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This paper presents a review of micro- and nano-structure based oligonucleotide detection and quan-
tification techniques. The characteristics of such devices make them very attractive for Point-of-Care or
On-Site-Testing biosensing applications. Their small scale means that they can be robust and portable,
their compatibility with modern CMOS electronics means that they can easily be incorporated into hand-
held devices and their suitability for mass production means that, out of the different approaches to
oligonucleotide detection, they are the most suitable for commercialisation. This review discusses the
advantages of micro- and nano-structure based sensors and covers the various oligonucleotide detection
techniques that have been developed to date. These include: Bulk Acoustic Wave and Surface Acoustic
Wave devices, micro- and nano-cantilever sensors, gene Field Effect Transistors, and nanowire and na-
nopore based sensors. Oligonucleotide immobilisation techniques are also discussed.
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1. Introduction

A significant challenge in biosensing is the simple, sensitive
and specific detection of oligonucleotide sequences. The detection
of these short DNA or RNA molecules has potential applications in
fields including medicine (de Planell-Saguer and Rodicio, 2011;
Garzon et al., 2009; Maqbool and Hussain, 2014), food safety
ds).

al., Biosensors and Bioelect
(Paniel et al., 2013), forensic science (Hanson et al., 2009; Lux et al.,
2014) and counter-terrorism (Wang et al., 2014). Specific se-
quences, or profiles of sequences, can be used to diagnose and
monitor disease, identify infectious agents and to identify genetic
predispositions to disease.

There are many established techniques for oligonucleotide de-
tection, none of which are without their disadvantages. The first
techniques developed to address this challenge, such as Southern
and Northern Blotting, are insensitive, labour intensive and can
only test for a single oligonucleotide at a time (Hong et al., 2013;
ronics (2015), http://dx.doi.org/10.1016/j.bios.2015.01.031i
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Zhang et al., 2009). The most well-established of the modern
techniques are nucleotide microarrays and quantitative Poly-
merase Chain Reaction (qPCR). Microarrays offer the greatest
multiplexing capability but have limited sensitivity and are in-
capable of measuring absolute nucleic acid concentration. Alter-
natively, qPCR offers the greatest sensitivity and dynamic range
but is severely limited in terms of multiplexing capability. In all
established techniques the complexity of oligonucleotide labelling
and the requirement for specialised skills and equipment restrict
their use to centralised laboratories (Campuzano et al., 2013; Hong
et al., 2013; Pritchard et al., 2012; Ren et al., 2013, Sípová et al.
2010; Zhang et al., 2009).

The development and future applications of oligonucleotide
sensors require technology that enables Point-of-Care (POC)
treatment or On-Site Testing (OST), removing the need for cen-
tralised laboratories and specialised personnel. Such advances will
mitigate the principle cause of the high cost and long timescales
associated with current oligonucleotide testing. In order for this to
be possible, any applicable oligonucleotide detection technique
must be simple, low-cost, portable and rapid (returning useful
results to the end-user in minutes or hours, rather than days).
Also, any potential POC or OST oligonucleotide detection technique
would need to be able to return results from small volumes of
sample material. These requirements are in addition to the de-
mands that any technology developed have sufficient sensitivity,
specificity and dynamic range for the intended purpose.

In the broader field of oligonucleotide detection, several good
reviews have been recently published (de Planell-Saguer and Ro-
dicio, 2011; Hamidi-Asl et al., 2013; Hunt et al., 2009; Liu et al.,
2012; Qavi et al., 2010). However, these reviews have focussed on
electrochemical and optical techniques, overlooking the many
strengths and recent developments in micro- and nano-structure
based approaches. This review attempts to redress this imbalance.
It is aimed at chemists and biologists wishing to gain a greater
understanding of micro- and nano-structure based oligonucleotide
sensing techniques and engineers wishing to explore potential
applications of the technology.

Microelectromechanical System (MEMS) technology originated
in the 60s and 70s but it has become especially prominent in the
last 15 years. The term ‘MEMS’ is something of a catch-all term
used to refer to micro-scale devices, generally referring to three-
dimensional micro-scale devices fabricated using techniques ori-
ginating in the microelectronics industry, such as: lithography,
thin-film deposition, etching and substrate bonding (Bogue, 2007).

MEMS technology exploits the numerous advantages of scale
that very small devices offer as well as presenting opportunities
not possible with larger scale devices (Judy, 2001; Spearing, 2000;
Ziaie et al., 2004). The drive for ever smaller devices has also led to
the development of Nanoelectromechanical System (NEMS) tech-
nologies; which are similar to MEMS technologies, only on a
smaller scale.

MEMS devices are widely used in the automotive, aerospace,
medical and consumer electronics industries for applications in-
cluding pressure sensors, gyroscopes and microphones (Bogue,
2013; Grayson et al., 2004; Ziaie et al., 2004). MEMS devices have
also been developed as gas and chemical sensors and in recent
years, they have been applied to biosensing for the detection of a
wide range of biological molecules, including oligonucleotides.

This review discusses the advantages of MEMS and NEMS-
based sensors and presents an overview of oligonucleotide im-
mobilisation techniques, before covering the various MEMS and
NEMS-based oligonucleotide detection techniques that have been
developed to date. These sensors include: Bulk Acoustic Wave
(BAW) and Surface Acoustic Wave (SAW) devices, micro- and
nano-cantilever sensors, gene Field Effect Transistors (geneFETs),
and nanowire and nanopore based sensors.
Please cite this article as: Ferrier, D.C., et al., Biosensors and Bioelect
2. The advantages of micro- and nano-structure based sensors

Whilst this paper does not include a comparison between mi-
cro- and nano-structure based oligonucleotide sensors and exist-
ing electrochemical or optical techniques, it is worth considering
what sets MEMS and NEMS-based sensors apart. The application
of MEMS and NEMS technologies to biosensing offers several in-
trinsic advantages. As the techniques used to fabricate micro- and
nano-structure based sensors evolved from the microelectronics
industry, they are ideally suited to mass production and batch
processing. This means the eventual devices will be capable of
being produced in large numbers and with a high uniformity, re-
ducing costs via economies of scale (Grayson et al., 2004; Ziaie
et al., 2004).

The extremely small dimensions that characterise MEMS and
NEMS devices are also advantageous. As resolution and sensitivity
often scale with size, the micro- and nano-scale dimensions of
MEMS and NEMS mean that they are capable of very high sensi-
tivities (Ziaie et al., 2004; Arlett et al., 2011). Also, the small size of
micro- and nano-scale sensors results in reduced analyte diffusion
distances, meaning that they have fast response times, allowing
results to be obtained in seconds or minutes. Also, their small
scales make them ideally suited for the analysis of small volumes
of sample, of the order of micro or nanolitres; the volume scales
required for non-invasive POC testing (Grayson et al., 2004; Arlett
et al., 2011). Additionally, the small scale of MEMS and NEMS-
based sensors means that they are robust and portable; advanta-
geous characteristics for any devices intended to be used for POC
or OST applications (Bogue, 2013).

MEMS and NEMS devices can be easily interfaced with current
Complementary-Metal-Oxide-Semiconductor (CMOS) electronics;
permitting co-location of a sensor and the associated input driver
electronics and output signal processing on the same single-chip
device, or integration with existing electronics technologies. They
also have the advantage of being easy to parallelise, meaning that
multiple sensors can be included within a single device to give
improved reliability through redundancy or the ability to perform
tests for multiple different parameters or analytes using a single
device (Ziaie et al., 2004).

Finally, MEMS and NEMS devices are capable of delivering a
direct electrical output. This is significant as it removes the need
for additional forms of signal transduction and any potential re-
quirement for trained personnel to interpret any data. The output
will be machine readable and compatible with a wide range of
signal processing and pattern recognition algorithms (Grayson
et al., 2004).

The sensitivity of MEMS and NEMS-based sensors is broadly
similar to those of existing electrochemical or optical techniques
(Liu et al., 2012; Sassolas et al., 2008); and some groups have re-
ported superior sensitivities (Rijal and Mutharasan, 2007; Chen
et al., 2011). However, with some exceptions, MEMS and NEMS-
based oligonucleotide sensors are label-free which renders their
sensing mechanisms far simpler than most electrochemical or
optical techniques in terms of steps involved and reagents re-
quired. This, in addition to the advantages discussed above, make
MEMS and NEMS-based techniques the most attractive prospects
for POC and OST applications.
3. Oligonucleotide immobilisation

Virtually all oligonucleotide biosensing techniques exploit nu-
cleotide hybridisation; the mechanism by which a nucleic acid
sequence bonds to its complementary sequence via optimal hy-
drogen bonding between the bases. This mechanism is highly at-
tractive for biosensing applications as it depends upon strong and
ronics (2015), http://dx.doi.org/10.1016/j.bios.2015.01.031i
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Fig. 2. The immobilisation of biotinylated oligonucleotides at a surface modified
with avidin. The gold surface is modified with 3,3′-dithiodipropionic acid to which
avidin is covalently bound using carbodiimide hydrochloride (EDC) and N-hydro-
xysuccinimide (NHS). Adapted from Caruso et al. (1997).

Fig. 3. The typical structure for a Bulk Acoustic Wave (BAW) device.
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specific bonding. Hybridisation is exploited by using either capture
or label probes. Capture probes are nucleotide sequences im-
mobilised at the sensor surface so that the corresponding analyte
will be bound to the surface upon hybridisation. Label probes are
nucleotide sequences functionalised with label molecules (for
example fluorophores) such that when the probes hybridise with
the corresponding analyte sequence, the analyte will be detectable
via the label molecule. Almost all MEMS- or NEMS-based oligo-
nucleotide detection techniques employ capture probes, which can
be immobilised at the sensor surface using a number of different
techniques.

