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Current methods used to measure protein expression on microarrays, such as labeled fluorescent
imaging, are not well suited for real-time, diagnostic measurements at the point of care. Studies have
shown that microelectrical sensors utilizing silica nanowire, impedimetric, surface acoustic wave,
magnetic nanoparticle and microantenna technologies have the potential to impact disease diagnosis
by offering sensing characteristics that rival conventional sensing techniques. Their ability to
transduce protein binding events into electrical signals may prove essential for the development of
next-generation point-of-care devices for molecular diagnostics, where they could be easily
integrated with microarray, microfluidic and telemetry technologies. However, common limitations
associated with the microelectrical sensors, including problems with sensor fabrication and
sensitivity, must first be resolved. This review describes governing technical concepts and provides
examples demonstrating the use of various microelectrical sensors in the diagnosis of disease via
protein biomarkers.
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Recent advancements in biomarker identification provide the possibility for the clinical
diagnosis of many diseases at the point of care (POC). Biomarker technology has been applied
for the diagnosis of a wide variety of conditions, including cancers, cardiac diseases,
autoimmune diseases, and acute events, such as stroke, cardiac ischemia, head injury and
pathogen detection [1-4]. Molecular diagnostic techniques utilizing biomarkers may be
suitable as detection platforms for POC diagnostic devices when coupled with microarray and
microfluidic technologies [5]. Clinical benefits of POC testing would include faster turnaround
time, reduced dependence on central laboratory facilities and the availability of results at the
time of physician consultation [6]. This would enable more timely treatment and decreased
hospital length of stay, leading to lower overall costs and increased patient satisfaction [7].

A major challenge with biomarker technology at the POC is the limitation associated with the
current techniques used to measure protein expression. Currently, many molecular methods
label the target protein, and utilize fluorescent imaging techniques to determine expression.
Such techniques typically require advanced optical imaging systems, including lasers, which
can be bulky and expensive. These systems function well in central diagnostic laboratories,
but would be more difficult to miniaturize and make portable for applications at POC.

A system involving microelectrical sensors could be used to measure the physical
characteristics of the proteins or an attached label. The measuring process may eventually allow
for real-time analysis, assuming that techniques for sample preparation improve. The
measurements could be digitized and transmitted for the purpose of telemedicine. As a result
of these properties, microelectrical sensors may permit biomarker detection in POC devices.

This paper will review promising reports and potential further developments of silica nanowire
(SINW), impedimetric, surface acoustic wave (SAW), magnetic nanoparticle and
microantenna technologies. These approaches involve protein binding events affecting a
propagating electrical signal, which may be translated into the amount of protein interactions.

Nanowires

Advancements in nanotechnology have enabled the fabrication of electrochemical sensors that
are comparable in size to those of the biological and chemical species being sensed [8,9]. Such
sensors could function as primary transducers that interface with macroscopic instruments
[8]. A variety of biomolecules can be used in microelectrical sensors, including proteins
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(receptor proteins as well as antibodies), bacteriophages and aptamers. For the purpose of this
report, the focus will be on the use of proteins or antibodies in microelectrical sensors [10—
12]. One type of nanoscale biosensor is constructed with semiconducting SINWSs, which have
the ability to bind analytes on their surface [8]. These SINWs may be configured as field-effect
transistors (FETS). The binding of a charged antigen to an antibody immobilized on a SINW
can act as a field-effect gate upon each individual SiNW, thereby changing the conductance
through the wire [13]. This change in conductance of the SINW can be measured electronically
and correlated to the amount of molecular activities that have occurred on the sensing surface.
In principle, SINWs could be fabricated onto a relatively small sensing area using
photolithography and metal deposition to form a microarray, allowing for simultaneous
detection of different biomarkers in a given sample [9].

Cui and colleagues demonstrated the use of SINW devices configured to function as a FET for
the real-time detection of protein interactions [14]. In the experiment, biotin was immaobilized
to the oxide surface of the SINWs and used as a binding receptor. The conductance of the
SiNWs increased when solutions of streptavidin were delivered to the nanowire sensor devices.
Similarly, Zheng and colleagues utilized SINW devices functionalized with distinct surface
receptors that were incorporated in an array pattern for the purpose of multiplexed electrical
detection of cancer markers [15]. Simultaneous conductance measurements from multiple
SiNWs were recorded as different protein solutions were sequentially delivered.
Concentration-dependent conductance changes were only observed for the individual SINW
with the corresponding surface receptors for the specific protein solution [15].

