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Abstract: Currently available DNA detection techniques frequently require compromises between 
simplicity, speed, accuracy, and cost. Here, we propose a simple, label-free and cost-effective DNA 
detection platform developed at screen printed carbon electrodes (SPCEs) modified with reduced 
graphene oxide (RGO) and gold nanoparticles (AuNPs). The preparation of the detection platform 
involved a two-step electrochemical procedure based on GO reduction onto SPCEs followed by the 
electrochemical reduction of HAuCl4 to facilitate the post-grafting reaction with AuNPs. The final 
sensor was fabricated by the simple physical adsorption of a single-stranded DNA (ssDNA) probe 
onto AuNPs-RGO/SPCE electrode. Each preparation step was confirmed by morphological and 
structural characterization using scanning electron microscopy (SEM) and X-ray photoelectron 
spectroscopy, respectively. Furthermore, the electrochemical properties of the modified electrodes 
have been investigated by cyclic voltammetry (CV) and electrochemical impedance spectroscopy 
(EIS). The results demonstrated that the introduction of AuNPs onto RGO/SPCEs led to an 
enhancement in surface conductivity, characteristic that favored an increased sensitivity in 
detection. The detection process relied on the change in the electrochemical signal induced by the 
binding of target DNA to the bioreceptor, and was monitored particularly by the change in the 
charge transfer resistance of a [Fe(CN)6]4−/3− redox couple added in the test solution. 

Keywords: biosensor; electrochemistry; graphene; gold nanoparticles; DNA detection 
 

1. Introduction 

Point-of-care applications are moving toward more decentralized clinical diagnostic methods 
and approaches that are portable, selective, sensitive, highly effective, and producing accurate 
analytical results in a timely manner when compared to traditional laboratory testing, hence they are 
attracting a lot of attention in the biomedical field [1–3]. Over the past several years, the number of 
point-of-care testing platforms has steadily increased, aiding in their application in emergency and 
accident cases. There are many ways to identify illnesses and keep track of a patient's health, 
however, biosensors proved to play a crucial part in prognostics and diagnostics [4,5]. 

Particularly, electrochemical biosensors for DNA detection are analytical devices that use 
electrochemical principles to detect the presence and quantity of DNA molecules in a sample. These 
biosensors have emerged as a powerful tool for DNA analysis due to their high sensitivity, specificity, 
and rapid response time [6]. These devices have potential applications in a wide range of fields, 
including medical diagnosis, environmental monitoring, food safety, and forensic analysis [7–10]. As 
research in this field continues, the development of new and improved electrochemical biosensors 
for DNA detection is likely to accelerate, providing new opportunities for DNA analysis and other 
biomedical applications. 
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Graphene and graphene-based nanomaterials have been showing the greatest promise among 
the nanomaterials applied in biosensors fabrication, due to their outstanding properties like high 
surface area, excellent conductivity, chemical stability [12–14] and high biocompatibility with a wide 
range of biomolecules, including antibodies, enzymes, DNA, cells, and proteins [15–18]. Biosensors 
based on graphene have been applied in the detection of multiple analytes, from small molecules to 
biomolecules, and even cells [19,20]. In particular, graphene-based biosensors have been extensively 
studied and optimized for selective detection and analysis of different DNA forms, enabling diverse 
applications in genomics, diagnostics, and DNA-based research [21,22]. Besides graphene, other 
nanomaterials have been employed for DNA detection to increase the assay sensitivity. Gold 
nanostructures are excellent options among these nanomaterials because of their outstanding optical 
and mechanical characteristics, as well as their high chemical stability [23]. The synthesis of Au 
nanostructures can be achieved in a number of ways. Among these, the electrochemical synthesis of 
Au nanostructures has been widely employed because it offers several advantages over chemical 
synthesis, including the ability to control size, shape, morphology, and growth rate by modulating 
the applied potential or current, and via the electrolyte concentration [24–26]. Several studies have 
demonstrated that single-stranded (ss) oligonucleotides possess a more pronounced affinity for gold 
nanoparticles than their corresponding double-stranded (ds) helix [27,28]. Li and Rothberg 
mentioned underlying adsorption mechanism of ssDNA on gold is electrostatic, and exploited the 
difference in the electrostatic properties of ssDNA and dsDNA in DNA detection by a colorimetric 
assay [27]. 

