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In situ fabrication of urchin-like Cu@carbon nanoneedles based aptasensor 
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A B S T R A C T   

Mercury ion (Hg2+) is a strong toxic heavy ion that causes severe damages to the environment and readily ac-
cumulates in the food chain. However, it remains a major challenge to realize a sensitive and precise recognition 
of Hg2+ with a trace concentration for early identifying the pollution source. In this work, a novel electro-
chemical aptasensor was designed to achieve an ultrasensitive and quantitative detection of trace Hg2+, relying 
on an urchin-like architecture of Cu@carbon nanoneedles (Cu@CNNs) as the electroactive probe. This specific 
nanostructure was in-situ constructed through a controllable pyrolysis process, serving as a signal magnifier and 
DNA loading platform owing to its outstanding electrocatalysis and large specific surface areas. Meanwhile, an 
exonuclease III-assisted cycling amplification strategy was designed to efficiently amplify the signal strength of 
trace Hg2+ via the consecutive release of report probes in nicking reaction. This as-prepared Hg2+ aptasensor 
exhibited an ultralow detection limit of 3.7 fM (7 × 10− 6 ppm) and a wide linear range from 10 fM to 10 μM, 
together with the satisfactory stability and reusability for assay in real water samples. It is highly expected that 
this Cu@CNNs based aptasensor will have tremendous potentials in the early warning and efficient pollution 
monitoring of heavy metal ions.   

1. Introduction 

Mercury ion (Hg2+) is an extremely toxic heavy metal pollutant that 
produces severe damages on the environment and human health. Due to 
the none-biodegradability of Hg2+, even low concentration of that en-
ables to accumulate and spread through the food chain into human 
bodies, resulting in systemwide organ failure as well as various cognitive 
and motor disorders. The maximum permitted concentration of Hg2+ in 
drinking water is defined as 10 nM by the World Health Organization 
(WHO) and the United States Environmental Protection Agency (EPA) 
(Suherman et al., 2017; Zeng et al., 2017). Thus, great efforts have been 
payed to develop analytical techniques for the accurate and efficient 
detection of Hg2+, e.g. atomic absorption/emission spectroscopy 
(ABS/AES), inductively coupled plasma mass spectrometry (ICP-MS), 
X-ray fluorescence spectrometry and surface enhanced Raman scattering 
(SERS) (Çaylak et al., 2019; Romero et al., 2016; Shi et al., 2018; 
Wohlmann et al., 2018). Although these methods can satisfy the re-
quirements of a sensitive and accurate Hg2+ detection, most of them 
suffer from large-scale instruments, high cost and a long analysis period, 

restricting their further applications in real-time and on-site assay. 
In recent decades, the electrochemical biosensor has attracted 

enormous interests in environmental protection, fermentation industry 
and medical diagnosis owing to their rapid signal feedback and minia-
turization design (Chu et al., 2020; Liu et al., 2020; Song et al., 2021). 
Since the selective interaction between Hg2+ and thymine-thymine (T-T) 
base pairs was proposed in 2006, lots of electrochemical Hg2+ apta-
sensors have been constructed based on this ‘T-Hg2+-T’ mismatches (Luo 
et al., 2018; Miyake et al., 2006; Xiong et al., 2015). Most of these 
detection strategies are focused on the simple conformational switch 
between single-stranded DNA (ssDNA) and double-stranded DNA 
(dsDNA), realizing the signal enhancement and attenuation through the 
redox reactions of electrochemical indicators. However, this kind of 
detection principle is not enough to indicate trace Hg2+ especially with 
strong background noise. Consequently, the target recycling amplifica-
tion strategy is proposed to overcome the limitation of low target con-
centration. With the assistance of various nucleases such as 
exonucleases, the target enables to reuse and recycle in the detection 
process, continuously amplifying the response signal (Bao et al., 2015). 
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Owing to the superiority of this design, the detection limit of Hg2+ can 
reach the level of fM or lower, which is desirable for trace Hg2+

recognition. 
To further improve the sensitivity and stability of Hg2+ biosensors, 

