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ABSTRACT: Shiga toxin-producing E. coli (STEC) is a food-
borne pathogen of great concern due to the severity of the disease 
it can cause. A key pathogenicity factor is the ability to produce 
Shiga T Toxin 1 and 2, which are encoded by genes stx. Herein we 

report the development of a highly sensitive, label-free, electro-
chemical DNA-based sensor for detection of stx1 gene using inter-
digitated gold microelectrodes (IDEs) on fully integrated silicon 
chips.  Each IDE comprised a working IDE, used for DNA probe 
immobilisation and an accumulator IDE. The working IDE was 
modified with gold nanoparticles (Au NPs) and chitosan gold nano-
composite to allow a covalent attachment of amine-modified probe 
DNA. The electrochemical detection was undertaken using meth-

ylene blue (MB) as a redox molecule, which intercalated into the 
double-strand DNA. The accumulator IDE was used for the elec-
trostatic accumulation of the MB to the DNA binding region of the 
sensor thereby greatly enhancing sensitivity. Reduction of MB was 
recorded using square wave voltammetry (SWV). Using this ap-
proach, we achieved a linear response between 10-16 and 10-6 M of 
synthetic target strand with the lowest measured limit of detection 
of 100 aM after 20 minutes hybridisation time. Subsequently,  chro-
mosomal DNA from four different E. coli strains (two stx1 posi-

tives and two stx1 negatives), Listeria monocytogenes and Bacillus 
cereus was used to confirm the selectivity of the presented method. 
This novel on-chip biosensor for the detection of STEC has the po-
tential to be used in point-of-use detection. 

1. Introduction 

Shiga toxin-producing E. coli (STEC) is a food-borne pathogen of 
a great public health concern, which can cause severe illness in-
cluding haemolytic uremic syndrome (HUS), that may even lead to 
death [1]. Cattle are known to be their main reservoir, and the most 
typical source of infection is via the consumption of contaminated 

undercooked beef meat [2, 3]. Since most E. coli are harmless and 
a part of healthy gut flora in humans and animals, specific detection 
of STEC is crucial for preventing infections. Since the big multi-
national STEC O104 outbreak in Germany in 2011, plus an increas-
ingly wide range of STEC serogroups linked to human illness, the 
targets for detection has shifted off from serogroup based ap-
proaches towards targeting the genes coding for Shiga toxin pro-
duction (stx1 or stx2); which are major virulence factors of STEC 

[4, 5]. The foremost common technique for DNA based detection 
is polymerase chain reaction (PCR), in which the specific target 
sequence from the DNA extracted from the organism is amplified, 
significantly increasing the sensitivity of the method. Especially 

real-time PCR (qPCR) found a large application in pathogens dur-

ing which the number of amplified DNA at the particular time is 
monitored using fluorescent probes [6]. This approach offers sig-
nificant advantages like high sensitivity and selectivity, however, 
it is time-consuming and requires highly trained staff to perform 
experiments, making it unsuitable for point-of-use detection [7, 8].  

A potential alternative is to employ solid-state electrochemical 
DNA biosensors, comprising a probe DNA as a recognition ele-
ment and a transducer, which provides a measurable signal follow-
ing a DNA hybridisation event [9]. Their advantages over tradi-
tional techniques include the speed in obtaining results, simplicity 
of use, and suitability for miniaturisation and portability [10]. The 
key aspects to consider when developing DNA based electrochem-
ical biosensors are (i) sensor miniaturisation [11] (ii) requirements 

for robust probe attachment [12], and (iii) detection methods with 
low complexity [13], all of which have enormous impacts on the 
ultimate performance and use. Miniaturised electrochemical sen-
sors (<10 µm diameter) benefit from enhanced analyte mass 
transport, reduced background noise, and high current densities 
making them an ideal choice for point-of-use sensors.  

Interdigitated microelectrodes (IDEs), comprising two comb-like 
closely spaced electrodes which are individually electrically con-
nected, have found several applications in point-of-use sensing 
[14]. For instance, they have recently been applied for the detection 
of a variety of heavy metals species in water where one comb was 
used as a working electrode and the other as a generator electrode, 

allowing electrochemical modification of local pH for improving 
sensing efficacy [15, 16]. They have also been applied to DNA de-
tection where the probe DNA was either immobilised on both IDEs 
[17] or the silicon surface between them [18-20]. Typically, the 
DNA hybridisation was detected using conductance measured be-
tween the two IDEs or impedance, when IDEs were used. Selective 
modification of only one IDE could enable using the other IDE for 
other function that sensing as well as using other techniques for 

DNA detection, such as linear sweep voltammetry. It is a straight-
forward electrochemical technique that has been applied for DNA 
detection using redox-active molecules, such as methylene blue 
(MB) [21], anthraqinone-2-sulfonic acid monohydrate sodium salt 
(AQMS) [22] or daunomycin (DNR) [23]. These molecules have 
different interaction mechanisms to single-stranded (ssDNA) and 
double-strand DNA (dsDNA). The advantages of such an approach 
include the short time needed to obtain results and the simplicity of 

the system.  

