection of tumor
markers may dramatically improve the accuracy rate of cancer early
diagnosis. Carcinoembryonic antigen (CEA) is one of the most common
tumor biomarkers in clinic, which used for screening, diagnosis and
prognosis evaluation of various gastroenteric tumor including color-
ectal cancer, Esophageal cancer, gastric carcinoma, pancreatic carci-
noma [5-8]. So rapid and sensitive detection of CEA is considerably
essential for cancer diagnosis and treatment.

At present, the clinical methods of CEA protein detection mainly
include enzyme-linked immunosorbent assay (ELISA), radio-
immunoassay (RIA) and chemiluminescent immunoassay (CLIA). The
electrochemical [9], photochemical [10] and fluorescence analysis
method were employed for the development of ultrasensitive CEA im-
munosensor with excellent sensing properties. However, anti-CEA an-
tibody used in immunoassay has the nature of relatively high cost and
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easy denaturation. Aptamers as promising alternative of antibody are
attractive for the construction of biosensor due to their good stability,
ease of synthesis and modification, low cost, fast tissue penetration and
low toxicity [11,12]. Therefore, it is highly desirable to develop ap-
tamer-based biosensors for tumor biomarkers detection with easy
construction, high sensitivity and stability, as well as low cost. Besides,
fluorescent biosensor has drawn much attention and was widely em-
ployed to detect protein because of its simplicity, rapid analysis, low-
cost and high sensitivity [13-15].

In the past few years, much focus has been paid to graphene oxide
(GO) in the construction of fluorescent biosensor due to its high
quenching ability and water solubility [16,17]. The sensing platform
based on GO has been used to detect many biomolecules [18,19]. Re-
cently, other 2D nanomaterials were continuously discovered and
synthesized such as transition metal dichalcogenides (TMDs), transition
metal oxides (TMOs), silicate clays, layered double hydroxides (LDHs)
[20]. Among them, MoS, nanosheets share some common features with
graphene in structural and physical/chemical properties [21]. MoS,
nanosheets have some special and fascinating properties [22]. First,
MoS, nanosheets have ultrahigh surface-to-volume ratio and can load
various and large amounts of biomolecules [23]. Second, MoS,
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nanosheets exhibit super quenching ability [24]. Third, due to lack of
dangling bonds, MoS, nanosheets show high stability in aqueous solu-
tion without the process of surfactants or oxidation treatment [23-28].
All above characteristics make it an ideal candidate as a new nano-
materials in the construction of fluorescent biosensor. In addition,
much focus has been also paid on their applications in the biomedical
field, including ultrasensitive biosensing, biological imaging, cancer
therapy, antibacterial treatment and drug delivery [29-32].

In order to simple, rapid, sensitive and selective detection of CEA, a
fluorescence turn-on biosensor based on aptamer-MoS, nanosheets was
established. The sensing platform has a high sensitivity and selectivity
for CEA protein, due to the super quenching ability of MoS, nanosheets
and high selective aptamer. The system has merits of fast detection, low
cost and easy construction, which make it a promising sensing platform
for protein detection in vitro applications.

2. Materials and methods
2.1. Materials and apparatus

Molybdenum disulfide (MoS,) nanosheets were purchased from
Nanjing XF Nano Material Tech Co., Ltd. (Nanjing, China).
Carcinoembryonic antigen (CEA) was purchased from Shanghai Linc-
Bio Science Co., Ltd (Shanghai, China). Bovine serum albumin (BSA)
and immunoglobulins G (IgG) were purchased from Dingguo Biotech
Co., Ltd (Beijing, China). Tris-HCl was purchased from Dingguo Biotech
Co., Ltd. CEA aptamer probe (CA) and ssDNA were synthesized and
purified by Sangon BiotechCo., Ltd (Shanghai, China). The sequence
used as follows: CEA aptamer probe (CA) 5-Texas Red —~ATACCAGCT
TATTCAATT-3’, random ssDNA 5-TCATTACATGTTTCCTTACTTC
CAG-3".

