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A highly sensitive electrochemical DNA biosensor made of polyaniline (PANI) and gold nanoparticles
(AuNPs) nanocomposite (AuNPs@PANI) has been used for the detection of trace concentration of Ag*. In
the presence of Ag", with the interaction of cytosine—Agt—cytosine (C—Ag™—C), cytosine-rich DNA
sequence immobilized onto the surface of AUNPsS@PANI has a self-hybridization and then forms a duplex-
like structure. The whole detection procedure of Ag™ based on the developed biosensor was evaluated by
electrochemical impedance spectroscopy. On semi-logarithmic plots of the log Ag™ concentration versus
peak current, the results show that the prepared biosensor can detect silver ions at a wide linear range of
0.01—-100 nM (R = 0.9828) with a detection limit of 10 pM (signal/noise = 3). Moreover, the fabricated
sensor exhibits good selectivity and repeatability. The detection of Ag™ was determined by Ag" self-
induced conformational change of DNA scaffold that involved only one oligonucleotide, showing its
convenience and availability.

© 2015 Elsevier Inc. All rights reserved.

Ag' is a toxic heavy metal ion that is mainly used in electro-
plating, photographic, and imaging industries, graphic arts, dental
and medical products, and electrical and electronic equipment
[1,2]. It is also considered to be an important bioactive cation [3].
Within the scope of a low concentration, it exhibits low toxicity to
living beings. However, Ag" ions are highly toxic to several aquatic
organisms and humans in a high-concentration area [4]. It is re-
ported that a concentration of silver in water sources higher than
1.6 nM is toxic for fish and microorganisms [5]. The Ag" ion stan-
dard of the U.S. Environmental Protection Agency and World Health
Organization for drinking water is 0.5 uM [6]. Considering all of
those potential problems, it is highly desirable to monitor its con-
tent level and develop a highly sensitive and selective detection of
Ag™ for environmental protection and human health.

Different approaches to detect and measure Ag" ions, such as
flame atomic absorption [7], inductively coupled plasma—mass
spectrometry [8], and inductively coupled plasma—atomic emission
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spectrometry [9] have been reported. However, these intensive
instrumental methods require expensive and sophisticated instru-
mentation, which limits their practical applications. In addition,
DNAzymes, as specific DNA molecules, possess the capacity of
recognition toward organic molecules, proteins, cells, and heavy
metal ions [10—12]. Although the negatively charged DNA can bind
positively charged metal ions [13], some metal ions selectively
anchor to some bases to form stable metal-mediated DNA duplexes
such as thymine—Hg?*—thymine [14,15], guanine—Cu?*—guanine
[16,17], and cytosine—Ag"—cytosine (C—Ag*—C)! [18,19] complexes.
Substantial research has been devoted to the development of
colorimetric biosensors, as well as fluorescent biosensors, using the
specific interaction to detect Ag" [20,21]. Although these

! Abbreviations used: C—Ag*—C, cytosine—Ag*—cytosine complex; EIS, electro-
chemical impedance spectroscopy; NP, nanoparticle; PANI, polyaniline; AuNP, gold
nanoparticle; AuNPs@PANI, PANI and AuNPs nanocomposite; GE, gold electrode;
PBS, phosphate buffer solution; FT-IR, Fourier transform infrared; XRD, X-ray
diffraction; XPS, X-ray photoelectron spectroscopy; FE-SEM, field emission scan-
ning electron microscopy; CV, cyclic voltammetry; TEM, transmission electron
microscopy; ssDNA, single-stranded DNA; LOD, limit of detection; RSD, relative
standard deviation.
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approaches have been successfully applied to the determination of
Ag", drawbacks and limitations in practical applications still exist,
including the complex synthesis of fluorophore materials, high
background signal, poor selectivity toward other metal ions, and
relatively low sensitivity. In contrast, electrochemical assays
demonstrate their superiority in sensitivity, simple instrumenta-
tion, and easy miniaturization, which is very important in detection
of Ag™ ions [22,23]. Among the electrochemical approaches, elec-
trochemical impedance spectroscopy (EIS) provides a powerful yet
simple method of measuring changes in the bulk or interfacial
properties of materials on an electrode surface, including surfaces
that are sensitive to molecular recognition events. An ultra-low
detection limit of 10 fM for Ag"™ was obtained using an EIS assay
[24].

