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Abstract
A superior electrochemical biosensor was designed for the determination of UO2

2+ in aqueous solution by integration of
DNAzyme and DNA-modified gold nanoparticle (DNA-AuNP) network structure. Key features of this method include UO2

2+

inducing the cleavage of the DNAzyme and signal amplification of DNA-AuNP network structure. In this electrochemical
method, the DNA-AuNP network structure can be effectively modified on the surface of gold electrode and then employed as
an ideal signal amplification unit to generate amplified electrochemical response by inserting a large amount of electrochemically
active indicator methylene blue (MB). In the presence of UO2

2+, the specific sites on DNA-AuNP network structure can be
cleaved by UO2

2+, releasing the DNA-AuNP network structure with detectable reduction of electrochemical response intensity.
The electrochemical response intensity is related to the concentration of UO2

2+. The logarithm of electrochemical response
intensity and UO2

2+ concentration showed a wide linear range of 10~100 pM, and the detection limit reached 8.1 pM (S/N = 3).
This method is successfully used for determination of UO2

2+ in water samples.

Keywords AuNPs . Electrochemical . Biosensor . UO2
2+ . Methylene blue . DNAzyme . Signal amplification . DNA-AuNP

network . DPV .Water sample

Introduction

Uranium, a very important radioactive element, is widely dis-
tributed in the environment, such as the atmosphere, soil, or
water [1]. In the past half century, uranium has been widely
used in nuclear research, nuclear fuel, nuclear weapons, and

other fields, so its demand has been gradually increased.
Uranium mining, uranium enrichment, and spent fuel post-
nuclear industrial processes are accompanied by the genera-
tion and release of a large amount of uranium-containing
wastewater [2]. Uranium has both high chemotoxicity and
radiotoxicity. Therefore, uranium contamination has posed a
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serious threat to the ecological system, which also will con-
tinue to hazard human health for a long time [3, 4]. Uranium is
exposed in the water or soil sources can eventually enter the
food chain and distribute throughout the human body via the
bloodstream, which would cause some hereditary diseases,
urinary system diseases, organ cancerization, and even death
[5, 6]. Uranium exists in many forms in nature, among which
UO2

2+ is the most common and stable chemical form [7]. The
United State Environmental Protection Agency (US EPA)
stipulates that the highest concentration of pollution levels
for UO2

2+ in water is 130 nM [8]. Hence, it is essential to
develop a novel determination method for UO2

2+.
Various techniques have been developed to detect UO2

2+ in
water, such as resonance light scattering(RLS) [9], surface-
enhanced Raman spectroscopy(SERS) [10], and inductively
coupled plasma mass spectrometry(ICP-MS) [11]. These
methods have relative satisfied precision and accuracy, and
researchers also have developed a lot of new methods for
rapid, sensitive, and specific determination for UO2

2+, includ-
ing fluorescence [12, 13], colorimetry [14], and electrochem-
istry [15, 16]. Among these, the electrochemistry is more ad-
vantageous and has attracted much attention because it can
meet the demand for detecting UO2

2+ rapidly on site owing
to its simple operation and high sensitivity.

Nowadays, various electrochemical biosensors for UO2
2+

determination have been developed. In particular, DNAzyme-
based electrochemical biosensor are especially attracting at-
tention in UO2

2+ measurements because DNAzyme can be
denatured and renatured without losing activity and display
metal-binding affinity and specificity toward different metal
ions. For instance, Tang et al. [17] constructed an electro-
chemical method for trace uranium based on UO2

2+ inducing
the cleavage of the DNAzyme immobilized on the surface of
gold electrode. Furthermore, to make ultrasensitive detection,
the DNAzyme-based electrochemical biosensors combined
with some amplification strategies were also developed. For
example, Yun et al. [16] designed an ultrasensitive electro-
chemical detection method by integration of UO2

2+-specific
DNAzyme and hybridization chain reaction (HCR) amplifica-
tion technology with the dynamic concentration range span-
ning from 0.05 to 4 nM and a detection limit of 20 pM. Our
group [7] also proposed a novel electrochemical method for
UO2

