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Abstract Various methods have been developed in recent
years for the determination of uranyl ion by making use of
uranyl-specific DNAzymes. However, many of them suffer
from hydrolysis by nucleases present in samples such as body
fluids. We report here on an uranyl-specific nuclease-resistant
DNA aptamer (UApt) as the recognition element, and how
gold nanoparticles (AuNPs) can be used as signal reporters in
the respective assay. The presence of uranyl ion leads to a
conformational change of UApt, and this results in the disper-
sion of AuNPs and a decrease in the intensity of resonance
light scattering (RLS) at around 573.0 nm. The conformation-
al changes were also studied by polyacrylamide gel electro-
phoresis, circular dichroism, and UV—vis spectroscopy. The
RLS signals are linearly related to the concentration of uranyl
ion in the 22 to 550 nM range, with a detection limit of
6.7 nM. This method is more simple and robust than others
owing to use of a UApt without a ribonucleotide adenosine. It
has been successfully applied to the determination of uranyl
ion in real samples. We presume that this method may be
extended to the determination of other analytes by making use
of the corresponding aptamer for the target.

Keywords Nuclease-resistant DNA aptamer - Gold
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Introduction

Uranium is an ubiquitous trace radioactive element that has
received much attention owing to its high toxicity and radio-
activity [1, 2]. Recently, low concentration of uranium has
been widely detected in most of ground water, tap water, and
drinking water [3]. The U.S. Environmental Protection Agen-
cy defined the maximum contamination level of UO,*" in
drinking water to be 130 nM. Due to its growing usage in
both civilian and military applications, human beings have a
high chance of being exposed to uranium, which could threat-
en the human health [4, 5]. Therefore, highly selective and
sensitive determination of trace uranium is of great signifi-
cance in environmental protection and public security.

To date, many methods for the determination of uranium
have been developed, such as inductively coupled plasma-
mass spectrometry [6], X-ray fluorescence [7], time-resolved
laser fluorescence spectroscopy [8], and capillary zone elec-
trophoresis [9, 10]. However, it is generally considered those
most of them either require sophisticated equipment and
skilled operators, or involve tedious and painstaking
procedures.