The immobilisation method used will depend upon the mate-
rial of the sensor surface and the form of oligonucleotide detection
employed. One of the most common techniques exploits the affi-
nity of thiol groups for noble metals such as gold, which can easily
be deposited at the sensor surface either as electrodes or as a
sensing region on a mechanical device. The capture probes can be
readily functionalised with thiol (–SH) groups which covalently
bond to the gold via the following mechanism:

R–SHþAu-R–S–Auþe�þHþ

thereby affixing the capture probes to the sensor surface (Fig. 1)
(Sassolas et al., 2008).

Another common technique is to exploit biotin–avidin inter-
actions. Biotin is a small molecule that binds to the protein avidin
(or streptavidin) with high affinity. Avidin can be covalently bound
to surfaces modified with 3,3′-dithiodipropionic acid (Fig. 2) and
oligonucleotides can be modified with biotin without altering their
ability to hybridise. Upon the introduction of the biotinylated
oligonucleotides to the avidin-functionalised surface the oligonu-
cleotides will bind to the avidin, anchoring them at the surface.
(Caruso, et al., 1997)

Perhaps the simplest form of oligonucleotide immobilisation is
adsorption. Oligonucleotides have negatively charged phosphate
backbones and thus they will bind electrostatically to a surface
coated with a cationic film, eliminating the need to chemically
modify the oligonucleotides (Sassolas et al., 2008). Examples of
such films include chitosan (Cai et al., 2002) and the blend of poly
(allylamine)hydrochloride and sodium poly(styrenesulfonate)
(Zhou et al., 2001).

The chemical attachment of these oligonucleotides is not the
focus of this review; there are many variations of the techniques
described above, and many more emerging strategies. The inter-
ested reader is directed to leading reviews for further information
(Sassolas et al., 2008; Tombelli and Mascini, 2000).

4. Micro- and nano-structure based oligonucleotide detection
Techniques

4.1. Bulk Acoustic Wave devices

Perhaps the oldest form of micromechanical transduction, Bulk
Acoustic Wave (BAW) devices are micro-scale sensors that are
capable of measuring very small changes in mass. They operate by
exploiting the piezoelectric properties of quartz-crystals, i.e. the
Fig. 1. The immobilisation of thiolated oligonucleotides on a gold surface.

Please cite this article as: Ferrier, D.C., et al., Biosensors and Bioelect
fact that quartz undergoes a change in volume when a voltage is
applied to it (and conversely generates a voltage when com-
pressed). BAW devices consist of a thin layer of quartz with an
electrode fabricated on either side (Fig. 3). When an alternating
current (a.c.) voltage is applied to the crystal it will oscillate at a
characteristic resonant frequency that is dependent upon its di-
mensions and the total oscillating mass. As additional material is
deposited on the surface of the BAW device, the mass will change,
as will the oscillating frequency. This change in frequency can be
easily detected and measured via the output voltage oscillation
(Gardner and Bartlett, 1999; O’Sullivan and Guilbault, 1999; Sas-
solas et al., 2008). BAW devices come in a variety of different de-
vice architectures and are also referred to as Quartz Crystal Mi-
crobalances (QCMs), Thickness Shear Mode (TSM), Quartz Crystal
Resonator (QCR), Film Bulk Acoustic Resonator (FBAR) or Thin-Film
Bulk Acoustic Resonator (TFBAR) devices (Cooper and Singleton,
2007).

Specificity is imparted to a BAW by coating it with a molecule
or polymer that has a suitable (i.e. specific and strong) molecular
interaction with the analyte. This coating will serve as a recogni-
tion element, causing only the analyte to adhere to the sensor
(Gardner and Bartlett, 1999). In this manner, BAW devices have
been used to detect small molecules, proteins, viruses, bacteria
and nucleic acids (Table 1).

For the purposes of oligonucleotide detection, complementary
DNA (cDNA) capture probes are bound to the surface of the BAW
device. As the analyte's matching sequences hybridise to the
capture probes the resultant increase in mass produces a mea-
surable change in the oscillating frequency of the BAW device.
(Cooper and Singleton, 2007; Okahata et al., 1992; Sassolas et al.,
2008; Teles and Fonseca, 2008).
ronics (2015), http://dx.doi.org/10.1016/j.bios.2015.01.031i
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Table 1
Summary of the targets to which BAW sensors have been applied.

Target Reference(s)

Small molecules Cao et al., 2001; Das et al., 2003; Halámek et al., 2005; Hirayama et al., 2002; Karousos et al., 2002; Karousos and Reddy, 2002; Kobayashi et al., 2001;
Li et al. (2004); Long et al., 2001; Park et al., 2004; Pavey et al., 2001; Percival et al., 2002

Proteins Aizawa et al., 2001; Davis and Leary, 1989; Godber et al., 2005; Kim et al., 2009; Kurosawa et al., 2004; Liu et al. (2004b); Pang et al., 2007; Thompson
et al., 1986; Wang et al., 2004; Zhang et al. (2002) Zhang et al., 2003

Viruses Cooper et al., 2001; Dultsev et al., 2001; Eun et al., 2002; Lee and Chang, 2005; Uttenthaler et al., 1998; Uttenthaler et al., 2001; Wu et al., 2005; Yao
et al., 2008; Zhou et al., 2002

Bacteria Babacan et al., 2002; He et al., 2002; D.S. Kim et al., 2003; G.H. Kim et al., 2003; Kim and Park, 2003; Kim et al., 2004; Mao et al., 2006; Pohanka and
Skládal, 2005; Si et al., 2001; Su and Li, 2004; Su and Li, 2005; Vaughan et al., 2001; Wong et al., 2002

Nucleic acids Dell’Atti et al., 2006; Okahata et al., 1992; Passamano and Pighini, 2006; Su et al. 2004; Wang and Jiang, 1998; Zhou et al. 2001
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For biosensing applications it is common to increase the sen-
sitivity of BAW devices by using one of several signal amplification
techniques. The most common method is the introduction of
complimentary oligonucleotides bound to gold nanoparticles; the
additional mass of the gold will result in a far greater mass change
at the surface of the BAW device in the presence of the analyte,
hence a greater signal (Fig. 4) (Patolsky et al., 2000b). Using this
method Liu et al. (2002, 2004a) have reported limits of detection
(LODs) of the order of 100 aM (attomolar) and Mo et al. (2005)
have reported a LOD of 74 aM. Alternatives to gold nanoparticles as
amplification labels include liposomes (Patolsky et al., 2000a;
Willner et al., 2002) and magnetic microparticles (Zhang et al.,
2002).

Weizmann et al. (2001) have furthered the use of this weighty
gold by catalysing the deposition of a layer of gold on the surface
of the probes bound to the BAW device. In doing so they have
reported LODs ranging from 1 fM (femtomolar) to 300 aM. A si-
milar approach was employed by Feng et al. (2007) in which en-
zyme labelled oligonucleotide probes are used to catalyse the
formation of insoluble products on the surface of the BAW device.
This method has achieved LODs ranging from 0.1 nM (nanomolar)
to 0.1 pM (picomolar).

Whilst such amplification methods can significantly increase
the sensitivity of BAW devices, they limit applicability in POC and
OST devices and significantly increase the complexity and cost of
the devices, as well as the skills necessary to employ them. Higher
Fig. 4. Illustration of the method for signal amplification using gold nanoparticles.
Capture probes that correspond to one end of the analyte sequence are im-
mobilised at the sensors surface. Upon introduction of the analyte molecules, they
will hybridise with the capture probes. Label probes corresponding to the re-
mainder of the analyte sequence functionalised at one end with a gold nanoparticle
are introduced. Upon hybridisation with the analyte molecules, the additional mass
of the nanoparticles will result in an amplification of the signal.

Please cite this article as: Ferrier, D.C., et al., Biosensors and Bioelect
complexity and cost might be acceptable in a high-value, specialist
piece of equipment, but not in a mass-produced device intended
to be used by non-specialists.

Several groups have reported the detection of oligonucleotides
with lengths ranging from approximately 10–30 nucleotides (NTs)
without resorting to amplification, achieving LODs of the order of
10 nM (Dell’Atti et al., 2007; Hong et al., 2010). Dell’Atti et al.
(2007) demonstrated BAW-based oligonucleotide sensors for the
detection and genotyping of the Human Papilomavirus (HPV) in
samples obtained from cervical scrapings. Hong et al. (2010) de-
monstrated a BAW-based oligonucleotide sensor for the diagnosis
of Viral Haemorrhagic Septicaemia (VHS) in fish. This technique is
more sensitive than the standard technique and faster, delivering
results within 5 min (Table 2).

BAW devices are advantageous for oligonucleotide sensing as
their underlying technology is well established and understood.
The devices, unamplified, are relatively low cost and can easily be
functionalised to suit specific purposes (Hong et al., 2010). Their
principle disadvantage is that when used in liquid media the
viscosity of the liquid will affect the resonant frequency of the
BAW device, limiting the sensor accuracy. This problem is parti-
cularly pronounced in complex liquid media i.e. whole blood or
serum (Guillou-Buffello et al., 2005). Additionally, there are limits
as to how small BAW devices can be as their detection capability
scales with surface area (Arntz et al., 2003); cantilever-based
sensors can be manufactured to be 100 times smaller than the
equivalent BAW device (vide infra). For these reasons, current re-
search efforts are focussed on alternatives to BAW devices, such as
cantilever and Surface Acoustic Wave (SAW) based sensors (Cos-
nier and Mailley, 2008; Tigli et al., 2010).