2+ by using UO2
2+-dependent DNAzyme-induced meso-

porous silica nanoparticles (MSNs) loaded with methylene
blue (MB). This method showed a good linear correlation
from 20 pM to 0.1 nM and the detection limit is 0.15 pM.
Although the above DNAzyme-based electrochemical biosen-
sor exhibited high sensitivity and specificity for UO2

2+ deter-
mination, it still is a meaningful challenge to design efficient
and convenient electrochemical biosensors for UO2

2+

determination.
With the rapid development of nanotechnology, nanoparti-

cles have been widely used as theon electrochemical sensors,

such as TiO2 nanoparticles [18], ZnO nanoparticles [19],
BiFeO3 nanoparticles [20], silica nanoparticles [7], and gold
nanoparticles [21, 22]. Gold nanoparticles (AuNPs), as the
widely used nanomaterials, possess some charming physical
and chemical properties that make them excellent scaffolds for
the fabrication of electrochemistry sensor. In particular, due to
the attractive characteristics of biocompatibility and large spe-
cific surface area, AuNPs are capable to enrich some function-
al DNA and can provide the opportunity of being a platform
for efficient modification of functional DNA loaded with
some signal molecules for signal amplification. In addition,
owning to the specificity of DNA base–pairing hybridization
[23], the functional DNA modified [24] on the surface of
AuNPs were hybridized with other functional DNA contain-
ing complementary sequence to initiate their assembly into
DNA-modified gold nanoparticle (DNA-AuNP) network
structure [25, 26]. As a result, the DNA-AuNP network struc-
ture was used as a signal amplification element for the activa-
tion of the electrochemical response of the incorporated
electroactive substance and then enables the amplified elec-
trochemical readout for the analysis of the targets. Of note,
DNA-AuNP network structure is a promising approach be-
cause it does not require the participation of enzymes, and
avoided the complicated procedures and slashing reaction
conditions, resulting in an effective increase in sensitivity. In
the past few years of research, the advent of DNA-AuNP
network structure provided efficient approach for the ampli-
fied detection of metal ions [27], big molecules [28], proteins
[29], and so on. To date, however, the use of DNA-AuNP
network structure for UO2

2+ determination has been few re-
ported yet. As such, it was demonstrated that the DNA-AuNP
network structure–based electrochemical method can open a
new horizon for the sensitivity determination of UO2

2+.
Herein, a novel electrochemical method for high sensitive

determination of UO2
2+ was constructed based on UO2

2+-spe-
cific DNAzyme and DNA-AuNP network structure amplifi-
cation. In this strategy, the DNA-AuNP network structure
contained the UO2

2+-specific DNAzyme which was consisted
of enzyme chain (DNAS1) and substrate chain (DNAS2). As
illustrated in Scheme 1, the gold electrode was firstly
immobilized with DNAS1 via Au-S bond and then blocked
with MCH. Subsequently, the DNAS1-modified electrode
was incubated with some AuNPs-DNAS1 and AuNPs-
DNAS2. In this work, a DNA-AuNP network structure would
be formed on the surface of gold electrode. Thus, a large
amount of methylene blue (MB) was inserted into the DNA-
AuNP network structure, resulting in an amplified electro-
chemical signal [30]. Upon the introduction of UO2

2+, the
specific cleavage of DNAzyme would trigger the detachment
of DNA-AuNP network structure from the gold electrode sur-
face. As a result, a reduced electrochemical signal was detect-
ed with little MB that could be adsorbed on the surface of gold
electrode. Therefore, the concentration of UO2

2+ can
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sensitively be detected through the electrochemical signals,
which was attributed to the powerful amplification effect of
the DNA-AuNP network structure. As a joint result of the
UO2

2+-specific DNAzyme and DNA-AuNP network struc-
ture amplification, the present electrochemical method opened
up a new way and showed an attractive performance for the
sensitive determination of UO2

2+. The UO2
2+ determination in

actual water samples was also indicated that the electrochem-
ical method has the promise application in the treatment of
water pollution and the protection of the environment.

