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Abstract An electrochemical DNA biosensor based on a G-
quadruplex (G4) for the sensitive determination of Pb** was
reported using a carbon paste electrode (CPE) or a multi-walled
carbon nanotube paste electrode (MWCNTPE) as working
electrodes, ethyl green (EG) as a new G4 intercalator, and a
single-stranded nucleic acid sequence rich in guanine (G) as
DNA probe. Electrochemical determination of Pb** relied on
probe structural changes from single - stranded to the stabilized
intramolecular G4 in the presence of Pb2+, which caused a
change in the current of the EG reduction peak due to the
intercalation of EG into the G4 structure. The change in the
reduction peak of EG before and after its intercalation into the
stabilized G4 (Al) had a linear correlation to the concentration
of Pb** ions. The linear ranges 0f4.0 x 10 '°~5.0 x 10 M and
2 x 10771 x 17> M with a detection limit (LOD) of
1.04 x 107" M were obtained using CPE, while improved
linear ranges of 4.0 x 107"'-1.0 x 107 M and 2 x 10—
1 x 107> M with a lower LOD of 2.64 x 10~"' M were achieved
using the MWCNTPE biosensor. The biosensors exhibited sat-
isfactory results in terms of selectivity and practical applicabil-
ity in the analysis of real samples.
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Introduction

Lead ions, as one of the most hazardous heavy metal ions,
have adverse effects on the environment and human
health because of their toxic nature [1-3]. The accumula-
tion of these ions in the human body can result in several
diseases such as the renal and nervous system damages
[3-5]. On the other hand, lead is one of the most abundant
natural substances [6] which has been used in many in-
dustries, including smelting, mining, refining, battery
manufacturing, and so on [7]. Thus, widespread existence
of lead in the environment is of the major public health
concerns [8, 9]. Therefore, the selective and sensitive
monitoring of Pb®* in the environmental and biological
samples is very important [3, 4, 10]. The majority of clas-
sical methods for Pb** ion detection such as inductively
coupled plasma mass spectrometry (ICP-MS) [11, 12],
atomic absorbance spectrometry (AAS) [13, 14], NMR
[15], fluorescent [16, 17], and colorimetric [18, 19] suffer
from expensive equipments and laborious pre-treatment
processes [3, 20]. Electrochemical methods have over-
come these limitations due to their excellent properties,
such as high selectivity, low cost, short measuring period,
and simple procedures [3, 21, 22].

In recent years, detection of metal ions through their affin-
ity for nucleic acids has attracted considerable attention and
several nucleic acid-based sensors for electrochemical deter-
mination of heavy metal ions have been developed [23-25].
As an important type of these sensors, up to now, a few elec-
trochemical G-quadruplex DNA (G4) sensors as one impor-
tant type of these sensors are reported for determination of
metal ions especially lead ions [1-4, 26]. G4 is one of the
nucleic acid secondary structures formed from guanine-rich
sequences which are capable of forming a four-stranded struc-
ture around guanine tetrads (G-tetrads) [27-30]. This structure
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is stabilized in the presence of some cations such as K*, Na*,
Pb**, etc. [27-30]. Interaction of these cations within eight gua-
nines in two adjacent G-tetrads can cause G-rich DNA confor-
mational change from a single-stranded DNA (ssDNA) structure
to stabilized G4 [27-30]. Some small electroactive molecules,
owing to their intercalation into the G4, can act as G4-binding
label [4, 25]. Moreover, their electrochemical signal can be ap-
plied for the detection of metal ions [4, 25, 26]. Accordingly, two
dyes from triphenylmethane family, i.e., crystal violet (CVi) and
malachite green (MG), due to their binding to G4 were used as
sensitive G4 biosensors [31, 32] and a sensitive G4 biosensor
based on electrochemical signal of CVi has been developed for
sensitive Pb”* sensing [4].