The attachment of probe DNA in a stable and robust manner re-
mains a key challenge in electrochemical sensor development [12]. 
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In this regard, chitosan, a natural polymer, has gained a lot of at-
tention as it is rich in amine groups, thereby allowing subsequent 
covalent attachment of a range of biomolecules [24]. It has been 
widely used in the development of DNA based biosensors, where 
typically the probe DNA modified with an amine group is attached 

to the polymer using glutaraldehyde as a linker [21, 25]. Since it is 
a non-conductive polymer, several researchers have combined it 
with other conductive 0D, 1D, and 2D materials [26], [27], [28], 
[29] to enhance the electrical conductivity and therefore the sensi-
tivity of detection. However, these modifications can be complex, 
e.g., require several steps, high temperatures, and thus increase the 
complexity of sensor development [30, 31]. In contrast, Du, Luo 
[32], developed a simple, one-step co-electrodeposition technique 

for chitosan with simultaneous deposition of gold nanoparticles on 
large 2 mm diameter electrodes. Their technique was applied for 
glucose detection and no biomolecule attachment was tested in 
their work. 

In this work, gold IDEs fabricated on silicon chips were used for 
the development of a voltammetric sensor allowing highly sensi-
tive detection of the STEC virulence gene, stx1. The sensor IDE 
was specifically modified with Cht-Au nanocomposite and probe 
DNA leaving the other IDE (accumulator IDE) unmodified, con-
firmed with optical and fluorescent microscopy. This accumulator 
IDE was then used to pre-concentrate a redox probe, MB, around 
the sensor IDE by applying open circuit potential (OCP), enhanc-

ing the hybridisation signal and increasing sensitivity. To the best 
of our knowledge, interdigitated electrodes have never been uti-
lised to enhance molecule accumulation for DNA detection. By this 
approach, we have managed to achieve highly sensitive detection 
of 100 aM and detection of chromosomal DNA without the ampli-
fication step. This non-complex method of electrode modification 
and DNA detection has the potential to be applied to multiplex de-
tection of different DNA strands in the future.  

2. Materials and methods  

2.1. Chemicals 

Chitosan, HAuCl4, N,N-Dimethylformamide (DMF), KCL, PBS, 
sodium acetate, 50% glutaraldehyde, atto565 NHS ester, HEPES, 
were obtained from Sigma Aldrich, Ireland. All solutions were pre-

pared by diluting with ultra-pure Milli-Q water (18.2 MΩ.cm, 
Milli-Q). All synthetic oligonucleotides were obtained from Sigma 
Aldrich Ireland in a dried form. Upon arrival they were diluted with 
sterile DI water to 100 µM and stored at -20°C. Before use, they 
were diluted in 0.1 M PBS buffer to the desired concentration. The 
probe sequence for stx1 detection was selected based on ISO/TS 
13136:2012 standard. The probe was modified with an amine group 
at the 5’ end, enabling covalent attachment to the electrode. For 

fluorescent confirmation, the target sequence was modified on the 
5’ end with Atto565 fluorescent dye. The sequences used in this 
work are detailed in Table 1. 

Table 1. Summary of DNA sequences used in this work 

Name Sequence 

stx1 probe 
5’ NH2 (C6) CTG GAT GAT CTC AGT 
GGG CGT TCT TAT GTAA 3’ 

stx1 target 
5’ TTAC ATA AGA ACG CCC ACT GAG 
ATC ATC CAG 3’ 

stx1 target 
+ Atto565 

5’ [Atto 565] TTAC ATA AGA ACG CCC 
ACT GAG ATC ATC CAG 3’ 

Non-target 
5’ CCGA TGC TAC GTC AAT GTA ACT 
GAT TGA GCT 3’ 

Non-target 
+ Atto565 

5’ [Atto 565] GGA GCA GTT TCA GAC 
AGT GCC TGA CGA 3’ 

Chitosan stock solution (0.2%) was prepared by dissolving 0.1 g of 

chitosan in 50 mL DI water containing 1% acetic acid. The solution 

was stirred overnight and filtered using filter paper to remove un-
dissolved polymer. The final pH of the stock solution was ~3. Two 
gold ions stock solutions were prepared and stored at 4°C. The first 
stock solution, used for AuNPs electrodeposition, contained 1000 
ppm HAuCl4 dissolved in 0.01 M sodium acetate, pH 3, while the 

other stock solution, used for Cht-Au nanocomposite electrodepo-
sition, contained 1000 ppm of HAuCl4 dissolved in DI water.  

2.2. Apparatus  

All voltametric measurements were undertaken using a CHI920 
potentiostat while electrochemical impedance measurements (EIS) 
were undertaken using a Multi AutoLab M101. A three-electrode 
electrochemical setup was used for modification of one comb of a 
gold IDE (used as the working electrode), an on-chip gold counter 

electrode and an external Ag/AgCl reference electrode. A modified 
four-electrode setup was employed for DNA detection: a modified 
gold IDE was used as a sensor, an unmodified gold IDE was used 
as an accumulator and on-chip gold and platinum as counter and 
pseudo reference electrodes, respectively.  

