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This work describes a novel electrochemical biosensor based on G-quadruplex (G4) DNA for the sensitive and
selective detection of Ba?" ions using a Carbon Paste Electrode modified with Ag nanoparticles incorporated in
reduced Graphene Oxide via a simple wet chemical method (Ag-rGO/CPE), in the presence of carmoisine (CA) as
a new electrochemical indicator. The peak current of CA increased with increasing Ba?* ions concentration and
the DNA-based sensor showed linear ranges of 0.06-0.80 nM and 1.0-80 nM and a Limit of Detection (LOD) of

0.045 nM. The proposed biosensor showed a good selectivity toward Ba?" ions in the presence of other metal ions

such as Ag™, Hg?", K"

and Nat and was applied to the analysis of natural samples showing appropriate results.

1. Introduction

Consuming products that contain Ba?" ions may cause some prob-
lems to human health such as hypopotassaemia, gastroenteritis, changes
in nerve reflexes, muscle weakness and cardiac arrhythmias [1-3]. The
number of Ba?* ions in drinking water and food is low, but its appli-
cation in medicine as radiographic agent and as semiconductors pro-
duction in electronic industry has increased in recent years [4-6].
Therefore, because of the pollution growth as a result of these activities,
it is necessary to develop sensitive and selective techniques to detect and
quantify Ba?* ions.

Although there are different methods reported for analytical deter-
mination of Ba?" ions such as atomic absorption spectroscopy [71,
ICP-coupled mass spectroscopy [8,9], flow injection analysis and flame
atomic emission spectrometry [10], fluorescence spectroscopy [11] and
electrochemical methods [12-17], it seems that the electrochemical
methods are more suitable for this purpose due to good properties such
as high selectivity and sensitivity, being less time consuming and
inexpensive.

Recently, nanomaterials have been used for modification of elec-
trodes with the purpose of improving some properties of the electro-
chemical sensors such as selectivity and sensitivity [18-20]. High
electrical conductivity, large surface area and good mechanical strength
of graphene-based materials have led to their application in various
fields such as DNA-based sensors [21-23], energy storage device [24,
25], solar cells [26], antibiotics removal in water treatment [27],
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analytical extraction processes [28] and peptide cleavage-based
biosensor [29]. Ag nanoparticles have been applied in different chemi-
cal reactions because of good catalytic properties and electron transport
ability [30-32]. Therefore, Ag nanoparticles incorporated in rGO have
been used to develop an electrochemical DNA-based sensor in this work.

Carmoisine (CA) is a food dye with different names like Brilliant
carmoisine O, azorubin S and acid Red 14 [33]. It is an anionic dye with
azo dye group (Scheme 1) that can interacts with the DNA structure.
Dehghan et al. carried out a study in which they investigated the
interactive behavior of CA with native calf thymus DNA via applying
spectroscopic and electrochemical methods [34]. Several compounds
such as methylene blue and ethyl green have been used as electroactive
labels [35,36]. It is worth mentioning that CA, which interacts with
DNA, can give a strong reduction peak current due to reduction of azo
function. To the best of our knowledge, no DNA-based sensors have been
developed to detect Ba>" jons using CA as a label.

G-quadruplex (G4) is a nucleic acid with non-canonical structure
formed by bending guanine-rich sequences of DNA or RNA. G4 DNA has
drawn great attention because of its ability to be used in both signal
transduction and target recognition [37]. Due to G4 DNA ability to bind
with some metal ions, it can be used for construction of DNA-based
biosensor [38,39]. A wide range of electrochemical biosensors has
been developed because of their easy modification, cost-effectiveness
and chemical stability [37,40-42].

In this work, CA was applied as a new electroactive label for the
electrochemical detection of Ba?" ions using a DNA-based sensor. CPEs
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Scheme 1. The chemical structure of CA.

were modified with Ag-rGO to improve the electrochemical behavior of
the biosensor. The performance of the biosensor has been evaluated, as
well as its applicability to the analysis of natural samples.