Recently, introducing inorganic nanoparticles (NPs) into con-
ducting polymers has attracted research attention because of their
simple and easy fabrication. Polyaniline (PANI), one of the most
important conductive polymers, has been extensively investigated
due to feasible synthesis [25,26], good environmental stability, and
controllable electrochemical properties [27,28]. In terms of sensor
applications, nanostructured PANI displays high sensitivity and
rapid response time because of its highly effective surface area and
short penetration depth for target analytes [29]. PANI-related
nanocomposites were synthesized and fabricated as the bio-
sensors to detect heavy metal ions, including Pb%>*, Cu®*, Hg?*,
Cd?* [30], and Pb?* [31]. On the other hand, colloidal gold nano-
particles (AuNPs) are also excellent materials in sensor applications
because these particles enhance electrode conductivity and facili-
tate electron transfer, thereby improving analytical selectivity and
sensitivity [32,33]. Combining the advantages of PANI and AuNPs,
including large surface area, high conductivity, and good biocom-
patibility [34], PANI and AuNPs nanocomposite (AuNPs@PANI) was
synthesized and used as the sensitive layer for detection of
hydrogen peroxide [35] and BCR/ABL fusion gene [36].

Here, AuNPs@PANI was synthesized and used to modify the
surface of a gold electrode (GE) to construct an electrochemical
single-stranded DNA biosensor, followed by sensitively detecting

Aniline '

AuNPs@PANI

AAAAAAAAAAAACTCTCTTCTCTTCA
ST
CACACAACACAACf

Ag" detection
@ ) N

\V‘\r DNA strand

Scheme 1. Schematic diagram of the detection of Ag™ ions using the developed
electrochemical DNA biosensor based on AuNPsS@PANIL.

LLLL

DNA immobilization

e Ag' AuNPs

Ag" ions (Scheme 1). Because C—Ag"—C interaction is key for the
formation of the DNA scaffold as designed, the biocatalytic
response with the relative amount of Ag™ becomes the base of
detecting Ag". In the current work, the bioelectrocatalytic signal of
electrical contact of DNA and nanocomposite platform is effective
for the signal amplification.

Materials and methods
Reagents and preparation of solutions

Aniline and HAuCl4 were purchased from Aladdin Reagent
(Shanghai, China). Ag™ stock solution (1 mM) was prepared by
dissolving AgNO3 in 0.5% HNOs. All other reagents were of
analytical grade and used without further purification. All of the
solutions were prepared using Milli-Q water (>18.2 MQ cm). DNA
was obtained from SBS Genetech (Beijing, China).

The sequence of the oligonucleotides was as follows:

Probe DNA: 5'-AAA AAA AAA AAA CTCTCT TCT CTT CTT TTT TCA
ACA CAA CAC AC-3'.

Stock DNA solutions were prepared in phosphate buffer solution
(PBS), which was prepared by mixing 0.067 M Na;HPO4 and
0.067 M KHPO4 in an 8:2 ratio of v(NayHPOg4)/v(KH2PO4). The
electrolyte solution was prepared immediately before use by dis-
solving 1.65 g of K3[Fe(CN)g], 2.11 g of K4[Fe(CN);], 8 g of NaCl, and
0.2 g of KClin 1 L of PBS.