White light optical microscopy images and fluorescent microscopy 
images of the non-modified and modified IDEs were acquired us-
ing an Axioskop II (Carl Zeiss Ltd.) microscope equipped with a 
halogen lamp and a charge-coupled detector camera (CCD; 
Coolsnap CF, Photometrics). The surface morphology and compo-
sitional analysis of AuNPs and Cht-Au modified IDEs were per-
formed using a field emission scanning electron microscope (FEI 

QUANTA 650 HRSEM) with energy-dispersive X-ray spectros-
copy (EDX Oxford Instruments INCA energy system).  

2.3. Chips fabrication 

IDEs with 10 µm gaps were fabricated on silicon chip substrates. 
Each silicon chip comprised six sensors containing two IDEs, a 
gold counter electrode, and a platinum pseudo-reference electrode. 
Gold contact pads and interconnection metallisation on two sides 
of the chip allowed electrical connection to both IDEs. The method 

of chip fabrication was described previously [33, 34]. In brief, four-
inch silicon wafer substrates bearing a ~300 nm layer of thermally 
grown silicon dioxide were used. IDEs were first fabricated using 
optical lithography, metal evaporation (Ti 10 nm /Au 150 nm 
Temescal FC-2000 E-beam evaporator) and lift-off techniques to 
yield well-defined, stacked metallic (Ti/Au) microband (1 µm 
width, 50 nm height, 45 µm length) structures. Each chip com-
prised six independent sensors. A second optical lithographic and 
metal deposition (Ti 10 nm/Ni 70 nm/Au 200 nm) process was then 

undertaken to define a MicroSD pin-out, interconnection tracks, as 
well as counter electrodes (500 µm wide x 10 mm long). Finally, a 
passivation SiNX layer was deposited on the chip by PECVD, with 
windows opened in this layer directly above the working, reference 
and counter electrodes. The windows defined the length of the 
working electrode to be 45 µm. In this work, an on-chip microSD 
style electrical pin-out was included to permit a facile electrical 
connection to external electronics. In this manner, chips could be 

easily swapped in and out with the potentiostat, enabling rapid 
analysis of multiple samples. A custom-built cell was designed and 
fabricated so that when screwed together, the microSD primary 
contact pads protruded out of the holder to allow connection with 
a PCB mounted microSD port.  

2.4. DNA sensor development 

Prior to electrode modification, silicon chip was cleaned by soni-
cating in ethanol and DI water, for ten minutes each. Once clean, 

the chip was dried in a stream of nitrogen, placed in a chip holder 
and connected to the potentiostat using either an SD connector or 
probe pins. Each sensor IDE was modified with gold nanoparticles, 
electrodeposited by applying -0.2 V for 60 s in 500 µL of 400 ppm 
HAuCl4 dissolved in 10 mM sodium acetate, pH 3. Subsequently, 
Cht-Au nano-complex was electrodeposited on top of the pre-
AuNPs modified IDE. The solution was prepared by diluting chi-
tosan from a stock solution (0.2%) to 0.04% (v/v) with DI water 
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containing 1% acetic acid. Afterwards, 1 M NaOH was added to 
the solution to increase its final pH to ~pH 5. Gold ions from a (DI 
water) stock solution were added to chitosan just before the depo-
sition to achieve a final concentration of 50 ppm HAuCl4. The Cht-
Au solution was mixed using a vortex and 500 µL was added to the 

sample well. A voltage of -1.5 V was applied for 15 seconds to each 
electrode. Subsequently, the modified chip was immersed in 0.01 
M PBS buffer, pH 7, for 10 minutes to increase the stability of the 
layer, washed thoroughly with DI water and dried in a stream of 
nitrogen. The electrodes were then immersed in 0.2% (v/v) glutar-
aldehyde for 2 hours. Afterwards, a 50 µL droplet of 0.5 µM amine-
modified probe ssDNA was deposited on top of an electrode, incu-
bated for 2 hours, then the unattached probe was removed with DI 

water. 

2.5. Fluorescence characterisation 

To confirm a uniform electrodeposited chitosan layer, modified 
electrodes were immersed in a fluorescently labelled succinimidyl 
ester (Atto565-NHS ester) which is known to bind to the primary 
amine groups. First, 0.5 mg Atto565-NHS ester was reconstituted 
in 500 uL DMF. Then, 50 µL of this solution was diluted in 30 mL 
of PBS buffer. Chips with chitosan modified electrodes were im-

mersed in this mixture and incubated for 30 minutes at room tem-
perature. After this time, chips were removed, washed with DI wa-
ter to remove the unattached dye and dried in a stream of nitrogen. 
Fluorescent microscopy was then used to confirm that the target 
DNA hybridised with the probe DNA and that no unspecific bind-
ing took place. Two different DNA strands, target and non-target, 
tagged with Atto565 were employed. AuNPs/CHI-Au/ssDNA 
modified sensor IDEs were incubated for 30 minutes with either 10 

nM target DNA or non-target DNA both DNA strands were tagged 
with Atto565. Afterwards, chips were washed with DI water, dried 
under nitrogen. and characterised using fluorescent microscopy. 