In recent years, DNAzymes as a new class of reporters have
drawn great research interest worldwide owing to their bio-
logical importance and applications [11-13], which can be
obtained through in vitro selection process from a large DNA
library. So far, a number of DNAzymes have been selected,
and used to prepare metal sensors based on their specific
recognition to metal ions [11, 12, 14-16]. For example, Lu
and co-worker reported a catalytic beacon for the detection of
uranyl using an uranyl ion-specific DNAzyme [12], which
consists of a DNA enzyme strand and a DNA substrate with a
ribonucleotide adenosine (rA) in the middle. This strategy was
demonstrated to have a 45 pM detection limit. Furthermore,
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they reported colorimetric methods for uranium based on
uranyl (UO,*") specific DNAzyme and gold nanoparticles
(AuNPs), which have advantages of high selectivity and sim-
ple instrument [11]. In our last work [16], we developed an
assay of uranyl using a labeled DNAzyme-AuNPs system by
a resonance light scattering (RLS) technique, which has some
distinct advantages of simplicity, rapidness, and high sensitiv-
ity [17, 18]. Recently, DNAzyme based electrochemical sen-
sors for trace uranium was also reported [19]. Although there
has been remarkable progress in the development of these
detection methods, the vulnerability of DNAzymes to nucle-
ases and complicated operation for labeling DNAzyme are the
drawbacks of DNAzymes-based strategies for the biomoni-
toring of target molecules in body fluids. It is well known that
the DNAzymes are the DNA/RNA chimera with a ribonucle-
otide adenosine (rA), which was introduced to serve as the
putative cleavage site for in vitro selection, because a ribonu-
cleotide is about 100,000 fold more susceptible to hydrolytic
cleavage than a deoxyribonucleotide [12, 20]. Thus, they are
casily degradable by ribonuclease. Owing to the vulnerability
of DNAzymes to nucleases, all the solutions used in experi-
ment must be treated with 0.1 % diethyl pyrocarbonate
(DEPC) or other nuclease suppressors to create and maintain
the RNase-free environment [16, 21]. In addition, in most
cases, an appropriate probe such as AuNPs or fluorophore is
tethered to DNAzymes to indicate color or light intensity
change [11, 12, 16]. Above those methods are tedious, time-
consuming, and increase experimental cost. A number of
research methods have attempted to overcome the instability
of functional nucleic acids by using chemical modifications
[22]. However, these methods cannot guarantee the preserva-
tion of the performance of the functional nucleic acids for
detecting metals. Therefore, it is a substantial challenge to
select specific DNA sequences for metal ions, and subse-
quently engineer them to allow the stable and sensitive detec-
tion of analytes. Fortunately, an uranyl specific nuclease-
resistant DNA aptamer (UApt) has been recently reported,
which can specifically bind to UO,>" with high affinity and
stability [23]. This success prompts us to purposefully prepare
a specific DNA aptamer by reasonable modification for
UO,*" detection. To our knowledge, there is no report on
the determination of uranium using UApt by RLS strategy.
In the present work, taking advantage of the high stability
and specificity of UApt, we designed a label-free RLS method
for the sensitive, selective determination of U022+. For this
purpose, an UApt is used for the recognition of UO,**, and
AuNPs as signal reporter, which have high extinction, strong
size- and distance-dependent properties [11, 24, 25]. The
presence of UO,”" leads to the change of UApt conformation,
resulting in the dispersion of AuNPs and the decrease of the
RLS intensity of the system. Thereby, a novel RLS method for
the determination of UO,?" was developed. As a proof-of
principle experiment, we demonstrated that the developed
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RLS method can sensitively and selectively detect UO,*" in
real samples. The detection limit obtained for UO,*" was
6.7 nM, which is below the maximum contamination level
of 130 nM for uranium in drinking water defined by the U.S.
Environmental Protection Agency. Furthermore, this detec-
tion system could be expanded easily to other targets by
simply replacing corresponding aptamer. Thus, this new meth-
odology can be expected to provide a highly sensitive plat-
form for the analysis of various target molecules.

Experimental
Materials and chemicals

HPLC-purified oligonucleotides were purchased from Sangon
Biotechnology Co., Ltd. (Shanghai, China, http://sangon.
bioon.com.cn/). Their sequences were designed according to
the literature with an appropriate modification [23] and shown
as follow: DNAL, 5'-CAC GTC CAT CTC TGC AGT CGG
GTA GTTAAA CCG ACCTTC AGA CAT AGT GAG T-3';
DNA2, 5'-ACT CAC TAT AGG AAG AGATGG ACG TG-
3’. HAuCl,-4H,0, sodium citrate, and uranium nitrate hexa-
hydrate were purchased from Shanghai First Reagent Plant
(Shanghai, China, http://2064257.atobo.com.cn/). Uranium
nitrate hexahydrate was dissolved in water to make a 1 mM
stock solution. All reagents were of analytical grade, and ultra-
pure water (18.2 MQ) was used throughout.

Apparatus

All RLS spectra were obtained with a Shimadzu F-5301
spectrofluorometer (Kyoto, Japan). A Shimadzu UV-2450
spectrophotometer (Kyoto, Japan) was used to measure the
absorption spectra. The exact concentrations of DNA were
checked by SmartSpec™ plus spectrophotometer. A MVS-1
vortex mixer (Beijing, China) was used to blend mixtures.

Preparation of gold nanoparticles

AuNPs were prepared according to the method described in
our previous study [16]. Briefly, HAuCly of 1 mM was re-
duced to AuNPs by 5 mL of 38.8 mM sodium citrate. The
resulting AuNPs were filtered through a 0.22 pm membrane
filter and stored at 4 °C away from light. The diameter of
above-prepared AuNPs was 13+1.7 nm, and the concentra-
tion was about 8.1 nM according to Beer’s law using an
extinction coefficient of 2.7x 108 M~ cm™! at Amax 520 nm.