Immobilization of nucleic acid probes on the electrode surface
is a key step in development of electrochemical nucleic acid
biosensors, which has significant effect on the performance of
biosensors [33—35]. Several strategies have been reported for
probe immobilization on electrode surfaces, such as electrochem-
ical adsorption [23, 24, 36, 37], physical adsorption [38, 39],
covalent bonding [1-4, 40, 41], probe entrapment [42, 43], and
biotin-avidin complexation [35, 44]. Among them, covalent
bonding of probes on carbonaceous electrodes by modification
of electrodes with amino or carboxyl group [45, 46] and on gold
electrodes via self-assembly of hydroxyl-, carboxyl-, or amino-
modified sulfur-containing compounds [40] or direct self-
assembly of thiol-functionalized DNA probe on electrode sur-
faces [1-4, 41] are very common. However, this method requires
costly, tedious, and time-consuming prior modification/treatment
of DNA and/or electrode surface [33, 47], while adsorption pro-
cedure is the simplest method to immobilize the probe on elec-
trode because it does not require these time-consuming and ex-
pensive pre-treatments [47, 48]. Carbonaceous electrodes are
very suitable electrodes for adsorption immobilization of probe
because of their chemical and physical properties such as poros-
ity and high internal surface area [47]. To the best of our knowl-
edge, a few electrochemical G4-based sensors have been devel-
oped for determination of lead ions, and in all of them, covalent
attachment has been used for immobilization of probe on gold
electrodes [1-4].

In this work, we adopted carbon paste electrode (CPE) as
working electrode not only to gain advantageous properties of
CPE such as easy and very low-cost preparation, renewability,
low ohmic resistance [49], wide potential window, and low back-
ground current [47] but also to save the time and cost by applying
electrochemical adsorption as the most effective and the easiest
technique for DNA immobilization on CPE [47] performed by
applying a positive potential to the electrode [35, 47].
Furthermore, we could improve electrochemical performance
of designed sensor by modification of CPE with MWCNT due
to the ultrahigh surface area of CNT, leading to an enhancement
in probe immobilization and consequently a lower detection limit
[50]. Ethyl green (EG) is a triphenylmethane dye which has not
only a similar structure to CVi and MG but also two positive
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charges in its structure that can help interaction with the nega-
tively charged G4 (Scheme 1a). Hence, we investigated the in-
teraction mode of EG—G4 and the ability of EG as G4 intercalator
to detect lead ions. The stabilized G4 formation was studied by
circular dichroism (CD) measurements, and interaction mode
between G4 and EG was identified by UV—vis spectroscopy
and differential pulse voltammetry (DPV) techniques. DPV
was also used for electrochemical measurements of lead ions.
In addition, the selectivity of these biosensors for voltammetric
determination of Pb** against other heavy metal ions and the
practical utility of the biosensors for real sample analysis were
evaluated.

Experimental
Materials and reagents

The oligonucleotide (5'-GGGT GGGT GGGT GGGT-3') as the
probe was synthesized by MWG-BIOTECH (Germany).
Sodium chloride, potassium chloride, and silver (I) nitrate were
purchased from Merck Company. Mercuric chloride, lead(IT)
nitrate, EG, potassium ferricyanide, and potassium ferrocyanide
were supplied from Fluka. The stock solution of DNA (1.0 uM)
was prepared with 50 mM Tris buffer (50 mM Tris-HCI, 1.0 mM
EDTA, pH 8.00), followed by storing in the freezer. For prepa-
ration of double-stranded DNA (dsDNA), the solution contain-
ing ssDNA and its complementary DNA was heated in a water
bath at 100 °C for 10 min and allowed to cool at room temper-
ature. Stock solutions of 1.0 mM metal ions were prepared in
50.0 mM Tris—HCl buffer (pH 7.40) supporting electrolyte. EG
solution was prepared under the same condition as that of used
for metal solution preparation. We used the distilled, deionized,
and sterilized water in all solution preparation.

