
Sensors 2009, 9, 3122-3148; doi:10.3390/s90403122 

 

sensors 
ISSN 1424-8220 

www.mdpi.com/journal/sensors 

Review 

Overview of Electrochemical DNA Biosensors: New Approaches 

to Detect the Expression of Life 

Stefano Cagnin 
1
, Marcelo Caraballo 

2
, Carlotta Guiducci 

3,4
, Paolo Martini 

1
, Marty Ross 

2
, 

Mark SantaAna 
2
, David Danley 

2
, Todd West 

2
 and Gerolamo Lanfranchi 

1,
*

 

1
 CRIBI Biotechnology Centre and Department of Biology, University of Padova, via U. Bassi 58/B 

35121 Padova, Italy; E-Mails: stefanoc@cribi.unipd.it; paolom@cribi.unipd.it 
2
 CombiMatrix Corporation, 6500 Harbour Heights Pkwy, 301, Mukilteo, WA 98275, USA; E-Mails: 

mcaraballo@combimatrix.com; mross@combimatrix.com; msantaana@combimatrix.com; 

ddanley@combimatrix.com; twest@combimatrix.com 
3
 DEIS Dipartimento di Elettronica, Informatica e Sistemistica, University of Bologna, Viale 

Risorgimento 2, 40136 Bologna, Italy; E-Mail: carlotta.guiducci@epfl.ch 
4
 IBI-EPFL, Institute of Bioengineering, Ecole Polytechnique Federale de Lausanne, Station 15 CH-

1015 Lausanne, Switzerland 

*  Author to whom correspondence should be addressed; E-Mail: gerolamo.lanfranchi@unipd.it;  

Tel.: +390498276221; Fax: +390498276159 

Received: 18 March 2009; in revised form: 20 April 2009 / Accepted: 23 April 2009 /  

Published: 24 April 2009 

 

 

Abstract: DNA microarrays are an important tool with a variety of applications in gene 

expression studies, genotyping, pharmacogenomics, pathogen classification, drug 

discovery, sequencing and molecular diagnostics. They are having a strong impact in 

medical diagnostics for cancer, toxicology and infectious disease applications. A series of 

papers have been published describing DNA biochips as alternative to conventional 

microarray platforms to facilitate and ameliorate the signal readout. In this review, we will 

consider the different methods proposed for biochip construction, focusing on 

electrochemical detection of DNA. We also introduce a novel single-stranded DNA 

platform performing high-throughput SNP detection and gene expression profiling. 

Keywords: DNA chip; Electrochemical DNA detection; Biosensors; Microarray. 

 

OPEN ACCESS



Sensors 2009, 9                             

 

3123

1. Introduction  

 

DNA microarrays are the forefathers of DNA biosensors. They were born in response to the 

completion of a number of whole genome sequences to investigate the resulting large numbers of 

characterized genes. The power of this technology was demonstrated primarily by the work of 

Affymetrix [1-5] and Stanford University groups of Davis and Brown [6-12]. DNA microarrays are 

used to measure mRNA or miRNA expression [13-19], to characterize single nucleotide 

polymorphisms (SNPs) [19-23], to identify in vivo Transcription Factor (TF) binding sites [24-26] and 

as a diagnostic tool to determine chromosome deletion or amplification [27,28]. However, the size of 

samples and numerous preparative steps limit microarray studies in tissue-specific or cell-specific 

responses [19,29], or prevent them from delivering results in real-time. In spite of these limitations 

there are different approaches to study gene expression with very scarce sample sources derived, for 

example, from laser capture micro dissection approach [30-32]. These methods are based on RNA 

amplification [33,34], or signal amplification of detected fluorescence using tools such as dendrimers 

that, thanks to their chemical structure, allow the accumulation of many fluorescent molecules into the 

target[35], or enzymes that catalyze serial depositions of fluorophores after target-probe binding 

(tyramide signal amplification (TSA) method) [36].  

DNA biosensors have the potential to overcome the limits of DNA microarrays by offering rapid 

and high sensitive analytical tools for genetic detection [37]. The most important challenges are: i) the 

integration of microelectronics to microchip-based nucleic acid technologies in a high scalable 

process; ii) the automation of the detection step and iii) the ability to perform direct signal transduction 

avoiding the images processing and statistical analysis, necessary in canonical DNA microarray 

workflow [38]. Potential applications of DNA biosensors include molecular diagnostics [39,40], 

pharmacogenomics [41,42], drug screening [43-45], medical diagnosis [46,47], food analysis [48-50], 

bioterrorism [51] and pollution [52-54] or environmental [55] monitoring. Recently, new generations 

of chips that can perform DNA sequencing have been developed accelerating biological and 

biomedical research in the genetic field [56]. These new technologies are based on cyclic-array 

sequencing and include the following commercial products: the 454 Genome Sequencer (Roche 

Applied Science), the Solexa (Illumina), the SOLiD platform (Applied Biosystems), the Polonator 

(Dover/Harvard) and the HeliScope Single Molecule Sequencer (Helicos). Array-based sequencing 

enables a much higher degree of parallelism than conventional capillary-based sequencing, but 

presents problems with long sequencing runs and accurate data fidelity [57]. 

In spite of the potential of biosensors and their wide application in research, only some chips have 

entered the clinical market. Among these are the glucose sensors that were leading the market until a 

few years ago: 6% of the Western world population is, in fact, affected by diabetes and would benefit 

from the availability of rapid, accurate and simple biosensor for glucose. Nowadays, however, there is 

a great demand for monitoring other molecules such us cholesterol, lactate, urea, creatine, that are very 

important markers for health care. The reason for this limited adoption of biosensors in the market is 

that many critical parameters, such as quality control and selection of testing parameters and control 

need to be improved. Moreover, new projected biosensors have to meet the need that were not 

accomplished by the existing analyzers and have to provide some distinct advantage, for example 

improved ease of use, faster response time and portability.  
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In this review we introduce the DNA microarray technique as a benchmark to compare DNA 

biosensors. We will discuss DNA biochips as an alternative to conventional microarray technology, 

considering different approaches that have been proposed to facilitate and ameliorate the signal readout 

and focusing on the electrochemical DNA signal hybridization detection. This approach is very useful 

for the biosensing of sequence-specific binding of DNA because of the high sensitivity and the rapid 

response. In the last part of this work we introduce a new single-stranded DNA microarray sensor, 

developed by CombiMatrix, capable of detecting the presence and measuring the abundance of 

thousands of different genes. 

 

2. Conventional Microarrays 

 

Conventional microarrays fall into the category of biosensors only in a general sense, but they 

represent a benchmark for DNA biosensor comparison. Molecular recognition events are based on 

nucleic acid hybridization events that are transduced into a detectable signal; usually fluorescence 

[58,59]. The hybridization is a peculiarity of single-stranded nucleic acid (DNA or RNA) thanks to the 

hydrogen bonds formed between adenine (A) and thymine (T), or guanine (G) and cytosine (C) bases 

in DNA, while in RNA, thymine is replaced by uracil (U). DNA microarrays are characterized by 

high-density probes (100 - 1 million DNA probes can be attached to a surface of 1 cm by 1 cm) linked 

to a solid surface to which labeled target hybridizes [19,60,61]. Probes could be PCR products (> 500 

mer; cDNA microarrays) [7,8,62] or oligonucleotides (20 – 70 mer) [3,13] that are deposited onto the 

solid surface or directly synthesized onto the surface [63] (Table 1). Synthesized oligonucleotide 

sequences are a function of the knowledge of the genome of the studied organism. Today the 

sequencing of a complete genome is becoming an easier task thanks to the availability of new cyclic-

array sequencers [57]. This second generation of sequencer uses a high degree of parallelism, spatially 

arraying DNA fragments to be sequenced, resulting in lower cost protocols. Today, multiple 

investigators are working on technologies for ultra-fast DNA sequencing. These are based on nanopore 

sequencing [64,65] or real-time monitoring of DNA polymerase activity [66,67]. In the first case 

nucleic acids are driven through a nanopore modulating the ionic current through the nanopore and 

allowing to the nanopore itself to work as a biosensor [64]; in the second case a zero-mode waveguides 

permit to detect the nucleotide incorporation during DNA polymerization in a zeptoliter-scale volume 

[66]. The cost reduction of DNA sequencing by massive sequence parallelization, is democratizing the 

knowledge of genomic information of different organisms (e.g. economically important like Vitis 

vinifera [68]) and opening the door to functional genomics studies by DNA microarrays to any 

organism or biological condition. 

Different companies have developed different strategies to produce their DNA microarray using 

phosphoramidite chemistry and reactive protective groups in the last added nucleotide of the growing 

DNA oligonucleotide. Protective groups prevent unwanted side reactions and force the formation of 

the desired oligonucleotide sequence during synthesis. Affymetrix, Nimblegen (Roche) and Febit 

platforms use the light to activate particular chip sites but extend the oligonucleotide length with 

photolithography masks in the first case [5], or micromirrors in the second and third cases [69-71]. The 

Agilent technology uses ink-jet technology to spot the amidites and employs a flooded chemical 

deprotection [72] while CombiMatrix uses an addressable electrode array for the production of acid at 
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sufficient concentration to allow deprotection process and to permit the oligonucleotide synthesis [73]. 

Nanogen, a company that has been on the market since 1997, developed a microelectronic array used 

to influence DNA transport, concentration and hybridization changing physical parameters like DC 

current, voltage, solution conductivity and buffer species (APEX technology) [74] (Table 1). Illumina 

and Motorola have developed novel 3D microarrays. Illumina combines the association of microbeads 

linked to specific probes and an array of microwells that could accommodate one bead per well, 

allowing the organization of an ordered array [75-77] while Motorola has developed a three-

dimensional matrix that enables the attachment of biomolecules to the slides.  

Detection of the hybridized targets in microarrays is related to the labeling process of the target 

itself. It could be coupled to RNA linear amplification [33,34], depending on the quantity of the 

starting material, or used as a direct or indirect method to incorporate the fluorescence in the 

synthesized target[78] (Figure 1). Nowadays microarray sensitivity ranges from 50 fM to 10 pM of 

mRNA target that is present in the solution. The differences are expressed in a relative (ratio-based) 

mode [19], but recently Carter [79] developed a method based on spike-in and on the generation of 

dose/signal graphs to obtain absolute expression measurements (proportional to transcript copy 

number). 

 

Figure 1. Description of the RNA amount utilized in the different microarray labeling 

techniques. The RNA amount is related to the cells number or tissue weight with a 

detection limit of 1000 cells. Direct incorporation of fluorescent nucleotides into the cDNA 

can be used to examine expression of samples with 10 μg of total RNA while indirect 

incorporation of fluorescent nucleotides is used with samples presenting total RNA 

concentration between 10 μg to 50 ng. Described detection limits do not preclude the use 

of the microarray to perform genome wide studies of biopsies or histological samples. 

Image reproduced from Duggan et al.[29]. 
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Table 1. Types of oligonucleotide and cDNA microarrays. 

