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Introduction
�ere is a need for rapid and �eld-adopted assays for detection of 

pathogenic microorganisms. �is need is re�ected in most diagnostic 
assays of pathogenic organisms that are still made in clinical laboratories. 
For instance, the source of food-borne illness is determined in less than 
50% of the cases, usually because of limited diagnostic capabilities 
[1,2]. Most of the hospital, clinical and quality control laboratories use 
a traditional method, plate counting, as a primary method for detection 
and quanti�cation of infectious pathogens. �e method is laborious 
and time consuming; it takes 24 to 48 hr to obtain initial results [3,4]. 

�e limitations of diagnostic capabilities have greatly increased 
the demand for developing a fast, selective and sensitive bioanalytical 
technique for the detection and quanti�cation of infectious pathogens 
in the samples. Various DNA-based sensor models have been reported 
for detection of di�erent pathogenic organisms; E. coli [5-7]; Neisseria 
meningitidis [8; Staphylococcus aureus [9]; and Mycobacterium 
tuberculosis [10]. �e DNA-sensors make use of genetic markers of 
microorganisms for their identi�cation and quanti�cation. A genetic 
marker could be a DNA sequence that is responsible for pathogenicity 
or a unique DNA sequence for a particular microorganism [11]. 
However, a main problem in detection of DNA at physiological levels 
is that the target DNA is in a very low concentration, usually lower 
than the detection limits of many reported analytical techniques. �us, 
ampli�cation of the sample by polymerase chain reaction (PCR) has 
been the best choice [12]. On the other hand, the use of PCR is not 
only expensive but it is also limited in part by presence of inhibitory 
substances in complex biological samples, which reduce or even 
block the ampli�cation capacity of PCR. For example, PCR mixture 
containing widely used Taq polymerase is totally inhibited by the 
presence of 0.004% (v/v) red blood cells [13]. 

�is paper presents a real-time, PCR-free, selective and sensitive 
capacitive DNA-sensor, for the identi�cation and quanti�cation of 

Enterobacteriaceae DNA. Rod-shaped bacteria of the Enterobacteriacea 
family are one of the major worldwide health hazards and particularly 
in developing countries where sanitation standards are low. Strains of 
Escherichia coli, Shigella, Salmonella and Yersinia pestis are responsible 
for diarrhea, severe bacillary dysentery, typhoid and other intestinal 
diseases, as well as genitourinary tract and blood infections. According 
to the World Health Organization report, there are 4.5 billion cases 
every year, out of which approximately 1.9 million have a lethal 
outcome. �is makes intestinal infections the third most mortal group 
of human diseases [14]. 

We have developed a DNA based sensor, as DNA probes are more 
cheaper and reliable than protein probes. As such, antibodies are very 
expensive and the proteins that they target can be degraded during 
sample preparation, where as targeted ssDNAs by ssDNA probes are 
much more stable.

�e hybridization between the capture DNA probes and targeted 
DNAs was monitored by capacitance measurements [15]. E. coli BL21 
(DE3), family Enterobacteriaceae was selected as a candidate and 
model for this study. However, the capacitive DNA-sensor can be used 
to target a broader range of bacteria that share a certain gene. Time 
consumption and sensitivity of the capacitive DNA-sensor and the 
total plate counting technique were compared as well.
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Abstract
This paper presents a flow-based ultrasensitive capacitive biosensor for the detection of bacterial DNA. The 

used sensor chip consists of a gold electrode, insulated with a polytyramine layer and covalently tagged with a 
DNA capture probe. The hybridization of target DNA to the capture probe resulted in sensor response. The sensor 
response was linear vs. log concentration in the range 1.0 × 10
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Experimental section
Reagents