Apparatus

AUTOLAB PGSTAT 30 electrochemical analysis system and
GPES 4.9 software package and FRA software (Eco Chemie,
The Netherlands) were applied for electrochemical measure-
ments in three electrode system including a bare CPE or
MWCNTPE as working electrode, a platinum wire as the auxil-
iary electrode, and a saturated calomel electrode (SCE) as the
reference electrode. A computing double beam UV spectropho-
tometer (CECIL 5000, Elegant Technology) and 1.0-cm quartz
cells were used for spectrophotometric measurements. CD mea-
surements were conducted by a Model 215 CD recorder (Aviv,
USA) from 320 to 200 nm using 1-cm path-length standard
quartz cells. A Hitachi S-1460 field emission scanning electron
microscope using an AC voltage of 15 kV was utilized to obtain
field emission scanning electron microscopy (FE-SEM) images.
The pH measurements were performed using an Ion Analyzer
250 Corning pH meter.
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Scheme 1 Structures of three triphenylmethane dyes: Malachite green, Crystal violet, and Ethyl green (A) and the principle of the electrochemical

sensing of Pb?* based on intramolecular G-quadruplex using EG (B)
Procedure
Probe-modified electrode preparation

The carbon paste electrode was prepared according to the method
reported in our previous works [23, 24]. For preparation of
MWCNTPE, graphite powder, paraffin oil, and MWCNT were
thoroughly mixed in a ratio of 60:33:7% (w/w) [51]. Subsequent
steps of preparation of this electrode were similar to preparation
of CPE.

The electrochemical adsorption technique was adopted for
immobilization of the probe on the working electrodes performed
by applying a positive potential to electrode surfaces. The posi-
tively charged carbon surfaces lead to their strong electrostatic
interaction with DNA as polyanionic molecule, resulting in sig-
nificant improvement in the stability and mechanical resistance
of electrode [35, 47]. Considering the oxidation potential of ad-
enine and guanine as the electroactive bases of DNA, i.e., 1.1 and
0.8 'V, vs. SCE, respectively [47], the applied potential should be
lower than these values [47]. Electrochemical adsorption of
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probe on carbonaceous electrodes is increased by anodic pretreat-
ment of electrode surface through increasing the density of sur-
face oxygenated groups and hydrophilic property of surface and
elimination of surface contaminants, resulting in enhanced ad-
sorption [35, 47]. Therefore, the prior electrode surface activation
before the adsorption immobilization is necessary [35]. We acti-
vated the surface of CPE or MWCNTPE electrochemically un-
der optimized potential (1.80 V vs. SCE) [23, 24] in 0.50 M
acetate buffer solution (pH 4.8) containing 20 mM NaCl without
stirring for 5 min. Subsequently, the immobilization of 10 M
probe on the activated electrode was carried out by applying a
potential of 0.50 V vs. SCE to the electrodes for 5 min under
stirring followed by thorough rinsing the electrodes with steril-
ized and deionized water.

Pb*"-induced G4 DNA formation

The G4 was formed by incubating the probe-modified CPE or
MWCNTPE in the stirring Pb** solution (0.5 M Tris—HCl
buffer solution, pH 7.40) containing different concentrations
of Pb** for 5 min (the optimum time, data not shown) without
applying any potential to the electrode. The electrode was then
rinsed with sterilized and deionized water. Selectivity test of
biosensor was conducted by the same procedure.

Intercalating of EG in formed G4

The accumulation of label was done on the probe-modified
electrodes by incubating the electrode in 50 mM Tris—HCl
buffer solution (pH 7.4) containing 1.0 mM EG for 5 min
(the optimum time, data not shown), followed by rinsing with
sterilized and deionized water. Solution or electrode was not
stirred, and any potential was not applied to the electrode.

Voltammetric determination of Pb”*

The electrochemical determination of Pb** was carried out by
DPV measurements of reduction peak current of EG in Tris—
HCI buffer solution with cathodic potential scan from 0.7 to
0.2 V vs. SCE at the modulation amplitude of 0.04995 and
step potential of 0.01005 V vs. SCE.