Experimental

Material and instruments

Hydrogen tetrachloroaurate trihydrate (HAuCl4·3H2O), methy-
lene blue (MB), and sodium dodecyl sulfate (SDS) were obtain-
ed from Aladdin Biochemical Technology Co. Ltd. (Shanghai,
China, http://www.aladdin-e.com/). Tris (2-carboxyethyl) phos-
phine hydrochloride (TCEP) and 6-mercapto-1-hexanol (MCH)
were purchased from Meryer Chemical Technology Co.Ltd.
(Shanghai, China, http://www.meryer.com/). Tris-base and eth-
ylene diamine tetraacetic acid (EDTA) were purchased from

Tianjin Damao Chemical Reagent Factory (Tianjin, China,
http://www.dmreagent.com/). All other chemicals were of
analytical reagent grade and without further purification prior
to use. The solutions were configured by using ultrapure water
(specific resistance of 18.2 MΩ cm) throughout the experiment.
The DNA oligonucleotides used in this experiment were
designed according to the previous report [31] and synthesized
by Takara Biotechnology Co. Ltd. (Dalian, China, http://www.
takara.com.cn/). The oligonucleotide sequence used in this
study is listed in Table S1.

All electrochemical operations were performed on an
electrochemical workstation (CHI660D Shanghai Chenhua
Instrument Co., Ltd.). A conventional three-electrode system
was used in all experimental operation, with the Au elec-
trode (2 mm) as the working electrode, the KCl-saturated
calomel electrode as the reference electrode, and the plati-
num electrode as auxiliary electrodes, and all measurements
were made at room temperature (25 °C). In addition, the
characteristics of the prepared AuNPs, AuNPs-DNA, and
DNA-AuNP network structure was analyzed by UV-visible
absorption spectrometer (UV-3900, Shimadzu Corporation,
Japan), transmission electron microscope (JEM-2010,
Hitachi, Japan), and scanning electron microscope (SEM,
SU8010, Hitachi, Japan).

Scheme 1 Schematic
representation of the
electrochemical biosensor for
UO2

2+ detection based on DNA-
AuNPs network amplification
signal
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Preparation of AuNPs

The glass apparatus were soaked with fresh aqua regia (nitric
acid:hydrochloric acid = 1:3) and rinse with plenty of ultrapure
water. AuNPs with an average diameter of 16 nm were prepared
according to standard sodium citrate reduction of HAuCl4 [32].
Briefly, 50mL of 0.01%HAuCl4 solutionwas vigorously stirred
and heated for 15 min until the solution began to reflux. Then
2 mL of 1% sodium citrate was quickly added to the boiling
solution, and the refluxwas continued for 15min. After the color
of the solutionwas changed from light yellow to purple, and then
wine red, it indicated that the AuNPs were formed. The solution
was stirred continually and cooled to room temperature. Finally,
the prepared AuNP solution was filtered through a 22-μm filter
and stored in a brown bottle at 4 °C.

Preparation of AuNPs-DNAS1 and AuNPs-DNAS2

The AuNPs were further modified with thiolated DNAS1 and
DNAS2 according to previously reported methods. In brief,
DNAS1 was treated with an excess of 5 mM TCEP for 1 h at
25 °C to activate the thiol group on DNAS1.Then, 150 μL of
5 mM TCEP-treated 10 μM DNAS1 solution was added to
500-μL AuNPs and incubated at 4 °C for 12 h. Subsequently,
10 μL of 1% SDS was added and shaken for 1 h to stabilize the
AuNPs. Then the AuNPs-DNAS1were aged for 12 h by adding
50 μL of 0.5 M NaCl solution. The AuNPs-DNAS1 solution
was centrifuged at 8000 rpm for 10min, and the supernatant was
aspirated to remove excess reagent. It was washed with 0.01 M
phosphate-buffered solution (pH 7.4) and centrifuged 3 times.
The obtained AuNPs-DNAS1 was obtained and stored in TE
buffer (pH 8.0) for further use. The AuNPs-DNAS2 solution
was prepared in the same manner as AuNPs-DNAS1.