Preparation of AuNPs@PANI

The preparation of AuNPs and PANI is described in the online
Supplementary material. Synthesis of the AuNPs@PANI was
completed through a one-step reduction process [37]. Briefly,
0.2 mL of 0.1 mol L~! HAuCly solution was added to 20 mL of water
with 0.18 mL of aniline solution. The reaction was allowed to pro-
ceed for 16 h under stirring, and the final product was centrifuged
at 10,000 rpm for 10 min. The precipitate was washed with water
and then dried overnight at 60 °C. Finally, the AuUNPs@PANI nano-
composite was obtained and stored at 4 °C before use.

Fabrication of biosensor based on AuNPs@PANI

Au electrodes (3 mm diameter) were polished with 0.05 pm
alumina slurries, ultrasonically washed in ultrapure water, and
electrochemically cleaned through a series of oxidation and
reduction cycling in 0.5 M H,SO4 from —0.2 to 1.6 V (versus Ag/
AgCl).

AuNPs@PANI (1.0 mg) was added to anhydrous ethanol and
thoroughly sonicated until a homogeneous suspension of AuNP-
s@PANI was produced. Similarly, 1.0 mg L~! AuNPs and 1.0 mg L™!
PANI homogeneous suspension was obtained. The suspension was
stored under refrigeration at 4 °C. For contrast, the suspensions of
10 pL of 1.0 mg L~ ! AuNPs, PANI, and AuNPs@PANI were dropped on
the surface of the cleaned electrode to develop three electro-
chemical biosensors based on three nanomaterials, respectively.
The modified electrodes were then dried at room temperature and
immersed in 0.1 M PBS containing 100 nM DNA for 2 h. Finally, the
probe DNA-modified electrodes were obtained.

Apparatus
Fourier transform infrared (FT-IR) spectra of the samples were

acquired from samples in KBr pellets and using a Nicolet 5700 FT-IR
instrument in the range of 400—4000 cm™". The X-ray diffraction

Please cite this article in press as: Y. Yang, et al., Selective detection of silver ions using mushroom-like polyaniline and gold nanoparticle
nanocomposite-based electrochemical DNA sensor, Analytical Biochemistry (2015), http://dx.doi.org/10.1016/j.ab.2015.08.010
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(XRD) spectra were obtained using a D8 Advance X-ray diffraction
instrument (Germany) with a scanning 26 angle of 10—80°. X-ray
photoelectron spectroscopy (XPS) data were acquired using an AXIS
HIS 165 spectrometer (Kratos Analytical, Manchester, UK) with a
monochromatized Al KR X-ray source (1486.71 eV photons). Field
emission scanning electron microscopy (FE-SEM) images were
obtained using a JSM-6490LV scanning electron microscope
(Japan). EIS and cyclic voltammetry (CV) were conducted using a
CHI660D electrochemical workstation (Shanghai CH Instrument,
China).

Electrochemical measurements

The electrochemical performance of the samples was measured
by EIS and CV using 5 mM K3[Fe(CN)g]/K4[Fe(CN)g] (1:1) electrolyte
in a three-electrode cell. The measurement was conducted using a
CHI660D electrochemical workstation at room temperature. An Ag/
AgCl (saturated KCI) electrode, platinum slides, and an Au electrode
were used as the reference, counter, and working electrodes,
respectively. The impedance spectra were acquired at a frequency
range from 0.01 Hz to 100 kHz and alternating current amplitude of
5 mV using Fe(CN)3~ /Fe(CN)&~ as the redox couple. CV was carried
out from —0.2 to 0.8 V at a scan rate of 100 mV s~! at room
temperature.

To form an electrical contacted DNA biosensor for Ag™ detection,
the composite Au electrode modified with AuNPs@PANI was
immersed in 100 nM probe DNA for 2 h. After the self-hybridization
of the DNA sequence in the presence of Ag™, the electrical contacted
DNA biosensor was obtained. For ultrasensitive detection of Ag",
EIS of the biosensor were also carried out by incubating with
different concentrations of Ag™.