2.6. Hybridisation detection and methylene blue accu-

mulation using open circuit potential    

Square wave voltammetry (SWV) using methylene blue as a redox 
molecule was employed for hybridisation detection. Methylene 
blue is well known to interact with single and double-strand DNA 
based using different modes of action. After hybridisation, a chip 

was immersed in 50 µM methylene blue in HEPES buffer (20 mM 
HEPES, 10 mM KCl, pH 7) for 10 minutes, with an applied OCP 
for the first five minutes to accumulate the MB. After this time, MB 
was washed away with HEPES buffer followed by SWV recorded 
between 0 and -0.8 V versus on the platinum pseudo reference elec-
trode (frequency 75 Hz, pulse amplitude 75 mV, increment 15 
mV).  

2.7. Culture preparation and target DNA extraction 

DNA was extracted from four E. coli strains, Listeria monocyto-
genes and Bacillus cereus. Two E. coli strains contained the stx1 
gene (O157 - ATCC35150 and O103) while the other two strains 
did not contain this gene (O157 - NCTC12900 and O91 - 
09_A_15_1_1). Briefly, the cultures were grown up from culture 
collection stocks (Teagasc Food Research Centre Ashtown) which 
were stored on protective beads at -80°C. A single bead of each 
isolate was streaked on Tryptone Soy Agar (Oxoid, Fisher Scien-

tific Ireland) and incubated overnight at 37 °C. An isolated colony 
was then placed in Tryptone Soy Broth and incubated overnight at 
37 °C. DNA was extracted from the overnight culture using a Qi-
agen DNeasy Blood and Tissue kit (Qiagen, Manchester, UK), and 
in accordance with the manufacturer’s instructions. The DNA con-
centration was measured using a Qubit dsDNA BR Assay Kit 
(Thermo Fisher Scientific, Ireland) on a Qubit 4.0 fluorometer.  

Before electrochemical measurements, DNA samples were diluted 
5 times in 0.1 M PBS buffer, pH 7.2, and heated to 95 °C for 5 
minutes to denature dsDNA. Subsequently, the samples were 
cooled down on ice and incubated on prepared sensors for 30 

minutes at room temperature followed by electrochemical meas-
urements.  

3. Results and discussion 

3.1. Characterisation of modified electrodes  

Figure 1. (A) presents a picture of the silicon chip. In this work, an 
external Ag/AgCl reference electrode was used during the deposi-
tion of AuNPs and Cht-Au nanocomposite, while the on-chip 
pseudo-reference electrode was used for DNA detection. Figure 1. 
(B) shows a silicon chip in a chip holder. Chitosan was electrode-

posited at sensor IDE in presence of Au ions, similar to Du, Luo 
[32]. To find the optimal potential for cathodic deposition of chi-
tosan, cyclic voltammetry (CV) in Cht-Au solution (0.04 % chi-
tosan, 50 ppm Au) at pH ~5 was undertaken. The potential was 
cycled between 0 V and -2 V, see Figure 1. (C), and it was found 
that the cathodic current increased significantly around -1.4 V sug-
gesting the commencement of hydrogen evolution and therefore an 
increase in pH around the electrode. The observed current remained 

stable (plateaued) until -1.8 V whereon it started increasing rapidly 
at more cathodic applied voltages. Consequently, based on CV 
data, the potential range of interest for Cht-Au deposition was 
found to be between -1.4 and -1.8 V. To confirm this, multiple elec-
trodepositions were undertaken in the potential of -1.2 V, and -2 V 
and visualised under optical microscopy. Figure S1. shows that a 
defined polymer layer was electrodeposited at sensor IDEs for po-
tentials of -1.4, -1.5 and -1.6, which supports the results based on 

CV. At -1.2 V the pH change was not sufficient for chitosan depo-
sition at the electrode while at greater than -1.8 V the hydrogen 
evolution was so rapid that the polymer deposited around the elec-
trode instead of specifically at an array. Following these experi-
ments, a potential of -1.5 V was selected as optimal for chitosan 
deposition.   

