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HIGHLIGHTS

GRAPHICAL ABSTRACT

« A turn-off fluorescent biosensor for
detecting UO,%* in aqueous
environment has been developed.

« The biosensor employs DNAzyme as
UO0,2* recognition and MoS,
nanosheets as fluorescence quencher.

« It has obvious analytical advantage
such as high sensitivity, short
analytical time and low cost.

o It can be used to detect ultra-trace
UO0,2" in water with a recovery of 96—
102% and a RSD < 5%.

A novel fluorescent biosensor for uranyl ion (UO,%*) detection in aqueous environment has been devel-
oped based on the specific recognition of DNAzyme and the fluorescence quenching ability of molybde-
num disulfide (MoS,) nanosheets.
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A novel fluorescent biosensor for detecting uranyl ion (UO3%) in aqueous environment has been
developed based on the specific recognition of DNAzyme and the fluorescence quenching ability of
molybdenum disulfide (MoS,;) nanosheets. The DNAzyme contains a DNA enzyme strand and a
6-carboxylfluorescein (FAM)-labeled DNA substrate strand. We demonstrated that MoS, nanosheets have
low affinity to the substrate-enzyme complex DNAzyme. Whereas, in the presence of UO3*, UO%" can
specifically cleave DNAzyme to release FAM-labeled single-strand DNA and the released FAM-labeled sin-
gle-strand DNA can be firmly adsorbed on the surface of MoS, nanosheets, which resulted in an obvious
decrease of fluorescence intensity. This provided a sensing platform for the rapid, simple and sensitive
fluorescent detection of UO3". By using the sensing platform, a sensitive and selective fluorescent method
for the rapid detection of UO3" has been developed. In comparison with previous biosensor, the proposed
method has obvious analytical advantage such as relatively high sensitivity and good stability, short ana-
lytical time and low cost. It can be used to detect as low as 2.14 nM of UO%* in aqueous environment with
a recovery of 96-102% and a RSD < 5% (n = 6). The success of this study provides a promising alternative
for the rapid and on-site detection of UO%* in environmental monitoring.
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Introduction

As the main fuel of nuclear energy, the uranium has been wide-
ly used in nuclear power station and nuclear weapons [1]. With the
continuous development of nuclear energy, the worldwide urani-
um consumption is also increasing. However, mining and process-
ing of uranium mineral resources has also brought a large area of
uranium pollution. In the past few decades, the pollution of urani-
um has caused increasing attention due to its high toxicity and
radioactivity. It was reported that high doses exposure of uranium
could give rise to kidney damage, urinary system disease and lung
cancer [2], and chronic low-dose exposure of uranium could give
reproductive toxicity, maternal toxicity, embryo/fetal toxicity and
postnatal negative effects [3]. Furthermore, uranium was also
found to have a chemical genotoxicity, which is similar to that of
hexavalent chromium [2]. For the reasons mentioned above, it is
thus crucial to develop a simple method for the rapid and on-site
detection of uranyl ion in the aqueous environment.

Traditional techniques for the uranyl ion analysis included
inductively coupled plasma mass spectrometry (ICP-MS) [4], ener-
gy dispersive X-ray fluorescence spectrometry [5], laser-atomic
absorption spectrometry [6], and laser-induced kinetic phospho-
rimetry [7]. These methods are very sensitive and accurate, howev-
er, they usually require sophisticated and expensive instruments,
which makes on-site and real time detection difficult. The previ-
ously mentioned limitations of traditional techniques have pushed
researchers to develop novel methods for the rapid, sensitive and
specific detection of uranyl ion in the field. Along this goal, a few
chemical sensors have been developed for the rapid detection of
U03" [8-10]. However, these methods have lower sensitivity and
relatively poor selectivity, which do not meet the requirement of
rapid and on-site detection of trace UO3* in aqueous environment.
DNAzymes are catalytic DNA sequences, which was isolated via
in vitro selection and has high specificity for a number of metal
ions [11]. Compared to protein enzymes, DNAzymes are easier to
synthesize, more economic and more thermally stable [12,13].
The afore-mentioned advantages make DNAzyme an attractive
recognition probe for detecting metal ions [12,14,15]. So far, a
number of highly specific DNAzymes have been isolated and used
for detecting metal ions such as Pb?*, Zn?*, Cu®*, Mn?* and so on
[16-19]. Not long ago, a uranyl ion-specific DNAzyme was reported
by Lu and his co-workers [20]. Encouraged by the discovery of
uranyl ion-specific DNAzyme, some DNAzyme-based biosensors
have been developed for the rapid and specific detection of U0%*
[21-23]. For example, Lu and his co-workers have reported a cat-
alytic beacon fluorescent biosensor for detecting UO3* by using
uranyl ion-specific DNAzyme as recognition probe [21]. A colori-
metric biosensor for detecting uranyl ion was also developed by
them based on the DNAzyme and gold nanoparticles [22].
Although some progress has been made over the past few years,
it still is a significant challenge to design simple and portable sen-
sors for UO3" detection with both high sensitivity and selectivity.

