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Numerous analytical methods are used to detect pathogens agents including methods based on the
direct isolation followed by real time-polymerase chain reaction, or immunology tests. There have not
been published numerous papers on the using of electrochemical microarrays for detection of viruses
and/or bacteria but there is a great potential. Electrochemical detection has been developed and assay
performances studied for the CombiMatrix oligonucleotide microarray platform. CombiMatrix core
technology is based on a specially modified semiconductor adapted for biological applications, which
contains arrays of platinum microelectrodes. The ElectraSense™ principle is the detection of redox
active chemistries proximal to specific electrodes. The target molecules are labelled with a redox
enzyme via biotin-streptavidin (or avidin) interaction. Enzymatic oxidation of an electron donor
substrate then occurs. The detection current is generated due to electro-reduction of the enzymatic
reaction product. Thus, the ElectraSense™ platform has been used to develop nucleic acid assays for
highly accurate genotyping of a variety of pathogens including bio-threat agents. In this review we
summarize recent studies on the detection and identification of pathogens by electrochemical
microarrays technology and discuss the advantages and disadvantages.
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1. COMBIMATRIX OLIGONUCLEOTIDE MICROARRAY PLATFORM

1.1. Overview of electrochemical biosensors for identification of pathogenic agents

The methods of enzyme-linked immunoSorbent assay, reverse transcription-polymerase chain
reaction (RT-PCR) or PCR are commonly used techniques for diagnosing of viruses or bacteria [1-6].
Despite the relatively high cost of equipment, microarray-based detection methods are highly attractive
due to their high sensitivity and rapidity, because these DNA/RNA microarrays are an important tool
in gene expression studies, genotyping, pharmacogenomics, pathogen classification, drug discovery,
sequencing and molecular diagnostics. Application of oligonucleotide microarrays in different areas of
molecular clinical diagnostic and infectious disease monitoring has been rapidly growing during the
last years [7-10]. Electrochemical biosensor arrays have been described by different authors [11-13].
The impedance-based horseradish peroxidase (HRP)-labelled immunosensor Ag-PSA-based DNA
sensors was developed for identification Hepatitis B (HBsAQ), as a model sample, and confirmed the
feasibility of applying electrochemical impedance spectroscopy to the electrode array [14].
Magnetically-assisted impedimetric with phage-modified carbon microarrays method was described
for more specific detection of bacteria in milk [15]. We can highlight different methods based
microarrays sensor as interdigitated array microelectrodes (IDA) amplication-based RNA/DNA
microarray sensor [16-18], screen-printed electrode (SPE) amplication-based RNA/DNA microarray
sensor [19,20], esterase 2 amplication-based DNA array sensor [21], Hoechst 33258 amplication-based
DNA array sensor [22] and HRP amplication-based DNA microarray sensor (CombiMatrix
ElectroSense™. In this review, we attempted to summarize the utilization of CombiMatrix for
detection or/and identification pathogenic agents in biological samples.

1.2. Component of CombiMatrix ElectroSense ™

CombiMatrix core technology is based on a specially modified semiconductor adapted for
biological applications, which contains arrays of platinum microelectrodes. The CombiMatrix
CustomArray™ and CatalogArray microarrays are currently used with fluorescent detection [23,24].
However, the underlying electronics employed for the oligonucleotide synthesis can also be utilized for
electrochemical detection (ElectraSense) of target molecules bound to the microarray. CombiMatrix
has developed a commercial system that is based on this approach and unique semiconductor-based
microelectrode arrays. The CombiMatrix system has the ability to address each electrode individually
and measure the signal present at that electrode site. The two main components are ElectraSense™
Reader and ElectraSense™ microarray with hybridization cap (Fig. 1). The pre-hybridization,
hybridization and washing solutions are easily loaded through the portals in each chamber. Preparation
of the hybridized ElectraSense™ microarray for electrochemical detection involves a post-
hybridization labelling step that is performed using the CombiMatrix ElectraSense™ Detection Kit
(Fig. 1A). The ElectraSense reader is able to detect electric current values for an array of 12,544
electrodes in approximately 25 s, with each electrode being “read” for less than 2 ms. The fast reading
time ensures that horseradish peroxidase (HRP) retains a high level of reactivity throughout reading of
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the whole microarray (Fig. 1B). The range of the highest sensitivity is from 0.1 to 200 nA, and it can
be configured to detect higher signals [25]. The ElectraSense™ microarray reader electrochemically
measures thousands of probes in less than one minute (Fig. 1C). The ElectraSense™ reader
electronically reads the data by performing amperometric detection of the current flux for each
individual spot through the underlying platinum microelectrode. The resulting data provides direct
numeric quantification of the hybridization signals for all spots. The ElectraSense™ Software takes as
input a chip design file, which gives detailed information about the placement of probes on the
microarray and data from the ElectraSense™ reader (Fig. 1D). This system provides an optimized and
completely automated data extraction, background subtraction and data normalization solution. Results
can be further visualized in Excel for species identification. Another major advantage of is the ability
to successfully strip and re-use each array (up to 4 times). The microarray re-using procedure is
performed using the CombiMatrix CustomArray™ Stripping Kit.