DNA hybridization

The oligonucleotides were dissolved in water and quantitated
by SmartSpec'™ plus spectrophotometer. The equal amounts
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of DNA1 and DNA2 were incubated for 3 min in 100 mM
NaCl solution at 90 °C, then cooled to room temperature for
1 h to form DNA1-DNA2 duplex as an UO,*"-specific DNA
aptamer.

Procedure for resonance light scattering determination

RLS measurements were performed on a Shimadzu F-5301
spectrofluorometer. A 19 uL UApt was mixed with various
concentrations of UO,>" or sample solutions in 100 pL of
MES buffer solution (pH 5.5), and reacted for 6 min at room
temperature. After addition of 50 uL. of AuNPs, the mixture
solution was diluted to 230 uL by water. Then, 170 uL of
200 mM NaCl was slowly added and shaken sufficiently.
After that, the RLS intensity of the system was measured at
Aem=2573.0 nm, and the excitation and emission slit width
were at 3.0 nm and 5.0 nm, respectively. The decreased RLS
intensity of the system was represented as A/=1I,—1, where /
and [y were the RLS intensities of the system with and without
UO,*, respectively.

Circular dichroism spectra determination

Circular dichroism (CD) spectra of the UO,**-specific DNA
aptamer in the presence and absence of UO,?" in the MES
buffer were measured on a JASCO J-815 circular dichroism
spectrometer at room temperature. It was recorded from
200 nm to 370 nm in 1 mm pathlength cuvettes and averaged
from five scans. The scanning speed was 500 nm per minute.

Polyacrylamide gel electrophoresis and sliver staining

Polyacrylamide gel electrophoresis assays were performed
according to the reference with an appropriate adjustment
[26]. The DNA solution mixed with 6x loading buffer was
analyzed in 16 % polyacrylamide gel (acrylamide/
bisacrylamide, 29:1) at constant voltage of 90 V for
130 min. 1xTBE (pH 8.3) was used as electrophoresis buffer.
After that, the gel was dealt with argentation as follow: firstly,
the gel was fixed via 10 % ethanol for 20 min and rinsed three
times by deionized water. Then, it was stained by 0.2 %
AgNO; away from light and rinsed three times by deionized
water. Finally, it was developed by the mixture solution of 3 %
NaOH and 0.3 % formaldehyde.

Result and discussion
Design strategy and analytical principle
The analytical principle for this strategy can be stated that the

binding of an UApt with target molecule forces the UApt to
undergo a conformational change, which results in the change

of the aggregation and dispersion states of AuNPs along with
a change of RLS intensity of the system. Therefore, the
strategy for designing RLS method can be summarized as
how to transform the conformation change of an UApt to
RLS intensity change of a system in the presence of UO,>".
In order to achieve the mentioned above sensing performance,
we designed a novel UApt for the determination of UO,**. As
shown in Fig. S1 (see Supplementary data), the UApt was
prepared by simply replacing rA in the reported UO,**-
specfic DNAzyme with a deoxyribonucleotide adenosine or
by removing bases at the 3" and 5’ ends in the reported DNA
aptamer for UO,?" [11-13, 23]. The AuNPs was employed as
an RLS probe to indicate a change of RLS intensity of the
system. The UApt (dsDNA) constructed through the hybrid-
ization between DNA1 and DNA2 was stiff and exposed a
negatively charged phosphate backbone. The strong repulsion
between UApt and AuNPs makes their binding negligible,
causing salt-induced aggregation [11]. Upon addition of
U022+, the conformational change of the UApt results in the
change of the states of AuNPs from aggregation to dispersion
states along with a change of RLS intensity of the system
(Scheme 1). Under the optimum experimental conditions, A/
is directly proportional to the concentration of UO,>". There-
by, a novel method was established for the determination of
UO,>" based on a linear relationship between the concentra-
tion of UO,>" and AT of system.

