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Abstract 

In this work, a novel sandwich-type aptasensor was designed for the ultrasensitive 

recognition of trace mercury ions in water. Numerous oriented platinum nanotube 

arrays (PtNAs) were in-situ crystallized on a flexible electrode as a sensing interface, 

while thionine labelled Fe3O4/rGO nanocomposites as signal amplifiers. Both 

PtNAs/CF and nanocomposites were synthesized by easy hydrothermal processes. 

With their large surface area, it was favorable for electrochemical performance and 

immobilization of capture DNAs (cDNA) and report DNAs (rDNA). Upon the 

existence of Hg
2+

, partial linker DNAs were tightly bound with cDNAs through 

thymine-Hg
2+

-thymine pairing (T-Hg
2+

-T). Then rDNAs attached Fe3O4/rGO 

nanoprobes were fixed on the electrode through the match of remaining linker DNAs 

and rDNAs. Under the optimal conditions, the Hg
2+ 

aptasensor showed a synergistic 

amplification performance with a wide linear range from 0.1 nM to 100 nM, as well 

as a low detection limit of 30 pM. Moreover, the as-prepared aptasensor also 

exhibited reliable performance for assay in real lake water samples. 

Keywords：Pt nanotube arrays; enzyme-mimic; synergistic amplification; mercury 

detection 
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1. Introduction 

As a typical heavy metal ion, mercury ion (Hg
2+

) produces a severe hazard on the 

ecological environment and human health due to its high toxicity, 

none-biodegradability and easy accumulation in body (Carocci et al. 2014). A 

maximum permitted level of 5 nM Hg
2+

 in drinking water has been set by Ministry of 

Health of the People’s Republic of China, United States Environmental Protection 

Agency and World Health Organization. Great efforts have been dedicated to the 

development of highly effective methods for Hg
2+

 measurement, e.g. atomic 

absorption/emission spectroscopy (AAS/AES) (Li et al. 2014), fluorescence 

spectrometry (Neupane et al. 2016), inductively coupled plasma mass spectrometry 

(ICP-MS) (Ma et al. 2016), and surface enhanced Raman scattering (SERS) (Sun et al. 

2015). Although sensitive Hg
2+ 

assays can be realized through these methods, they 

generally suffer from high costs and sophisticated instrumentations, making them not 

suitable for on-site monitoring. Alternatively, electrochemical technique has been 

received enormous interests in Hg
2+

 assay, due to its significant virtue of sensitivity, 

simplicity and low cost. In addition, aptamers are widely used as a new type of 

recognition biomolecules due to controllable synthesis, high stability, affinity and 

specificity toward various targets. Recently, it is demonstrated that Hg
2+

 can 

specifically interact with thymine-thymine (T-T) pairs and form stable T-Hg
2+

-T 

structures, which is even more stable than A-T pairs (Miyake et al. 2006; Ono and 

Togashi 2004). This special interaction provides a new route for designing 

electrochemical Hg
2+

 sensor with high sensitivity and selectivity.  

So far, versatile micro/nanostructured electrode were usually designed to realize 

effective electrochemical sensing (Solanki et al. 2011; Walcarius et al. 2013). The 

development of flexible devices has attracted great interests due to the increasing 

demands for portable electronics (Liu et al. 2015). Applying flexible substrate of 

carbon fibers (CF) can be closer to this aim than traditional rigid substrates. In 

addition to the advantages of good chemical stability and conductivity, the CF 

provides plentiful spaces for rapid transfer of analytes and facilitates the diffusion of 
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electrolyte on the electrode surface. Among various interface morphologies, the 

unique nanoarrays have attracted enormous interests in the construction of 

electrochemical biosensors, e.g. Au nanowire arrays (Shi et al. 2015; Torati et al. 

2016), polypyrrole nanorod arrays (Palod and Singh 2015), ZnO nanowire arrays (Yue 

et al. 2017) and metal-organic hybrid arrays (Shi et al. 2013; Shi et al. 2014). This 

favourable configuration provides not only considerable immobilization sites for 

biomolecules, but also the “fast tracks” for electron transfer. As a common catalytic 

and conductive metal, platinum (Pt) micro/nanomaterials have been widely applied in 

electroanalysis applications to enhance sensitivity (Agrisuelas et al. 2017; Wu et al. 

2017; Xia et al. 2015; Xu and Zhang 2014). Inspired by the above viewpoints, it is 

highly anticipated to construct the PtNAs based flexible electrode for the development 

of high-performance electrochemical biosensors. 

