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Abstract  

Microarrays based on DNA-DNA hybridisation are potentially useful for detecting and 

subtyping viruses but require fluorescence labelling and imaging equipment. We investigate a 

label free electrical detection system using electrochemical impedance spectroscopy that is 

able to detect hybridisation of DNA target sequences derived from avian H5N1 influenza 

virus to gold surface-attached single stranded DNA oligonucleotide probes. A 23nt probe is 

able to detect a 120nt base fragment of the influenza A hemagglutinin gene sequence. A 

novel method of data analysis is described that is compatible with automatic measurement 

without operator input contrary to curve fitting used in conventional EIS data analysis. A 

systematic investigation of the detection signal for various spacer molecules between the 

oligonucleotide probe and the gold surface reveals that he signal/background ratio improves 

as the length of the spacer increases with a 12- to 18-atom spacer element being optimal. The 

optimal spacer molecule allows a detection limit between 30 and 100 femtomol DNA with a 

macroscopic gold disc electrode of  1 mm radius. The dependence of the detection signal on 

the concentration of a 23nt target follows a  binding curve with an approximate 1:1 

stoichiometry and a dissociation constant of KD = 13±4 nM at 295 K.  

  

Introduction  

A possible application for a label free electrical detection system is the Avian Influenza  

Virus (AIV), which circulates in wild and domestic bird populations and is currently 

considered as a potential source for a new Influenza pandemic. Influenza viruses belong to 

the family of Orthomyxoviridae and are classified into types A, B and C based on the 

antigenic properties of their nucleoprotein and matrix protein. Further subtyping of influenza 
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A viruses is based on the antigenic properties of the outer surface glycoproteins 

haemagglutinin (HA) and neuraminidase (NA) given as HxNy subtype. So far 16 HA (H1-

H16) and 9 NA (N1-N9) subtypes have been identified, although all combinations of HxNy 

do not occur naturally. The influenza A virus is a lipid enveloped virus, which contains a 

negative sense RNA genome of a total length of approximately 13.6 kBases organised into 

eight separate RNA molecules (segments), which code for 11 proteins [1; 2].  

Influenza viruses cause a respiratory disease in humans resulting in an average death toll of 

36000 people each year in the United states alone [3]. Apart from annually recurring 

epidemics, Influenza A viruses, which infect avian and mammalian species have been 

responsible for devastating pandemics killing at least 40 million people in 1918/1919 

(Spanish Flu, H1N1) [4] and less serious pandemics in 1957 (Asian Influenza, H2N2), 1968 

(Hong Kong Influenza, H3N2) and 1977 (Russian Influenza, H1N1) [5]. Influenza pandemics 

seem to occur when a highly pathogenic avian type virus acquires the capability of efficient 

human to human transmission (reviewed in [6]). A current threat is an avian H5N1 virus, 

which emerged in May 1997 [7; 8] and has caused almost 90 human deaths with the most 

devastating outbreak in Asia in 2003/2004 [9]. The possibility has been discussed that avian 

H5N1 could give rise to a new pandemic, should it acquire the capacity of efficient human to 

human transmission [6]. This threat makes it a necessity to detect highly pathogenic avian 

influenza viruses as early as possible, ideally in the field using portable detection devices. 

Classical methods of influenza virus diagnostics are based on virus isolation, culture and 

subtype identification by immunoassays possibly followed by an in vivo experiment in order 

to determine pathogenicity [10]. This process requires 3 to 7 days of virus culture in addition 

to transporting the sample to the laboratory. Faster molecular  methods based on reverse 

transcription polymerase chain reaction (RT-PCR) are available [11; 12; 13; 14], which 

require the decision prior to testing for which subtype the test should be carried out. Recently, 
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a cascade of real-time RT-PCRs (rRT-PCR) has been described that determines in the first 

step the presence of influenza A sequences by rRT-PCR specific to the matrix gene, and if 

positive is followed by rRT-PCRs targeted at H7- and H5-specific sequences. Where the H5 

sequence is found an rRT-PCR assay has been developed that specifically detects highly 

pathogenic H5N1 strains of the Quinghai linage that are representative of strains currently 

occurring in Europe [15]. Portable RT-PCR systems have been described and applied for 

example to the swine fever virus [16]. As an alternative, DNA microarrays have been 

proposed for complete subtyping and additional virus information [17; 18; 19; 20; 21]. 