MoS; is a type of transition metal sulfides, constructed by stack-
ing covalently bound S-Mo-S through weak vander Waals interac-
tions. As a 2D layer structure analogous of graphene, thin layer 2D
MoS, nanosheets were reported can effectively adsorb dye-labeled
single-stranded DNA (ssDNA) and quench the fluorescence of the
dye, just like graphene oxide (GO) [24]. Additionally, thin layer
2D MoS; nanosheets have more excellent water solubility, more
robust mechanical properties and superior electrical performance
[25]. In view of the above properties of MoS, nanosheet, it has been
used for fabricating fluorescent and electrochemical DNA biosensor
[24,26,27]. Herein, we developed a high sensitive and selective
fluorescent biosensor for UO3" detection by taking the advantage
of uranyl ion-specific DNAzyme and thin layer 2D MoS,

nanosheets, in hope of providing a reliable and simple method
for rapid and on-site detection of UO%" in aqueous environment
to ensure human health.

Materials and methods
Reagent and materials

The uranyl ion-specific DNAzyme used in the experiment is the
same as that reported by Lu and his co-workers [22]. High-perfor-
mance liquid chromatography (HPLC) purified enzyme strand
(39E) and FAM-labeled substrate strand (39S) were synthesized
by Takara Biolnc (Dalian, China). Their concentrations were quan-
tified by OD260 based on their individual absorption coefficients.
Their base sequences were as follow: 39E: 5-CAC GTC CAT CTC
TGC AGT CGG GTA GTT AAA CCG ACC TTC AGA CAT AGT GAG
T-3'; 39S: 5'-FAM-ACT CAC TAT rA GGA AGA GAT GGA CGT G-3'.
Thin layer molybdenum disulfide (MoS,) nanosheets solution
(1-8 monolayers, 100-400 nm, 18 mg/L) was purchased from
Nanjing XFNANO Materials Tech Co., Ltd. (Nanjing, China), and
was treated by ultrasonic agitation for 3 h before use. The stock
standard solution of 1pg/mL UO3" was provided by Fujian
Environmental Radiation Supervision Station. More dilute standard
solutions of UO3Z" were prepared by serially diluting the stock stan-
dard solution (each diluted 10-fold) to the desired concentration
with buffer solution. The buffer solution used in the experiment
is 50 mM 2-(N-morpholino)ethanesulfonic acid (MES) containing
300 mM NaNOs (pH 5.5). All other reagents were of analytical
grade and used without further purification. The sterilized Milli-
Q water (18 MQ/cm) was used in all experiment.

A simple F-4600 fluorescence spectrometer (Hitachi, Japan) was
used to determine fluorescence spectra and intensity. The fluores-
cence emission spectra were obtained in the wavelength range of
510-600 nm under an excitation wavelength of 495 nm and the
room temperature. The atomic force microscopic (AFM) image
was obtained with a Nanoscope(R) Illa multimode atomic force
microscope (Bruker, USA).

The detection of UO3* with the proposed fluorescent biosensor

For the fluorescent detection of UO3", firstly, 230 pL of buffer
solution in which containing 500 nM FAM-labeled substrate strand
(39S) and 1 uM enzyme strand (39E) was pre-annealed by heating
the whole at 85 °C for 2 min and then cooling the whole to room
temperature with a rate of 1°C/min to form substrate-enzyme
complex DNAzyme. Subsequently, 20 pL of molybdenum disulfide
solution (18 pig/mL) was added into above resulting DNAzyme
solution, and the whole was fully mixed for 5 min. Then, 220 pL
of the above prepared DNAzyme-MoS, nanosheets solution was
taken, and 30 pL different concentrations of UO3* standard solution
or sample solution were added. The whole was incubated for
10 min to finish the specific cleavage, then, the fluorescence
emission spectra were determined in the wavelength range of
510-600 nm under an excitation wavelength of 495 nm. The differ-
ence of fluorescence intensity at 516 nm (AF=Fy—F, Fy is the
fluorescence intensity in the absence of UO%*, F is the fluorescence
intensity in the presence of UO3*) was used to calculate the con-
centration of UO3".