Besides, nanomaterials with intrinsic enzyme-mimic activity have been widely 

adopted for signal amplification in electrochemical biosensing. (Peng and Weng 2017; 

Wang et al. 2014; Wei and Wang 2013). It was recently reported that Fe3O4 beads 

could realize the electrocatalytic reduction of small dye molecules, e.g. thionine 

(Zheng et al. 2014). However, as a semiconductor, Fe3O4 would hinder the electrical 

performance. Besides, nanoparticles easily aggregate owing to the high surface energy, 

leading to a significant decrease in catalytic sites. The reduced graphene oxide (rGO) 

is a promising candidate to solve the problems of conductivity and aggregation, 

because of its intrinsic high electrical conductivity and dispersed surface groups 

before reduction (Compton and Nguyen 2010). Moreover, rGO could easily hold 

plentiful electroactive dye molecules through π–π interaction (Ramesha et al. 2011).  

In this work, we proposed a sandwich-type Hg
2+

 aptasensor which was based on 

PtNAs/CF flexible electrode and thionine labelled Fe3O4/rGO nanoprobes (Fig. 1). 

The oriented PtNAs with large surface area served as fast tracks for electron transfer 

and provided binding sites for capture DNA. On the other hand, rGO-improved Fe3O4 

was loaded with thionine and report DNA probes, working as electrocatalytic signal 

amplifiers in solution. Once Hg
2+

 exists, capture DNAs and linker DNAs would 

tightly pair through the formation of T-Hg
2+

-T, resulting in the formation of stable 
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mismatches. After the remaining sequences of linker DNAs hybridized with report 

DNAs, a “sandwich-type” structure would formed on the electrode interface. As a 

result, there would be an electrochemical signal stemming from thionine reduction, 

which could quantitatively indicate the Hg
2+

 concentration. 

 

Fig. 1. Schematic illustration of assembly process and the detection strategy. 

 

2. Experimental  

2.1 Reagents and apparatus 

The sequences of the designed DNA strands were listed in Table S2. Carbon fiber 

cloth (CF, AWOS1002) was supplied by Phychemi Company, Hong Kong. Zinc 

nitrate hexahydrate (Zn(NO3)2·6H2O, 99%) was obtained from Shantou Xilong 

Chemical Co. Ltd., China. Graphene oxide powder (1-5 µm, 99%) was provided by 

Nanjing JCNANO Tech Co., Ltd., China. Hexamethylenetetramine (HMTA, 99%), 

1-pyrenebutanoic acid succinimidyl ester (PASE) was brought from Aladdin, China. 

6-Mercapto-1-hexanol (MCH, 97%) was purchased from Sigma Aldrich. Potassium 

tetrachioropalladate(II) (K2PtCl4, 99%) and thionine acetate were purchased from 

J&K Chemical Ltd., China. Trisodium citrate dihydrate (C6H5Na3O7·2H2O, 99%), 

Iron(III) chloride hexahydrate (FeCl3·6H2O, 99%), Sodium acetate anhydrous 

(CH3COONa, 99%), were obtained from Sinopharm Chemical Reagent Co., Ltd., 

China. Ammonia (NH3·H2O, 25 wt %) and acetone (C3H6O, 99.5%) were both 

obtained from Shanghai Lingfeng Chemical Reagent Co., Ltd., China. Ethylene glyocl 

((CH2OH)2, 99%) were supplied by Shanghai No.4 Reagent & H.V. Chemical Co., 

Ltd. and ethanol (CH3CH2OH, 99.7%) form Wuxi City Yasheng Chemical Co., Ltd., 
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China. HgCl2, CoCl2, ZnCl2, MgCl2, CaCl2, Pb(NO3)2, CuSO4, CdCl2, FeCl3 and 

Al(NO3)3 were purchased from Sinopharm Chemical Reagent Co., Ltd. All the 

chemicals were used as received without further purification and distilled water was 

used throughout. The lake water sample was obtianed from the Tai lake and water 

samples were filtered through a 0.45 μm membrane prior for the detection. 

