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Abstract In this study, a nanocomposite consisting of three-dimensional reduced graphene

oxide (3D-rGO) and plasma-polymerized propargylamine (3D-rGO@PpPG) was prepared

and used as a highly sensitive and selective DNA sensor for detecting Hg2?. Given the high

density of amino groups in the resultant 3D-rGO@PpPG nanocomposite, thymine-rich and

Hg2?-targeted DNA was preferentially immobilized on the fabricated sensor surface via

the strong electrostatic interaction between DNA strands and the amino-functionalized

nanocomposites, followed by detecting Hg2? through T–Hg2?–T coordination chemistry

between DNA and Hg2?. The results of electrochemical measurements revealed that the

anchored amount of DNA strands anchored on the 3D-rGO@PpPG nanofilm surface

affects the determination of Hg2? in aqueous solution. It showed high sensitivity and

selectivity toward Hg2? within concentrations ranging from 0.1 to 200 nM and displayed a

low detection limit of 0.02 nM. The new strategy proposed also provides high selectivity

of Hg2? against other interfering metal ions, good stability, and repeatability. The excellent

applicability of the developed sensor confirms the potential use of plasma-modified

nanofilms for the detection of heavy metal ions in real environmental samples and water.

Keywords Plasma-polymerized propargylamine � Three-dimensional reduced graphene

oxide � Detection of Hg2? � Electrochemical biosensor
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Introduction

Mercury is a heavy metal ion that is highly toxic to the environment and various organisms

because of its high reactivity, extreme volatility, and relative solubility in water and living

tissues [1]. Even low concentrations of Hg2? in organisms can cause DNA damage, inhibit

ligand-receptor interactions, disable normal functions of the liver and kidney, disrupt

immune system homeostasis, and even lead to death [2–4]. Therefore, methods for the

sensitive and selective detection of mercury contaminants in the environment and food

industry are an urgent necessity. Even various sensor systems for detecting Hg2? have been

reported [5–9], these sensors present certain limitations, such as poor selectivity, low

sensitivity, and incompatibility with aqueous environments. Therefore, developing a more

sensitive, selective, inexpensive, and environment-friendly sensor for Hg2? detection is

remarkably desirable. Traditional methods for Hg2? detection include surface-enhanced

Raman scattering [10], colorimetric and fluorescent [11], coupled to ion chromatography

inductively coupled plasma mass spectrometry (ICP-MS) [12], and so on. In comparison

with the conventional approaches, the electrochemical approach is one of the effective and

low cost methods to detect Hg2?. Electrochemical method can provide a reliable approach

for detecting Hg2? due to its high sensitivity, simplicity, and fast [13].

The high specificity for the interaction of oligonucleotides with metal ions prompts the

oligonucleotides to be the current tools for detecting metal ions. For example, strong and

stable thymine–Hg2?–thymine complexes (T–Hg2?–T) between DNA and Hg2? have

recently been applied to detect Hg2? ions [14, 15]. Single-strand DNA (ss-DNA) can also

fold into double-helical structures through addition of Ag? to cytosine–cytosine (C–Ag?–

C) mismatches [16, 17]. A Pb2?-induced allosteric G-quadruplex DNAzyme has also been

utilized for Pb2? ion detection [18–20]. To improve the adsorbed amount of oligonu-

cleotide chains and amplify detection signals, oligonucleotide chains are often initially

immobilized onto nanomaterials, nanocomposites, or polymeric films. Long et al. [21]

reported a fluorescent sensor for Hg2? detection based on CdS nanomaterials. Ding et al.

[22] reported gold nanoparticle/graphene heterojunctions that were used as sensitive layers

for Hg2? detection. Liu et al. [23] also prepared a conjugated polymer-based ‘‘mix-and-

detect’’ optical sensor for Hg2? and achieved improved detection limits.

Polymer films are capable of three-dimensional network formation in aqueous solution

and could supply a large number of adsorption positions for oligonucleotide immobiliza-

tion [24, 25]. However, most polymers exhibit poor electrochemical performance and are

seldom used as electrochemical biosensors. By contrast, a high degree of conjugation can

be formed in plasma-polymerized propargylamine (PpPG) due to the formation of C=C

when C:C bonds are irradiated by plasma discharge. It indicates that PpPG films may

exhibit good electrochemical performances [26]. Owing to its unique properties such as

large surface area, and electric conductivity, graphene has been widely applied in many

fields, such as super-capacitors [27], energy storage [28], and biotechnology [29, 30].