Current microarray technology is based on amplification of virus RNA into cDNA by RT-

PCR, with the incorporation of fluorescently-labelled bases into the cDNA in order to allow 

subsequent optical detection of hybridisation between labelled virus-derived target cDNA and 

on-chip immobilised probe oligonucleotides. Microarray technology is in principle more 

powerful than currently established techniques allowing complete subtype identification and 

even short sequence information to be obtained from limited quantities of sample [20]. 

However, current microarray platforms require RT-PCR amplification and fluorescence 

imaging of the array, which is only possible with dedicated equipment available in a 

diagnostic lab, precluding field –testing of domestic bird populations on a global scale. 

One solution to this problem would be the development of inexpensive, portable devices 

incorporating a disposable sensing element. In this report we investigate the application of 

Faradaic electrochemical impedance spectroscopy (EIS) in order to detect avian influenza 

gene sequences without the need for target labelling or fluorescence imaging equipment. EIS 

(reviewed in [22; 23]) provides detailed information about the electrical resistance and 

capacitance of conducting and non-conducting surfaces immersed in an electrolyte. Changes 

to the surface can be measured as changes in the electrical parameters of the system. The 

hybridisation of target DNA to surface attached probe DNA leads to an increase in negative 
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charge on the surface, which prevents the access of negatively charged probe molecules, e.g. 

the redox couple [Fe(CN)6]3-/[Fe(CN)6]4-, to the surface due to electrostatic repulsion [24; 

25]. Label free impedance detection of oligonucleotide hybridisation has been described e.g. 

for interdigitated ultramicroelectrodes [26] or for electrical microarrays using a coulostatic 

pulse technique [27].   

The electrochemical impedance spectrum is obtained by measuring the electrical current 

response in dependence of the frequency of the applied voltage. In any electrical circuit 

comprising capacitive and resistive elements exposed to an alternating voltage there will be a 

phase difference between the electrical current and the applied voltage in dependence of the 

frequency f. This is conveniently represented by the complex impedance Z 

Z(f) = Z’  +  j Z’’,         (1) 

where j represents the imaginary unit j = √(-1). The data are typically displayed in a plot of  –

Z’’ against Z’, called the Nyquist plot (fig. 1A). While this does not show the frequency 

dependence of the impedance directly, data points obtained at the highest frequencies are in 

the leftmost part of the plot and those obtained at the lowest frequencies are at the right hand 

side of the plot. The curve can be fitted to a model of an electrical equivalent circuit (fig. 1B) 

allowing interpretation of the surface properties of the device in terms of electrical circuit 

elements. One drawback of this approach is that interpretation of the data requires an iterative 

curve-fitting algorithm and user input, which is not readily accomodated in a mobile device.  

For oligonucleotide probes attached via –SH groups to the surface of gold electrodes our 

results show significant changes in the EIS curves upon hybridisation with target sequences. 

The quality and magnitude of the detection signal depends on the nature and length of various 

spacers between the –SH group and the oligonucleotide. We devise a novel procedure for 

data analysis, which does not require curve-fitting or human intervention and therefore is 
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particularly suited for a portable field device. The detection limit for a 23 nucleotides (nt) 

long DNA sequence derived from a highly pathogenic H5N1 AIV strainis between 30 and 

100 fmol.  

   

Materials and Methods 

Selection of oligonucleotides 

Virus gene sequences were obtained from the NCBI influenza virus resource [28] and further 

processed with BioEdit software (version 7.0.5.3) [29; 30]. Multiple sequence alignment was 

performed with MUSCLE (version 3.6) [31; 32]. 

The majority of sulfhydryl modified oligonucleotide probes were obtained from Eurogentec 

(Seraing, Belgium) and unmodified target oligonucleotides from MWG Biotech (London, 

UK). The probes MA20/S18/C6 and HA23/S18/C6 were obtained from the Protein & 

Nucleic Acid Chemistry Facility (Department of Biochemistry, University of Cambridge, 

UK).  

