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Here, we report a catalytic beacon sensor for uranyl (UO3") based
on an in vitro-selected UO3*-specific DNAzyme. The sensor consists
of a DNA enzyme strand with a 3’ quencher and a DNA substrate
with a ribonucleotide adenosine (rA) in the middle and a fluoro-
phore and a quencher at the 5’ and 3’ ends, respectively. The
presence of UOZ™ causes catalytic cleavage of the DNA substrate
strand at the rA position and release of the fluorophore and thus
dramatic increase of fluorescence intensity. The sensor has a
detection limit of 11 parts per trillion (45 pM), a dynamic range up
to 400 nM, and selectivity of >1-million-fold over other metal ions.
The most interfering metal ion, Th(IV), interacts with the fluores-
cein fluorophore, causing slightly enhanced fluorescence inten-
sity, with an apparent dissociation constant of ~230 pM. This
sensor rivals the most sensitive analytical instruments for uranium
detection, and its application in detecting uranium in contaminated
soil samples is also demonstrated. This work shows that simple,
cost-effective, and portable metal sensors can be obtained with
similar sensitivity and selectivity as much more expensive and
sophisticated analytical instruments. Such a sensor will play an
important role in environmental remediation of radionuclides such
as uranium.
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D esigning sensors that rival the most sensitive and selective
analytical instrument has been a grand challenge for a long
time. This challenge is especially imposing for metal sensing
(1-5), because many metal ions are very similar and sometimes
even identical in charge, ionic radius, and other properties,
making them difficult to detect at ultra-low concentrations with
no interference by other metal ions. Meeting such a challenge is
critical in advancing a number of fields including chemistry,
biology, environmental engineering, and medicine. A primary
example is sensing of uranium, which is a naturally occurring
radionuclide that exists ubiquitously in the environment (6). In
the past half-century, uranium has been significantly enriched
and widely used in nuclear power plants, missiles, and nuclear
weapons, and its usage is likely to grow as an important energy
source. A method for simple, fast, on-site, and real-time detec-
tion and quantification of uranium will be helpful in environ-
mental remediation and minimization of uranium exposure to
humans and related adverse health effects, such as radiation and
kidney damage, because enriched uranium has been or has the
potential to be released into the environment in different parts
of the world. Assessment of uranium contamination problems
and monitoring the effectiveness of uranium remediation (7-12)
require a simple and portable sensing method with high spatial
and temporal resolution.

The uranyl ion (UO3") is the most stable chemical form of
uranium in water and is therefore highly bioavailable to pose the
greatest risk to human health (13, 14). Current uranium detec-
tion relies mainly on instrumental analysis methods, which are
based on intrinsic physical properties of the element, such as
atomic absorption (15), emission (16), phosphorescence (17, 18),
mass (19), or redox potential (20). Most instrumental analysis
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methods detect only total uranium with poor portability. Being
very sensitive, the costs and sophisticated operation procedures
of instruments keep uranium detection mostly in well equipped
analytical laboratories. Therefore, although on-site and real-
time detection of uranium is difficult (21), it is also the most
desirable for assessing uranium contamination problems and the
effectiveness of remediation strategies. Chemical and biological
sensors for UO§+, although available, cannot match the above
instrumental analysis methods in sensitivity or selectivity (22—
26). Perhaps the most challenging aspect of this sensor design is
selectivity over Th(IV), because Th(IV) almost always coexists
with uranium. Because of the similar chemical and physical
properties of the two actinides, most sensors, and even some
analytical instruments [e.g., inductively coupled plasma atomic
emission spectroscopy (ICP-AES)] can hardly distinguish be-
tween the two metals.

We are interested in finding a new alternative method to
design highly sensitive and selective sensors for UO3", and we
chose to use DNAzymes, because they are a promising metal
sensing platform. DNA is known to most people as a genetic
material to carry and pass heritable information from one
generation to the next. In 1994, DNA was first shown to have
catalytic activities (27), and such catalytically active DNA are
called “DNAzymes” in this work (also known as catalytic DNA,
DNA enzymes, or deoxyribozymes elsewhere). To date, no
naturally occurring DNAzymes have been identified, and all
known DNAzymes have been isolated with a combinatorial
biology method called in vitro selection in the laboratory (28—
32). Most DNAzymes require metal ion cofactors for structure
and function, and many DNAzymes show high metal-binding
affinity and specificity (33-38). For example, the 8-17 DNAzyme
can be activated by a trace amount of Pb?>* (39), and it has been
transformed into sensors for Pb>* (39-42). Despite the initial
success, no metal sensor has reached the detection limit and
selectivity of instrumental analysis. Here, we report a
DNAzyme-based catalytic beacon that can detect UO3" in <2
min at ambient temperatures with 11 parts-per-trillion (45 pM)
sensitivity and >1-million-fold selectivity over any other metal
ions. Practical application of the sensor in detecting uranium in
contaminated soil samples is also demonstrated.
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Fig.1. Invitroselection ofa UO3"

