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Abstract

In this study, an effective method was devised to synthesize of amelogenin genes in solution
and to amplify electrical detection of DNA hybridization based on graphene nanosheets (GNs)
modified glassy carbon electrode (GCE). GNs are well known as effective biocompatible and
conductive materials that can provide large surface area and a sufficient numbers of binding
points for DNA immobilization. The biosensor fabrication processes and the electrochemical
responses of probe immobilization and hybridization with target DNA were investigated by
electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) using [Fe(CN)e]*™*
as an electrochemical redox. Due to minimum nonspecific DNA adsorption, a very high
specificity of DNA hybridization was achieved, and the hybridization rate of the target DNA in
optimum conditions was increased significantly. With this approach, the target DNA could be
quantified in a linear range from 1.0 x102° to 1.0 x10™* mol L™ for the first segment and from
1.0 x10™"% to 1.0 x 10 mol L! for the second segment, with a detection limit of 7.1 %1072 mol
L' by 3sb. In addition, the biosensor exhibited a high level of stability and repeatability, even for

the determination of DNA sequences in real samples without amplification.

Keywords: DNA biosensor; DNA hybridization; Amelogenin gene; Graphene nanosheets;
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1. Introduction
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DNA biosensors were employed for the detection of nucleic acid sequences have attracted
increasing interests in connection with efforts directed to gene analysis, clinical disease
diagnosis, and even forensic applications [1, 2]. Nucleic acid hybridization of single-stranded
probes with targets has been increasingly used in various analytical strategies for the clinical
laboratory testing of genetic and infectious diseases [3]. Different techniques including optical
technique [4], quartz crystal microbalance [5], surface plasmon resonance spectroscopy [6], and
electrochemistry [7-9] have been well developed for DNA detection. Considerable efforts have
been made to develop methods for rapid detection of hybridization events. Among them,
electrochemistry offers great advantages such as simplicity, low cost and high sensitivity [8].
One of the key issues in the use of any DNA hybridization biosensor is the rate of
immobilization and accessibility of probe DNA for hybridization recognition [9]. Increasing the
rate of immobilization and controlling the molecular orientation of probe DNA would markedly
improve the performance properties of DNA biosensors. In order to achieve this goal,
nanomaterials may be used as an excellent solution for the control of DNA immobilization. GNs
have attracted much attention because of their intriguing crystalline, mechanical, and electronic
properties, despite their short history of realization [10, 11]. GNs, as “a single layer of carbon
atoms in a closely packed honey comb two-dimensional lattice”, were first reported in 2004 [12].
They have proved to be of potential applications in nanoelectronic devices due to their novel
properties such as good mechanical strength, large specific surface area, and high conductivity
[13]. Examples of these applications include transparent conductors [14], sensors [15], super
capacitors [16], batteries, hydrogen storages [10] and nanocomposite materials [17]. However,
the lack of an efficient approach to produce GNs in large quantities has been a major obstacle to
exploit most proposed applications of these materials.

EIS is a method to analyze the electrical resistance of a system using equivalent circuits.
This analytical method is highly sensitive to changes occurring on the electrode surface;
therefore, EIS is an appropriate technique for DNA detection [18]. This technique is inherently a
label-free detection method which is especially beneficial due to the fact that there is no need to
additionally modify biomolecules with such markers as fluorescent dyes, enzymes, or other
redox labels [19]. At the time of taking measurements with surface-modified electrodes, redox-
active compounds are usually added to the electrolyte solution. If a redox-active compound is

blocked by adding a blocking layer to the electrode, such as DNA attracted to a modified



electrode, the charge-transfer resistance (R.) value becomes larger. In addition, hybridization
reaction of DNA on the electrode surface results in a change of the R value. The quantity of the
negative charge on the surface of the electrode increases greatly due to hybridization formation
and further impeding of electron transfer.

Amelogenin is a major protein constituent of the developing enamel matrix. This protein is
now well characterized, using the data of amino acid sequences, as to be of a high degree of
homology among all species investigated to date. The gene structure of this protein has been
demonstrated. It is confirmed that there are two amelogenin genes, one on the X-chromosome
and the other on the Y-chromosome in humans. The physiological importance of amelogenin in
enamel formation is suggested by the symptoms of this inherited disease in addition to the
inhibition experiments of amelogenin transcription and translation [20].

