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ARTICLE INFO ABSTRACT

Keywords: In this study, we aim to design a simple and effective electrochemical DNA biosensor based on a carbon paste
DNA biosensor electrode modified with ds-DNA/poly(r-cysteine)/Fe;04 nanoparticles-graphene oxide (ds-DNA/p(r-Cys)/Fe304
Guanine NPs-GO/CPE) for sensitive detection of adenine (A) and guanine (G). The electrocatalytic oxidation of A and G
ﬁgizirzzterials on the electrode was explored by differential pulse voltammetry (DPV) and cyclic voltammetry (CV). This sensor

shows separated and well-defined peaks for A and G, by which one can determine these biological bases in-
dividually or simultaneously. The ds-DNA/p(1-Cys)/Fe304 NPs-GO/CPE exhibited an increase in peak currents
and the electron transfer kinetics and decrease in the overpotential for the oxidation reaction of A and G. Under
the optimal conditions a linear relationship is figured out between the peak current and the analytes' con-
centrations on a range of 0.01-30.0 uM and 0.01-25.0 uM for simultaneous determination of A and G, with
detection limits of 3.48 and 1.59 nM, respectively. As well as, individually determination is resulted two linear
concentration ranges of 0.01-30.0 uM for A and 0.01-25.0 uM for G with detection limits of 3.90 and 1.58 nM
for A and G, respectively. The proposed biosensor exhibited some advantages in terms of simplicity, rapidity,
high sensitivity, good reproducibility and long-term stability. Furthermore, the measurements of thermally
denatured single-stranded DNA were carried out and the value of (G + C)/(A + T) of DNA was calculated as
about 0.77 for various DNA samples. This study also ascertained that the proposed biosensor can be profitable to
evaluate DNA bases damage.

Electroanalytical technique

1. Introduction

In recent years, there has been an increase in the use of nucleic acids
as a tool in the recognition of many compounds by using deoxyr-
ibonucleic acid (DNA) as a surface-modification element in electro-
chemical biosensors (Rezaei et al., 2016). DNA has gained increasing
attention as well as their promise in the field of electrochemistry, which
plays a vital role to transfer genetic information from one descendant to
another (Zeng et al., 2013). Therefore, sequence-specific detection of
DNA has been reported important for medical diagnosis of genetic
diseases, mutations, molecular biology and forensic science (Esmaeili
et al., 2016). The technology of DNA biosensors has been developed to
measure the occurrence of DNA hybridization via the matching of
complementary bases; adenine-thymine (T) and guanine-cytosine (C)
(Tabrizi and Shamsipur, 2015). The electrochemical DNA biosensor is
one of the most attractive methods because of their low cost, high
sensitivity, rapid response rate, and good selectivity as well as their
capacity for instrument miniaturization (Huang et al., 2014). To date,
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various types of DNA electrochemical biosensors, using a broad range of
nanomaterials such as metal nanoparticles and carbon nanomaterials
have been utilized to increase performance of DNA biosensors (Peng
et al., 2015).

Guanine and adenine are two of the four important bases present in
DNA structure and play fundamental roles in the life process (Ensafi
et al.,, 2014). They have effects on coronary and cerebral circulation,
control of blood flow, prevention of cardiac arrhythmias, inhibition of
neurotransmitter release and modulation of adenylate cyclase activity
(Huang et al., 2013). The abnormal changes of the bases in organisms
suggest the deficiency and mutation of the immunity system and may
indicate the presence of various diseases such as cancer, AIDS, myo-
cardial cellular energy status, disease progress and therapy responses
(Chen et al., 2007; Huang et al., 2011). A mutation is a permanent
change in the DNA. A mutation can arise spontaneously without ap-
parent cause, or in response to radiation, ultraviolet light, certain
chemicals, or viruses. Some mutations involve the substitution of one
base pair for another and one or more base pairs can be added to, or
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removed from, the chain. Mutations can lead to cell death, to altera-
tions in the way a cell functions, or in some cases to cancer (Anu
Prathap et al., 2013). Therefore, the determination of G and A has great
significance to the bioscience and clinical diagnosis. A survey of the
literature revealed that many analytical methods have been described
for determination of A and G such as high-performance liquid chro-
matography (Zhou et al., 2015), capillary electrophoresis (Yu et al.,
2014), spectroscopic methods (Yari and Saidikhah, 2016), chemilumi-
nescence (Feng et al., 2011) and mass spectrometry (Huang and Chang,
2007). Although these methods are sensitive, but these embrace several
shortcomings such as complicated instruments, time-consuming sample
pretreatment and also the availability of these high cost instruments in
the laboratories are limited (Mirmomtaz et al., 2009). Compared to
these methods, electrochemical technique makes a good candidate for
the analysis of A and G owing to their practicality, simplicity, rapidity
and ease of miniaturization (Palecek and Bartosik, 2012). As well as,
the electrochemical methods suffer problems for the detection of nu-
cleic bases such as slow electron transfer kinetics, high overpotential
and overlapping of their oxidation peaks (Arvand et al., 2015). To
overcome these problems, utilization of chemical modified electrodes is
always beneficial. In modifying the biosensor, nanomaterials (NMs) are
generally used, due to their enhanced catalytic properties and high
electrical conductivity (Kurbanoglu et al., 2017). More active sites and
abundant functional groups on the NMs surface lead to high activity for
adsorption and catalysis.