Results and discussion

Characterization of MWCNTs

Figure 1 shows FE-SEM images of carbon paste (A), multi-
walled carbon nanotubes (B), and multi-walled carbon nano-

tubes paste (C). As can be seen, the diameter range of carbon
nanotubes was 17-23 nm.
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Investigation of working electrode surfaces

Figure 2a, b shows the cyclic voltammograms and the Nyquist
plots of 1.0 mM K;[Fe(CN)4]/K4[(CN)g] at the bare CPE and
MWCNTPE, respectively. An increase in the voltammetric
peak current and the decrease in the peak separation of
Fe(CN)s >+ at the surface of MWCNTPE compared to that
of obtained at the surface of CPE (Fig. 2a) confirmed the
increased conductivity of the modified electrode. The electron
transfer resistance, R, of Fe(CN)s> " redox couple at the
MWCNTPE surface (R, = 244 ) was significantly lower
than CPE (R =451 €; Fig. 2b) which shows that the presence
of CNTs resulted to an improvement in surface properties of
the CPE and a decrease in the electron transfer resistance.

Demonstration of Pb>*-induced G-quadruplex formation

G-quadruplexes can be classified based on the numbers of
DNA strands involved in its formation as intramolecular (a
single strand), bimolecular (two strands), and tetramolecular
(four strands) [28, 29] and based on the orientation and ar-
rangement of strands as the parallel-stranded structure and the
antiparallel-stranded structure [27-30]. CD spectroscopy is an
efficient technique for the study of conformations of nucleic
acids and proteins based on the difference in absorbance of a
substance in right- and left-handed orientation with circularly
polarized light [52, 53]. CD spectroscopy can distinguish the
parallel and antiparallel G4 structures. CD spectrum of
parallel-stranded G4 displays a maximum at ~260 nm and a
minimum at ~240 nm, while the CD maximum and minimum
of antiparallel-stranded G4 are observed at ~290 and 260 nm,
respectively [27]. The spectrum in Fig. 3 revealed that in the
presence of Pb**, the probe formed a parallel G-quadruplex
(curve a). In the presence of EG, CD spectrum did not show
significant change (curve b), indicating EG cannot noticeably
affect the G4 structures and Pb** ions are responsible for the
formation and the stabilization of G4. These results are very
similar to those obtained from investigation of CVi dye as G-
quadruplex intercalator [4]. Curve c indicates that height of
the maximum and minimum peak at CD spectrum increased
after giving 5 min time for interaction between DNA probe
and Pb**.

EG as a DNA G4 intercalator

G4-EG interaction mode was investigated by spectroscopic
and voltammetric studies. Generally, small molecules can
bind to DNA via three dominant noncovalent modes, i.e.,
electrostatic binding, intercalation binding, and groove bind-
ing [54, 55]. The electrochemical and spectroscopic results of
our previous work indicated that the EG interaction mode with
ssDNA or dsDNA is partly intercalation and their domain
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Fig. 1 FE-SEM images of carbon paste (A), multi-walled carbon nanotubes (B), and multi-walled carbon nanotubes paste (C)

interaction mode is electrostatic [23, 24]. In this paper, the  results of spectroscopic studies [56]. Figure 4 shows the UV-

interaction mode between G4 and EG was studied. Vis spectra of EG before (curve a) and after adding ssDNA
(probe) (curve b), dsDNA (curve c), and different amounts of
Absorption spectroscopic study G4 (probe + different concentrations of Pb**) (curves d—g). As

can be seen, after mixing EG with ssDNA and dsDNA, the
The useful information concerning the mode and intensity of ~ absorption maximum of the EG shifts from 630.4 nm to 631.6
small molecules-DNA binding can be achieved from the  and 633.0 nm and the absorbance decreases from 0.0912 to
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Fig. 3 CD spectra of Pb>*-probe (a), Pb>*-probe in the presence of EG
(b), and Pb>*-probe after 5 min interaction (c)