Impedimetrics

Impedance, the ratio of voltage to current, reflects the amount of hindrance to current flow that
exists between two electrodes. Impedance has real and imaginary components known as
resistance and capacitance [16]. The impedance of a charged aqueous solution can be
determined by measuring the current caused by a sinusoidal voltage applied across the
electrodes. The binding of bacteria or proteins to the electrodes of an impedimetric sensor
should result in a measurable change in impedance, and may thus be a suitable strategy for
measuring biomarker levels at the POC. Studies have shown that these binding events do affect
the measured impedance of a sensor [17-20].

An impedimetric sensor for biomarker detection would require an immobilized analyte, such
as antibodies, on a dielectric substrate, which can specifically bind to target molecules present
in a sample solution; for simplicity, we will describe an impedimetric sensor that utilizes
antibodies as the immobilized analyte (Figure 1). A sample solution containing the target
molecule(s), in this case proteins, would then be incubated on the sensor. Here, the target
proteins will be captured by their corresponding antibodies. The unbound antigens would then
be washed away, and the electrodes covered by a charged aqueous solution, such as phosphate-
buffered saline. Ideally, an impedimetric sensor would utilize an interdigitated transducer
(IDT) because it increases surface area, resulting in an amplification of the signal. The use of
an IDT may also increase the sensitivity of an impedimetric sensor [16]. In addition to using
an IDT, an impedimetric sensor would also utilize two sensing lines that work in parallel. These
sensing lines would consist of a reference line containing only the immobilized analyte, in this
case antibodies, and the experimental line, which may have antigens bound to the immobilized
antibodies. These two lines can be compared with each other to determine whether there are
protein interactions in the experimental line. The addition of molecules such as proteins or
bacteria would influence both the resistance and capacitance of the active surfaces of the sensor
[18]. A change in capacitance would reflect a change in the effective surface area of the
electrodes because of the bound antigens [16].
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This approach has been used to detect 103 cfu/ml salmonella in which anti-salmonella
antibodies were immobilized on the electrode surfaces [20]. Escherichia coli bacteria (10° cfu/
ml) have also been detected by measuring changes in conductance, which is related to
impedance due to the binding of E. coli to the electrode surface [17]. Growth-based detection
of bacteria captured on the active surface of impedimetric sensors has been demonstrated by
multiple investigators [11,21]. In addition to the detection of bacteria, several groups have
reported on the use of impedimetric sensors for the detection of protein—protein (antibody—
antigen) interactions [18,19,22]. Specifically, researchers have demonstrated the ability to
detect cardiac markers by measuring the change in the impedance of a sensor when
antimyoglobin antibodies (100 ng/ml) bound to myoglobin proteins immobilized on a sensing
surface [19]. Similarly, researchers were able to detect the stroke marker neuron-specific
enolase (NSE) by measuring the change in impedance when electrodes containing immobilized
antiNSE antibodies were incubated with solutions containing various concentrations of the
protein NSE. These researchers were able to detect NSE as low as 0.5 pg/ml and calculated
that nonspecific binding accounted for approximately 10% of the sensor response [22]. These
findings demonstrate the potential for the development of impedimetric sensors for the
diagnosis of disease.

Surface acoustic wave sensors

Surface acoustic waves are mechanical vibrations that propagate just below the surface of
piezoelectric solids when excited by an electrical signal at the resonant frequency. The velocity
of a SAW is sensitive to changes in the mass applied to the active area, the viscosity of the
material applied to the active area and the temperature of the surface [23]. A typical SAW
delay-line consists of two IDTs that are an electrode pair fabricated on a piezoelectric substrate
via photolithography. A sinusoidal voltage applied to the input IDT is translated into oscillating
mechanical strain, forming a SAW that propagates along the surface of the piezoelectric
material. The SAW is then converted back into a sinusoidal voltage of different frequency
(phase) and amplitude at the output IDT. These differences are related to changes in the velocity
of the SAW and can be correlated to changes in the mass loading, viscosity and temperature
on the surface of the substrate. The effect of temperature on the substrate can be accounted for
by using a dual delay-line configuration with both lines at the same temperature.