ElectraSense® Reader

Figure 1. Component of CombiMatrix ElectroSense™. (A) ElectraSense™ 12K microarray,
hybridization cap and hybridization chamber. (B) Assembly of the ElectraSense™ 12K
microarray in hybridization chamber. (C) Load samples into the hybridization cap. (D)
Different part of The ElectraSense™ Reader.

1.3. Electrochemical detection method

A principle of action of ElectraSense™ platform for DNA/RNA hybridization assays is shown
in Fig. 2. Microphoto of electrodes and spots from 40x optical magnification is shown in Fig. 2A.1 and
oligonucleotides probes from 200x optical magnification in Fig. 2A.2. Preparation of the hybridized
ElectraSense™ microarray for electrochemical detection includes a post-hybridization labelling step
that is performed using the CombiMatrix ElectraSense™ Detection Kit (Fig. 2B). During this step,
avidin conjugated with horseradish peroxidase (HRP) binds to the biotinylated targets that are
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hybridized to the microarray probes. HRP catalyses the oxidation of a substrate, TMB (3,3",5,5"-
tetramethylbenzidene), and the electro-reduction of the oxidized TMB generates a current flux (Fig.
2C). The ElectraSense™ Reader performs amperometric detection of this current flux for each
individual spot through the underlying platinum microelectrode [26]. The data provides direct numeric
quantification of the hybridization signals for all spots. Thus, in contrast to fluorescent imaging, image
data extraction is not required for the ElectraSense™ detection system. Ghindilis et al. compared the
ElectraSense ™ platform to the standard fluorescent detection, and good agreement was observed
between these two different detection techniques. A lower detection limit of 0.75 pM was obtained for
ElectraSense ™ as compared to the detection limit of 1.5 pM obtained for fluorescent detection [25].
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Figure 2. (A) Microphotograph of microarray chip 4x12 K from microscope. (A.1) Microphoto of
electrodes and spots from 40x optical magnification. (A.2) Microphoto of spots with
oligonucleotides probes from 200x optical magnification. (B) Schematic illustration the
electrochemical detection method using TMB and AV-HRP. (C) Image of microarray of
influenza viruses, and the position and intensity signal of oligonucleotide probes (image from
ElectraSense™ Reader).

This platform is commercially available as a custom DNA microarray; and, in this
configuration, it was used to tether antibodies (Abs) on electrodes using complementary DNA
sequences conjugated to the Abs. Cooper et al. described deposition of polypyrrole (Ppy) and
capturing of Ab antibodies for developing and optimizing immunoassays on the CombiMatrix
ElectraSense® microarray. In the absence of understanding the variables and complexities that affect
assay performance, this highly multiplexed electrode array provided a rapid, high throughput, and
empirical approach for developing a sensitive immunoassay [27].
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2. IDENTIFICATION OF VIRUSES BY COMBIMATRIX ELECTROSENSE™

2.1. Influenza Viruses

Influenza is an infectious disease caused by RNA viruses of the family Orthomyxoviridae.
Among the three types of influenza viruses (A, B, and C), the influenza A and B viruses produce
seasonal epidemics in humans [28]. There have not been published numerous papers on the using of
electrochemical microarrays for detection of influenza, but there is great potential. This novel
electrochemical method has been used by different authors for the identification of influenza virus
during the last years. CombiMatrix Corp. fabricated a chip for influenza identification that addresses a
central criterion for containment of a potential pandemic: timeliness. The chips can electronically
identify the binding events that represent a match between a sample of DNA and the DNA from the flu
strain found in the body, which can identify any flu strain within app. four hours. Stevens et al.
recently focused on novel glycan microarray technologies that can rapidly assess virus receptor
specificity and the potential emergence of human-adapted H5N1 viruses [29]. Roth et al. demonstrated
well-performed detection of avian influenza subtype H5N1 by application of electrochemical detection
of Combimatrix microarrays and support the fact that the ElectraSense reader is a robust and sensitive
platform for the detection of DNA hybridization from influenza viruses [23]. Lodes et al. identified
upper respiratory tract pathogens by electrochemical detection using oligonucleotide microarray,
including A and B influenza viruses [30]. Bolotin et al. showed that the sensitivity of the CombiMatrix
influenza detection system was 95.2 % and the specificity was 100 % for influenza A subtype testing
on patients diagnosed in the 2007-2008 influenza season in Toronto, Canada [31]. Straight et al.
identified 23 of 24 samples of laboratory-confirmed pandemic (H1N1) 2009 Influenza by the
ElectraSense influenza A assay. The assay identified all samples of influenza A/HIN1 and A/H3NZ2,
and differentiated these from pandemic (H1N1) 2009 Influenza in all cases. Therefore, the
ElectraSense influenza A assay proved to be a useful assay to quickly and accurately differentiate
pandemic (H1N1) 2009 influenza from seasonal influenza [32]. Wojciechowski et al. introduced and
described super avidin-biotin system (SABS) and secondary enzymatic enhancement (SEE) as viable
methods to enhance microarray performance and sensitivity on influenza sequences. In spite of the fact
these techniques did not yield functional improvements, in most cases the target-specific detection
limit was substantially reduced from control values following SABS or SEE treatment. These post-
hybridization amplification techniques are appealing ways to enhance assay performance because they
are easy, fast and low cost.