Mechanism of the interaction of aptamer with uranyl

As shown in Fig. 1, the Iz; s of AuNPs-UApt solution was
very high (curve 1). Upon addition of UO,", the RLS inten-
sity of the system at 339 nm and 573 nm gradually decreased
(curves 2—6). Our previous experimental result demonstrated
that the cleavage of substrate strand by DNAzyme in the
presence of UO,”>" resulted in releasing a single stranded
DNA (ssDNA) [16]. To confirm whether the UApt has cata-
lytic activity or not, we carried out a polyacrylamide gel
electrophoresis assay. Interestingly, the experimental results
were opposite to those obtained by an UO,*"-specific
DNAzyme. As shown in Fig. 1 (inset), no cleavage was
observed after addition of UO,*" (lane 4), indicating that the
UApt had no catalytic activity in the presence of UO,>". This
result also prompts us that the UApt might undergo a confor-
mational change in the presence of UO,>", which results in the
change of RLS intensity of the system.

UV-vis spectra were used to testify the presumption men-
tioned above. It can be seen from Fig. 2a that the maximum
absorption peak (Apna.x) of AuNPs oneself was located at
521 nm (curve 1). Upon addition of NaCl, the A, of the
system shifted to 534 nm, and the absorbance of the system
also decreased notably (curve 2), indicating the formation of
aggregates of AuNPs due to salt-induced screening effect [11].
When the UApt was added into the above-mentioned solution,
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the Ao changed from 534 nm to 524 nm, and the absorbance
of the system was increased (curve 3), implying that UApt
probably could interact with AuNPs to result in the dispersion
of AuNPs aggregates partly. The most likely explanation of
this result is that there may be a dynamic balance of a hairpin
structure and a random coil sequence (unfolded single-
stranded DNA) in the UApt -AuNPs-NaCl solution, while
UApt mainly existed in a hairpin structure (dsDNA). It is well
known that the hairpin structure (dsDNA) is much rigider than
the ssDNA and ultimately prevent the exposure of the DNA
bases to the AuNPs. Therefore, it cannot be adsorbed on
AuNPs and lose the ability of protecting the AuNPs, causing
salt-induced aggregation. On the other hand, a little ssSDNA
could be adsorbed onto AuNPs to result in the disassembly of
the AuNPs aggregates, leading to the increase of the absor-
bance at 524 nm. Upon addition of U022+, the value of
absorbance was further increased at 524 nm. According to
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Fig. 1 Resonance light scattering spectra of UApt-AuNPs-UO,>"
System. Cyranyl (x107% M)/(1-6): 0.0, 2.5, 16, 25, 35, 45. Inset:
Polyacrylamide gel electrophoresis. Lane 1: DNAI; Lane 2:
DNA2; Lane 3: DNA1 + DNA2; Lane 4. DNA1 + DNA2 +
U022+; CUApt:2 HM, Curanyl:O~6 HM
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previous reports [11], an increase of the extinction indicates
the melting of the hybridized DNA. Herein, we presumed that
the interaction of the UApt with UO,”" may result in the
disassembly of the AuNPs aggregates due to the
dehybridization of the UApt which was constructed by
DNA1 and DNA2, leading to the increase of the absorbance
at 524 nm.