extensive research has been devoted to developing advanced nano-
materials, which has been proved to dominate the electrochemical 
behavior during the detection process (Liu et al., 2019; Zhang et al., 
2021). Carbon materials, such as graphene oxide, carbon nanotubes, 
etc., have been widely used as sensing materials due to their large spe-
cific area and unique biocompatibility (Kaur et al., 2020; Yang et al., 
2021). Despite the high conductivity of carbon materials, the unsatis-
factory catalysis is an obstacle that inhibits their further performance in 
biosensing. Recently, transition metals (e.g., Co, Ni, Cu, Mn, etc.) 
encapsulated carbon nanomaterials have attracted a growing interest for 
their low cost and excellent catalytic performance (Cai et al., 2022; Chen 
et al., 2020; Kang et al., 2019; Wagh et al., 2020). Generally, a pyrolysis 
strategy is taken for one-step preparation of the metal-carbon composite 
structure by using various kinds of precursors. However, heterogeneous 
structures and uncontrollable morphologies of the composites are usu-
ally obtained in this synthetic process. Therefore, it is desired to develop 
a facile and controllable strategy for the preparation of homogeneous 
metal-carbon composites with an outstanding electrochemical perfor-
mance to realize the ultrasensitive detection of trace Hg2+. 

Herein, we proposed an ultrasensitive Hg2+ aptasensor based on an 
urchin-like Cu@carbon nanoneedles modified electrode that in-situ 
synthesized via a controllable pyrolysis process. This novel urchin-like 
architecture provides the excellent electrocatalysis and large specific 
surface area for both electrochemical signal magnification and capture 
DNA immobilization. Importantly, an exonuclease III-assisted cycling 
amplification strategy was designed to efficiently amplify the signal 
strength of trace Hg2+. In the presence of Hg2+, the assist DNA could 
hybridize with report DNA through T-Hg2+-T coordination chemistry, 
together with the formation of the nicking recognition sites. In the 
assistance of Exo III, the report DNA dissociated and accumulated into 
the solution after several nicking cycles. These free rDNA could hy-
bridize with capture DNA, leading to the increase in the peak current. As 
a result, this constructed aptasensor exhibited a wide linear range and an 
ultralow detection limit in the quantitative assay of Hg2+, performing 
good reliability and accuracy in real water determination as well. 

2. Experimental section 

2.1. Reagents 

All the following chemicals were used as received without further 
purification. Copper chloride (CuCl2⋅2H2O, ≥99.99% metals basis), tris 
(hydroxymethyl)aminomethane (Tris-HCl, 99.0%), ethyl-
enediaminetetraacetic acid (EDTA, 99.5%), Melamine (C3H6N6, 99%) 
and Cysteine (Cys, 97%) were all purchased from Aladdin, China. 1-(3- 
Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC⋅HCl, 
95%), N-Hydroxysuccinimide (NHS, 98%) and 2-Morpholinoethanesul-
fonic Acid (MES, 99.5%) were obtained from Makclin Biochemical Co., 
Ltd., China. Exonuclease III (Exo III) was provided by Shanghai Yuanye 
Bio-Technology Co., Ltd. All aqueous solutions were prepared with 
deionized water from Smart2Pure 6 (≥18.2 MΩ, Thermo Fisher Scien-
tific, USA). All the DNA strands were synthesized, purified and modified 
by Sangon Biotech (Shanghai) Co., Ltd., China. The sequences of them 
and all kinds of buffer were listed in Table S1. 

Gel electrophoresis experiment was performed on a 3 wt% agarose 
gel containing 1.0 × trisacetic acid-EDTA (TAE) and 5 × loading buffer 
containing nucleic acid dye (Sangon Biotech Co., Ltd., Shanghai, China). 
The gel images were photographed by Tanon MINI Space 1000 system 
(Tanon Science & Technology Co., Ltd., Shanghai, China). 

2.2. Fabrication of the urchin-like Cu@carbon nanoneedles (Cu@CNNs) 

10 g melamine was dissolved in 50 mL DI water at 60 ◦C with 
continuous stirring. Then CuCl2⋅2H2O with required loading amount (1 
g, 2 g, 3.3 g, 5 g) was added into the mixture to form a homogenous pale- 
green solution. Two hours later, the mixed solution was kept at 80 ◦C for 
48 h to remove the moisture. 

Subsequently, the obtained powder was pyrolyzed inside a tube 
furnace at various temperature for 3 h under N2 atmosphere, with a 
heating rate of 5 ◦C/min and gas flow rate of 15 mL/min. After that, the 
brown product was collected and stirring in 30 mL of 1 M HCl for 6 h to 
remove the excessive melamine and oxidized-Cu. Finally, the as- 
prepared powder was washed with ethanol and DI alternately and 
dried under vacuum at 60 ◦C for 12 h. 