2.2. Human papillomavirus

Infection with human papillomavirus is recognized as one of the major causes of infection-
related cancer worldwide, as well as the causal factor of other diseases. Strong evidence for a causal
etiology with human papillomavirus was stated by the International Agency for Research on Cancer
for cancers of the cervix uteri, penis, vulva, vagina, anus and oropharynx [33]. Ayers et al. successfully
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employed the Combimatrix® B3 CustomArray™ for the synthesis of reusable, bespoke microarrays
for the purpose of discerning multiple Human Papilloma Virus strains [34].

2.3. Other viruses

Virus detection and identification is also important for farmers, plant pathologists and others
involved in plant protection activities of quarantine and certification programs. Tiberini et al. showed
the potentiality of an oligonucleotide diagnostic array based on the Combimatrix platform for detection
and identification of 14 artichoke-infecting viruses [35]. In another study, the authors detected and
identified viral populations in The Internal Active Thermal Control System (IATCS) samples obtained
from the Kennedy Space Center (aboard the International Space Station) as a first step towards
characterizing and understanding potential risks associated with viruses’ presence. Benardini et al.
used one Combimatrix panvira 12K microarray containing probes for ~1,000 known human viruses.
Positive hybridizations were observed for probes from the Adenoviridae, Mononegavirales,
Poxovirade, Orthomyxoviridae, Flaviviridae, Herpesviridae, Papillomaviridae, Parvoviridae, and
Reoviridae families. The data generated in this study using both traditional and molecular techniques
confirm that viral particles are present within the IATCS [36]. Tiberini et al. prepared an array based
on the Combimatrix platform for detection of 37 viruses belonging to 13 families, one of which is
unassigned, together with six pospiviroid species, genus Pospiviroid, family Pospiviroidae. Most of
the virus probes were highly specific and were able to identify tomato viruses. Most Pospiviroid
probes, however, were non-specific in terms of species, but were specific at the genus level as they
hybridized to members of the genus Pospiviroid. Only one probe of the Tomato apical stem viroid was
species specific [37]. Various enteric viruses including norovirus, rotavirus, adenovirus, and astrovirus
are the major etiological agents of food-borne and water-borne disease outbreaks and frequently cause
non-bacterial gastroenteritis worldwide. A Combimatrix platform oligonucleotide probe was sensitive
and high-throughput detection method for detection of these viral pathogens [9].

3. IDENTIFICATION OF BACTERIA BY COMBIMATRIX ELECTRASENSE ™

3.1. Neisseria gonorrhoeae

Gonorrhoea continues to seriously impact human society with an estimated 106 million new
infections per annual. The consequences of gonorrhoea on reproductive and neonatal health are serious
as its role in the spread of human immunodeficiency virus. Jackson et al. described the use of a custom
12K CombiMatrix ElectraSenseTM oligonucleotide microarray format for assessing global gene
expression profiles in Neisseria spp [10].

3.2. Helicobacter pylori

The main cause of gastric cancer is chronic infection with Helicobacter pylori [38-40]. H.
pylori infection is present throughout the world and causes most cases of peptic ulcer disease and
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mucosa-associated lymphoid. A whole-genome CombiMatrix Custom oligonucleotide tiling
microarray with 90000 probes covering six sequenced H. pylori genomes was designed for one study.
This microarray was used to compare the genomic profiles of eight unsequenced strains isolated from
patients with different gastroduodenal diseases in Heilongjiang province of China. The results of this
study promote further understanding of specific disease-associated genes that can serve as novel
biomarkers for identification of gastroduodenal diseases [41].

3.3. Other bacteria

Wojciechowski et al. described application of the CombiMatrix antibody microarray system
designed for detection of the bacterial pathogens Bacillus anthracis (B. anthracis), Yersinia pestis (Y.
pestis), and bacterial toxin staphylococcal enterotoxin B (SEB) [42]. The ElectraSense™ platform was
used to develop nucleic acid assays for highly accurate genotyping of a variety of pathogens including
bio-threat agents (such as B. anthracis, Y. pestis, and other microorganisms including Escherichia coli,
Bacillus subtilis, etc.) [25] and for detection of four bacterial pathogens (Bordetella pertussis,
Streptococcus pyogenes, Chlamydia pneumoniae and Mycoplasma pneumonia) [30]. CombiMatrix
technology makes it as an attractive solution for detection needs of a variety of sensor-based areas
including identification pathogens, disease diagnosis and genetic screenings.

4. CONCLUSIONS

CombiMatrix ElectraSense™ technique is applicable for several microarray-based assays
including genotyping and gene expression. On the other hand, the ElectraSense™ platform has high
potential for further development of low cost and easy-to-use identification of pathogens. The
electrochemical arrays are new and novel method for fast and convenient monitoring of pathogens. In
summary, we show in this review that electrochemistry array method have great advantages compared
conventional method for detection and/or identification pathogens. One may also see the potential of
these arrays for strain typing or identifying the source of an epidemic.
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