4.2. Surface Acoustic Wave devices

Like BAW devices, SAW devices make use of acoustic waves
within piezoelectric substrates. Unlike BAW devices, the energy in
SAW devices is confined to the surface of the substrate, rather than
being dispersed throughout its entirety. Acoustic waves are gen-
erated in SAW devices using Interdigitated Electrodes (IDEs) fab-
ricated on the surface of the piezoelectric substrate. The applica-
tion of an a.c. voltage to the IDEs will create an oscillating strain
within the material that will create waves that travel parallel to
the surface. As the acoustic energy within SAW devices is confined
to the surface they are highly sensitive to any changes in mass that
might occur at the surface, such as the binding of analyte mole-
cules to a recognition layer (Gronewold, 2007; Länge, et al., 2008;
Voiculescu and Nordin, 2012). Variations of SAW devices include
Shear-Horizontal Surface Acoustic Wave (SH-SAW), Surface
Transverse Wave (STW) and Love Wave (LW) devices (Rocha-Gaso
et al., 2009).

SAW-based sensors can be implemented in either delay-line or
resonator devices. In delay-line devices two sets of IDEs are si-
tuated on either side of a sensing region (Fig. 5). One set of IDEs
ronics (2015), http://dx.doi.org/10.1016/j.bios.2015.01.031i
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Table 2
Summary of BAW-based oligonucleotide sensors.

Limit of Detection (M) Response Time (min) Selectivity Amplification Reference(s)

1–2�10�16 120 Not disclosed (ND) Y Liu et al., 2002, 2004a
7.4�10�17 4 ND Y Mo et al., 2005
1�10�15 50 Single mismatches Y Weizmann et al., 2001
1�10�10 60 Single mismatches Y Feng et al., 2007
5�10�8 20 ND N Dell’Atti et al., 2007
1.6�10�9 5 ND N Hong et al., 2010

Fig. 5. Diagram of the method of operation of a delay-line SAW device. The al-
ternating solid and dashed lines represent the Surface Acoustic Waves which travel
across the sensing region between the transmitter and receiver electrodes. Adapted
from Pethig and Smith (2013).
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functions as a transmitter and the other as a passive receiver.
Delay-line sensors function by detecting changes to the time taken
for the waves to traverse the sensing region and the amplitude of
the received waves, caused by analyte molecules binding to the
sensing region (Rocha-Gaso et al., 2009; Voiculescu and Nordin,
2012).

In resonator devices a single set of IDEs are situated centrally
between reflectors such that standing waves are created within an
area encompassing the sensing region (Fig. 6). The reflectors ty-
pically consist of gratings of weakly reflecting components such as
thin strips of metal, dielectric or grooves etched into the piezo-
electric substrate (Bell and Li, 1976). Resonator devices function by
detecting changes in the resonant frequency that result when
analyte molecules bind to the sensing region (Rocha-Gaso et al.,
2009; Voiculescu and Nordin, 2012).

Whilst SAW resonator devices offer several advantages over
delay-line devices (such as greater sensitivity, durability and a
simpler design), the fact that they suffer from increased viscosity
related attenuation and can be more difficult to manufacture re-
liably means that the majority of research groups employ delay-
line SAW devices (Rocha-Gaso et al., 2009). However, some groups
Fig. 6. Diagram of the method of operation of a SAW resonator. The alternating
solid and dashed lines represent the Surface Acoustic Waves that travel across the
sensing region and are reflected back toward the IDEs.
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do employ resonator SAW devices (Dickert et al., 1999; Länge et al.,
2003, 2007).

SAW devices have been used to detect gases and small mole-
cules, proteins, bacteria, viruses and nucleic acids (Table 3). They
are commonly fabricated from quartz (SiO2), Lithium Niobate
(LiNbO3) or Lithium Tantalate (LiTaO3), but other materials such as
Langasite (Lanthanum Gallium Silicate) may be used (Rocha-Gaso
et al., 2009). The significant attributes sought in SAW materials are
the electromechanical coupling factor (the efficiency with which it
converts an applied voltage into a mechanical response) and the
dielectric constant (ε). The latter is important for operation in a
liquid medium (as will be the case for most oligonucleotide bio-
sensors), as it is highly desirable that the value for ε for the sub-
strate be as close as possible to that of the liquid (in most cases
water, εE80) in order to minimise the energy lost to the medium
at the IDEs. LiNO3 and LiTaO3 have high values for ε (30 and 43
respectively), accounting for their popularity. With a value of ap-
proximately 4 the dielectric constant for quartz is significantly
lower and its continued use in SAW biosensors most likely owes
much to the ease with which it can be used in common micro-
fabrication processes (Berkenpas et al., 2003; Länge et al., 2008;
Rupp et al., 2008).

In the case of oligonucleotide sensing, the recognition element
is provided by cDNA capture probes bound to the sensing region as
described previously.

Hur et al. (2005) and Sakong et al. (2007) demonstrated the
detection of oligonucleotides 15 NTs in length using LiTaO3 delay-
line SAW sensors, with LODs of approximately 30 nM and 5 nM
respectively. Using quartz SAW sensors, Gronewold et al. (2006)
demonstrated the detection of mutations in a BRCA1 gene frag-
ment (one of the principle causes of breast cancer) with a LOD of
the order of 10 nM. Xu et al. (2012) demonstrated a LiTaO3 delay-
line SAW oligonucleotide sensor for the rapid analysis of the Ja-
panese Encephalitis Virus (JEV). The sensor was able to detect a
single NT mismatch between a mutated strain and the wild-type
with a LOD of 1 pM (Table 4).

SAW devices are advantageous as they can be highly sensitive
(in principle far more sensitive than conventional BAW devices)
and they can be easily interfaced with microfluidics. However,
disadvantages include the fact that they are sensitive to the den-
sity and viscosity of the testing medium as well as temperature
Table 3
Summary of the targets to which SAW sensors have been applied.

Target Reference(s)

Gases and small
molecules

Dickert et al., 1999; Josse et al., 2001; Ricco et al., 1998

Proteins Harding et al., 1997; Kalantar-Zadeh et al., 2003; Länge
et al., 2003,, 2007; Matatagui et al., 2014; Rasmusson
and Gizeli, 2001; Tigli et al., 2008,, 2010

Bacteria Berkenpas et al., 2006; Branch and Brozik, 2004; Deo-
bagkar et al., 2005; Howe and Harding, 2000; Moll et al.;
2007; Tamarin et al., 2003

Viruses Bisoffi et al., 2008
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Table 4
Summary of SAW-based oligonucleotide sensors.

Limit of De-
tection (M)

Response
Time (min)

Selectivity Material Reference(s)

3�10�8 10 ND Lithium
Tantalate

Hur et al., 2005

5�10�9 10 ND Lithium
Tantalate

Sakong et al.,
2007

1�10�8 ND Single
mismatches

Quartz Gronewold
et al., 2006

1�10�12 5 Single
mismatches

Lithium
Tantalate

Xu et al., 2012

Table 6
Summary of the targets to which cantilever-based sensors have been applied.

Target Reference(s)

Small molecules
and ions

Cherian et al., 2002; Dionisio et al., 2012; K. Kang et al.,
2011; Sander and Ibach, 1991

Gases and vapours Lang et al., 1998
Proteins Arntz et al., 2003; Backmann et al., 2005; Braun et al.,

2006; Burg et al., 2007; Lee et al., 2005; Maraldo et al.,
2007; Savran et al., 2004; Shekhawat et al., 2006; Wu
et al., 2001; Zhang et al., 2013

Bacteria Campbell and Mutharasan, 2006; Campbell and Mu-
tharasan, 2007; Mader et al., 2012; Maraldo et al., 2007

Viruses Gupta et al., 2006
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and mechanical stress, thus requiring specific controls over the
nature of its sample and preparation that may pose challenges for
biological samples (Matatagui et al., 2014; Rocha-Gaso et al., 2009;
Voiculescu and Nordin, 2012).

4.3. Cantilevers

Micro- and nano-cantilevers are micro- and nano-mechanical
structures consisting of a beam anchored only at one end. They can
be fabricated with dimensions in the micro- or nano-metre scale
out of a range of materials. Silicon is the most common example
because of its ubiquity in microelectronics and MEMS technology
(Lavrik et al., 2004).

For sensing applications, cantilevers can operate in one of two
modes. In the first, known as deflection (or static) mode, the
cantilever beam is physically bent as a result of changes in the
surface stress that occur when an analyte binds or adheres to the
cantilever surface (Fritz, 2008; Hansen and Thundat, 2005; Hwang
et al., 2009; Ziegler, 2004). The magnitude of the deflection is
proportional to the analyte concentration and can be transduced
by a number of different techniques, including: optical deflection,
interferometry, piezoresistive transduction, capacitive transduc-
tion and embedding Metal-Oxide-Semiconductor Field-Effect-
Transistor (MOSFET) strain gauges into the cantilever structure
(Table 5).

In the second mode, known as resonant (or dynamic) mode,
the cantilever beam is induced to oscillate; typically by fabricating
piezoelectric material into the cantilever structure. Alternatively,
thermally (Ilic et al., 2000; Lange et al., 2002), optically (Ilic et al.,
2005), electrostatically (O’Shea et al., 2005) and magnetically (Li
et al., 2006; Vančura et al., 2005) induced oscillations are also
possible. As an analyte binds or adheres to the cantilever beam the
change in total mass will result in a change in the resonant fre-
quency of oscillation of the cantilever. This can be measured by
optical deflection, interferometry, piezoelectric or piezoresistive
response, and magnetic induction (Table 5).

Cantilever-based sensors have detected small molecules and
Table 5
Summary of the transduction methods applied to cantilever-based sensors.