2. Experimental
2.1. Chemicals and reagents

The oligonucleotide (5-GGGT GGGT GGGT GGGT-3') was purchased
from BIONEER (South Korea) as the DNA probe. Potassium chloride,
sodium chloride, barium nitrate, silver nitrate, potassium permanga-
nate, sulfuric acid, hydrochloric acid, N, N-Dimethylformamide (DMF)
and mercury nitrate were supplied from Merck chemical company. Po-
tassium ferricyanide and potassium ferrocyanide were purchased from
Fluka Company. CA, graphite powder and Polyvinylpyrrolidone (PVP
K30) were purchased from Sigma-Aldrich. All reagents were used
without purification.

Stock solution of DNA (1.0 pM) was prepared in Tris buffer solution
(50 mM Tris-HCI, 1.0 mM EDTA, pH 8.0). To prepare double-stranded
DNA (ds-DNA), equal amounts of ss-DNA and its complementary DNA
were mixed. The solution was heated in water batch at 100 °C for 15 min
and cooled in room temperature. Stock solutions of metal ions and CA
with concentration of 1.0 mM were prepared in 50.0 mM Tris-HCl buffer
(pH 7.4). Distilled, deionized and sterilized water was used to prepare
aqueous solutions.

2.2. Instrumentation

Field Emission Scanning Electron Microscopy (FE-SEM) images and
Energy-Dispersive X-ray Spectroscopy (EDS) results were recorded using
a Mira 3-XMU instrument. All of the electrochemical analyses such as
Differential Pulse Voltammetry (DPV), Electrochemical Impedance
Spectroscopy (EIS) and Cyclic Voltammetry (CV) were done using an
Autolab PGSTAT 30 potentiostat galvanostat (EcoChemie, The
Netherlands), GPES 4.9 software package and FRA software (Eco
Chemie, The Netherlands). Double beams UV spectrophotometer (CECIL
5000, elegant technology) computation was used to record UV-Vis ab-
sorption spectra.

2.3. AgrGO preparation

Graphene Oxide (GO) was prepared through improved Hummers’
method [43]. Briefly, 1.0 g of graphite flake was added to a mixture of
H2S04/H3P04 (120:13.5 mL) and then 6.0 g of KMnO4 was slowly added
in ambient temperature. The reaction content was heated at 50 °C for 12
h at stirring condition. When the reaction mixture cooled, it was poured
into the mixture of ice (200 mL) and H50O5 (3 mL). Solid material was
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separated by the centrifuge and then washed with 70 mL of water, 70 mL
of 30% HCI and 70 mL of ethanol ( x 2). Finally, the obtained solid was
dried in vacuum oven for 24 h in room temperature. Ag-rGO was pre-
pared in the following steps [44]: 35 mg of the prepared GO was added
to a beaker which contained 70 mL of DMF and sonicated for 1 h, 70 mL
of DMF, 3.5 mmol of AgNOs and 0.7 g of PVP were added in another
beaker respectively too. The solution was stirred for 1 h. Finally, two
mixtures were put in a round-bottom flask and heated at 90 °C for 20 h
to form Ag-rGO. The solid product was separated via the centrifuge and
then washed with 20 mL of water and 30 mL of ethanol, respectively and
dried in the oven for 24 h at 40 °C.

2.4. Ag-rGO/CPE preparation

0.5 g of graphite powder, proper amount of paraffin oil and 3% (w/
w) Ag-rGO were thoroughly mixed in a mortar until a uniform paste is
formed in order to prepare Ag-rGO/CPE. The prepared paste was filled
into 4.0 mm diameter glass tube. A Cu wire was inserted from the other
side of glass tube to make electrical contact.