However, the bonding interaction of graphene with biomolecules as well as its adsorptive

capability must be improved due to its poor functionality. Actually, three-dimensional (3D)

reduced graphene oxide (3D-rGO) exhibits excellent physical and chemical attributes,

including a large specific surface area, excellent conductivity, and good mechanical

properties [31, 32].

Combining the advantages of PpPG and 3D-rGO, a new type of electrochemical

biosensor, i.e., a graphene-based nanocomposite modified using PpPG film with a high

density of amino groups, may be developed. In the previous work, PpPG was deposited on

the surface of graphene nanosheets and applied as the sensitive layer for the detection of
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the target DNA molecules [33]. It showed a relative high detection limitation of the

analyte, 1.81 nM. In comparison with 3D-rGO, the two dimensional graphene nanosheets

shows the limited specific surface area, leading to the low amounts of immobilized DNA

molecules. Therefore, compared with the routine method, the present work shows three

advantages: (1) the loose and porous structure of 3D-rGO@PpPG nanocomposite with

large specific surface areas provides a large number of active sites for attaching

oligonucleotides; (2) the high density of amino groups in the developed nanocomposite

can enhance the affinity between oligonucleotides and the sensing layer; and (3) the

facile preparation of the nanocomposites could broaden the practicability of plasma

polymers as the electrochemical biosensor. Herein, the first two advantages imply that

the fabricated electrochemical biosensor could be used to detect heavy metal ions when

the corresponding oligonucleotides are immobilized on the nanocomposite. In this paper,

a highly sensitive electrochemical biosensor based on nanocomposite layers of 3D-rGO

and PpPG for detecting Hg2? in aqueous solution is reported. A schematic of the fab-

rication process of the sensitive DNA sensor is shown in Fig. 1. Given that the developed

3D-rGO@PpPG nanocomposite is amino group-rich and possesses high functionality, the

nanocomposite contributes to the high affinity for the biomolecule adsorption of the

biosensor matrix. In this research, the capabilities of DNA sensing films for detecting

Hg2? ions were investigated via electrochemical techniques and quartz crystal

microbalance (QCM); herein, a high detection limit of 0.02 nM within the range of 0.1 to

200 nM was obtained.

Fig. 1 Schematic of the fabricated electrochemical biosensor based on 3D-rGO@PpPG nanocomposite for
detecting Hg2?
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Experimental

Materials and Chemicals

Propargylamine and cysteine were purchased from Aladdin Reagent (Shanghai, China).

K3[Fe(CN)6] and K4[Fe(CN)6]•3H2O were obtained from Sinopharm Chemical Reagent

Co., Ltd. (Shanghai, China). Graphite powder (99.95 %), H2SO4, KMnO4, H2O2 (30

wt %), and hydrazine hydrate(98 %) were purchased from Aladdin reagent (Shanghai,

China). All other reagents used were of analytical grade and applied without further

purification. DNA was obtained from SBS Genetech Co., Ltd. (Beijing, China).The

sequence of the Hg2?-targeted DNA was as follows: 50-CCC CCC CCC CCC TTC TTT

CTT CCC CTT GTT TGT T-30.

Solutions

DNA solution was prepared in phosphate buffer saline (PBS, pH 7.4) composed of 0.1 M

Na2HPO4 and 0.1 M KH2PO4 [v(Na2HPO4):v(KH2PO4) = 8:2]. The electrolyte solution

was prepared immediately before use by dissolving 1.65 g of K3[Fe(CN)6] and 2.11 g of

K4[Fe(CN)6]�3H2O in 1 L of PBS. All solutions were prepared immediately before each

experiment and stored at 4 �C until use. The Hg2? stock solution (1 mM) was prepared by

dissolving Hg(NO3)2 with 0.5 % of HNO3. To evaluate the application of the proposed

DNA biosensor, three samples were collected from three sewage outfalls along the Xushui

River (Zhengzhou, China). These samples were diluted with equal volumes of PBS (pH

7.4) and then filtered through 0.2 lm membranes to remove impurities.

Apparatus

Fourier-transform infrared (FT-IR) spectrum was obtained by deposition of PpPG on KBr

pellets coated with 3D-rGO and collected by cumulating 32 scans at a resolution of 4 from

400 to 4000 cm-1. Chemical structures and components of the samples were analyzed by

X-ray photoelectron spectroscopy (XPS) using a VG ESCALAB HP photoelectron spec-

trometer equipped with an analyzer and preparation chambers. An Al Ka
(hv = 1486.6 eV) X-ray source with a power B100 W was used to record the spectra.