2.3. Fabrication of aDNA modified magnetic nanopracticals (MNPs) 

The preparation procedure of Fe3O4 MNPs was reported in our pre-
vious work (Luo et al., 2018). 10 μL of 2 mg/mL MNPs was injected into 
170 μL MES buffer, as well as adding 10 μL EDC (0.3 M) and NHS (0.6 M) 
each to reach a final volumn of 200 μL. After continuously shaking for 1 
h, the MNPs was extracted by using a magnet and redispersed in 45 μL 
I-buffer, followed by introducing 5 μL aDNA (50 μM) in the mixed so-
lution and incubated for 6 h at room temperature. Then the aDNA/MNPs 
was thoroughly washed to remove unbonded aDNA and resuspended in 
1 mL H-buffer for further use. 

2.4. Preparation of Cu@CNNs/Cys modified electrode and the 
immobilization of cDNA 

1 μL of 1 mM Cys was dropped onto the Au disk electrode surface and 
dried under nitrogen to form a self-assembly layer. 3 mg Cu@CNNs was 
ultrasonically dispersed in 1 mL DI water to form a uniform suspension. 
Simultaneously, Cu@CNNs was carboxyl-actived through the same 
procedure as the MNPs taken. Afterwards, 2 μL Cu@CNNs dispersion 
was deposited on the Cys modified electrode and dried under nitrogen 
for 2 h to enhance the binding force between Cu@CNNs and electrode. 
Then the as-prepared electrode was immersed into 100 μL of 1 μM cDNA 
for 16 h at 4 ◦C to ensure the complete immobilization of cDNA. Finally, 
the cDNA/Cu@CNNs/Cys modified electrode was taken out and rinsed 
by W-buffer. 

2.5. Construction of the Hg2+ biosensor based on the Cu@CNNs modified 
electrode 

Typically, 90 μL of aDNA/MNPs dispersion was mixed with 10 μL of 
5 μM rDNA and incubated at room temperature for 3 h with gentle 
shacking. After that, the rDNA-aDNA/MNPs were magnetically sepa-
rated and redispersed in 190 μL H-buffer, which is prepared to maintain 
a stable pH and ionic strength. Then 10 μL aqueous solution with various 
Hg2+ concentrations were injected into the above buffer to realize T- 
Hg2+-T mismatch reaction. After 20 min, 7.5 U Exo III was added and the 
nicking reaction proceeded at 25 ◦C for another 30 min. After removing 
the modified MNPs, a clear solution was obtained, in which the cDNA 
immobilized electrode was incubated for 20 min. Finally, the electrode 
was taken out and washed with W-buffer for electrochemical 
measurement. 

After the recycling amplification, a regeneration process was taken 
place at a higher temperature than melting temperature (Tm) of dsDNA. 
The electrode was immersed into PBS solution and DI water for 10 min 
at 80 ◦C, respectively. Afterwards, the recovered electrode was rinsed by 
W-buffer for three times. 
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3. Results and discussion 

3.1. Nanostructure construction of urchin-like Cu@CNNs 

As shown in Fig. 1, the realization of an urchin-like nanostructure 
was relied on a controllable chemical vapor deposition process. As 
revealed in Fig. 2a and S1a-c, the morphology of the Cu-carbon com-
posite changed significantly at different temperature with a melamine/ 
Cu ratio of 3:1, which can be denoted as 600-3-Cu@CNNs, 500-3- 
Cu@CNNs, 700-3-Cu@CNNs and 800-3-Cu@CNNs, respectively. 
Evidently, the 600-3-Cu@CNNs possessed a well-defined urchin-like 
structure that the surface of the Cu micro-particle was uniformly and 
densely decorated with carbon nanoneedles (CNNs). Fig. 2b indicated 
that the oriented homogeneous CNNs arrays, with a maximum diameter 
of ca. 80 nm and a length of ca. 350 nm, tightly surrounded the Cu 
substrate. In comparison, the 500-3-Cu@CNNs exhibited a corrugated 
structure with abundant incomplete calcined Cu/melamine precursor, 
which mainly caused by the mismatch between the decomposition rate 
of melamine and the slower reduction rate of Cu2+ (Fig. S1a). Instead, 
reduction gas and gaseous carbon with a much higher release rate were 
rapidly blown away by the carrier gas at a high pyrolysis temperature of 
700 or 800 ◦C, thereby failed to induce the growth of CNNs on the Cu 
surface (Figs. S1b–c). Additionally, we adjusted the doping amount of 
Cu by varying the Cu/melamine ratio in precursor from 2:1 to 3:1, 5:1 
and 10:1. As presented in Figs. S1d–f, only using the ratio of 3:1 can 
effectively improve the distribution of CNNs to obtain a homogeneous 
array with appropriate density (Fig. 2a). 