The buffer used in this work was 10 mM Tris-HCl (pH 7.4), con-
taining 100 mM NaCl, 5mM KCl and 5 mM MgCl,. All chemicals were
of analytical grade and used without further purification. All solutions
were prepared in Milli-Q water (resistance > 18 MQ cm). All fluores-
cence measurements were carried out on a RF-5301PC fluor-
ophotometer (Shimadzu, Japan). Time decay photoluminescence mea-
surements were recorded with an Edinburgh FLS920 phosphorimeter
(Edinburgh Instruments, U.K.).

2.2. Optimization of detection conditions

Firstly, the content of MoS, nanosheets employed in sensing plat-
form was optimized. The typical procedure was conducted as follow. A
certain concentration of MoS, nanosheets was added to the 5nM
fluorophore-labeled CEA aptamers, followed by the incubation for
10 min at room temperature. The fluorescence spectra were recorded
immediately by RF-5301PC fluorophotometer. Meanwhile, 5nM fluor-
ophore-labeled CA was incubated with 10 ng/mL CEA at 37 °C for 2h
prior to the addition of different concentrations of MoS, nanosheets.
After the incubation for 10 min at room temperature, the fluorescence
spectrum was recorded immediately. Each experiment was repeated
three times.

In order to determine the quench time of MoS, nanosheets for CA
and CA/CEA, the fluorescence spectra were recorded at different time
after the MoS, nanosheets (200 pg/mL) were added in the 5nM CA and
the mixture of 5nM CA and 10 ng/mL CEA respectively.

All the experiments were conducted in a buffer solution (10 mM
Tris-HCl, containing 100 mM NaCl, 5mM KCl and 5 mM MgCl,).

2.3. Procedures for CEA detection

For CEA detection, 5nM CA was incubated with different con-
centrations of CEA at 37 °C for 2h, and then 200 pg/mL MoS, na-
nosheets was added in the same solutions. After the incubation for
10 min at room temperature, the fluorescent intensity changes were
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Fig. 1. Schematic illustration of fluorescent biosensor based on MoS, na-
nosheets for CEA protein detection.

recorded on a RF-5301PC fluorophotometer. Fluorescence measure-
ments were performed under the same conditions at the room tem-
perature. The excitation/emission wavelengths were fixed at 595 and
608 nm respectively. To examine the specificity of fluorescent biosensor
for CEA protein detection, BSA (10 ng/mL and 40 ng/mL), IgG (10 ng/
mL and 40 ng/mL), ssDNA (10 nM) were added into the system instead
of CEA respectively followed by the same CEA detection procedure.

3. Results and discussion

3.1. Mechanism of fluorophore-labeled aptamer/MoS, based FRET
biosensor

The mechanism of fluorescent bio-sensing system biosensor for CEA
detection in this work is illustrated in Fig. 1. Fluorophore (Texas Red)
was used as fluorescence resonance energy transfer (FERT) donor,
which can emit intense blue light at 608 nm under light excitation of
595 nm. MoS, nanosheets were served as FERT acceptors owing to high
fluorescence quenching ability. Fluorophore-labeled aptamer can ad-
sorb on the surface of MoS, nanosheets in close proximity via van der
Waals force between nucleobases and the basal pane of MoS, na-
nosheets [24,25,33], furthermore, FRET between fluorophore and MoS,
nanosheets was triggered, resulting in the subsequent fluorescence
quenching of the fluorophore. In contrast, when CEA existed in the
reaction system, they would bind with CA, resulting in the change of
conformation of CA/CEA complex. Therefore, the interaction between
CA/CEA complex and MoS, nanosheets became so weak that CA de-
tached from the surface of MoS, nanosheets, leading to the restoration
of fluorescence signal. Consequently, the target CEA protein can be
detected by monitoring the variation of fluorescence signal.