In this research, a highly sensitive, facile, stable and label-free DNA biosensor was
established based on GNs as a platform. In addition, for the rapid synthesis and detection of
amelogenin gene hybridization, a favorable method was applied without polymerase chain
reaction (PCR). This method of genosensing is a quick approach for synthesizing and detecting
DNA without using additional label. The hybridization biosensor was fabricated by
chemisorption of 17-mer oligonucleotide modified with an amine group at its 3“terminal.
Immobilization process was performed in the presence of activators soluble in water 1-ethyl-3(3-
dimethylaminopropyl)-carbodiimide (EDC) and N-hydroxysulfosuccinimide (NHS). Covalent
immobilization of DNA on the electrode surface exhibits some advantages as compared to
simple adsorption. This is mainly due to the fact that nucleic acid chains are bonded to an
electrode surface by one end, which only ensures structural flexibility and increases
hybridization without DNA leakage. The calibration curve showed a linear relationship with the
target DNA concentrations in the range from 1.0 x10% to 1.0 x10™* mol L™ for the first segment
and from 1.0 x10" to 1.0 x 10 mol L' for the second segment, with the detection limit of
7.1x10%" mol L. In our previous paper, an electrochemical hybridization biosensor was
introduced based on reduced graphene oxide. The detection limit in the proposed biosensor is as
low as the one in our previous study (7.1x 10% mol L in the proposed method compared to 3.2
x 10" mol L™ in the previous work). This is because the probe DNA molecules are spatially
well arranged. Under optimal conditions, this biosensor can achieve a high sensitivity to detect

real samples extracted from blood. Another advantage of the proposed biosensor is its wider



linear range. The synthesis of a nucleic acid copy (DNA) detected by electrochemical methods

such as EIS is one of the novelties in this paper as compared with our previous study.
2. Experiment

2.1 Reagents

The probes were designed based on amelogenin gene obtained from the Gene Bank
database. The oligonucleotides were designed by primer design software (Premier 5.0, Premier
Biosoft, Canada), and their secondary structure was tested with Gene Runner (version 3.05,
Hastings Software, USA). Deoxyribonucleotide triphosphate (INTP) and Klenow enzyme (i.e.
the large fragment of E. coli DNA polymerase 1) were purchased from Sina Clone Company,
Iran. Oligonucleotides (17mer probe and complementary target) were synthesized by Macrogen
(Korea) and had the following sequences:
* Immobilized probe specific: 5'-CATCCCAAATAAAGTG- NH,-3'
* Complementary sequence: 5'- CACTTTATTTGGGATG -3'
* Noncomplementary sequence: 5'- GAGAAACATCTGGGATA -3'

Chemical reagents including sodium dihydrogen phosphate, disodium hydrogen phosphate,
EDC, NHS, 2-(N-morpholino) ethane sulfonic acid (MES buffer)), Tween 20
(Polyoxyethylenesorbitan monolaurate), potassium ferrocyanide, potassium ferricyanide,
graphite and hydrazine monohydrate (N,H4, 98%) were purchased from commercial sources
(Merck or Sigma) in analytical grades. Ultrapure water was obtained from a water purification
system (with resistivity of 18.2 MQ cm™) and used in all the buffer solutions. The washing
solution was a 0.05 M phosphate buffer (pH = 7.4) containing 0.3 mol L of NaCl. The buffer
solution was adjusted by adding NaOH or HCI solutions. The double distilled water and all the
buffer solutions were sterilized using an autoclave. The stock solutions of the oligonucleotides

(100.0 pmol L") were prepared in 0.1 mol L™ PBS solution (pH=7.4), and kept frozen at -20 °C.