2.5. Immobilization of ss-DNA on Ag-rGO/CPE

The Ag-rGO/CPE was immersed in a solution of 0.50 M acetate buffer
solution (pH 4.8) and 20 mM of NaCl and then the potential of 1.8 V vs.
SCE was applied on the surface of Ag-rGO/CPE for 5 min without being
stirred to immobilize ss-DNA on Ag-rGO/CPE. After washing the surface
of electrode with deionized water, it was immersed in 50.0 mM of Tris-
HCI buffer solution (pH = 7.4) containing 10~® M of DNA in stirring
condition and the potential of 0.5 V vs. SCE was applied through chro-
noamperometry method for the immobilization of ss-DNA at the surface
of Ag-rGO/CPE.

2.6. G4 DNA formation and accumulation of CA on the biosensor

After immobilization of ss-DNA on the surface of modified electrode,
G4 DNA formation was done by immersing ss-DNA/Ag-rGO/CPE for 5
min in buffer solution (0.05 M Tris—HCI buffer solution, pH = 7.4) which
contained different concentrations of Ba%t ions in stirring condition. In
addition, potential was not applied to the biosensor at this step. Then the
surface of the biosensor was washed with sterilized and deionized water
to remove unbounded metal ions. In order to accumulate CA on G4
DNA/Ag-rGO/CPE, the biosensor was immersed in 1.0 mM of CA solu-
tion (50 mM Tris-HCl buffer solution, pH = 7.4) for 5 min and finally the
surface of the electrode was rinsed with sterilized and deionized water.

3. Results and discussion
3.1. Characterization of AgrGO

FE-SEM was applied to investigate surface morphology of the pre-
pared Ag-rGO. Also, EDS measurement was used for elemental compo-
sition analysis. According to results in Fig. 1a, carbon, oxygen and silver
atoms are present in the prepared nano-composite with 61.73, 20.90 and
17.37 percentages, respectively. As it can be seen in Fig. 1b, the pre-
pared GO had sheets with thickness of about 46 nm. The results which
are shown in Fig. 1c and (d), reveal that Ag nanoparticles were uni-
formly constructed with good population on rGO surface. Average
diameter of 68.4 nm was calculated for Ag nanoparticles. The efficiency
of modified electrode increased owing to the electrocatalytic effect of
Ag-rGO.

3.2. Electrochemical characterization of the modified electrodes
Materials such as Ag nanoparticles and rGO can change the con-

ductivity and rate of electron transfer on the surface of electrode. CV and
EIS are useful techniques to investigate the resistance changes on the
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Fig. 1. EDS spectrum analysis of Ag-rGO (a), FE-SEM image of the GO (b) and FE-SEM images of the Ag-rGO nanocomposite (¢ and d).
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Fig. 2. Nyquist plots (A) and CV curves (B) of 1.0 mM K3[Fe(CN)g]/1.0 mM K4[Fe(CN)g] in 10 mM Tris-HCI buffer solution (pH 7.0) at (a) bare CPE, (b) Ag-rGO/CPE
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and (c) G4/Ag-rGO/CPE after incubation in 10~ M of Ba>* ions at scan rate of 100 mV s~}
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surface of electrode due to the presence of nano materials before and
after modification. According to the published literature, the perfor-
mance of electrochemical sensors is related to the electron or charge-
transfer resistance (Ret or Rep) [45,46]. The Nyquist plots (-z” vs. z') of
(a) CPE, (b) Ag-rGO/CPE and (c) G4/Ag-rGO/CPE were recorded in a
solution containing 1.0 mM of both K3[Fe(CN)g] and K4[Fe(CN)g] redox
couple (Fig. 2A) to investigate the R change at the surface of modified
and unmodified electrodes. It can be observed that R. (semicircle
diameter of Nyquist plots) of the Ag-rGO/CPE and G4/Ag- rGO/CPE
decreased in comparison to that of CPE due to electrocatalytic effect of
Ag-rGO nano composite. Moreover, the electron transfer resistance of
G4/Ag-rGO/CPE is more than that of Ag-rGO/CPE which can be resulted
from G4 construction ability to decrease the conductivity of the elec-
trode surface. Also, Ag-rGO nano composite with good electrical con-
ductivity can act as an interconnected conductive network, which can
improve the performance of the modified electrode (biosensor).