Figure 2 displays a typical SAW sensor in the ‘dual-delay-line’ configuration. Measurements
comparing the experimental line with the reference line should minimize the effect of
temperature [24,25].

The addition of bound antigens to immobilized antibodies on the surface of the piezoelectric
substrate may result in a detectable mass loading [23,26]. Welsch and colleagues demonstrated
the ability of a SAW delay line that utilized a shear, horizontally polarized propagation mode,
to detect antigen—antibody binding, reporting a sensitivity of approximately 6 pg/mm? [27].
Dahint and colleagues developed a SAW sensor utilizing a different piezoelectric substrate
with improved sensitivity of approximately 0.5 pg/mm? corresponding to a concentration of
approximately 0.5 pg/ml [28]. However, these reported sensitivities have to be improved for
a SAW delay line to detect low-abundance proteins (pg/ml to ng/ml in patient serum), which
would be useful biomarkers for many diseases.

One subcategory of SAW, the Love propagation mode, appears especially promising for
chemical and biosensing applications due to high sensitivity to mass loading and the ability to
make measurements in liquid environments with minimal propagation losses [23]. A Love
mode SAW sensor (Figure 3) contains the addition of a waveguide layer and makes use of
special piezoelectric substrates, namely AT-cut quartz and 36°-Y-cut-X-propagating LiTaO3
[29,30]. The waveguide functions to trap the SAW along the surface of the piezoelectric

Expert Rev Mol Diagn. Author manuscript; available in PMC 2010 August 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Arruda et al.

Page 5

substrate to minimize energy losses and to protect the IDTs from corrosion in a liquid-sensing
environment [24,26]. The surface of the waveguide in contact with the sensing layer is often
modified with a gold layer (~50 nm thick), which provides better adherence of the sensing
layer (antibodies) and prevents the nonspecific binding of proteins to the active area.
Nonspecific binding represents a major hurdle for implementation of microelectrical sensors
for protein detection in general.

A Love wave SAW sensor with a sensing layer of anti-Bacillus antibodies was used to detect
low levels of Bacillus thuringiensis in aqueous conditions [31]. Tests using bovine serum
albumin (BSA\) in place of B. thuringiensis spores indicated a detection limit of 0.187 ng BSA
[31]. E. coli bacteria were also detected using Love mode SAW sensors [32]. The low-level
detection of bacteria spores by Love mode SAW sensors is promising in regard to future protein
biomarker detection using SAW technologies.

Magnetic labeling

Magnetic nanobeads are magnetic nanoparticles, usually iron oxide, coated with a material
such as a biocompatible polymer [33]. The nanoparticles can be synthesized, using several
techniques, to be smaller than hundreds of nanometers, a size comparable with cells, viruses,
genes and proteins [34,35]. The surface of these nanoparticles can be functionalized with
certain ligands to selectively bind to target proteins [33,36]. They have also been used as
immunoassay labels [37]. In a microelectrical sensor application, magnetic nanoparticles could
be used to label antigens or antibodies, and have been used to detect CA-125, an ovarian cancer
biomarker; specifically, magnetic nanoparticles carrying anti-CA-125 antibodies were able to
detect the protein at low concentrations (1-10 fmol) [38].

Magnetic nanoparticles are stable in that they are not affected by reagent chemistry, and they
can be detected with minimal noise in a biological environment [33]. In the presence of an
external magnetic field, the nanoparticles poles align [36]; when the field is removed, a
relaxation occurs as a result of Brownian and Neel relaxations [33]. Magnetorelaxometry is a
method that can be used to detect this relaxation time, which can be correlated to the presence
of nanoparticles, such as those labeling antigens or antibodies [35,36]. This decaying magnetic
field has been measured by several instruments, including hall sensors, giant magnetoresistive
(GMR) sensors, anisotropic magnetoresistive sensors (AMR), and superconducting quantum
interference detectors (SQUIDs) [33,37].

A magneto-impedance-based sensor could also be used to detect the presence of magnetic
nanoparticle labels attached to antibodies immobilized on a substrate. An external magnetic
field must still be applied to cause the nanoparticles to polarize. The impedance of the substrate
would be affected by the resulting magnetic field of the nanoparticles [33].