Results and discussion
The detailed principle of the fluorescent biosensor for detecting UO3*

As we mentioned previously, thin layer 2D MoS, nanosheets
can firmly adsorb dye-labeled single-stranded DNA (ssDNA) and
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Scheme 1. Schematic illustration of the detection principle of the proposed fluorescent biosensor.

quench the fluorescence of the dye, whereas its affinity toward
double-strand DNA is weaker [24]. Thus, a turn-off fluorescent
biosensor of the rapid, specific and sensitive detection of UO3" by
using DNAzyme as UO3" recognition and MoS, as fluorescence
quencher was designed. As shown in Scheme 1, the substrate
strand (39S) was labeled with FAM as the fluorescence reporter.
In the 50 mM MES-300 mM NaNOs buffer solution (pH 5.5), the
FAM-labeled substrate strand (39S) can completely hybridize with
enzyme strand (39E) to form UO%*-specific substrate-enzyme
complex DNAzyme. In the absence of UO3*, the substrate-enzyme
complex DNAzyme is stable and cannot be effectively adsorbed on
the surface of MoS, nanosheets since MoS, nanosheets have low
affinity toward double-strand DNA [24,27]. Therefore, the
DNAzyme-MoS, nanosheets system showed strong fluorescence
intensity. However, in the presence of UO03%*, the UO%' can
specifically cleave substrate-enzyme complex DNAzyme to release
FAM-labeled single-strand DNA. The FAM-labeled single-strand
DNA can be firmly adsorbed on the surface of MoS, nanosheets,
which leading to the quench of FAM fluorescence. Therefore, the
fluorescence intensity of the DNAzyme-MoS, nanosheets system
will remarkably reduce when the UO3* was added into it. The
reducing of fluorescence intensity directly depended on the
amount of UO3", which provide a sensing platform for rapid, speci-
fic and sensitive detection of UO3".

Fluorescent characterization of the proposed UO3* biosensor

In order to verify whether the biosensor worked as expected,
the fluorescence emission spectra of DNAzyme-MoS, nanosheets
system was investigated in the absence and presence of UO%*,
respectively. From the results shown in the Fig. 1, it was clearly
observed that the pure substrate-enzyme complex DNAzyme has
a highest fluorescence intensity owing to the FAM-labeling of sub-
strate strand (curve a). Upon the addition of MoS, nanosheets (its
size see Fig. 2), the fluorescence intensity of substrate-enzyme
complex DNAzyme decreased slightly (curve b), this should be
attributed to that MoS, nanosheets can adsorb a little of
DNAzyme on the surface and quench its fluorescence since some
bases of substrate-enzyme complex DNAzyme is in the single
stranded state (see Scheme 1). When the UO3" was added into
the mixture of DNAzyme and MoS, nanosheets solution, the
fluorescence intensity of the system remarkably decreased (curve
¢), indicating that the substrate-enzyme complex DNAzyme has
been specifically cleaved to release FAM-labeled single-strand
DNA and the released FAM-labeled single-strand DNA has been
firmly adsorbed on the surface of MoS, nanosheets by the strong
n-7 stacking interaction, which resulting in the fluorescence
quenching. All above facts suggested that the proposed UO3*
biosensor indeed worked as expected.
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Fig. 1. Fluorescence emission spectra under an excitation wavelength of 495 nm.
(a) The mixture of 500 nM of 39S and 1 uM of 39E; (b) the mixture of 500 nM 39S,
1 uM 39E and 1.5 pg/mL MoS;; (c) the mixture of 500 nM 39S, 1 uM 39E, 1.5 pg/mL
MoS; and 50 nM UO3".
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Fig. 2. AFM height image of MoS, used in the experiment.

Optimization of the proposed UO3" biosensor

MoS, nanosheets play a key role in the experiment, the quench-
ing ability of MoS; nanosheets directly affect the sensitivity of the
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biosensor. In order to obtain the highest sensitivity, the concentra-
tion of MoS, nanosheets was optimized in detail. From the results
shown in Fig. 3A, it was clearly observed that there is a most stable
and highest quenching effect when the concentration of MoS,
nanosheets is in the range of 1.4-1.6 pg/mL. Finally, 1.5 pg/mL of
MoS, nanosheets were selected as the fluorescence quencher in
this work.