 

2.2 Synthesis of PtNAs/CF flexible electrode 

The PtNAs/CF was prepared through a modified wet chemical process (Greene et 

al. 2005; Lee et al. 2011). Prior to use, the CF was firstly ultrasonically cleaned in 

acetone, ethanol and deionized water for 20 min, respectively. The clean CF was 

dipped in ethanol solution of 0.01 M Zn(NO3)2 and then sintered at 350 °C in air 

atmosphere for 10 min to ensure complete coverage of a ZnO seed layer. A 100 mL 

precursor solution of Zn(NO3)2 (18.8 mM) and HMTA (18.8 mM) was mixed with 3 

mL of ammonia. The CF was immersed into the precursor solution under 90 °C for 24 

h. After the reaction, the CF was washed by deionized water and ethanol for several 

times and the ZnO nanorod arrays were obtained. 

Then the ZnO/CF was used as the template for the preparation of PtNAs via a 

typical hydrothermal method. Briefly, 4 mL of an aqueous solution of K2PtCl4 (5 mM) 

was added to 0.1 mL of sodium citrate (30 mM) aqueous solution, and then ZnO 

modified CF was placed into this solution at 90 °C for 60 min. After washed with 

distilled water, the PtNAs/CF were obtained. 

 

2.3 Synthesis of report DNA and thionine labeled Fe3O4/rGO nanoprobes 

The Fe3O4/rGO nanocomposites were fabricated through one-pot solvothermal 

reaction with a slight modification (Zhou et al. 2010). 50 mg GO and (0.1 g, 0.5 g, 1 g) 

FeCl3·6H2O were dissolved in 25 mL ethylene glycol, following by the addition of 25 

mg sodium citrate and 1.8 g NaAc. The mixture was continuously ultrasonicated for 

30 min to form a clear solution. Then, the mixture was sealed in the Teflon-lined 

autoclave placed at 200 °C for 16 h. For purification, the black product of Fe3O4/rGO 

nanocomposites were centrifuged and thoroughly washed with ethanol and deionized 
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water. And the Fe3O4 nanoparticles (medium sample) were prepared by above 

procedures without GO. 

1 mg Fe3O4/rGO nanocomposites were dispersed in 0.1 mg PASE (0.1 mg/mL) 

solution and stirred for 1 h. The mixture was centrifuged and washed several times to 

remove the non-adsorbed PASE, and the obtained nanocomposites were then 

dispersed in 1 mL PBS (0.01 M, pH 7.4) solution. Subsequently, 0.1 mL of report 

DNA strands (10 μM) was mixed with Fe3O4/rGO, and the mixture was kept at 4 °C 

for 24 h. After separation and washing, report DNA attached Fe3O4/rGO was mixed 

with thionine (1 mM) for 1 h. Finally, the DNA and thionine labeled Fe3O4/rGO 

nanoprobes were collected and stored at 4 °C for further use. 

 

2.4 Fabrication of the proposed aptasensor 

The PtNAs/CF electrode was incubated with thiolated capture DNA (5 μM) at 4 °C 

for 12 h. Then, the modified electrode was treated with MCH solution (1 mM) for 1 h 

to block the nonspecific sites and achieve an appropriate oligonucleotide orientation 

for the hybridization, following with rinsing with 10 mM PBS for several times to 

obtain the sensing interface. The capture DNAs on the sensing interface were 

hybridized with linker DNA strands (5 μM) with Hg
2+

 of different concentrations for 

3 h. Then, report nanoprobes of DNA attached Fe3O4/rGO were added and incubate 

for 2 h, following with rinsing with 10 mM PBS to reduce the physical adsorption. 

Finally, the DPV responses of the aptasensor were recorded for the quantitative 

detection of Hg
2+

. 

 

2.5 Characterizations and electrochemical measurements 

The synthesized product was analyzed by the field emission scanning electron 

microscope (FESEM, Hitachi S4800), transmission electron microscope (TEM, 

JEM-2100F), X-ray diffraction with a Cu-Ka line (0.15419 nm) (XRD, D/MAX 2500 

V/PC), X-ray photoelectron spectroscopy (XPS, ESCLAB MKII) and gas adsorption 

analyzer (Microtrac BELSORP-mini II, Bel Inc.). All electrochemical measurements 

were performed with a CHI 660E electrochemical workstation (Shanghai Chenhua, 
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China). 

