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ABSTRACT: Uranyl (UO,**) is a form of uranium in H0:

aqueous solution that represents the greatest risk to human
health because of its bioavailability. Different sensing
techniques have been used with very sensitive detection limits
especially the recently reported uranyl-specific DNAzymes
systems. However, to the best of our knowledge, few efficient
detection methods have been reported for uranyl sensing in
seawater. Herein, gold nanoclusters (AuNCs) are employed in
an efficient spectroscopic method to detect uranyl ion (UO,*")
with a detection limit of 1.86 uM. In the absence of UO,*, the
BSA-stabilized AuNCs (BSA-AuNCs) showed an intrinsic
peroxidase-like activity. In the presence of UO,>, this activity
can be efficiently restrained. The preliminary quenching
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mechanism and selectivity of UO,*" was also investigated and compared with other ions. This design strategy could be useful
in understanding the binding affinity of protein-stabilized AuNCs to UO,*" and consequently prompt the recycling of UO,*

from seawater.
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B INTRODUCTION

Uranium represents an important source of nuclear-energy fuel.
Since the direct disposal of spent fuel in a nuclear waste
repository can contaminate the groundwater and seawater, the
assessment of water contamination is a crucial environmental
concern. Uranyl (UO,**) represents the most stable uranium
ion in aerobic environments and is considered as a highly toxic
carcinogen.' ~ Desalination of seawater is the major source of
portable and drinking water in many countries including saudi
arabia. Therefore, it is of high importance to detect the uranyl
level in biological fluids and natural water. So far, extensive
detection methods for uranyl have been reported including
atomic absorption spectrometry,* phosphorescence,” induc-
tively coupled plasma mass spectrometry,®” and Raman
spectroscopy.” Colorimetric detection using nanoparticles
offers a straightforward method to detect contaminants by
the naked eye.” '* Recent reports have utilized uranyl-specific
DNAzymes on the surface of gold nanoparticles as efficient
uranyl sensors.”>~'® Although these systems have impressive
detection levels, they are limited by the complicated DNAzyme
fabrication. Thus, it is still of continued interest and great
importance to explore simple and efficient detecting approaches
for uranium, especially in seawater where many uranyl ion
complexes can be present.

Recently, the intrinsic enzyme-like activity of nanomaterials
has become a growing area of interest in specific and sensitive
biomolecular and heavy metal detection. Several kinds of
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nanomaterials, such as Fe;O, nanoparticles,””
121 22

oxide,” carbon nanotubes,

graphene
gold nanoparticles,”
nanoparticles,** carbon nanodots,”® graphitic carbon nitride
nanosheets,26 and TiO, nanotube arrays,27 etc., have been
established as highly stable and low-cost alternatives to natural
enzymes, which could directly catalyze the oxidation of the
corresponding substrates to achieve visual detections.

Metal nanoclusters (NCs), with a core size below 2 nm, have
been recently investigated for their highly intrinsic peroxidase-
like activity. Possessing molecule-like properties, protein
templated gold nanoclusters have shown promise for diverse

silver

applications such as sensing, bioimaging, and also in cancer
therapy.”*>® Compared to previous reports on nanomaterial-
based peroxidase mimetics, the efficient utilization of bovine
serum albumin-stabilized gold NCs (BSA-AuNCs) in bio-
analysis relies on their ultrasmall size, excellent stability, and
biocompatibility in aqueous solution.>’ > Inspired by these
reports and in continuation with our research interest in the
application of AuNCs, we investigated the intrinsic peroxidase-
like activity of AuNCs toward uranyl. Herein, we developed a
simple, reliable, and selective colorimetric sensing technique of
uranyl by utilizing BSA-AuNCs as a novel platform.
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Scheme 1. Sensing Principle of Uranyl Ion Sensor via Inhibiting BSA-AuNCs Peroxidase Activity
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The designed system is illustarted in Scheme 1. BSA-AuNCs
show strong peroxidase activity, which is most probably
considered to come from transitions of free electrons of
AuNCs.*® The detection mechanism is based on that TMB
(3,3,5,5'-tetramethylbenzidine) is quickly converted into a blue
charge-transfer comg)lex (chromogen) in the presence of BSA-
AuNCs and H,0,*" while the presence of UO,*" effectively
inhibits the peroxidase-like activity of BSA-AuNCs (Scheme 1).
To the best of our knowledge, our method is the first example
employing the interaction between UO,*" and AuNCs to set up
a facile colorimetric uranyl sensor with good sensitivity and
excellent selectivity.