Furthermore, there are techniques that utilize magnetic nanoparticles for sorting biological
entities using microfluidics [39,40]. Osterfeld and colleagues believe that through the use of
microfluidics, it should be possible to reduce magnetic nanoparticle label-based assay times
to 30 min [41]. These results are promising for further development of POC devices utilizing
this technology.

Microantennas

A theoretical approach to detecting protein—protein interactions (antigen—antibody
interactions) is the use of planar microantennas. Antennas are devices that are used to transmit
or receive electromagnetic waves, where the transmission path length between a pair of
antennas affects the strength of a radiofrequency (RF) signal [42]. Biological microantennas
could be constructed by printing a conductive material using photolithography, and
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subsequently attaching antibodies to this conductive layer (Figure 4) [43]. When an RF signal
is applied to the transmitter microantenna, a measurable signal should be received by the
receiver antenna; the binding of antigens by the antibodies printed on the microantennas should
result in a change in the signal, relative to a reference signal. In this manner, the changed signal
may be able to detect protein—protein interactions. In addition, the design of a microantenna
sensor may also require the use of a shielded trace for better signal transmission between
antennas [44]. Similarly, the additional presence of the antibody—antigen complex may increase
the effective antenna height and reduce the transmission path length, thus resulting in a stronger
signal. If the antigens alone fail to produce a noticeable increase in the effective height of the
antenna, additional magnetic nanoparticle labels may have a pronounced effect.

Expert commentary

Studies have shown that the discussed microelectrical sensors have the potential to impact
disease diagnosis by offering sensing characteristics that rival conventional sensing techniques.
The ability to convert chemical and biological binding events into electronic and digital signals
suggests the potential for an interface between these sensors and microprocessors, which would
further the development of next-generation POC devices for molecular diagnostics. However,
common limitations associated with the microelectrical sensing techniques, including
problems with sensor fabrication and sensitivity, need to be resolved [8,15,18,19,27,28].

The manufacture of microelectrical sensors requires technologies that have not yet matured
sufficiently for widespread application. For example, photolithography, the technique
commonly used to construct microcircuits on substrates, is currently limited to a line-width
resolution [45]. The sensitivity of impedimetric and SAW-based sensors are limited by this
line-width resolution [45]. Higher resolution allows for the construction of IDTs with improved
signal amplification and higher operating frequencies. This would allow for higher sensitivity
of the impedimetric and SAW techniques, respectively [20,23].

The biochemical nature of protein interactions presents challenges that affect measurement
sensitivity. The sensitivity of nanowire-based sensors depends on the ionic strength of the
analyte. As is the case with blood serum samples, diagnostics will require a standard desalting
step before analysis to achieve the highest sensitivity [15]. The sensitivity of magnetic
nanoparticle-based sensors is limited by dissimilarity in the size of the particles. Sensitivity
could be improved if future technologies allow for the synthesis of homogenous particles
[37]. Nonspecific binding of proteins to the sensing platform also represents a major hurdle
for implementation of microelectrical sensors for protein detection in general. Finally, the
signal-to-noise ratio of microelectrical sensors must be further improved in order to better
differentiate between actual antigen-binding events and sample noise. This can be achieved
through the development of more advanced sample-preparation strategies and optimization of
the chemistry occurring at the active area of the sensor.

An additional strategy would improve the sensitivity of protein detection in sensing devices
through electrochemical means. Current electrochemical immunosensors (EIS) utilize a variety
of strategies for biomarker detection, including but not limited to: amperometric devices
utilizing chemical reactions to generate a current on the sensing electrode, sandwich EIS
devices that use magnetic gold nanoparticles to enhance enzyme labeling, and macrocantilever
devices that produce measurably sharp changes in electrical impedance [46-48]. To date, EIS
devices have been used for the multiplex measurement of cancer biomarkers (including AFP,
ferritin, CEA, hCG-B, CA15-3, CA125 and CA19-9), for the quantification of levels of the
colorectal cancer biomarker carcinoembryonic antigen in solution, and for the quantification
of the prostate cancer biomarker AMCAR from patient urine samples [46—48]. For more detail
on these devices and detection strategies, we suggest the following references [46-49]. EIS
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devices are well-suited for incorporation in lab-on-a-chip devices due to the fact that they can
be economically mass produced and miniaturized, and have excellent detection limits
necessary to find the low-abundance biomarkers present in small volume samples [48].