In this work, we aim to develop an electrochemical detection platform for DNA hybridization 
based on screen printed carbon electrodes (SPCEs) modified with reduced graphene oxide (RGO) 
and gold nanoparticles (AuNPs). A protocol previously established by our group was employed for 
the preparation of RGO/SPCEs modified electrodes [29], and then, the functionalization of RGO with 
AuNPs was performed by the electrochemical reduction of chloroauric acid. The modified electrodes 
were extensively characterized before further modifications. Finally, the detection platform was 
obtained by the immobilization of the ssDNA probe (DNAp) at the AuNPs/RGO/SPCEs by simple 
physical adsorption and the hybridization event between ssDNA probe and ssDNA target (DNAt) 
was detected electrochemically. Cyclic voltammetry (CV), electrochemical impedance spectroscopy 
(EIS) and chronocoulometry were the electrochemical characterization and detection techniques, 
while the morphology of the films deposited at electrodes was determined by scanning electron 
microscopy (SEM). The results show a successful detection of DNA target for concentrations as low 
as 1 nM, while the specificity of the biosensor is demonstrated by control experiments using a non-
complimentary oligonucleotide (ncDNA). 

2. Materials and Methods 

2.1. Reagents and Materials 

Graphene oxide (GO) dispersion in water (2 mg/mL), HCl, KCl, HNa2O4P, H2NaO4P, H2SO4 and 
HAuCl4 were purchased from Sigma-Aldrich (St. Louis, MO, USA). Potassium ferricyanide 
(K3[Fe(CN)6]) and potassium ferrocyanide (K4[Fe(CN)6] x 3H2O) were acquired from Merck Co., 
(Darmstadt, Germany). Single stranded DNA probe (5’ - TTT CAA CAT CAG TCT GAT AAG CTA 
TCT CCC-3’), complementary single stranded DNA target (DNAt, 5’ - GGG AGA TAG CTT ATC 
AGA CTG ATG TTG AAA-3’), and 10 mM Tris, 0.1 mM EDTA (IDTE) buffer were supplied from 
Integrated DNA Technologies, Inc (Coralville, IA, USA). Screen printed carbon electrodes (SPCE-
DRP 110) were purchased from Metrohm DropSens, Spain and consisted of a 4 mm diameter working 
electrode (WE), a silver pseudo-reference electrode (RE), and a carbon counter electrode (CE). The 
electrodes were washed with ultrapure water (Adrona Crystal EX water purification system, 18.2 MΩ 
x cm resistivity) after each stage of the modification. 

2.2. Procedures 
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2.2.1. Morphological Characterization 

A FEI’s high-resolution focused ion beam scanning electron microscopy (FIB-SEM) system 
model Versa 3D DualBeam (FEI Company, Hillsboro, USA) equipped with a TEAM EDS Analysis 
System (EDAX Inc., USA) were used to characterize the selected sample series. The plane view (0° 
tilt) samples surface morphology were investigated by detecting the secondary electrons (SE) signals 
in High-Vacuum operation mode (6.1x10-4 Pa) at a working distance of 10 mm, using 10 kV as 
accelerating voltage and a spot size of 4.5. Moreover, the SmartSCAN scanning strategy and DCFI 
drift suppression features of Versa 3D DualBeam tool were involved to fully ensure the imaging 
stability. 

2.2.2. Electrochemical Characterization 

Each step of electrode modification was studied by CV and EIS, that were performed at room 
temperature, using the potentiostat/galvanostat Autolab with PGSTAT 204 model (Metrohm 
Autolab, Netherlands) controlled by NOVA 2.1 software. The SPCE was attached to a connector 
(DSC) device from Metrohm Dropsens, functioning as an interface between the electrode and the 
potentiostat. The electrochemical measurements were recorded by adding 100 µL 0.1 M KCl 
electrolyte solution containing 1 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1:1) redox probe on the SPCE. CV 
curves were recorded by scanning the potential from -0.2 V to +0.6 V, at a scan rate of 0.05 V/s (unless 
stated otherwise). The impedance spectra were recorded in the frequency range of 0.01-105 Hz, with 
10 mV AC amplitude at the formal potential of the redox probes. 