Results and discussion
Sensor design

Scheme 1 outlines the preparation processes of the DNA elec-
trochemical biosensor based on AuNPs@PANI for detecting Ag™*
ions and the generation of the electrochemical signal. The single-
strand oligonucleotide DNA acting as an anchor substrate on the
composite AuNPs@PANI-GE platform is ready for detecting Ag'.
The DNA strand includes 8 complementary A—T base pairs and 12
mismatched C bases if folded. Once in the presence of Ag", 6
C—Ag'—C base pairs will be formed and then cooperate to stabilize
the duplex, in which case a duplex-like DNA scaffold is constructed.
The concentration of Ag"™ ions added is directly relative to the
extent of the EIS signal associated with the electrode, so a novel Ag*
detection method is made by this efficient EIS process.

Chemical structure of AuNPs@PANI

Surface-sensitive XPS showed more information on the chemi-
cal composition of the AuNPs@PANI (Fig. 1). The peak at approxi-
mately 284.6 eV is assigned to the C—C/C—H bond, whereas the
peak at 285.7 eV is possibly due to the C—N bond (Fig. 1A). The N 1s
photoelectron spectrum shows peaks located at 398.3 and 400.0 eV
that can be assigned to the N—C and N=C bonds, respectively
(Fig. 1B). Two peaks at 83.95 and 87.65 eV correspond to the Au 4f7)»
and Au 4fs; energy levels, respectively [38,39] (Fig. 1C). No sig-
nificant Au(Ill) component, with a binding energy at 87.0 eV, was
observed. This result illustrates that the HAuCly was reduced
completely by aniline. The composites were mainly composed of C,
N, and Au. These results demonstrate that the AuNPs@PANI was
successfully synthesized.

Surface morphology of AuNPs@PANI

The morphology of the synthesized AuUNPs@PANI material was
investigated using FE-SEM and transmission electron microscopy
(TEM) (Fig. 2). The SEM images of the AuNPs@PANI clearly show the
microporous structure of the PANI [40]. TEM characterization was
performed to study the presence of the AuNPs. The analysis was
conducted by putting the samples on the Au grid. The TEM
micrograph (Fig. 2D) clearly demonstrates the nanoparticles in the
polymer matrices. A clear contrast between the AuNPs and the PANI
was observed, indicating that the AuNPs were wrapped by the
PANIL. The AuNPs are spherical, with an average diameter of
approximately 25 nm [41]. A lattice plane with a measured inter-
planar distance of 0.21 nm was observed (Fig. 2D).

The AuNPs that were incorporated into the PANI were confirmed
from the powder XRD pattern of the composites, as shown in
Fig. 2E. The presence of intense peaks correspond to the (111),
(200), (220), (311), and (222) Bragg reflections of AuNPs [42]. The
result shows that the AuNPs were present in the AuNPs@PANL

Detection of Ag™ ions using the electrochemical biosensors based on
AuNPs, PANI, and AuNPs@PANI

The electrochemical performances of the nanomaterials were
evaluated by EIS. The EIS spectra were analyzed using the software
ZView2, and a nonlinear least square was used to fit and determine
the parameters of the elements in an equivalent circuit (inset of
Fig. S2 in Supplementary material). The equivalent circuit consists
of solution resistance (R;), charge transfer resistance (Rc¢), constant
phase element (CPE), and Warburg impedance (W,). A typical
impedance spectrum usually contains a linear part at low fre-
quencies, which are related to diffusion, and a semicircle portion at
high frequencies, which correspond to an electron transfer limited
process. A large semicircle diameter represents a large interfacial
charge transfer resistance Rct.