CV in 5 mM Fe4−/Fe3− in 0.1 M KCl as supporting electrolyte (scan 
rate 100 mV/s) were undertaken to characterise the different gold 
surfaces of a pristine IDE and post modified IDEs. In addition, the 
electrodeposition of a gold nanoparticle layer onto gold electrodes 
was explored to increase surface roughness prior to Cht-Au depo-
sition. Figure 1. (D) presents CV for (i) unmodified gold, (ii) Cht-
Au, (iii) AuNPs, and (iv) AuNPs/Cht-Au. For pristine gold elec-

trodes, a well-defined voltammogram exhibited typical character-
istics for the Fe4-/Fe3- redox couple with a peak oxidation current 
of ~25 nA and low hysteresis was observed. Following electrodep-
osition of a Cht-Au complex at the unmodified electrode, a signif-
icant decrease in the magnitude of the redox currents for the Fe-

4/Fe3- redox couple was observed (~3 nA). This suggests a Cht-Au 
layer deposited effectively onto the electrode surface and that this 
layer had a lower conductivity and thus partially insulated the sur-

face of the electrode; due to the lack of conduction pathways from 
the underlying electrode to the modified layer. We attribute the lack 
of these pathways to the smoothness of the evaporated gold of the 
electrode. An increase in Fe-4/Fe3- current magnitudes, compared 
to the pristine gold electrodes (~50 nA), were observed for IDE 
electrodes first modified with an Au-NP layer, which may be at-
tributed to an increase in surface area. A Cht-Au layer was then 
deposited onto these modified electrodes and characterised by CV 

and electrochemical impedance spectroscopy (EIS). From the CV 
data, it was observed that (unlike the unmodified electrodes) the 
addition of the Cht-Au layer, resulted in a slight increase in the Fe-

4/Fe3- current magnitudes and also decreased the separation be-
tween the oxidation and reduction peaks, suggesting a successful 
deposition of this layer. The CV results are supported by the EIS 
data presented in Figure 1 (E) where a decrease in impedance was 
observed from 12.2 MΩ at unmodified IDE to 5 MΩ following 

modification of the underlying AuNPs layer, due to the increased 
surface area and 5.5 MΩ following deposition of a subsequent Cht-
Au layer.
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Figure 1. (A) Picture of a fully integrated silicon chip and an optical image of IDE. (B) Silicon chip in a chip holder. (C) Cyclic voltammo-
gram at the unmodified sensor IDE in 0.04 % chitosan, 50 ppm Au pH 5. (D) Cyclic voltammograms in 5 mM Fe4-/Fe3−, 0.1 M KCl at (i) 
unmodified IDE and after deposition of (ii) 0.4% chitosan with 50 ppm HAuCl4 (Cht-Au), (iii) AuNPs, and (iv) AuNPs/Cht-Au. (E) Imped-
ance measurements in 5 mM Fe4-/Fe3−, 0.1 M KCl at (i) unmodified IDE and after deposition of (ii) AuNPs and (iii) AuNPs/Cht-Au. (G) 
Oxidation peak current of CV in 5 mM Fe4-/Fe3−, 0.1 M KCl at IDE modified with ChtAu nanocomposite where the concentration of CHI 
varied between 0.01% and 0.05%. 

The effect of varying the Cht concentrations within the Cht-Au 

complex was also investigated at IDEs pre-modified with AuNPs, 
see Figure 1 (F). Cht-Au complexes were deposited at -1.5 V for 
15 seconds with the CHI concentrations varied between 0.01% and 
0.05%. It was found that the conductivity of the electrode increased 
with the increasing chitosan concentration reaching a maximum at 
0.04% of chitosan and decreasing thereafter. This suggests that, 
with increasing chitosan concentration in a solution, the Cht ena-
bles the formation of more gold nanoparticles at an electrode, 

which results in an increase in electrode conductivity. However, at 
higher Cht concentrations, the Cht: Au ratio becomes unfavoura-
ble, thereby decreasing the conductivity of the electrode. Figure S2. 
shows the electrochemical characterisation of AuNPs/Cht-Au IDE 
in 5 mM Fe-4/Fe3- redox couple at different scan rates (10 mV-200 
mV). As expected, the peak currents increased with an increased 
scan rate, suggesting that the redox reaction is diffusion-controlled 
[35, 36]. The inset shows linear relationships of the anodic and ca-
thodic peak currents as a function of the square root of scan rate 

which indicates that the diffusional profiles of individual micro 
bands overlap and the electrode behaves like a larger microelec-
trode.  

Following electrode optimisation as described above, an optical 

and electron microscopy characterisation study was undertaken in 
Figure 2. and Figure S3. Figure 2 (A) shows an optical image of a 
sensor following modification of one IDE (dark bands) with 
AuNPs. It can be seen that the modification only occurred at a sen-
sor IDE while the accumulator IDE remained unmodified. Figure 
2. (B) shows an SEM image of the AuNPs modified sensor IDE 
and an inset at higher magnification. Two different nanostructure 
morphologies were observed, round nanoparticles on the length of 

the electrode and bigger clusters at the electrode edges. The size of 

the round NPs varied between ~30 nm and ~90 nm (see Figure S3. 