0.0875 and 0.0846, respectively. However, these changes in
absorption spectrum of EG are significant in the presence of
G-quadruplex. Intercalation of DNA with low molecular
weight compound usually leads to a shift of the maximum
absorbance to higher wave lengths (red shift effect or
bathochromic effect) and decreasing in absorbance
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Fig. 4 The UV-Vis spectra of 10> M EG (curve a), ssDNA-EG (curve
b), dsDNA-EG (curve c), G4 (probe in the presence of 107° M Pb*)-EG
(curve d), G4 (probe in the presence of 1075 M Pb*")-EG (curve e), G4
(probe in the presence of 10~* M Pb>*)-EG (curve f), and G4 (probe in the
presence of 107 M Pb**)-EG (curve g)
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(hypochromism effect) [57, 58]. However, red shift and
hypochromism effects observed in EG-ssDNA and EG-
dsDNA (4.0% and 1.2 nm for EG-ssDNA and 7.2% and
2.6 nm for EG-dsDNA) are not noticeable compared with
those observed in typical classical intercalators [59, 60], while
these values for EG-G4 (32.56%, 10.4 nm) are large enough
to prove the intercalating of EG into G4 (curves d). As can be
seen, these values increased with increasing the amounts of
G4 owing to the increasing of Pb>* concentrations (curves e—

g).
Voltammetric study in solution

Electrochemical study has been used in DNA-small molecules
interaction investigation [54, 55]. Based on the report of Bard
et al. [61], positive peak potential shift of molecule in
voltammetric measurements indicates intercalation interaction
of molecule with DNA, while electrostatic interaction leads to
negative shift of potential. Figure 5 shows the differential

a

0.0

-0.5 4

-1.0

I/nA

-1.5

-2.0

0.7 0.6 05 0.4 0.3 2.0
E/Vvs. SCE

I/nA

0.7 0.6 0.5 0.4 03 20

E/Vvs. SCE

Fig. 5 DPV response curves of 10~ M EG in solution before (curve a)
and after adding probe + different concentrations of Pb**: 107° M Pb**
(curve b), 10> M (curve ¢), 10 * M (curve d) and 10> M (curve e) at (A)
CPE and (B) MWCNTPE
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Fig. 6 DPV signals of 107> M accumulated EG on the probe-
immobilized working electrode after incubation in different concentra-
tions of lead ions including (A) (a) 0.0, (b) 0.4, (c) 0.8, (d) 2.0, (e) 3.0,
(H4.0,(2) 5.0, (h) 6.0, () 1 x 10% () 2 x 10%, (k) 1 x 10%, (I) 8 x 10, and
(m) 1 x 10* nM in 50 mM Tris—HCl buffer solution (pH 7.4) at CPE and
(B) () 0.00, (b) 0.04, (¢) 0.08, (d) 0.4, () 0.6, () 0.8, (g) 1.0, (h) 6.0, (i)
1% 10% ()2 x 10%, () 1 x 10%, (1) 8 x 10%, and (m) 1 x 10* nM in 50 mM

pulse voltammograms of EG before (curve a) and after adding
different amounts of G4 (curves b—e). As can be seen, the
reduction peak currents of EG after adding G4 at the surface
of CPE and MWCNTPE decreased about 1.1 and 0.13 pA,

Tris—HCl buffer solution (pH 7.4) at MWCNTPE. The difference of DPV
responses against the lead ion concentrations at (A”) CPE: the inset shows
the related calibration plot of Pb** concentration over the range (I) 0.4—
5.00 nM and (IT) 0.2-10.0 uM and (B') MWCNTPE. The inset shows the
related calibration plot of Pb®" concentration over the range 0.04—
1.00 nM and (II) 0.2-10.0 uM

respectively, and reduction peak potentials of EG shifted pos-
itively about 10 and 20 mV, respectively (curve b). In addition,
these values increased gradually with increasing amounts of
G4 owing to the increasing Pb** concentrations (curves c—e).