-specific DNAzyme. (A) The sequence of the DNA pool used for the selection, which contained a 50-nucleotide random region

(N50) and a cleavage site (rA). (B) Scheme of the selection procedure. (C) The sequence of clone 39 before truncation. P1-P4 are listed from 5’ to 3'.

Results and Discussion

To search for DNAzymes specific for UO%+, in vitro selections
with UO3" as a metal cofactor were carried out. The DNA pool
contained a 50-nucleotide random region (N50 in Fig. 14)
flanked by two constant regions (in blue and black). In the
middle of this DNA strand, a ribo-adenosine (rA) was intro-
duced to serve as the putative cleavage site for in vitro selection,
because a ribonucleotide is ~100,000 fold more susceptible to
hydrolytic cleavage than a deoxyribonucleotide. The selection
scheme is presented in Fig. 1B, and a total of four primers were
used in two polymerase chain reactions (PCR). In the first PCR,
P2 and P1 were used to generate a full-length pool; in the second
PCR, rA was introduced through P3. P4 contained a PEG spacer
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(Spacer-18; denoted as a red dot) that was incorporated into the
negative strand without rA. The purpose of the spacer was to
stop the PCR extension (43). As a result, two strands of unequal
lengths were produced, and the positive strand was purified by
denaturing PAGE. UO3" was added to search for DNAzymes
that can perform the self-cleavage reaction, and the cleaved
products were separated by PAGE to seed the next round of
selection. Initially, 5 mM UO3" with a 5 h reaction time was used,
which gradually decreased to 0.1 mM and 15 min in round 11.
The round 10 pool was cloned, and 86 sequences were obtained
(see supporting information (SI) Fig. 6). After performing
activity assays on individual clones, clone 39 was chosen for
uranium sensing. The secondary structure of clone 39 predicted
by Mfold (44) is re-drawn in Fig. 1C. The N50 region is shown
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Fig.2. Design of a catalytic beacon to detect UO3™. (A) The secondary structure of an in vitro-selected DNAzyme specific to UO3", which contains a substrate

(39S) and an enzyme (39E). (B) Secondary structure of a Pb2*-specific DNAzyme composed of asubstrate (17S) and an enzyme (17E). (C) Design of a catalytic beacon
with a fluorophore and two quenchers. Cleavage of the substrate in the presence of UO3™ enhances the fluorescence. (D) Fluorescence signal in the absence and
presence of 400 nM UO% after 10 min. (E) Biochemical assay of the 39E DNAzyme. Lane 1, substrate alone with 1 uM UOZ+, lanes 2-7: time 0 (no UO 1,2,
5, 10, and 30 min after addition of 200 nM UO2" to the DNAzyme. The upper and lower bands are uncleaved and cleaved substrates, respectively. (F) A sensor
array containing both the UO3* and Pb2* sensors. The analytes (0.4 uM UO2%" and/or 2 uM Pb2*, or none) added to each well are indicated at the top of the figure.
The Pb2* sensor was in Tris acetate buffer (pH 8.2) with 100 mM NaCl, whereas the UO2™ sensor was in Mes buffer (pH 5.5) with 300 mM NaCl. The image was
scanned 10 min after addition of metal ions.
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in green. After truncation and rational design of substrate
binding sequences, a transcleavage DNAzyme was constructed
(Fig. 24). The strand that contains rA is the substrate (39S), and
the other strand is the enzyme (39E). In the presence of UO3",
39S is cleaved by 39E and breaks into two fragments.