2.2.3. Electrode Functionalization Procedure 

Before any modification, the SPCEs were washed with ultrapure water then underwent an 
electrochemical pretreatment meant to improve their electrochemical properties and to increase the 
hydrophilicity of the WE. Therefore, 5 CV cycles were performed first in 0.1 M HCl, between +0.5 V 
and -1.5 V at a sweep rate of 0.05 V/s, then other 5 voltammetric cycles were applied in 0.1 M 
phosphate buffer solution (PBS), pH 7, from 0 to +2 V, at a scan rate of 0.05 V/s. The next step consisted 
in depositing on the WE 3 µL PBS, then the electrodes were washed after 10 minutes and dried in the 
oven at 60°C. This stage modified the wettability properties of the electrode surface and ensures a 
reproducible modification with graphene. 

After the electrodes were washed and dried, a volume of 3 µL GO dispersion (0.3 mg/mL) was 
added on the electrodes with a micropipette, which were dried at 60°C for 2 hours then at room 
temperature overnight. Next, the GO modified electrodes were electrochemically reduced in 0.5 M 
KCl applying 10 CV cycles between 0 and -1.5 V at a scan rate of 0.1 V/s. 

The functionalization procedure of RGO/SPCEs with AuNPs consisted in performing 5 CV 
cycles in a potential range from +1 and -1 V, at a sweep rate of 0.05 V/s, in a solution containing 
various concentrations (1, 5, 10, or 15 mM) of HAuCl4 in 0.5 mM H2SO4. The SPCEs were modified at 
the same time, and at least 3 samples have been used for each test, in order to attest the reproducibility 
and the validity of the results. 

2.2.4. The Fabrication and Testing Procedure of the DNA Biosensor 

The bioreceptor consisting in ssDNA probe was immobilized at AuNPs-RGO/SPCEs through 
non-covalent bonding (physical adsorption) by incubating the electrodes with 10 µL of 500 nM DNA 
solution, overnight, at room temperature. The ssDNA/AuNPs-RGO/SPCEs biosensor, fabricated as 
previously described, was then tested by measuring the electrochemical changes that occurred after 
the hybridization with complementary ssDNA target. The hybridization was performed by 
incubating the sensor with DNA target solution for 3 hours at 42°C. The specificity of the biosensor 
was tested by incubating it with non-complimentary DNA in the exact same conditions used for the 
hybridization with DNA target (3 hours at 42°C). 

2.2.5. Chronocoulometric Tests 
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Chronocoulometry has been used to estimate the DNA surface coverage before and after the 
target DNA addition as indicative of the hybridization process, by measuring the reduction charge 
of the accumulated cationic Ru(NH3)63+ redox species with the negatively charged backbone of the 
surface-bound oligonucleotides. The applied two step chronocoulometric procedure consisted in 
stepping from 0 to −0.400 V to 0 V vs Ag/AgCl, with a pulse period of 0.250 s. In this regard, the 
electrode is immersed in a deaerated low ionic strength buffer solution (TRIS 10 mM, pH = 7.4), and 
maintained 10 minutes under stirring, for equilibration, before performing the chronocoulometric 
test. The same procedure is then applied by addition of 100 µM Ru(NH3)63+ to the buffer solution. The 
DNA surface coverages were calculated using a previously established method based on the 
integrated Cottrell expression [30]. Thus, the redox marker surface excess (Γ0) is determined from the 
difference in chronocoulometric intercepts in the representation of the total charge (Q) as a function 
of the square root of time (t1/2) for the identical experiment in the presence and absence of redox 
marker: Γ0 = ∆Q/nFA, with n = 1, the number of electrons transferred, F = 96485 C mol-1, Faraday 
constant, and A the electrode area in cm2. Then ΓDNA, the probe surface density in molecules/cm2, can 
be calculated as ΓDNA = Γ0 z / m, with m = the number of bases in the probe DNA, and z the charge of 
the redox molecule. 