2.2 Instruments

Electrochemical measurements were performed with a potentiostat/galvanostat Autolab
model PGSTAT 30 (Eco Chemic, Utrecht, Netherlands) and a NOVA 1.7 software at laboratory
temperature (25+1°C). The experimental conditions for electrochemical analysis included a
three-electrode system consisting of a glassy carbon electrode with a surface area of 7.07 mm? as
a working electrode, an Ag/AgCl (KCI 1.0 mol L") reference electrode and a platinum wire
counter electrode. The experiments were carried out in a 2.5 mL cylindrical cell. All the
potentials were referred to an Ag/AgCl electrode. The pH measurements were done with a
Metrohm model 691 pH/mV meter. The experimental conditions included a frequency between
100 kHz and 0.01 Hz, AC amplitude of 10 mV for EIS, and a scan rate of 100 mV s for CV

344 (at a 1:1 molar

technique. All the experiments were carried out in 0.5 mmol L' [Fe(CN)s]
ratio) as a redox probe in a 0.1 mol L™ PBS solution. The obtained impedance spectra were
represented as Nyquist plots and fitted by a Randles equivalent circuit. The UV-Vis spectra were
obtained with an Optizen spectrophotometer model 3220, and the infrared spectra were achieved
with an Equinox instrument model 55 Bruker. Scanning electron microscopy (SEM) and X-ray
photoelectron spectroscopy (XPS) were performed respectively with a TESCAN instrument
model VEGA3 and XPS 8025-BesTec (hv = 1486 eV) in vacuum < 107 Pa. The XPS peaks were

deconvoluted by Gaussian/Lorentzian component after background subtraction.

2.3 Preparation and characterization of graphene nanosheets

Graphene nanosheets were prepared by oxidizing graphite using a new method and then
reduced by hydrazine [21].The characterization of graphene oxide (GO) and reduced graphene
oxide (RGO) had been investigated by UV-Vis spectra, infrared spectra (IR), scanning electron
microscopy (SEM) and X-ray photoelectron spectroscopy (XPS) in our previous study [19].
Briefly, the prepared GO displayed a strong absorption band with a maximum at 228 nm and a
shoulder at around 300 nm in the UV-Vis spectra, which are the characteristic bands of GO. A
red shift of the main band to 273 nm indicated reduction upon hydrazine and formation of

reduced graphene nanosheets.



The IR spectrum of graphene showed a C—O stretch at 1222 cm™, a O—H stretch at 3500-
3300 cm™', and a C =0 stretch at 1720-1690 cm™' . After reduction, the IR spectrum showed
no peaks at 1720-1690 and 1222 cm™', which suggests removal of the epoxide and carboxyl
groups on graphene. In any cases, as the results indicate, after reduction of GO by hydrazine,
enough carboxylic acid groups remain on RGO in order to be grafted the DNA probes to the
graphene surface [19]. The scanning electron microscopy (SEM) image of RGO showed a
porous petal-like structure, which is generally expected to provide unique electrochemical
properties with high activity due to the formation of a fraction of graphitic edge-plane defects
combined with a large surface area.

The deconvoluted Cls peak of the X-ray photoelectron spectra (XPS) of RGO exhibited
peaks centered at ~284.5 eV, ~285.5 eV, ~286.5, ~288.5 eV and ~289.3 eV attributed to sz_
hybridized carbon atoms (C=C), carbon in aldehyde group (C-O), ether/epoxy group (C-O-C),
carbonyl group (C=0) and carboxylic group (O—C=0), respectively. A calculation of the area

percentage of RGO functional groups revealed that RGO contains a significant amount of COOH

groups, allowing for a facile route of covalently grafting NH,-DNA [19].

2.4 Fabrication of the electrochemical biosensor

Before fabrication, a non-modified GCE was polished by a 0.05 pm alumina slurry so that it
got to be mirror-like, and then the mirror GCE was washed successively with anhydrous alcohol
and water. This was followed by ultrasonication for 30 min in water and ethanol. 100 uL of a
homogeneously dispersed solution of GNs (0.050 ¢ mL™) was put onto the working electrode
surface with a pipet and dried in ambient conditions. GNs can easily adhere to a GCE surface via
interaction between graphene and GCE [19]. Next, NH,-ssDNA probe was attached to the GNs
modified electrode using EDC/NHS chemistry. The electrode was incubated in NH,-ssDNA
probe solution for 70 min at room temperature. To remove nonspecific adsorption of DNA, the
electrode was kept in the solution Tween 20, (0.1%) for 55 min to displace nonspecifically
bound oligonucleotides [22]. The DNA hybridization took place in complementary DNA in a

phosphate buffer solution for 21 min at room temperature.



2.5 Genomic DNA extraction

The amelogenin gene was isolated from the blood samples using a DNA extraction kit
(DNA fast Kit-Genfanavaran, Tehran, Iran).