 

Preparation of electrodes 

Gold disk working electrodes with a radius of 1 mm were obtained from CH Instruments 

(Austin TX, USA) and polished with aluminium oxide particles of 5 µm diameter (Buehler, 

Lake Bluff, Il, USA) followed by sonication in water using a conventional sonicator (150 W 

power output),  then with 1 µm particles followed by sonication in water/detergent, then with 

0.3 µm particles followed by sonication in water and finally polished with a soft pad 

(Buehler) followed by sonication in water. They were further cleaned electrochemically in 

0.5 M H2SO4 by cyclic voltammetry varying the potential between -0.05 V and +1.1 V 
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against a Hg/Hg2SO4 reference electrode for 60 cycles using a three-electrode cell with the 

gold electrode as the working electrode and a platinum wire as the counter electrode. The 

electrodes were connected to an Autolab PGSTAT302 potentiostat (Eco Chemie, Utrecht, 

Netherlands). For SAM formation and oligonucleotide immobilisation the electrode was 

dried briefly in a stream of nitrogen and then incubated for 20 hours in a hydration chamber 

at 22°C with 20 µL of a buffer solution of 100 mM Tris-hydroxymethyl-aminoethane, 

pH 8.5, 100 mM NaCl, 5 mM MgCl2 containing 10 µM mercaptohexanol and 1 µM 

sulfhydryl modified DNA oligonucleotide (fig. 2). The electrode was then rinsed for 2 min in 

rinse buffer (100 mM phosphate buffer pH 7.2, 100 mM NaCl, 5 mM MgCl2) before 

measurement of the impedance spectrum. The impedance spectrum was measured with the 

Autolab PGSTAT302 in a solution of 5 mM K4[Fe(CN)6], 5 mM K3[Fe(CN)6] and 100 mM 

phosphate buffer at pH 7.2 using the three-electrode cell described above, while the reference 

electrode was connected via a salt bridge filled with 100 mM phosphate buffer. The 

impedance spectrum was measured in the frequency range from 100 kHz to 100 mHz, while a 

potential of -0.195 V versus the reference electrode was applied, which corresponds to the 

formal potential of the redox couple. 

For backfilling the electrode was treated for 2 hours in 20 µL of a solution of 1 mM 

mercaptohexanol, 100 mM phosphate buffer pH 7.2, 100 mM NaCl, 5 mM MgCl2 in a 

hydration chamber at 22°C followed by measurement of the impedance spectrum as 

described above.  

Sensing of target oligonucleotides 

The prepared gold electrode surface was covered with 20 µL of a solution of target 

oligonucleotide of variable concentration (see results section) in 100 mM phosphate buffer 

pH 7.2, 100 mM NaCl, 5 mM MgCl2 for 2 hours at 22°C in a hydration chamber. The 

minimum amount of solution necessary to cover the surface was estimated to be 10 µL, 
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although 20 µL has been used always. Then the electrode was rinsed for two minutes in the 

same buffer without oligonucleotide and the impedance spectrum was measured as described 

above.  

Data analysis 

Curve fitting of the impedance spectra to an electrical equivalent circuit was performed with 

the Frequency Response Analyser software supplied with the Autolab potentiostat (Eco 

Chemie, Utrecht, Netherlands). Only impedances obtained at frequencies between 0.1 Hz and 

10 kHz were used for curve fitting in order to avoid contributions from the electrochemical 

cell and connecting wires at high frequencies and the influence of DC-conductivity of the 

electrolyte solution at low frequencies. The normalised hybridisation signal was obtained by 

converting the Autolab data files into space delimited ASCII files and subsequent calculation 

of the signal using a computer program developed in our lab. 

The concentration dependence of the signal S was fitted with a binding curve for the reaction 

between probe P and target R, i.e. P + r T → PTr

rr
D

r

K
SS

]cHA23[
]cHA23[max

+
=        (4) 

where Smax denotes the maximum signal for [cHA23] → ∞, r is the stoichiometric factor and 

KD is the dissociation constant of PTr.  

    

Results  

Selection of probe- and target-oligonucleotide sequences 

Highly pathogenic avian influenza viruses have been found to possess several basic amino 

acids inserted into the posttranslational cleavage site of the HA precursor protein [33]. 