Subsequently, the EDX line-scanning showed that a high scanning 
signal of C with rare Cu was obtained on the nanoneedle (Fig. 2c). In 
contrast, the region 2 was mainly composed of Cu element (Fig. 2d). 
Then the focused ion beam (FIB) milling technique was adopted to ac-
quire a flat tangent plane inside the urchin-like structure, which pre-
sented a porous feature (Fig. 2e and f). The HRTEM image showed a 
lattice spacing of 0.209 nm, corresponding to the (111) plane of the 

elemental Cu (Fig. 2g). The selected-area electron diffraction (SAED) 
pattern was indexed to allow the identification of Cu lattice plane, 
confirming the presence of zero valent copper (Fig. 2h). EDX mapping 
images further proved that the copper element existed only inside the 
Cu@CNNs, while carbon element all appeared outside the Cu code 
(Fig. 2i-m). Besides, rare N and O element were revealed as nitrides and 
oxygen-containing functional groups, which would be beneficial for 
binding the –NH2 labelled DNA probe. 

As presented in the XRD results (Fig. 3a), all the reflection peaks 
belonging to the Cu2+ and melamine mixture were disappeared after the 
pyrolysis process, indicating the complete decomposition of the pre-
cursor at the temperature beyond 600 ◦C. It can be clearly observed that 
three pronounced peaks located at ca. 43.34◦, 50.47◦ and 74.17◦ are 
mainly attributed to the (111), (200) and (220) faces of Cu (JCPDS 
75–2129). Nevertheless, three less conspicuous peaks belonging to Cu2O 
were obtained in the patterns of both 700-3-Cu@CNNs and 800-3- 
Cu@CNNs. The nitrogen adsorption-desorption isotherm (Fig. 3b) sug-
gests that the 600-3-Cu@CNNs possesses a large BET surface area of 
30.73 m2/g, which are mostly consisted of mesopores (2–50 nm). In 
addition, according to the TGA curve (Fig. 3c), an obvious weight 
decrease of 88.40% was recorded between 180 ◦C and 400 ◦C, and then 
turning stable at about 500 ◦C, which were mainly attributed to the 
decomposition of melamine and the reduction of Cu, respectively. It is 
worth noting that a slight weight loss of 0.8% was appeared at ca. 
700 ◦C, which may be ascribed to the loss of carbon nanoneedles that 
making huge differences in the morphology of products synthesized at 
600 and 700 ◦C. Furthermore, XPS was employed to further verify the 
valence properties of Cu@CNNs. In Fig. 3d, there are only two main 
Cu2p peaks locating at 932.88 eV (2p3/2) and 952.60 eV (2p1/2), rep-
resenting the zero valent state of Cu in the 600-3-Cu@CNNs (Yuan et al., 
2021). Differently, for the 700-3-Cu@CNNs, two sets of spin-orbital 
assigning to the characteristic Cu2p3/2 and Cu2p1/2 can be observed in 
the Cu2p spectra (Wang et al., 2019). Besides, the Cu LM2 peak centered 
at 918.52 eV confirms that only Cu0 exists in 600-3-Cu@CNNs (Fig. 3e), 

Fig. 1. Schematic illustration of the construction of Cu@CNNs based Hg2+ aptasensor.  
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Fig. 2. SEM image of (a) urchin-like 600-3-Cu@CNNs, (b) the selected regions of carbon nanoneedles and Cu substrate; SEM-EDX line scanning of (c) region 1, (d) 
region 2; SEM images of (e) the selected area for FIB milling, (f) the cross-section of the selected area; (g) HRTEM image of Cu inside the Cu@CNNs; (h) corresponding 
SAED pattern; EDX mapping of (i) element distribution overlay, (j–m) single element distribution of Cu, C, N and O. 