Silicon wafer was used as the substrate for XPS characterization. The thickness of the

plasma-polymerized films was determined by a step profiler (Alpha Step IQ of KLA

Tencor Co. Ltd). To evaluate the applicability of the developed electrochemical biosensor,

the real water samples were also analyzed using the proposed method and an ICP-MS

Sciex Elan 5000 spectrometer (PerkinElmer, Norwalk, CT, USA).

Sensor Design

The preparation procedure of the DNA biosensor based on the 3D-rGO@PpPG

nanocomposite for detecting Hg2? was shown in Fig. 1. The T-rich sss-DNA was used as

the probe and immobilized on the 3D-rGO@PpPG-modified Au electrode to detect Hg2?.

ss-DNA is composed of 2 complementary G–C base pairs and 14 mismatched C bases if

folded. 7 T–Hg2?–T base pairs will be formed and then cooperate to stabilize the duplex in

the presence of Hg2?, leading to the construction of a duplex-like DNA scaffold. The
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concentration of Hg2? added is directly relative to the variation of the electrochemical

signal and the frequency of QCM measurements.

Pre-treatment of Silicon wafers, QCM Chips and Au Electrodes

Silicon wafer, quartz chips with 50 nm Au film, and Au electrode (3 mm in diameter) were

cleaned using piranha solution (70 % H2SO4/30 % H2O2), followed by washing with Milli-

Q water. As for the bare Au electrode, it also was electrochemically cleaned through a

series of oxidation and reduction cycling in 0.5 M H2SO4 from -0.2 to 1.6 V (vs Ag/

AgCl).

Modification of the QCM Chip and Au Electrode with 3D-rGO

The preparation of 3D-rGO was referred as the previous work [34]. 1.0 mg 3D-rGO was

added to anhydrous ethanol and thoroughly ultra-sonicated until a homogeneous suspen-

sion of 3D-rGO was produced. Subsequently, the dispersion of 3D-rGO was spin-coated

onto the silicon substrate for basic characterizations or dropped onto the surface of QCM

chip and gold electrode for QCM and electrochemical measurements, respectively. The

stability of 3D-rGO@PpPG nanofilm was determined by the variation of the thickness in

the PBS solution using the step profiler.

Deposition of the PpPG Nanofilm on 3D-rGO-Modified QCM Chip and Au
Electrode

Plasma polymerization was performed in a HQ-2 plasma enhanced chemical vapor

deposition system manufactured by the Institute of Microelectronics of the Chinese

Academy of Sciences, China. The schematic diagram of the plasma reactor and the

electrical components is shown as Fig. S1. Propargylamine, as the monomer gas, was

applied at a fixed gas flow rate of 10 sccm and constant pressure of 0.1 Torr. The PpPG

films were formed on 3D-rGO-modified substrates by 13.56 Hz plasma polymerization

under plasma input powers of 20, 100, and 200 W for 5 min. The substrate holder was kept

at 30–50� in the reactor chamber which was detected by the digital temperature controlling

system during the procedure of the plasma irradiation. The PpPG film with thickness of

approximately 35 ± 3 nm was deposited onto the 3D-rGO-modified QCM chip and bare

gold electrode for electrochemical and QCM measurements, respectively.

Electrochemical Measurements

QCM measurement was carried out at 9 V (direct current), for which the frequency of the

vibrating quartz was determined using a Topward high-frequency counter 1220 (Topward

Electric Instrument Co., Ltd., Taiwan). AT-cut, 8 MHz quartz piezoelectric crystals

(Shanghai Chenhua, China) (1.2 cm diameter, 0.5 mm thickness, and Au-plated on both

faces) were applied to determine the immobilization of ss-DNA and the Hg2? detection.

DF is the measured decrease in oscillation frequency.

All electrochemical measurements, including electrochemical impedance spectroscopy

(EIS) and differential pulse voltammetry (DPV), were performed on a CHI660D electro-

chemical workstation (Shanghai Chenhua, China). A conventional three-electrode system

with a gold electrode with a diameter of 3 mm as working electrode, an Ag/AgCl

Plasma Chem Plasma Process (2016) 36:1051–1065 1055

123



(saturated KCl) electrode as the reference electrode, and a platinum slide as the counter-

electrode, is used. EIS spectra were obtained in 0.5 mM [Fe(CN)6]3-/4- containing 0.1 M

KCl (EIS parameters: potential, 0.21 V; frequency range, 100 kHz–0.1 Hz; amplitude,

5 mV). To detect Hg2?, the 3D-rGO@PpPG-modified electrode was incubated in PBS

containing different concentrations of Hg2? for 1 h at least, followed by rinsing with PBS.