(A)) while larger dendritic particles, ~500 nm, were observed at the 
band edges. These larger particles arose from the high electric 
fields, present at the boundary discontinuities occurring at the in-
terface between the top surface and sidewalls of the bands, enhanc-
ing gold deposition.  Figure 2. (C) shows an optical image of a mi-
croelectrode, with a sensor IDE following AuNPs/CHI-Au modifi-
cation. A defined green coloured layer can be seen around each 
band in the sensor IDE, compared to the electrode modified with 

just AuNPs only (Figure  2. (A)). This green layer is attributed to 
the chitosan and suggests that the polymer was deposited on top of 
the IDE. The SEM image in Figure 2. (D) shows the gold 
nanostructures of the AuNP modification. At higher magnification 
(inset) a thin layer can be seen around the Au nanostructures, indi-
cated by the arrows, which can be attributed to the chitosan. This 
suggests that using 50 ppm Au in a chitosan solution did not cause 
additional deposition of AuNPs, but facilitated polymer deposition. 
Optical and SEM images for an IDE modified with Cht-Au only 

(i.e., with the AuNP layer suppressed) are presented in Figure S3. 
(B). The optical image shows a green coloured layer, indicative of 
chitosan, around the bands in the sensor IDE while under high-res-
olution SEM, a thin layer, similar to the inset of Figure 2. (D), at 
the electrode edges, can be observed. EDX analysis of IDEs elec-
trodes modified with AuNPs and AuNPs/Cht-Au modified was un-
dertaken as it is well known that chitosan is rich in amine functional 
groups. Consequently, EDX can be used to confirm the presence of 

nitrogen on the surface of a modified electrode. Nitrogen was not 
present on the electrode modified with AuNPs only (negative val-
ues in the table; inset), Figure 2. (E), while it was present on the 
electrode modified with AuNPs/CHI-Au, (positive 3.43% in the ta-
ble, inset), Figure 2. (F).  
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Figure 2 (A) optical image of the AuNPs modified IDE. (B) SEM image of the AuNPs surface. (C) optical image of the AuNPs/Cht-Au 
modified IDE. (D) SEM image of the AuNPs/Cht-Au surface. (E) EDX spectrum of the AuNPs modified IDE. (F) EDX spectrum of the 
AuNPs/Cht-Au modified IDE. 

 

3.2. Confirmation of sensor functionality using fluores-
cence 

Following EDX confirmation of the presence of nitrogen at an 
AuNPs/Cht-Au modified sensor IDE surface, Atto565 NHS ester 
(a fluorescent dye modified to bind to primary amine groups) was 
used to confirm the presence of amine groups on the AuNPs/Cht-
Au modified IDE and visualise their distribution along the elec-
trode; similar to Wu, Yi [37]. Subsequently, Atto565 modified 
DNA complementary and non-complementary strands were used 
to visualise DNA binding to probe ssDNA.  

Figure 3. (A) presents a fluorescent image of AuNPs/Cht-Au IDE 
following 30 min incubation with Atto565 NHS ester. The ob-
served uniform fluorescent signal strongly suggests that the amine 
groups are equally distributed along the whole length of the modi-

fied sensor IDE. In addition, the high intensity suggests the amine 
groups are quite dense. By contrast, the lack of fluorescence from 
the unmodified accumulator IDE confirms the selective deposition 
of the polymer matrix at the sensor IDE only. Figure 3. (B) presents 
a fluorescent image of an AuNPs/Cht-Au modified IDE in the ab-
sence of Atto565 NHS ester dye confirming that the chitosan layer 
is not autofluorescent and the fluorescence in Figure 3. (A) was 
attributed to the functionalised amine groups. Similarly, fluores-

cence experiments were performed at Cht-Au and Cht only modi-
fied IDEs and incubated in Atto565 for 30 mins. Fluorescence was 
not observed a Cht only modified electrode indicating that chitosan 
did not deposit onto a pristine gold electrode see Figure S4. (A). 
By contrast, a uniform fluorescent signal was observed for the Cht-
Au modified electrode, see Figure S4. (B), however, the signal in-
tensity was significantly reduced compared to electrodes with an 
underlying AuNPs layer presented in Figure 3. (A).  This suggests 

that the underlying AuNPs layer, below the Cht-Au layer, is essen-
tial not only to increase the conductivity of the chitosan film but 
also to increase the concentration of amine groups.   

Subsequently, ssDNA was immobilised at AuNPs/Cht-Au IDEs 
using 0.2% glutaraldehyde as a linker molecule. Atto565 modified 

target (10 nM) DNA was introduced onto an electrode and incu-
bated for 30 minutes. Following hybridisation, unattached DNA 
was washed away and fluorescent microscopy was used to confirm 

specific hybridisation of the complementary DNA occurred. Figure 
3 (C) presents a fluorescent image following incubation with com-
plementary DNA strands. The observed fluorescence exhibited 
high intensity and was uniformly distributed across the electrode 
confirming successful hybridisation. Figure 3 (D) presents a fluo-
rescent image following incubation with Atto565 modified non-
complementary DNA strands. The lack of a fluorescent signal in-
dicates that non-specific binding did not occur. 