Fig. 3A—C shows the EIS of the electrode at various stages for the
detection of Ag™" ions using the electrochemical biosensor of AuNPs,
PANI, and AuNPs@PANI. A similar trend during the procedure of the
Agt detection was observed in three cases. After the nanomaterials
were composited with the bare gold electrode, the R value was
increased, suggesting the generation of a surface with increased
resistance of electron transfer at the interface between the com-
posite electrode and electrolyte solution. In three cases, the
coverage of single-stranded DNA (ssDNA) on the surface inhibited
the access of the electrons to the modified surface, leading to low
electron transfer efficiency of the system [43]. After ssDNA coor-
dinated with Ag™ ions, it increased the effect of the blocking layer
on the electron transfer and resulted in the continuous decrease of
the electrochemical activity and increase in Rq¢ [24].

To evaluate the efficiency of the detection of Ag™ based on the
different biosensors. The R values for each stage in the detection of
Ag" for three samples are shown in Fig. 3D. The differences in the
R values before and after the generation of a new layer adhesive
(ARct) could represent its relative amount [44]|. Among the three
samples, the addition of PANI onto the GE led to the highest vari-
ation of R., AR = 0.84 kQ. In cases of AuNPs- and PANI-based
electrochemical biosensors, no substantial difference among AR
values of 0.52 and 0.59 kQ for AuNPs and PANI biosensors,
respectively, was observed after the DNA immobilization. As for
AuNPs@PANI-based biosensor, the highest AR value of 3.54 kQ
was obtained, indicating the lowest electron transfer at the inter-
face between the modified electrode and the electrolyte solution.
Subsequently, many more DNA molecules were anchored onto the
surface of the AuNPs@PANI-based electrode. In aqueous solutions,
the immobilization of the ssDNA onto AuNPs-modified electrode

Please cite this article in press as: Y. Yang, et al., Selective detection of silver ions using mushroom-like polyaniline and gold nanoparticle
nanocomposite-based electrochemical DNA sensor, Analytical Biochemistry (2015), http://dx.doi.org/10.1016/j.ab.2015.08.010
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Fig.1. C 1s (A), N 1s (B), and Au 4f (C) core-level XPS spectra of AuNPS@PANI.
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Fig.2. SEM images (A,B), TEM images (C,D), and XRD pattern (E) of AuNPs@PANI.

was mainly due to electrostatic adsorption [45,46]. Simultaneously,
DNA molecules can be immobilized on the surface of PANI due to
the electrostatic adsorption between the negative charges of
phosphate groups in DNA strands and the positive charges of amino
groups in PANI [47]. Consequently, the negative charged phosphate
groups of the anchored DNA and the redox couple of Fe(CN)g_/ 4-
lead to the slow electron transfer and further increases the R value
of the composite electrode [18]. Moreover, the difference of Rt
before and after the addition of Ag", AR, is an important param-
eter to detect Ag" ions. Among three cases, the AuNPs@PANI shows
good affinity for the ssDNA and further results in the highest
variation of AR (3.2 kQ) in the presence of Ag™. Other research
demonstrates that Ag™ can be adsorbed on AuNPs [46] and PANI
[48] surface, leading to the directly sensitive detection of Ag™. In the
current work, EIS spectra of direct Ag* adsorption onto the AuNPs-,
PANI-, and AuNPs@PANI-modified electrodes were carried out and
are shown in Fig. S4 of the Supplementary material, suggesting the
slight increase of the R in the presence of Ag*. On the other hand,
the free C-rich part in the immobilized ssDNA would undergo a
conformational change to form an intramolecular C—Ag"—C
duplex, resulting in the increase of the formed layer thickness. It
may in turn reduce the electron transfer and increases the
accompanying R.¢ value [49]. Here, two effects take place at the

same time and promote the increase of the R value after the Ag™"
detection using the developed DNA sensor. Explicitly, the synergy
effect between the AuNPs and PANI for bimolecular adsorption
could be produced, leading to the detection of more Ag™ ions.