Table 1 Comparison of the G4-based biosensors for the electrochemical detection of lead ions
Electrode Probe Immobilization Determination LOD  Linear range Reference
method technique
Gold 5'-HO-(CH2)6-SS-(CH2) TTTTTCCAACGGTTGGTGTG  Covalent binding EIS 05nM 0.5 nM-50 uM [1]
electrode GTTGG-3'
Gold TBA:5'-SH-(CH2)¢- GGT TGG TGT GGT TGG-3' Covalent binding DpPV 42nM 5.0 nM- 10 uM [2]
electrode
Gold TBA:5'-SH-(CH2)s- GGT TGG TGT GGT TGG-3' Covalent binding SWv 34.7nM  0.05-1.0 uM [3]
electrode
Gold 5'-SH -(GGGT)4-3' Covalent binding DPV 04nM 1.0 nM-1.0 uM [4]
electrode
MWCNTPE  5'-(GGGT)4-3' Electrochemical DPV 26.4pM 40 pM-1.0 nM This paper
adsorption 0.2-10.0 uM
CPE 5'-(GGGT),4-3' Electrochemical DPV 0.1nM  04-5.0 nM This paper
adsorption 0.2-10.0 uM

SWV square wave voltammetry
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Table 2 Real analysis of Pb** in

water samples Water sample Pb**" added /M Pb** found /M * Recovery (%) Electrode

Tap water ° 0.0 Not detectable - CPE biosensor
0.0 Not detectable — CNTPE biosensor
1.0%107° 0.92 (£0.03) x 107° 92.0 CPE biosensor
1.0x107° 0.97(+0.02) x 10°° 97.0 CNTPE biosensor
1.0x107° 0.90(+0. 05) x 10°¢ 90.0 CPE biosensor
1.0x107° 1.08(x0. 08) x 10°° 108.0 CNTPE biosensor

Sea water © 0.0 0.62(+0.05) x 10~° - CPE biosensor
0.0 0.53(£0.04) x 10°° - CNTPE biosensor
1.0x107° 1.51(+0.03) x 107° 93.2 CPE biosensor
1.0x107° 1.59(+0.01) x 107° 103.9 CNTPE biosensor
1.0x10° 0.93 (£0.06) x 10°° 92.94 CPE biosensor
1.0 x 10°° 0.95(£0.04) x 10°° 94.95 CNTPE biosensor

#Mean value + SD (standard deviation), n = 5

® From drinking water system of Babolsar, Iran

¢ From Caspian Sea, Babolsar, Iran

These changes indicated that EG intercalated into G4, which
was consistent with the result of absorption measurements.

Electrochemical determination of Pb*" at G4 biosensor via
differential pulse voltammograms

The differential pulse voltammograms of 10> M EG interca-
lated into G4 in the presence of 10> M Pb>* were recorded for
determination of Pb**. Intercalation of EG in formed G4 due
to the probe structural switching from ssDNA to Pb**-stabi-
lized G4 in the presence of Pb** led to the increase in the DPV
peak current of EG accumulated on the electrode. DPV peak
currents of 10° M EG accumulated on the probe-modified
electrode at the surface of CPE and MWCNTPE are displayed
in Fig. 6a, b Curve a, respectively, and DPV signals of 10> M
EG accumulated on the probe-modified electrode in a stirred
Pb>* solution (0.5 M Tris—HCI buffer solution, pH 7.40 con-
taining 10> M Pb>*) were shown in curve k (Fig. 6a, b). As
can be seen, the peak current of EG after intercalating of EG in
the formed G4 increased due to the presence of lead ions.
When probe-modified electrode was not incubated in Pb**
solution, the probe cannot form a stabilized G4, while when
this electrode was incubated in a certain amount of Pb** solu-
tion, the peak current of EG on the electrode increased signif-
icantly because of intercalation of EG into G4. We used the
difference in the value of the peak currents of EG before and
after its intercalation into the stabilized G4 (Al) for electro-
chemical determination of lead ions since the increased peak
currents of EG were proportional to the Pb** concentrations.
Scheme 1b illustrates the principle of the electrochemical
sensing of lead ions based on intramolecular G-quadruplex
using EG.