In addition, voltammetric peak currents of [Fe(CN)g 1374 redox
couple were recorded at the surface of (a) CPE, (b) Ag-rGO/CPE and (c)
G4/Ag-rGO/CPE (Fig. 2B). The peak currents of [Fe(CN)g 13~% redox
couple at surface of Ag-rGO/CPE and G4/Ag-rGO/CPE increased and it
proves that using Ag-rGO to modify CPE can reduce electron transfer
resistance on the surface of the G4/Ag-rGO/CPE.

3.2. Interaction between CA and G4

UV-Vis spectroscopy is a useful method to find three noncovalent
modes (electrostatic, intercalation and groove binding) of small mole-
cules with DNA [47-50]. Electrostatic binding between CA and our
probe doesn’t occur due to anionic structure of CA (Scheme 1). There-
fore, intercalation and groove binding were investigated via UV-Vis
spectroscopy method. UV-vis spectra of CA (curve a), CA-ss-DNA (curve
b), CA-ds-DNA (curve c) and CA-G4 were recorded (Fig. 3) for this
purpose. According to the previous reports [36,38,39], absorbance shift
(red shift) and absorbance decrease (hypochromic effect) can be seen as
a result of intercalating binding of small molecule with DNA. The
magnitudes of hypochromic and red shifts are 10% and 1.1 nm for
CA-ss-DNA, 13%, and 2.1 nm for CA-ds-DNA, 14% and 3.8 nm for
CA-G4-DNA in the presence of 10 M Ba* ions, 16% and 4.4 nm in the
presence of 10> M Ba?* ions (Fig. 3). These results are lower than those
observed for typical classical intercalator [51,52]. Therefore, the inter-
action between CA and G4-DNA is partly intercalation and domain
interaction is groove binding. Furthermore, Dehghan et al. showed that
CA can interacts with DNA in a groove-binding mode [34]. The
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Fig. 3. The UV-Vis spectra of 107 M CA (curve a), ss-DNA- CA (curve b), ds-

DNA- CA (curve c), G4 probe - CA in the presence of 10~® M (curve d) and 10~°
M (curve e) of Ba®* ions in aqueous solutions.
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interaction between CA and G4 (Fig. 4) was also investigated using DPV
of CA before (curve a) and after adding various amounts of G4 (curves
b-e). As it can be seen, the electrochemical signal of free CA decreased
with the increase in the amount of G4 due to the accumulation of Ba%*
ions concentration. In addition, positive peak potential shifts of CA were
observed with the increase of Ba%* ions concentrations. According to the
electrochemical investigation of interaction between DNA and small
molecules [47,48] and report by Bard et al. [53], positive peak potential
shift in voltammetric study can confirm the intercalation interaction.

3.4. Circular dichroism (CD) investigation of Ba®" ions-inducted G-
quadruplex formation

CD spectroscopy can be used as a suitable method to investigate
proteins and nucleic acids structures. CD spectroscopy studies are based
on this fact that materials with left- and right-hands orientation have
differences in absorbance of the circularly-polarized light [54,55].
G-quadruplexes have two parallel and antiparallel-stranded structure
types based on the orientation [56-59]. CD spectroscopy was used to
distinguish the structure type of G4 in the current study. CD spectrum of
G4 with parallel-stranded structure has a maximum at ~260 nm and a
minimum at ~240 nm; on the other hand, G4 with antiparallel-stranded
structure has a maximum at ~290 nm and a minimum at ~260 nm [56].
Therefore, and as Fig. 5 shows the probe was formed with
parallel-stranded structure in the presence of Ba* ions (Curve a). Curve
b shows CD spectrum of the G4 that was formed in the presence of Ba%*
ions and CA. As a result, the presence of CA cannot influence the G4
formation. In addition, the heights of maximum and minimum peaks of
CD spectrum were increased after 5-min interaction between Ba®" ions
and DNA probe (curve c).