Company 

name 

Spotting 

method 

Probe 

synthesis 

Probe 

characteristics 

Printing 

technique 

Uptake 

volume 

(μL) 

Dispense 

volume/ 

Probe 

length 

Spot 

diameter 

(μm) 

Affymetrix Non contact In situ 

synthesis 

Oligonucleotide 

 

Photolitography NA NA/20 - 25 

mer 

6.3 

Nimblegen Non contact In situ 

synthesis 

Oligonucleotide 

 

Micromirror 

 

NA NA/50 - 75 

mer 

16 

Febit Non contact In situ 

synthesis 

Oligonucleotide 

 

Micromirror 

 

NA NA/30 - 60 

mer 

24 - 72 

Agilent 

technologies 

Non contact In situ 

synthesis 

Oligonucleotide 

 

Ink-jet NA NA/60 mer 60 

CombiMatrix Non contact In situ 

synthesis 

Oligonucleotide 

 

Addressable  

electrode 

NA NA/35 -50 

mer 

25 

Nanogen Non contact In vitro 

synthesis 

and 

electronic 

delivery 

Oligonucleotide 

 

Addressable  

electrode 

NA NA/Not 

specific length 

80 

Illumina Non contact NA Oligonucleotide 

 

Micro-beads NA NA/NA 3 

"ArrayIt" 

TeleChem 

International 

Inc. 

Contact In vitro 

synthesis 

and spotting 

Oligonucleotide 

 

Printing tips 0.25 0.6 nL/NA 60 - 360 

Eppendrof Contact In vitro 

synthesis 

and spotting 

NA Printing tips 0.25 0.6 nL/NA 60 – 360 

Ocimum 

Biosolutions 

Contact In vitro 

synthesis 

and spotting 

Oligonucleotide Printing tips 0.25 0.6 nL/NA 60 – 360 

Greiner Bio-

One 

Contact In vitro 

synthesis 

and spotting 

NA Printing tips 0.25 0.6 nL/NA 60 - 360 

SurModics 

(CodeLink 

array) 

Non contact In vitro 

synthesis 

and spotting 

Oligonucleotide NA 5 - 10 100 pL/ 30 

mer 

45 - 160 

Academic/ 

Universities 

Contact/ 

Non contact 

In vitro 

synthesis 

and spotting 

Oligonucleotide/ 

cDNA 

Printing tips/  

syringe solenoid  

or ink-jet 

0.25/ 5 - 10 0.6 nl/ 100 pL 

35 - 70 mer/ > 

500 mer 

60 - 360/ 

120 - 500 

NA: not available 
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3. DNA Biosensors 

 

Biosensors are devices that combine a biological component with a detector component. Biosensors 

consist of three parts: i) the sensitive elements (biologically-derived material), ii) the transducer or 

detector element that transforms the detected signal in a readable and quantified output and iii) the 

signal processor, that display the transformed signal in a user-friendly way (Figure 2A). In DNA 

biosensors the sensitive element is generally composed by single stranded DNA (ssDNA) molecules 

that allow the hybridization of complementary single-stranded molecules [63,80-91]. Different 

methods can be used to transduce these hybridization signals including: a) optical transducers that are 

based on fiber optics [77,92], reflection interference contrast microscopy (RICM)[90], surface plasmon 

resonance (SPR) [93,94] or Raman spectroscopy [95-97], b) electrochemical transduction [80-84, 

86,88,89,98] or electrical transduction (e.g. integrated-circuit (IC) biochip [99] in association with  

molecular beacon (MB) [100]), and c) piezoelectric transduction (measurement of changes in mass) 

[85,101-106] (Table 2). 

Optical methods are the most frequently used in the detection of analytes because of their simple 

and straightforward use [59,61]. A variety of optical methods are based on target labeling with 

radioisotopes, fluorophores and UV-absorbing molecules. Fluorescence is an event occurring to 

molecules like polyaromatic hydrocarbons or heterocycles when they absorb light. They change their 

energy level if excited by light and decay from the excited energy level by emitting fluorescent light. 

Although the fluorescent approach based on fluorescence is simple, it is influenced by the environment 

(solvents, pH and conjugation to nucleic acids). Moreover fluorescent dyes could be toxic molecules 

for the user. For example, UV-absorbing compounds like ethidium bromide, a standard fluorescent dye 

for staining DNA, is known to be mutagenic and carcinogenic. Further disadvantages of the 

fluorescence–based approaches are also the instrumentations used for signal reading that are not easily 

transportable and generally expensive. Different optical approaches were developed to overcome the 

limits of fluorescence and to avoid target tagging (i.e. labeling of the DNA). These methods are based 

on Raman spectroscopy [95,96], RICM [90] or SPR [93,94]. The first method provides femtomolar 

sensitivity and multiplexed detection of DNA and RNA targets with single nucleotide polymorphisms 

[97]. The method is based on photons scattering when incident light encounters a molecule. Also in 

this detection process is necessary to label the target with the Raman-active dyes. Only RICM and SPR 

are genuine label-free optical methods. In the first case the association of negatively charged 

microbeads with the reflection interference contrast microscopy (RICM) produces an image of the 

hybridized or not hybridized targets to the respective probes (Figure 2B). The limit of this technique is 

not diffraction, but the particle position resolution and the concentration of the particle in the solution. 

Clack and collaborators, using 30-mer capturing sequence, described a detection limit of the RICM 

method as 50 pM, but similar limits as seen with fluorescence detection (1 – 5 pM) may be anticipated, 

using electrostatic readout in optimal substrate and hybridization conditions [90]. To scan the surface 

potential Sinensky and Belcher [107] evidenced the advantages of Kelvin probe force microscopy 

(KPFM). KPFM is a non-contact variant of atomic force microscopy (AFM) based on the 

measurement of the electrostatic forces between the small AFM tip and the sample. Since DNA strands 

are negatively charged, it is possible to measure the presence of a specific bound target on a DNA 

modified surface avoiding the labeling step (Figure 2C). Sienencky and Belcher demonstrated a 
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sensitivity of 50 nM, that is lower than the sensitivity of the RICM technique, and a resolution of < 10 

nm [107]. 

 

Figure 2. A). Scheme of a biosensor. The three main components of a biosensor are 

evidenced: the sensitive element (white box), the transducer with a list of different 

transduction methods (orange box) and the signal processor (yellow triangle) that displays 

the transformed signal in a user-friendly way. B). RICM method description. A suspension 

of negatively charged silica microspheres is gravitationally sedimented over a microarray 

surface allowing the electrostatic readout of microarray. The positions and motions of a 

population of microspheres are used to image the surface charge of the microarray and 

detect hybridization. This is caused by the higher negative charge of the areas displaying 

double-stranded DNA in comparison to those displaying ssDNA, and both contrast with 

the positively charged background. Image reproduced from Clack et al. [90] C). Schematic 

view of DNA probe in single (1) and double stranded (2) conformation (hybridized to 

target molecules) scanned by the KPFM method. Bottom image represents a typical KPFM 

response in which electrostatic potential is plotted against surface position. Point 1 and 2 

evidence the different responses of the surface potential according to the absence (1) or 

presence (2) of hybridization with target. D). EC-SPR scheme. The combination of SPR 

and electrochemical techniques allows obtaining new insight in the interfacial recognition 

process. The cyclic voltammetry and the simultaneous measure of the SPR angle show a 

sigmoidal change between the oxidized and the reduced state of the analyte. The cyclic 

voltammogram and SPR response in the absence of the analyte are shown, for comparison. 
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SPR is an optical-electrical phenomenon arising from the interaction of light with a metal surface, 

making the detection of the presence of a biopolymer on chemically modified gold surface possible. 

The basic principle involved is the change in the local index of refraction upon adsorption of light. The 

optical phenomenon is linearly related with the mass concentration adsorbed onto the metal film. The 

BIAcore 3000 instrument integrates SPR technology with a microfluidics system to monitor molecular 

interactions at real-time molecular interactions at concentrations ranging from pM to mM. The 

BIAcore instrument was used in virology applications to detect HIV-1 genomic sequences [108] 

demonstrating the possibility to use it in an automated diagnostic system. The SPR technique is a label 

free, high throughput and scalable method in array format. It was used by Goodrich and collaborators 

to detect multiple DNA targets at a concentration of 10 fM on a single chip [93].  

 

Table 2. Types of DNA biosensors. 

Type Transducer Advantage/Disadvantages Description 

Optical fiber Fiber Optics Sensitivity of optical approaches/ 

Costly equipment and not portable 

Fluorescence from labeled target is 

collected from the fibre waveguide 

[77,92] 

Optical apparatus/ 

Surface potential 

microscopy 

Reflection interference contrast 

microscopy (RICM) 

High sensitivity below water, 

dynamic image processing, rapid 

measurements/ Instrument required, 

not portable 

RICM: a microinterferometric technique 

to measure absolute optical distances 

between transparent planar substrates 

and hard or soft surfaces such as 

colloidal beads or artificial and 

biological membranes, which hover 

over the substrate [90] 

KPFM/ 

Surface potential 

microscopy 

Cantilever of AFM instrument Accuracy of the measurement/ 

scanning speed 

Measure local variance in the surface 

potential [107] 

Resonant minor 

(BIAcore) 

Surface plasmon resonance 

(SPR)/ EC-SPR 

High sensitive/ Susceptibility to 

interference 

Changes in the refractivity index 

[93,94,108] or associated with 

electrochemistry (EC-SPR) [109,110] 

SERG probes Raman spectroscopy Spectra can be collected from a very 

small volume/ sensitive and highly 

optimized instrumentation 

Plasmonics-based spectroscopic 

technique [95-97] 

Diamond nanowires Diamond Fast/ High cost, buffered solution 

may interfere 

Electrons from diamond substrate can 

flow along the DNA. Conductivity 

changes with ssDNA or ds DNA [89] 

Active electrode/ 

transistor surface/ 

nano-structures 

Electrodes/ Transistors/ 

Nano-structures 

Fast, relatively low cost/ Buffered 

solution may interfere 

Analytes are involved in the reaction on 

the active electrode surface. The charge 

produced create a measured potential 

[80-84,86,88,98,112-139] 

Opto-electronic 

photodiode 

IC biochip in association with 

molecular beacon (MB) 

Fast/ Dependent on fluorescence 

(bleaching) 

Fluorescence of hybridized MB is 

collected and detected in miniaturized 

detection biochip[100] 
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Table 2. Cont. 

Current across the 

channel 

Ion channel High-troughput/ Not well studied, 

buffered solution may interfere 

Transmembrane voltage permit to draw 

DNA or RNA molecules through the 

open ion channel [64,65] 

Quartz crystals/ 

cantilever 

Piezoelectric transducer High sensitive, fast/ Sensitivity up to 

one cell has not been demonstrated 

Changing in frequency of quartz 

crystals oscillation or cantilever 

deformation [85,101-106] 

 

SPR could be used in association with electrochemistry (EC-SPR) where the thin metal film on the 

substrate is used not only to excite surface plasmons, but also acts as a working electrode for 

electrochemical detection or control [109,110]. With the EC-SPR configuration is possible to 

simultaneously obtain information about the electrochemical and optical properties of films with 

thicknesses in the nanometer range (Figure 2D). Georgiadis et al. and Heaton et al. monitored the in 

situ hybridization of DNA in the presence of different electrochemical fields [109,110].  