Graphene oxide (GO) is one of the most important derivatives of
graphene having large surface area, excellent conductivity and strong
mechanical strength. These properties make GO a great candidate for
electrode modification (Arvand and Gholizadeh, 2013a, 2013b).

Furthermore, magnetic nanoparticles are one kind of new nanos-
tructured materials and have attracted an intensive notice for applica-
tion in sensors (Arvand and Hemmati, 2017) because of easy synthesis
and functionalization, excellent interaction features between reactants
and active sites, high surface area, electro-conductivity and bio-
compatibility (Gu et al., 2014). As an important magnetic material,
magnetite (Fe304) is a common ferrite for the separation of some metal
ions (Mashhadizadeh and Karami, 2011) and electrodes modification
(Chawla and Pundir, 2011). Recently, the use of polymer modified
electrodes has drawn a great attention on the analytical purposes (Ma
et al., 2013), due to their selectivity, sensitivity, multiple active sites,
strong adherence to the electrode surface and the chemical stability
(Ferraz et al., 2016).

L-Cysteine (1-Cys) is an important amino acid present in natural
proteins and plays key role in biological systems (Sundaram and Abdul
Kadir, 2017). As an electrochemical sensor material, poly cysteine
provides abundant active sites for binding analytes, rapid electron
transfer and tunable conductivity (Fu et al., 2011).

The broader goal of this work was to develop a new electrochemical
protocol with high sensitivity toward A and G which is named ds-DNA/
p(-Cys)/Fe304 NPs-GO/CPE. Moreover, the study also included a
comparative evaluation of modified and unmodified electrodes to assess
the contribution of ds-DNA, p(i-Cys), Fe304 NPs and GO at improving
electrochemical detection. Furthermore, real samples of denatured DNA
have been proven to produce a good response towards A and G.

2. Materials and methods
2.1. Chemicals and reagents

All reagents and solvents were of the highest purity available from
Merck (Darmstadt, Germany) and were used without further purifica-
tion. Details on the reagents were provided in Supplementary materials.

2.2. Apparatus

Electrochemical measurements were carried out using a PalmSens
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electrochemical analyzer connected to a personal computer and con-
trolled by PS-Trace 4.5 software. A regular three-electrode system in-
cluding a modified electrode as working electrode, a saturated Ag/AgCl
electrode as reference electrode and a platinum wire as counter elec-
trode was used to obtain the electrochemical data. The pH of the so-
lutions was adjusted by a model 827 pH meter (Metrohm, Swiss).

Atomic force microscopy (AFM; NTEGRA, NT-MDT, TS-150), Field
emission scanning electron microscope (FE-SEM; Sigma, Zeiss,
Germany), Fourier transform infrared spectrometer (FT-IR; Shimadzu
8900, Kyoto, Japan), X-ray diffraction spectrometer (XRD, Philips
PW1840), transmission electron microscope (TEM; Philips) and scan-
ning electron microscope (SEM, Electroanalyzer Sama 500) were used
to characterize the morphology, size and structure of the nanomaterials
and nanocomposite.

2.3. Synthesis of GO

GO was synthesized from pure graphite powder via the modified
Brodie method (Arvand and Gholizadeh, 2013a, 2013b). The experi-
mental procedures were described in Supplementary data.

2.4. Synthesis of Fe304 NPs

Fe30,4 NPs were prepared according to the modified Massart method
(Mohammad-Rezaei et al., 2014) via the co-precipitation of a mixture of
FeCl36H,0 and FeCl,4H,O under N, atmosphere. The complete ex-
perimental procedures were described in Supplementary data.

2.5. Preparation of modified electrodes

For preparation of a carbon paste electrode, graphite powder, par-
affin, a Teflon tube (ca. 3 mm i.d. and 10 cm long) and a copper wire
were used. Carbon paste was prepared by mixing of graphite powder
and paraffin using a mortar and pestle. The carbon paste modified with
Fe304 NPs-GO was prepared by mixing optimized amounts of graphite
powder, GO and Fe30, NPs with appropriate amount of paraffin oil.
Then the paste was packed into a Teflon tube and a copper rod was
embedded into the paste to provide electrical connection. Before mea-
surement, the electrode surface was smoothened on a piece of trans-
parent paper to get a smooth and fresh surface.

The electro-polymerization of 1-Cys on the Fe3O, NPs-GO/CPE
surface was carried out by CV technique with using a 0.1 M PBS (pH =
7.0) containing 7.5 mM 1-Cys throughout 8 cycles in the potential range
from —1.5 to +2.0 V at a scan rate of 100 mV s™".