Mode Transduction technique Reference(s)

Deflection Optical deflection Backmann et al., 2005; Braun et al., 2006; Fritz
Stevenson et al., 2002; Wu et al., 2001; Zhang

Deflection Interferometry K. Kang et al., 2011; Savran et al., 2004; Yaralio
Deflection Piezoresistive Marie et al., 2002; Rasmussen et al., 2003
Deflection Capacitive Sander and Ibach, 1991
Deflection MOSFET strain gauges Shekhawat et al., 2006
Resonant Optical deflection Burg et al., 2007; Tian et al., 2005
Resonant Interferometry Ilic et al., 2000; O’Shea et al., 2005; Rugar et a
Resonant Piezoelectric Campbell and Mutharasan, 2006; Campbell and

2004; Maraldo et al., 2007; Rijal and Mutharas
Resonant Piezoresistive Lange et al., 2002
Resonant Magnetic induction Li et al., 2006; Vančura et al., 2005
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ions, gases and vapours, proteins, bacteria, viruses and nucleic
acids (Table 6); as well as to the measurement of environmental
conditions such as temperature (Barnes et al., 1994) and pH (Fritz
et al., 2000; Watari et al., 2007).

In the case of oligonucleotide sensing, complimentary DNA
(cDNA) sequences are used as the recognition element, bound to
the cantilever surface. As the target strands hybridise with the
cDNA probes, the resultant changes in either the surface stress
(deflection mode) or mass (resonant mode) allow for specific de-
tection of the target.

Early efforts in cantilever-based oligonucleotide sensing fo-
cused on deflection mode cantilevers, achieving detection limits of
the order of 10 nM (Fritz et al., 2000; McKendry et al., 2002).
However, more recent efforts have focused on resonant mode
cantilevers as these are generally capable of higher sensitivities.
Ilic et al. (2005) have reported the detection of a single DNA mo-
lecule using interferometric transduction (albeit a molecule of
approximately 1600 NTs in this case). This impressive single mo-
lecule detection was achieved under vacuum (approximately
3�10�7 Torr) and hence is not practical for real-world applica-
tions. Su et al. (2003) have achieved a detection limit of the order
of 50 pM using optical deflection, and Johnson and Mutharasan
(2012) have achieved a detection limit of the order of 10 aM using
piezoelectric transduction. In both cases the signal was amplified
using gold nanoparticle labelled probes to increase the total mass.
Johnson and Mutharasan (2012) also demonstrated the detection
of the microRNA let7a (which is associated with several forms of
cancer (Jiang et al., 2009)) in a solution containing 50% human
serum. Rijal and Mutharasan (2007) demonstrated the successful
detection of 10 NT DNA sequences at a detection limit of 2 aM
using piezoelectric transduction. They have also successfully de-
monstrated this technique with background solutions containing a
high concentration of non-complementary sequences and 50%
human plasma, thus showing great promise for real-world diag-
nostic applications (Table 7).

A variation of micro-cantilevers is possible wherein the beam is
et al., 2000; Hansen et al., 2001; Huber et al., 2006; Stachowiak et al., 2006;
et al., 2013
glu et al., 1998

l., 1992
Mutharasan, 2007; Johnson and Mutharasan, 2012; Kwon et al., 2007; Lee et al.,
an, 2007; Yi et al., 2002
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Fig. 8. Illustration of the structure of an ISFET. This example depicts a silicon-based
FET, but other materials can be used. Adapted from Bergveld (2003).

Fig. 7. Illustration of the structure of a MOSFET. This example depicts a silicon-
based FET, but other materials can be used. Adapted from Bergveld (2003).
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fixed at both ends. Such structures are known as microbridges and
they operate in a manner broadly similar to resonant mode can-
tilevers. It is believed that microbridges may prove more stable
than microcantilevers, although potentially at the expense of re-
duced sensitivity. To date, microbridges have not been extensively
investigated for biosensing applications (Adrega et al., 2006; Lu
et al., 2006).

The principle strengths of micro- or nano-cantilever-based
oligonucleotide sensors are easy functionalisation, ready optimi-
sation through manipulation of the sensor geometry, and scal-
ability, with existing fabrication techniques translating into the
preparation of large arrays (Hansen and Thundat, 2005; Ziegler,
2004).

The weaknesses of micro- or nano-cantilever based oligonu-
cleotide sensors include their vulnerability to parasitic electronic
effects and their sensitive to changes in the temperature, refractive
index and fluid flow of the sensing and/or testing medium (Arlett
et al., 2011).

4.4. GeneFETs

The Metal-Oxide-Semiconductor Field-Effect Transistor (MOS-
FET) is one of the most common and useful electronic components
in the world. The device consists of three electrodes; the source,
the drain and the gate electrodes (Fig. 7). A MOSFET can be
thought of as a switch or a valve in which the electrical current
between the source and the drain is dependent upon the voltage
applied to the gate electrode.

The development of biosensors based on the MOSFET archi-
tecture has its origins in 1970 with the creation of the Ion-Sensi-
tive Field Effect Transistor (ISFET) (Bergveld, 1970), which is es-
sentially a MOSFET with the gate electrode removed and replaced
with a combination of an ion selective surface, an electrolyte so-
lution and a reference electrode (Fig. 8) (Kataoka-Hamai and
Miyahara, 2011; Schoning and Poghossian, 2002). The ionic make-
up of the solution will affect the current between the source and
the drain, resulting in a solid-state ion-sensitive device. ISFETs
have been widely used for the detection of ions (Abramova, 2000;
Chudy et al., 2001; Elbhiri, 2000; Fung et al., 1986; Jiménez et al.,
1996; Taillades et al.,1999) and in particular pH measurement
(Bousse et al., 1983; Harame et al., 1987; Sohn and Kim, 1996).

ISFETs can be adapted to function as biosensors by modifying
the gate with different biological recognition elements, creating
what are referred to as Biologically-sensitive Field Effect Transis-
tors (BioFETs) (Schoning and Poghossian, 2002). BioFETs can be
subcategorised depending upon the recognition element used:
Enzyme FETs (EnFETs) make use of enzymes to provide the bio-
selectivity (Chi et al., 2000; Dzyadevich et al., 1999; Luo, et al.,
2004, 2004b; Poghossian et al., 2001; Wan et al., 1999); Im-
munological FETs (ImmunoFETs) make use of antibodies (Seki-
guchi et al., 2000; Sergeyeva et al., 1999; Starodub et al., 2000);
and Cell Potential FETs (CPFETs) (Baumann et al., 1999) are able to
measure the properties of whole cells positioned on top of the
gate. In the case of oligonucleotide sensing, cDNA capture probes
can be bound to the surface of an ISFET to create a geneFET (Fig. 9)
Table 7
Summary of cantilever-based oligonucleotide sensors.

Limit of Detection (M) Response Time (min) Selectivity

1�10�8 5 Single mismatches
7.5�10�8 5 Single mismatches
ND ND ND
5�10�11 18 Single mismatches
1�10�17 25 Single mismatches
2�10�18 20 ND
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(Ingebrandt and Offenhäusser, 2006). As the analyte oligonucleo-
tide hybridises with the capture probes at the gate, the innate
charge of the nucleotide backbone will affect the current flow
between the source and the drain, thus producing a measurable
change in the electrical properties of the FET (Estrela et al., 2005;
Gonçalves et al., 2008; Ingebrandt et al., 2007; Kamahori et al.,
2008; D.S. Kim et al., 2003; G.H. Kim et al., 2003,2004a, 2004b;
Souteyrand, et al., 1997; Uslu, et al., 2004; Uno, et al., 2007).

Whilst they may seem to have apparent similarities with
electrochemical techniques (which are not covered in this review),
FET-based techniques are distinct from electrochemical techniques
as no electron exchange reactions take place at the sensor surface.
FET-based sensors are mainly fabricated out of silicon due to its
ubiquity in the microelectronics industry, but a variety of other
materials such as Gallium Nitride (Baur et al., 2006; Steinhoff et al.,
2003), organic polymers (Mabeck and Malliaras, 2005), graphene
(Cai et al., 2014) and diamond (Garrido et al., 2005; Song et al.,
2006) can be used.

Pouthas et al. (2004) have developed a technique for the de-
tection of the 35delG mutation (a mutation associated with certain
types of deafness) using arrays of up to 96 silicon-based geneFETs,
clearly demonstrating the potential of such devices for multiplex
testing. This technique has demonstrated a 10 mM (micromolar)
LOD for oligonucleotides 20 NTs long. Cai et al. (2014) have
Amplification Mode Reference(s)

N Deflection Fritz et al., 2000
N Deflection McKendry et al., 2002
N Resonant Ilic et al., 2005
Y Resonant Su et al., 2003
Y Resonant Johnson and Mutharasan, 2012
N Resonant Rijal and Mutharasan, 2007
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Fig. 9. Illustration of the structure of a geneFET. This example depicts a silicon-
based FET, but other materials can be used. Adapted from Ingebrandt and Offen-
häuser (2006).

Table 9
Summary of the targets to which nanowire-based sensors have been applied.

Target Reference(s)

Ions Cui et al., 2001; Luo et al., 2009; Wipf et al., 2013; Zhang
et al., 2007

Small molecules Wang et al., 2005
Proteins Chua et al., 2009; Kim et al., 2007; Lee et al., 2009; Lin et al.,

2009,, 2010; Mishra et al., 2008; Stern et al., 2007; Tang et al.,
2005, Tian et al., 2011; Zhang et al., 2011; Zheng et al., 2005,,
2010

Viruses Patolsky et al., 2004
Nucleic acids Bunimovich et al., 2006; Chu et al., 2013; Li et al., 2004,,

2005; Lin et al., 2009; Ryu et al., 2010
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developed a graphene-based geneFET that has demonstrated a
limit of detection of 100 fM. This sensor is also capable of detecting
a single NT mismatch and is capable of being regenerated. Song
et al. (2006) demonstrated the detection of 21 NT oligonucleotides
with a LOD of 10 pM using diamond-based geneFETs. These sen-
sors are capable of detecting a single-base mismatch at a limit of
100 pM and have a response time in the order of tens of minutes
(Table 8).