 

Figure 3 (A) Image under the fluorescent microscope showing the 
AuNPs/Cht-Au modified sensor IDE after incubation with atto565 
NHS ester dissolved in 0.01 M PBS. (B) Image under the fluores-
cent microscope showing AuNPs/Cht-Au modified sensor IDE 
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without the fluorescent dye – negative sample. (C) Image under 
fluorescent microscopy showing an AuNPSs/CHI-Au/ssDNA 
modified sensor IDE after incubation with 10 nM DNA strand com-
plementary DNA strand, tagged with atto565 (D) Image under the 
fluorescent microscopy showing AuNPSs/CHI-Au/ssDNA modi-

fied sensor IDE after incubation with 10 nM DNA strand non-com-
plementary to stx1 gene tagged with atto565. 

3.3. Electrochemical-based  DNA detection using meth-
ylene blue  

Methylene blue (MB), a redox-active molecule, is known to inter-
act with DNA and the difference in its affinity towards ssDNA and 
dsDNA has been commonly exploited in the development of elec-
trochemical biosensors [38-40]. The molecule can (i) bind directly 
to guanine bases [41], (ii) is electrostatically attracted to the nega-
tively charged phosphate backbone of DNA [42], or (iii) intercalate 
between dsDNA [43, 44]. The mechanisms at which it will interact 
with DNA can be influenced by the experimental parameters used. 

In this work, we focused on enhancing MB intercalation between 
dsDNA and detecting DNA hybridisation based on an increased 
SWV signal compared to ssDNA. One parameter that was shown 
to affect MB to dsDNA binding efficiency is the ionic strength of 
the solution [42]. Kara, Kerman [45] have suggested that the con-
centration of Cl- ions can influence the efficiency of MB intercala-
tion between dsDNA. In their work, the MB intercalation between 
dsDNA was preferred over the other type of MB interactions at 10 

mM NaCl. In this work, DNA detection was undertaken using 50 
µM MB dissolved in 0.02 M HEPES buffer with 10 mM KCl and 
an accumulation step to achieve the highest efficiency of intercala-
tion.  

The electrochemical detection of DNA in this work was undertaken 
by accumulating MB at a DNA modified electrode followed by its 
reduction to leukomethylene blue recorded with SWV. An OCP 
[46] commonly used for the accumulation of methylene blue in 
DNA sensor development [45] was applied to an accumulator elec-
trode as described above. Figure 4. (A) and Figure 4. (B) show 
square wave voltammograms before and after exposure to 50 nM 
of complementary DNA, with and without applying OCP to the ac-
cumulator IDE, respectively. In both cases, the accumulation was 

done by incubating the chip for 10 minutes in 50 µM MB dissolved 
in 0.02 M HEPES and 0.01 M KCl (pH 7).  

The peak increase for dsDNA (50 nM) over ssDNA, without ap-
plying an OCP, was 2.28 nA equivalent to ~50% increase in the 

measured signal. When an OCP was applied to an accumulator 
IDE, it was observed that the ssDNA peak current had a similar 
magnitude compared to the static accumulation. By contrast, a sig-
nificant increase in peak current on the binding of complementary 
dsDNA (50 nM) was observed with a Δ peak height current (be-
tween ssDNA and dsDNA) increased to 5.05 nA, over a 100% in-
crease. This suggests that applying an OCP (8 mV, see Figure S5.) 
increases the efficiency of MB intercalation between dsDNA with-

out affecting its interaction with ssDNA.  

In Figure 1 (D) we have previously shown that electrodeposition of 
AuNPs as a first layer significantly increased the conductivity of 
the modified sensor IDE. We further evaluated how AuNPs af-

fected DNA detection using MB. Figure 4 (C) summarises peak 
current height before (orange) and after (green) hybridisation with 
complementary strand when the electrode was not modified and 
modified (400 ppm) with the first layer of AuNPs. It was found that 
the difference between ssDNA and dsDNA was hard to distinguish 
without the layer of AuNPs. This is in agreement with Figure 1 (D) 
where the conductivity of the electrode decreased after Cht-Au 
modification. However, in the presence of the underlying AuNPs 

layer, a significant increase in MB measured current was observed 
between ssDNA and dsDNA, again confirming the need for this 
layer.   

Finally, the effect of ssDNA concentration immobilised at 
AuNPs/Cht-Au modified sensors IDE on the MB reduction signal 
was assessed. Figure S6 presents the peak height increase observed 
after dsDNA (50 nM) binding with different concentrations of im-
mobilised ssDNA (i) 0.25 µM, (ii) 0.5 µM, (iii) 1 µM and (iv) 1.5 

µM, respectively. The best response was achieved when 0.5 µM 
probe concentration was used. This suggests that with 0.25 µM 
there was not enough probe ssDNA attached to the surface, while 
at higher concentrations 1 µM and 1.5 µM the probe density was 
too high to achieve optimal hybridisation due to steric hindrance. 
Figure 5. (D) presents square wave voltammograms after incuba-
tion of a sensor with 50 nM of (i) target DNA, (ii) non-complemen-
tary strand and (iii) a DNA strand containing 3 base mismatches. 