The ds-DNA/p(1-Cys)/Fe;04 NPs-GO/CPE was prepared by drop
casting of 6.0 pL ds-DNA solution on surface electrode and subsequently
air drying at room temperature. The overall fabrication process of the
ds-DNA/p(1-Cys)/Fes04 NPs -GO/CPE is presented in Scheme 1.

2.6. Real samples preparation

DNA samples were simply denaturized by thermally treatment ac-
cording to the literature (Wang et al., 2006). The hydrogen bonds of ds-
DNA will be ruptured during this thermal process. In short, 3.0 mg DNA
of human blood, hen blood and Anoxybacillus bacteria was digested
using 1.0 mL of 1.0 M HCl in a sealed glass tube. After heating in boiling
water bath (100 °C) for 80 min, 1.0 mL of 1.0 M NaOH was added. Fi-
nally, the solution was rapidly cooled in an ice bath. Then, known
volume of the resulted solutions was diluted using 0.1 M ABS (pH =
5.6). Bladder cancer patient’ blood DNA sample was also prepared by
above method as a damaged DNA sample.
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Scheme 1. Schematic representation for the fabrication process of the ds-DNA/p(r-Cys)/Fe304 NPs-GO/CPE.

3. Results and discussion
3.1. Characterization

Fig. 1A indicates the XRD pattern of Fe;O4 NPs. In Fig. 1A, the
diffraction peaks at 30.26°, 35.67°, 43.21°, 53.63°, 57.34° and 62.88°
are in agreement with standard XRD card of Fe;04 (Mohammad-Rezaei
et al., 2014).

The TEM image of Fe304 NPs (Fig. 1B) shows the particles are ag-
glomerated by irregular shaped and the size of the particles is in the
nanometer range.

The morphology of GO-Fe;O,4 composite material is shown by the
TEM image in Fig. S1. The image signifies that the surface of GO are
densely sheltered with uniformly distributed black colored Fe;04 na-
noparticles. The Fe;O,4 nanoparticles are distributed on GO sheet in
such a manner there is not much agglomeration of Fe30, nanoparticles.

The FT-IR spectrum of GO (Fig. 1C) shows the broad and intense
peaks about 3500 cm™ which is characteristic of O-H groups. The
peaks at 1718, 1622, 1361, 1242, and 1078 cm ™~ ! are attributed to the
C=0, C=C, C-0, C-OH and C-O stretching, respectively. The above
FT-IR data confirms that there are oxygen-containing functional groups
on GO surface which resulted from the oxidization, hydroxylation and
carboxylation of the graphite (Arvand and Gholizadeh, 2013a, 2013b).
Fig. 1D shows SEM image of GO. It is apparent that GO nanosheets are
flake-like with exposed sharp edges. These observations indicate that
GO nanosheets were successfully synthesized and porous network of GO
sheets increase the effective surface area.

The morphologies of p(1-Cys) and ds-DNA/p(1-Cys)/Fe304 NPs-GO
were characterized by FE-SEM. As illustrated in Fig. 1E, by electro-
polymerization of 1-Cys polymer layer with multiple bumps and pro-
tuberances was conformed. The surface of ds-DNA/p(1-Cys)/Fe304 NPs-
GO composite film (Fig. 1F) was quite monotonic and presented a curly
morphology consisting of a dendritic structure. Thus, it can be resulted
that ds-DNA chains deposited successfully.

AFM was used to study the surface topography of the p(i-Cys)
(Fig. 1G) and ds-DNA/p(1-Cys)/Fe304 NPs-GO (Fig. 1H) modified
electrodes. The AFM image of p(1-Cys) reveals that this polymeric film
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is composed of many granular particles which led to a significant in-
crease in the effective surface area for loading the ds-DNA. In Fig. 1G
and H, the obvious morphological change between p(i-Cys) and ds-
DNA/p(1-Cys)/Fe30, NPs-GO modified electrodes can be observed
which results in decrement of both bumps and the surface roughness by
immobilizing ds-DNA on the p(i-Cys) film. In other words the AFM
results show that the ds-DNA/p(i-Cys)/Fe304 NPs-GO has a more
compact and denser structure than the pristine p(1-Cys). Further ana-
lysis indicated that the p(1-Cys) surface has an average roughness of
93.5 nm, whereas ds-DNA/p(1-Cys)/Fe304 NPs-GO surface accounts for
an average roughness of 68.2 nm. As reported in literatures the compact
structure of a conductive polymer allows the conductive areas in the
polymer to become more connected (Cho et al., 2014).