GeneFETs are advantageous as they are well understood, with
several decades of research into ISFETs behind them (Ingebrandt
and Offenhäuser, 2006; Kim et al., 2004a). Disadvantages of gen-
eFETs include the fact that they can suffer from sensor drift and
their response will be affected by temperature, pH and the elec-
trolytic composition of the sensing medium (Lucarelli et al., 2008).

Several groups (Purushothaman et al., 2006; Wong et al., 2009;
Rothberg et al., 2011) demonstrated devices for gene sequencing
and the detection of Single Nucleotide Polymorphisms (SNPs)
based on the use of ISFETS (rather than geneFETs) to detect the
change in pH that occurs as a result of hydrogen ions being pro-
duced as a by-product of DNA chain extension. However, as it is
unclear whether such techniques will be applicable to the shorter
sequences that characterise oligonucleotides, these approaches
will not be covered in detail in this review.

4.5. Nanowires

Nanostructures are attractive for biosensing applications as
their physical dimensions are comparable to the dimensions of the
biomolecules being detected, presenting many interesting possi-
bilities for biosensing (Zhang and Ning, 2012). Nanowires (NWs)
are one such class of nanostructure; the binding of charged mo-
lecules to the surface of a NW will affect the flow of electrons
through the main body (or ‘bulk’) of the NW. Hence the binding of
an analyte to the surface of a NW will alter the current flow
through that NW in a manner that can be easily measured for
sensitive analyte detection (Cui et al., 2001; Gao et al., 2007).
Through the treating of the surface with appropriate recognition
layers, NWs have been used in sensors for the detection of ions,
Table 8
Summary of geneFET-based oligonucleotide sensors.

Limit of Detection (M) Response Time (min) Selectivity

1�10�5 15 ND
1�10�13 ND Single mismatc
1�10�11 10 Single mismatc
ND 5 ND
ND 5 Single mismatc
5�10�8 ND ND
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small molecules, proteins, viruses and nucleic acids (Table 9). They
have also been exploited for the investigation of the physical
properties of whole cells (Duan et al., 2012; Jiang et al., 2012).

The fundamental physical mechanism by which NW-based
sensors operate is identical to that of the FET-based sensors de-
scribed previously, only that the analyte affects the current flow
through the whole of the diameter of the NW, rather than just the
surface, as is the case with planar FETs, rendering them far more
sensitive. NW-based sensors are often referred to as Nanowire-
FETs (NWFETs) (Zhang and Ning, 2012).

In the case of oligonucleotide detection, the recognition ele-
ment is provided by complimentary capture probes bound to the
surface of the NWs (Fig. 10). The negative charge of the analyte
oligonucleotide backbones influences the current flow through the
NWs. Some researchers have utilised neutral nucleic acid analo-
gues such as PNA (Cattani-Scholz et al., 2008; Gao et al., 2007;
Hahm and Lieber, 2004) and Morpholinos (Zhang et al., 2010a) as
capture probes to limit the influence of the capture probes upon
the current flow, thereby increasing the sensitivity of the sensor.

Nanowire sensors are most commonly fabricated from silicon
(referred to as Silicon Nanowires (SiNWs)), which is unsurprising
given its prevalence within microelectronics. However, other ma-
terials such as gold (Andreu et al., 2006; Fang and Kelley, 2009),
gallium nitride (Chen et al., 2011), carbon nanotubes (Sorgenfrei
et al., 2011; Star et al., 2006), graphene oxide (Stine et al., 2010)
and indium oxide (Tang et al., 2005) have been used. It is also
possible to exploit NWs for oligonucleotide sensing in ways other
than the FET-based approach that has been described. Andreu
et al. (2006) and Fang and Kelley (2009) have both used coulo-
metry to measure the change in charge caused by analyte nu-
cleotides hybridising to the surface of NWs; however the FET-
based approach is by far the most common.

Zhang et al. (2008, 2009, 2010a, 2010b) demonstrated SiNW-
based oligonucleotide detection with LODs ranging from 100 fM to
1 fM, using nucleic acid analogue capture probes. They demon-
strated the technique for the detection of oligonucleotides of ap-
proximately 20NTs in length, using targets such as the miRNAs
let7b and let7c (the deregulation of which is associated with var-
ious forms of cancer (Jiang, et al., 2009)) and a gene fragment of
the Dengue virus. The same researchers demonstrated the appli-
cation of SiNW-based sensors for proteins within an integrated
Material Reference

Silicon Pouthas et al., 2004
hes Graphene Cai et al., 2014
hes Diamond Song et al., 2006

Silicon D.S. Kim et al., 2003; G.H. Kim et al., 2003
hes Silicon Estrela et al., 2005

Silicon Gonçalves et al., 2008
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Fig. 10. Illustration of the mechanism of NW oligonucleotide biosensors. The NWs
are functionalised to enable amine terminated PNA strands to be immobilised on
the surface. The analyte oligonucleotide strands will hybridise with the com-
plementary PNA sequences and the innate charge of the nucleotides will influence
the current flow through the NWs. Adapted from Gao et al. (2007).
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chip designed to detect cardiac biomarkers from a finger-prick of
human blood (Zhang et al., 2011).

Gao et al. (2011, 2012) used a SiNW-based device to sense
oligonucleotides of approximately 20 NTs in length with a LOD as
low as 0.1 fM. The same sensors are able to differentiate between
the target (including viral DNA sequences from avian influenza)
and oligonucleotides with only a single-base mismatch. This same
group has also reported a SiNW-based oligonucleotide sensor with
a LOD of 50 aM (Gao et al., 2013). However, this sensor requires the
use of Rolling Circle Amplification (RCA), a method of selectively
amplifying the quantity of a particular nucleic acid sequence, in
order to enhance the signal.

Chen et al. (2011) demonstrated the detection of oligonucleo-
tides to aM levels using Gallium Nitride nanowire-based sensors.
These sensors have been shown to be able to detect single nu-
cleotide mismatches and to have a response time of less than
30 min (Table 10).

Nanowire-based oligonucleotide detection is highly sensitive,
highly specific and is label-free. Additionally it is fast, with mea-
surable results within the order of 10 min after the introduction of
the analyte oligonucleotide (Hahm and Lieber, 2004), and the
nanowires can be fabricated in arrays, allowing for multiplex de-
tection. Also, nanowires are well suited to the analysis of small
volume samples.

The principle disadvantage of nanowire-based oligonucleotide
sensors is that they are complex and expensive to fabricate, with
‘top-down’ fabrication of such nanowires requiring more than 60
distinct steps (Cai et al., 2014). It is possible to fabricate NWs using
alternative ‘bottom-up’ techniques but these have not been widely
used for nucleotide biosensors (the interested reader is directed to
Noor and Krull. (2014) for a comparison between the two
Table 10
Summary of nanowire-based oligonucleotide sensors.

Limit of Detection (M) Response Time (min) Selectivity

10�13–10�15 30–60 Single mismatches
10�15–10�16 1 Single mismatches
5�10�17 20 Single mismatches
10�14 10 3 base deletion mutation
10�11 5 ND
2.5�10�11 1 Single mismatches
10�18 30 Single mismatches
10�15 3 ND
10�12 ND ND
1.4�10�11 60 Single mismatches
2�10�9 10 ND
10�16 1 ND
10�14 60 Single mismatches
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fabrication methodologies). Additionally, the presence of salts or
other ions in the sensing medium can adversely affect the sensor
performance (Stern et al., 2007; Stine et al., 2010). This is not ideal
for POC applications where the media will likely be complex bio-
logical fluids such as serum or plasma.

4.6. Nanopores

Nanopore sensors emerged from the development of the
‘Coulter Counter’, a technique for determining numbers of blood
cells developed in the 1940s (Wanunu, 2012). Over the years the
scale of measurement has progressed from the cellular to the
molecular and current nanopore sensors are capable of detecting
analytes at a single-molecule level. Nanopore sensors function by
measuring the ionic current flow across a membrane separating
two chambers containing a solution with a high salt concentration
and over which a fixed voltage is applied. Current flow results
from a nanoscale aperture allowing the flow of ions across the
membrane. When an analyte with a size of the same order of
magnitude as the pore diameter is present in one chamber, the
molecule's transition through the nanopore will temporarily im-
pede the flow of ions and thus result in a drop in the measured
current across the membrane. The frequency of these current
drops will indicate the concentration of the analyte while their
duration will provide information about the physical character-
istics of the analyte molecules. Different analytes will interact with
the pore in different ways and thus the transition time will vary
(Howorka and Siwy, 2009; Liu et al., 2010; Wang et al., 2014;
Wanunu, 2012).

Nanopore sensors have been built for a number of different
analytes including explosives, chemical and biological agents,
viruses and nucleic acids (Table 11). In the case of oligonucleotide
detection, a high degree of specificity can be imparted through the
use of cDNA probes that hybridise specifically with the target
oligonucleotide. By selecting the diameter of the nanopore such
that the target-cDNA duplex is wider than the aperture whereas
single strands are not, the duplexes will be forced to ‘un-zip’ be-
fore they can fit through the nanopore. This significantly increases
the transition time and consequently the duration of the corre-
sponding current drop (Fig. 11), allowing the target oligonucleo-
tides to be easily distinguished from any other oligonucleotides
present.