B EXPERIMENTAL SECTION

Caution! 238U, which is a low specific-activity a-particle emitting
radionuclide, presents potential harm to human health.' ™ This toxic
and radioactive material should be used with extreme care.

Reagents and Materials. Milli-Q water (18.2 mQ-cm, 25°C;
Millpore Co., USA) was used in all experiments and to prepare all
buffers. Sodium hydroxide (NaOH), bovine serum albumin (BSA),
3,3,5,5' -tetramethylbenzidine (TMB), hydrogen peroxide solution
(H,0,, 30 wt % aqueous), and chloroauric acid (HAuCl,-4H,0) were
purchased from Sigma-Aldrich. All the chemicals were used as received
without further purification. Sea water was obtained from the Red Sea
near King Abdullah University of Science and Technology.

Characterizations. Fluorescence measurements were carried out
on a Cary Eclipse fluorescence spectrophotometer (Varian). The
excitation and emission slits were set at 10 nm. Absorbance spectra
were acquired on a Cary-5000 UV-—vis-NIR spectrophotometer
(Varian) by using a 1 cm path length cell. Transmission electron
microscopic (TEM) experiments were performed using a FEI Tacnai
12 microscope operating at 120 kV. For visualization by TEM, samples
were prepared by dropping the solution onto a carbon-coated copper
grid. FTIR spectra were recorded on a Thermo Nicolet 6700 FT-IR
system. Circular dichroism (CD) spectra were acquired by using a
]asco4 J-820 spectropolarimeter with a computer-controlled water
bath.

Synthesis of BSA-AuNCs. BSA-AuNCs were prepared following
previous method.*” All glassware were washed with Aqua Regia (HCI/
HNO;, = 3/1, v/v), then rinsed with Milli-Q water. Typically, S mL
aqueous HAuCl, solution (10 mM, 37 °C) was added to BSA solution
(5 mL, SO mg/mL, 37 °C) under vigorous stirring. NaOH solution
(0.5 mL, 1 M) was later added and the mixture was incubated at 37 °C
for 12 h. The final BSA-AuNCs solution was kept at 4 °C prior to use.

Uranyl Sensing Based on Inhibiting BSA-AuNCs Peroxidase
Activity. In a typical test, BSA-AuNCs solution (25 L, pH 7) in 275
uL buffer solution (25 mM Na,HPO,, pH 5.0) was first mixed with
different concentrations of UO,** (100 uL) at 37 °C. The mixture was
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incubated at 37 °C for 10 min. A sequence of solutions, S0 uL of TMB
(final concentration 0.5 mM) and SO uL of H,O, (final concentration
10 mM), were then added to 300 uL of as prepared AuNCs/UO,*
mixture. After 30 min incubation, the inhibition of peroxidase activity
was measured by monitoring the absorbance change at 652 nm with a
Cary-5000 UV—vis—NIR spectrophotometer (Varian) spectropho-
tometer.

Bl RESULTS AND DISCUSSION

Protein templated AuNCs are synthesized using bovine serum
albumin (BSA) as reported.*” The average diameter of as-
synthesized AuNCs is about 2.33 nm, as shown by transmission
electron microscopy (TEM) (Figure S1 and S2, Supporting
Information). Fluorescence and FT-IR spectra are in agreement
with literature reports and are presented in Supporting
Information Figures S3 and $4, respectively.**

To evaluate the peroxidase-like activity TMB, a peroxidase
susbstrate, was used. In the presence of H,0,, TMB can be
easily oxidized producing a blue color with maximum
absorbance at 652 nm.* Figure 1 shows the absorption spectra
of three different reaction systems after 30 min. BSA-AuNCs
can catalyze the oxidation of TMB in the presence of H,O, to
generate a bright blue color (curve a, Figure 1). With the
injection of UO,*, the catalytic activity of AuNCs quickly
decreased because of the inhibiting function of UO,*" (curve b,
Figure 1). However, negligible color variation was observed for
TMB-H,0, solution in the absence of BSA-AuNCs (curve c,
Figure 1).

The optimization of the sensing conditions, including pH,
temperature, time, BSA-AuNCs, TMB, and H,0, concen-
tration, was then investigated. To optimize the detecting
conditions, Ay/A was used as a criterion, where A0 and A
represent the absorbance in the absence and presence of UO,*",
respectively. After a series of experiments, including variation of
reaction temperature, pH, time, and the ratio of BSA-AuNCs/
TMB/H,0,, the optimal sensing conditions were obtained
when the reaction of H,0, (10.0 mM) and TMB (0.5 mM)
was performed with BSA-AuNCs (200 M) in the presence of
UO,*" in pH 5.0 buffer at 37 °C for the incubation time of 30
min (Supporting Information Figure S5—10).

