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Asimple electrochemical DNA- based biosensor was designed for determination of Cd?* using ethyl green
(EG) as a DNA hybridization indicator on the surface of carbon paste electrode (CPE). The interaction of
Cd?* with double strand DNA (dsDNA) led to the destabilizing of dsDNA and the increase in the reduction
peak currents of EG. The difference in the values of electrochemical responses of EG before and after
DNA helix destabilization in the presence of Cd?* (Al) was used for Cd?* determination and was linearly
related to the concentration of Cd?* over the ranges of 1.0 pM-1.0nM and 10.0 nM-1.0 wM. Detection
limit was achieved as low as 0.3 pM using simple and low cost working electrode and without applying
any materials for modification of electrode or DNA. The proposed biosensor was utilized successfully to
real sample analysis of Cd%*.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Cd%* is one of the most toxic heavy metal ions and is known
human and animal carcinogen [1-3]. Cd%* inhibits DNA repair pro-
teins [3-5] and can cause DNA lesions [6]. Exposure to cadmium
can cause hyper tension [3] and cardiovascular [7] diseases and
disturb the function of several tissues of animals and humans such
as kidney, lung, liver and prostate [3]. According to United States
Environmental Protection Agency (EPA) and the World Health
Organization (WHO), the upper admissible limits of cadmium in
drinking water are 5.0 pg/L (44.5nM) and 3.0 pg/L (26.7 nM) [8].
Therefore, development of the sensitive and rapid approach for
determination of Cd2* is very urgent. Various sensitive techniques
such as X-ray spectrometry [9], atomic absorption spectroscopy
(AAS) [10,11], inductively coupled plasma-mass spectrometry
(ICP-MS) [12], spectrophotometry [13] and inductively coupled
plasma-optical emission spectroscopy- (ICP-OES) [14], have been
used for Cd2* determination. These methods suffer from complex-
ity of sample preparation and expensive instruments [13,15,16].
However, electrochemical methods using for Cd2* detection not
only are sensitive, but also have relatively simple instruments and
procedure [15-17].

In recent years, the interaction of heavy metal ions with DNA as
an important biological macromolecule is the base of the important

* Corresponding author.
E-mail address: j.raoof@umz.ac.ir (J.B. Raoof).

https://doi.org/10.1016/j.ijpiomac.2017.11.023
0141-8130/© 2017 Elsevier B.V. All rights reserved.

class of electrochemical metal ions biosensors [ 18]. However, to the
best of our knowledge, DNA-based biosensors for electrochemical
determination of Cd%* are little. Wong et al. [19] determined Cd2*
electrochemically on the single strand DNA (ssDNA) modified gold
electrode based on Cd2*-DNA interaction. Analytical performance
of their method was appropriate. Recently, Qu et al. [ 16] developed
a DNA-based biosensor for selective electrochemical detection of
Cd%* that was based on the Cd%*-induced structural switching of
ssDNA probe, which tagged with methylene blue as an electroactive
label. In these sensors, not only a long time for covalent immobi-
lization of DNA probe on the surface of gold electrode was required,
but also the costly and time consuming prior modification of probe
or electrode by thiol group for probe immobilization was neces-
sary.

Cd?* is capable of binding to dsDNA through N7 atoms of gua-
nine bases of DNA, leading to the breaking of base pairs and dsDNA
destabilization [4,20]. On the other hand, some dyes can detect
hybridized DNA (double strand DNA (dsDNA)) in order to differ-
ent affinities for ss- and ds-DNAs [21,22]. In previous work [23],
we could show ethyl green (EG) dye as a DNA hybridization indi-
cator prefers binding to ssDNA compared to dsDNA. Therefore, its
electrochemical signal decreased after DNA hybridization. Thus, the
destabilization and unwinding of DNA helixin the presence of Cd%*
[1] can cause increase the electrochemical signal of EG. Therefore,
we can introduce a novel and simple strategy for rapid electro-
chemical determination of Cd?* based on a DNA hybridization
indicator without any modification of probe or working electrode.
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Scheme 1. The principle of the electrochemical approach for Cd?* determination based on Cd?*-induced DNA destabilization.

The differential pulse voltammetry (DPV) technique was used for
electrochemical measurements.