3.5. Electrochemical determination of Ba®* ions at the surface of G4/Ag-
rGO/CPE

The sensitivity of new biosensor was investigated at the optimum
conditions and the results were shown in Fig. 6. For this purpose, ss-
DNA/Ag-rGO/CPE was incubated in different concentrations of Ba®*
ions solutions and then DPV method was used for recording differential
pulse voltammograms of 103 M CA that was intercalated with G4. The
electrochemical reduction peak current of CA increased following the
increase in Ba?* ions concentration due to ss-DNA structural switch to
Ba2*-stabilized G4. Because of this phenomenon, the accumulation of
CA at the surface of G4/Ag-rGO/CPE increased with the increase of

pA
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Fig. 4. Differential pulse voltammograms of 10~> M CA in solution before
(curve a) and after adding probe in the presence of various concentrations of
Ba?": 107° M (curve b), 107> M (curve ¢), 10~* M (curve d) and 103 M (curve
e) at Ag-rGO/CPE.
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Fig. 5. CD spectra of Ba>* ions-probe (a), Ba>* ions-probe in the presence of CA
(b) and Ba?" ions-probe after 5 min of intercalation (c).

different Ba®* ions concentrations and then the reduction peak current
of CA increased (Fig. 6A). Fig. 6B shows two linear relationships be-
tween peak currents of CA before and after its intercalation with the G4
(AI) and Ba?' ions concentration at the ranges of 0.06-0.8 nM and
1.0-80 nM. The calculated LOD was 0.045 nM (S/N = 3). The electro-
chemical parameters in determining Ba?" ions were compared with the
other reports and the results were listed in Table 1. It can be seen that the
present method can provide high sensitivity, wide linear range and
comparable detection limit.

3.6. Selectivity investigation of the biosensor in the electro-detection of
Ba** ions

The sequence of DNA is important in forming G4. There are different
algorithmic rules to predict which sequence of DNA can form G4 [60,
61]. The thermal stability of G4 is dependent on the concentration of
monovalent cations, especially in case of K™ and Na' [62]. Some G4s are
unstable to be formed even at 5 °C and some G4s are stable above 95 °C
[63]. Therefore, the formation of stable G4 depends on sequence of DNA
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and concentration of cations [62]. According to these reasons, the
selectivity of designed biosensor was studied by investigating the effect
of several ions such as Ag™, Hg>", K™ and Na* on DNA probe structural
switch from ss-DNA to G4 (stabilized with ions). Fig. 7 shows DPV
response of 10~ M-accumulated CA on the surface of G4/Ag-rGO/CPE,
which is incubated in Ba2" ions (curve f) and the mentioned ions (curves
b-e). As it can be seen, the DPV cathodic peak currents of CA have no
significant change before incubation (curve a) and after it in Ag*, Hg?*,
K" and Na™ solution with constant concentration (curves b-e). This
result proved that the proposed biosensor has good selectivity and can
be used to determine Ba2* ions electrochemically.

3.7. Electrochemical sensing of Ba®" ions in real sample at G4/Ag-rGO/
CPE

The applicability of the biosensor for electrochemical detection of
Ba®" ions was investigated in sea and tap water as real samples.
Different concentrations of Ba%* ions were spiked in real samples and
standard addition method was used to determine Ba®" ions electro-
chemically via the proposed method. Table 2 summarizes the results of
this study. It is clear that there is a very good agreement between spiked
values and founded values and it confirms the applicability of G4/Ag-

Table 1
Comparison of the various electrochemical sensors for determination of Ba%*
ions.