All electrochemical measurements were all carried in a three-electrode system. The 

prepared PtNAs/CF electrode was used as the working electrode. A Pt wire served as 

the counter electrode, and an Ag/AgCl electrode as the reference electrode. The 

electrochemical properties of the working electrode were characterized by cyclic 

voltammetry (CV), electrochemical impedance spectroscopy (EIS) and differential 

pulse voltammetry (DPV). CV was implemented at a scan rate of 100 mV/s in an 

electrolyte containing 10 mM K3[Fe(CN)6] and 0.1 M KCl. EIS was carried out at 

frequencies from 0.01 Hz to 100 kHz with a 5 mV amplitude signal in 5 mM 

K3[Fe(CN)6]/K4[Fe(CN)6] containing 0.1 M KCl. DPV measurement was performed 

from 0 to -0.5 V with a pulse amplitude of 50 mV and width of 50 ms in 10 mM PBS. 

The chronoamperometric study was carried out in 0.01 M PBS with 5 nM Hg
2+

 at -0.2 

V. 

 

3. Results and discussion  

3.1 Formation and electrochemical properties of PtNAs/CF electrode 

As shown in Fig. 2A, the textile-like CF was weaved by numerous interlaced 

microfibers with the diameter of ~10 μm, which can provide large surface area as a 

conductive scaffold (Fig. S1). Treating with a wet chemical synthesis approach, ZnO 

nanowires were uniformly and continuously crystallized on the CF (Fig. 2B). The 

length and diameter of the formed ZnO nanowires are ~2 μm and ~100 nm, 

respectively (inset in Fig. 2B). This special morphology would offer abundant binding 

sites for the subsequent Pt nucleation and growth. Once the PtCl4
2-

 was reduced to Pt 

atoms, the pH of the reaction solution was gradually decreased due to the 

consumption of OH
-
 (Lee et al. 2011). It resulted in the formation of uniform PtNAs 

on CF (Fig. 2C) and the simultaneous elimination of ZnO templates. It can be found 

that each PtNA was vertically anchored on the CF surface (Fig. 2D). TEM was 

implemented to further verify the hollow structure of the as-prepared PtNAs (Fig. 2E). 

A well-defined hollow interior of Pt nanotube was clearly observed, which possessed 
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a diameter of ~120 nm and an ultrathin wall thickness of ~20 nm. The cross-sectional 

element composition of a single Pt nanotube were then analyzed by the 

HAADF-STEM-EDS (inset of Fig. 2E), which further indicated that the obtained 

nanostructure is a Pt nanotube without the existence of ZnO template. Furthermore, a 

magnified TEM image revealed that the porous nanotube composed of homogeneous 

overlapped nanoparticles with diameters of ~3.5 nm (Fig. 2F). A d-spacing of ~2.30 Å 

for adjacent lattice planes of the Pt nanotube indicated the predominance of (111) 

planes on the surface of the Pt nanotubes (inset in Fig. 2F). 

 

 

Fig. 2. FESEM images of (A) the CF substrate, (B) ZnO nanowire modified CF, inset: cross section of ZnO 

nanowires, (C) and (D) PtNAs/CF at different magnifications. (E) Representative TEM image of a typical Pt 

hollow nanotube; The insert is the cross-sectional element analysis of a Pt nanotube. (F) Magnified TEM image of 

a Pt nanotube, inset: HRTEM of a Pt nanotube. 

 

Fig. 3A shows the XRD patterns of the CF, ZnO/CF, and PtNAs/CF respectively. 

Comparing with the bare CF, the characteristic peaks located at 31.8°, 34.4°, 36.3°, 

47.5°, 56.6° and 62.8° are assigned to the (100), (002), (101), (102), (110) and (103) 

facets of the zincite phase of ZnO. Once the PtNAs structure were formed on CF, 

these peaks of ZnO almost disappeared, and the presence of diffraction peaks at 39.6°, 

47.2° and 66.9° are attributed to the (111), (200) and (220) crystalline planes of the 

face centered cubic (fcc) Pt. Besides, EDX results (Fig. 3B) showed that the peak 

intensity of Zn significantly decreased after the growth of PtNAs on the CF. The 
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dominating Pt element in the EDX spectrum indicated that the ZnO template is nearly 

removed during the formation of PtNAs, which was consistent with the TEM results. 

In addition, effects of the growth time on morphologies of the PtNAs were 

investigated. With a short reduction time (10 min) in the precursor solution of K2PtCl4, 

a few Pt nanoparticles were produced on the surface of nanowires (Fig. S2A), and 

residual ZnO was observed in this condition, which was consistent with the EDX (Fig. 