Biosensor interface preparation

Firstly, the Au electrode (2 mm in diameter) was polished to the
mirror surface with alumina powder of 1.0, 0.3, and 0.05 μm
sequentially, followed by sonication for 5 min in ultrapure water,
ethanol, and ultrapure water, respectively. Then the electrodewas
soaked in fresh piranha solution (98%H2SO4 and 30%H2O2 by
volume ratio of 3:1) for 10min to remove the organic solvent and
cleaned with ultrapure water completely, followed by rinsing
with a large amount of ultrapurewater and drying under nitrogen.
Secondly, 10 μL of 0.2 μM TCEP-activated DNAS1 solution
was dropped on the electrode surface and placed at 4 °C for 12 h,
with the lid covered to prevent liquid evaporation. To block the
unbound site on gold electrode, the electrode was immersed into
1 mMMCH solution at room temperature for 1 h. The DNAS1-
modified electrode was then incubated with the solution with
10-μL AuNPs-DNAS2 for 2 h at 25 °C. During this process,
hybridization of DNAS1 with AuNPs-DNAS2 may result in the
assembly of AuNP-DNAS2 on the electrode to form the inner

layer. After that, 10 μL of the AuNPs-DNAS1 solution was
further drooped for 4 h.As a result, AuNPs-DNAS1 can continue
hybridization with AuNPs-DNAS2 to form an external layer.
Therefore, DNA-AuNP network structure was constructed by
repeatedly alternate interaction. Prior to the test, the electrodes
were immersed in 10mLof 20μMMB (20μMMBand 20mM
KCl in phosphate-buffered solution (pH 7.4) for 10min, and then
washed with ultrapure water.

Electrochemical detection

Biosensor modification process was measured by cyclic volt-
ammetry (CV) and electrochemical impedance spectroscopy
(EIS). The concentration of analyte was detected by differen-
tial pulse voltammetry (DPV). Both CV and EIS scans were
performed in 5 mM [Fe (CN)6]

3−/4− containing 0.1 M KCl.
The parameters of CVare as follows: scan rate, 0.1 V/s; high
potential, 0.8 V; low potential, − 0.3 V; sample interval,
0.001 V; quiet time, 2 S; sensitivity, 1 × 10−5 A/V. The param-
eters of EIS are as follows: frequency range, 0.1 Hz~100 kHz;
amplitude, 0.005 V; quiet time, 2 S. DPV measurements were
performed in a phosphate-buffered solution containing
40 mM NaCl with the following parameters: initial potential,
− 0.50 V; final potential, 0 V; increment potential, 0.004 V;
amplitude,0.05 V; pulse width,0.05 S; sampling width,
0.0167 S; pulse period, 0.2 S; quiet time, 2 S.

Results and discussion

Characterization of AuNPs, AuNPs-DNA,
and DNA-AuNP network

The UV-visible absorption spectroscopy (UV-vis) was used to
characterize the AuNPs and AuNPs-DNA. As shown in Fig.
S1a, pure AuNPs have a characteristic absorption peak at a
wavelength of 519 nm (curve 1). In contrast, the AuNPs modi-
fied with DNAS1 and DNAS2 resulted in a slight shift in the
peak from 519 to 522 nm (curve 2 and curve 3), which was
consistent with previous reports [33]. This result indicated that
DNAS1 and DNAS were successfully modified on the surface
of AuNPs. In addition, the TEM and SEM were also used to
characterize the morphology and structure of AuNPs, AuNPs-
DNA, and DNA-AuNP network. Figure 1a shows that pure
AuNPs exhibited monodispersed spherical particles with an av-
erage size of about 16 nm. Fig. S1b shows the TEM of AuNPs-
DNA complex, the image was almost identical to AuNPs, which
probably due to the DNA strand was too small and can be
ignored compared with gold nanoparticles. The DNA-AuNP
network structure is shown in Fig. 1b, a large number of the
AuNPs-DNAS1 and AuNPs-DNAS2 aggregated together, and
thousands of nanoparticles were connected by DNAzyme to
form a network structure. Fig. S1c shows the SEM image of
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pure AuNPs. Fig. S1d is the SEM image of DNA-AuNP net-
work structure, and it can be seen that a white polymer was
shown in the figure, which may be the result of a large number
of DNAzymes linking the dispersedAuNPs together. DNAzyme
was a poorly conductive material, which causes a high-energy
electron beam generated by a higher accelerating voltage to gen-
erate a charging effect during scanning of a sample, which was
consistent with the results of TEM, demonstrating that the hy-
bridization reaction on the electrode surface was processed suc-
cessfully as expected.