The mass of the absorbed molecules is the measured parameter also in the piezoelectric sensors. 

The method used is based on the change in oscillating frequency resulting from the increase in mass on 

the crystal surface, which accompanies the hybridization. A quartz crystal microbalance affinity 

biosensor was used by Mannelli and collaborators to detect genetically modified organisms [105] and 

recently chemically modified piezoelectrodes were utilized to develop a biosensor for the 

determination of genetically modified soybean [106]. This approach is used for the identification of 

genetically modified organisms (GMOs) because the production of GM crops is increasing and there is 

a growing requirement for methodologies that allow the accurate and easy determination of the content 

of GMOs [111].  

 

4. Electrochemical/Electrical DNA Biosensors 

 

In order to reduce the size of the instrumentation needed in the DNA detection and the costs 

incurred for this purpose, DNA chips that can perform target detection with an electrical signal have 

been proposed [61,140,141]. In fact, the miniaturization of electrochemical devices and technology 

improvements make them excellent tools for DNA diagnosis.  

The immobilization of the ssDNA onto the transducer surface plays an important role in the 

performance of the biosensors because the surface modification technique must be compatible with the 

related sensing methodology [91]. Various methods have been developed to attach the DNA probe to 

the solid surface of biosensors: the self assembling monolayer (SAM) on gold electrodes [142-144], 

biotinylated DNA probes attached through biotin-avidin interaction on electrode surface [145] or 

electro polymerization that produces probes of different length [73]. A new challenge is the 

development of dynamic surfaces with the ability of tuning their biochemical functionality. Moore et 

al. [146] have proposed a thiol-functionalized surface to which molecules or probes could be attached 

by a disulphide bridge that, after the detection process, could be chemically or electrically renewed and 

reused. 
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Electrical detection mode was developed for detection of both label-free and labeled DNA targets. 

The first method allows a direct transduction translating the recognition behavior in a readable signal 

in real time mode performing kinetic measures [81]. In contrast, labeling approaches involve the 

detection of a marker, associated with the duplex formation. The labeling step enhances the sensitivity 

and the selectivity, but also increases the time, complexity and cost of measurement. 

 

4.1. Nano-Objects for the Electrochemical Biosensors 

 

Nanomaterials have facilited the development of ultrasensitive electrochemical biosensors because 

of their high surface area, favorable electronic properties and electrocatalytic activity [147]. Moreover, 

they show good biocompatibility due to their nanometer size and specific physicochemical 

characteristics. Nanoscale materials include nanoparticles, nanowires, nanoneedles, nanosheets, 

nanotubes, nanorods, nanobelts, etc. The use of magnetic micorbeads has also gained popularity. They 

are used to fish targets that are homologous to the probes linked to the bead surface and to concentrate 

the hybridized target by bead precipitation. This strategy was utilized by Lermo and co-workers [128] 

for the electrochemical detection of pathogens in food allowing the detection of DNA at femtomolar 

level (Figure 3A). Gold nanoparticles was used by Park et al. [112] in a typical sandwich approach to 

close the electrical connection between two flanking microelectrodes demonstrating a sensitivity of  

≅ 5 × 10
-13

 M in target DNA. In this technique DNA probes have been deposited between separated 

microelectrodes to discriminate between positive and negative hybridization signals, basing the circuit 

resistance among the electrodes. Resistance is modulated by the presence of the gold nanoparticles that 

detect the presence of hybridized target.  

Gold nanoparticles are also used in the pencil graphite electrode DNA sensor onto which probe 

strands are immobilized. Hybridization is detected electrochemically with the appearance of a 

characteristic gold-oxidation signal with a detection limit of 0.8 femtomoles of DNA, thanks to the 

large electrode surface and the high number of oxidizable gold atoms in each nanoparticle [129]. 

Nanoparticles are also suitable for the photochemical detection of DNA hybridization. Willner et al. 

[130] used CdS nanoparticles in DNA hybrid system associated with an electrode relying on the 

exposure of the CdS nanoparticles to visible blue light which gave rise to a photochemical current 

between the nanoparticle and gold electrode (Figure 3B).  

Nowadays other nano-objects such as nanowires [131] and carbon nanotubes [132,133] have 

received increasing attention. Nanowires represent a class of inorganic materials that are surface-

passivated by thin oxide layer and serves as electrodes or can interconnect between micro- and 

nanoelectronic devices. Carbon nanotubes exhibit properties such as robustness, enormous specific 

surface area and large-scale arrayability, but the extreme sensitivity of nanowires and nanotubes field-

effect sensors (Figure 3C) is balanced by their sensitivity to impurities and other ionic species in 

analyte solution. As a result, low ionic strength buffer is quite often necessary, and studies on sensing 

mechanism have been proven to be difficult [134]. 
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Figure 3. A). Schematic representation of the electrochemical strategy used for the 

detection of food pathogens by Lermo et al. [128]. Biotinilated probe is immobilized onto 

magnetic beads and hybridized with the target. Enzymatic labeling, magnetic capture of 

the modified magnetic beads by the magneto electrode and chronoamperometric 

determination are common steps for this strategy. B). Photochemical detection of DNA 

hybridization. The exposure of the CdS nanoparticles to visible blue light gives rise to a 

directionally electroswitchable photochemical current (1 and 2) between the nanoparticle 

and gold electrode. (3) Photocurrent action spectra generated in the CdS nanoparticles 

DNA system: in the absence (a) and in the presence (b) of methylene blue. (4) 

Electrochemically switched anodic and cathodic photocurrents generated in the Cd 

nanoparticles DNA in the presence of methylene blue generated at 0 and -0.4V. 

Photocurrents were generated upon irradiation at λ = 420 nm. Image reproduced from 

Willner et al. [130]. C). Carbon nanotubes field effect transistor. (1) A NTFET device 

composed of an isolated single-walled carbon nanotubes (SWNT) between source (S) and 

drain (D) electrodes on top of a SiO2 substrate with an underlying Si gate electrode. (2) An 

atomic force microscope (AFM) image of the NTFET device illustrated in part 1. (3) A 

liquid gated NTFET, where the electrochemical potential of the solution is controlled with 

a gate electrode. (4) NTFET transistor characteristic showing the source–drain 

conductance versus gate voltage (G–VG) curve obtained by sweeping the gate voltage from 

+10 to −10 V at a constant S–D bias voltage (VSD) of 0.05 V using a NTFET with a 

random network of SWNTs between interdigitated Ti/Au electrodes on a SiO2 insulated Si 

back gate. Image reproduced from Kauffman et al. [118]. 
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4.2. Label-Free Electrochemical DNA Detection 

 

As mentioned earlier, label-free DNA detection involves the measurement of physiochemical 

changes occurring on the surface of the transducer device due to the DNA hybridization. Comparing 

with label-free optical and physical transduction (SPR, quartz crystal microbalance, KPFM and RICM) 

electrical transduction is cheaper, portable, independent of sample turbidity, easily miniaturizable and 

more compatible with nanotechnology. The earliest label-free approach was based on the intrinsic 

electroactivity of DNA purine bases. 50 years ago Palecek et al. [148] developed methods to 

discriminate ssDNA versus dsDNA through direct DNA reduction. The direct oxidation of DNA 

requires relatively high potentials causing significant background currents. To improve signal-to-noise 

ratio a two-step strategy was proposed for, first, capturing target and then detecting the oxidation 

process [135]. According to this process, hybridized target to probes linked to magnetic beads is 

purified using the beads itself and then is analyzed using adsorption stripping voltammetry after the 

depurinization. 40 femtomoles of substrate have been detected by this assay. Electrochemical assay 

sensitivity is therefore comparable to SPR [109,110] as described in the DNA biosensors paragraph. 

Starting from the idea of Aviram and Ratner [149], who used organic molecules as electronic 

components, different strategies have been developed to detect DNA hybridization in transistor devices 

in a label-free mode. In 2004 Kim et al. [113] fabricated a field effect transistor (FET)-type DNA 

charge sensor based on standard complementary metal oxide semiconductor (CMOS) technology 

which can detect the DNA probe immobilization. Detection occurs by sensing the variation of drain 

current due to the change in charge distribution at the interface induced by DNA binding. A FET-type 

charge sensor is a semiconductor sensor that measures the change of the oxide/electrolyte interface 

potential caused by DNA probe immobilization and target detection on the gate metal, based on the 

field effect mechanism of MOSFET [88,116]. This structure was utilized by Bandiera et al. [81] to 

make a fully electronic sensor for the measurement of the DNA molecules kinetic hybridization since 

with this sensor configuration it is possible to measure the charge variation on the detector dynamically 

during time. They demonstrated that long DNA strands have slower hybridization kinetics than short 

DNA strands. This is probably related to different movement ability and steric constraints of DNA in 

solution. FET devices are attractive structures in association with nanomaterials such as carbon 

nanotubes, described in the previous paragraph. About ten years ago unique devices based on carbon 

nanotube field-effect transistor (NTFET) technology appeared [117,136] with the conduction channel 

formed by carbon nanotubes. The small diameter and relatively long length (µm) of single-walled 

carbon nanotubes (SWNTs) allow them to probe molecular systems on a local scale by directly 

connecting to individual or small assemblies of molecules. These characteristics of SWNT based 

NTFETs create unique platforms for studying molecular systems with unsurpassed sensitivity  

(≅500 pg/mL of target DNA) [115,118] (Figure 3C). The measure of potential surface by FET devices 

is very attractive because the transduction device integrates the sensing element and because of the 

possibility of system miniaturization. However, performance remains a function of solution 

characteristics, the probe immobilization techniques and the thickness of the insulator oxide.  

Capacitive measurements were used in the work of Stagni and collaborators [114] who 

demonstrated the ability of a CMOS DNA based chip to detect the hybridization in a label-free DNA 

detection. The CMOS chip with 128 sites is shown in Figure 4. This work is based on circuits that 
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measure the electrodes’ interface electrochemical impendance. From the electrical perspective, the 

interface between the electrodes and the solution is characterized by capacitive and resistive 

parameters sensitive to the electrode surface state. The presence of single strand or double strand 

(hybridized) DNA affects the interface electrical parameters. Hybridization decreases the interface 

capacitance of the gold electrodes covered with the specific probe [119]. Guiducci et al. [86] 

demonstrated the possibility a) to detect DNA hybridization in a two-gold-electrode system without 

using a reference electrode and b) to integrate the technology in an integrated silicon chip of gold 

microelectrodes on a 2 × 10
3
 μm

2
 surface [120]. The ability to use this technique with two-gold-

electrode system instead of three electrodes setup make it possible to develop a cost-effective fully 

integrated design. In fact, the reference electrodes are problematic, being subjected to aging and 

requiring specific storage and regeneration procedures. 

 

Figure 4. Microphotograph of a fully digital 16 × 8 sensor array (source: Infineon 

Technologies AG [150]). The chip is 4.15 mm × 5.65 mm; sensor pitch is 250 microns. 