3.2. Electrochemical properties of ds-DNA/p(1-Cys)/Fes04 NPs-GO/CPE

The electrochemical performances of CPE, GO/CPE, Fe;04 NPs-GO/
CPE, p(1-Cys)/Fe304 NPs-GO/CPE andds-DNA/p(1-Cys)/Fe304 NPs-GO/
CPE were investigated under the identical conditions using a solution of
5.0 mM K;3[Fe(CN)g]/K4[Fe(CN)g] containing 0.1 M KCI. As shown in
Fig. 2A, a pair of redox peaks were observed at CPE (curve a), GO/CPE
(curve b), Fe;04 NPs-GO/CPE (curve c), p(.-Cys)/Fes04 NPs-GO/CPE
(curve d) and ds-DNA/p(1-Cys)/Fe304 NPs-GO/CPE (curve e), respec-
tively. It can also be observed that the magnitude of redox peak current
for K3[Fe(CN)¢]1/K4[Fe(CN)g] couple has been enhanced at modified
electrodes compared to bare electrode. This phenomenon could be at-
tributed to the increased accessible active sites and faster electron
transfer kinetics caused by the co-contribution of GO-Fe30, NPs and
conducting polymer. Besides, the redox peak currents at ds-DNA/p(i-
Cys)/Fe304 NPs-GO/CPE in comparison with p(r-Cys)/Fe304 NPs-GO/
CPE significantly decreased, which could be explained in terms of the
electrostatic repulsion of the negative charges in phosphate groups
existing in DNA structure towards the negative charges existing in [Fe
(CN)6]%/[Fe(CN)s]* ions.

Electrochemical impedance spectroscopy (EIS) was used to monitor
the change of the electrode surface during the modification process. The
EIS includes a semicircular part and a linear part. The semicircular part
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Fig. 1. (A) XRD pattern of Fe30,4 NPs; (B) TEM image of Fe30,4 NPs; (C) FT-IR spectrum of GO nanosheets; (D) SEM image of GO nanosheets. FE-SEM images of (E) p(1-Cys) and (F) ds-
DNA/p(1-Cys)/Fe304 NPs-GO. Two-dimensional AFM topography images of (G) p(1-Cys) and (H) ds-DNA/p(1-Cys)/Fe304 NPs-GO. Insets show the three-dimensional AFM topography
images of p(1-Cys) and ds-DNA/p(1-Cys)/Fe304 NPs-GO.
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Fig. 2. (A) CVs of 5.0 mM K3[Fe(CN)e]/K4[Fe(CN)e] in 0.1 M KClI obtained at scan rate of
100 mV s™. Curve a: bare CPE, curve b: GO/CPE, curve c: Fe30, NPs-GO/CPE, curve d: p
(1-Cys)/Fe304 NPs-GO/CPE, curve e: ds-DNA/p(1-Cys)/Fe304 NPs-GO/CPE. (B) Nyquist
diagrams in a solution containing 5.0 mM K3[Fe(CN)]/K4[Fe(CN)s] and 0.1 M KCl at (a)
CPE, (b) GO/CPE, (c) Fe30,4 NPs-GO/CPE, (d) p(1-Cys)/Fe304 NPs-GO/CPE, (e) ds-DNA/p
(1-Cys)/Fe304 NPs-GO/CPE.
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the electrode interface. The linear part at lower frequencies corresponds
to the diffusion process. Fig. 2B demonstrates the Nyquist plots of the
EIS obtained in 5.0 mM Ks[Fe(CN)g]/K4[Fe(CN)e] solution at the bare
CPE, GO/CPE, Fe304 NPs-GO/CPE, p(1-Cys)/Fe304 NPs-GO/CPE and
ds-DNA/p(1-Cys)/Fe304 NPs-GO/CPE. As shown in Fig. 2B, by mod-
ification of bare electrode with GO and Fe;0,4 NPs-GO, the surface of
electrode is improved and due to its high surface area and high con-
ductivity of GO and Fe304 NPs, R, is decreased compared to the bare
CPE (curves a, b and c). By deposition of p(1-Cys) layer on the surface of
electrode, R, is decreased because the electrode surface is covered by p
(1-Cys), which improves the electron transfer between probe and the
surface of electrode (curve d). The amount of R is increased by im-
mobilization of ds-DNA on the p(1-Cys)/Fe30, NPs-GO/CPE surface
(curve e), due to the electrostatic repulsion force between the nega-
tively charged [Fe(CN)¢] 3~ /[Fe(CN)e]* and ds-DNA and preventing [Fe
(CN)6]%/[Fe(CN)¢]* ions from reaching to the electrode surface oc-
curs.

3.3. Electro-oxidation of A and G

In order to investigate the role and electrocatalytic activity of dif-
ferent working electrodes, we decided to investigate the application of
an optimized electrode to measure some purine-base compounds. The
electro-oxidations of G and A (100 uM) in 0.1 M CBS-PBS buffer solu-
tion (pH 6.5) at a scan rate of 100 mV s~ ! were examined by using CV.
The results are shown in Fig. 3. As can be seen, the voltammograms of G
and A bases exhibit just two small peaks with weak intensity at bare
CPE (curve a) which indicates the slow electron transfer kinetics of G
and A. Nevertheless, compared with a bare CPE, the oxidation peak
currents of G and A increase at the GO/CPE (curve b) and Fe3O4 NPs-
GO/CPE (curve c). This phenomenon returns to the catalytic role of
Fe304 NPs on the oxidation of G and A and to the enhancement of
surface area by GO nanosheets. Moreover, the oxidation peak currents
of G and A increase significantly at p(.-Cys)/Fe304 NPs-GO/CPE (curve
d) and the ds-DNA/p(1-Cys)/Fe304 NPs-GO/CPE (curve e). These sig-
nificant improvements in electrochemical sensitivity could be caused by
two major factors: (1) ds-DNA provides more active sites and facilitates
electron transfer between the electrode and species (2) p(1-Cys) itself
has good catalytic ability and improve mass transport. As illustrated in
Fig. 3 (curve e) the peak-to-peak separation between G and A is
280 mV, which is large enough for their simultaneous detection in a
mixture. As respects to the enhancement of G and A electro-oxidation