Electrochemical characterization of electrode
modification process

To confirm the modification process on the electrode surface,
the CV for each step of Au electrode preparation was per-
formed. As Fig. 2a shows, the bare Au electrode revealed a
pair of comparatively symmetrical redox peaks, the peak po-
tential difference was less than 100 mV (curve 1). After self-
assembly of DNAS1 on the electrode surface, the current re-
sponse reduced slightly and the separation degree of two
peaks was increased (curve 2), which was caused by the elec-
trostatic repulsion between the negatively charged DNAS1
and [Fe (CN)6]

3−/4−. It was indicated that DNAS1 was suc-
cessfully modified on the Au electrode. To avoid the non-
specific adsorption of other substances and hold the DNAS1
chain to stand upright,MCHwas assembled onto the DNAS1-
modified Au electrode. However, the peak current decreased

greatly and the separation degree of two peaks increased sig-
nificantly comparedwith those of before (curve 3), which may
be due to the sealing effect of MCH to penetration of redox
species to the electrode surface. By the continued addition of
just AuNPs-DNAS2, the peak current decreased to some ex-
tent and the separation degree of two peaks was expanded
obviously (curve 4). After the hybridization between two
types of AuNP-DNA, the lowest redox peak (curve 5) was
obtained due to the suppression of electron transfer when the
formed DNA-AuNP network structure was attached onto the
surface. All of these CV curves indicated that the Au electrode
modification was processed successfully.

EIS was also an important means to measure the features of
modified gold electrode. The diameter of semicircle was
equivalent to the value of charge transfer resistances (Rct)
and the increase of diameter indicated the heightening in the
interface impedance. As shown in Fig. 2b, the impedance of
the bare Au electrode is quite small (curve 1), and the Rct

increased gradually with the modification of DNAS1 (curve
2), MCH (curve 3), AuNPs-DNAS2 (curve 4), and DNA-
AuNP network structure (curve 5) to the Au electrode surface
in sequence. The equivalent electrical circuit was used to fit
the EIS data and the calculated Rct values are shown in
Table S2. It can be seen that the Au electrode showed a tiny
Rct value (179.8 Ω). When DNAS1 was self-assembled onto
the Au electrode, the Rct value (2126 Ω) was slightly in-
creased, which may be ascribed to DNAS1 blocking the elec-
tron transfer on the surface of the gold electrode. The Rct value

Fig. 1 TEM of a AuNPs and b
DNA-AuNP network structure

Fig. 2 a Cyclic voltammetry and
b Nyquist diagrams of the
biosensor at different stages: bare
Au (curve 1), Au/DNAS1 (curve
2), Au/DNAS1/MCH (curve 3),
Au/DNAS1/MCH/AuNPs-
DNAS2 (curve 4), Au/DNAS1/
MCH/ DNA-AuNPs network
(curve 5). The potential range of
CVis from − 0.3 to 0.8 Vat 0.1 V/
s and the frequency range of EIS
is 0.1 Hz to 10 kHz with 5 mVas
the amplitude
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(12,163 Ω) increased obviously after MCH was added on the
electrode surface, which was attributed to the fact that the
MCH can obstruct the electron transfer. However, with partic-
ipation of AuNPs-DNAS2, the Rct value rose (14,226 Ω).
When the AuNPs-DNAS1 and AuNPs-DNAS2 hybridized
to form a DNA-AuNP network structure, Rct value
(22,514 Ω) increased dramatically, indicating that the DNA-
AuNP network structure was successfully modified on the
electrode surface. The results in EIS were consistent with
those in the CV method, which further illustrated that the
biosensor had been fabricated successfully.