3.2. Construction of biosensor based on MoS, nanosheets and protein
aptamer

To investigate the feasibility of fluorophore-labeled aptamer/MoS,
based FRET biosensor, the fluorescence spectra of CA and CA/ CEA in
the absence or presence of MoS, nanosheets were recorded respectively.
As shown in Fig. 2, CA and CA/CEA exhibit the similar fluorescence in
the absence of MoS, nanosheets, which demonstrates that the interac-
tion between CA and CEA hardly had an effect on the fluorescence
intensity of CA. Moreover, the fluorescence intensity of CA could be
quenched 99.1% by optimal concentration of MoS, nanosheets (200 pg/
mL) (green curve) and restored dramatically by addition of target CEA
protein (blue curve). These results indicate that MoS, nanosheets not
only possess high fluorescence quenching ability to CA but also have
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Fig. 2. Fluorescence spectra of CA under different conditions: CA (black curve),
CA/CEA (red curve); CA/CEA + MoS, nanosheets (blue curve); CA + MoS,
nanosheets (green curve). The concentrations of CA and CEA are 5nM and
10 ng/mL respectively. The excitation and emission wavelengths are 595 and
608 nm respectively. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 3. The fluorescence quenching curves for CA and CA/CEA in the presence
of MoS,nanosheets. The concentrations of CA and CEA are 5nM and 10 ng/mL
respectively. The excitation and emission wavelengths are 595 and 608 nm
respectively.

well discrimination ability between CA and CA/CEA, which guarantee a
lower fluorescence background signal and sensitive response for target
CEA protein. In addition, these results reveal that the affinity between
CA and MoS, nanosheet is apparently lower than that between CA and
target protein CEA. As shown in Fig. 3, the fluorescence quenching of
both CA and CA/CEA by MoS, nanosheets is very fast. Most of fluor-
escence is rapidly quenched within about 1 min, Furthermore, reached
equilibrium within about 5min. This also verifies the excellent
quenching ability of MoS, nanosheets and different affinities of MoS,
nanosheets for CA and CA/CEA.

To establish the sensitive biosensor, effectively quenching the
fluorescence of CA by MoS, nanosheets and restoring the fluorescence
of CA by adding the target protein, we optimized the ratio of the MoS,
nanosheets to the CA. Firstly, the quenching ability of MoS, nanosheets
for CA was determined. 5nM CA was mixed with different concentra-
tions of MoS, nanosheets ranging from O pg/mL to 400 ug/mL. The
fluorescence signal changes were recorded by fluorophotometer. As
shown in Fig. 4, the fluorescence intensity of CA gradually decreases
with increase in concentrations of MoS, nanosheets and almost reaches
the baseline level with 99.1% quenching efficiency when the con-
centration of MoS, nanosheets is 200pug/mL. The fluorescence
quenching efficiency is calculated by the equation of QE = (Fo—F,)/Fo,
where F, stands for the initial fluorescence intensity of fluorescence
labeled aptamer, and F, stands for the fluorescence intensity of fluor-
escence labeled aptamer which has been quenched by MoS, nanosheets.
Afterwards, the fluorescence signal changes very little when the con-
centration of MoS, nanosheets continued to increase. Furthermore, the
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Fig. 4. The fluorescence spectra of CA in presence of different concentrations of
MoS, nanosheets. Excitation wavelength: 595 nm, CA: 5nM, MoS, nanosheets
concentration range: 0-400 pug/mL.
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Fig. 5. The fluorescence spectra of CA/CEA in presence of different con-
centrations of MoS, nanosheets. Excitation wavelength: 595nm, CA: 5nM,
CEA: 10 ng/mL, MoS, nanosheets concentration range: 0-400 pg/mL.