Therefore, we selected an amino acid sequence typical of highly pathogenic viruses, 
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PQRERRRKKR, which occurs in 498 of 8051 available HA sequences from the NCBI 

influenza Resource [28]. In particular this sequence occurs in an avian H5N1 virus isolated 

from a human in 1997, A/Hong Kong/503/97, GenBank accession number AF102679. The 

reverse translation of this sequence into DNA yields the 30 nucleotides (nt) sequence 

5’-cctcaaagagagagaagaagaaaaaagagagga-3’, which is found in 438 H5N1 

sequences from virus isolates between 1997 and 2006. In order to detect a larger number of 

virus isolates we truncated the sequence to the 23nt fragment 5’-

cctcaaagagagagaagaagaaa-3’ (designated here HA23), which occurs in 586 virus 

isolates [28], potentially enabling a future biosensor to detect a larger number of highly 

pathogenic viruses. This sequence, however, has 101 significant matches in the ‘whole 

genome shotgun sequence’ database of the NCBI, thus positive detection events due to other 

genes in the environment cannot be excluded with a single probe. In order to detect influenza 

A viruses specifically, we selected a 20 nt sequence from an invariant portion of the matrix 

gene (MA), gtgagcgaggactgcagcgt (MA20), which also has a number of matches 

with non-influenza genes but most importantly no double matches with the HA23 sequence. 

In order to model negative strand influenza virus RNA, we designed two short target 

oligonucleotides cHA23 and cMA20, which are the reverse complement to the probe 

sequences HA23 and MA20 (table 1). A more realistic scenario encountered in 

environmental samples will be longer target RNA fragments, likely to be generated by 

sample degradation. Thus we designed a 120nt oligonucleotide derived from the 

haemagglutinin gene, which contains 23 nucleotides reverse complementary to HA23 

(cHA120, table 1).  

Electrochemical characterisation of the biosensing event 

The Faradaic impedance spectra of gold disc electrodes with a radius of 1 mm were obtained 

in the presence of the negatively charged redox couple [Fe(CN)6]3-/[Fe(CN)6]4- at various 
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stages of the electrode preparation process (fig. 1A). The spectra of modified electrodes show 

two components, a semi-circle followed by a linear increasing portion. The unmodified gold 

electrode showed a barely visible semicircle at higher frequencies followed by a linear part 

which covers most of the spectrum. Overnight treatment of the gold electrode with an 

aqueous buffer containing a mixture of 10 µM mercaptohexanol and 1 µM of an –SH labelled 

oligonucleotide (HA23/S12/C6, see fig. 2) at pH 8.5 resulted in a clear change of the curve, 

with a significant semicircle portion, followed by a linear increasing portion. The curve did 

not change upon rinsing with buffer, which indicates the formation of a mixed 

oligonucleotide/mercaptohexanol self-assembled monolayer (SAM) on the gold surface. 

Subsequent treatment of the gold surface with 1 mM mercaptohexanol for two hours 

(“backfilling”)  resulted in a reduction of the semicircle diameter, but overall a relatively 

small change was observed. 

For the biosensing event the electrode was incubated for two hours with a reverse 

complementary target cHA23 (see table 1). The Nyquist plot (fig. 1A) showed a significant 

change of the curve caused by an increased diameter of the semicircle compared to the plot 

obtained before treatment with the target oligonucleotide. 

The data have been modelled with a Randles and Ershler electronic equivalent circuit [34; 35] 

shown in figure 1B. R1 represents the ohmic resistance of the electrolyte solution and the 

Warburg impedance W results from the diffusion of ions from the bulk electrolyte to the gold 

surface. The constant phase element (CPE) represents the combined capacitance of the SAM 

and the electrochemical cell and Rct is the resistance for charge transfer from solution to the 

electrode caused by the electrochemical double layer and the negatively charged 

oligonucleotides repelling the negatively charged redox probe molecule. The use of a CPE 

instead of a capacitor resulted in better fits, likely because the CPE represents the non-

homogeneity of the electrode surface. The extent of deviation from an ideal capacitor can be 
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modelled by a parameter n (0 <= n <= 1), where n = 1 for an ideal capacitor [36]. The 

parameters of the fit (table 2) show that the biosensing of DNA hybridisation was 

characterised by a marked increase in the electron transfer resistance from Rct = 2.78 kΩ to 

4.85 kΩ i.e. a 75%  increase, while the parameters of the CPE changed slightly. The 

calculated capacitance decreases slightly. The pattern of relative change in the parameters for 

each electrode upon hybridisation with a complementary DNA oligonucleotide was similar 

for all experiments with the same spacer molecule, but the electrochemical characteristics of 

the SAM before hybridisation shows large variations in the electron transfer resistance from 

Rct = 1.0 kΩ to Rct = 7.0 kΩ.  