Fig. 3. (a) XRD pattern of the precursor and Cu@CNNs synthesized at different ratio and temperature; (b) N2 adsorption-desorption isotherms of 600-3-Cu@CNNs, 
inset: the corresponding pore size distribution curve; (c) TGA curve of the precursor in the range of 50–800 ◦C; XPS spectra of (d) Cu2p, (e) Cu LM2 and (f) N1s. 
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while Cu0, Cu1+ and Cu2+ coexist in 700-3-Cu@CNNs (Shuang et al., 
2021). These results indicated the essential of the carbon nanoneedles 
cladding for protecting metallic Cu from the excessive oxidation. 
Moreover, the N1s spectra (Fig. 3f) can be deconvoluted into 4 peaks 
which are denoted as pyridinic N, Cu–N, pyrrolic N and oxidized N, 
respectively (Kang et al., 2018). Notably, the content of pyridinic N and 
Cu–N accounts for approximately 88.7% of the total nitrogen in the 
structure, which can be expected to provide more active sites and 
electrocatalytic activity. Meanwhile, the presence of oxygen-containing 
functional groups (Fig. S2) is beneficial to the immobilization of –NH2 
modified DNA probe, enhancing the binding force via NH–CO bond. 

3.2. Electrochemical behaviors of the Cu@CNNs modified electrodes 

The electrocatalytic and conductive behaviors of the Cu@CNNs were 
systemically evaluated through CV and EIS. Among various prepared 
electrodes, the 600-3-Cu@CNNs modified electrode presented the su-
perior peak intensity and ΔEp of 34.61 μA and 0.131 V, respectively 
(Fig. S3a). This confirmed that the urchin-like architecture exhibited 
tremendous potentials in enhancing the electrochemical behavior 
attributed to its low barrier electronic transfer and high specific surface 
area. As revealed in the EIS results (Figs. S3b and c), the 600-3- 
Cu@CNNs possessed a lower resistance (Rct) of 143.70 Ω than those of 
other samples (148.12 Ω for 600-2-Cu@CNNs and 154.66 Ω for 600-5- 
Cu@CNNs). Besides, the effective specific surface areas of the 
Cu@CNNs prepared with various mass ratio in percursor of 2:1, 3:1 and 
5:1 were investigated (Fig. S3d) and calculated as 0.037, 0.065 and 
0.018 cm2, respectively (Table S2). This observation demonstrates that 
the urchin-like Cu@CNNs can extremely increase the surface area of the 
electrode to promote the binding of more DNA strands. 

3.3. Construction and optimization of Hg2+ aptasensor 

In order to realize the highly sensitive detection of trace Hg2+, an 
exonuclease III (Exo III)-assisted recycling amplification strategy was 

designed. As depicted in Fig. 4a, aDNA is covalently grafted on the MNPs 
surface via an amide-coupling reaction, followed by partial hybridizing 
to MB-labelled rDNA, leaving several free T-T pairs at 3′ end of aDNA 
and 5′ end of rDNA. In the presence of Hg2+, the free T base tends to 
tightly coupled to form the stable T-Hg2+-T complexes, leading to the 
complete pairing of 3′ end of aDNA. After introducing Exo III in the 
detection system, the 3′ terminal of aDNA is specifically recognized and 
sheared into mononucleotides towards the 5′ end, thus redispersing the 
unbroken rDNA and Hg2+ into the solution. Subsequently, free Hg2+

enables to participate in the next nicking cycle, continuously releasing 
rDNA from the double-stranded structure. A nicking time is set to 
terminate this reaction, and the solution with rich MB-labelled rDNA can 
be generated. To capture the free rDNA in the solution, cDNA that 
immobilized on the surface of Cu@CNNs is designed, therefore realizing 
the signal transforming through the catalytic oxidation of MB which is 
close to the carbon nanoneedles. In addition, to prevent the digesting of 
cDNA-rDNA hybrid by the remaining Exo III, both the 3′ ends of cDNA 
and rDNA remain several free bases that do not pair with 5’ ends of 
rDNA and cDNA, respectively. Therefore, no specific cleave site is 
formed for the cleave reaction. 