There are two strategies for creating suitable nanoscale aper-
tures for nanopore sensors: biological ion channels (such as the α-
Haemolysin protein pore) in lipid bilayers extracted from the
membranes of cells (Guan et al., 2005; Jayawardhana et al., 2009;
Wang et al., 2009, 2014), or solid-state pores created using nano-
fabrication techniques. Solid-state pores are most commonly fab-
ricated from silicon nitride (Sawafta et al., 2014; Skinner et al.,
Material Amplification Reference(s)

Silicon N Zhang et al., 2008, 2009, 2010a, 2010b
Silicon N Gao et al., 2011, 2012
Silicon Y Gao et al., 2013
Silicon N Hahm and Lieber, 2004
Silicon N Bunimovich et al., 2006
Silicon N Li et al., 2004, 2005
Gallium Nitride N Chen et al., 2011
Silicon N Lin et al. (2009)
Silicon N Ryu et al., 2010
Carbon Nanotubes N Star et al., 2006
Graphene Oxide N Stine et al., 2010
Silicon N Chu et al., 2013
Silicon N Gao et al., 2007
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Table 11
Summary of the targets to which nanopore-based sensors have been applied.

Target Reference(s)

Explosives Guan et al., 2005; Jayawardhana et al., 2009
Chemical and biolo-
gical agents

Ding et al., 2009; Wang et al., 2009; Wu and Bayley,
2008

Viruses Uram et al., 2006
Nucleic acids Gierhart et al., 2008; Li et al., 2003; Sadeghi et al., 2014;

Sawafta et al., 2014; Singer et al., 2010; Skinner et al.,
2009; Smeets et al., 2006; Storm et al., 2005; Wang et al.,
2011,, 2014; Wanunu et al., 2010; Zhang et al., 2014

Fig. 11. Illustration of the detection method of nanopore oligonucleotide sensors;
as the hybridised nucleotides must be unzipped before passing through the na-
nopore, the duration of the decrease in current lasts much longer. Adapted from
Wang et al. (2014).
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2009; Smeets et al., 2006; Wanunu et al., 2010) but other materials
such as silicon dioxide (Ding et al., 2009; Uram et al., 2006),
polydimethylsiloxane (PDMS) (Saleh and Sohn, 2003), gold nano-
tubes (Sexton et al., 2007; Siwy et al., 2005) and graphene (Sa-
deghi et al., 2014) have been used.

Biological pores are advantageous as it is easier and cheaper to
achieve consistent pore diameters (provided one has the necessary
equipment and skills). However, solid-state pores are more dur-
able and more amenable to mass production; two factors of critical
importance for POC or OST technologies.

Wang et al. (2014) have shown that a nanopore sensor created
using an α-Haemolysin pore can be used to detect specific DNA
strands at sub-nM concentrations in less than one minute. Fur-
thermore, they have shown that target DNA sequences can be
distinguished from sequences with only a single-base mismatch as
a result of differences in the binding energies of the cDNA probes.

Wang et al. (2011) demonstrated the detection of circulating
miRNA associated with lung cancer at sub-pM levels. They used an
α-Haemolysin protein pore to detect miR-155 at the single-mole-
cule level in the serum of lung cancer patients.

Carlsen et al. (2014) demonstrated the detection of the detec-
tion of nucleic acids of the order of 100 NTs at nM concentrations
using a silicon nitride solid-state nanopore. However, this method
involved the modification of the analyte-capture probe duplex
with biotin. Wanunu et al. (2010) demonstrated the detection of
microRNA at fM concentrations using silicon nitride solid-state
nanopores and modifying the analyte-capture probe duplex with
the viral protein p19 (Table 12).
Table 12
Summary of nanopore-based oligonucleotide sensors.

Limit of Detection (M) Response Time (min) Selectivity

10�10 1 Single mismatches
10�12 ND Single mismatches
10�9 ND ND
10�15 4 ND

Please cite this article as: Ferrier, D.C., et al., Biosensors and Bioelect
Nanopore-based sensors are an attractive prospect for oligo-
nucleotide detection as they are ideally suited to small sample
volumes (being capable of single molecule detection) as well as
being highly specific. Additionally they are fast, label-free, reusable
and they do not require any kind of surface immobilisation (Liu
et al., 2010; Wang et al., 2011, 2014; Wanunu et al., 2010). How-
ever, they have some notable drawbacks: they have a low-
throughput and, whilst they are capable of multiplex detection,
their multiplex capacity is limited (Zhang et al., 2014).
5. Prospects/conclusion

This review has presented a summary of micro- and nano-
structure based oligonucleotide detection techniques. The char-
acteristics of these technologies make them very attractive for
potential POC and OST applications. Their small scale means that
they can be robust and portable, their compatibility with modern
CMOS electronics means that they can easily be incorporated into
hand-held devices and their suitability for mass production means
that, out of the different approaches to oligonucleotide detection,
they are the most suitable for commercialisation.

Their sensitivity, ranging from nanomolar to attomolar levels, is
comparable if not superior to most electrochemical or optical ap-
proaches. Additionally, all MEMS and NEMS-based approaches
demonstrate sufficient selectivity to detect single-base mis-
matches. The small scale of these devices means that they are
capable of fast response times (of the order of tens of minutes or
less) when compared to those of more established oligonucleotide
detection techniques (of the order of hours to days). Additionally,
with a few exceptions, MEMS- and NEMS-based oligonucleotide
detection techniques are label-free.

There are several areas where the development of micro- and
nano-structure based oligonucleotide sensors is likely to be fo-
cussed in the future. It is highly desirable to minimise the amount
of sample preparation required, this may involve developing sen-
sors that are capable of functioning in complex media, such as
whole blood or serum, or developing sample preparation on-a-
chip techniques in the manner of Zhang et al. (2011).

Multiplex measurements will be a critical capability in any POC
or OST application in order to allow high-throughput, reduce
ambiguity and improve reliability. Whilst virtually all MEMS and
NEMS-based oligonucleotide sensor technologies are capable of
being fabricated in arrays for multiplex detection, few have been
demonstrated on the scale that would be desirable for POC or OST
applications (on the order of 100 sensors per device).

In recent years, authors discussed in this review have had pa-
tents granted covering cantilever (Mutharasan and Maraldo, 2011;
Mutharasan et al., 2014), nanowire (K. Kang et al., 2011; T.G. Kang
et al., 2011; Zhang et al., 2012) and nanopore (Drndic et al., 2013;
Meller et al., 2012; Meller and Wanunu, 2010; Hall et al., 2012;
Huber et al., 2013; Gu et al., 2013; Guan et al., 2010; Zhao et al.,
2010) based nucleotide sensors, whereas other patents cover BAW
(Loebl and Wendt, 2005), SAW (Fujimoto et al., 2010) and geneFET
(O’Uchi, 2006) based nucleotide sensors. This activity further in-
dicates that micro- and nano-structure devices offer promising
Material Amplification Reference

Protein N Wang et al., 2014
Protein N Wang et al., 2011
Silicon Nitride Y Carlsen et al., 2014
Silicon Nitride Y Wanunu et al., 2010
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technologies for the development of oligonucleotide biosensors for
POC and OST applications.
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Garrido, J., Härtl, A., Kuch, S., Stutzmann, M., Williams, O., Jackmann, R., 2005. Appl. Phys.

Lett. 86 (7), 073504.
Garzon, R., Calin, G.A., Croce, C.M., 2009. Annu. Rev. Med. 60, 167–179.
Gierhart, B., Howitt, D., Chen, S., Zhu, Z., Kotecki, D., Smith, R., Collins, S., 2008. Sens.

Actuators B 132, 593–600.
Godber, B., Thompson, K.S., Rehak, M., Uludag, Y., Kelling, S., Sleptsov, A., Frogley, M.,

Wiehler, K., Whalen, C., Cooper, M.A., 2005. Clin. Chem. 51 (10), 1962–1972.
Gonçalves, D., Prazeres, D.M.F., Chu, V., Conde, J.P., 2008. Biosens. Bioelectron. 24,

545–551.
Grayson, A., Shawgo, R., Johnson, A., Flynn, N., Li, Y., Cima, M., Langer, R., 2004. Proc. IEEE

92 (1), 6–21.
Gronewold, T., Baumgartner, A., Quandt, E., Famulok, M., 2006. Anal. Chem. 78,

4865–4871.
Gronewold, T.M., 2007. Anal. Chim. Acta 603 (2), 119–128.
Guan, X., Gu, L., Cheley, S., Braha, O., Bayley, H., 2005. ChemBioChem 6, 1875–1881.
Guan, X., Jayawardhana, D.A., Armstrong, D.W., De Zoysa, R.S., Wang, D., Zhao, Q.; 2010.

Patent No. US 20100148126 A1.
Guillou-Buffello, D., Hélary, G., Gindre, M., Pavon-Djavid, G., Laugier, P., Migonney, V.,

2005. Biomaterials 26, 4197–4205.
Gu, L.-Q., Wang, Y., Tian, K.; 2013. Patent No. US 20130220809 A1.
Gupta, A.K., Nair, P.R., Akin, D., Ladisch, M.R., Broyles, S., Alam, M.A., Bashir, R., 2006.

PNAS 103 (36), 13362–13367.
Hahm, J., Lieber, C., 2004. Nano Lett. 4 (1), 51–54.
Halámek, J., Makower, A., Knösche, K., Skládal, P., Scheller, F.W., 2005. Talanta 65 (2),

337–342.
Hall, A.R., Yang, J., Ferranti, D.C., Sanford, C.A.; 2012. Patent No. WO 2012170499 A2.
Hamidi-Asl, E., Palchetti, I., Hasheminejad, E., Mascini, M., 2013. Talanta 115, 74–83.
Hansen, K.M., Ji, F.H., Wu, G., Datar, R., Cote, R., Majumdar, A., Thundat, T., 2001. Anal.