fluorescence signal in the presence of target protein was also monitored
after different concentrations of MoS, nanosheets were added respec-
tively, which results are shown in Fig. 5. 5nM CA was incubated with
10 ng/mL CEA protein at 37 °C for 2 h, followed by incubation with the
same concentrations of MoS, nanosheets ranging from Opg/mL to
400 pg/mL. The fluorescence signal was measured by the same condi-
tion. The fluorescence intensity gradually decreases with increase in
concentrations of MoS, nanosheets. However, the fluorescence in-
tensity all recoveries to varying extent by comparing with that of ab-
sence of target protein under the same concentration of MoS, na-
nosheets. What’s more, we analyzed the effect of MoS, concentration on
the fluorescence recovery extent, discussing the difference of fluores-
cence intensity at 608 nm between CA/CEA and CA after addition of
different concentrations of MoS, nanosheets. Fig. 6 shows the extent of
fluorescence recovery first increases and then decreases along with the
increase in the concentration of MoS, nanosheets (red column). In ad-
dition, the fluorescence signal recovered at maximum level when MoS,
nanosheets concentration was 100, 150 and 200 pg/mL respectively. By
comparison, the fluorescence background signal, the fluorescence at the
absence of target protein, was the lowest of the three at the MoS, na-
nosheets concentration of 200 pg/mL (black column). Therefore, the
MoS, nanosheets concentration of 200 pg/mL was chosen for the fol-
lowing CEA detection experiments, which simultaneously ensured the
low fluorescence background signal (99.1% quenching efficiency) and
high degree of fluorescence recovery.

3.3. Detection of CEA
The established biosensor based on MoS, nanosheets and protein

aptamer was utilized to detect CEA protein with the optimized MoS,
nanosheets concentration of 200 pg/mL. Different concentrations of
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Fig. 6. The fluorescence intensity at 608 nm of CA in presence of different
concentrations of MoS, nanosheets (black column) and the fluorescence re-
covery intensity at 608 nm after addition of target protein CEA in presence of
different concentrations of MoS, nanosheets (red column). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

CEA protein were incubated with 5nM CA prior to the addition of MoS,
nanosheets (200 pg/mL) respectively. As shown in Fig. 7(a), the fluor-
escence signal is gradually increasing with the increasing concentra-
tions of target CEA protein and the maximum fluorescence intensity is
observed when the concentration of target CEA is greater than or equal
to 80ug/mL. The fluorescence signal changes very little when the
concentration of CEA protein continued to increase (Fig. 7(a) and (b)).
The fluorescence signal recovery is owing to the strong affinity of target
protein for aptamer, leading to desorption of aptamer from MoS, na-
nosheets surface. The FRET between fluorphore labeled aptamer and
MoS, nanosheets is hampered as the distance between the two com-
ponents increased. Fig. 7(b) shows the fluorescence intensity ratio F/F,
increased with the increasing CEA concentration. F and F, stand for the
fluorescence intensity of aptamers/MoS, nanosheets at 608 nm in the
presence and absence of CEA protein respectively. As shown in the inset
of Fig. 7(b), a good linear correlation was achieved between the F/F,
and logarithmic concentrations of CEA protein in a wide range of
0.1-100 ng/mL. The linear regression equation could be fitted to F/
Fo = 6.8408 + 6.78455 log [CEA] (R*> = 0.9828, n = 10). The limit of
detection (LOD) is 34 pg/mL (S/N = 3). Compared with analytical
performance of other homogeneous CEA biosensor, the proposed bio-
sensor exhibited a similar or better analytical performance [12,34]. The
LOD and the linear range is better than that of fluorescent biosensor
based on quantum dots and gold nanoparticles for CEA detection with
LOD of 300 pg/mL and detection range of 1-100 ng/mL [34]. The
analytical performance is similar to that of fluorescent biosensor for
indirectly detecting CEA (linear range of 0.05-20 ng/mL with a limit of
detection of 6.7 pg/mL [12]. Moreover, the LOD of the proposed bio-
sensor is far lower than the threshold value in normal human serum
(3ng/mL) [35]. The high sensitivity suggests the potential application
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Fig. 11. The fluorescence decay curve of the CA and CA/MoS, nanosheets.

of our aptamer functional fluorescence biosensor based on MoS, na-
nosheets for CEA protein detection.