To evaluate the efficiency of the electrostatic interaction be-
tween DNA strands and Ag™, different DNA strands, including the
DNA strands for the Cu®" (DNAZ]) and Hg** (DNAJ) detection,
were immobilized onto the surface of the composite electrode
modified with AuNPs@PANI, followed by the detection of Ag*
(Fig. S5). The results show a slight change in R values (0.13 kohm)
of the composite electrode when DNAZ! was used. In case of
DNAZE, a AR value of 0.96 kohm was observed and is approxi-
mately one-third that of the composite electrode with DNAXg. All of
these demonstrate that the electrostatic interaction between Ag*
and DNA strands was not substantial. The main interaction for the
Ag™ detection using the C-rich DNA sequence is mainly due to the
specific C—Ag*—C interaction.

Sensitivity of prepared electrochemical biosensor

After immobilizing the DNA on the developed sensor layer, the
Ag" ions with different concentrations were subsequently incu-
bated, as shown in Fig. 4A. The R increased with increasing

Please cite this article in press as: Y. Yang, et al., Selective detection of silver ions using mushroom-like polyaniline and gold nanoparticle
nanocomposite-based electrochemical DNA sensor, Analytical Biochemistry (2015), http://dx.doi.org/10.1016/j.ab.2015.08.010
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Fig.3. (A—C) Nyquist plots of EIS for bare GE (square curve) versus AuNPs (triangle curve) (A), PANI (hexagon curve) (B), and AuNPs@PANI modified GE (pentagon curve) (C), DNA
immobilized onto the modified GE (circle curve), and the coordinated electrode after reacting with Ag* (star curve). The inset in panel C displays EIS spectra of GE and the composite
electrode modified with AuNPs@PANI. (D) Variation in R for each stage in the detection of Ag™ was measured using the developed biosensors in which AuNPs, PANI, and

AuNPs@PANI were used as the sensitive layers.
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Fig.4. (A) Nyquist plots of EIS for detecting Ag". (B) Linear relationship between AR and logarithm of Ag" concentration.

concentrations of the Ag™ when the Ag™ ions were detected. This
behavior demonstrates the high sensitivity of the method.

The quantitative behavior of the assay was assessed by moni-
toring the dependence of the AR on the amount of the Ag". The
ARt caused by incubating each solution was proportional to the
logarithmic concentration of the Ag" ions from 0.01 to 100 nM.
Here, Freundlich adsorption equations are frequently employed to
describe the adsorption process:

ARt = a+ blog Ce, (1)

where C, is the concentration of Ag™ (nM), AR is the adsorption ca-
pacity (kohm),and aand b are the constants [50]. It shows that the AR
value was linear with the logarithm of Ag™ concentration (Fig. 4B). The
regression equation of the ARt was AR = 2265.29 + 750.536logCag+
(R*> = 0.9828). The sensitivity of the developed biosensor was

determined based on the values obtained during detection and
quantification limits. The limit of detection (LOD) is defined as the
lowest concentration of an analyte that can be detected with accept-
able accuracy. The LOD (signal/noise = 3) was calculated as 10 pM,
which is not only superior to previously reported methods (see
Table 1) [46,47,51,52] but also lower than the maximum level of Ag in
drinking water permitted by the U.S. Environmental Protection
Agency [6]. It was noted that the electrostatic interaction of Ag* with
the negative charges of the DNA backbone was ignored in this case.

Selectivity and repeatability of developed biosensor
Selectivity was determined by substituting the Ag* in the in-

cubation buffer with other single metal ions, including Hg>*, Cu®*,
Ni%*, Ba?*, Pb?*, Zn?*, Mg?*, Fe3*, and Ag* (all at 1 uM). As shown

Please cite this article in press as: Y. Yang, et al., Selective detection of silver ions using mushroom-like polyaniline and gold nanoparticle
nanocomposite-based electrochemical DNA sensor, Analytical Biochemistry (2015), http://dx.doi.org/10.1016/j.ab.2015.08.010
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Table 1