3. Results and Discussions 

3.1. Morphological Characterization 

The morphology of the electrodes modified with graphene and different concentrations of gold 
nanoparticles was investigated by SEM to determine the influence of increasing AuNPs 
concentration. Several images were recorded at different magnifications and the most representative 
ones are shown below. First of all, the images are presented at 2000 X magnification (Figure 1) to 
observe the coverage of RGO/SPCE with gold nanoparticles. It is easily noticeable that the modified 
electrode surface is covered with a moderate quantity of 1 mM AuNPs (Figure 1A) and the RGO sheet 
can still be observed. When 5 mM HAuCl4 was used for SPCE modification, more nanoparticles 
formed on the graphene electrode and are uniformly dispersed on the entire surface (Figure 1B), 
while increasing the concentration to 10 mM determined the whole electrode surface to be covered 
with AuNPs that also show a small tendency for agglomeration (Figure 1C). Finally, at 15 mM 
HAuCl4 the RGO surface is also entirely covered with AuNPs, while small dark patches can also be 
observed, that seem to be material stripped off the carbon substrate (Figure 1D). 
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Figure 1. SEM images recorded at 2 kX magnification for RGO/SPCEs functionalized with AuNPs 
from (A) 1 mM, (B) 5 mM, (C) 10 mM, and (D) 15 mM HAuCl4 solutions in 0.5 mM H2SO4. 

Secondly, the SEM images are also presented at 100000 X magnification (Figure 2) to better 
observe the morphology and size of the gold nanoparticles. Figure 2A shows the SPCE functionalized 
with 1 mM HAuCl4 and it is revealed that the RGO substrate is covered with AuNPs between 7 and 
90 nm in size. Increasing the concentration to 5 mM (Figure 2B), the number of nanoparticles 
increased covering more of the electrode surface and showing nanoparticles of 23-33 nm, but also a 
few agglomerated ones. At 10 mM (Figure 2C) and 15 mM (Figure 2D) the SEM images are very 
similar, showing that AuNPs covered the entire SPCE surface and that the nanoparticles increase in 
size (up to 300 nm) and have a higher tendency of agglomeration. 
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Figure 2. SEM images recorded at 100 kX magnification for RGO/SPCEs functionalized with AuNPs 
from (A) 1 mM, (B) 5 mM, (C) 10 mM, and (D) 15 mM HAuCl4 solutions in 0.5 mM H2SO4. 

3.2. Structural Characterization 

XPS was used to conduct a comprehensive analysis of the elemental composition of the surface 
of the modified electrodes (Figure 3). The survey spectra of GO-modified SPCE indicated the 
presence of carbon and oxygen species, with small amounts of nitrogen detected due to process 
contamination. The C to O atomic ratio from the XPS survey spectra was used as a reference to assess 
the presence of oxygenated functional groups in the GO sheets. The assessment revealed that the GO 
samples had a high percentage of oxygen atoms, as indicated by a C:O ratio value of 2.7. Upon 
electrochemical reduction, the signals for oxygen-containing functional groups decreased 
significantly, indicating efficient reduction of GO to RGO. The C:O atomic ratio increased to 6.2 in 
the RGO samples, indicating that the delocalized π conjugation was partially restored as the 
relatively low intensity of the C-O peak from 286 eV (Figure 3A,B) suggests, compared to that 
obtained from the GO surfaces, which is also consistent with the C:O ratio. Moreover, the addition of 
gold nanoparticles is confirmed by this characterization technique which shows a content of 
approximately 10.4% Au on the surface of the electrode and a decrease of the C:O ratio to 5.3 offering 
an insight about the C:O:Au atomic distribution upon the modified electrode surface.In case of the 
presence of gold nanoparticles, only a slight shift towards lower binding energies is observed, due to 
an electropositive electron interaction between RGO and Au as it is translated in the C-C secondary 
peak position (Figure 3C). According to Moulder [31], the secondary peaks for Au nanoparticles can 
be assigned to elemental Au 4f energy levels as well as a small part of these Au species were noticed 
to interact with the aromatic structure of RGO, translated as the Au* 4f shifted bands (Figure 4). 
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Figure 3. High-resolution C1 XPS spectra of bare SPCE modified with (A) GO, (B) RGO, and (C) 
AuNPs. 