S3A) and XPS results. The binding energies of 71.8 eV and 75.2 eV were 

corresponding to the core-level emissions of Pt4f7/2 and Pt4f5/2, revealing that the 

valence state of Pt atoms was in Pt
0
 (Fig. 3C). The full survey and valence states of Zn 

and O were explained in the Fig. S3. In contrast, redundant Pt nanoparticles were 

produced when a reduction time of 120 min was consumed (Fig. S2B). As a result, 

severe agglomeration of Pt nanoparticles resulted in the gradual disappearance of the 

nanoarray structures (Fig. S2B). The corresponding electrochemical behaviours were 

further studied (Fig. S2C). Compared to others, the curve of 60 min resulted in higher 

peak current. 

The electrochemical properties of different interfaces were investigated. Compared 

with the bare CF, the deposition of ZnO decreased the current of the redox peaks and 

enlarged the peak potential difference (ΔEp) (Fig. 3D). It can be ascribed to the poor 

conductivity of ZnO. When the PtNAs were formed on ZnO surface, the significanl 

enhancement of the peak currents and reduction of ΔEp were both achieved. It was 

attributed to remove of ZnO and high conductivity of metal Pt. In order to clarify the 

electrochemical role of metal nanotube arrays, we also compared the CV results of the 

prepared PtNAs and template-free Pt nanoparticles (Fig. S4A). It was observed that 

PtNAs strucutres consructed “fast tracks” for electron transfer, resulting in higher 

electrochemical response. Above attractive properties of the prepared PtNAs/CF 

electrode benefit the signal enhancement of the constructed electrochemical 

aptasensor. 
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Fig. 3. (A) XRD patterns of the CF, ZnO/CF and PtNAs/CF. (B) EDX spectra of ZnO/CF and PtNAs/CF. (C) XPS 

analysis of PtNAs on CF. (D) Cyclic voltammograms of CF, ZnO/CF and PtNAs/CF respectively. 

 

3.2 One-step synthesis and electrochemical behaviors of Fe3O4/rGO nanocomposites 

Magnetic Fe3O4 nanoparticles could easily aggregate with each other due to the 

high surface energy (Fig. S5C), which would significantly reduce their 

electrocatalytic sites for the reduction of thionine. To address this issue, rGO was 

introduced to improve the dispersion of Fe3O4 nanoparticles. Three different 

concentrations of Fe
3+

 precursor were studied. After the one-step hydrothermal 

reaction, the effective distribution of Fe3O4 on wrinkled rGO sheets was observed. 

With the concentration raised, the density and particle size of Fe3O4 increased: small 

(Fig. S5A), medium (Fig 4A) and large (Fig. S5B) densities. In the TEM picture of 

medium sample, a porous structure of the Fe3O4 bead with diameters of ~250 nm was 

observed (Fig. 4B). It was aggregated by numerous ultra-small particles, whose 

average crystallite size was calculated to be ca. 9 nm by the Scherrer formula (El 

Ghandoor et al. 2012). 

Besides, XRD patterns of rGO, Fe3O4 nanoparticles and Fe3O4/rGO were shown in 
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Fig. 4C. A broad XRD peak of rGO at ~25
 o
 is assigned to poorly ordered rGO sheets 

along their stacking direction, demonstrating that few-layer stacked structure was 

obtained. Meanwhile, the characteristic peaks at 30.1
o
 (220), 35.4

o
 (311), 43.1

o
 (400), 

53.4
o
 (422), 57.0

o
 (511) and 62.5

o
 (440) belong to the magnetic Fe3O4. These typical 

peaks can also be found in the XRD pattern of the prepared Fe3O4/rGO, confirming 

the successful preparation of Fe3O4/rGO nanocomposites.  

CV test was applied to investigate the influence of different densities (Fig. S5D). 

Compared to others, the medium density resulted in the highest peak current. It was 

attributed to low signal response in low content and easy aggregation of redundant 

Fe3O4 leading to less active sites exposure. Then, the electrocatalytic abilities of 

Fe3O4/rGO (medium) were characterized for the thionine reduction (Fig. 4D). 