Treatment of the SAM with a non-complementary DNA sequence resulted in an insignificant 

shift of the curve in the Nyquist plot (fig. 4A). However, the change in electrical signal in 

detail upon hybridisation or upon treatment with a non-complementary sequence depended 

on the nature and length of the spacer molecule (fig. 2) between the oligonucleotide probe 

and the gold surface, which is investigated below. 

In a similar experiment we demonstrated the detection of a gene sequence from the influenza 

matrix protein cMA20 using the 20mer oligonucleotide MA20/S18/C6 as a probe attached to 

the gold surface. The charge transfer resistance changed from Rct = 6.59 kΩ to Rct = 9.89 kΩ, 

i.e. by 50% upon treatment with cMA20 (fig. 3A), while the charge transfer resistance 

increased only from Rct = 5.38 kΩ to Rct = 5.98 kΩ for a different electrode treated with 

cHA23 (fig. 3B). 

Automated data analysis 

The curve-fitting of the impedance spectra illustrated above requires a complex fitting 

algorithm and human intervention for the setting of starting values. For a biosensor which can 

be used in the field, an automatic procedure for obtaining the signal using an algorithm with a 

minimal amount of calculations is desirable. We achieve this by using the modulus of the 
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impedance |Z|f in dependence of frequency f of the alternating voltage. From the complex 

impedance defined in eq. (1) the modulus is obtained as 

22 '''|| ZZZ f +=          (2) 

The hybridisation signal is calculated from the sum over N data points of the absolute 

differences in |Z| before and after hybridisation: 

NZ

ZZAbs

before

f

before
f

after
f

⋅

−
=
∑

''max

)|||(|
   Signal       (3) 

In order to account for all available data, the sum is taken over all frequencies of the 

measurement. In order to account for differences between individual electrodes the signal is 

and normalised by the number of data points N and the maximum of the phase shift in the 

semicircle portion of the impedance spectrum before hybridisation. The procedure is 

illustrated in figure 4 for two experiments using a non-complementary target sequence (fig. 

4A) and a complementary target sequence (fig. 4B). The star denotes the normalisation factor 

max Z’’before , which is related to the electron transfer resistance of the electronic equivalent 

circuit shown in fig. 1B, max Z’’ =  ½ Rct [22]. The formation of the cumulative sum in 

dependence of frequency is illustrated in fig. 4C for the detection event (upper curve) and for 

a non-detection event (lower curve) giving a signal ≈80 kΩ for the detection event and ≈4 kΩ 

for a non-detection event. The normalised unitless signal is 0.9296 and 0.0447 respectively. 

For the following experiments the normalised signal is reported solely.   

The influence of spacer length 

The oligonucleotide probe HA23 was attached at the end of each spacer, which was attached 

via a 6-carbon chain to a sulfhydryl group as shown in fig. 2. The 6-carbon chain is of the 

same length than mercaptohexanol, which was used for backfilling in order to block non-

specific interactions with the gold electrode. For each spacer the biosensor signal was 
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obtained by incubation of the probe with either fully complementary target (cHA23, table 1) 

or non-complementary target cMA20. The average biosensor signal from at least 3 

experiments for all spacer molecules varies from 0.20 ± 0.11 to 0.71 ± 0.30 for treatment with 

complementary target and from 0.021 ± 0.032 to 0.12 ± 0.08 for non-complementary target. 

The average results shown in fig. 5 reveal a clear change of the signal for complementary 

target, whose magnitude varies with spacer length. In contrast, the signal for non-

complementary target is similar for all spacer lengths investigated. Some spacer molecules 

are clearly unsuitable for biosensing of oligonucleotide hybridisation, e.g. HA23/S3/C6. In 

contrast, HA23/S12/C6 gives the highest signal followed by HA23/S18/C6which also gives 

the highest ratio of specific/non-specific signal (Figure 5). However, only in a limited number 

of cases  were we able to obtain stable SAMs with the HA23/S18/C6 probe, possibly 

indicating problems in synthesis of the longer spacer element, and thus we chose 

HA23/S12/C6 for further experiments. 