Feasibility analysis of biosensors

DPV, as a very sensitive determination method, can be used to
evaluate the feasibility of this method for UO2

2+ determina-
tion. As shown in Fig. 3, the gold electrode modified with

DNAS1 showed a very small DPV peak (curve 1). The peak
current increased to some extent after the AuNPs-DNAS2
modifying process (curve 3), indicating that AuNPs-DNAS2
was connected to the electrode surface and loaded with some
MB. In comparison, the peak current as a slight increase after
the AuNPs-DNAS1 was introduced (curve 2), which were
attributed to the nonspecific adsorption. Clearly, with integrat-
ing the AuNPs-DNAS1 and AuNPs-DNAS2 together, a peak
current raise by leaps and bounds was obtained (curve 4). It
was indicated that the sensing interface has been fabricated
successfully. These results indicated that the electrical signals
can be amplified by DNA-AuNP network structure more
effectively.

Optimization of method

The following parameters were optimized: (a) assay pH value,
(b) reaction temperature, and (c) incubation time. Respective
text and figures on optimizations are given in the Electronic
Supporting Material (Fig. S2). In short, the following experi-
mental conditions were found to give best results: (a) the best
assay pH value used in the experiment was 6.0; (b) reaction
temperature was 35 °C; (c) incubation time was 6 h.

UO2
2+ detection

Since the current signal was straightly related to the amount of
UO2

2+, under the optimum conditions, the performance of
biosensor was studied by varying UO2

2+ concentration. As
shown in Fig. 4a, with UO2

2+ concentration changed from 0
to 1000 pM, the current signal decreased progressively.
Figure 4b is a calibration plot for different concentrations of
UO2

2+ ions. As shown in the inset of Fig. 3b, when the UO2
2+

concentration was in the range of 10~100 pM, the logarithm
of the concentration had a good linear relationship with the
current, with the correlation coefficient R2 = 0.9923. The

Fig. 3 Differential pulse voltammograms of the DNAS1 modified gold
electrode (curve 1), in the presence of AuNPs-DNAS1 without AuNPs-
DNAS2 (curve 2), in the presence of AuNPs-DNAS2 without AuNPs-
DNAS1 (curve 3), in the presence of AuNPs-DNAS1 and AuNPs-
DNAS2 (curve 4)

Fig. 4 a The DPV curve of the sensor in the presence of different
concentrations of UO2

2+ ions, from top to bottom (0, 0.01, 0.025, 0.04,
0.06, 0.1, 0.25, 0.4, 0.6, 1 nM). The solution was tested in 10 mM
phosphate-buffered solution. bCalibration plot of biosensors for different
concentrations of UO2

2+ ions. The inset showed a linear relationship

between peak current phase and UO2
2+ concentration over a concentra-

tion range of 10 to 100 M. DPV was recorded in phosphate buffered
solution containing 40 mM NaCl from − 0.5 to 0 V under a pulse ampli-
tude of 50 mV
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linear equation is I(μA) = − 0.1415ln[C] + 0.0487, where I is
the peak current and C is the concentration of UO2

2+. The
detection limit was 8.1 pM (based on S/N = 3). As compared
with other methods of UO2

2+ determination in Table 1, the
detection of limit (LOD) by this method has at least one order
lower of magnitude than that by other methods, which are
mainly ascribed to two reasons: firstly, the strong binding
affinity between DNAzyme and UO2

2+ can provide relatively
high determination sensitivity; secondly, DNA-AuNP net-
work structure was utilized to adsorb more MB on the elec-
trode surface. In consequence, the determination signal was
effectively amplified. It can be seen that the biosensors were
used to detect UO2

2+ in aqueous solution simply, sensitively,
and effectively.