CD spectra were also used to confirm above mentioned
presumption. As shown in Fig. 2b, the CD spectra of the UApt
in MES buffer alone displayed two positive bands at 214.3 nm
and 272.3 nm due to base stacking, and a negative band at
239.5 nm due to polynucleotide helicity. This result indicates
that UApt mainly existed in a hairpin structure (dsDNA) [27,
28], which is a bulged stem-loop structure with a number of
mismatches (see Supplementary data, Fig. S1). Upon addition
of U022+, the positive band at 214.3 nm shifted to 217.3 nm
along with a decrease of the intensity, indicating the existence
of single stranded DNA (ssDNA) [29]. Whereas the negative
band at 239.5 nm and the positive band at 272.3 showed
minor red shift of 1 nm along with an increase in intensity.
These results suggested that the interaction of UApt with
UO,*" results in the conformational change of UApt, which
was very important to the RLS intensity change of the system.
Based upon above-mentioned phenomena and literatures [11,
12, 20, 27], the mechanism of the assay could be explained as
following: UApt mainly existed in a hairpin structure
(dsDNA). Upon addition of UO,*", the interaction of an UApt
with UO,*" forces the UApt to undergo a conformational
change, which results in the change of the aggregation and
dispersion states of AuNPs along with a change of RLS
intensity of the system. According to previous report [20],
the uranyl (UO,”") ion has a high affinity towards the phos-
phate oxygen of UApt as it is a hard Lewis acid. So, it can
react with UApt to form a complex, and result in the
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disruption of DNA base-pairing interactions by UO,>"/UApt
interactions, that is, the interaction between the uranyl ion and
UApt might result in the dehybridization of the UApt to form
ssDNA, which could be adsorbed onto AuNPs to prevent
them from aggregating in the presence of NaCl, leading to
the decrease of the RLS intensity of the system. Therefore, the
Inis of system decreased gradually with increasing UO,*"
concentration.

Optimization of experimental conditions

In this strategy, the effect of pH on the RLS intensity was
conducted in the pH range of 4.5-6.5 using 10 mM MES. As
shown in Fig. 3a, the RLS intensity was enhanced rapidly in
the pH range of 4.5-5.25, and remained relatively steady in
the pH range of 5.25-5.75, with a maximum value of pH 5.5.

Nnm NMnm

Besides, the RLS intensity of the system decreased rapidly in
the pH range of 5.75-6.50. The most likely explanation of
such experimental result might be that pH influences the
uranyl ion speciation in solution, and an uranyl species was
produced at pH 5.5, which is the most effective species for
carrying out the reaction. When pH values are higher than 5.5,
hydrolyzed species such as UO,(OH)" start to dominate [20].
At pH>7, a sediment of uranyl can be observed, which was
also unfavorable for the interaction of UO,*" with UApt.
Therefore, MES buffer solution of pH 5.5 was selected for
controlling the acidity of the solution.

The influence of the adding volumes of AuNPs on the RLS
intensity of the system was also studied in the range of 40~
60 L. The results showed that the RLS intensity was remark-
ably enhanced in the range of 40~50 uL, with a maximum
value of 50 uL, and decreased in the range of 50~60 pL

Fig. 3 Effects of pH (a), AuNPs 160 4
a 200 -
volumes (b) and temperature (c) S b
on A[RLS- a CumnyI:O~25 |J.M 120 - » . 160 | .
b curanylz()‘5 0 }J'M ¢ Curanyl = / \
0.10 uM ]
& 80 d \ . 120
q [
= 80
404 - < —
40 - gl
0 ] -
0
4.5 5.0 5.5 6.0 6.5 40 45 50 55 60
pH AuNPs Volume / (uL)
150 4
Cc
120 4
(] 90+ -\l
Z
g - \
30 SN~——,
0 . - : - )
10 20 30 40 50 60

Temperature /(°C)

@ Springer



1358

B. Zhou et al.

(Fig. 3b). The reason may be that the interaction between the
uranyl ion and UApt might result in the dehybridization of the
UApt to form ssDNA. The resulting ssDNA can easily be
adsorbed on AuNPs and enhance electrostatic repulsion be-
tween AuNPs, which in turn stabilizes AuNPs even in the
presence of high salt concentration. With the increase of the
concentration of AuNPs, the number of ssDNA on each
AuNPs is reduced accordingly [30], that is, the ssDNA den-
sities on each AuNPs were decreased. This causes salt-
induced aggregation, resulting in the increase of the RLS
intensity of the system with uranyl ions. Therefore, the A/
value of the system was decreased. So, 50 uL of AuNPs was
chosen for the further experiment.