Fig. 3. CVs of 100 uM A and G in CBS-PBS of pH 6.5 obtained at
(a) bare CPE, (b) GO/CPE, (c) Fe304 NPs-GO/CPE, (d) p(.-Cys)/
Fe30,4 NPs-GO/CPE and (e) ds-DNA/p(r-Cys)/Fe3;04 NPs-GO/CPE.
Inset: CV of ds-DNA/p(1-Cys)/Fez04 NPs-GO/CPE in CBS-PBS of
pH 6.5.
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signals relative to the unmodified electrode and peak-to-peak separa-
tion, it could be concluded that ds-DNA/p(1-Cys)/Fe304 NPs-GO na-
nocomposite represents good electrocatalytic behavior for oxidation of
analytes, together with the synergistic effect of the adsorption ability of
ds-DNA through the base-pairing role and the electrocatalytic property
of p(1-Cys) toward G and A (Feng et al., 2011). Moreover, a DNA mo-
lecule is considered to be an array of stacked s electrons, which can
provide a rapid pathway for electronic charge transport to target mo-
lecules due to intercalative and electrostatic binding. The DNA layer
could interact with G and A molecules through st interactions and
also the DNA layer could attract cationic A and G to the interface
compounds. Moreover, chemical functionalities of DNA layer could
provide a selective interface via hydrogen bonds with the proton-do-
nating group of the G and A (Zou et al., 2012; Rezaei et al., 2016).

3.4. Optimization of modified electrode preparation

3.4.1. Optimization of carbon paste electrode composition

In order to find the best composition of modified electrode, the
amount of different components of CPE, including Fe3;0, NPs and GO
nanosheets were changed in the fixed conditions of voltammetric de-
termination (Fig. 4A). The optimum amount of both Fe30, NPs and GO
was chosen 27 wt% in the paste. Detailed information can be found in
Supplementary information.

3.4.2. Effect of 1-Cys concentration

The concentration of 1-Cys monomer used for the modification of
Fe304 NPs-GO/CPE was studied in the range of 1.0-10 mM. The results
are shown in Fig. 4B. The optimum concentration of 1-Cys monomer
was selected to be 7.5 mM. Detailed information can be observed in
Supplementary information.

3.4.3. Effect of number of cycles and scan rates of electro-polymerization

The effect of the thickness of the p(1-Cys) film on the anodic peak
currents of A and G were evaluated. The film thickness can be easily
controlled by the number of cycles and the scan rate of electro-synth-
esis. The current responses of both bases reached maximum value at 8
cycles (Fig. 4C). Also effect of scan rates of electro-polymerization was
investigated by CV for 8 cycles using potential cycling at different scan
rates. Therefore, the scan rate of 0.1 Vs~ was optimum for p(i-Cys)
layer preparation in the following investigation (Fig. 4D). Detailed in-
formation can be found in Supplementary information.

3.4.4. Effect of ds-DNA concentration on immobilization at p(i-Cys)/Fe304
NPs-GO/CPE surface

The electrochemical DNA biosensor was prepared by immobilizing
ds-DNA on the p(1-Cys)/FesO4 NPs-GO/CPE surface. The optimum
amount of 100 ng uL™" of ds-DNA was selected and used in all the
further experiments (Fig. 4E). Detailed information can be found in
Supplementary information.

3.5. Effect of supporting electrolyte and pH on the electrochemical behavior
of Aand G

In order to understand the influence of supporting electrolyte on the
cyclic voltammetric behaviors of G and A, four kinds of supporting
electrolyte solutions were examined (0.1 M of acetate, phosphate, ci-
trate and citrate-phosphate buffer solutions). The better resolution and
well-defined oxidation peaks accompanied by lower background levels
and highest anodic peak currents of A and G were observed in CBS-PBS.
Hereby, the citrate-phosphate buffer was chosen for the rest of studies.

It is essential to examine the influence of pH on electrochemical
systems because the pH of the electrolyte medium is one of the vari-
ables that strongly influence the voltammograms. We used CV (Fig.
S2A) to verify the electrochemical behavior of 100 uy(M G and A at
various pHs from 4.0 to 7.5 in CBS-PBS. Fig. S2B illustrates that the

75

Biosensors and Bioelectronics 102 (2018) 70-79

anodic peak currents of G and A increased by raising pH and they
achieved to maximum values at pH 6.5 and then leveled off. Therefore,
CBS-PBS pH 6.5 was selected as the electrolyte for subsequent experi-
ments.