To signal the reaction, a catalytic beacon was constructed by
labeling a fluorophore (6-carboxylfluorescein or FAM) and a
quencher (Black Hole Quencher-1) at the 5’ and 3’ ends of 39S,
respectively. A second quencher was linked to the 3’ end of 39E
(Fig. 2C). The dual quencher method was used to minimize
background fluorescence resulting from incomplete hybridiza-
tion (45). When the fluorescently modified 39S and 39E were
hybridized, the fluorescence signal was low because of the
proximity between the fluorophore and quencher (Fig. 2D,
dashed curve). Upon addition of UO3", the emission increased
>15 times (solid curve), which was attributable to the release of
the FAM-labeled fragment after cleavage. The signal generation
mechanism is similar to that of molecular beacons (46), except
that a catalytic reaction is involved, benefiting from enzymatic
turnovers for signal amplification, and is thus termed a catalytic
beacon (42).

To confirm that the observed fluorescence increase was due
to DNAzyme-catalyzed cleavage, several gel-based assays were
performed (Fig. 2F). For this study, 39S was labeled only with
a FAM on the 5’ end (no quencher) to eliminate artifacts
associated from quenching. The first lane contained only the
substrate 39S and 1 uM UO3", and no cleavage was observed.
Similarly, no cleava%e was observed for the 39S/39E complex in
the absence of UO3" (lane 2). Upon addition of UO3" (200 nM)
to the 39S/39E DNAzyme (2 uM), the cleavage band intensity
started to increase with time (lanes 3-7). This experiment shows
that the increased fluorescence was indeed due to DNAzyme-
catalyzed cleavage with U02 as a cofactor. Because the
DNAzyme was in excess in the experiment, the experiment
showed the multiple turnover property of UO3". From the gel,
it was calculated that each uranyl ion turned over two DNAzyme
cleavage reactionsin 1 m1n With very high fluorescence increase
in the presence of UO3™, the system can be used as a fluorescent
sensor for UO3".

To test the performance of the sensor, the k1net1cs of fluo-
rescence increase in the presence of Vary1ng U02 concentra-
tions was monitored (Fig. 34). The y axis is fluorescence
enhancement over background fluorescence before addition of

UO3". A hrgher rate of fluorescence increase was observed w1th
a hlgher UO3" level. The responses of the sensor to low UO
concentrations are shown in Fig. 34 Inset. To quantify UO3", the
initial rate of fluorescence increase was calculated and plotted in
Fig. 3B. The rate increased with UO3" concentration until
saturation at 400 nM. An apparent dissociation constant of 97
nM was obtained by fitting the curve to binding of one UO3™.
There is a l1near relationship between fluorescence enhance-
ment and UO3" concentration until 20 nM (Fig. 3B Inset), and
the detection limit was determined to be 11 parts per trillion or
45 pM (3o7slope). The quench1ng of FAM by UO3" was insig-
nificant when the UO3" concentration was <2 um (see also SI
Fig. 7).

The sensitivity of this sensor rivals those achieved by the most
sensitive analytical instruments (see SI Table 1). The U.S.
Environmental Protection Agency (EPA) defined the toxic
UO3" level in drinking water to be 130 nM, which is well within
the sensor dynamic range. The ultrahigh sensitivity was attrib-
utable to several factors associated with the catalytic beacon-
based sensing strategy. First, the DNAzyme itself binds UO3*
very strongly. To the best of our knowledge, a drssoc1at10n
constant of 97 nM represents the highest metal affinity for
nucleic acids. Second, the sensor design allows very low back-
ground fluorescence or background variation. Low background
offers high signal increases (high slope), whereas low back-
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Fig.3. Sensitivity of the catalytic beacon-based UO3" sensor. (A) Kinetics of
fluorescence increase over background fluorescence at varying UO%* concen-
trations. The DNAzyme sensor concentration was 60 nM, and the buffer
contained 50 mM Mes (pH 5.5) and 300 mM NaNOs. (Inset) Sensor responses
to low concentrations of UO3 2% (B) Plot of the initial rate of fluorescence
enhancement vs. UO concentration. (Inset) Low UOZ concentration range
with linear responses.