Chem. 73 (7), 1567–1571.
Hansen, K.M., Thundat, T., 2005. Methods 37 (1), 57–64.
Hanson, E.K., Lubenow, H., Ballantyne, J., 2009. Anal. Biochem. 387 (2), 303–314.
Harame, D.L., Bousse, L.J., Schott, J.D., Meindl, J.D., 1987. IEEE Trans. Biomed. Eng. 34 (8),

1700–1707.
Harding, G.L., Du, J., Dencher, P.R., Barnett, D., Howe, E., 1997. Sens. Actuators A 61,

279–286.
He, F., Zhang, L., Zhao, J., Hu, B., Lei, J., 2002. Sens. Actuators B 85, 284–290.
Hirayama, K., Sakai, Y., Kameoka, K., Noda, K., Naganawa, R., 2002. Sens. Actuators B 86,

20–25.
Hong, C.Y., Chen, X., Liu, T., Li, J., Yang, H.H., Chen, J.H., Chen, G.N., 2013. Biosens. Bioe-

lectron. 50, 132–136.
Hong, S.R., Jeong, H.D., Hong, S., 2010. Talanta 82, 899–903.
Howe, E., Harding, G., 2000. Biosens. Bioelectron. 15, 641–649.
Howorka, S., Siwy, Z., 2009. Chem. Soc. Rev. 38, 2360–2384.
Huber, F., Hegner, M., Gerber, C., Güntherodt, H.J., Lang, H., 2006. Biosens. Bioelectron. 21

(8), 1599–1605.
Huber, M., Clancy, B.E., Hall, A.R.; 2013. Patent No. US 20130203050 A1.
Hunt, E.A., Goulding, A.M., Deo, S.K., 2009. Anal. Biochem. 387 (1), 1–12.
Hur, Y., Han, J., Seon, J., Pak, Y., Roh, Y., 2005. Sens. Actuators A 120, 462–467.
Hwang, K.S., Lee, S.M., Kim, S.K., Lee, J.H., Kim, T.S., 2009. Annu. Rev. Anal. Chem. 2,

77–98.
Ilic, B., Czaplewski, D., Craighead, H., Neuzil, P., Campagnolo, C., Batt, C., 2000. Appl. Phys.

Lett. 77 (3), 450–452.
Ilic, B., Yang, Y., Aubin, K., Reichenbach, R., Krylov, S., Craighead, H.G., 2005. Nano Lett. 5

(5), 925–929.
Ingebrandt, S., Han, Y., Nakamura, F., Poghossian, A., Schöning, M.J., Offenhäusser, A.,

2007. Biosens. Bioelectron. 22, 2834–2840.
Ingebrandt, S., Offenhäusser, A., 2006. Phys. Status Solidi A 203 (14), 3399–3411.
Jayawardhana, D., Crank, J., Zhao, Q., Armstrong, D., Guan, X., 2009. Anal. Chem. 81,

460–464.
ronics (2015), http://dx.doi.org/10.1016/j.bios.2015.01.031i

http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref1
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref1
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref2
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref2
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref2
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref3
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref3
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref3
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref4
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref4
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref4
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref5
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref5
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref6
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref6
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref6
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref7
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref7
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref8
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref8
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref8
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref9
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref9
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref9
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref10
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref10
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref10
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref11
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref11
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref12
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref12
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref13
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref13
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref14
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref14
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref15
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref15
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref16
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref16
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref17
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref17
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref17
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref18
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref18
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref19
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref19
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref20
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref20
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref20
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref21
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref21
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref22
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref22
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref22
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref23
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref23
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref23
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref24
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref24
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref24
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref25
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref25
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref25
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref26
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref26
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref27
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref27
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref28
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref28
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref29
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref29
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref30
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref30
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref31
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref31
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref31
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref32
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref32
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref32
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref33
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref33
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref33
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref34
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref34
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref34
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref35
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref35
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref36
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref36
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref36
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref37
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref37
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref37
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref38
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref38
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref38
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref39
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref39
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref40
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref40
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref40
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref41
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref41
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref42
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref42
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref43
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref43
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref44
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref44
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref45
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref45
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref46
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref46
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref47
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref47
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref47
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref48
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref48
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref48
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref49
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref49
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref50
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref50
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref51
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref51
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref52
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref52
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref52
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref53
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref53
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref53
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref54
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref54
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref54
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref55
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref55
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref55
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref56
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref56
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref57
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref57
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref58
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref58
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref59
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref59
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref60
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref60
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref61
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref61
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref62
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref62
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref62
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref63
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref63
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref64
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref64
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref64
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref65
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref65
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref65
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref66
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref66
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref66
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref67
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref67
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref67
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref68
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref68
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref68
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref69
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref69
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref70
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref70
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref71
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref71
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref71
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref72
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref72
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref72
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref73
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref73
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref73
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref74
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref74
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref74
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref75
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref75
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref75
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref76
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref76
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref77
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref77
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref78
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref78
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref78
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref79
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref79
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref79
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref80
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref80
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref81
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref81
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref81
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref82
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref82
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref83
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref83
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref83
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref84
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref84
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref85
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref85
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref86
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref86
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref86
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref87
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref87
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref87
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref88
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref88
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref89
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref89
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref89
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref90
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref90
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref90
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref91
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref91
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref92
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref92
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref93
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref93
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref94
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref94
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref94
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref95
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref95
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref96
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref96
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref97
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref97
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref97
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref98
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref98
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref98
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref99
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref99
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref99
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref100
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref100
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref100
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref101
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref101
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref102
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref102
http://refhub.elsevier.com/S0956-5663(15)00032-9/sbref102
http://dx.doi.org/10.1016/j.bios.2015.01.031
http://dx.doi.org/10.1016/j.bios.2015.01.031
http://dx.doi.org/10.1016/j.bios.2015.01.031


D.C. Ferrier et al. / Biosensors and Bioelectronics ∎ (∎∎∎∎) ∎∎∎–∎∎∎12
Jiang, Q., Wang, Y., Hao, Y., Juan, L., Teng, M., Zhang, X., Li, M., Wang, G., Liu, Y., 2009.
Nucleic Acids Res. 37, 98–104.

Jiang, Z., Qing, Q., Xie, P., Gao, R., Lieber, C., 2012. Nano Lett. 12 (3), 1711–1716.
Jiménez, C., Marqués, I., Bartrolí, J., 1996. Anal. Chem. 68, 3801–3807.
Johnson, B.N., Mutharasan, R., 2012. Anal. Chem. 84 (23), 10426–10436.
Josse, F., Bender, F., Cernosek, R., 2001. Anal. Chem. 73, 5937–5944.
Judy, J.W., 2001. Smart Mater. Struct. 10, 1115–1134.
Kalantar-Zadeh, K., Wlodarski, W., Chen, Y., Fry, B., Galatsis, K., 2003. Sens. Actuators B 91,

143–147.
Kamahori, M., Ishige, Y., Shimoda, M., 2008. Biosens. Bioelectron. 23, 1046–1054.
Kang, K., Sachan, A., Nilsen-Hamilton, M., Shrotriya, P., 2011. Langmuir 27 (23),

14696–14702.
Kang, T.G.; Agarwal, A.; Ji, H.; Zhang, G.; Chen, Y.; 2011. Patent No. US 20110104817 A1.
Karousos, N., Reddy, S., 2002. Analyst 127 (3), 368–372.
Karousos, N., Aouabdi, S., Way, A., Reddy, S., 2002. Anal. Chim. Acta 469, 189–196.
Kataoka-Hamai, C., Miyahara, Y., 2011. IEEE Sens. J. 11 (12), 3153–3160.
Kim, A., Ah, C., Yu, H., Yang, J.H., Baek, I.B., Ahn, C.G., Park, C., Jun, M., Lee, S., 2007. Appl.

Phys. Lett. 91 (10), 103901.
Kim, D.S., Jeong, Y.T., Park, H.J., Shin, J.K., Choi, P., Lee, H.H., Lim, G., 2003. Jpn. J. Appl.

Phys. 42 (6B), 4111–4115.
Kim, D.S., Jeong, Y.T., Park, H.J., Shin, J.K., Choi, P., Lee, H.H., Lim, G., 2004a. Biosens.

Bioelectron. 20 (1), 69–74.
Kim, D.S., Park, H.J., Jung, H.M., Shin, J.K., Choi, P., Lee, J.H., Lim, G., 2004b. Jpn. J. Appl.

Phys. 43 (6B), 3855–3859.
Kim, G.H., Rand, A.G., Letcher, S.V., 2003. Biosens. Bioelectron. 18 (1), 91–99.
Kim, N., Kim, D.-K., Cho, Y.-J., 2009. Sens. Actuators B 143, 444–448.
Kim, N., Park, I., Kim, D., 2004. Sens. Actuators B 100, 432–438.
Kim, N., Park, I.S., 2003. Biosens. Bioelectron. 18 (9), 1101–1107.
Kobayashi, T., Murawaki, Y., Reddy, P., Abe, M., Fujii, N., 2001. Anal. Chim. Acta 435,

141–149.
Kurosawa, S., Nakamura, M., Park, J.-W., Aizawa, H., Yamada, K., Hirata, M., 2004. Biosens.