Analyte  Electrode LDR (pM) LOD Ref.
(M)
Ba** PVC-based neutral carrier 14-100000 - [12]
and organic exchanger
membranes
PVC membrane sensor 50-100000 2.5 [64]
Electrolytic cell with four 10-500 - [65]
electrode
barium (II) PVC membrane 1-10000 0.56 [66]
sensor
G4/Ag-rGO/CPE 0.00006- 0.000045 present
0.0008 study
0.001-0.08

Fig. 6. A) DPV curves of 103 M-accumulated CA on

; A & B the G4/Ag-rGO/CPE in 50 mM Tris-HCI buffer solu-
tion (pH = 7.4) containing various concentrations of
0 Ba?"ions: (a) 0.0, (b) 0.06, (c) 0.1, (d) 0.2, (e) 0.4, ()
10 0.6, () 0.8, (h) 1.0, (i) 5.0, (j) 10.0, (k) 20.0, (1) 30.0,
ey (m) 40.0, (n) 50.0, (0) 60.0 and (p) 80.0 nM. (B) The
difference of cathodic peaks current in the absence
and presence of Ba®* ions (AID) in the differential
4 “’ 8 pulse voltammograms (A) against the Ba®" ions con-
centrations. Inset shows the related calibration plots
- of Ba?" ions concentrations in the ranges (a)
§~ P = 0.06-0.8 nM and (b) 1-80 nM.
< é 4
S 2 y=16998x +41356
0 0.3
-10 A 4 - 15 = Ba*/aM
11 : b
10 [
-12 1 L8
2 7]
21 5 1 w= 00677z +352822
14 4 z R? = 0,990 ‘
0 %D 100
Ba®/nM
16 0

025 035 045 055 065 -0.75 -085 0 10 20 30
E/V vs. SCE
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Fig. 7. DPV responses of 10> M-accumulated CA on the G4/Ag-rGO/CPE (a)
before and after incubation in 1.0 pM (b) Ag™, (c) Hg?*, (d) Na*, (e) K* and 1.0
nM (f) Ba* ions at the surface of G4/Ag-rGO/CPE.

Table 2
The ability of proposed method for electrochemical analysis of Ba%* ions in
water samples as real samples.

Water sample Ba?" added/M Ba*" found/M” Recovery (%)

Tap water ” 0 No detectable -
1.0 x 107° 1.07(+0.03) x 10~° 107.0
30.0 x 107 30.3(+£0.05) x 107° 100.1
Sea water © 0 Not detectable -
1.0 x 107° 0.92(+0.01) x 107° 92.0
30.0 x 107 29.6(+£0.06) x 10™° 98.6

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

rGO/CPE for the electrochemical detection of Ba%* ions in real samples.

3.8. Stability and reproducibility of G4/Ag-rGO/CPE

The stability and reproducibility of the proposed biosensor were also
evaluated. For this purpose, six individual G4/Ag-rGO/CPEs were pre-
pared and DPV method was used to record the reduction of CA peak
currents in the constant concentration of Ba>" ions and the relative
standard deviation (RSD %) was calculated 5.3%. In addition, stability
of the biosensor was investigated by DPV responses of CA at the surface
of G4/Ag-rGO/CPE before and after storing it for 2 weeks at 4 °C. The
response retained 91.23% in comparison with the initial signal. Ac-
cording to the results, the biosensor showed good stability and
reproducibility.

4. Conclusion

An electrochemical DNA-based sensor was constructed using Ag-
rGO/CPE to detect Ba®" ions in the presence of CA as a new electro-
chemical indicator. A wide detection range and a low LOD were ach-
ieved due to the fast electron transfer from the Ag-rGO nanocomposite.
The distance between CA and the electrode surface is reduced in the
formation of the G4 structure in the presence of Ba 2" ions and therefore,
the peak current of CA increases. G4/Ag-rGO/CPE was applied to the
electrochemical determination of Ba?* ions in sea and tap water and
good results were achieved. In addition, the biosensor showed appro-
priate reproducibility and stability.

Analytical Biochemistry 642 (2022) 114563
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