In this study, it is observed that the oxidation peak potentials of A
and G shift negatively with the increase of solution pH in the range of
4.0-7.5. Fig. S2C indicates the dependence of oxidation peak potentials
of G and A to pH and the participation of protons in the electrode re-
action. A plot of this function shows that the regression equations for G
and A are Ep,(V) = —0.052pH + 1.16 (R? = 0.9922) and Ep(V) =
—0.068 pH + 1.54 (R? = 0.9932), respectively. The slopes of —0.052
and —0.068 (V pH‘l) were near to the expected theoretical Nernstian
value of 0.059 VpH™, which implies that numbers of protons and
electrons involved in the electrode reaction process is in the ratio 1:1
according to Nernst equation (0.059m/n) (Ma and Chen, 2015).

3.6. Effect of scan rate on the peak currents of G and A

In order to investigate the electrochemical reaction mechanism, the
experiment of peak current responses of A and G on ds-DNA/p(1-Cys)/
Fe304 NPs-GO/CPE was carried out with CV in various scan rates
ranging from 0.02 to 0.14 Vs™! (Fig. S3A). The oxidation peak poten-
tials shifted towards relatively positive potential and peak currents of
analytes increased linearly with the increase of v (Fig. S3B), indicating
the irreversible electrode reaction and also demonstrating the oxidation
of G and A was controlled by adsorption-controlled process. The linear
regression equation for G and A can be expressed as Ip,(UA) = 698.7v
(Vs™) + 4.35 (R* = 0.9964) and I,,(uA) = 552.10 (Vs™) + 5.91 (R
= 0.9924), respectively.

The surface concentration (I, mol cm™2) of electroactive A and G on
ds-DNA/p(1-Cys)/Fe304 NPs-GO/CPE and bare CPE, can be estimated
from the slope of the plot of I, versus scan rate (Fig. S3B) by (Wang,
2006):

I, = n?F?vAT/4RT @

where n is the number of electrons transferred, F (C mol™) is the Far-
aday's constant, A (cm?) is the area of the electrode, I' is the surface
concentration of the electroactive substance and v (V s™!) is the scan
rate. Based on the slope of the plot of I, vs. v, the surface concentrations
on the ds-DNA/p(1-Cys)/Fe304 NPs-GO were estimated to be 3.50 x
1072 ymol ecm™ and 4.40 x 1073 pmol ecm™ for A and G, respectively,
which were larger than the corresponding values 1.5 x 10~ ymol cm™>
and 1.4 x 1072 umol cm™2 on bare CPE. The obtained results can imply
that the existence ds-DNA/p(1-Cys)/Fe304 NPs-GO nanohybrid pro-
viding a large active surface area and promoting the electron transfer
between the biomolecules and the electrode surface for both electro-
active species.

3.7. Effect of accumulation parameters

To obtain the excellent performance of the prepared ds-DNA/p(i-
Cys)/Fe304 NPs-GO/CPE the accumulation buffer, accumulation po-
tential (E,..) and accumulation time (t,..) were optimized. The detailed
information can be found in Supplementary data.

3.8. Individual determination of G and A using ds-DNA/p(1-Cys)/Fe304
NPs-GO/CPE

Analytical performance of ds-DNA/p(L-Cys)/Fe3;04 NPs-GO/CPE for
individual determination of G and A was evaluated with DPV. Under
the optimum conditions, mixtures of two bases were prepared, in which
the concentration of one base changed gradually, whereas the con-
centration of another base was kept constant. Fig. 5A demonstrates the
typical DPVs with different concentrations of A and constant con-
centration of G (3.0 uM). The peak current of A increased linearly with
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Fig. 4. The influence of (A) amount of Fe;04 NPs-GO employed in the carbon paste (12.5% Fe3;0,4 + 12.5% GO (a), 17.5% Fe304 + 11.76% GO (b), 11.76% Fe304 + 17.5% GO (c),
16.66% Fe304 + 16.66% GO (d), 20% Fe304 + 20% GO (e), 27% Fe304 + 27% GO (), 30% Fe304 + 30% GO, (g) 33.5% Fe304 + 33.5% GO (h), (B) .-Cys monomer concentration, (C)

number of cycles of electro-polymerization, (D) scan rate of electro-polymerization, (E) ds-DNA concentration (50 ng pL™" (a), 80 ng uL™* (b), 110 ng uL ™ (c), 130 ng uL™* (d)) on the peak
currents of G and A (100 uM) in 0.1 M CBS-PBS at ds-DNA/p(1-Cys)/Fe304 NPs-GO/CPE.

an increase in its concentration (inset of Fig. 5A) over the first linear defined the decrease in the current or a transport mechanism altered.
dynamic range of 0.01-5.0 uM and the second was 5.0-30.0 uM with The difference in the slopes for the calibration curves is probably due to
regression equations of I,,(uA) = 1.47C (uM) + 1.68 and I,,(nA) = the different activity of the electrode surface. In the lower A con-
0.46C (UM) + 6.46. The reason for two linear regions may be as fol- centration, due to a high number of active sites the slope of the first
lows: At higher concentration than 5 pM, saturation took place and this calibration curve is high while in the higher A concentration, due to
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before and after spiking with different concentrations of A and G.

decreasing active sites the slope of the second calibration decreased
(Mokhtari et al., 2012). Similarly, in different concentrations of G and
constant concentration of A (7.0 uM), the peak current of G increased
linearly with an increase in its concentration in the linear range of
0.01-25.0 pM and regression equation of I,,(uA) = 2.54C (uM) + 1.38
(inset of Fig. 5B).