3.4. Selectivity and stability of MoS,-aptamer probe based biosensor

To evaluate the specificity of the sensing platform, the responses of
the biosensor to interferences, different concentrations of BSA, IgG and
random single strand DNA, were measured under the same experiment
conditions as CEA detection. Fig. 8 shows that the fluorescence in-
tensity of control groups is more close to blank and significantly lower
than that of 1 ng/mL CEA, especially that of 10 ng/mL CEA. These re-
sults suggest that the biosensor platform has excellent selectivity for
CEA protein, which is attributed to the high selectivity of the aptamer.

The stability of the biosensor is another important element for the
application. The stability of CA/MoS, nanosheets was studied during a
15-day period, which was evaluated by assaying the same CEA con-
centration (5ng/mL) intermittently (every 3 days). Fig.9 shows that
little change in the fluorescence intensity was found after storage for 15
days, but only 9.5% decrease in the initial signal was noticed after 15
days. The reason may be the fact that the quenching efficiency of MoS,
nanosheets for CA was slightly decreased during the storage.

3.5. The influence of temperature on the sensing performance

The effect of temperature on the sensing performance was in-
vestigated by measuring the fluorescence intensity of CA, CA/MoS,
nanosheets and CA/CEA/MoS, system respectively at different tem-
perature. The temperature was regularly changed from 25 °C to 75°C
with interval of 5 °C. Fig.10 shows fluorescence intensity of both CA and
CA/CEA/MoS, have no obvious decrease, while fluorescence intensity
of CA/MoS, system decreases sharply with the increasing temperature
and is almost quenched completely over 65 °C. Results indicate that the
increase of reaction temperature results in an increase of the quenching
efficiency of MoS, nanosheets to the labeled Texas Red, in the range
from 25°C to 65°C, which is the observation of dynamic quenching
process. Although the interaction between DNA aptamer and MoS,
nanosheets was attributed to van der Waals force, which reported in
relative literature [24,25,33], the labeled Texas Red fluorescence fea-
tured a dynamic quenching process with the interaction of MoS, na-
nosheets. Since dynamic quenching is related to diffusion, higher
temperature accelerated the thermal motion of nanomaterials and
augmented effective collision between nanosheets and Texas Red,
leading to increased quenching efficiency. The dynamic quenching
mechanism is also confirmed by measurement of the fluorescence life-
time. The fluorescence lifetime of aptamer in the absence and presence
of MoS, nanosheets was measured by an Edinburgh FLS920 phos-
phorimeter. As shown in Fig. 11, the decay curve of CA and CA/MoS,
nanosheets can be fitted by single exponential and double exponential
behavior respectively. The lifetime of CA in the presence of MoS, na-
nosheets (0.324*10~ %) was obviously shorter than that of free CA
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(4.976*10°). This result further indicated the fluorescence quenching
process belongs to the dynamic quenching mechanism.

4. Conclusion

The sensitive and specific biosensor based on MoS, nanosheets and
aptamer probes for CEA detection was established. MoS, nanosheets
with high fluorescence quenching ability and well discrimination to-
ward the CA and CA/CEA afford the biosensor easy construction, fast
detection and high sensitivity. CA can easily be adsorbed on the surface
of MoS, nanosheets and fast quenched by MoS, nanosheets conse-
quently. The fluorescence restoration of the sensing system was ob-
served in the presence of target CEA protein. The fluorescence
quenching mechanism belongs to the dynamic quenching in this in-
vestigation. After optimizing, the sensing platform was successfully
utilized to detect target CEA protein, which exhibited the linear re-
sponse range within 0.1-100 ng/mL and the detection limit of 34 pg/
mL. Moreover, the sensing system had a better specificity for CEA than
interference proteins and random single strand DNA. These results de-
monstrate MoS,/CA based biosensor has the potential to be a stable and
cheap sensing platform for CEA detection. The methodology in this
work can be easily adapted to detect other proteins.
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