The spectrum was analyzed using Zview2 software, which utilizes nonlinear least-squares

fitting to determine the parameters of the elements in the equivalent circuit. DPV data were

obtained at the following condition: the potential range between 0 and 0.8 V, pulse

amplitude 40 mV, step potential 3 mV, sampling width 0.00833, pulse width 0.05 s.

Results and Discussion

Optimization of Plasma Conditions for the Preparation of the 3D-
rGO@PpPG Nanocomposite

QCM is a sensitive mass sensor in which an increase in mass on the quartz surface causes a

decrease in the oscillation frequency of the crystal [35]. Herein, QCM kinetics was per-

formed to determine the adsorbed amount of ss-DNA on 3D-rGO@PpPG nanofilms

deposited at 20, 100, and 200 W in situ (Fig. 2a). It showed ss-DNA immobilization on all

samples reached equilibrium within 40 min after the DNA solution was circulated into the

flow cell until reaching stabilization. Afterwards, PBS was circulated into the system to

remove unbound DNA molecules from the film surface. The DF values of DNA immo-

bilized onto the 3D-rGO@PpPG films deposited at 20, 100, and 200 W were 206.8, 141.6,

and 172.1 Hz, respectively. It demonstrates that DNA molecules appeared to preferentially

adsorb onto the 3D-rGO@PpPG nanofilm deposited under low plasma input power, 20 W.

Since high content of nitrogen, 17.5 % (Table S1), was observed in the prepared nanofilm

deposited at low input power, indicating the high intensity of -NH2 groups. This result was

agreement with that of the G-PpPG nanofilm [33]. Thus, the strong electrostatic interaction

between the negative charged phosphate groups on DNA and the positive charged amino

groups of the prepared nanocomposite takes place, resulting in much more DNA strands
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Fig. 2 a Kinetic curves of DNA immobilization on 3D-rGO@PpPG films deposited at 20, 100, and 200 W,
as measured by QCM in situ. b Frequency response profiles for 200 nM Hg2? deposited under a plasma
input power of 20 W
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anchored onto the 3D-rGO@PpPG film. As shown in Fig. 2b, probe DNA-modified 3D-

rGO@PpPG film deposited at 20 W for 5 min was used as a sensing layer to detect Hg2?.

When 200 nM Hg2? was added to the flow cell of the quartz chip, a DF obtained is only

21.5 Hz. It is mainly due to the coordination of probe DNA with Hg2?.

Detection of Hg21 Ions Using the Developed Electrochemical Sensors

EIS spectra were analyzed by Zview2 software, which uses nonlinear least-squares fitting

to determine the parameters of the elements in the equivalent circuit (Inset of Fig. 3a). The

circuit, which is often used to model interfacial phenomena, includes the following ele-

ments: (1) Rs, the ohmic resistance of the electrolyte solution; (2) Wo, the Warburg

impedance, which results from the diffusion of ions from the bulk electrolyte to the

electrode interface; (3) a constant phase element between an electrode and a solution,

which corresponds to the surface condition of the electrode [33, 36]; and (4) Rct, the

electron transfer resistance, which exists if a redox probe is present in the electrolyte

solution [37]. Figure 3a–c show the EIS spectra of the composite electrodes at various

stages of Hg2? detection based on three kinds of films, i.e., 3D-rGO, PpPG, and 3D-
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rGO@PpPG films. Similar trends during the composite electrode processing, ss-DNA

immobilization, and Hg2? detection were observed in all three cases. After the developed

nanocomposite was composed with the bare gold electrode, the Rct values increased,

suggesting that the generated nanocomposite on the bare gold layers reduce the charge

transfer efficiency. When DNA was immobilized onto the surface of the prepared

nanocomposite, the repulsive interaction was formed between the negative charged

phosphate of DNA and the redox couple of Fe(CN)6
3-/4-, leading to the inhibition of the

electrons access to the modified surface and the transfer efficiency in the system [38].

Since Hg2? can stabilize the DNA duplex containing mismatched T–T base pair via the

formation of a T–Hg2?–T complex, thus resulting in an increase diameter of semicircle

after the addition of Hg2? [39].

To evaluate the efficiency of different sensing layers toward Hg2? detection, the sim-

ulated Rct values during the procedure of the Hg2? detection are summarized in Fig. 3d.