DPV was applied for investigating the reduction signals of
accumulated EG on both working electrodes due to the
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formation of different stabilized G-quadruplexes in the pres-
ence of different concentrations of Pb>". Figure 6a, b shows
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Fig. 7 DPV response curves of 10> M accumulated EG at probe-
modified working electrode (a) before and after incubation in 1.0 uM
(b) Ca**, (¢) Cd**, (d) Na*, (e) K*, (f) Hg>", (2) Ag*, and 0.1 uM (g)
Pb** at (A) CPE and (B) MWCNTPE
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the linear correlation of Al of 10> M EG to the concentration
of Pb>* over the ranges 4.0 x 107'°-5.0 x 10™° M and
2.0 x 1077-1.0 x 10> M for biosensor and 4.0 x 107"~
1.0 x 10 M and 2.0 x 107-1.0 x 10~ M for MWCNT-
modified biosensor, respectively. As can be seen, in both elec-
trodes, the electrochemical signal of EG and subsequently Al
increased clearly with increasing the amount of the Pb**. The
detection limits were calculated 1.04 x 107 '° and
2.64 x 10" M based on a signal-to-noise ratio of three for
biosensor and MWCNT-modified biosensor, respectively. As
expected, the electrochemical performance of G4-based bio-
sensor was improved, owing to the presence of MWCNTs in
the carbon paste.

Selectivity study for Pb*>* detection at G4 biosensor

The selectivity of the biosensor was evaluated by using sev-
eral metal ions including Ca®*, Ag", K*, Hg*", Cd*", and Na*.
Figure 6 shows the enhanced DPV peak of EG at the probe-
modified electrode incubated in 1.0 nM Pb>* and other com-
peting metal ions with 1.0 pM concentration using DPV mea-
surements. As can be seen, these metal ions have insignificant
effect on the detection of Pb>* in both biosensors. These re-
sults demonstrated a satisfactory selectivity of the proposed
electrochemical biosensors for Pb>* determination.

We compared some similar electrochemical G4-based sen-
sors for lead ion determination (Table 1). According to LOD
of both proposed biosensors in this work, the result of this
comparison was promising. Nevertheless, the practical utility
of the biosensor should be evaluated.

Voltammetric determination of Pb>" in real sample at G4
biosensor

Recovery experiments using spiked water samples were car-
ried out to demonstrate the practical application of the pro-
posed sensors in lead ions determination. Both tap and sea
water samples spiked with 0.0 and 1.0 nM and 1.0 uM of
Pb>*, and as can be seen in Table 2, the satisfactory recovery
values of spiked Pb®* in water samples indicated the ability of
the proposed approach for the detection of Pb** in real sam-
ples in both low and high level of concentrations.

Stability and reproducibility of G4-based biosensor

We have also evaluated the stability and reproducibility of
biosensor. DPV peak currents of EG intercalated into G4 in
the presence of 1.0 nM Pb** on the surface of eight probe-
modified CPEs and CNTPEs were applied to investigate re-
producibility of the sensor. The relative standard deviations
(RSDs) of peak currents obtained 7.5 and 6.5% for CPE and
MWCPE, respectively. In addition, the reproducibility of the
sensor was evaluated by recording DPV signals of EG on one

electrode for eight times with the RSDs of 6.5 and 5.5% for
CPE and MWCPE, respectively. The stability of sensor was
also investigated by DPV responses of EG on the probe-
modified electrode surfaces which were stored for 2 weeks
at4 °C. DPV responses of EG on CPE and MWCPE surfaces
lost only 8 and 6% of their initial values, respectively. These
results indicated the proposed sensor had satisfactory stability
and reproducibility (Fig. 7).

Conclusion

In this work, the electrochemical DNA biosensors for the de-
termination of lead ions were designed. The ssDNA probe
formed intramolecular parallel G4 structure in the presence
of Pb** and subsequent intercalating of EG in formed G4
led to the significant increase in the peak currents of EG as
an electroactive label. The difference in the value of peak
currents of label before and after its intercalation into the sta-
bilized G4 (Al) was applied for selective and sensitive elec-
trochemical determination of lead ions. Both biosensors
showed satisfactory analytical performance for Pb** determi-
nation in comparison to other developed sensors.
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