The DPV peak of one species was unaltered and the peak current
remains constant where the peak current of another species enhanced
with increasing concentration. Therefore, it is confirming that ds-DNA/
p(1-Cys)/Fe304 NPs-GO/CPE can be used for the simultaneous de-
termination of A and G, because the oxidation peaks of these two bases
are clearly independent from each other. In addition, the limit of de-
tection of the present sensor (3S,/m, Sy, is the standard deviation of the
blank and m is the slope of the regression line of the calibration curve)
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for individual determination of A and G were calculated to be 3.9 and
1.58 nM, respectively.

3.9. Simultaneous determination of A and G

Fig. 5C is the DPVs obtained when the concentrations of A and G
simultaneously increased. The inset of Fig. 5C shows the linear range of
the dependence of the DPV peak currents on the concentration of G and
A. The DPV experiments showed that the curves of current versus
concentration of either G or A exhibited good linearity in the range of
0.01-25.0 pM. The regression equation for G was I,(HA) = 2.53C (UM)
+ 1.26 and the detection limit was achieved 1.59 nM. The regression
equation in the linear range of 0.01-5.0 uM for A was I,(HA) = 1.65C
(uM) + 1.48 and in the linear range of 5.0-25.0 uM was I,,(HA) =
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0.42C (UM) + 7.63 and the detection limit was obtained 3.48 nM.
Compared with other modified sensors listed in Table S1, it can be seen
that the ds-DNA/p(1-Cys)/Fe304 NPs-GO/CPE exhibited a wider linear
range and lower detection limit in comparison with other reported re-
sults.

3.10. Repeatability, reproducibility, response time and stability studies

For validation of the proposed method, various parameters such as
repeatability, reproducibility and stability of the analysis were eval-
uated. The electrode capability for the generation of a repeatable re-
sponse is defined as the repeatability of the sensor. The repeatability
was examined by the detection of 10.0 pM G and A in CBS-PBS (pH 6.5)
for six successive determinations. The peak currents were nearly con-
stant with only small relative standard deviations (RSD) of 2.5% and
3.4% for G and A, respectively, indicating good repeatability.
Furthermore, under the same procedure, six ds-DNA/p(i-Cys)/Fez04
NPs-GO/CPE were prepared independently and the fabrication re-
producibility was also estimated. The RSD of the peak currents is 3.5%
and 4.2% in 10.0 pM G and A in CBS-PBS (pH 6.5), respectively, which
demonstrates the reliability of the fabrication procedure.

The response time of the sensor which can be obtained by the I-t
plots was defined as the time after analyte addition for the sensor's
response to reach from 10% to 90% of its final value. The response
times of the proposed sensor toward G and A were achieved from the
amperograms 2.1 and 1.5 s, respectively.

The lifetime of the developed electrochemical sensor is of particular
concern, as the nanocomposite coating may wear off during the stirring
and cleaning period. In order to demonstrate the sensing stability of ds-
DNA/p(1-Cys)/Fe304 NPs-GO/CPE, the electro-oxidation responses
were assessed by DPV in CBS-PBS buffer solution containing 10.0 uM of
G and 20.0 uM of A. The repetitive work was done for 85 times (Fig.
S4). The results demonstrate that the peak currents decreased gradually
as the number of scans increasing and after 85 continuous cycles, it
dropped to 91.0% and 90.9% of the initial values for G and A, re-
spectively, which indicate the great stability of ds-DNA/p(1-Cys)/Fe304
NPs-GO/CPE for their simultaneous detection, for continuous opera-
tion.

The storage stability of ds-DNA/p(1-Cys)/Fe304 NPs-GO/CPE was
verified by measuring the oxidation peak current at A and G con-
centration of 10.0 uM. By preserving the as-prepared electrode at 4 °C
over a period of 3 weeks, the current responses of G and A approxi-
mately 91.1% and 94.5% of the original values could still be observed.
The eligible decrease in the electrode's response (less than 10%) in-
dicated its satisfactory stability.