Single stranded 30-mer oligonucleotides; capture probe and 
target (complementary) probe designed from E. coli BL21(DE3) 
16S rDNA were custom-made by Intergrated DNA Technologies, 
Inc. (Leuven, Belgium), while 16S rDNA universal primers: forward 
(63F) and reverse (1389R) were available in our lab. �e sequences 
of all oligonucleotides are listed in Table 1. Extremely thermostable 
single-stranded DNA binding protein (ET SSB) was purchased from 
New England Biolabs (Ipswich, MA, USA). Restriction enzyme, 
Fastdigest AciI (SsiI) from Fermentas (Glen Burnie, MD, USA). 
Dream Taq PCR master mix (2X); GeneRuler Ultra low range DNA 
ladder and GeneRuler (1 kb) were all purchased from �ermo Fisher 
Scienti�c, Inc. (Göteborg, Sweden). DNA extraction/puri�cation kit 
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Two complementary single stranded 30-mer 16S rDNAs were 
mixed at 1:1 ratio and heated on a water bath, 60°C for 5 min and 
le� to hybridize at room temperature for 1 h. Six aliquotes of 100 μL 
each; named 2, 3, 4, 5, 6 and 7 were taken from the reaction mixture. 
�e aliquotes and a 100 μL single stranded 30-mer 16S rDNA control 
sample solution (named 1), were then heated in the water bath at 
95°C for 5 min; while heated, total volume of two microliter ET SSB 
solution was added in to samples 6 and 7, one microliter each. A�er 
the heating, samples 1 and 2 were le� at room temperature (23°C), 
samples 6 and 7 were incubated at 37°C; samples 3, 4, and 5 were 
immediately transferred to ice water (0.6°C), a cryostat (-12°C, ethanol 
as cryo-solvent), and dry ice (-78°C), respectively. All samples were le� 
at their respectively temperatures for 1 h. A�er that, in sample 7 about 
30 μL of formamide was added, mixed and the mixture incubated at 
room temperature for 5 min. All samples were then analysed with gel 
electrophoresis using 3% agarose gel, 80 V for 2 h 45 min. 

E. coli sample analysis

Capacitive DNA-sensor: Since the initial concentration used for 
extraction of genomic DNA was 108 cells ml-1, it was considered that 
the extract contained a concentration of genomic DNA corresponding 
to the concentration of the starting amount the cells (108 cells ml-1). 
It was considered that 100% recovery of genomic DNA was achived 
using ZR Fungal/Bacterial DNA MiniPrepTM extraction kit under 
optimum conditions. Moreover, following dilutions during the DNA 
fragmentation and denaturation steps, the genomic DNA ended up 
being 10 times diluted. Prior to DNA-sensor analysis, the pre-treated 
genomic DNA was even further serially diluted to 1/103, 1/104, 1/105, 
1/106, 1/107 and 1/108. Based on the assumption above, these dilutions 
were assumed to correspond to concentrations of 105, 104, 103, 102, 10

1/103

s).4729 Tm
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were analysed on 1% agarose gel, run at 120 V for 55 min. A band 
for 16S rDNA from each sample was carefully excised, and then 16S 
rDNA was extracted from the gel using Omega Bio-tek’s gel extraction 
kit. Equal volume of 10-10 M 16S rDNA samples from L. reuteri and 
E. coli separately, were enzymatically fragmented and heat-denatured 
as described in DNA fragmentation section and Heat denaturation of 
DNA section, respectively. �erea�er, each sample was injected into 
the capacitive DNA-sensor system, which was previously modi�ed by 
immobilizing a synthesized 30-mer E. coli 16S rDNA. �e ∆C for each 
sample was determined and compared to each other. 

Results and discussion
Modification of sensor electrode surface

Cyclic voltammogram of each electrode surface modi�cation 
was recorded as shown in Figure 3 and compared with a cyclic 
voltammogram of a bare electrode surface (insert, a). 

�e electrode surface was initially functionalized with amine 
groups via the polytyramine layer that was electro-deposited onto the 
electrode surface. �e dramatic decrease in redox peak currents a�er 
deposition of polytyramine layer (b, red) re�ects the passivation of the 
electrode surface, because the formed non-conducting layer hampers 
the electron transfer between electrode surface and redox species. 
Following immobilization of the capture probe onto the surface, 
the redox peak currents were further decreased (c, black). Finally, a 
pinhole-free surface was formed by depositing 10 mM 1-dodecanethiol 
(in ethanol) on the surface, which resulted in an even further decrease 
in redox peak currents (d, green).

Capacitive DNA-sensor for assay of hybridization of 
complementary probes

Linear dynamic range and detection limit: �e fundamental 
principle of the capacitive transducer is based on the theory of double 
layer (DL) which was well described previously by Berggren et al. [20]. 
During the capacitance measurement, charge transfer is taking place at 
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was extracted in order to reduce background noise due to matrix e�ects 
of the sample by excluding other cellular components such as proteins, 
but also to get rid of RNA. Infact, the presence of RNA similar to the 
complementary targeted ssDNA probes could lead to the false-positive 
results. �e DNA extraction step yielded genomic DNA with total 
concentrations of about 70 ng/μl. 