Bioelectron. 20 (6), 1134–1139.
Kwon, H.S., Han, K.C., Hwang, K., Lee, J., Kim, T., Yoon, D., Yang, E., 2007. Anal. Chim. Acta

585 (2), 344–349.
Lang, H.P., Berger, R., Battiston, F., Ramseyer, J.P., Meyer, E., Andreoli, C., Brugger, J.,

Vettiger, P., Despont, M., Mezzacasa, T., Scandella, L., Güntherodt, H.J., Gerber, C.,
Gimzewski, J.K., 1998. Appl. Phys. A 66, S61–S62.

Lange, D., Hagleitner, C., Hierlemann, A., Brand, O., Baltes, H., 2002. Anal. Chem. 74 (13),
3084–3095.

Länge, K., Bender, F., Voigt, A., Gao, H., Rapp, M., 2003. Anal. Chem. 75 (20), 5561–5566.
Länge, K., Grimm, S., Rapp, M., 2007. Sens. Actuators B 125, 441–446.
Länge, K., Rapp, B.E., Rapp, M., 2008. Anal. Bioanal. Chem. 391 (5), 1509–1519.
Lavrik, N., Sepaniak, M., Datskos, P., 2004. Rev. Sci. Instrum. 75 (7), 2229–2253.
Lee, H.S., Kim, K., Kim, C.J., Hahn, S., Jo, M.H., 2009. Biosens. Bioelectron. 24 (6),

1801–1805.
Lee, J., Kim, T., Yoon, K., 2004. Appl. Phys. Lett. 84 (16), 3187–3189.
Lee, J.H., Hwang, K.S., Park, J., Yoon, K.H., Yoon, D.S., Kim, T.S., 2005. Biosens. Bioelectron.

20 (10), 2157–2162.
Lee, Y.G., Chang, K.-S., 2005. Talanta 65 (5), 1335–1342.
Li, G., Morita, S., Ye, S., Tanaka, M., Osawa, M., 2004. Anal. Chem. 76 (3), 788–795.
Li, J., Gershow, M., Stein, D., Brandin, E., Golovchenko, J., 2003. Nat. Mater. 2, 611–615.
Li, S., Orona, L., Li, Z., Cheng, Z., 2006. Appl. Phys. Lett. 88 (7), 073507.
Li, Z., Chen, Y., Li, X., Kamins, T., Nauka, K., Williams, R., 2004. Nano Lett. 4 (2), 245–247.
Li, Z., Rajendran, B., Kamins, T., Li, X., Chen, Y., Williams, R., 2005. App. Phys. A 80 (6),

1257–1263.
Lin, C.H., Hung, C.H., Hsiao, C.Y., Lin, H.C., Ko, F.H., Yang, Y.S., 2009. Biosens. Bioelectron.

24, 3019–3024.
Lin, S.P., Pan, C.Y., Tseng, K.C., Lin, M.C., Chen, C.D., Tsai, C.C., Yu, S.H., Sun, Y.C., Lin, T.W.,

Chen, Y.T., 2009. Nano Today 4 (3), 235–243.
Lin, T.W., Hsieh, P.J., Lin, C.L., Fang, Y.Y., Yang, J.X., Tsai, C.C., Chiang, P.L., Pan, C.Y., Chen, Y.

T., 2010. PNAS 107 (3), 1047–1052.
Liu, A., Wang, K., Weng, S., Lei, Y., Lin, L., Chen, W., Lin, X., Chen, Y., 2012. Trends Anal.

Chem. 37, 101–111.
Liu, A., Zhao, Q., Guan, X., 2010. Anal. Chim. Acta 675 (2), 106–115.
Liu, T., Tang, J., Jiang, L., 2004a. Biochem. Biophys. Res. Commun. 313 (1), 3–7.
Liu, T., Tang, J., Zhao, H., Deng, Y., Jiang, L., 2002. Langmuir 18, 5624–5626.
Liu, Y., Zhang, W., Yu, X., Zhang, H., Zhao, R., Shangguan, D., Li, Y., Shen, B., Liu, G., 2004b.

Sens. Actuators B 99, 416–424.
Loebl, H.-P., Wendt, M.; 2005. Patent No. WO 2005036150 A1.
Long, Y., Li, W., Nie, L., Yao, S., 2001. J. Pharm. Biomed. Anal. 24 (3), 361–369.
Lu, Y., Chivukula, V., Wang, M., Ji, H.-F., 2006. J. Micromech. Microeng. 16 (4), 692–698.
Lucarelli, F., Tombelli, S., Minunni, M., Marrazza, G., Mascini, M., 2008. Anal. Chim. Acta

609 (2), 139–159.
Luo, L., Jie, J., Zhang, W., He, Z., Wang, J., Yuan, G., Zhang, W., Wu, L., Lee, S.T., 2009. Appl.

Phys. Lett. 94 (19), 193101.
Luo, X.L., Xu, J.J., Zhao, W., Chen, H.Y., 2004a. Biosens. Bioelectron. 19, 1295–1300.
Luo, X.L., Xu, J.J., Zhao, W., Chen, H.Y., 2004b. Sens. Actuators B 97, 249–255.
Lux, C., Schyma, C., Burkhard, M., Courst, C., 2014. Forensic Sci. Int. 237, 62–69.
Mabeck, J., Malliaras, G., 2005. Anal. Bioanal. Chem. 384 (2), 343–353.
Mader, A., Gruber, K., Castelli, R., Hermann, B.A., Seeberger, P.H., Rädler, J.O., Leisner, M.,

2012. Nano Lett. 12 (1), 420–423.
Mao, X., Yang, L., Su, X.-L., Li, Y., 2006. Biosens. Bioelectron. 21 (7), 1178–1185.
Maqbool, R., Hussain, M.U., 2014. Cell Tissue Res. 358 (1), 1–15.
Maraldo, D., Rijal, K., Campbell, G., Mutharasan, R., 2007. Anal. Chem. 79 (7), 2762–2770.
Marie, R., Jensenius, H., Thaysen, J., Christensen, C.B., Boisen, A., 2002. Ultramicroscopy

91, 29–36.
Matatagui, D., Fontecha, J., Fernández, M., Gràcia, I., Cané, C., Santos, J., Horrillo, M., 2014.

Sensors 14 (7), 12658–12669.
McKendry, R., Zhang, J., Arntz, Y., Strunz, T., Hegner, M., Lang, H.P., Baller, M.K., Certa, U.,

Meyer, E., Guntherodt, H.J., Gerber, C., 2002. PNAS 99 (15), 9783–9788.
Meller, A., Frank-Kamenetskii, M., Wanunu, M., Kuhn, H., Singer, A., Morrison, W.; 2012.

Patent No. US 20120276530 A1.
Meller, A. & Wanunu, M.; 2010. Patent No. WO 2009020682 A3.
Please cite this article as: Ferrier, D.C., et al., Biosensors and Bioelect
Mishra, N., Maki, W., Cameron, E., Nelson, R., Winterrowd, P., Rastogi, S., Filanoski, B.,
Maki, G., 2008. Lab Chip 8 (6), 868–871.

Mo, Z., Wang, H., Liang, Y., Liu, F., Xue, Y., 2005. Analyst 130 (12), 1589–1594.
Moll, N., Pascal, D., Dinh, D., Pillot, J.-P., Bennetau, B., Rebière, D., Moynet, D., Mas, Y.,

Mossalayi, D., Pistré, J., Déjous, C., 2007. Biosens. Bioelectron. 22, 2145–2150.
Mutharasan, R., Maraldo, D.R.; 2011. Patent No. US 7993854 B2.
Mutharasan, R., Rijal, K., Maraldo, D.R., Campbell, G.A.; 2014. Patent No. US 20140045178

A1.
Noor, M.O., Krull, U.J., 2014. Anal. Chim. Acta 825, 1–25.
Okahata, Y., Matsunobu, J.Y., Ijiro, K., Mukae, M., Murakami, A., Makino, K., 1992. J. Am.

Chem. Soc. 114, 8299–8300.
O’Sullivan, C., Guilbault, G., 1999. Biosens. Bioelectron. 14, 663–670.
O’Shea, S.J., Lu, P., Shen, F., Neuzil, P., Zhang, Q.X., 2005. Nanotechnology 16 (4), 602–608.
O’Uchi, S.; 2006. Patent No. US 20060147983 A1.
Pang, L.-L., Li, J.-S., Jiang, J.-H., Le, Y., Shen, G.L., Yu, R.-Q., 2007. Sens. Actuators B 127,

311–316.
Paniel, N., Baudart, J., Hayat, A., Barthelmebs, L., 2013. Methods 64, 229–240.
Park, I.-S.K.D.-K., Adanyi, N., Varadi, M., Kim, N., 2004. Biosens. Bioelectron. 19 (7),

667–674.
Passamano, M., Pighini, M., 2006. Sens. Actuators B 118, 177–181.
Patolsky, F., Lichtenstein, A., Willner, I., 2000a. J. Am. Chem. Soc. 122, 418–419.
Patolsky, F., Ranjit, K., Lichtenstein, A., Willner, I., 2000b. Chem. Commun., 1025–1026.
Patolsky, F., Zheng, G., Hayden, O., Lakadamyali, M., Zhuang, X., Lieber, C.M., 2004. PNAS

101 (39), 14017–14022.
Pavey, K., Olliff, C., Lyle, E.-L., Paul, F., 2001. Analyst 126 (4), 426–428.
Percival, C., Stanley, S., Braithwaite, A., Newton, M., McHale, G., 2002. Analyst 127 (8),

1024–1028.
Pethig, R., Smith, S., 2013. Introductory Bioelectronics. John Wiley & Sons, Ltd., Chiche-

ster, UK.
Poghossian, A., Yoshinobu, T., Simonis, A., Ecken, H., Luth, H., Schoning, M.J., 2001. Sens.

Actuators B 78, 237–242.
Pohanka, M., Skládal, P., 2005. Anal. Lett. 38, 411–422.
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