Each site is an interdigitated gold electrode couple exposed to the solution. 

 

 

4.3. Indirect Electrochemical DNA Detection 

 

Even if label-free DNA detection simplifies the readout and reduces time and costs of analysis, it 

does not reach the same sensitivity of the label (indirect) DNA detection. The indirect method permits 

sensitivity at the atomole level in term of concentration of the DNA target [121]. Indirect methods also 

require mediators that facilitate electron transfer between them and the electrode. Redox mediators are 

small size compounds that enable the reversible exchange of electrons with the electrode. The most 

used electron mediators are ferrocene, K3Fe[(CN)]6
3-/4-

, Ru(bpy)3
3+/2+

, Os(bpy)3
3+/2+

 and Methylene 

Blue. As mentioned in the previous paragraph, nanomaterials could also be used as indirect 

electrochemical sensors. For example, metal nanoparticles represent a large redox reservoir [129].  
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The electron mediators are used: i) in reactions to oxidize directly DNA, ii) to avoid the 

modification of the target strand, and iii) in reactions modulated by enzymes linked to the target strand. 

In the first case for example, Yang and Thorp [122], using electrocatalysis by Ru(bpy)3
3+/2+

 and the 

oxidation of the immobilized guanines, were able to discriminate the genomic expansion of the triplet 

repeat sequences 5'-(CTG)n and 5'-(CGG). These expansions are responsible for the myotonic 

dystrophy and fragile X syndrome respectively. To avoid the target modification Umek et al. [123] 

performed a three-component sandwich assay, in which the redox label was attached to a synthetic 

sequence specifically designed to bind an overhang portion of the probe target complex.  

Target enzyme markers are an attractive, well documented strategy for the time-controlled 

production of redox species. For instance, alkaline phosphatase (AIP) [124,125], glucose oxidase 

(GOx) [126] and horseradish peroxidase (HRP) [98,127] have been used for the fabrication of 

electrochemical sensors. Today, an ideal biosensor is required to be not only miniaturized and cost-

effective, but also capable of simultaneous detection of multiple analytes. To this purpose the 

CombiMatrix company developed a DNA sensor chip detecting 90K with fluorescence method and 

12K in both fluorescence and electrochemical method.  

 

4.4. CombiMatrix Chip: A High Throughput DNA Sensor 

 

The CombiMatrix 12K ElectraSense
®

 microarray is a silicon chip with complementary metal oxide 

semiconductor (CMOS) circuitry (Figure 5). This circuitry is addressed through pogo pin connectors to 

thirteen metal pads at the side of electrode field. On-chip logic and Windows
®

 software control the 

circuitry to address each of 12,544 electrodes individually or in predefined groups. The microarray 

becomes a highly multiplexed transducer where electrical signals drive chemical reactions or chemical 

reactions create electrical signals at each electrode.  

As a multiplex sensor, the specificity of the ElectraSense microarray is dictated by the capture 

molecules on each electrode. Maurer et al. [73] described the use of electrochemistry to generate 

specific DNA probes on each electrode to create a custom array for genomic testing. Asai and 

collaborators first reported on using an early version of the ElectraSense microarray for selecting and 

mutating aptamer sequences to improve binding to resorufin [151,152]. More recently, Knight et al. 

applied a sophisticated in silico modeling approach for creating high binding aptamers to 

allophycocyanin [153]. Both groups of investigators used the customizable feature of the microarray to 

iteratively change (mutate) a few nucleic acids on the aptamers to determine the strongest binding 

sequences. Based on the electrochemical synthesis of unique DNA sequences at each electrode, the 

ElectraSense microarray can serve as detector for specific oligonucleotide binding and binding by 

other molecules as well. 

Detection of molecular binding on the microarray can be measured using fluorescence or 

electrochemical detection (ECD). For measuring oligonucleotide binding using ECD, commercially 

available reagents that are used for ELISA assays perform very well, including avidin-HRP, 

tetramethylbenzidine and hydrogen peroxide. Ghindilis et al. [127] compared the efficiencies of 

fluorescence detection and ECD using a spike-in experiment and determined that ECD had a lower 

limit of detection of 0.75 pM while fluorescence had a lower limit of 1.5 pM. The average correlation 

coefficient between fluorescence and ECD in these studies was 0.94. 
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Figure 5. A. ElectraSense reader. B. Enlargement of the chip housing. C. Enlargement of 

the silicon chip with complementary metal oxide semiconductor (CMOS) circuitry. The 

central detection area shows 12k electrodes. Diameter of each electrode is 44 μm. 

 

 

Given these indices of performance, fluorescence detection and ECD on CombiMatrix 12K 

microarrays are comparable; however, the instrumentation for ECD is considerably less complex and 

far more rugged. The 12K ElectraSense microarray can be read in less than 15 seconds using a single 9 

cm by 6 cm electronics board that is powered through a PC USB 2.0 port (Figure 5). This reduction in 

size and complexity allows the array to be integrated into fluidic cartridges without concern for optical 

paths and instrument stability. By modifications to the electronics board, a potentiostat can be 

connected to individual electrodes or groups of electrodes for cyclic voltammetry and impedance 

spectroscopy. Redox molecules, such as ferrocene, Methylene Blue and ferri/ferrocyanide can be used 

for making these measurements on the ElectroSense microarray. Using a potentiostat to measure 

molecular interactions on the array reduces the capacity of the microarray to multiplex; however, this 

loss is traded against reducing the number of reagents required for detection. Using different 

approaches to detection on a single platform provides orthogonal assay validation and allows the 

investigator to quantify and compare performance against expenditure of resources. 

 

4.5. Charge Transport by DNA 

 

An alternative approach for the electrochemical DNA detection is based on DNA-mediated charge 

transport. Redox-active reporter molecules, non-covalently associated with double helix, have been 

successfully used for electrochemically based DNA analysis. Milan and Mikkelsen [137] demonstrated 

the use of electroactive hybridization indicators in a reusable sequence-selective biosensor for DNA. 
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Steel et al. [138] in 1998 developed and measured the surface density of DNA on gold electrode. The 

number of nucleotide phosphate residues was calculated from the amount of cationic redox marker 

measured at the electrode surface. 

A different approach was based on intercalating redox probe molecules into the double-strand DNA 

structure. These intercalated molecules can monitor perturbations in base stacking[154] and thus 

discriminate between perfect and imperfect hybridized target. This assay is well suited for mutational 

analysis [139]. Briefly, after the formation of DNA duplex on gold surface and the treatment with a 

redox active intercalator a reporter molecule could be electrochemically reduced by DNA-mediated 

charge transport. The detection of mismatches does not depend on the thermodynamic destabilization, 

but by the ability of the electrons to flow along the double-strand DNA. 

 

5. Conclusions 

 

The development of biochips has a long history, starting with the first portable glass pH electrode 

(1922) [155], and is continuing today. DNA biosensors and microarrays are of considerable recent 

interest due to their tremendous promise for obtaining sequence-specific information in a faster, 

simpler and cheaper manner compared to traditional hybridization assays based on RNA radiolabeling 

[156]. From the first description of the structure of the double strand DNA, by Watson and Crick 

(1953), few scientific areas have witnessed dramatic changes of the magnitude observed recently in 

DNA diagnostics [157]. The rapid technological advances of the biochemistry and semiconductor 

fields in the 1980s led to the large-scale development of biochips in the 1990s. In fact biosensors are 

becoming one of the most popular scientific areas at the intersection of the biological and the 

engineering sciences [158]. The traditional separation between transducers and bioreceptors is being 

replaced by an integrative approach. e.g. STMicroelectronics, a silicon chip company has developed a 

silicon chip integrating microfluidic handling, a miniaturized PCR reactor connected to a custom 

microarray [159].  

This work reviewed the forefathers of DNA biosensors that are used in laboratories worldwide to 

detect differentially expressed genes in atherosclerosis [13], leukemia [160], skeletal muscle 

dystrophies [161,162] and in many other pathologies [163,164]. Apart their diffusion DNA 

microarrays are difficult to use, require specialized operators and complex bioinformatics analysis 

[19]. As such they are not classical biosensors. Researchers have utilized several approaches, herein 

described, to respond to the demand for user-friendly, portable, sensitive, miniaturized and low cost 

DNA sensors to support or substitute DNA microarrays.  

All of the detection methods described in this review have caveats, but those based on 

electrochemistry are particularly interesting because their sensitivity (fM in association with 

nanoparticles [129]), and the opportunity to miniaturize the technology. Nano-objects play an 

important role in the development of electrochemical DNA sensors. Their nanometer size makes them 

highly reactive and represents the ultimate miniaturization level for DNA sensors.  

The attractive properties of electrochemical devices are extremely promising for improving the 

efficiency of diagnostic testing and therapy monitoring even more today with the construction of very 

large multiplexed array: the CombiMatrix sensor. Future biosensors will require the development of 

new reliable devices or the improvement of the existing ones for use by non-specialized personnel 
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without compromising accuracy and reliability. Compact and portable devices will constitute another 

future area of multidisciplinary research on sensors. 

 

Acknowledgements 

 

The Biotech Action II (CIPE 20/04; DGR 643/04.03.2005 and DGR 2112/02.08.05) and Biotech 

Action III bis (CIPE 3/06 DGR 4073 19/12/2006) grants from Veneto Region, and grant ECSIN from 

Veneto Nanotech, Venice, Italy to G.L. are acknowledged for funding the development of DNA 

biosensors for the environment and food monitoring. The Authors wish to thank the Fondazione della 

Cassa di Risparmio di Padova e Rovigo for funding the purchasing of the complete CombiMatrix 

system. 

 

References and Notes 

 

1. Chee, M.; Yang, R.; Hubbell, E.; Berno, A.; Huang, X.C.; Stern, D.; Winkler, J.; Lockhart, D.J.; 

Morris, M.S.; Fodor, S.P. Accessing genetic information with high-density DNA arrays. Science 

1996, 274, 610-614. 

2. Hacia, J.G.; Brody, L.C.; Chee, M.S.; Fodor, S.P.; Collins, F.S. Detection of heterozygous 

mutations in BRCA1 using high density oligonucleotide arrays and two-colour fluorescence 

analysis. Nat. Genet. 1996, 14, 441-447. 

3. Lockhart, D.J.; Dong, H.; Byrne, M.C.; Follettie, M.T.; Gallo, M.V.; Chee, M.S.; Mittmann, M.; 

Wang, C.; Kobayashi, M.; Horton, H.; Brown, E.L. Expression monitoring by hybridization to 

high-density oligonucleotide arrays. Nat. Biotechnol. 1996, 14, 1675-1680. 

4. Wodicka, L.; Dong, H.; Mittmann, M.; Ho, M.H.; Lockhart, D.J. Genome-wide expression 

monitoring in Saccharomyces cerevisiae. Nat. Biotechnol. 1997, 15, 1359-1367. 

5. Pease, A.C.; Solas, D.; Sullivan, E.J.; Cronin, M.T.; Holmes, C.P.; Fodor, S.P. Light-generated 

oligonucleotide arrays for rapid DNA sequence analysis. Proc. Nat. Acad. Sci. USA 1994, 91, 

5022-5026. 