To evaluate the sensitivity of this UO,*" detecting system,
the changes of absorbance were monitored with injection of
different concentrations of UO,>* under the optimized
experimental conditions. As illustrated in Figure 2A, the
absorbance at 652 nm (A652) decreased gradually when the
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Figure 1. (A) Absorption spectra and (B) photographs of inhibiting
effects of UO,?* on the peroxidase mimetic activity of BSA-AuNCs:
(a) 0.5 mM TMB + 10 mM H,0, + 200 uM BSA-AuNCs; (b) 0.5
mM TMB + 10 mM H,0, + 200 xM BSA-AuNCs + 50 uM UO,;
(¢) 0.5 mM TMB + 10 mM H,0,; pH = 5.0.
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Figure 2. (A) UV—vis absorption spectra, UO,**concentrations were
0-200 uM; (B) linear calibration plot for UO,**detection.; UO,**
concentrations were 12—160 uM; BSA-AuNCs, 200 uM; TMB, 0.5
mM; H,0,, 10 mM; temperature, 37 °C; pH S.0. (n = ).

concentration of UO,”* was raised from 0 to 200 uM,
suggesting that the changes of absorbance could be employed
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for the quantitative sensing of UO,*". It is shown that a good
linear relationship between A652 and UO,*" concentration over
the range of 12—160 yM can be acquired as demonstrated in
Figure 2B (A652 was plotted as a function of UQ,*
concentration). The linear equation is A = —0.00269[UO,*]
+ 0.55944, where [UO,>"] is the UO,*" concentration and A is
the absorbance intensity at 652 nm, R* = 0.9957. The detection
limit of UO,*" is then determined to be 1.86 uM with a signal-
to-noise ratio of 3.

To further investigate the selectivity of this detection system,
other ions were tested including Na*, Fe**, Co™, Li*, AI**, K*,
Ca’, Cu*, Zn*, Pb*, I", and S*~ (cyan column, Figure 3) at a
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Figure 3. Effect of ions on inhibiting the peroxidase-like activity of
BSA-AuNCs. A presents absorbance intensity at 652 nm of different
ion samples, A presents absorbance intensity at 652 nm of the UO,**
sample. Concentration of UO,** (pink column), Hg?*, Fe**, Li*, Na*,
K¥, Zn*, Ca**, Co*, Cu®, Pb*, I", $>~ (cyan column) are 50 uM;
Hg** and Ag" in the presence of 20 uM KI as the masking reagent
(gray column); BSA-AuNCs, 200 uM; TMB, 0.5 mM; H,0,, 10 mM;
temperature, 37 °C; pH 5.0 (n = 5).

concentration of 50 yM under the same conditions. UO,*
resulted in a significant inhibitation in the peroxidase-like
activity of BSA-AuNCs (pink column, Figure 3). No apparent
effect was observed with most metal ions except for Hg** and
Ag", predictably.’” Potassium iodide (20 M) was then used to
form a stable masking reagent and successfully masked the
response of the assay to Hg** and Ag*(gray column, Figure 3).
These results clearly confirm that the BSA-AuNCs-based UO,**
sensor is highly selective.

Uranyl selective inhibition of BSA-AuNCs peroxidase-like
activity suggests that our detecting approach might be applied
for measuring uranyl concentration in seawater samples. As a
proof of concept, seawater samples were injected with
UO,(OAc),. The samples were analyzed by UV—vis spectros-
copy by applying a calibration plot. All water samples from red
sea were diluted 10 times with PBS (pH 7.4) before testing
because of their extremly high salt concentration. Moreover,
different concentrations of UO,*" solution were injected into
the corresponding TMB-H,0, and BSA-AuNCs solutions to
test the recovery and standard deviation (R.S.D.) as shown in
Table 1. This proves that our approach can be efliciently
employed for the determination of UO,>" in seawater samples.