Dependence on target concentration 

Figure 6A shows the dependence of the biosensing signal for the HA23/S12/C6 probe in 

dependence of the complementary target concentration cHA23. The dashed line indicates the 

level of signal after treatment with non-complementary sequence at a concentration of 1000 

nM. The detection limit is between 3 nM and 10 nM cHA23, when the signal exceeds the 

signal for non-complementary sequence. The signal increases steeply between 3 nM and 30 

nM, while between 30 nM and 1000 nM there is no clear increase in signal, but the 

fluctuations are within the error margin. The curve has been fitted with a classical binding 

curve (see methods) yielding a maximum signal of Smax = 0.70±0.01, while the 

phenomenological dissociation constant is KD = 13.4±4 nM and the exponent is r = 

1.31±0.08, which is close to a value expected for a 1:1 complex. The dissociation constant 
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compares well with KD = 6.8 nM obtained from the on/off rate constant for hybridisation of a 

19 nt oligonucleotide target to a 19 nt surface attached probe [37]. 

The detection limit is between 3 and 10 nM target molecules in 20µL solution, the volume 

used to cover the gold electrode surface, corresponding to 60 to 200 fmol of target molecules.   

Detection of long target sequences 

In order to test the ability of the biosensor to detect larger gene fragments as they may occur 

in samples taken from infected birds, we investigated the detection of a 120mer target 

sequence containing 23 nucleotides reverse complementary to the probe HA23/S12/C6 (fig. 

6B). The average signal obtained with 1000 nM cHA120 target is 0.56, a value lower than 

obtained with the cHA23. The detection limit is in the region of 10 nM target concentration 

corresponding to 200 fmol of target molecules. 

 

 

Discussion  

The appearance of a prominent semi-circle in the electrochemical impedance spectrum (EIS) 

upon treatment of the gold electrode with mercaptohexanol/HS-oligonucleotide (1:10)  is 

indicative of the formation of a self-assembled monolayer (SAM). It has been shown that 

native DNA has a high affinity for gold and may adsorb non-specifically to the gold surface 

[38]. In order to reduce non-specific adsorption we treated the gold electrode with a buffer 

containing a high concentration of mercaptohexanol (backfilling) as well as using a 10:1 

molar ratio of mercaptohexanol to probe DNA. Other molar ratios did not lead to a successful 

SAM formation (see additional information). The reduction of the charge-transfer resistance 

upon backfilling (fig. 1A) indicates that backfilling is effective in reducing non-specific 

adsorption in addition to the use of mercaptohexanol in the initial step of electrode 
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preparation. For samples taken in the field, a nucleic acid extraction step may be included, 

that reduces the amount of protein and cellular material that may bind non-specifically to 

gold electrodes. Alternatively an ethyleneglycol-capped thiol could be used, which has been 

reported to have very low protein and cellular adsorptivity [39]. The large variation in charge 

transfer resistance between various electrodes is caused by the manual steps of polishing (see 

methods) and variations in the gold surface between electrodes, which lead to a variation in 

surface properties at the molecular level thus influencing SAM formation. However, for the 

detection of hybridisation only the change of the curve or the magnitude of the derived 

detection signal is relevant. The devised biosensing system unequivocally demonstrates the 

detection of DNA sequences complementary to avian influenza gene probes. In particular, we 

propose to use a 23nt probe characteristic of high virulence pathogenic strains (HA23) and a 

20nt probe characteristic of all influenza viruses (MA20), which when taken together, would 

clearly identify a highly pathogenic influenza virus, despite the presence of genes from other 

organisms that might be present in an environmental sample. For a mobile device with 

limited computational power used by an unskilled operator, the automated data analysis 

resulting in a single numerical output (the signal) will be useful. Additionally the automated 

data analysis does not require a model of an electrical equivalent circuit, which might not be 

valid for all types of electrodes, even if they are manufactured to a high standard. The model 

free data analysis described here yields a signal whenever there is a change in the EIS. 

 

In order to optimise the detection system the influence of various spacer molecules shown in 

fig. 2 on the detection signal was investigated. The results in fig. 5 show that some spacer 

molecules are less suitable or completely unsuitable (e.g. HA23/S3/C6), as the error margin 

of the detection signal with complementary target overlaps with the error margin of the signal 

in presence of non-complementary target. HA23/S12/C6 gives the highest detection signal 
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followed by HA23/S18/C6. In general longer spacer molecules give a higher hybridisation 

signal. The reason for this may be the increased mobility of the probe, which makes it more 

readily available for hybridisation and once hybridised the resulting highly charged duplex 

DNA is able to cover a wider area of the surface leading to increased electrostatic repulsion 

of the negatively charged redox marker. Interestingly the error margins between detection of 

complementary sequence and non-complementary sequence are further apart for 

HA23/S18/C6 than for HA23/S12/C6, which would render this spacer as equally suitable for 

a detection device. It would be interesting to investigate, whether longer spacers lead to 

further improvements, although the chemistry is currently not available to us. 