Differences in Rct values before and after generation of a new layer adhesive (DRct) can

represent relative bonding amounts [40]. The respective DRct value of 0.336, 0.257, and

1.107 kX for the fabricated electrochemical biosensors based on 3D-rGO, PpPG, and 3D-

rGO@PpPG films were observed after DNA immobilization [41]. After DNA strands were

coordinated with Hg2? ions, the DRct (DRct,Hg
2? –DRct,DNA) value of the developed 3D-

rGO@PpPG film biosensor is highest among the three cases.

Sensitivity of Hg21 Determination by DPV

The sensitivity of the developed DNA sensor for detecting Hg2? was determined by DPV

measurements (Fig. 4a). It demonstrates the DPV curves of 200 nM 3D-rGO@PpPG-Hg2?

films in 0.1–200 nM Hg2? ion solutions. In the presence of Hg2?, evident increases in the

peak current intensity of the DNA-modified 3D-rGO@PpPG films may be observed. This

increase is mainly due to strong coordination interactions through the T–Hg2?–T complex.

As shown in Fig. 4b, a linear dependence between peak current and the logarithm of Hg2?

concentration was observed from 0.1 to 200 nM. The regression equation obtained was

DI = 22.48 ? 14.02 logCHg
2? with a coefficient of 0.994. The limit of detection (LOD)

obtained using this method was 0.02 nM at a signal-to-noise ratio of 3. This result
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demonstrates that the linear range and LOD of the proposed sensor are comparable with

those of previously reported sensing layers for Hg2? detection (Table 1). In addition to the

low detection limit, our strategy supplies the potential applications of plasma modified

nanomaterial in the environment determination or the quality control of water.

Chemical Structures and Components of 3D-rGO@PpPG Before and After
Hg21 Detection

The chemical composition of the 3D-rGO@PpPG film deposited under 20 W for 5 min

was investigated using FTIR, in which the relative high intensity of amino-related group in

the 3D-rGO@PpPG nanocomposite was reserved (Fig. S2). The result shows the adsorp-

tion band at *3360 cm-1 corresponds to nitrogen-related groups, such as amino, imine,

and amide bonds. The peak at *1650 cm-1 is assigned to the bending vibrations of N–H

or the stretching vibrations of the C=C or C=N groups, whereas multiple adsorption bands

at *2960, *2940, and *2880 cm-1 were assigned to –CHx.

Additionally, XPS technique was used to characterize the variation of the surface

chemical property [36, 42] during the procedure of the sensing layer fabrication for Hg2?

detection. The XPS survey spectra of samples were shown in Fig. S3, in which the peaks

located at the binding energies (BEs) of *284.8, *400.4 and *533.0 eV are assigned to

C 1s, N 1s and O 1s core-level XPS peaks in all samples, respectively. After the Hg2?-

targeted DNA was immobilized on 3D-rGO@PpPG surface, an additional weak peak at the

BE of *133.6 eV was appeared, which is due to the presence of P 2p [50]. When detecting

Hg2? using the developed biosensor based on the 3D-rGO@PpPG nanocomposite, a new

peak at the BE of *101.6 eV was observed, indicating the presence of Hg 4f [51].

Furthermore, the atomic % of all samples at different stages is summarized in Table S1,

which can reveal the variation of the elements in samples during the fabrication the

biosensor based on 3D-rGO@PpPG. After DNA was immobilization on the nanocomposite

surface, C 1s and N 1s decrease in together, which could be explained by the participation

of O and N in DNA molecules. Moreover, 0.49 % of Hg 4f was detected when the resultant

biosensor was used to detect Hg2? in aqueous solution.

Curves fitted to the C 1s, N 1s, O 1s, P 2p, and Hg 4f features of three samples at

different stages during the period of Hg2? detection are summarized in Fig. 5. The curve

fitted to the C 1s feature is composed of four components. It reveals the presence of

Table 1 Comparison of the sensitivities of different Hg2? polymeric assay methods

Sensitive layer Detection technique Linear range
(nM)

LOD (nM) Refs

AuNPs Chemiluminescence 0.1–10 0.05 [45]

Self-assembled DNA layer SWV 0.01–100 0.01 [46]

Aptamer along with Au-NPs QCM 0.5–100 0.24 [47]

Au-NPs–rGO Surface-enhanced Raman
scattering

0.1–6000 0.1 [22]

MWCNTs and Au-NPs DPV 0.1–20 0.03 [48]

rGO-plasma polymerized
allylamine

QCM and DPV 0.1–100 0.031 and
0.017

[49]