6. DeRisi, J.L.; Iyer, V.R.; Brown, P.O. Exploring the metabolic and genetic control of gene 

expression on a genomic scale. Science 1997, 278, 680-686. 

7. DeRisi, J.; Penland, L.; Brown, P.O.; Bittner, M.L.; Meltzer, P.S.; Ray, M.; Chen, Y.; Su, Y.A.; 

Trent, J.M. Use of a cDNA microarray to analyse gene expression patterns in human cancer. Nat. 

Genet. 1996, 14, 457-460. 

8. Heller, R.A.; Schena, M.; Chai, A.; Shalon, D.; Bedilion, T.; Gilmore, J.; Woolley, D.E.; Davis, 

R.W. Discovery and analysis of inflammatory disease-related genes using cDNA microarrays. 

Proc. Nat. Acad. Sci. USA 1997, 94, 2150-2155. 

9. Lashkari, D.A.; DeRisi, J.L.; McCusker, J.H.; Namath, A.F.; Gentile, C.; Hwang, S.Y.; Brown, 

P.O.; Davis, R.W. Yeast microarrays for genome wide parallel genetic and gene expression 

analysis. Proc. Nat. Acad. Sci. USA 1997, 94, 13057-13062. 

10. Lashkari, D.A.; McCusker, J.H.; Davis, R.W. Whole genome analysis: experimental access to all 

genome sequenced segments through larger-scale efficient oligonucleotide synthesis and PCR. 

Proc. Nat. Acad. Sci. USA 1997, 94, 8945-8947. 



Sensors 2009, 9                             

 

3139

11. Schena, M.; Shalon, D.; Davis, R.W.; Brown, P.O. Quantitative monitoring of gene expression 

patterns with a complementary DNA microarray. Science 1995, 270, 467-470. 

12. Shalon, D.; Smith, S.J.; Brown, P.O. A DNA microarray system for analyzing complex DNA 

samples using two-color fluorescent probe hybridization. Genome Res. 1996, 6, 639-645. 

13. Cagnin, S.; Biscuola, M.; Patuzzo, C.; Trabetti, E.; Pasquali, A.; Laveder, P.; Faggian, G.; 

Iafrancesco, M.; Mazzucco, A.; Pignatti, P.F.; Lanfranchi, G. Reconstruction and functional 

analysis of altered molecular pathways in human atherosclerotic arteries. BMC Genomics 2009, 

10, 13. 

14. Prinzen, C.; Truembach, D.; Wurst, W.; Endres, K.; Postina, R.; Fahrenholz, F. Differential gene 

expression in ADAM10 and mutant ADAM10 transgenic mice. BMC Genomics 2009, 10, 66. 

15. Junta, C.M.; Sandrin-Garcia, P.; Fachin-Saltoratto, A.L.; Mello, S.S.; Oliveira, R.D.; Rassi, D.M.; 

Giuliatti, S.; Sakamoto-Hojo, E.T.; Louzada-Junior, P.; Donadi, E.A.; Passos, G.A. Differential 

gene expression of peripheral blood mononuclear cells from rheumatoid arthritis patients may 

discriminate immunogenetic, pathogenic and treatment features. Immunology 2008. 

16. Guo, J.; Miao, Y.; Xiao, B.; Huan, R.; Jiang, Z.; Meng, D.; Wang, Y. Differential expression of 

microRNA species in human gastric cancer versus non-tumorous tissues. J. Gastroenterol 

Hepatol. 2009, 24, 652-657. 

17. Ura, S.; Honda, M.; Yamashita, T.; Ueda, T.; Takatori, H.; Nishino, R.; Sunakozaka, H.; Sakai, 

Y.; Horimoto, K.; Kaneko, S. Differential microRNA expression between hepatitis B and hepatitis 

C leading disease progression to hepatocellular carcinoma. Hepatology 2009, 49, 1098-1112. 

18. Li, W.; Ruan, K. MicroRNA detection by microarray. Anal. Bioanal. Chem. 2009. 

19. Stoughton, R.B. Applications of DNA microarrays in biology. Annu. Rev. Biochem. 2005, 74,  

53-82. 

20. Sun, X.; Li, F.; Sun, N.; Shukui, Q.; Baoan, C.; Jifeng, F.; Lu, C.; Zuhong, L.; Hongyan, C.; 

Yuandong, C.; Jiazhong, J.; Yingfeng, Z. Polymorphisms in XRCC1 and XPG and response to 

platinum-based chemotherapy in advanced non-small cell lung cancer patients. Lung Cancer 

2009. 

21. Dotsch, A.; Pommerenke, C.; Bredenbruch, F.; Geffers, R.; Haussler, S. Evaluation of a 

microarray-hybridization based method applicable for discovery of single nucleotide 

polymorphisms (SNPs) in the Pseudomonas aeruginosa genome. BMC Genomics 2009, 10, 29. 

22. Hao, K.; Schadt, E.E.; Storey, J.D. Calibrating the performance of SNP arrays for whole-genome 

association studies. PLoS Genet. 2008, 4, e1000109. 

23. Gunderson, K.L.; Steemers, F.J.; Lee, G.; Mendoza, L.G.; Chee, M.S. A genome-wide scalable 

SNP genotyping assay using microarray technology. Nat. Genet. 2005, 37, 549-554. 

24. Song, Y.; Dang, C.; Fu, Y.; Lian, Y.; Hottel, J.; Li, X.; McCaffrey, T.; Fu, S.W. Genome-wide 

analysis of BP1 transcriptional targets in breast cancer cell line Hs578T. Int. J. Biol. Sci. 2009, 5, 

1-12. 

25. Ponzielli, R.; Boutros, P.C.; Katz, S.; Stojanova, A.; Hanley, A.P.; Khosravi, F.; Bros, C.; Jurisica, 

I.; Penn, L.Z. Optimization of experimental design parameters for high-throughput chromatin 

immunoprecipitation studies. Nucl. Acid. Res. 2008, 36, e144. 



Sensors 2009, 9                             

 

3140

26. Cho, B.K.; Knight, E.M.; Palsson, B.O. Genomewide identification of protein binding locations 

using chromatin immunoprecipitation coupled with microarray. Methods Mol. Biol. 2008, 439, 

131-145. 

27. Trolet, J.; Hupe, P.; Huon, I.; Lebigot, I.; Decraene, C.; Delattre, O.; Sastre-Garau, X.; Saule, S.; 

Thiery, J.P.; Plancher, C.; Asselain, B.; Desjardins, L.; Mariani, P.; Piperno-Neumann, S.; 

Barillot, E.; Couturier, J. Genomic Profiling and Identification of High Risk Uveal Melanoma by 

array-CGH Analysis of Primary Tumors and Liver Metastases. Invest. Ophthalmol. Vis. Sci. 2009. 

28. Gunn, S.R.; Hibbard, M.K.; Ismail, S.H.; Lowery-Nordberg, M.; Mellink, C.H.; Bahler, D.W.; 

Abruzzo, L.V.; Enriquez, E.L.; Gorre, M.E.; Mohammed, M.S.; Robetorye, R.S. Atypical 11q 

deletions identified by array CGH may be missed by FISH panels for prognostic markers in 

chronic lymphocytic leukemia. Leukemia 2009. 

29. Duggan, D.J.; Bittner, M.; Chen, Y.; Meltzer, P.; Trent, J.M. Expression profiling using cDNA 

microarrays. Nat. Genet. 1999, 21, 10-14. 

30. Burgess, J.K.; Hazelton, R.H. New developments in the analysis of gene expression. Redox Rep. 

2000, 5, 63-73. 

31. Harris, L.W.; Wayland, M.; Lan, M.; Ryan, M.; Giger, T.; Lockstone, H.; Wuethrich, I.; 

Mimmack, M.; Wang, L.; Kotter, M.; Craddock, R.; Bahn, S. The cerebral microvasculature in 

schizophrenia: a laser capture microdissection study. PLoS ONE 2008, 3, e3964. 

32. Nygaard, V.; Hovig, E. Options available for profiling small samples: a review of sample 

amplification technology when combined with microarray profiling. Nucl. Acid. Res. 2006, 34, 

996-1014. 

33. Alldred, M.J.; Che, S.; Ginsberg, S.D. Terminal continuation (TC) RNA amplification without 

second strand synthesis. J. Neurosci. Methods 2009, 177, 381-385. 

34. Pabon, C.; Modrusan, Z.; Ruvolo, M.V.; Coleman, I.M.; Daniel, S.; Yue, H.; Arnold, L.J. Jr. 

Optimized T7 amplification system for microarray analysis. Biotechniques 2001, 31, 874-879. 

35. Stears, R.L.; Getts, R.C.; Gullans, S.R. A novel, sensitive detection system for high-density 

microarrays using dendrimer technology. Physiol. Genomics 2000, 3, 93-99. 

36. Karsten, S.L.; Van Deerlin, V.M.; Sabatti, C.; Gill, L.H.; Geschwind, D.H. An evaluation of 

tyramide signal amplification and archived fixed and frozen tissue in microarray gene expression 

analysis. Nucl. Acid. Res. 2002, 30, E4. 

37. Hahn, S.; Mergenthaler, S.; Zimmermann, B.; Holzgreve, W. Nucleic acid based biosensors: the 

desires of the user. Bioelectrochemistry 2005, 67, 151-154. 

38. Katagiri, F.; Glazebrook, J. Overview of mRNA expression profiling using DNA microarrays. 

Curr. Protoc. Mol. Biol. 2009, Chapter 22, Unit 22,24. 

39. Tiwari, A.; Gong, S. Electrochemical detection of a breast cancer susceptible gene using cDNA 

immobilized chitosan-co-polyaniline electrode. Talanta 2009, 77, 1217-1222. 

40. Mao, X.; Ma, Y.; Zhang, A.; Zhang, L.; Zeng, L.; Liu, G. Disposable Nucleic Acid Biosensors 

Based on Gold Nanoparticle Probes and Lateral Flow Strip. Anal. Chem. 2009. 

41. Tolley, S.E.; Wang, H.K.; Smith, R.S.; Christensen, D.A.; Herron, J.N. Single-chain 

polymorphism analysis in long QT syndrome using planar waveguide fluorescent biosensors. 

Anal. Biochem. 2003, 315, 223-237. 



Sensors 2009, 9                             

 

3141

42. Sosnowski, R.; Heller, M.J.; Tu, E.; Forster, A.H.; Radtkey, R. Active microelectronic array 

system for DNA hybridization, genotyping and pharmacogenomic applications. Psychiatr. Genet. 

2002, 12, 181-192. 

43. Minunni, M.; Tombelli, S.; Mascini, M.; Bilia, A.; Bergonzi, M.C.; Vincieri, F.F. An optical 

DNA-based biosensor for the analysis of bioactive constituents with application in drug and 

herbal drug screening. Talanta 2005, 65, 578-585. 

44. Rusling, J.F.; Hvastkovs, E.G.; Hull, D.O.; Schenkman, J.B. Biochemical applications of ultrathin 

films of enzymes, polyions and DNA. Chem. Commun. (Camb.) 2008, 2, 141-154. 