The activity of DNAzyme to UO3" greatly depends on the pH.
The effect of pH on the interaction between DNAzyme and UO3"
was also investigated in the range of pH 4.0-pH 6.5. As illustrated
in Fig. 3B, when the pH =5.5, DNAzyme has a highest activity to
UO0%". Our results are consistent with the conclusion reported pre-
viously [20]. The most likely explanation of this result is that pH
has an impact on the uranyl ion speciation in solution, and pH
5.5 produced a uranyl species that is the most effective cofactor
for carrying out catalysis of DNAzyme [20]. If the pH is higher than
5.5, hydrolyzed species such as UO,(OH)" might begin to dominate,
which might not be the optimal cofactor for catalysis [28].
Therefore, pH 5.5 was selected as the optimal condition for the
detection of UO3" in this work.

In order to ensure all FAM-labeled substrate strand 39S com-
pletely hybridized with enzyme strand 39E to form active sub-
strate—enzyme complex DNAzyme, moderate excess 39E was
used in the experiment. The experimental results showed that
the fluorescent biosensor has a highest sensitivity when the con-
centration ratio of 39S/39E = 1/2. Inadequate 39E will lead to the
incomplete hybridization of FAM-labeled substrate strand 39S
and finally decreased the sensitivity. Whereas, more excess of
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Fig. 3. (A) The relationship between the concentration of MoS, and the sensitivity
(AF) of the proposed method. (B) The relationship between the pH and the
sensitivity (AF) of the proposed method. (C) Time-dependent fluorescence intensity
of the DNAzyme-MoS,-U0O3" system at jem=516nm and Jex=495nm. The
concentration of DNAzyme, MoS, and UO3" are 500 nM, 1.5 pug/mL and 50 nM,
respectively.

39E will occupy the surface of MoS, nanosheets and reduce MoS;
nanosheet’s ability of adsorbing/quenching FAM-labeled single-
strand DNA, which eventually decreased the sensitivity too.

For a rapid and on-site method, the rate of interaction between
DNAzyme and UO%" is another key consideration. The effect of the
reaction time on the fluorescence intensity was investigated in
detail in the range of 0-60 min. The experimental results (see
Fig. 3C) clearly revealed that the fluorescence intensity rapidly
decreased to bottom within 5 min and then the fluorescence inten-
sity turn to keep no change, indicating that the reaction between
DNAzyme and UO3" reached to equilibrium within 5 min. Thus,
10 min was chosen as the optimal reaction time.

The selectivity of the proposed fluorescent biosensor

It was well known, there are various metallic ions existing in
the aqueous environment, and it is possible that the existence of
these metallic ions will interfere with the detection of UO3". In
order to investigate whether other metallic ions would disturb
the detection of UO%*, we challenge various metal ions including
1000-folds (in comparison with UO3") of Mg?*, Fe®*, Fe?*, Cu?",
Ca%*, Cr?*, zn?*, Ba®*, Mn?*, K*, Na* and 100-folds of La**, Lu®**
and Eu®* with our biosensor, respectively. As the results shown
in Fig. 4, only UO3" can cleave DNAzyme to release FAM-labeled
single-strand DNA and thus results in the fluorescence quenching,
which gives rise to a remarkable reducing of fluorescence intensity
(AF). Only a negligible reducing of fluorescence intensity (AF) was
observed for other metallic ions, even if their concentrations were
1000-folds or 100-folds higher than that of UO%", indicating that
other metallic ions do not cleave DNAzyme and thus interfere with
the detection of UO3*. The experimental results above revealed
that the proposed biosensor, which is based on the DNAzyme
and MoS, nanosheets, has excellent specificity.

The linear range, sensitivity and reproducibility of the proposed
biosensor

Under the previously discussed optimum conditions, the
fluorescence intensity of the DNAzyme-MoS, nanosheets system
was monitored in the presence of different concentrations of
U032 (0, 5, 10, 25, 50, 75, and 100 nM) to obtain calibration curve.
As results shown in Fig. 5, upon the addition of UO%" from 0 to
100 nM, the fluorescence intensity at 516 nm gradually decreased.
The decreased fluorescence intensity (AF) showed a good linear
correlation with the concentration of UO3* in the range of
0-100 nM. The regression equation was: AF=522.1 x C — 838.2
(r=0.9987), where C is the concentration of UO3* (nM). The detec-
tion limit (30/S, the concentration necessary to yield a net signal
equal to three times the standard deviation of the background)
was calculated to be 2.14 nM for UO3*, and the RSD (n=5) was