 

Figure 4. High resolution XPS Au 4f spectra of SPCE modified with RGO and AuNPS. 

3.3. Electrochemical Characterization 

3.3.1. AuNPs-RGO Functionalized SPCEs 

The RGO/SPCEs functionalized with AuNPs, fabricated from HAuCl4 solutions of different 
concentrations, have been also investigated electrochemically using cyclic voltammetry (Figure 5A) 
and electrochemical impedance spectroscopy techniques in the presence of 1 mM [Fe(CN)6]3-/4 redox 
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species in 0.1 M KCl solution (Figure 5B). The CV studies indicate a slight increase in the characteristic 
peak current intensity for an increase of the HAuCl4 concentration in the synthesis solution up to 10 
mM. As displayed in Figure 5A, for the electrodes fabricated with 10 and 15 mM HAuCl4 the CVs 
overlap, confirming the SEM results, that indicated a surface completely covered with AuNPs at 
10mM, and no further change in the surface properties for higher concentrations. Similarly, the EIS 
measurements support these results, displaying an absence of the semicircle in the Nyquist plot, 
indicative of a very low charge transfer resistance (Rct) for all AuNPs-RGO/SPCEs.  

 

Figure 5. (A) CV and (B) EIS Nyquist plot recorded in 1 mM [Fe(CN)6]3-/4-, 0.1M KCl, for RGO/SPCE 
functionalized with AuNPs from 1 mM, 5 mM, 10 mM, and 15 mM HAuCl4 solutions in 0.5 mM 
H2SO4. 

The electrochemical properties were also recorded for each stage of SPCE functionalization. In 
Figure 6 we present the typical voltammograms recorded for the tested samples after each 
modification step. The CV measurements for the bare SPCE in presence of 1mM Fe(CN6)3-/4- redox 
species (Figure 6A) display well-defined redox peaks with a current intensity of 26.05±0.39 µA and 
peak-to-peak separation (ΔEp) below 100mV, indicating a good electrical conductivity for this 
substrate. Deposition of the low conductive GO dispersion induced a substantial change of the CVs, 
the intensity of the peak currents decreasing down to 3.75±0.16 µA. After the electrochemical 
reduction of GO, the peak current intensity increases up to 21.11±0.61 µA, while the CVs displayed 
higher capacitive currents, as expected for electrodes with an increased electrochemical active surface 
area. Finally, the modification of the RGO surface with gold nanoparticles induced a significant 
change of the CV shape, with more defined peaks, increased redox signals (reaching 32.61±0.97 µA), 
and a lower ΔEp. These characteristics suggest an improved conductivity of the AuNPs-RGO/SPCE 
modified electrode.  

 

Figure 6. (A) CV and (B) EIS Nyquist plot recorded in 1 mM [Fe(CN)6]3-/4-, 0.1M KCl, for bare SPCE, 
GO/SPCE, RGO/SPCE, and AuNPs-RGO/SPCE. 
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The impedimetric results (Figure 6B) are in accordance with the CV measurements. While the 
Nyquist spectrum for the bare SPCE is defined by the presence of Warburg line and a low charge 
transfer resistance, the electrode modification with GO caused the formation of a large semicircle 
indicative of a high Rct (15.2±1.8 KΩ), that decreased after the GO electrochemical reduction to 7.7±0.7 
KΩ, as a result of the better conductivity of RGO compared to GO. The completely disappearance of 
the semicircle and the presence of the simple diffusion line for AuNPs-RGO/SPCE, confirms the 
superior conductivity of the complex graphene-gold nanoparticles. 

The necessity of GO electrochemical reduction before AuNPs functionalization is revealed by 
the electrochemical properties of the SPCEs modified with GO dispersion and AuNPs in comparison 
with AuNPs-RGO/SPCEs. Accordingly, the AuNPs-GO/SPCE system displayed lower peak currents 
(Figure 7A), of only 25±0.98 µA, compared to 32.61±0.97 µA previously obtained for AuNPs-
RGO/SPCEs. Moreover, a higher impedance was observed for AuNPs-GO/SPCE system in EIS 
measurements (Figure 7B), despite the same increase in Rct after modification of bare SPCEs with 
GO, and the disappearance of the semicircle in the Nyquist plot after the modification with AuNPs 
(indicating the conductivity improvement). 