An increase in current magnitude was not observed for the non-
complementary or mismatched strands. However, a significant in-
crease was observed for the complementary strand, confirming the 
specificity of the developed biosensor. 

 

Figure 4. (A) Square wave voltammograms before and after expo-

sure to 50 nM complementary DNA strand after 10 min of static 
accumulation (no OCP) at 50 µM MB in 0.02 M HEPES and 0.01 
M KCl, pH 7. (B) Square wave voltammograms before and after 
exposure to 50 nM complementary DNA strand when OCP was 
applied to accumulator IDE for 5 minutes followed by 5 minutes of 
a static accumulation. (C) Peak current heights before and after ex-
posure to 50 nM complementary DNA strand at sensor IDE modi-
fied with Cht-Au layer deposited for 20 s with (i) no underlying 

AuNPs and (ii) underlying AuNPs. (D) Square wave voltammo-
grams before and after exposure to 50 nM (i) complementary DNA 
strand, (ii) non-complementary strand, (iii) 3 bases miss-matched 
strand. 

To find the limit of detection and establish a calibration curve, the 
AuNPs/Cht-Au/ssDNA modified IDEs were incubated for 20 
minutes with a series of DNA concentrations diluted with 0.1 M 
PBS buffer. The peak height was found to increase linearly be-

tween 100 aM and 1 µM of target DNA. Figure 5. (A) shows the 
calibration curve where the difference between dsDNA and ssDNA 
peak height current was plotted against the logarithm of DNA con-
centration. All data points represent an average value of four meas-
urements (from different sensors) and standard deviation for each 
point. The calibration line showed excellent linearity, with a corre-
lation coefficient of R2=0.995. The lowest measured concertation, 
and thus the limit of detection, was observed to be 100 aM. Figure 

5. (B) presents square wave voltammograms for each concentra-
tion. The baseline was normalised to allow better visualisation  

To evaluate the specificity of the developed sensor in complex sam-
ples, chromosomal DNA extracted from different strains of E. coli, 
viz, stx1 positive (O103 and O157) and stx1 negative (O91 and 
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12900) and non-E. coli (Listeria monocytogenes and Bacillus ce-
reus) was tested. After the extraction, the DNA was diluted 5 times 
with the PBS buffer, heated to 95°C for 5 mins and immediately 
cooled on ice for 60 s. The samples were then incubated on a sensor 
for 30 minutes. Figure 5. (C) presents combined square wave volt-

ammograms from different sensors following incubation with the 
chromosomal DNA. It can be seen that only DNA extracted from 
E. coli containing the stx1 gene (O103 and O157) resulted in an 
increase in the signal, further demonstrating the selectivity of the 
sensor to complex samples. The signal from the O103 strain was 
higher than O157, suggesting that it either contained more stx1 
gene or it was more readily available to hybridise with the sensor. 
Figure 5. (D) summarises the difference in peak height current after 

detection using chromosomal DNA samples (Figure 5. (C)). Each 
data point represents the average value of three measurements from 
different sensors. 

 

Figure 5 (A) Calibration line representing the difference between 

peak height current of dsDNA and ssDNA plotted against the log-
arithm of the target DNA concentration. (B) Square wave voltam-
mograms corresponding to each concentration of the calibration 
curve. SWV parameters were frequency 75 Hz, pulse amplitude 75 
mV. The baseline was corrected for a better visual analysis of the 
voltammograms (C) Square wave voltammograms for detection of 
the chromosomal DNA. The baseline was corrected to enable a bet-

ter visual analysis of the voltammograms. (D) Δ peak current heigh 
between MB response at ssDNA and after incubation with chromo-
somal DNA.  

4. Conclusions 

In this work, we presented a highly sensitive, on-chip, DNA-based 
sensor for detection of stx1 gene from STEC, using gold IDEs en-
abled by the pre-concertation of MB at the sensor. In this work, we 
developed a facile method for the specific modification of the sen-
sor IDE with Cht-Au nanocomposite, without affecting the accu-
mulator IDE. This was confirmed using fluorescent techniques. 
Following this, we demonstrated for the first time that applying 
OCP to the accumulator IDE significantly improved MB intercala-

tion between dsDNA and therefore allowed a highly sensitive de-
tection. Finally, we established a calibration curve between 100 aM 
to 1 µM of synthetic target strand and specifically detected chro-
mosomal DNA extracted from overnight bacterial cultures. This 
work is highly relevant for the development of novel point-of-use 
devices for rapid pathogens detection and can be further extended 
to allow multiplex detection in the future by modifying separate 
electrodes with different probe sequences. In addition, it demon-

strates a novel use of the IDE where one comb can be specifically 
modified with a biorecognition molecule while the other comb can 

be used for other applications such as molecule accumulation or 
electrochemical pH control.  
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