AF/10% (counts)

1 FES:- = - - Lu3+.,_ o
- Fe K

= -

B_lrank C 32 +

U0,2* Mg cu?* ¢ Ba?t Lad" Eudt Na®

Fig. 4. The decrease of fluorescence intensity of DNAzyme and MoS, system in the
presence of 50 nM UO3", 50 uM of Mg?*, Fe3*, Fe?*, Cu?*, Ca?*, Cr**, Zn?*, Ba®*, Mn%",
K*, Na* and 5 pM of La®*, Lu** and Eu®".
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Fig. 5. Fluorescence spectra and calibration curve for detecting UO3". The concen-
trations of UO3* are 0, 5, 10, 25, 50, 75, and 100 nM, respectively.

calculated to be less than 5% for the detection of 20 nM UO3*. As we
mentioned previously, so far, several rapid methods including col-
orimetric sensors [8,9,22], fluorescent sensor [21] and magnetoe-
lastic sensor [23] have been developed for detecting UO3". In
comparison with previous colorimetric sensors [8,9,22], the pro-
posed biosensor has higher sensitivity, similar or more excellent
selectivity and short analysis time. Compared to the previous
fluorescent sensor [21], the proposed biosensor is more simple
and cost-effective although the sensitivity and selectivity of both
are similar. More importantly, the detection limit of our method
is also lower than the maximum allowable level of UO3" (130
nM) in the drinking water defined by the USA Environmental
Protection Agency (EPA) [22], indicating that our method meets
the requirement of rapid and on-site detection of UO3" in the aque-
ous environment.

Detection of UO3" in river water samples

The applicability and reliability of the biosensor developed in
this study was demonstrated by analyzing river water samples,
which were collected from the Minjiang river of Fujian, China.
The river water was firstly filtered through a 0.22 pm membrane
filter to remove any sediment, and then the amount of U0%" in
the water was directly determined with our method. The results
obtained with our method were compared with the results
obtained by inductively coupled plasma mass spectrometry (ICP-
MS), a standard method for UO%* determination. The analytical
results are shown in Table 1 together with the data determined
with inductively coupled plasma mass spectrometry (ICP-MS).
From the results shown in Table 1, it was clearly observed that
the results obtained with our biosensor are consistent with those
determined with ICP-MS. The recovery was in the range of

Table 1
The analytical results of UO3* in water samples collected from Minjiang river, Fujian
of China.

Sample Added con. Detected con. Recovery RSD “ICP-MS
(nM) (nM) (%) (n=6)(%) (nM)

1 0.0 -b - - 0.77

2 5.0 4.8 96 5 5.61

3 25.0 25.5 102 3 26.1

4 50.0 49.5 99 4 51.2

¢ Data obtained with ICP-MS method.
b Concentration is lower than detection limit.

96-102% and the RSD (n = 6) was smaller than 5%. All above facts
indicated that the proposed biosensor has a good selectivity,
accuracy, reproducibility and robust resistance to the matrix. The
success of this study provides a promising approach for the rapid
and on-site detection of UO3" ions in aqueous environment.

Conclusions

In summary, a “turn-off’ fluorescent biosensor for the rapid
detection of UO3* with high sensitivity and selectivity was devel-
oped by using DNAzyme as UO3" recognition and MoS, nanosheets
as fluorescence quencher. We demonstrated that MoS, nanosheets
have low affinity to the substrate-enzyme complex DNAzyme, and
U032 can specifically cleave DNAzyme to release FAM-labeled sin-
gle-strand DNA. The released FAM-labeled single-strand DNA can
be firmly adsorbed on the surface of MoS, nanosheets and thus
resulted in an obvious decrease of fluorescence intensity, which
provided a sensing platform for the rapid, simple and sensitive
fluorescent detection of UO3*. By using the sensing platform, a sen-
sitive and selective fluorescent biosensor for the rapid detection of
UO3" has been developed. The proposed method has outstanding
analytical advantage such as higher sensitivity, short analytical
time, lower cost and robust resistance to the matrix. It can be used
to detect as low as 2.14 nM of UO3" in aqueous environment with a
recovery of 96-102% and a RSD <5% (n=6). The success of this
study provides a promising alternative for the rapid and on-site
detection of UOZ* in environmental monitoring.
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