This work DPV 0.1–200 0.02
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hydrocarbons (C–C/C = C/C–H) at *284.6 eV (Figs. 5a1, b1, c1) [43]; the formation of

C=C was due to the decomposition of C:C bonds contained in the monomer. Addi-

tionally, the peaks at *285.7 and *286.2 eV were assigned to C–N and C–O/C=N,

respectively. The observation of C–N resulted from amine groups contained in the

molecular chains of PpPG, whereas C=N groups were caused by the dehydrogenization of

C–N groups under irradiation by the plasma discharge [52, 53]. An additional peak at

*287.6 eV was attributed to C=O groups of the as-prepared 3D-rGO@PpPG nanofilms

[52]. It clearly indicates that the presence of C–O and C=O groups mainly originated from

the oxidation of the rGO or molecular chains of PpPG under plasma irradiation. The

presence of amine groups was confirmed by the curve fitting of the N 1s feature as shown

in Figs. 5a2, b2, c2. Two peaks at *398.8 and *399.8 eV of the 3D-rGO@PpPG

nanofilm were obtained and are due to C–N/N–H and C=N groups, respectively [54, 55].

After the ss-DNA immobilization, however, an additional peak at * 400.3 eV was

obtained in Fig. 5b2, c2, indicating the presence of N–C=O groups. It hints at the

anchoring of the ss-DNA on the amine-functionalized 3D-rGO@PpPG nanofilms.

Meanwhile, P 2p core-level XPS spectra were obtained after the DNA immobilization

(Figs. 5b3, c3), in which two peaks at *133.1 and *134.0 eV were separated. They are

assigned to P 2p3/2 and P 2p1/2, respectively [56]. When the developed biosensor was used

to detect Hg2? in aqueous solution, a substantial Hg 4f core-level XPS spectrum was

observed (Fig. 5d), suggesting that the prepared nanocomposite can be applied to deter-

mine Hg2?.

Selectivity, Repeatability, and Stability of the Hg21 Detection Based
on the Developed Electrochemical Biosensor

The selectivity of the developed DNA sensor for Hg2? ion detection was studied by

challenging the system with possible interfering ions, such as Co2?, Cu2?, Mn2?, Ni2?,

Pb2?, and Zn2?, in real samples. Herein, 10 lM of the interfering materials was assayed

with 100 nM of the target Hg2? ions using DPV. As shown in Fig. 6a, high DI signals

toward only Hg2? were obtained. More importantly, high concentration of interfering

agents did not induce substantial changes in current. Therefore, the developed biosensor

presents acceptable sensitivity. The repeatability of the prepared sensor was also examined

(Fig. 6b). A low (\10 %) relative standard deviation for 10 9 parallel detections of

200 nM Hg2? ions was obtained. This finding further indicates good repeatability. The

fabricated electrochemical biosensor was stored in the refrigerator at 4� to evaluate the

stability. The resultant sensor was measured once a day under same conditions. No sub-

stantial change of peak currents was obtained within 2 weeks, suggesting the fabricated

sensor exhibited good stability.

Assay of Hg21 Concentrations in Water Samples

The applicability of the DNA biosensor was evaluated by determining Hg2? in river water

samples. Three samples were collected from three sewage outfalls along the Xushui River

(Zhengzhou, China). These samples were diluted with equal volumes of PBS (pH 7.4) and

filtered through 0.2 lm membranes to remove impurities. The samples were then analyzed

bFig. 5 C 1s, N 1s, P 2p, and Hg 4f core-level XPS spectra of samples at different steps during the detection
of Hg2? ions, i.e., 3D-rGO@PpPG, 3D-rGO@PpPG-DNA, and 3D-rGO@PpPG-DNA-Hg2? sensor
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using the proposed method and ICP-MS. Results summarized in Table 2 show good

agreement between the methods.

Conclusions

A novel electrochemical biosensor for detecting Hg2? based on a nanocomposite of 3D-rGO

functionalized by the plasma polymerization method was evaluated using electrochemical

measurements. In the presence of Hg2?, T-rich ss-DNA can be manipulated to form a T–

Hg2?–T complex. The LOD of Hg2? ion was 0.02 nM. Excellent selectivity in the presence

of interfering metal ions such as Co2?, Cu2?, Fe3?, Mg2?, Ni2?, Pb2?, and Zn2? was also

achieved. Hence, the as-prepared DNA sensor based on nanocomposite 3D-rGO@PpPG

films may be regarded as an optional scheme for determining heavy metal ions.
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