2. Experimental
2.1. Materials and reagents

Two 10-mer oligonucleotides for preparation of dsDNA were
supplied from MWG-BIOTECH (Germany). The sequences of
applied oligonucleotides were as follows:

ssDNA1: poly CDNA: 5'-CCCCCCCCCC—3’(100% cytosine bases)

ssDNA2: poly G DNA: 5-GGG GGG GGG G -3’ (100% guanine
bases)

EG and HgCl, were purchased from Fluka. CdCl,, AgNOs,
Zn(NO3),, CaCl; and CuCl, were purchased from Merck company.
Stock solutions of 10~4 M of probes were prepared in TE buffer solu-
tion (10 mM Tris-HCl, 1.0mM EDTA, pH=38.00) and kept frozen.
Tris-HCl buffer solution (50.0 mM, pH=7.40) containing 20 mM
NaCl were used for preparation of more diluted probe solutions.
In order to preparation of dsDNA, the solution containing ssDNA1
and its complementary DNA (ssDNA2) was placed in a water bath
at 100°C and heated for 10 min. Then the solution was allowed to
reach the room temperature.

2.2. Apparatus

Electrochemical measurements were carried out using an
AUTOLAB PGSTAT 30 electrochemical analysis system and GPES 4.9
software package and FRA software (Eco Chemie, The Netherlands)
in a single compartment electrochemical cell with carbon paste
electrode (CPE) as working electrode, a platinum wire as the aux-
iliary electrode and a saturated calomel electrode (SCE) as the
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Fig. 1. DPV curves of 1.0 mM accumulated EG on the a) dsDNA-immobilized CPE, b)
ssDNA1 probe-immobilized CPE and c) ssDNA2 probe-immobilized working elec-
trode in 10.0 mM Tris-HCl buffer solution (pH 7.0).

reference electrode. An Ion Analyzer 250 Corning pH-meter was
used for pH measurements.

2.3. Procedure

2.3.1. Working electrode preparation for electrochemical studies

CPE was prepared according to the procedure described in our
previousworks[21,22].In order to preparation of electrode for elec-
trochemical analyses, first, the surface of working electrode was
electrochemically activated under optimized potential of 1.80V vs.
SCE [21,22] in 0.50M acetate buffer solution (pH 4.8) containing
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Fig. 2. (A) DPV signals of 1.0 mM accumulated EG on the bare CPE (a), dsDNA probe-immobilized CPE after destabilization in the presence of different concentrations of Cd?*
from 0 to 10.0 wM (b-m) in 10.0 mM Tris-HCI buffer solution (pH 7.0). (B) The differences plot of DPV responses vs. Cd?* concentrations at, inset: related calibration plot of

Cd?* concentration over the ranges (I) 1.0 pM-1.0nM and (II) 10.0 nM-1.0 WM.

20 mM NaCl without stirring for 5 min. Then, we applied a potential
of 0.50V to the electrodes for 5 min in order to the immobilization
of dsDNA on the activated electrode in a solution of 10~ M DNA
with stirring. Finally, the electrode was rinsed with sterilized and
deionized water.

2.3.2. Cd-dsDNA interaction
The Cd?* and dsDNA interacted by incubating the dsDNA-
modified CPE in the stirring Cd2* solution (0.05 M Tris-HCl buffer

solution, pH 7.40) for 5min (the optimum time, data not shown)
without applying any potential to the electrode. CPE was rinsed
with sterilized and deionized water.

2.3.3. Accumulation of EG on the electrodes surface

In order to the accumulation of EG as an electroactive label on
the electrode surface after immobilization of dsDNA on the CPE, the
electrode was immersed into 10 mM Tris-HCl buffer solution (pH
7.0) containing 1.0 mM EG for 5 min with stirring. In this step, no
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potential was also imposed to the dsDNA modified CPE. Finally, the
electrode was rinsed with sterilized and deionized water.

2.3.4. Electrochemical measurement

The voltammetric determination of cadmium ions was car-
ried out by DPV measurements of reduction peak current of EG
in Tris—-HCI buffer solution before and after DNA-Cd%* interaction
under cathodic potential scan from 0.7 to 0.2 V vs. SCE at the mod-
ulation amplitude of 0.04995, modulation time of 0.05s, interval
time of 0.5s and step potential of 0.01005V vs. SCE. Selectivity
experiments of present biosensor were also conducted by record-
ing signal of EG after interfering metal ions-DNA interaction under
the same condition.

3. Results and discussion
3.1. Electrochemical determination of Cd2*

Scheme 1displayed the strategy of preparation of the biosen-
sor for electrochemical determination of Cd2*. The cathodic peak
current of EG accumulated on the DNA biosensor increased after
DNA-Cd?* interaction, in order to the destabilization of DNA duplex
through breaking of base pairs. As can be seen in Fig. 1, EG prefers
binding to ssDNAs (curves b and ¢) compared to dsDNA (curve a).