2000

ground variation gives low noise (small standard variation).
Third, and probably most unique, the signal can be amplified
through catalytic turnovers. Each UO3" can react with multiple
catalytic beacons and thus drives the sensitivity up. Because the
DNAzyme concentration was lower in the sensor (60 nM)
compared to that used in the gel- based assay (2 uM; see Fig. 2E),
the turnover number for each UO3" is smaller. For example,
with 10 nM UO3", each UO3" turned over approximately two
catalytic beacons in the 8-min time window monitored, whereas
in the gel-based assay, each UO3" turned over twice every
minute. Therefore, to further increase sensitivity, higher con-
centrations of the catalytic beacon can be used. The catalytic rate
of the DNAzyme is fast (=1 min~!), which gives quick sensor
response. As can be observed in Fig. 34, detection can be
accomplished in <2 min.

To test the selectivity of the sensor for UO3" vs. other metal
ions, the sensor response to 19 competing metal salts at con-
centrations of 10 uM, 200 uM, and 1 mM was tested. Most
metals induced little fluorescence change (see SI Fig. 8 for
original kinetic traces), whereas some metals induced strong
quenching to FAM, such as Cu?*, Fe?*, Fe’*, Hg?*, and Tb3*.
Similarly, the rate of fluorescence change was calculated. To
eliminate artifacts associated with initial quenching, the first
three data points were omitted. As shown in Fig. 4, at all three
concentrations, none of the metals [except Th(IV)] showed a
response higher than that of 1 nM UO3". Some Th(IV)-
dependent fluorescence increase was observed. However, gel-
based assays showed no Th(IV)-dependent cleavage even with 1
mM Th(IV) (Fig. 4 Inset). In a control experiment where a
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Selectivity of the catalytic beacon-based UO3" sensor. Sensor responses to all competing metal ions at three concentrations (10 1M, 200 M, and 1 mM)

were tested. (Left Inset) The kinetics of fluorescence enhancement in the presence of 1 mM Th(IV) by the sensor (blue curve), a noncleavable control (red curve),
and the sensor in the presence of 10 nM UO3™ (green curve). (Right Inset) Gel-based cleavage assay of the DNAzyme by 10 4M (lane 1), 200 uM (lane 2), 1 mM

Th(IV) (lane 3), and 1.7 uM UO%+ (lane 4). The reaction time was 10 min.

noncleavable FAM-labeled DNA was used, similar fluorescence
increase was observed in the presence of Th(IV) (Fig. 4 Inset).

In a further control experiment, fluorescein alone without any
DNA attached to it was titrated with Th(IV), and increased
emission was also observed (see SI Fig. 9). An apparent disso-
ciation constant of ~230 uM was obtained by fitting the data. To
understand the nature of Th(IV) and fluorescein interactions,
the emission spectra of fluorescein in the presence or absence of
1 mM Th(IV) were collected, and a shift in the spectra was
observed, suggesting specific metal/fluorophore interactions
that changed the emission property of fluorescein. Because
Th(IV) is the only stable form of thorium in solution, it is
unlikely for redox reactions to occur. At pH 5.5, fluorescein is
present as a mixture of monoanionic and neutral forms, and the
anion form could interact with the highly charged Th(IV) to
form a complex. Therefore, the change in fluorescence by
Th(IV) was attributed to Th(IV) interacting with the fluoro-
phore instead of cleavage. Unlike UO3"-dependent fluores-
cence enhancement, the fluorescence increase was <1-fold in
the presence of Th(IV), which can be used to distinguish
between the two metals. The highest concentration of competing
metal tested was 1 mM. Therefore, the selectivity of the sensor
for UO3" is at least 1-million-fold higher compared to Th(IV)
or any other metal ions. The DNAzyme sensor described here
relies on both binding and cleavage activity of metal ions for
sensing. Results obtained so far cannot rule out the possibility
that other cations can bind to the DNAzyme sensors. In all
gel-based biochemical assays performed up to now, however,
cleavage activity was observed only in the presence of UO3" but
not other metal ions, which further confirmed that the high
selectivity of the sensor was indeed due to the high selectivity of
the DNAzyme instead of artifacts.

With the ultrahigh sensitivity and selectivity of the sensor, we
further tested the application of the sensor in contaminated soil
samples from the Field Research Center of Environmental
Remediation Science Program (Office of Science) at the De-
partment of Energy Y-12 National Security Complex in Oak
Ridge, TN. Samples from three different locations were tested.
UO3" was extracted from ~1.9 g of soil by a 20-ml mixture of
0.25 M NaHCOs; and 0.25 M Na,COs at room temperature in air
for 20 h according to an established protocol (13). The extracted
solution was filtered through a 0.2-um filter. The DNAzyme
sensor responses to these extracted solutions (after diluting 300
times) are shown in Fig. 5. Soil no. 1 contained no uranium,
whereas soil no. 3 contained the highest amount of uranium. The
UO3" concentrations calculated from the sensor response are
comparable with those obtained from ICP within 20% difference
(Fig. 5 Inset).