3.11. Interference study

The selectivity of the electrochemical sensor was investigated for
needed selectivity for determination of the purine bases in the presence
of some interfering substances in a solution containing 10.0 uM of G
and A. As presented in Table S2, the results specify that up to 1000-fold
concentrations of glycine, glucose, uric acid, inorganic ions containing
Na*,K*,NH,*, Ca®*, Mg?*, CI", NO5~, SO4> and alanine, 500-fold of
thymine, 400-fold of leucine, 300-fold of ascorbic acid and methionine,
100-fold of arginine and cytosine and 50-fold of folic acid are tolerable
and without significant interferences on the detection of G and A (signal
changes were less than 5%). The DPV peak currents of A and G in the
absence (Ip) and the presence (I) of interfering agents and relative peak
current changes as [(I/Ip) — 1] X 100 are listed in Table S2. We see,
except tryptophan, other tested agents have no considerable influence
on peak currents of the purine bases. However, the presence of 30-fold
molar excess of tryptophan could obviously change the DPV signals of
both A and G. In addition, effect of mentioned interfering species on the
oxidation signal of 10.0 uM G and A on the ds-DNA/p(1-Cys)/Fe304
NPs-GO/CPE surface is presented in Fig. S6. The proposed method
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appears to be selective for simultaneous determination of G and A in
real samples.

3.12. Analytical application

3.12.1. Analysis of human blood, hen blood and Anoxybacillus bacteria
DNA samples

Inasmuch as, the bases are embedded in the interior of the double
helix and existence of the crowded phosphate group on the exterior of
the helix, their detection is sterically hindered. The thermally dena-
tured treatment results in an unwinding of duplex DNA and renders the
G and A residues more accessible to the electrode surface owing to the
increased flexibility in its structure. In this work, in order to evaluate
the validity of the proposed method, the ds-DNA/p(1-Cys)/Fe304 NPs-
GO/CPE was applied to determine the G and A content of thermally
denatured DNA. As shown in Fig. 5D, the modified electrode gave two
well-defined oxidation peaks in the presence of thermally denatured
DNA sample at the potentials of 0.84 and 1.12 V due to the oxidation of
G and A residues, respectively. The standard addition method was used
to determine G and A concentration carefully. In short, 50 pL of ther-
mally denatured DNA solution was added in a 10 mL buffer solution
and the peak currents of the G and A were measured. Subsequently, G
and A standard solution were added in above mixture and the peak
currents of the G and A were recorded again from which the con-
centrations of G and A in DNA could be evaluated based on the obtained
calibration graphs. From these results, the contents of A and G in
thermally denatured DNA (in the molar ratio, mol%) and the values of
(G +C)/(A + T), were calculated for human blood, hen blood and
Anoxybacillus bacteria denatured DNA samples. The results are pre-
sented in Table 1. The value of (G + C)/(A + T) for denatured samples
obtained over the range from 0.75 to 0.78 which coincided to the
standard value of 0.77 (Anu Prathap et al., 2013) and indicating the
modified electrode had the same performance as the reported.

3.12.2. Analysis of cancer patient’ blood DNA sample

In the present paper, the cancer patient’ blood DNA was also in-
vestigated. The value of (G + C)/(A + T) for bladder cancer patient’
blood DNA sample was obtained 1.21. As mentioned in introduction
section, the value of (G + C)/(A + T) in cancer patient’ DNA was not in
agreement with standard value of 0.77. These observations demonstrate
that the ds-DNA/p(1-Cys)/Fe304 NPs-GO/CPE can not only determine
normal DNA bases, but also is able to detect poor changes in the DNA
bases and furthermore to evaluate the damaged DNA sample.

4. Conclusions

In this paper, simultaneous electrochemical determination of G and
A using ds-DNA/p(1-Cys)/Fe;04 NPs-GO/CPE was investigated. The ds-
DNA/p(1-Cys)/Fe304 NPs-GO/CPE exhibited higher electrocatalytic
activity and higher oxidation peak currents toward the oxidation of
analytes, which is attributable to superior conductivity and larger

Table 1
Results of A and G determination in various real samples by DPV.

Sample G A Value of
(G+C/

Molar RSD (%) Molar RSD (%) A+T)
ratio (%) ratio (%)

Human blood DNA 21.60 2.03 28.39 2.05 0.76

Hen blood DNA 21.40 2.05 28.06 2.28 0.75

Anoxybacillus DNA 21.96 1.92 28.03 2.16 0.78

bacteria
Bladder cancer 26.89 1.26 22.42 2.25 1.11

patient’ blood
DNA
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surface area of the DNA biosensor. In comparison with the previously
reported methods for electrochemical determination of G and A, the
presented method has many advantages, such as simple fabrication,
lower detection limit, high anti-interference ability, low cost and high
stability. Under the optimized conditions, the proposed DNA biosensor
has a strongly electrocatalytic capability for individual and simulta-
neous determination of analytes. For simultaneous determination, the
wide linear range of 0.01-25 uM for G and A were deduced and the
limit of detections were calculated to be 1.59 and 3.48 nM, respec-
tively. Life time of the biosensor is 85 measurements with current loss
less than 10%. The fabricated electrode showed excellent reproduci-
bility and stability for determination of G and A in human blood, hen
blood and Anoxybacillus bacteria denatured DNA samples and eva-
luation of DNA bases damage. Thus, this biosensor promises to be a
good platform for efficient electrochemical analysis.
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