FT-IR reveals that the existence of UO,*" can change the
structure of BSA-AuNCs, in which a new peak at 1100 cm™!
appeared for carbon—oxygen single bond, which suggests that
UO,* may interact with some }é)rimary or secondary hydroxyl
groups in BSA (Figure 4A).*** This feature was further
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Table 1. Quantitative Determination of UO,>" in
UO,(0Ac), Injected in Red Sea Samples®

no. added (uM) measured (uM) recovery (%) RSD (%, n=25)
1 10.0 9.8 98 3.0

2 20.0 20.8 104 5.1

3 40.0 41.4 103 4.5

4 80.0 784 98 5.7

“Red Sea samples were diluted 10 times with PBS (pH 7.4) before
measurement. Concentration of UO,*" injection in seawater sample;
BSA-AuNCs, 200 uM; TMB, 0.5 mM; H,0,, 10 mM; temperature, 37
°C; pH 5.0 (n = 5).

confirmed by the UV—vis absorbance spectra of BSA-AuNCs
(black dashed line) and BSA-AuNCs with UO,** (red solid
line), BSA-AuNCs has a a small absorbance peak at 280 nm,
while in the prensece of UO,*, a wide peak from 200 to 395
nm and a small peak at 430 nm were observed (Figure 4B). In
addition, the binding affinity of the BSA-AuNCs toward UO,**
was measured by Circular Dichroism (CD) (Figure 4C), in
which it shows a red-shift of up to 2 nm of the characteristic
BSA-AuNCs peak (190 nm). The fabrication of the sensing
platform was further validated by UV kinetic curves, where
UO,>* can decrease the intrinsic peroxidase-like activity of the
BSA-AuNCs (Figure 4D). The presence of UO,*" leads to the
fusion of AuNCs which eventually aggregate as verified by the
TEM results (Supporting Information Figure S1b). We also
investigated the fluorescence spectrum of BSA-AuNCs in the
presence of different concentration of UO,** from 0 to 5 mM.
With the increasing concentration of UO,*", the photoemission
peak at 645 nm decreased gradually, which also confirmed that

UO,*" can interact with BSA-AuNCs (Supporting Information
Figure S11). On the basis of these results, we verified that the
mechanism for the sensitive peroxidase-like activity response is
due to a dynamic uranyl—BSA interaction process rather than a
simple electrostatic interaction between these moieties.

Research on UO,* binding to protein has created a new way
to recognize and recycle UO,** based on biocoordination
chemistry.**™* UO,*" has a unique structure of a linear
dioxocation with a formal charge of +2, where the use of
common chelating ligands that bind to spherical cations in
three dimensions shows ineffective, such as EDTA and
DTPA.*® Very recently, a stable protein targeting uranyl with
high selectivity was developed via a computational screening
strategy.”” We hypothesize that the mechanism of UO,**
interacting with BSA-AuNCs could be similar to that of the
uranyl specific designed protein in terms of its ability to
biocoordinate. On the other hand, various novel materials such
as metal—organic frameworks (MOFs), silver nanoparticles
embedded polymer, have been applied for removing and
recovering of uranyl.’*~>* Our results indicate that BSA-AuNCs
could also be used as a functional platform for simultaneous
sensing and extraction of uranyl.

B CONCLUSION

In summary, a versatile and selective colorimetric detection
method for uranyl has been successfully demonstrated. The
detection mechanism is based on that uranyl could inhibit the
strong intrinsic peroxidase-like activity of BSA-AuNCs. The
disappearence of the blue color can readily act as a visual
detection method. Moreover, the proposed approach is
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Figure 4. (A) FTIR spectra, (B) UV—vis absorbance, (C) circular dichroism, and (D) UV—vis kinetic curve of BSA-AuNCs (black dashed line) and

BSA-AuNCs with UO,** (red solid line).
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efficiently used for the quantitative determination of uranyl in
seawater. The colorimetric strategy based on BSA-AuNCs has
the potential to act as a new uranyl sensing system with low
cost and high selectivity. More elaborate designs are currently
underway to improve the sensitivity of this technique, while
maintaining the simplicity and efliciency of preparation and
application.
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Additional information about characterization, figures showing
TEM of Au-NCs, size distribution histogram of BSA-AuNCs,
photoemission and photoexcitation spectra of aqueous solution
of BSA-AuNCs, FTIR of BSA-AuNCs and BSA, Optimization
of pH, TMB concentration, H,O, concentration, BSA-AuNCs
concentration, reaction time, and temperature for U022+
detection, photoemission spectrum of BSAAuNCs in the
presence of UO,>*, a table showing a comparison of different
fluorescent methods for UO,>* detection, and additional
references. This material is available free of charge via the
Internet at http://pubs.acs.org.
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