Compared with a low DPV response of the bare glassy carbon electrode (GCE), an 

enhanced peak current was observed on the rGO modified GCE. With the 

Fe3O4-modified GCE, the peak current obviously increased with a slight potential 

shift, confirming the efficiently electrocatalytic reduction of thionine into 

leucothionine in the presence of Fe3O4. Then, a further amplification in the peak 

current was produced on the Fe3O4/rGO nanocomposites attached GCE, verifying the 

effective signal amplification arising from improved catalytic effect. 
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Fig. 4. (A) FESEM image and (B) TEM images of Fe3O4/rGO nanocomposites, inset: magnified TEM image of 

individual Fe3O4 nanoparticle. (C) XRD patterns of rGO, Fe3O4 and Fe3O4/rGO nanocomposites. (D) DPV 

responses to 30 μM thionine in 0.01 M PBS on (a) bare GCE, (b) rGO modified GCE, (c) Fe3O4 

nanoparticle-modified GCE, (d) Fe3O4/rGO modified GCE. 

 

3.3 Construction and optimization of the designed aptasensor 

As mentioned earlier, the prepared PtNAs and Fe3O4/rGO nanoprobes played the 

role of the sensing interface and signal enhancers. In the presence of Hg
2+

, capture 

DNAs and linker DNAs were tightly paired through the formation of T-Hg
2+

-T. As the 

remaining sequence of linker DNAs hybridized with report DNAs, a “sandwich-type” 

structure was formed (Fig. 1). The respective specific surface area of PtNAs/CF and 

F3O4/rGO were calculated to be 6.42 m
2
/g and 80.30 m

2
/g by nitrogen adsorption 

analysis (Fig. S6). To investigate the corresponding electrochemical activity of them, 

the effective electrode area (EEA) was calculated by the Randles-Sevcik equation (Xu 

et al. 2015). The peak currents and the square root of scan rates exhibited a linear 

relationship (Fig. S8A). The Randles’ slop of CF, PtNAs/CF and 

Fe3O4/rGO-PtNAs/CF were fitted to be 4.47, 11.31, 14.96 (R
2
>0.99). In comparison 

with the bare CF electrode, the EEA of the PtNAs/CF was increased by about 2.53 

times and that of Fe3O4/rGO-PtNAs/CF was 3.35 times. Therefore, the prepared 

materials with large surface area revealed a enhanced electrochemical activity. Then 

the chronoamperometric study was implemented to investigate the stability of the 

prepared electrode (Fig. S7). The current reached relatively stable after 400 s. During 

the rest of time, it maintained 95.37% of its initial value at 400 s, indicating that the 

prepared electrode exhibited a good stability and resistance to surface fouling during 

its operation time. 

EIS was applied to demonstrate successful operation of the as-prepared aptasensor 

and explore the impedance changes at different interfaces (Fig. S8C). The semicircle 

diameter at a higher frequency related to the redox indicators [Fe(CN)6]
3-/4-

 

corresponded to the charge-transfer resistance (Rct). In comparison with a small 

semicircle of PtNAs/CF, a significant increased Rct was observed after the 
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immobilization of capture DNA strands and MCH molecules, which was attributed to 

the generation of high electrostatic repulsion and steric hindrance on the electrode 

surface. In the presence of Hg
2+

, the Rct was further increased. The T-Hg
2+-

T 

mismatches connected capture and linker DNA strands, resulting in an enhanced 

electrostatic repulsion. After the hybridization of Fe3O4/rGO nanoprobes, a raised Rct 

was obtained. It was attributed to the surface of Fe3O4/rGO has been covered with a 

large amount of report DNA, which hindered electron transfer on its surface. 

Meanwhile, the simulated values of the elements in the equivalent circuit were listed 

in Table S1. 

The optimization of working conditions was investigated in presence of 5 nM Hg
2+

. 

Firstly, the signal responses were explored at different incubation time of capture 

DNAs (Fig. S8B). It was observed that the peak current of the aptasensor increased as 

incubation time varied from 2 to 8 h. Then the curve decreased slightly with over-long 

incubation time, resulting in a high value at the proper incubation time of 8 h. A low 

density of capture DNAs led to weak signals. Crowded strands on the electrode 

surface resulted in an increased steric hindrance, which would hinder the 

hybridization efficiency of DNA strands. Then the effect of pH was also explored (Fig. 

S8D), since Hg
2+

 would precipitate at high pH value and T bases become quaternized 

at low pH values. A sensitive signal response was achieved with a proper pH of 7.0. 

 

3.4 Quantificational detection of Hg
2+

 

Under the optimal conditions, the Hg
2+

 detection performance of the as-prepared 

aptasensor was further studied by the DPV method. As shown in Fig. 5A, the peak 

currents gradually increased with the added Hg
2+

 concentration. This was because that 

more thionine labelled Fe3O4/rGO nanocomposites approached the PtNAs/CF 

electrode through the bridging of more Hg
2+

 ions. A regression equation of 

Δi=15.32+1.40·LogCHg2+ (R
2
=0.997) was fitted according to the DPV data (Fig. 5B). 