The effect of temperature on RLS intensity of the
system was examined every 10 °C in the range of 15—
55 °C. The experimental results indicated that the RLS
intensity of the system remained relatively stable in the
range of 15-25 °C, and decreased gradually with increas-
ing temperature in the range of 25-55 °C (Fig. 3¢). The
possible reason may be that a higher incubation tempera-
ture resulted in the heat denaturation of the DNA duplex
to form ssDNA, which can be adsorbed on AuNPs via the
stronger coordination interaction between the N atoms of
the ssDNA and the AuNPs to protect the AuNPs from
salt-induced aggregation, leading to decreasing the blank
value of the system. Therefore, the AI values of the
system decreased accordingly. So, the experiments were
carried out at room temperature.

Selectivity of the resonance light scattering method

The effect of the potentially interfering ions on the
determination of uranyl was investigated by analyzing
synthetic sample solutions containing 50 nM UO,*",
where a series of metal ions such as Zn>*, Cd*', Pb*",
Ca®', Fe**, Fe**, Mn?", Hg*>", K' and inorganic anions
including PO,*>", H,PO, , HPO,*> had been added. The
allowable quantities of the potentially interfering ions
were defined as an error not more than +3 %. The
experiment results demonstrated that 800 times of K",
500 times of PO4>", 400 times of Zn>" and H,PO,
200 times of Hg®", 100 times of Cd** and Mn**, 80
times of Ca®’, 50 times of Fe?" and Pb>", 30 times of
Fe3+, 20 times of HPO427 do not interfere with deter-
mination. It was observed that a lot of metal cations and
inorganic anions may be tolerated at high concentration.
So the selectivity of the proposed method was better
than other methods such as catalytic beacon [12].

Analytical parameters

Under the optimal condition, the sensitivity of the method was
investigated. Fig. S2 (see Supplementary data) shows a good
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linear correlation (#=0.9889) between the A/ value and the
concentration of UO,”" ion over the range of 22 to 550 nM,
and the limit of detection was 6.7 nM for UO,>" calculated by
the equation LOD=3S,/m, where S, is the standard deviation
of the blank measurements (»=11) and m is the slope of the
calibration graph. The detection limit of this method is below
the maximum contamination level of 1.30x 10”7 M for urani-
um in drinking water defined by the U.S. Environmental
Protection Agency. The equation of linear regression was
Aljis=70.9+4.10 ¢ (<10~ M).

Analysis of uranyl in real samples

To investigate whether this method was applicable to natural
samples, seven samples were collected from the locations near
an uranium mine, including the uranium ore leaching solution,
the surface water of an uranium mine, and the pond water near
an uranium mine, and the Xiangjiang river near the outlet of
an uranium mine factory. The high concentrations of samples
1 and 2 were diluted for 1,000 and 500 times by ultra-pure
water, respectively. The low concentrations of samples 3 to 7
were preconcentrated for ten times. All samples were filtrated,
and then tested by the developed strategy. Recovery test was
carried out by adding a known amount of UO,>" ions to
samples, and the results were shown in Table 1. The results
gained from both this strategy and the DNAzyme-based meth-
od [16] were statistically analyzed using the Student #-test,
which do not exceed the theoretical value at 95 % confidence
level, indicating no statistically difference between the two
methods. It is obvious that the developed method for UO,*"
detection was reliable, practical, and economical in its
operation.

Comparison of this strategy with other methods

In this work, we achieve an unlabeled strategy for RLS
detection of UO," ions using UApt as recognition element.
Compared with the method based on labeled DNAzyme sys-
tem [12, 16, 21, 19] and free-labeled nanogold catalytic meth-
od [14], this strategy has several excellent features. Firstly, all
the solutions used in experiment do not need treating by
DEPC owing to use of nuclease-resistant UApt. In addition,
the assay does not involve any chemical modification of
DNA. Thus, the assay is obviously more convenient and
economical than the other methods with DNAzymes or
aptamer labeled by AuNPs or fluorophore [16, 25]. Second,
the synthesis of UApt without a ribonucleotide adenosine (rA)
is easier than that of DNAzymes, which also decreases largely
the experimental cost. Compared with inductively coupled
plasma-mass spectrometry (ICP-MS) or atomic emission
spectrometry (AES) [6, 31], our method without tedious pro-
cedure or the requirement of sophisticated equipment, is also
more convenient and economical. Furthermore, as shown in
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Table 1 Analytical results of the samples by UApt RLS and labeled DNAzyme methods (n=6)