 

The concentration dependence of the detection signal shows a detection limit below 200 

femtomols of target molecule, with a macroscopic gold electrode using a buffer volume of 20 

µL in order to cover the gold surface. For the current experimental setup the volume could be 

reduced to 10 µL, thus reducing the detection limit of the number of target molecules even 

further. As the detection limit depends on the area of the electrodes we would expect a lower 

detection limit for electrodes used in a microarray device. Additionally much lower sample 

volumes are required to cover cover a microelectrode. Current DNA-microarrays for optical 

detection use volumes in the picolitre range, e.g. for 100 pL, the theoretical detection limit 

would be reduced to 1 attomol, i.e. approximately 6·105 molecules, which compares well with 

typical viral loads of 105 to 106 copy numbers found in oropharyngeal samples [40]. 

Additionally the current hybridisation time of 2 h would be reduced. However, the EIS for 

smaller electrodes may be limited by noise effects and contributions from the edges of 

electrodes, which become more prominent if the electrode surface is reduced, thus 

amplification by RT-PCR may be necessary. 
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The detection limit of the currently most sensitive rRT-PCR method has been reported to be 

between 5 and 50 RNA copies per reaction [12], which is substantially lower than the 

detection limit reported in this work. However, compared to a multiplex rRT-PCR system, a 

microarray EIS system would have the advantage of a smaller size, provide more 

information, provide faster read-out times and potentially possess a disposable sensor 

element, which reduces the risk of spreading the virus. 

The concentration dependence of the signal follows a classical binding curve, while the 

exponent in region of r ≈ 1 indicates a 1:1 complex formation between probe and target as 

would be expected for the formation of a DNA duplex from single stranded oligonucleotides. 

However, the binding curve is a phenomenological description of the concentration 

dependence of the signal. The actual binding may be a stepwise process, in which shorter 

stretches of base-pairs are formed in succession explaining the non-integer value of r = 1.3 

obtained. 

 

The detection signal for a short (23nt) oligonucleotide is higher than for a longer 

oligonucleotide (120nt) containing the 23nt sequence within it. This might be caused by the 

space constraints on the sensor surface. Once the DNA duplex is formed, non-hybridised 

stretches about 50 nucleotides long of DNA remain on each side, which may prevent 

hybridisation at neighbouring probe molecules. Additionally the hybridisation efficiency of 

such a long target may be lower than for a short completely matched target taking into 

account the 50 nucleotide overhang on the 5’ end close the gold surface. This would also 

explain why the detection limit of at least 10 nM is higher for the 120mer target than for the 

23mer target. These observations have strong implications for the design of DNA 

microarrays. Although longer oligonucleotide probes may confer greater specificity, shorter 

oligonucleotides may give rise to greater sensitivity. Because the microarray format allows 
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specificity to be determined from combinations of oligonucleotide probes as discussed here, 

shorter oligonucleotides may prove to be the probes of choice. There are also implications for 

sample preparation: techniques designed to maintain sample (RNA, DNA) integrity may be 

detrimental to signal generation, if short ligands are preferred.  

 

Conclusions  

An optimized procedure for SAM formation on gold electrodes has been used, which 

employs a 1: 10 DNA/mercaptohexanol ratio, followed by back filling with 

mercaptohexanol alone (see Additional Material). A systematic investigation of the spacer 

molecule between the oligonucleotide and the gold surface identifies HA23/S12/C6 or 

HA23/S18/C6 (see fig. 2) as the optimal length. 

With these probes we have shown the detection of a 23 nt DNA sequence as a model for an 

avian influenza gene sequence to a detection limit of 200 femtomol and below. These results 

form the basis for the development of a portable gold-microelectrode array device using the 

impedimetric detection principle, which is able to analyse environmental samples for the 

presence of highly pathogenic avian influenza virus strains that may present a risk to humans. 
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Figures 
Figure 1  - Nyquist plot of typical impedance spectra 

A) Nyquist plots after various stages of electrode preparation, the bare gold surface (♦), after 

the preparation of the SAM (□), after further treatment with mercaptohexanol (backfilling) 

(○) and after hybridisation with cHA23 (∆). The solid lines show the curve-fit of the electrical 

equivalent circuit in B) to the data.  