PCR amplification of the genomic sample was performed using pairs of primers (5-
CCCTGGGCTCTGTAAAGAATAGTG-3 and 5-ATCAGAGCTTAAACTGGGAAGCTG-3)
of the amelogenin gene. PCR amplification was done in a final volume of 25 pL containing 100
ng total DNA as a template, 0.5 puL of each primers (10 pmol), 0.8 pL of MgCl, (50 mol L), 0.5
uL of DNTP (10 mol L"), 2.5 uL of a 10X PCR buffer and 1.5 Units Taq DNA polymerase. The
PCR was arranged based on the following conditions: initial denaturation at 94°C for 5 min
followed by 35 cycles including denaturation at 94°C for 35 s, annealing at 62°C for 35 s,
extension at 72°C 90 s and a final extension at 72°C for 5 min. The PCR products were

electrophoresed on a 1.5% agarose gel and stained with ethidium bromide.

3. Results and discussion

3.1 Electrochemical characterization of the modified electrode

Compared with the other electrochemical methods, the impedance technique is investigated
under stationary conditions as opposed to the wide potential windows used in CV. The
impedance technique can provide more detailed information about the interfacial properties of
surface-modified electrodes. In this experiment, two methods of EIS and CV were used to
monitor the fabricating process of the biosensor, and the results are presented in Fig. 1. The
impedance spectrum includes a semicircle portion at higher frequencies corresponding to the
electron transfer limiting process and a linear part at low frequencies resulting from the diffusion
limiting step of the electrochemical process. The diameter of the semicircle exhibits the R of the
layer, which points to its charge transfer behavior toward the redox couple. Thus, the semicircle
diameter of EIS, which corresponds to R, can be used to describe the interface properties of the
electrode, and its increasing value exactly characterizes the immobilization for each step. The

electron transfer of ferrocyanide through the modified electrode could be used as a valuable tool



to monitor the whole electrode fabrication process. Figure 1A shows the CVs of the electrode in
0.5 mM ferrocyanide ion for the modification steps of the electrode. The bare electrode indicated
a pair of well-defined redox peaks with the anodic (Ep,) and cathodic (E,.) peak potentials of
0.342 V and 0.253 V respectively, and a peak potential difference of 89 mV. These peaks could

3-/4—
]

be definitely attributed to the redox behaviors of [Fe(CN)g . The graphene nanosheet

modification increased the effective electrode surface area and the rate of electron transfer, which

was evidenced by a slight increase in the cyclic voltammetric peak currents of [Fe(CN)s" "+

] as
compared to the bare electrode. By immobilizing the probe on the electrode surface, i, decreased,
indicating that the probe DNA was successfully immobilized on the surface of the modified
electrode. The peak current decrease could be well assigned to the repellence of [Fe(CN)s>"*7]
by the negatively charged phosphate backbone of the DNA probe. When the hybridization of the
modified electrode was proceeding with the target complementary DNA, the peak current of
[Fe(CN)¢> "] was observed with a further decrease. The introduction of the complementary
DNA increased the negative charge responsible for the increased repellence of the redox species.
It was also discovered that the DNA immobilization and hybridization could be effectively done
on the current fabricated electrode surface [23]. The impedance experiments for different
modified electrodes were in good agreement with the results of the CV experiments. According
to Fig. 1B, modification of the bare electrode with GNs led to the improvement of the electrode
surface. This can be seen as a straight line which implies the characteristic of the diffusion
limiting step of an electrochemical process. Because of the large surface area and the excellent
conductivity of GNs, GNs-GCE shows less charge transfer resistance compared to GCE. A very
small increase in R after activation by a solution containing EDC/ NHS indicates the high
conductivity of the modified electrode. In the later step, the immobilization of the probe
generated an insulating DNA layer on the assembled surface, which significantly enlarged the
diameter of the semicircle, implying a higher electron-transfer resistance. After being blocked
with Tween, R increased further in value, indicating displacement of nonspecifically bound
oligonucleotides [19]. In the last step, hybridization of the DNA probe with the complementary
DNA significantly enlarged the diameter of the semicircle in the impedance spectrum, implying a

high electron transfer resistance caused by hybridization and more repulsion between the

negative charge of the hybridized DNA and [Fe(CN)¢]*"* anions.