Samples® Method Found (M) RSD (%) Added (M) Total found (M) Recovery (%) t

1 A® 6.34x107% 211 20%10°% 8.35x10°% 100.5 1.33
B® 6.26x107% 1.35 20x10°% 8.33x10°% 103.5

2 A 230x10°% 3.70 20x10°% 421x10°8 95.5 1.97
B 2.42x107% 2.03 20x10°% 438x10°% 98.0

3 A 3.83x1078¢ 1.35 20x10°% 5.90x1078 103.5 1.34
B 3.87x107% 3.08 2.0%1078 5.84x1078 98.5

4 A 3.55x107% 2.44 40x10°% 7.47%x10°8 98.0 0.79
B 3.64x10 8¢ 3.50 40x10°% 7.42x10°8 94.5

5 A 3.32x10°%¢ 1.78 6.0x10°% 9.19x10°8 97.8 1.75
B 3.39x10 8¢ 2.64 6.0x10°% 9.24x10°8 97.5

6 A 3.80x1078¢ 2.89 8.0x10°% 1.21x1077 104.0 1.05
B 3.82x10°8¢ 4.09 8.0x10°% 1.17x1077 98.5

7 A 3.76x10°8¢ 1.55 1.0x1077 1.34x1077 96.4 1.83
B 3.80x107%¢ 2.52 1.0x1077 1.35x1077 97.0

Theoretical # (5, 95 %)=2.571

#Sample 1: uranium ore leaching solution; sample 2: surface water of an uranium mine factory; sample 3: the north pond of an uranium mine factory;
samples 4 and 5: the west pond of an uranium mine factory; sample 6 and 7: the Xiangjiang river near the outlet of an uranium mine factory

® A and B denote to UApt-based RLS method and labeled DNAzyme method, respectively
¢ The results obtained by diluting samples 1 and 2 using ultra-pure water for 1,000 and 100 times, respectively

9 The results obtained by preconcentrating samples 3—7 for 10 times, respectively

Table S1 (see Supplementary data), this assay has a lower
detection limit of 6.7 nM, which is better than other methods
such as capillary zone electrophoresis [9], time-resolved laser
fluorescence spectroscopy [8], chelating polymeric sorbent-
spectrophotometry [32], and UV—vis [33]. Finally, as a sub-
stitute, UApt is the other functional DNA molecule for sens-
ing UO,>", which was demonstrated to be able to overcome
the drawback of instability of the DNAzymes owing to the
nuclease-resistant characteristic of UApt. Therefore, this strat-
egy can be expected to expand to other DNAzymes by simply
replacing ribonucleotides in the DNAzymes with deoxyribo-
nucleotides, and provide a highly sensitive platform for the
analysis of various target molecules.

Conclusions

In summary, we have developed a rapid, label-free, selective
and sensitive method for the detection of U022+, using the
UO,>" specific nuclease-resistant DNA aptamer as recogni-
tion element for the first time. This reliable sensing platform
abrogates the tedious and painstaking procedures, and does
not need any chemical modification of DNA probe and so-
phisticated equipment, thus decreasing largely the experimen-
tal cost and simplifying experimental procedure. This work
has been successfully applied for detecting UO,>" in real
samples with a satisfactory result. In addition, the mechanism
of the interaction of UApt with UO,>" was investigated by

polyacrylamide gel electrophoresis, CD, and UV—vis spectra,
which is benefit to extend the application of UApt.
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