The linear relationship between peak current change (Δi) and the logarithm of the 

Hg
2+

 concentration was calculated in the range of 0.1 to 100 nM, as shown in the inset 

of Fig. 5B. With the significant synergistic amplification from PtNAs/CF and 
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Fe3O4/rGO nanocomposites, a sensitive detection limit of 30 pM was obtained. Our 

prepared aptasensor exhibits a comparable and better performance than those of the 

reported literatures (shown in Table S3). For the practical application, the selectivity is 

an essential requirement for the aptasensor due to the complex composition of the 

target system. To investigate the specificity of the Hg
2+ 

aptasensor, control 

experiments were studied to monitor the Δi values in the presence of several familiar 

metal ions, such as Co
2+

, Zn
2+

, Pb
2+

, Cu
2+

, Ca
2+

, Mg
2+

, Cd
2+

, Fe
3+

 and Al
3+

. These 

interfering metal ions with much higher concentration were then simultaneously 

added to form a mixed solution with Hg
2+

. As shown in Fig. 5C, there were rare 

remarkable current responses in the presence of these interfering ions even at a high 

concentration. This result demonstrates that the aptasensor possesses an excellent 

specificity for Hg
2+

 detection based on the T-Hg
2+

-T specific structure.  

 

Fig. 5. (A) DPV responses of the aptasensor at different Hg2+ concentrations, from (a) to (h) were 0, 0.1 

nM, 0.5 nM, 1 nM, 5 nM, 10 nM, 50 nM, 0.1 μM. (B) Calibration relationship of Δi with logarithm of the 

Hg2+ concentrations. (C) DPV signal responses of the aptasensor towards 5 nM of Hg2+, 1 mM of 

interfering ions and mixtures of them. 

Meanwhile, the reproducibility of the proposed aptasensor was also tested by five 

independent measurements. As the result, the peak currents showed slight changes 

with relative standard deviation (RSD) of ca. 6.1% in the detection of 1 nM Hg
2+

. The 

as-prepared aptasensor was stored in the refrigerator at 4 
o
C for 1~2 weeks. It is found 

that the aptasensor retained ~92% signal response in detection of 1 nM Hg
2+

, 

indicating an acceptable storage stability.  

 

3.5 Practical tests of the as-prepared aptasensor  

The applicability of the aptasensor for Hg
2+

 assay in tap and lake water was studied 

by using standard addition methods. As listed in Table 1, it was found the recovery 
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(102.20% to 103.00% for lake water, 98.40% to 102.00% for tap water) and the RSD 

(3.87% to 4.92% for lake water, 4.41% to 5.01% for tap water) were adequate. Above 

results verifyed the detection reliablility of the constucted Hg
2+ 

aptasensor in the water 

samples. 

Table 1. Detection of Hg
2+

 in real lake water samples 

Samples Added (nM) Found (nM) RSD (%) Recovery (%) 

Tap water 
1.00 1.02 4.41 102.00 

5.00 4.92 5.01 98.40 

Lake water 
1.00 1.03 4.92 103.00 

5.00 5.11 3.87 102.20 

 

4. Conclusions 

In this work, we had developed a highly sensitive and selective aptasensor for trace 

Hg
2+

 assay by the construction of a PtNAs/CF flexible electrode and Fe3O4/rGO 

enhancers. The hollow oriented PtNAs/CF possessed both large physical surface area 

and electrochemical active area, serving as sensitive “fast tracks” of electrons. 

Meanwhile, the Fe3O4/rGO showed improved dispersion and electrocatalytic effects 

towards redox indicator, serving as robust signal enhancers. Under the synergistic 

amplification of the constructed materials, the optimized Hg
2+

 aptasensor possessed a 

low detection limit, high specificity as well as a reliable assay in real lake water 

samples. In view of these merits, the designed aptasensor would have a great potential 

in the environment monitoring and protection.  
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Highlights 

1. Pt nanotube arrays were uniformly in-situ grown on the flexible carbon fiber. 

2. Fe3O4/rGO nanoprobes were introduced to electrocatalytically amplify the signal. 

3. The designed aptasensor possessed a low LOD and reliable results in real samples. 

 

 