Liu et al.

We previously reported fluorescent Pb2* sensors based on an
in vitro selected Pb?*-specific DNAzyme (Fig. 2B). The second-
ary structures of the two DNAzymes show great similarities: both
are transcleaving enzymes with the catalytic core flanked by two
substrate recognition arms. Such similarities allow a general
sensor design to be applied to both DNAzymes. For example, we
also attached fluorophore and quenchers in the same way as
shown in Fig. 2C to the Pb?*-specific DNAzyme, and a small
sensor array was prepared with the UO3™ sensor in the upper row
and the Pb?* sensor in the lower row (Fig. 2F). After addition
of metal ions, the sensors lit up only in the presence of the
cognate target, whereas no cross-reaction or inhibition was
observed. Because DNAzymes specific for many other metal
ions can be obtained by in vitro selection, the same signal
transduction methodology can be applied to conveniently con-
struct sensor arrays to detect and quantify many metal ions
simultaneously.

In summary, we have obtained a UO§+-specific DNAzyme
and demonstrated a highly sensitive and selective UO3" sensor
based on the DNAzyme. With a detection limit (45 pM) ap-
proaching those of the most sensitive instruments, and with
>1-million-fold selectivity over other metal ions (better than
instruments such as ICP-AES), the sensor can be a simple
portable alternative to instrument analysis. It shows that the
DNAzyme sensing platform has an enormous potential for
detection and quantification of many metal ions. With wide
availability of portable fluorometers, such a highly sensitive and
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Fig. 5. Detection and quantification of uranium in contaminated soil sam-
ples. Three soil samples (1, 2, and 3) were extracted and tested. The three
kinetics curves are the responses of the sensor to extracted solutions diluted
300-fold. (Inset) The results from the sensor were compared with those from
ICP-MS. Error bars indicate variations from three sensor measurements.
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selective UO3" sensor will find wide applications in on-site and
real-time environmental monitoring.

Materials and Methods

Materials. all DNA samples were purchased from Integrated
DNA Technologies (Coralville, IA) and were purified by HPLC.
For the uranium sensor, Black Hole Quencher-1 quenchers
(structure not available because it is proprietary information
from the commercial vendor) were used; for the lead sensor, the
quencher on the enzyme strand is a Dabcyl, and the quencher on
the substrate is a Black Hole Quencher-1. Uranium acetate
dihydrate was purchased from Fisher Scientific (Hampton, NH)
and was dissolved to make a 50 mM stock solution in water or
in 100 mM sodium citrate. Subsequent dilutions were all made
in water.

In Vitro Selection. The sequences of the template and primers are
shown in Fig. 14. The initial selection pool was generated
through template-directed extension followed by PCR amplifi-
cation. The extension was carried out with 200 pmol of DNA
template and 400 pmol of primer P3 in 20 X 100-ul reaction
mixtures for seven thermal cycles (1 min each at 92°C, 52°C, and
72°C). The reaction buffer also included 0.05 units/ul TagDNA
polymerase (from Invitrogen, Carlsbad, CA), 1.5 mM MgCl,, 50
mM KCI, 10 mM Tris-HCI (pH 8.3 at 25°C), 0.01% gelatin, and
0.2 mM each dNTP. After seven cycles of extension, 1 nmol each
of P3 and P4 were added to the reaction mixtures for seven
additional amplification cycles. The PCR products were gel
purified, precipitated with ethanol, and dissolved in 100 ul of
buffer (50 mM Mes, pH 5.5, and 250 mM NaNOs3). The uranyl
acetate stock solution was made in a 2X sodium citrate solution.
Eleven rounds of selection were carried out, and the metal ion
concentration was gradually decreased from 5 mM to 100 uM
UO3". The reaction time was decreased from 5 h to 15 min. An
internal 32P label was incorporated into the PCR product after
each round, and the size of the PCR product was checked by
running the PCR product mixture next to standard DNA mark-
ers of the same size as the PCR product and the cleavage product
on a polyacrylamide gel. The bands were then visualized by
autoradiography and cut out to purify the DNA. The round 10
DNA pool was then cloned by using the TA-TOPO Cloning Kit
(Invitrogen). The vector was transformed into Escherichia coli
competent cells through heat-shock. DNA was extracted from
cells containing the vector by using miniprep kits (Promega,
Madison, WI) and eluted into nanopure water. The concentra-
tions of 86 randomly selected clones were determined by mea-
suring A»60 (1 A260 = 50 ng/pl double-stranded DNA). All of the
clones were then diluted to a concentration of ~140 ng/ul and
were submitted to the W. M. Keck Center at the University of
Illinois for sequencing. Sequences were analyzed by using the
Chromas software package (Technelysium Pty, Ltd., Helensville,
Queensland, Australia), and sequence alignments were per-
formed by using the program MultAlin (47).