Gel electrophoresis has been operated to confirm the feasibility of the 
detection principle. As shown in Fig. 4b, lane 1 presented the images of 
aDNA alone. After the hybridization reaction with rDNA and Hg2+, 
another bright spot at about 75 bp was observed at lane 2. However, the 
spot darkened at lane 3, indicating that Exo III cleaved the hybrid of 
aDNA and rDNA. As shown at lane 4, the bright spot at about 75 bp was 
regained, representing the hybridization of released rDNA and cDNA 
through recycling amplification. This result also demonstrated that the 
remaining Exo III does not cleave the hybrid of cDNA and rDNA. 
Moreover, the response signal change during the Hg2+ recognition was 
studied. As shown in Fig. S4, the peak current increased from 3.88 to 
5.13 μA in 10 nM Hg2+. After the regeneration process, the current 
signal which measured as baseline2 returned to the value that equaled to 
baseline, ensuring the reusability of this biosensor. The pH value and 
NaCl concentration of the detection system was scrupulously 

Fig. 4. (a) The detection strategy for Hg2+ signal cycling amplification.; (b) gel electrophoresis results (L1: aDNA; L2: aDNA-Hg2+-rDNA; L3: aDNA-Hg2+-rDNA 
hybrid after cleave reaction; L4: rDNA-cDNA hybrid); (c) the response signals of the aptasensor in solutions with different pH values; (d) the response signals of the 
aptasensor at different working temperatures. 
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investigated in Figs. 4c and S5, where the highest response signal was 
acquired at the pH value of 7.5 and NaCl concentration of 0.2 M. More 
importantly, the cleavage efficiency of Exo III was restricted at a low 
temperature, thus the increasing current signals were generated with the 
temperature raising from 5 ◦C to 25 ◦C (Fig. 4d). Nevertheless, further 
increasing the temperature reduced the activity and efficiency of Exo III 
cleavage reaction and greatly hindered the hybridization efficiency of 
cDNA and rDNA when it is close to the melting temperature, resulting in 
the decrease of signal strength. Herein, 25 ◦C was set as the working 
temperature. 

The Exo III amount as well as nicking time were also optimized to 
improve the detection efficiency. With the small amount of Exo III (2.5 U 
or 5 U) introducing into the system, it took a long nicking time to reach 
the cleavage reaction equilibrium (Fig. 5a). By contrast, when increasing 
the Exo III amount to 7.5 U, the nicking reaction reached saturation 
within 20 min, as well as a stable current signal for 1 nM Hg2+ detection. 
Additionally, the current change with the increasing nicking time were 
recorded in Fig. 5b, revealing that a long nicking time was required 
when recognizing high concentrations of Hg2+. Therefore, 30 min was 
set as the proper nicking time to ensure the complete reaction and stable 
response signal. To investigate the effect of free T base, another two 
strands of aDNA probes named as aDNA-7 (7 free T bases) and aDNA-9 
(9 free T bases), as well as rDNA-7 and rDNA-9 were designed 
(Table S1). In comparison with aDNA that contains 5 free T bases, it took 
much longer time to reach the cleavage reaction equilibrium (Fig. S6) by 
using aDNA-7 (40 min) and aDNA-9 (45 min). In this work, aDNA is 
selected as the optimal sequence for practical application. 

Furthermore, to obtain a high detection signal, the incubation time 
of cDNA (Fig. 5c) and the hybridization time of cDNA and rDNA 
(Fig. 5d) were optimized as 16 h and 20 min, respectively. Herein, the 
detection time was calculated as 70 min, containing Hg2+ reaction time 
of 20 min, nicking time of 30 min and rDNA capture time of 20 min. 

3.4. Assay performance of the as-prepared Hg2+aptasensor 

The detection performance of Hg2+ was further investigated through 
varying the Hg2+ concentration. As shown in Fig. 5e, the peak intensity 
gradually enhanced with the increasing Hg2+ concentration from 0 fM to 
10 μM because more MB labelled on the rDNA was accumulated to the 
Cu@CNNs modified electrode. A linear relationship was achieved be-
tween the signal change (Δi) and the logarithm of Hg2+ concentration 
(Fig. 5f) with the regression equation of Δi = 0.82 + 0.15 Log (CHg2+) 
(R2 = 0.997) in the range of 10 fM to 10 μM. On account of the supe-
riority of the urchin-like Cu@CNNs together with the Exo III-assisted 
cycling amplification strategy, an ultralow detection limit of 3.7 fM 
(7 × 10− 6 ppm) was obtained (S/N = 3). In addition, the limits of 
detection of aptasensors based on aDNA-7 and aDNA-9 were 1.3 fM and 
2.9 fM, respectively, which were close to that of the as-prepared apta-
sensor (Fig. S7). 