45. Keusgen, M. Biosensors: new approaches in drug discovery. Naturwissenschaften 2002, 89,  

433-444. 

46. Vattanaviboon, P.; Sangseekhiow, K.; Winichagoon, P.; Promptmas, C. Detection and haplotype 

differentiation of Southeast Asian alpha-thalassemia using polymerase chain reaction and a 

piezoelectric biosensor immobilized with a single oligonucleotide probe. Transl. Res. 2008, 151, 

246-254. 

47. Shi, H.; Xia, T.; Nel, A.E.; Yeh, J.I. Part II: coordinated biosensors--development of enhanced 

nanobiosensors for biological and medical applications. Nanomed 2007, 2, 599-614. 

48. Gambari, R.; Feriotto, G. Surface plasmon resonance for detection of genetically modified 

organisms in the food supply. J. AOAC Int. 2006, 89, 893-897. 

49. Logrieco, A.; Arrigan, D.W.; Brengel-Pesce, K.; Siciliano, P.; Tothill, I. DNA arrays, electronic 

noses and tongues, biosensors and receptors for rapid detection of toxigenic fungi and 

mycotoxins: a review. Food Addit. Contam. 2005, 22, 335-344. 

50. Richter, E.R. Biosensors: applications for dairy food industry. J. Dairy Sci. 1993, 76, 3114-3117. 

51. Ivnitski, D.; O'Neil, D.J.; Gattuso, A.; Schlicht, R.; Calidonna, M.; Fisher, R. Nucleic acid 

approaches for detection and identification of biological warfare and infectious disease agents. 

Biotechniques 2003, 35, 862-869. 

52. Palchetti, I.; Mascini, M. Nucleic acid biosensors for environmental pollution monitoring. Analyst 

2008, 133, 846-854. 

53. Dondero, F.; Piacentini, L.; Marsano, F.; Rebelo, M.; Vergani, L.; Venier, P.; Viarengo, A. Gene 

transcription profiling in pollutant exposed mussels (Mytilus spp.) using a new low-density 

oligonucleotide microarray. Gene 2006, 376, 24-36. 

54. Venier, P.; De Pitta, C.; Pallavicini, A.; Marsano, F.; Varotto, L.; Romualdi, C.; Dondero, F.; 

Viarengo, A.; Lanfranchi, G. Development of mussel mRNA profiling: Can gene expression 

trends reveal coastal water pollution? Mutat. Res. 2006, 602, 121-134. 

55. LaGier, M.J.; Fell, J.W.; Goodwin, K.D. Electrochemical detection of harmful algae and other 

microbial contaminants in coastal waters using hand-held biosensors. Mar. Pollut. Bull. 2007, 54, 

757-770. 

56. Kahvejian, A.; Quackenbush, J.; Thompson, J.F. What would you do if you could sequence 

everything? Nat. Biotechnol. 2008, 26, 1125-1133. 

57. Shendure, J.; Ji, H. Next-generation DNA sequencing. Nat. Biotechnol. 2008, 26, 1135-1145. 

58. Nagl, S.; Schaeferling, M.; Wolfbeis, O.S. Fluorescence Analysis in Microarray Technology. 

Microch. Acta 2005, 151, 1-21. 



Sensors 2009, 9                             

 

3142

59. Schaferling, M.; Nagl, S. Optical technologies for the read out and quality control of DNA and 

protein microarrays. Anal. Bioanal. Chem. 2006, 385, 500-517. 

60. Dufva, M. Fabrication of high quality microarrays. Biomol Eng 2005, 22, 173-184. 

61. Sassolas, A.; Leca-Bouvier, B.D.; Blum, L.J. DNA biosensors and microarrays. Chem. Rev. 2008, 

108, 109-139. 

62. Campanaro, S.; Romualdi, C.; Fanin, M.; Celegato, B.; Pacchioni, B.; Trevisan, S.; Laveder, P.; 

De Pitta, C.; Pegoraro, E.; Hayashi, Y.K.; Valle, G.; Angelini, C.; Lanfranchi, G. Gene expression 

profiling in dysferlinopathies using a dedicated muscle microarray. Hum. Mol. Genet. 2002, 11, 

3283-3298. 

63. Campàs, M.; Katakis, I. DNA biochip arraying, detection and amplification strategies. Trends 

Anal. Chem. 2004, 23, 49-62. 

64. Branton, D.; Deamer, D.W.; Marziali, A.; Bayley, H.; Benner, S.A.; Butler, T.; Di Ventra, M.; 

Garaj, S.; Hibbs, A.; Huang, X.; Jovanovich, S.B.; Krstic, P.S.; Lindsay, S.; Ling, X.S.; 

Mastrangelo, C.H.; Meller, A.; Oliver, J.S.; Pershin, Y.V.; Ramsey, J.M.; Riehn, R.; Soni, G.V.; 

Tabard-Cossa, V.; Wanunu, M.; Wiggin, M.; Schloss, J.A. The potential and challenges of 

nanopore sequencing. Nat. Biotechnol. 2008, 26, 1146-1153. 

65. Shendure, J.A.; Porreca, G.J.; Church, G.M. Overview of DNA sequencing strategies. Curr. 

Protoc. Mol. Biol. 2008, Chapter 7, Unit 71. 

66. Eid, J.; Fehr, A.; Gray, J.; Luong, K.; Lyle, J.; Otto, G.; Peluso, P.; Rank, D.; Baybayan, P.; 

Bettman, B.; Bibillo, A.; Bjornson, K.; Chaudhuri, B.; Christians, F.; Cicero, R.; Clark, S.; Dalal, 

R.; Dewinter, A.; Dixon, J.; Foquet, M.; Gaertner, A.; Hardenbol, P.; Heiner, C.; Hester, K.; 

Holden, D.; Kearns, G.; Kong, X.; Kuse, R.; Lacroix, Y.; Lin, S.; Lundquist, P.; Ma, C.; Marks, 

P.; Maxham, M.; Murphy, D.; Park, I.; Pham, T.; Phillips, M.; Roy, J.; Sebra, R.; Shen, G.; 

Sorenson, J.; Tomaney, A.; Travers, K.; Trulson, M.; Vieceli, J.; Wegener, J.; Wu, D.; Yang, A.; 

Zaccarin, D.; Zhao, P.; Zhong, F.; Korlach, J.; Turner, S. Real-time DNA sequencing from single 

polymerase molecules. Science 2009, 323, 133-138. 

67. Levene, M.J.; Korlach, J.; Turner, S.W.; Foquet, M.; Craighead, H.G.; Webb, W.W. Zero-mode 

waveguides for single-molecule analysis at high concentrations. Science 2003, 299, 682-686. 

68. Denoeud, F.; Aury, J.M.; Da Silva, C.; Noel, B.; Rogier, O.; Delledonne, M.; Morgante, M.; 

Valle, G.; Wincker, P.; Scarpelli, C.; Jaillon, O.; Artiguenave, F. Annotating genomes with 

massive-scale RNA sequencing. Genome Biol. 2008, 9, R175. 

69. Nuwaysir, E.F.; Huang, W.; Albert, T.J.; Singh, J.; Nuwaysir, K.; Pitas, A.; Richmond, T.; Gorski, 

T.; Berg, J.P.; Ballin, J.; McCormick, M.; Norton, J.; Pollock, T.; Sumwalt, T.; Butcher, L.; 

Porter, D.; Molla, M.; Hall, C.; Blattner, F.; Sussman, M.R.; Wallace, R.L.; Cerrina, F.; Green, 

R.D. Gene expression analysis using oligonucleotide arrays produced by maskless 

photolithography. Genome Res. 2002, 12, 1749-1755. 

70. Beier, M.; Baum, M.; Rebscher, H.; Mauritz, R.; Wixmerten, A.; Stahler, C.F.; Muller, M.; 

Stahler, P.F. Exploring nature's plasticity with a flexible probing tool, and finding new ways for 

its electronic distribution. Biochem. Soc. Trans. 2002, 30, 78-82. 

71. Baum, M.; Bielau, S.; Rittner, N.; Schmid, K.; Eggelbusch, K.; Dahms, M.; Schlauersbach, A.; 

Tahedl, H.; Beier, M.; Guimil, R.; Scheffler, M.; Hermann, C.; Funk, J.M.; Wixmerten, A.; 

Rebscher, H.; Honig, M.; Andreae, C.; Buchner, D.; Moschel, E.; Glathe, A.; Jager, E.; Thom, M.; 



Sensors 2009, 9                             

 

3143

Greil, A.; Bestvater, F.; Obermeier, F.; Burgmaier, J.; Thome, K.; Weichert, S.; Hein, S.; 

Binnewies, T.; Foitzik, V.; Muller, M.; Stahler, C.F.; Stahler, P.F. Validation of a novel, fully 

integrated and flexible microarray benchtop facility for gene expression profiling. Nucl. Acid. Res. 

2003, 31, e151. 

72. Kronick, M.N. Creation of the whole human genome microarray. Expert Rev. Proteomics 2004, 1, 

19-28. 

73. Maurer, K.; Cooper, J.; Caraballo, M.; Crye, J.; Suciu, D.; Ghindilis, A.; Leonetti, J.A.; Wang, 

W.; Rossi, F.M.; Stover, A.G.; Larson, C.; Gao, H.; Dill, K.; McShea, A. Electrochemically 

generated acid and its containment to 100 micron reaction areas for the production of DNA 

microarrays. PLoS ONE 2006, 1, e34. 

74. Edman, C.F.; Raymond, D.E.; Wu, D.J.; Tu, E.; Sosnowski, R.G.; Butler, W.F.; Nerenberg, M.; 

Heller, M.J. Electric field directed nucleic acid hybridization on microchips. Nucl. Acid. Res. 

1997, 25, 4907-4914. 

75. Gunderson, K.L.; Kruglyak, S.; Graige, M.S.; Garcia, F.; Kermani, B.G.; Zhao, C.; Che, D.; 

Dickinson, T.; Wickham, E.; Bierle, J.; Doucet, D.; Milewski, M.; Yang, R.; Siegmund, C.; Haas, 

J.; Zhou, L.; Oliphant, A.; Fan, J.B.; Barnard, S.; Chee, M.S. Decoding randomly ordered DNA 

arrays. Genome Res. 2004, 14, 870-877. 

76. Steemers, F.J.; Gunderson, K.L. Illumina, Inc. Pharmacogenomics 2005, 6, 777-782. 

77. Kuhn, K.; Baker, S.C.; Chudin, E.; Lieu, M.H.; Oeser, S.; Bennett, H.; Rigault, P.; Barker, D.; 

McDaniel, T.K.; Chee, M.S. A novel, high-performance random array platform for quantitative 

gene expression profiling. Genome Res. 2004, 14, 2347-2356. 

78. t Hoen, P.A.; de Kort, F.; van Ommen, G.J.; den Dunnen, J.T. Fluorescent labelling of cRNA for 

microarray applications. Nucl. Acid. Res. 2003, 31, e20. 