Comparison of different Ag™ detection methods.
Sensitive layer Detection technique Linear range (nM)  LOD (nM)  Reference
Polyaniline Langmuir—Blodgett film modified glassy carbon electrode Linear scanning stripping voltammetry 0.6—1000 04 [46]
Exonuclease III activity on cytosine—cytosine (C—C) mismatches Differential pulse voltammetry 0.1-120 0.03 [47]
Fe304@Au nanoparticles Differential pulse voltammetry 117-17,700 59 [51]
Multi-walled carbon nanotubes derivate based on carbon paste electrode  Potentiometric 270-108 170 [52]
Polyaniline and gold nanoparticle nanocomposite Electrochemical impedance spectroscopy ~ 0.01—100 0.01 This work

3 T

Hg" cu® Ni** Ba™ pb* Zn’" Mg Fe Ag

Fig.5. R.; change in the presence of 1 uM of other metal ions and 100 nM Ag" ions.

in Fig. 5, the developed sensor showed remarkable response for the
Ag* ions, and the sensor did not exhibit significant response to the
other metal ions. This result demonstrates satisfactory selectivity in
detecting the Ag™ ions. The chemical stability of the DNA biosensor
ensures that the sensor can be regenerated under proper
conditions.

Because cysteine has a strong reaction with Ag" and can capture
Agt from C—Ag*—C complexes, it was often used to regenerate the
biosensor. In this work, the sensor was regenerated with 5 uM
cysteine solution because of the disruption of the sandwich struc-
ture of C—Ag"—C by cysteine, as shown in Fig. 6. The sensor was
first challenged with 100 nM Ag™ ions to obtain a response signal,
followed by rinsing with cysteine solution. Afterward, the signal of
the blank solution was recorded again. The biosensor showed good
durability during tens of cycles, and the relative standard deviation
(RSD) was 5.40%. This finding also indicates good repeatability.

0 2 4 6 8 10
Cycle number

Fig.6. Reusability of EIS-based Ag" sensor challenged with 100 nM Ag" ions and
washed with 5 mM cysteine.

Table 2
Analysis of Ag* in water samples detected by electrochemical biosensor based on
nanocomposite of AUNPS@PANI.

Sample Added (nmol) Found (nmol) Apparent recovery (%) RSD (%)
River water 1 0.94 94.0 7.13
5 5.06 101.2 6.74
10 10.38 103.8 5.32
50 49.36 98.7 4,95

Tests of real samples

The practical application of the developed biosensor for
detecting Ag* ions was measured by determining the apparent
recovery of the spiked Ag* ions in river water samples. The water
sample was obtained from the Xushui River (Zhengzhou, China).
The sample was then filtered through 0.2-pm membranes to
remove impurities. Subsequently, standard Ag" solutions with
different concentrations were added to the pretreated water sam-
ple. The spiked samples were analyzed separately using the
designed sensor. The results are shown in Table 2. Apparent re-
covery values ranging from 94 to 103.8% were obtained, indicating
that the designed sensor is applicable in analyzing Ag™ in real
water.

Conclusions

We have reported an ultrasensitive and selective electro-
chemical assay for the detection and quantitative analysis of silver
ion based on AuUNPs@PANI via the formation of C—Ag*—C complex.
AR, before and after the addition of Ag™, allowed the detection
and quantitative analysis of Ag™ with a low LOD of 10 pM within the
range from 0.01 to 100 nM (R = 0.9828). Excellent selectivity to-
ward interfering metal ions such as Hg?*, Cu®*, Ni?*, Ba®*, Pb%*,
Zn**, Mg?*, Fe**, and Ag® can be achieved. The developed elec-
trochemical biosensor could be regenerated by cysteine, which
leads to the Ag' disassociated from the C—Ag"—C complex. We
expect that this strategy may offer a new approach for developing
sensitive sensors for determination of various targets and could
find wide applications in the environmental and biomedical fields.
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