 

Figure 7. (A) CV and (B) EIS Nyquist plot recorded in 1 mM [Fe(CN)6]3-/4-, 0.1M KCl, for bare SPCE, 
GO/SPCE, and AuNPs-GO/SPCE. 

A study of the kinetics of the [Fe(CN)6]3-/4- redox probe at the fabricated AuNPs-RGO/SPCE 
electrodes was also performed. To this end, CV has been performed at various scan rates, ranging 
from 0.05 to 0.5 V/s (Figure 8A), and the expected linear relationship with the square root of scan rate 
is observed (Figure 8B). This implies a diffusion-controlled oxido-reduction process at the electrode 
surface, in agreement with the Randles-Sevcik equation for quasi-reversible one-electron transfer 
processes. The use of Randles-Ševčík equation to accurately determine the real surface area for the 
electrodes modified with nanomaterials from CV experiments is required to be considered with care 
[32,33], therefore we emphasize that the surface area of AuNPs-GO/SPCE modified electrode 
determined here to be on average 0.21 cm2, based on this equation, is only an estimation. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 July 2023                   doi:10.20944/preprints202307.1042.v1

https://doi.org/10.20944/preprints202307.1042.v1


 10 

 

Figure 8. (A) CV curves of AuNPs-RGO/SPCE at different scan rates in 1mM [Fe(CN)6]3-/4- solution 
with 0.1M KCl. (B) Plot of anodic and cathodic peaks current vs. square root of scan rates. 

3.3.2. The Characterization and Testing of DNAp/AuNPs-RGO/SPCE Sensing Platform  

The preparation of the biosensor by the immobilization of the ssDNA probe, as bioreceptor, at 
the detection interface consisted in the incubation of the AuNPs-RGO/SPCEs with 500 nM ssDNA 
probe at room temperature, overnight. The hybridization tests, in the presence of the complementary 
DNA target, were performed by incubating the newly prepared DNAp/AuNPs-RGO/SPCE sensor 
with different concentrations of DNA target (1 nM – 100 nm) at 42°C for 3 hours. Figure 9 displays 
the change in the electrochemical properties of the interface after each step in the preparation and 
testing of the final sensor, tested in a solution containing 1 mM [Fe(CN)6]3-/4- redox species in 0.1M 
KCl. Accordingly, a first decrease in the oxidation peak current was observed after DNA probe 
immobilization, which is to be expected due to the fact that the oligonucleotide is a large molecule 
that blocks the electron transfer between the electrolyte solution and electrode surface (Figure 9A). 
Next, the incubations of the sensor with 1 nM, 10 nM, 50 nM, and 100 nM DNA target determined 
successive increase in current intensity, that can be explained by the formation of dsDNA with each 
addition of DNA target. In agreement with the previous findings [34], we may assume that the newly 
formed dsDNA easily detaches from the surface, by this favoring the redox process of [Fe(CN)6]3-/4- 
species. The impedimetric measurements (Figure 9B) were in agreement with the CV results, and 
showed an increase in Rct following the adsorption of the DNA probe at AuNPs-RGO/SPCE 
interface, that impede the redox process of the negatively charged [Fe(CN)6]3-/4- . Moreover, as 
expected from the CV results, the hybridization with DNA target determined a decrease in Rct for 
each successive addition up to 100 nM. Both the increase in the anodic oxidation current, and the 
decrease of the charge transfer resistance imply changes in the heterogeneous electron transfer of 
[Fe(CN)6]3-/4- at the sensing interface as a result of the hybridization process, that can be exploited in 
DNA detection. 

 

Figure 9. (A) Anodic peaks in CV (after baseline correction) recorded in 1 mM [Fe(CN)6]3-/4-, 0.1M KCl, 
for (a) AuNPs-RGO/SPCE modified with (b) 500 nM DNA probe and hybridized with (c)1 nM, (d) 10 
nM, (e) 50 and (f) 100 nM DNA target. (B) Charge transfer resistance recorded by EIS in 1 mM 
[Fe(CN)6]3-/4-, 0.1M KCl, for AuNPs-RGO/SPCE modified with 500 nM DNA probe and hybridized 
with 1 nM, 10 nM, 50 and 100 nM DNA target. 