Sensor Preparation and Uranyl Detection. A total of 60 nM FQ-39S
and 60 nM Q-39E (see Fig. 2C) were annealed in a buffer
containing 300 mM NaNO3 and 50 mM Mes (pH 5.5) by warming
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the solution to 70°C for 2 min and subsequently cooling to 20°C
in 1 h. The volume for the annealing was 3 ml, and 500 ul of the
above prepared sensor was transferred to a quartz cuvette with
a 0.5 cm path length on each side. The cuvette was placed in a
fluorometer (FluoroMax-P; Horiba Jobin Yvon, Edison, NJ)
thermostated at 20°C. The excitation was set at 490 nm and
emission at 520 nm was monitored at 12-s intervals. After the
initial reading, the cuvette was taken out, and a small volume of
concentrated metal solution was added to initiate the cleavage
reaction. After vortexing, the cuvette was put back into the
fluorometer to continue the kinetics measurement. Other metal
salts used included the following: AgNO3, MgCl,, CaCl,, SrCl,
BaClz, VOSO4, MH(OAC)z, FC(NH4)2(SO4)2, FCC13, COClz,
NiClz, CuClz, Zl’lClz, Cd(ClO4)2, Hg(ClO4)2, Pb(NO3)2, TbCl3,
EuCl3, and Th(NO3)4

Gel-Based Activity Assay. Two micromolar 5'-FAM, singly labeled
39S, and nonmodified 39E were annealed in 300 mM NaNOj and
50 mM Mes (pH 5.5). After taking a 5-ul aliquot out as a zero
time point, UO3" was added to a final concentration of 200 nM
to the remaining solution, and aliquots were taken out at
designated time points and quenched with a solution containing
90% tormamide, 1 mM EDTA, and 50 mM Tris acetate (pH 8.5).
The zero time point sample was mixed with the quenching
solution at the end of the experiment to see the effect in the
absence of UO3". A sample containing only the substrate and 1
uM UO3" was also prepared. The cleaved and uncleaved
substrates were separated by 20% PAGE, and the gel was
analyzed by a fluorescence imager (FLA-3000G; Fuji, Tokyo,
Japan) by exciting at 473 nm.

Detection and Quantification of UO3* in Field Samples. Approxi-
mately 1.9 g of soil samples from three different locations were
weighed. The samples were placed in a beaker, and 10 ml of 0.5
M Na,CO;5 and 10 ml of 0.5 M NaHCOs3; were added to extract
UO3" for 20 h in air. The extraction solution was collected by
filtering through a 0.2-um filter. The solutions were sent to
ICP-MS (microanalysis laboratory, University of Illinois) for
uranium content analysis and were also tested by the catalytic
beacon-based sensor. A total of 100 ul of the extracted solution
was transferred to a tube, and 200 ul of 2% HNOj; was added to
react with the carbonate and bicarbonate species in solution. The
solution was then mixed with an equal volume of 500 mM Mes
to adjust the pH to 5.5. Ten microliters of this solution from
samples 1 and 2, or 2 ul of this solution from sample 3 was added
to 500 ul of sensor. To quantify the UO3" concentration, a singzle
point standard addition method was used. Two and 5 uM UQO5 ™"
were spiked into the initial 100 ul of extracted solutions for soil
samples 2 and 3, respectively. Other procedures for sensing were
the same. The UO3" content from soil sample 1 was estimated
to be zero from the standard curve, because the soil was not
contaminated.
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