3.2 Optimization of biosensor conditions

Increasing the amount of the DNA probe immobilization on the electrode surface and its
hybridization with the target DNA would markedly promote the detection ability of the DNA
biosensor. Figure 2A shows the relationship of the DNA immobilization time on the efficiency
of the biosensor. As it can be seen, the DNA probe was deposited onto GNs within the first 10
min. With further increase of the time, AR (i.e. difference between the R value of the probe
DNA immobilized electrode and the R value of blank) increased significantly, and the detection
sensitivity can be amplified by the extension of time. However, when the immobilization time
was more than about 70 min, AR approached to saturation, in another word it started to level off
after 70 min. Considering the largest AR, an immobilization time of 70 min was selected for
further studies. The effect of incubation in the Tween solution on the biosensor was also studied
in Fig. 2B. Tween solution not only removes the nonspecifically adsorbed probe but also can fill
the pinholes among the DNA monolayer [19]. AR increased with an increase of time from 10 to
55 min and then reached a stable level. Therefore, the optimum time of incubation (55 min) was
applied in the subsequent experiments. Our results also indicated that the detection sensitivity
was critically related to the hybridization reaction time. As shown in Fig. 3A, the impedance
values were a function of hybridization time. The best hybridization time for the 1.0x 10™'® M
solution of complementary DNA was found to be 21 min. Thus, 21 min was chosen as an
optimum hybridization time for further experiments. The temperature of hybridization is an
effective parameter in hybridization reactions. The results revealed that the AR value increased
with an increase of temperature up to about 47°C and rapidly decreased with an increase of
temperature. The decrease of AR at a high temperature was probably due to removal of some
molecules from the electrode surface. Thus, 47°C was chosen as the optimum hybridization

temperature (Fig. 3B).
3.3 Analytical performance
The fabricated biosensor was utilized to assay various concentrations of Amylogenin DNA.

Figure 4, clearly demonstrates the CVs of the modified biosensor after incubation of this

electrode in different concentrations of complementary DNA, over 10'-10"% mol L. By
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increasing of the DNA concentration, the currents significantly decreased, but the peak potential
separations (AE,) increased. EIS plots were also obtained under the same conditions. As Fig. 5
shows, an increase in the DNA concentrations led to the rise of the interfacial charge transfer
resistance, suggesting that, with an increase of the concentrations of the target, more sites of the
surface were occupied by DNA molecules. The inset of Fig. 5 shows the relationship between
the charge transfer resistance change (AR and the logarithm of the target concentrations for
GNs-arrayed biosensor. Under the optimized conditions, the plot of the AR versus the target
concentration turned out to be made up of two linear segments. The first segment had a linear
correlation to the target DNA concentration in the range of 1.0x10% to 1.0x10™"* mol L™ with
the regression equation of AR =0.0686 Log C (mol L'l) +2.0096 (R2=O.9966), and the second
segment resulted from 1.0 x 10" to 1.0 x 10° mol L™ with the regression equation of ARy
=0.022 Log C (mol L'l) +1.305 (R2 =0.992). The detection limit was estimated to be 7.1x10!
(mol L'l) based on 3s,. The performance of the current fabricated DNA biosensor was also
carefully compared with those that were reported in the literature and used similar
nanostructured materials for DNA immobilization layers. According to Table 1, the detection

limit and the linear rang obtained in this study are extremely better than those in other studies.

3.4. Reproducibility and stability of the DNA sensor

The reproducibility of the DNA sensor was investigated by measuring the probe DNA
modified electrode in the target DNA solution. Three parallel immobilizations of GNs were done
on the GCE, activation was carried out by NHS/EDC, modification was made on the platform by
1.0x 10° mol L' ssDNA, and then hybridization was performed with 1.0x10™'® mol L™ target
DNA. Three DNA sensors, made independently, showed the AR values of 0.500, 0.495 and
0.532 KQ with an acceptable variation coefficient of 3.93% (n=3). Thus, it emerged that a
satisfactory reproducibility could be obtained by this system. The stability of ssDNA on the
platform surface plays a critical role in obtaining good sensitivity. The stability of the modified
electrode was also tested. No significant changes in the AR values were observed for more than
10 times of EIS performance. In addition, when this modified electrode was stored in a 0.1 mol
L' PBS buffer solution (pH 7.4) for at least one week at 25 °C, the electrode retained about 95%

of its initial response.
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3.5 Detection of real sample