�e genomic DNA was fragmented to produce a suitable size of 
targeted complementary sequence (30-mer) with respect to the capture 
probe on the DNA-sensor chip. DNA fragments were produced using 
AciI restriction enzyme, of which according to Webcutter so�ware 
AciI enzyme recognizes CCGC (-3/-1)^ sites and cuts E. coli 16S 
rDNA at 17 di�erent positions, including sites 374 and 421, between 
which the targeted complementary sequence is found. To demonstrate 
this concept, the PCR product of 16S rDNA was digested with AciI 
restriction enzyme and the fragments were run in gel electrophoresis. 
�e results are shown in Figure 7; the product includes the targeted 
complementary fragment on lane D of about 44 bp in size.

When a double-stranded DNA is heated close to the boiling point 
of water, the hydrogen bonds that bind the two strands together in 
a double helix structure break and the DNA is separated into two 
complementary strands. However, if the denatured DNA sample is 
allowed to cool to between 50 and 60°C, the single strands will re-
associate with their complementary partners and reform a double 
helix. �erefore, one of the challenges in preparation for DNA-sensor 
analysis is to prevent the separated single stranded DNA from re-
annealing prior to analysis. Figure 8 represents a photograph of the 
electrophoretic gel, showing the results of two approaches investigated 
in this study by using the standard solutions of two complementary 30-
mer 16S rDNAs: cooling approach; ice water (0.6°C) (lane #3), ethanol 
in cryostat (-12°C) (lane #4) and dry ice (-78°C) (lane #5); addition 
of ET SSB; (lane #6). Lane #7 is the same as lane #6 but followed by 
addition of formamide. All samples on the gel were run against single 

stranded DNA (lane #1) and double stranded DNA (lane #2) as a 
positive and negative control, respectively, as well as DNA ladder (lane 
L). 

�e principle for immediate rapid cooling of denatured DNA is to 
cause a rapid aggregation to the individual generated single stranded 
DNAs and hence, preventing them from re-annealing. �e application 
of rapid cooling on ice water to prevent re-annealing of single stranded 
DNA sample was previously reported [5]. In contrast, in the present 
study heat denaturation (95°C, for 5 min) followed by rapid cooling 
did not result in detectable ssDNA on the 3% agarose gel; as depicted 
in Figure 8, all the bands obtained from the rapid cooling approach; 
water ice (lane # 3), cryostat (lane #4), and dry ice 5 (lane # 5), migrated 
to the same position as that for double stranded DNA sample (lane 
#2), and it is found between 25 and 35 bp bands on the DNA ladder 
(L), which is equivalent to 30 bp. Hence, the rapid cooling approach 
could not produce a meaningful amount of ssDNA for analysis. Also, 
�ompson has previously reported that, chilling solution of denatured 
DNA at usual concentrations of 8 - 12 mg/ml did not result in aggregate 
formation [25]. He further demonstrated that, DNA aggregation 
positively is favoured by a high concentration and substantial length of 
a DNA. �erefore, a possible explanation for the obtained result could 
be the low concentration (14 ng μL-1) and short DNA sequence (30-
mer) used in this study.

�e band for heat-denatured DNA sample treated with ET SSB 
(lane #6) has migrated to the position of the 30-mer single stranded 
DNA (lane #1), which is equivalent to the band of about 25 bp on the 
DNA ladder (L). �is study has veri�ed that the heat-denatured DNA 
sample can be prevented from re-annealing by the addition of ET SSB. 
�e interactions between single stranded DNA and the binding proteins 
(SSBs)-DNA was previously studied using surface plasmon resonance 
imaging [26], whilst the mechanisms of SSBs-DNA interaction 
was described well by Kunzelmann et al. [27]. �e SSB prevents 
complementary ssDNA from re-annealing by binding speci�cally 
with high a�nity to single-stranded DNAs [28]. �e combination of 
electrostatic, hydrogen-bonding and stacking interactions from SSB to 
ssDNA forms the basis for ssDNA binding and speci�city. However, 
the hydrophobic nature of stacking interactions provides the SSB 
with an additional strategy for ssDNA binding that does not require 
specialization of the nucleic acid-binding surface into speci�c DNA 
binding pockets or hydrogen-bonding patterns that would favour one 
sequence over another [29]. 