Electrochemical biosensor selectivity, stability
and reproducibility

To explore the selectivity of this biosensor, a series of com-
mon metal ions were used and tested, including Mg2+, Ca2+,
Zn2+, Fe3+, Cu2+, Co2+, K+, Ni2+, VO2

+, Cd2+, andMn2+(each
10 nM) under the optimum situations. Figure 5 depicted the
DPV responses of the biosensors to different metal ions. The
biosensor performance was denoted by the relative intensity
ΔI = (I−I0), where I0 and I are the peak currents of the biosen-
sor in the lack and exist of metal ions. Although the concen-
tration of the interfering substance reached 10 times than that
of the analyte, the peak current change ΔI of all the higher
interfering ions was much smaller than that of the low con-
centration UO2

2+. This result indicated that the response of the
method to UO2

2+ was unaffected by the other metal ions.
Therefore, this method had good selectivity for UO2

2+. The
good performance in selectivity was mainly attributed to the
specific cleavage of UO2

2+ for DNAzymes.
In addition, the stability was an important indicator for

biosensor performance, so the storage stability of this biosen-
sor was also studied.When the fabricated electrode was stored
in ultrapure water at 4 °C for 10 days, 91.56% of the initial
current was still reserved. This consequence proved that the
prepared biosensor had nice storage stability.

To examine the reproducibility of the method, five different
modified electrodes were prepared and incubated with uranyl
ions of the same solubility, and the electrochemical signals
were measured. The relative standard deviation (RSD) of the
results using the five electrodes was 7.20%. Then, the exper-
iment was performed five times with the same electrode. The
RSD of the obtained electrochemical signal was 2.15%. The
experimental results show that the method has excellent re-
peatability for the determination of UO2

2+.

Application of biosensors for water samples

To assess the practical suitability of the raisedmethod in actual
water samples, the method was used to determine trace UO2

2+

in tap water and water from Xiangjiang River by addition of
standard uranium solutions. Actual water samples were fil-
tered with a 0.45-μm filter. For a spiked sample, a known
amount of UO2

2+ was added into the river and tap water sam-
ples. Two spiked samples with the UO2

2+ concentration of
0.025 nM and 0.05 nM were analysed. The results are listed
in Table S3. The recovery ranged from 96 to 101.5% and the
RSD was in the range 3.47 to 7.93%. These results demon-
strated that the method holds large potential for the quantifi-
cation of UO2

2+ in complex water samples.

Conclusion

This work presented a sensitive and selective electrochemical
nanoprobe for the determination of UO2

2+. Taking the signal
amplification of DNA-AuNP network combined withMB and
the specific cleavage of DNAzyme, a relatively lower detec-
tion limit of 8 pM was achieved, which was lower than some
conventional methods for UO2

2+. Compared with some con-
ventional methods, our methods offered some fascinating ad-
vantage, such as ease of operation, time saving in

Fig. 5 Selectivity of the electrochemical biosensor towards the target
UO2

2+ against that towards Mg2+, Ca2+, Zn2+, Fe3+, Cu2+, Co2+, K+,
Ni2+, VO2

+, Cd2+, and Mn2+

Table 1 Performance of different UO2
2+ sensors

Method Linear range Detection limit References

Fluorescence 0~0.6 μM 0.039 μM [13]

Fluorescence 0~25 nM 0.19 nM [23]

SERS 0.2~5 mM 200 nM [10]

RLS 13.6~150 nM 4.09 nM [34]

Colorimetric 12–160 μM 1.86 μM [35]

Electrochemical 10~100 pM 8.1 pM This work
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determination, and good sensitivity and specificity for UO2
2+

determination. Given the important roles of UO2
2+ determina-

tion in the complex water samples, it demonstrated that the
biosensor has potential for analytical application in real sam-
ples. For this method, it has excellent selectivity for metal
cations, while other chemicals (such as humic acid, fulvic
acid, tannic acid, or other organic species with potential redox
activity) in water samples have not been thoroughly explored.
In addition, the proposedmethod would provide versatility for
other pollutant (such as drugs, pesticides, fungicides, catechol,
biogenic amines, and other heavy metal ions) detection by
replacing the corresponding DNA sequence. It is indicated
that the method shows great value for the treatment of water
pollution and the protection of the environment.
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