79. Carter, M.G.; Sharov, A.A.; VanBuren, V.; Dudekula, D.B.; Carmack, C.E.; Nelson, C.; Ko, M.S. 

Transcript copy number estimation using a mouse whole-genome oligonucleotide microarray. 

Genome Biol. 2005, 6, R61. 

80. Albers, J.; Grunwald, T.; Nebling, E.; Piechotta, G.; Hintsche, R. Electrical biochip technology--a 

tool for microarrays and continuous monitoring. Anal. Bioanal. Chem. 2003, 377, 521-527. 

81. Bandiera, L.; Cellere, G.; Cagnin, S.; De Toni, A.; Zanoni, E.; Lanfranchi, G.; Lorenzelli, L. A 

fully electronic sensor for the measurement of cDNA hybridization kinetics. Biosens. Bioelectron. 

2007, 22, 2108-2114. 

82. Drummond, T.G.; Hill, M.G.; Barton, J.K. Electrochemical DNA sensors. Nat. Biotechnol. 2003, 

21, 1192-1199. 

83. Gill, R.; Patolsky, F.; Katz, E.; Willner, I. Electrochemical control of the photocurrent direction in 

intercalated DNA/CdS nanoparticle systems. Angew. Chem. Int. Ed. Engl. 2005, 44, 4554-4557. 

84. Elbaz, J.; Tel-Vered, R.; Freeman, R.; Yildiz, H.B.; Willner, I. Switchable motion of DNA on 

solid supports. Angew. Chem. Int. Ed. Engl. 2009, 48, 133-137. 

85. Willner, I.; Patolsky, F.; Weizmann, Y.; Willner, B. Amplified detection of single-base 

mismatches in DNA using microgravimetric quartz-crystal-microbalance transduction. Talanta 

2002, 56, 847-856. 

86. Guiducci, C.; Stagni, C.; Zuccheri, G.; Bogliolo, A.; Benini, L.; Samori, B.; Ricco, B. DNA 

detection by integrable electronics. Biosens. Bioelectron. 2004, 19, 781-787. 



Sensors 2009, 9                             

 

3144

87. Zhai, J.; Cui, H.; Yang, R. DNA based biosensors. Biotechnol. Adv. 1997, 15, 43-58. 

88. Fritz, J.; Cooper, E.B.; Gaudet, S.; Sorger, P.K.; Manalis, S.R. Electronic detection of DNA by its 

intrinsic molecular charge. Proc. Natl. Acad. Sci. U S A 2002, 99, 14142-14146. 

89. Hamers, R.J. Nanotechnology: Diamonds are for tethers. Nature 2008, 454, 708-709. 

90. Clack, N.G.; Salaita, K.; Groves, J.T. Electrostatic readout of DNA microarrays with charged 

microspheres. Nat. Biotechnol. 2008, 26, 825-830. 

91. Lucarelli, F.; Marrazza, G.; Turner, A.P.; Mascini, M. Carbon and gold electrodes as 

electrochemical transducers for DNA hybridisation sensors. Biosens. Bioelectron. 2004, 19,  

515-530. 

92. Watterson, J.H.; Raha, S.; Kotoris, C.C.; Wust, C.C.; Gharabaghi, F.; Jantzi, S.C.; Haynes, N.K.; 

Gendron, N.H.; Krull, U.J.; Mackenzie, A.E.; Piunno, P.A. Rapid detection of single nucleotide 

polymorphisms associated with spinal muscular atrophy by use of a reusable fibre-optic biosensor. 

Nucl. Acid. Res. 2004, 32, e18. 

93. Goodrich, T.T.; Lee, H.J.; Corn, R.M. Enzymatically amplified surface plasmon resonance 

imaging method using RNase H and RNA microarrays for the ultrasensitive detection of nucleic 

acids. Anal. Chem. 2004, 76, 6173-6178. 

94. Rich, R.L.; Myszka, D.G. BIACORE J: a new platform for routine biomolecular interaction 

analysis. J. Mol. Recognit. 2001, 14, 223-228. 

95. Vo-Dinh, T.; Yan, F.; Stokes, D.L. Plasmonics-based nanostructures for surface-enhanced Raman 

scattering bioanalysis. Methods Mol. Biol. 2005, 300, 255-283. 

96. Culha, M.; Stokes, D.; Allain, L.R.; Vo-Dinh, T. Surface-enhanced Raman scattering substrate 

based on a self-assembled monolayer for use in gene diagnostics. Anal. Chem. 2003, 75,  

6196-6201. 

97. Cao, Y.C.; Jin, R.; Mirkin, C.A. Nanoparticles with Raman spectroscopic fingerprints for DNA 

and RNA detection. Science 2002, 297, 1536-1540. 

98. Lodes, M.J.; Suciu, D.; Wilmoth, J.L.; Ross, M.; Munro, S.; Dix, K.; Bernards, K.; Stover, A.G.; 

Quintana, M.; Iihoshi, N.; Lyon, W.J.; Danley, D.L.; McShea, A. Identification of upper 

respiratory tract pathogens using electrochemical detection on an oligonucleotide microarray. 

PLoS ONE 2007, 2, e924. 

99. Vo-Dinh, T.; Alarie, J.P.; Isola, N.; Landis, D.; Wintenberg, A.L.; Ericson, M.N. DNA biochip 

using a phototransistor integrated circuit. Anal. Chem. 1999, 71, 358-363. 

100. Culha, M.; Stokes, D.L.; Griffin, G.D.; Vo-Dinh, T. Application of a miniature biochip using the 

molecular beacon probe in breast cancer gene BRCA1 detection. Biosens. Bioelectron. 2004, 19, 

1007-1012. 

101. Zhou, X.C.; Huang, L.Q.; Li, S.F. Microgravimetric DNA sensor based on quartz crystal 

microbalance: comparison of oligonucleotide immobilization methods and the application in 

genetic diagnosis. Biosens. Bioelectron. 2001, 16, 85-95. 

102. Liu, T.; Tang, J.; Han, M.; Jiang, L. A novel microgravimetric DNA sensor with high sensitivity. 

Biochem. Biophys. Res. Commun. 2003, 304, 98-100. 

103. Ngeh-Ngwainbi, J.; Suleiman, A.A.; Guilbault, G.G. Piezoelectric crystal biosensors. Biosens. 

Bioelectron. 1990, 5, 13-26. 



Sensors 2009, 9                             

 

3145

104. Dell'Atti, D.; Zavaglia, M.; Tombelli, S.; Bertacca, G.; Cavazzana, A.O.; Bevilacqua, G.; 

Minunni, M.; Mascini, M. Development of combined DNA-based piezoelectric biosensors for the 

simultaneous detection and genotyping of high risk Human Papilloma Virus strains. Clin. Chim. 

Acta 2007, 383, 140-146. 

105. Mannelli, I.; Minunni, M.; Tombelli, S.; Mascini, M. Quartz crystal microbalance (QCM) affinity 

biosensor for genetically modified organisms (GMOs) detection. Biosens. Bioelectron. 2003, 18, 

129-140. 

106. Stobiecka, M.; Cieśla, J.M.; Janowska, B.; Tudek, B.; Radecka, H. Piezoelectric Sensor for 

Determination of Genetically Modified Soybean Roundup Readyâ in Samples not Amplified by 

PCR. . Sensors 2007, 1462-1479. 

107. Sinensky, A.K.; Belcher, A.M. Label-free and high-resolution protein/DNA nanoarray analysis 

using Kelvin probe force microscopy. Nat. Nanotechnol. 2007, 2, 653-659. 

108. Bianchi, N.; Rutigliano, C.; Tomassetti, M.; Feriotto, G.; Zorzato, F.; Gambari, R. Biosensor 

technology and surface plasmon resonance for real-time detection of HIV-1 genomic sequences 

amplified by polymerase chain reaction. Clin. Diagn. Virol. 1997, 8, 199-208. 

109. Georgiadis, R.; Peterlinz, K.A.; Rahn, J.R.; Peterson, A.W.; Grassi, J.H. Surface Plasmon 

Resonance Spectroscopy as a Probe of In-Plane Polymerization in Monolayer Organic Conducting 

Films. Langmuir 2000, 17, 6759-6762. 

110. Heaton, R.J.; Peterson, A.W.; Georgiadis, R.M. Electrostatic surface plasmon resonance: direct 

electric field-induced hybridization and denaturation in monolayer nucleic acid films and label-

free discrimination of base mismatches. Proc. Nat. Acad. Sci. USA 2001, 98, 3701-3704. 

111. Michelini, E.; Simoni, P.; Cevenini, L.; Mezzanotte, L.; Roda, A. New trends in bioanalytical 

tools for the detection of genetically modified organisms: an update. Anal. Bioanal. Chem. 2008, 

392, 355-367. 

112. Park, S.J.; Taton, T.A.; Mirkin, C.A. Array-based electrical detection of DNA with nanoparticle 

probes. Science 2002, 295, 1503-1506. 

113. Kim, D.S.; Jeong, Y.T.; Park, H.J.; Shin, J.K.; Choi, P.; Lee, J.H.; Lim, G. An FET-type charge 

sensor for highly sensitive detection of DNA sequence. Biosens. Bioelectron. 2004, 20, 69-74. 

114. Stagni, C.; Guiducci, C.; Benini, L.; Riccò, B.; Carrara, S.; Paulus, C.; Schienle, M.; Thewes, R. , 

A Fully-Electronic Label-Free DNA Sensor Chip. IEEE Sens. J. 2007, 7, 577-585. 

115. Star, A.; Tu, E.; Niemann, J.; Gabriel, J.C.; Joiner, C.S.; Valcke, C. Label-free detection of DNA 

hybridization using carbon nanotube network field-effect transistors. Proc. Nat. Acad. Sci. USA 

2006, 103, 921-926. 

116. Uslu, F.; Ingebrandt, S.; Mayer, D.; Bocker-Meffert, S.; Odenthal, M.; Offenhausser, A. Labelfree 

fully electronic nucleic acid detection system based on a field-effect transistor device. Biosens. 

Bioelectron. 2004, 19, 1723-1731. 

117. Martel, R.; Schmidt, T.; Shea, H. R.; Hertel, T.; Avouris, Ph. Single- and multi-wall carbon 

nanotube field-effect transistors. Appl. Phys. Lett. 1998, 73, 2447. 

118. Kauffman, D.R.; Star, A. Electronically monitoring biological interactions with carbon nanotube 

field-effect transistors. Chem. Soc. Rev. 2008, 37, 1197-1206. 

119. Benini, L.; Guiducci, C.; Paulus, C. Electronic Detection of DNA Hybridization: Toward CMOS 

Microarrays. IEEE Design and Test of Computers 2007, 24, 38-48. 



Sensors 2009, 9                             

 

3146

120. Guiducci, C.; Stagni, C.; Fischetti, A.; Mastromatteo, U.; Benini, L.; Riccò, B. Micro-electrodes 

on a Silicon Chip for Label-free Capacitive DNA Sensing. IEEE Sens. J. 2006, 6,  

1084-1093. 

121. Armistead, P.M.; Thorp, H.H. Electrochemical detection of gene expression in tumor samples: 

overexpression of Rak nuclear tyrosine kinase. Bioconjug. Chem. 2002, 13, 172-176. 