B) Model electrical equivalent circuit to describe the data shown in A).  R1 represents the 

electrolyte resistance, Rct the charge-transfer resistance, CPE the constant phase element and 

W the Warburg impedance. 

Figure 2  - Probe molecules 

Chemical structure of the probe molecules and the backfilling agent mercaptohexanol used in 

this study with the abbreviations (left had side) used in the text. NNN… denotes the single 

stranded oligonucleotide sequence. The sulfhydryl group is always at the end of a 6 carbon 

chain, at the end of which is attached the variable spacer. The spacer is formed either by pure 

carbon chains (C3 or C12) or mixed carbon/oxygen chains of 9 or 18 atoms in total. 

Figure 3  - Detection of cMA20 

A) EIS of a gold electrode with MA20/S18/C6 probes before (□) and after (○) treatment with 

reverse complementary target cMA20. The signal obtained from the model-free data analysis 

is given. 

B) EIS of a gold electrode with MA20/S18/C6 probes before (□) and after (○) treatment with 

non-complementary target cHA23. 
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Figure 4  - Illustration of model-free data analysis 

A) EIS before (○) and after (●) treatment of the sensor with a non-complementary target. B) 

EIS before (○) and after (●) treatment with a complementary target. C) Frequency 

dependence of the cumulative sum of the differences in the modulus |Z| of the EIS curves for 

treatment with a complementary target (upper curve) and treatment with a non-

complementary target (lower curve). The arrows point at the magnitude of the signal before 

normalisation. For normalisation the signal is divided by the number of data points and by the 

maximum of –Z’’ in the semicircle part of the EIS highlighted with * in A) and B).    

Figure 5  - Influence of spacer molecules 

The dependence of the signal for the HA23 oligonucleotide attached to the gold surface with 

various spacer molecules treated with a complementary target and a non-complementary 

target. Signal averages are shown of at least three experiments. The ratio of specific/non-

specific signal is given for each spacer molecule. 

Figure 6  - Concentration dependence 

A) Dependence of the detection signal on the target concentration of cHA23 for the probe 

HA23/S12/C6. Averages of at least 3 experiments are shown. The line of best fit has been 

obtained from the binding curve described in equation 4.  

B) Demonstration of the ability to detect the 120mer target cHA120 with the probe 

HA23/S12/C6 at 1000 nM target concentration. The level of signal for lower target 

concentrations is shown in addition. Note that error bars for concentrations below 1000 nM 

are  not displayed for this proof-of-concept experiment. 

The dashed lines indicate the level of signal obtained with 1000 nM of the non-

complementary target cMA20.  
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Tables 
Table 1  - DNA oligonucleotide probes and targets 
Name 
 

Function Sequence (5’ –> 3’) 

HA23 Probe for pathogenic avian 
H5N1 haemagglutinin 
gene sequence 

5’-cctcaaagagagagaagaagaaa-3’ 

MA20 Probe for influenza A  
matrix protein gene 
sequence 

5’-gtgagcgaggactgcagcgt-3’ 

cHA23 Target, reverse 
complement to HA23 

5’-tttcttcttctctctctttgagg-3’ 

cHA120 Long target sequence with 
23 nucleotides reverse 
complementary to HA23 

5’-ccatcctccctctataaaacctgc 
tatagctccaaataatcctctct 
tttttcttcttctctctctttga 
gggctatttctgagcccagtcgcaa 
ggactaatctgtttgatttcacata-3’ 

cMA20 Target, reverse 
complement to MA20 

5’-acgctgcagtcctcgctcac-3’ 

 

Table 2  - Fit parameters for curves in figure 1 

Experiment R1/Ω  
(± 2%) 

CPE/(µS sn) 
(± 5%) 

n 
(± 1%) 

W/(mS s1/2)
(± 8%) 

Rct/kΩ 
(± 2%) 

Ccalc/µF*

SAM 
preparation 

150 0.8879 0.8892 0.5166 3.067 0.4254 

Backfilling 156 0.5962 0.9176 0.7104 2.776 0.3355 

Hybridisation 143 0.5585 0.9235 0.6716 4.85 0.3423 
The meaning of the variables is explained in figure 1. 
*) The capacitance has been calculated according to the relationship Ccalc = (CPE Rct)1/n/Rct 
[41].  
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