The specificity of the biosensor was also demonstrated by control experiments using a non-
complimentary oligonucleotide. Thus the incubation of DNAp-AuNPs-RGO/SPCE with non-
complementary DNA induced negligible change in the electrochemical signal, both in CV (0.3 µA 
increase in current intensity for ncDNA, in comparison with 4.4 µA for DNAt) and EIS (0.32 kΩ for 
ncDNA, in comparison with 8.26 kΩ for DNAt) for 100 nM concentration of DNA. The subsequently 
addition, in the same experiment, of the complementary DNA target, determined a predictable 
increase in the current intensity in CV, and Rct decrease in EIS, suggesting that the detection platform 
can discriminate between specific DNA sequences. 
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3.3.3. Chronoculometry Measurements 

The surface density of DNA modified electrodes can be quantified using chronocoulometry, by 
taking advantage of the electrostatic attraction between specific redox cations added in the test solution, 
and the nucleotide phosphate backbone of DNA. Redox molecules can interact with DNA through 
either electrostatic attraction or intercalation, and the nature of the interaction is often influenced by the 
ionic strength and molecular structure of the redox molecule [30]. Therefore, in order to perform the 
measurement, the DNA-modified electrodes were placed in a low-ionic-strength electrolyte solution 
(TRIS 10 mM, pH = 7.4) containing 100 µM Ru(NH3)63+ cationic redox marker. The redox cations in the 
solution replace the native counterions that are associated with the nucleotide phosphate residues of 
the DNA probe, and the amount of redox marker that attaches electrostatically to the DNA-modified 
electrode is then determined using chronocoulometry. When the redox marker reaches saturation 
coverage, the surface density of the DNA probe is calculated by assuming that the DNA phosphate 
residues are completely compensated by the redox cations. This approach is advantageous because it is 
insensitive to variations in base composition and chain order (single-stranded versus duplex), unlike 
other non-covalent labeling techniques [35]. The system is observed under equilibrium conditions, so 
that the electrodes have been immersed in the deaerated buffer solution, and maintained 10 minutes 
under stirring, for equilibration, before performing the chronocoulometric test. The DNA surface 
coverages were calculated using the established method reported by Steel et al. [30]. Thus, in Figure 
10A is presented the typical chronocoulometric response that affords the calculation of the surface 
concentration of the oligonucleotide present at the electrode from the difference in chronocoulometric 
intercepts (nFAΓ0), assuming that for the measurements performed both in absence and in presence of 
Ru(NH3)63+ the double layer capacitance has the same value. Considering a complete charge 
compensation of DNA by redox marker, the conversion of the calculated Γ0 to DNA surface density 
(ΓDNA) was made as indicated in the Experimental part, and the ΓDNA values before (ssDNA), and after 
hybridization with 100nM DNAt (dsDNA) are presented in Figure 10B. The results correlate well with 
the CV and EIS data presented previously, and demonstrate the removal from the electrode surface of 
the hybridized dsDNA after DNA target addition. 
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Figure 10. (A) Typical chronocoulometric curves illustrated for dsDNA/AuNPs-RGO/SPCE 
electrodes using 100 µM Ru(NH3)3+ as redox indicator. (B) The calculated oligonucleotides surface 
density before (ssDNA), and after hybridization with 100 nM DNAt (dsDNA) suggesting the 
formation of dsDNA after DNA target addition, with lower affinity for the modified SPCE surface. 

4. Conclusions 

A simple, cost-effective biosensor employing AuNPs-RGO nanocomposite as transducing 
interface was developed for the direct detection of DNA hybridization. The electrochemical platform 
has a good sensitivity, being able to detect DNA molecules as low as 1 nM, and can also discriminate 
between complementary and non-complementary DNA. The detection of DNA hybridization was 
demonstrated by several electrochemical techniques, such as CV, EIS, and chronocoulometry. The 
results obtained in this work can pave the way towards fabrication of DNA biosensors at industrial 
scale with applicability in various medical applications due to the high biocompatibility and stability 
of graphene functionalized with gold nanoparticles. 
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