122. Yang, I.V.; Thorp, H.H. Modification of indium tin oxide electrodes with repeat polynucleotides: 

electrochemical detection of trinucleotide repeat expansion. Anal. Chem. 2001, 73, 5316-5322. 

123. Umek, R.M.; Lin, S.W.; Vielmetter, J.; Terbrueggen, R.H.; Irvine, B.; Yu, C.J.; Kayyem, J.F.; 

Yowanto, H.; Blackburn, G.F.; Farkas, D.H.; Chen, Y.P. Electronic detection of nucleic acids: a 

versatile platform for molecular diagnostics. J. Mol. Diagn. 2001, 3, 74-84. 

124. Fanjul-Bolado, P.; Hernandez-Santos, D.; Gonzalez-Garcia, M.B.; Costa-Garcia, A. Alkaline 

phosphatase-catalyzed silver deposition for electrochemical detection. Anal. Chem. 2007, 79, 

5272-5277. 

125. Abad-Valle, P.; Fernandez-Abedul, M.T.; Costa-Garcia, A. DNA single-base mismatch study with 

an electrochemical enzymatic genosensor. Biosens. Bioelectron. 2007, 22, 1642-1650. 

126. Won, B.Y.; Yoon, H.C.; Park, H.G. Enzyme-catalyzed signal amplification for electrochemical 

DNA detection with a PNA-modified electrode. Analyst 2008, 133, 100-104. 

127. Ghindilis, A.L.; Smith, M.W.; Schwarzkopf, K.R.; Roth, K.M.; Peyvan, K.; Munro, S.B.; Lodes, 

M.J.; Stover, A.G.; Bernards, K.; Dill, K.; McShea, A. CombiMatrix oligonucleotide arrays: 

genotyping and gene expression assays employing electrochemical detection. Biosens. 

Bioelectron. 2007, 22, 1853-1860. 

128. Lermo, A.; Campoy, S.; Barbe, J.; Hernandez, S.; Alegret, S.; Pividori, M.I. In situ DNA 

amplification with magnetic primers for the electrochemical detection of food pathogens. Biosens. 

Bioelectron. 2007, 22, 2010-2017. 

129. Ozkan, D.; Erdem, A.; Kara, P.; Kerman, K.; Meric, B.; Hassmann, J.; Ozsoz, M. Allele-specific 

genotype detection of factor V Leiden mutation from polymerase chain reaction amplicons based 

on label-free electrochemical genosensor. Anal. Chem. 2002, 74, 5931-5936. 

130. Willner, I.; Baron, R.; Willner, B. Integrated nanoparticle-biomolecule systems for biosensing and 

bioelectronics. Biosens. Bioelectron. 2007, 22, 1841-1852. 

131. Gao, Z.; Agarwal, A.; Trigg, A.D.; Singh, N.; Fang, C.; Tung, C.H.; Fan, Y.; Buddharaju, K.D.; 

Kong, J. Silicon nanowire arrays for label-free detection of DNA. Anal. Chem. 2007, 79,  

3291-3297. 

132. Rivas, G.A.; Rubianes, M.D.; Rodriguez, M.C.; Ferreyra, N.F.; Luque, G.L.; Pedano, M.L.; 

Miscoria, S.A.; Parrado, C. Carbon nanotubes for electrochemical biosensing. Talanta 2007, 74, 

291-307. 

133. Zhang, Y.; Zhang, K.; Ma, H. Electrochemical DNA biosensor based on silver 

nanoparticles/poly(3-(3-pyridyl) acrylic acid)/carbon nanotubes modified electrode. Anal. 

Biochem. 2009, 387, 13-19. 

134. Tang, X.; Bansaruntip, S.; Nakayama, N.; Yenilmez, E.; Chang, Y.L.; Wang, Q. Carbon nanotube 

DNA sensor and sensing mechanism. Nano Lett. 2006, 6, 1632-1636. 



Sensors 2009, 9                             

 

3147

135. Jelen, F.; Yosypchuk, B.; Kourilova, A.; Novotny, L.; Palecek, E. Label-free determination of 

picogram quantities of DNA by stripping voltammetry with solid copper amalgam or mercury 

electrodes in the presence of copper. Anal. Chem. 2002, 74, 4788-4793. 

136. Tans, S.J.; Verschueren, A. R. M.; Dekker, C. Room-temperature transistor based on a single 

carbon nanotube. Nature 1998, 393, 49-52. 

137. Millan, K.M.; Mikkelsen, S.R. Sequence-selective biosensor for DNA based on electroactive 

hybridization indicators. Anal. Chem. 1993, 65, 2317-2323. 

138. Steel, A.B.; Herne, T.M.; Tarlov, M.J. Electrochemical quantitation of DNA immobilized on gold. 

Anal. Chem. 1998, 70, 4670-4677. 

139. Boon, E.M.; Ceres, D.M.; Drummond, T.G.; Hill, M.G.; Barton, J.K. Mutation detection by 

electrocatalysis at DNA-modified electrodes. Nat. Biotechnol. 2000, 18, 1096-1100. 

140. He, P.; Xu, Y.; Fang, Y. A Review: Electrochemical DNA Biosensors for Sequence Recognition. 

Anal. Lett. 2005, 38, 2597 - 2623  

141. Rivas, G.A.; Pedano, M.L.; Ferreyra, N.F. Electrochemical Biosensors for Sequence-Specific 

DNA Detection. Anal. Lett. 2005, 38, 2653-2703. 

142. Carrara, S.; Gürkaynak, F. K.; Guiducci, C.; Stagni, C.; Benini, L.; Leblebici, Y.; Samorì, B.; De 

Michieli, G. Interface Layering Phenomena in Capacitance Detection of DNA with Biochips. 

Sens. Trans. J. 2007, 76, 969-977. 

143. Lao, R.; Song, S.; Wu, H.; Wang, L.; Zhang, Z.; He, L.; Fan, C. Electrochemical interrogation of 

DNA monolayers on gold surfaces. Anal. Chem. 2005, 77, 6475-6480. 

144. Sun, X.; He, P.; Liu, S.; Ye, J.; Fang, Y. Immobilization of single-stranded deoxyribonucleic acid 

on gold electrode with self-assembled aminoethanethiol monolayer for DNA electrochemical 

sensor applications. Talanta 1998, 47, 487-495. 

145. Marrazza, G.; Chianella, I.; Mascini, M. Disposable DNA electrochemical sensor for 

hybridization detection. Biosens. Bioelectron. 1999, 14, 43-51. 

146. Moore, E.J.; Curtin, M.; Ionita, J.; Maguire, A.R.; Ceccone, G.; Galvin, P. Selective release of 

DNA from the surface of indium-tin oxide thin electrode films using thiol-disulfide exchange 

chemistry. Anal. Chem. 2007, 79, 2050-2057. 

147. Wang, J. Nanomaterial-based electrochemical biosensors. Analyst 2005, 130, 421-426. 

148. Palecek, E. Oscillographic polarography of highly polymerized deoxyribonucleic acid. Nature 

1960, 188, 656-657. 

149. Aviram, A.; Ratner, M.A.; Molecular rectifiers. Chem. Phys. Lett. 1974, 29, 277-283. 

150. http://www.infineon.com/cms/en/product/index.html. 

151. Asai, R.; Nishimura, S.I.; Takahashi, K. DNA aptamers that recognize fluorophore using on-chip 

screening in combination with an in silico evolution. Nucl. Acid. Res. Suppl. 2003, 3, 321-322. 

152. Asai, R.; Nishimura, S.I.; Aita, T.; Takahashi, K. In vitro selection of DNA aptamers on chips 

using a method for generating point mutations. Anal. Lett. 2004, 37, 645-656. 

153. Knight, C.G.; Platt, M.; Rowe, W.; Wedge, D.C.; Khan, F.; Day, P.J.; McShea, A.; Knowles, J.; 

Kell, D.B. Array-based evolution of DNA aptamers allows modelling of an explicit sequence-

fitness landscape. Nucl. Acid. Res. 2009, 37, e6. 

154. Boon, E.M.; Barton, J.K. Charge transport in DNA. Curr. Opin. Struct. Biol. 2002, 12, 320-329. 



Sensors 2009, 9                             

 

3148

155. Hughes, W.S. The potential difference between glass and electrolytes in contact with water. J. 

Am. Chem. Soc. 1922, 44, 2860-2866. 

156. Rast, J.P.; Amore, G.; Calestani, C.; Livi, C.B.; Ransick, A.; Davidson, E.H. Recovery of 

developmentally defined gene sets from high-density cDNA macroarrays. Dev. Biol. 2000, 228, 

270-286. 

157. Shen, Y.; Wu, B.L. Microarray-Based Genomic DNA Profiling Technologies in Clinical 

Molecular Diagnostics. Clin. Chem. 2009, 55, 659-669. 

158. Grieshaber, D.M. R.; Vörös, J.; Reimhult, E. Electrochemical Biosensors - Sensor Principles and 

Architectures. Sensors 2008, 8, 1400-1458. 

159. http://www.st.com/stonline/products/technologies/labonchip/technolo.htm. 

160. De Pitta, C.; Tombolan, L.; Campo Dell'Orto, M.; Accordi, B.; te Kronnie, G.; Romualdi, C.; 

Vitulo, N.; Basso, G.; Lanfranchi, G. A leukemia-enriched cDNA microarray platform identifies 

new transcripts with relevance to the biology of pediatric acute lymphoblastic leukemia. 

Haematologica 2005, 90, 890-898. 

161. Millino, C.; Bellin, M.; Fanin, M.; Romualdi, C.; Pegoraro, E.; Angelini, C.; Lanfranchi, G. 

Expression profiling characterization of laminin alpha-2 positive MDC. Biochem. Biophys. Res. 

Commun. 2006, 350, 345-351. 

162. Celegato, B.; Capitanio, D.; Pescatori, M.; Romualdi, C.; Pacchioni, B.; Cagnin, S.; Vigano, A.; 

Colantoni, L.; Begum, S.; Ricci, E.; Wait, R.; Lanfranchi, G.; Gelfi, C. Parallel protein and 

transcript profiles of FSHD patient muscles correlate to the D4Z4 arrangement and reveal a 

common impairment of slow to fast fibre differentiation and a general deregulation of MyoD-

dependent genes. Proteomics 2006, 6, 5303-5321. 

163. Ma, L.J.; Li, W.; Zhang, X.; Huang, D.H.; Zhang, H.; Xiao, J.Y.; Tian, Y.Q. Differential gene 

expression profiling of laryngeal squamous cell carcinoma by laser capture microdissection and 

complementary DNA microarrays. Arch. Med. Res. 2009, 40, 114-123. 

164. van Baarsen, L.G.; Bos, C.L.; Pouw Kraan, T.C.; Verweij, C.L. Transcription profiling of 

rheumatic diseases. Arthritis Res. Ther. 2009, 11, 207. 

 

© 2009 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland. 

This article is an open-access article distributed under the terms and conditions of the Creative 

Commons Attribution license (http://creativecommons.org/licenses/by/3.0/). 

 