�en, one needs to remove ET SSB from ssDNA sample prior to 
injection into the DNA-sensor to allow the hybridization with the 
ssDNA-capture-probe on the sensor-chip. �erefore, the sample was 
mixed with formamide prior to injection such that the mobile phase 
contained a �nal concentration of 30% formamide. In the same �gure 
(Figure 8), lane 7 shows that, the band for the denatured DNA sample 
that was treated with ET SSB to prevent re-annealing, but later on 
mixed with formamide to �nal concentration of 30% and le� to re-
associate, has migrated to the same position of that for 30-mer double 
stranded DNA (lane #2), suggesting that addition of formamide to �nal 
concentration of 30% was enough to denature and remove ET SSB from 
the ssDNAs without a�ecting a hybridization with the complementary 
probe. 

Sadhu and Dutta [30] have demonstrated that, the addition of 
formamide to a mixture of complementary ssDNA solution to �nal 
concentration of 30%, did not a�ect the rate of hybridization [30]. 
Also, Knubovets et al. [31] have studied the behaviour of a protein in 
organic solvents and reported that, the protein (e.g. ET SSB) unfolds 
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Figure 7: E. coli 16S rDNA PCR products digested with AciI restriction 
enzyme separated on a 3 % agarose gel, 80V, 2h:  
L1: Ultra low range DNA ladder; UD: Un-digested 16S rDNA; D:  Digested 
16S rDNA; and L 2:  DNA ladder (1kb).
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However, the selectivity of the DNA-sensor chip was further 
studied at elevated working temperature of 40°C, while keeping 
the same formamide concentration (30%) in the mobile phase, by 
injecting the un-ampli�ed genomic DNA of L. reuteri and E. coli at 
a DNA concentration that is corresponding to 105 cell ml-1. Similarly, 
the experiment was repeated at 30°C, while keeping other conditions 
the same. �e results obtained from both working temperatures are 
compared as shown in Figure 9b.

�e capacitance change obtained from injecting L. reuteri was 
e�ciently reduced from, 32-nF cm-2 (at 30°C), to 0.14 -nF cm-2 at the 
elevated working temperature of 40°C, without signi�cantly altering 
the speci�c interaction of the applied E. coli BL21(DE3) genomic DNA. 
�e responses due to speci�c hybridizations are 84 and 78-nF cm-2 
for working temperatures of 30 and 40°C, respectively. Besides, the 
observed non-speci�c signal (0.14 -nF cm-2) at working temperature of 
40°C, was below the lowest detection limit of the system. In particular, 
the hybridization was performed at very high stringency conditions; 
in other words, the presence of 30% formamide in the mobile phase, 
lowers the melting temperature of the complementary probes from 
57.5°C to 35.9°C; since for every 1% of formamide reduces the melting 
temperature by 0.72°C [30,40,41], consequently, raising the working 
temperature to 40°C, makes the hybridization temperature to be 
slightly higher than the melting temperature. �ese results suggest that 
one could discriminately detect E. coli by injecting its whole genomic 
DNA in the presence of whole genomic DNA of L. reuteri at 40°C 
hybridization temperature, and 30% formamide in the mobile phase, 
without involving any DNA ampli�cation step.

To demonstrate that the non-selectivity observed at 30°C and 30% 
formamide was due to other genes on the whole L. reuteri DSM 20016 
genomic DNA (with matching bases are more than 7), rather than its 
16S rDNA sequence, the 16S rDNAs of E. coli and L. reuteri were each 
ampli�ed and puri�ed. �erea�er, the DNA material was injected in 
the capacitive DNA-sensor, at working temperature 30°C containing 
30% formamide in the mobile phase. �e results are shown in Figure 
9c. 

�e capacitive DNA-sensor showed no signi�cant responses 
towards L. reuteri 16S rDNA samples; on the other hand for E. coli 16S 
rDNA sample, a clear and signi�cant signal was observed. 
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Lactobacillaceae DNA at elevated working temperature and presence 
of upto 30% formamide in the running bu�er. �us, it is practical to 
develop a PCR-free, sensitive and selective �ow-based capacitive DNA-
sensor for bacteria detection via speci�c DNA analysis. 

�e reported capacitive DNA-sensor has potential for several 
applications in the health care sector, in food/water quality control and 
in research institute laboratories. In addition, the reported DNA-sensor 
lays the groundwork for incorporating the method into an integrated 
system for in-�eld bacteria detection. However, in order to be able to 
use the DNA-sensor at physiological level, one needs to have a full 
understanding of the electrochemical and topographical properties 
of the surface of the DNA-sensor chip. �erefore, future work will be 
needed to give the necessary insight of electrode surface roughness 
properties, and packing arrangement of the insulating matrices and 
capture probes. 
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