Our biosensor was used for real sample analysis after extraction of DNA from blood samples by
standard methods of DNA isolation [19]. The initial two genomic DNA samples (AMGY) were
extracted from the blood using a commercial DNA extraction kit. Then, only one of those two
samples was amplified by PCR. Afterwards, two distinct modified electrodes were incubated in
these genomic DNA samples. Control experiments were performed with real samples when the
probe was immobilized, and the real samples (AMGY) were used at the hybridization step. In the
EIS results, R of the dSDNA was compared with the original probe. The charge resistance
difference (AR¢ = (Ret) after hybridization — (Ret) before hybridization) Was calculated as 2.34+0.41 k< for
the sample genome without PCR and 8.84+1.56 kQ for the PCR amplified sample. This
significant difference in the AR value between the probe ssDNA modified electrode and the
hybridized electrode also confirmed that this biosensor is able to detect complementary sequence

in real samples even without PCR.

In another part of the experiment, two genomic DNA samples (non-complementary, AMGX)
were extracted from the blood of two persons and amplified using PCR. The PCR-amplified
product was denatured by heating at 90°C for 3 min and employed as the target. Initially, the
ssDNA probe (AMGY) was immobilized on the two modified electrodes. EIS was recorded for
the probe DNAs and R.; was measured. Then, the modified electrodes were immersed in various
genomic DNA samples. In the EIS results, R, of the dsDNA (non-complementary) was
compared with the original probe. According to Table 2, the increase of R.; was not noticeable as
compared to the original probe. These results suggest that no hybridization reaction occurred

between the probe and the non-complementary DNA.
3.6 DNA synthesis of amelogenin genes by DNA polymerase enzyme
To synthesize amelogenin DNA in the solution, initially the probes were immobilized on the

surface of the modified electrode. Then, complementary oligonucleotides (PCR product) were

introduced in order to hybridize onto the corresponding probe. Next, the electrode was immerged
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in a solution containing 2 puL buffer, 2 uL Klenow enzyme (5U/ uL), 2 uL ANTP (Smmol/ pL)
and 14 pL water at 37 °C for 1 h until strain complementary DNA was fabricated according to
the model. The electrode was then rinsed with D.I water. Consequently, for denaturation of
dsDNA, the electrode was immersed in water at 93°C for 5 min. As shown in Fig. 6, all the steps
were followed by EIS.

In Fig. 6, curve a indicates the Nyquist plot of the modified electrode in a 5 mM solution of
[Fe(CN)]*"*. In this Fig., curve b shows the Nyquist plot of the electrode hybridized with the
PCR product. Indeed, the increase in the R value shows that ssDNA was hybridized with its
complementary DNA sequence in the PCR product. For the detection method discussed in this
paper, the available probe and the target oligonucleotide available in the PCR product
(amelogenin fragment) must not have the same length. The PCR product is longer than ssDNA
which has a part of the complementary sequence to hybridize with the ssDNA probe. The DNA
polymerase enzyme (klenow fragment) caused the free nucleotides to be added in the solution
(ANTP) along the probes. Curve c in Fig. 6 shows EIS after synthesis with the enzyme. The
increase in R, demonstrates that the length of dsDNA was increased in the presence of the
enzyme. Curve d of Fig. 6 shows the Nyquist plot of the electrode after denaturation. The
decrease of the R, value demonstrates that dSSDNAs were denatured and single strand structures
were formed. The R, after denaturation was bigger than the R.; of ssDNA because dsDNAs were
denatured, the target DNAs were eliminated, and only the extended probes were maintained on
the electrode surface. Hence, this suggests that the extended probe after synthesis was longer
than the initial probe. It can be, thus, viewed as a confirmation of the synthesis of amelogenin

genes by the enzyme along the probe.

4. Conclusion

Due to its fast performance and simple instrumentation, electrochemical detection of DNA is
one of the best DNA detecting methods. In this paper, we described the set-up of a novel DNA
label-free electrochemical biosensor for amylogenin detection, based on GNs matrices for DNA
immobilization and hybridization. GNs-modified GCE could significantly increase the active
sites and enhance the response signals during immobilization. A quite low detection limit
(7.1x10%" mol L") indicated the improved performance of GNs-ssDNA composite materials.