Upon resolution of these limitations, microelectrical sensors would be suitable for application
in hand-held POC diagnostic devices, where their small physical size and high sensitivity would
be useful in the multiplexed, simultaneous detection of an array of disease biomarkers.

Five-year view

Healthcare reform requires a paradigm shift from clinic-based to in-home care in order to
relieve the stresses of soaring health-care costs. POC diagnostics will play a critical role in
decreasing healthcare costs by providing quicker diagnoses, resulting in more efficient
treatment and reduced time spent by patients in the clinic. Microelectrical sensors may be used
in conjunction with micro-fluidic and telemetry technologies to aid the development of POC
diagnostic devices to be implemented in the reformed healthcare system. These developments
could be supported with both public and private investments, including the multibillion dollar
allocation from the American Recovery and Reinvestment Act of 2009 for health information
technology, including telemedicine [50].

Key issues

e Current methods used to measure protein expression on microarrays are not well
suited for making real-time, diagnostic measurements at the point of care.

»  Microelectrical sensors have been shown to be capable of measuring protein-binding
events.

» Studies indicate that silica nanowire biosensors are capable of highly sensitive and
selective real-time detection of protein interactions.

» Impedimetric sensors utilizing interdigitated transducer electrodes have been shown
to be capable of detecting protein interactions.

» Investigations into the performance of Love Mode surface acoustic-wave sensors
indicate that they may be promising for use in biosensing applications.

»  Magnetic nanoparticle labels are used for biomarker detection and, together with
microfluidics, may be developed for point-of-care devices.

»  Common limitations associated with the microelectrical sensing techniques include
problems with sensor fabrication and sensitivity.

*  Microelectrical sensors may be integrated with microarray, microfluidic and
telemetry technologies to aid in the development of point-of-care diagnostic devices.
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Figure 1. The top impedance sensor has antibodies immobilized on top of and between the gold
electrodes, while the bottom sensor also has bound antigens

Both sensors will have an aqueous solution covering the active region (interdigitated region)
of the sensor. The bound antigens will change the resistance and capacitance of the sensor. The
image to the right represents a top view of a sensor, which is an interdigitated circuit.
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Figure 2. A SAW delay line consists of an IDT, an output IDT and a piezoelectric substrate

Two delay lines operate in parallel, with one line acting as a reference line and the other acting
as an experimental line. A sinusoidal voltage is applied to the input IDT, which develops an
alternating electric field that is translated into a mechanical SAW by the piezoelectric effect.
The velocity of the SAW is affected by mass loading, fluid viscosity and temperature on the
surface of the substrate. The reverse piezoelectric effect translates the SAW into an oscillating
electric field at the output IDT. Any difference in velocity between the two delay lines would
be reflected as a phase shift and amplitude difference.

IDT: Input interdigitated transducer; SAW: Surface acoustic-wave.
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Figure 3. Cross-sectional view of a Love mode surface acoustic-wave sensor (layer thicknesses not
to scale) displaying the piezoelectric substrate, two IDTs, the waveguide layer and the sensing layer
The waveguide layer consists of either an oxide or polymer layer, which functions to trap the
acoustic energy of the SAW at the interface between the waveguide and the substrate to
minimize propagation losses. It also serves to protect the IDTs from corrosion, thus providing
for measurements to be made in a liquid environment. The sensing layer provides for the
capture and immobilization of the biological or chemical agent of interest to the active surface
of the sensor in order to develop a detectable mass loading effect.

IDT: Input interdigitated transducer.
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Figure 4. The image to the right represents a top view of a microantenna sensor with a line
representing a cross-section shown on the left

The upper sensor has antibodies immobilized on top of the active region of the antennas, while
the lower sensor also has captured antigens. The shielded traces are on both sides of the
transmitting and receiving antennas. Their presence should prevent signals from traveling in
adirect path between antennas. The bound antigens should change the attenuation of the sensor
because of the increased affected antenna height.
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