For determination of Cd?*, the difference in DPV peak currents
(AI) of 1.0mM EG before and after incubation on the probe mod-
ified electrodes in 0.05M Tris-HCI buffer solution (pH=7.40) and
20mM of NaCl containing different concentrations of CdZ* was
obtained. As can be seen in Fig. 2A, the peak current, I, was grad-
ually increased with the increase of the concentrations of Cd%*.
Fig. 2B shows the relationship between Al versus concentrations
of Cd?* at the surfaces of CPE. As shown in Fig. 2B, Al is linearly
related to Cd%* concentrations over the range of 1.0 pM-1.0 nM and
10.0nM-1.0 wM. The detection limit (based on a three signal-to-
noise ratio) was calculated 0.3 pM.

3.2. Selectivity study of biosensor

The selectivity of Cd2* biosensor was tested through substi-
tuting Cd2* in the incubation buffer with other heavy metal ions,
including Cu?*, Ca2*, Hg?*, Zn%* and Ag*. As shown in Fig. 3A, the
DPV responses of EG solution at DNA-modified working electrode
did not show remarkable change on the signal of label on the sur-
face of the biosensor after incubation of these interfering metal
ions even at a relatively high concentration (10 wM), but Cd?* in
low concentration (1 nM) could significantly change the signal of
label. These results indicated a satisfactory selectivity of developed
biosensor for Cd%* determination (Fig. 3B).

3.3. Analysis of real sample

The analysis of Cd2* ions in tap and Caspian Sea water samples
was performed to demonstrate the practical usage of the biosensor.
Therecovery values were satisfactory and results showed the utility
of the proposed method for the detection of Cd2* ions in real water
samples (Table 1).

The analytical performances of other electrochemical sensors
for Cd%* determination are given in Table 2. As seen, despite using
very simple working electrode and without applying complex pro-
cedure or any modifier for modification of electrode or DNA probe,
the sensor is capable for detection and determination of cadmium
ion at very lower concentrations than maximum allowed amount
of cadmium recommended by WHO and EPA.
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Fig. 3. DPV signals of 1.0 mM accumulated EG on the probe dsDNA-immobilized
CPE before (a) and after interaction with 10.0 uM Ag* (b), Cu?* (c), Hg?* (d), Ca?* (e),
Zn?* (f) and 1.0 nM Cd?* (g).

Table 1
Real analysis of Cd?* in water samples.

Water sample Cd?* added/M Cd?* found/M? Recovery (%)

Tap water” 0.0 Not detectable -
1.0x107° 0.92 (+0.03) x 102 92.0
1.0x 1076 0.95 (+0.02) x 106 95.0

Caspian Sea 0.0 0.712 (+0.05) x 106 -

water® 1.0x10°¢ 1.75 (+£0.3) x 10-6 102.21

3 Mean value + SD (standard deviation), n=5.
b From drinking water system of Babolsar, Iran.
¢ From Caspian Sea, Babolsar, Iran.

4. Conclusion

We introduced a novel approach for electrochemical determi-
nation of Cd?* based on DNA-Cd?* interaction and EG without
applying complicated method and costly materials. The destabi-
lization of dsDNA in the presence of Cd2* jons led to open the DNA
helix and the increase in the electrochemical responses of EG as
an electroactive label. Cd2* ions were determined selectively and
sensitively by the difference in the value of DPV cathodic peak
currents of EG before and after dsDNA destabilization. Analytical
performance of developed biosensor compared other electrochem-
ical sensor for cadmium determination was satisfactory.
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Table 2
Comparison of the electrochemical biosensors for detection of cadmium ions.
Electrode Determination technique LOD Linear range(s) Reference
ssDNA modified Au electrode Cyclic voltammetry 2.62 pM 8.89 pM-0.18 nM [16]
kaolin platinum electrode Square wave voltammetry 5.4nM 0.9nM- 8.3 uM [17]
ssDNA modified Au electrode Osteryoung square wave voltammetry 10.0pM 10.0 pM-500.0 nM [19]
PEDOT/PSS modified GCE? Linear sweep anodic stripping voltammetry 0.13 M 0.17-0.88 uM [24]
Cd-ion imprinted polymer modified CPE Differential pulse stripping voltammetry 2.74nM 17.7nM- 0.17 M [25]
SWCNP film electrode Square wave stripping voltammetry 6.22nM 0.293-2.0 uM [26]
CPE Differential pulse voltammetry 0.3pM 1.0pM-1.0nM Present paper

10.0nM-10.0 pM

3 Poly(3,4-ethylenedioxythiophene)/poly (4-styrenesulphonate) modified glassy carbon electrode.

b Single-walled carbon nanotube.
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