The stability of this aptasensor is extremely significant in practical 
applications. As exhibited in Fig. 6a, after 50 times of CV canning cycles, 
both the redox peaks of the modified film showed slight changes, con-
firming the outstanding electrochemical stability of this as-prepared 
biosensor in the detection process. The reproductivity was further 
investigated through testing the detection performance of 6 independent 
aptasensors in 10 nM Hg2+ (Fig. 6b). As a result, subtle signal differences 
with an RSD of 2.32% were observed among these biosensors, proving 
the excellent reproducibility of the as-prepared aptasensor. As illus-
trated in Fig. 6c, each of other common metal cations with the con-
centration of 1 μM produced a negligible signal response compared to 
that generated by 1 nM Hg2+ in the system. When introducing the 
mixture of them, the current signal almost unchanged, indicating that 
this proposed aptasensor enables to selectively capture Hg2+ among 
various interfering species. 

Furthermore, a batch of aptasensors was freshly-prepared and stored 
at 4 ◦C to study the long-term stability through testing these ones every 5 
days (Fig. 6d). After 30 days, the as-prepared aptasensor retained 

Fig. 5. (a) Current signal changes in 1 nM Hg2+ with various units of Exo III; (b) current changes with 7.5 unit of Exo III in different concentration of Hg2+; (c) signal 
response during the cDNA incubation process; (d) signal response during the hybridization of rDNA and cDNA; (e) SWV curves of this aptasensor at various Hg2+

concentrations (0, 10 fM, 100 fM, 1 pM, 100 pM, 1 nM, 10 nM, 100 nM, 1 μM and 10 μM); (f) the corresponding calibration curve of Hg2+ assay (n = 3). 
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approximately 94.61% of the initial signal strength, which was domi-
nantly facilitated by the outstanding stability of urchin-like Cu@CNNs 
and the reliability of this cycling amplification strategy. Due to the 
dissociation of rDNA-cDNA double helix structure at a high temperature, 
the regeneration process of the aptasensor was employed for further use. 
Hence, the reusability was measured through 30 times of hybridization- 
regeneration reaction (Fig. 6e). After each regeneration process, the 
baseline value enabled to recover closely to the previous one, and the 
detection results in 1 nM Hg2+ remained almost unchanged. As a com-
parison, this as-prepared biosensor possesses a wide linear range over 9 
orders of magnitude and an ultralow LOD, outperforming most reported 
ones shown in Fig. 6f and Table S3. 

In order to evaluate the practical performance of the as-prepared 
aptasensor, tap water and lake water were selected as the target sam-
ples. Prior to the test, all the real sample were pretreated with UV 
digestion and acidification. Then the obtained samples were further 
treated by PES microfiltration membrane (0.22 μm) to remove impu-
rities. As presented in Table S4, the results determined with this apta-
sensor were consistent with those obtained from ICP-MS, confirming 
that our as-prepared biosensor have tremendous potential in the assay of 
trace Hg2+ in environmental water samples. 

4. Conclusion 

In this work, we have successfully developed an ultrasensitive and 
selective Cu@CNNs based aptasensor with the Exo III assisted cycling 
amplification strategy for trace Hg2+ recognition within 70 min. This 
aptasensor enables to specifically capture Hg2+ with an ultralow 
detection limit, exhibiting excellent stability and reusability in the assay 
of real water samples. However, this T-Hg2+-T strategy cannot detect the 
organic mercury in water samples. Besides, suspended solids and pro-
teins in water may affect the activity and stability of DNA probes. 
Therefore, to achieve reliable assay results, the pretreatment of water 

samples is essential to liberate Hg2+ from organic compounds and 
remove impurities. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 

Fig. 6. (a) Stability of the as-prepared aptasensor after 50 times CVs; (b) reproducibility of this biosensor in 10 nM Hg2+; (c) selectivity test of this biosensor in 1 nM 
Hg2+ with 1 μM of other ions; (d) long-term stability in 30 days; (e) reusability of the biosensor in 1 nM Hg2+; (f) comparison of detection performance of this as- 
prepared aptasensor with those reported in literature. The corresponding data and references are listed in Table S3. 
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