The linear detection range of the modified DNA electrode for the complementary 17-mer
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oligonucleotide was achieved from 1.0 x10° to 1.0 x10™* mol L™ for the first segment and from
1.0 x10™" to 1.0 x 10 mol L™ for the second segment. In principle, this system may be suitable
not only for amylogenin in screening but also for real samples. The constructed DNA biosensor

was established with a robust stability and a high level of reproducibility.
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Figure captions

Fig. 1. (A) The cyclic voltamograms of the electrode in 0.5 mM [Fe(CN)s]*"* for different steps
of modification and (B) EIS measurements were made in [Fe(CN)s] 314 (0.5x10 3 mol L; 1:1)

as a redox probe, at a constant DC potential of +0.2 V for the steps of biosensor modification.
Fig. 2. (A) The optimization of the time of probe immobilization. Inset: comparison of the signal
intensities versus the consumed time for the probe self- assembly. The error bars correspond to
the +1 standard deviation. (B) The optimization of the incubation time of the ssDNA
immobilized electrode in the Tween solution (0.1 %). Inset: comparison of the signal intensities
versus the incubation time in the Tween solution.

Fig. 3. (A) The optimization of the hybridization time. Inset: comparison of the signal intensities
versus the hybridization time. (B) The optimization of temperature for the hybridization. Inset:
comparison of the signal intensities versus the temperature for the hybridization.

Fig. 4. CVs recorded at the ssDNA immobilized on the modified electrode and after
hybridization with its complementary with different concentrations. Inset: plot of the dependence
of Al, versus the logarithm concentration of target.

Fig. 5. Nyquist diagrams recorded at the ssDNA immobilized and after hybridization with its
complementary with different concentrations. Inset (A): The equivalent circuit used to process
the impedance data in the presence of redox couples, R; (electrolyte solution resistance), R,
(element of interfacial electron transfer resistance) CPE; (constant phase element), W,
(Warburg impedance resulting from the diffusion of ions). Each point is the mean of
measurements from 3 independent biosensors, and the error bars correspond to the 1 standard
deviation. Insets (B, C and D): Plot of the dependence of ARct versus the concentration of the
target DNA.

Fig. 6. Nyquist diagrams recorded at a) GCE/RGO/ss-DNA, b) GCE/RGO/ss-DNA hybridized
with PCR product, ¢c) GCE/RGO/ds-DNA after synthesis and d) GCE/RGO/ds-DNA after

denaturation.
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Table 1. Comparison of the proposed sensor with other ones for specific DNA sequence

hybridization detection

Dynamic range

Limit of detection

Electrode Modifier (mol L'l) (mol L'l) Reference
GCE RGNW 1.0x 10"°- 1.0x10 9.4 x 1078 [23]
GCE RGNS 2.0x10"%-1.0x 107 54x%x 107" [23]
Graphene-nanostructure 14 12 15
GCE sold 50x10"-50x%x10 3.4 x 10 [24]
GCE graphene oxide 1.0x10"”-1.0x 10® 25x% 1071 [25]
ITO Graphene- Silica-gold 1.0x10™M-1.0x10™ 1.0x 107 [26]
GCE graphene oxide 1.0x10"-1.0%10° 1.1x10™" [27]
GCE Reduced graphene oxid 1.0x10%°-1.0x 10™ 3.2 %107 [19]
20 -14
GCE Reduced graphene oxid 0 -1.0x 10 7.1 % 107! This work

1.0x 102 -1.0x 10°

Reduced graphene nanowalls

Reduced graphene nanosheet
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Table 2. The mean of R (kQ) for the two DNA probes and hybridization with its
noncomplementary strain (dsDNA) in the genome sample by EIS. Each measurement was

repeated for at least 3 times.

Rct (kQ) Rct (kQ)
Electrode AR (kQ)
Probe DNA dsDNA
1 1.28 (£0.12) 1.34 (20.10) 0.06

2 1.41 (x0.09) 1.55 (+0.09) 0.11
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Highlights:

® A simple and label-free biosensor based on GNs for detection of Amylogenin DNA.

® The biosensor shows a high level of stability and reproducability.

® This DNA biosensor can detect the target DNA with a detection limit of 7.1 x10 2IM.

A copy of a nucleic acid was synthesized at the electrode surface and detected by EIS.
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