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Enhancing the Performance of Surface-based
Biosensors by AC Electrokinetic Effects
- a Review

Protiva Rani Roy, Matthew R. Tomkins and Aristides Docoslis
Department of Chemical Engineering, Queen’s University, Kingston, ON
Canada

1. Introduction

Miniaturized surface based biosensors are a cost effective and portable means for the
sensing of biologically active compounds. With advents in micro- and nanotechnology, the
design of surface based biosensors can be adapted for various detection goals and for
integration with multiple detection techniques. In particular, the issue of pathogen detection
is an important challenge with applications in defence, health care, food safety, diagnostics
and clinical research. The research of micro-fluidic analytical systems, such as surface based
biosensors or “lab-on-a-chip” designs, have gained increasing popularity, not only due to
the enhancement of the analytical performance, but also due to their reduced size, decreased
consumption of reagents and the ability to integrate multiple technologies within a single
device. Although conventional pathogen detection methods are well established, they are
greatly restricted by the assay time. For pathogens that typically occur at low
concentrations, the mass transfer required for detection is diffusion limited and incubation
is often needed in order to enhance the concentration of the target analyte. AC electrokinetic
effects provide a means for biosensors to detect pathogens quickly and at lower
concentrations, thus overcoming these bottlenecks.

2. Overview of AC electrokinetic phenomena

AC electrokinetics deals with the movement of a particle and/or the fluid by means of an
AC electric field and has received considerable attention for improving the capture of
analytes. An example of an AC electrokinetic force is dielectrophoresis (DEP) where a non-
uniform electric field acts on an uncharged particle. When acting on a fluid, AC
electrokinetic forces can induce AC electroosmosis and AC electrothermal effects. These
forces can create non-uniform streamlines to convex and mix (Li, 2004), or even to separate a
mixture of particle sizes (Green & Morgan, 1998). Most bioparticles, such as cells and
viruses, behave as dielectrically polarized particles in the presence of an external field.
Using AC electric fields for particle manipulation offers several advantages, such as
allowing operation at low voltages, which is important for portable devices and minimizing
electrolysis and chemical reactions. The following will provide a brief overview of AC
electrokinetic forces with applications for use in biosensors, as comprehensive reviews of
AC electrokinetic forces in general are available elsewhere (Ramos et al., 1998).
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244 Biosensors — Emerging Materials and Applications

DEP is a force acting on the induced dipole of a polarizable particle in a suspending fluid in
the presence of a non-uniform electric field (Pohl, 1951). It was first defined by Pohl in 1951,
and was used to remove suspended particles from a polymer solution. Pethig & Markx
(1997) provides a review of applied DEP in the field of biotechnology. In brief, if a particle,
such as a bacterium or virus, is more polarizable than the surrounding medium, the particle
undergoes positive DEP (pDEP) and tends towards areas of high electric field strength (Fig
la-Left). If a particle is less polarizable than the surrounding medium, it undergoes negative
DEP (nDEP) and tends towards areas of electric field minima (Fig 1a-Right).

(a) High AJE.,,|

(b)

—~F 5L N
‘o olo 0/0E: @10 ®'® &

©

Fig. 1. AC electrokinetic effects generated by a pair of electrodes (horizontal gold or black
bars) located on the surface of a non-conductive substrate. a) A schematic representation of
a particle undergoing pDEP (left) and nDEP (right) in a non-uniform electric field. b) The
reported mechanism for AC-electroosmosis where the arrows indicate fluid flow driven
down towards the electrode gap and out along the surface of the electrode due to the force
of the tangential component of the electric field on the ions in solution. Adapted from
Morgan & Green (2003). c) Circulation pattern of fluid near the electrode edge created by
electrothermal effects where the arrows indicate the net force on a suspended particle with
an rp of 200 nm. The colour intensity indicates the magnitude of the fluid velocity with an
scale bar in logiom/s. The circulation zones appear to be similar to a microfluidic system
subjected to AC electroosmotic flow. (Tomkins et al., 2008).
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The time averaged dielectrophoretic force for a spherical particle in an electric field with a
constant phase is presented in equation 1.
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The equation shows that the DEP force (F) is a function of a particle’s size (rp), both the
particle and the medium’s complex permittivities (g; & ¢, ) as well as the gradient of the
applied electric field (E). Since the force of DEP varies with particle size and the electric field
gradient, it allows for the separation between different sized cells. Alternatively, by
measuring the velocities of single cells as a function of distance and voltage, DEP can be
used to characterize their electrical properties (Pohl & Pethig, 1977; Burt et al., 1990;
Humberto et al., 2008). However, the most attractive application of DEP is that it can be
integrated within a biosensor with a pair of electrodes in order to amplify a pathogen’s
concentration at a sensor surface. The use of either pDEP or nDEP causes the deterministic
motion of particles towards the desired location; yet, it is a short range force. The same
electric field for applied DEP can have an effect on the medium as well by causing fluid
flows and thereby overcoming limitations due to diffusion by enhancing the movement of
particles from the bulk to the local area of the sensor (Sigurdson et al., 2005).

AC electroosmosis and AC electrothermal effects produce similar flow patterns in some
cases, but they are of different origin. AC electroosmotic flow is typically produced from the
interaction of the nonuniform electric field and the diffuse electrical double layer formed by
the polarization of the electrode by the counter ions in an electrolyte solution (Fig 1b). The
tangential component of the electric field (E;) at the electrode surface applies a force (F) on
the ions present, pushing them out across the surface of the electrode and thus dragging
fluid down into the center of the gap. The time averaged fluid velocity due to AC
electroosmosis is presented in equation 2.

o, E;
<u >=1Re o (2)
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AC electroosmosis is a function of the surface charge density (0g), fluid viscosity (n) and the
reciprocal debye length (x). At low frequencies, the majority of the potential drop occurs at the
double layer near the electrodes. Therefore, the remaining voltage drop across the electrodes is
small in comparison and since the tangential component of the electric field must be
continuous the resulting velocity due to AC electroosmosis is negligible. At high frequencies,
the potential across the double layer is very small and results in virtually no induced charge,
again causing negligible AC electroosmosis effects. AC electroosmosis dominates at
frequencies between 100 and 100,000 Hz while above 100,000 Hz, AC electrothermal flow is
predominant. AC electrothermal flow arises by uneven Joule heating of the fluid, which gives
rise to nonuniformities in conductivity and permittivity. These nonuniformities interact with
the electric field to generate flow, often in circulating patterns (Fig. 1c) (Feng et al., 2007). The
time averaged body force on the medium responsible for the generation of AC electrothermal
fluid flow for a constant phase electric field is presented in equation 3.
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AC electrothermal fluid flow is a function of: @ and f the effects of temperature on the
gradients of permittivity and conductivity respectively; and 7z, the charge relaxation time
of the medium defined as the ratio of a medium’s permittivity to its conductivity. The first
term on the right hand side of equation 3 is the Coloumbic contribution while the second
term is the dielectric contribution to the total force. The Columbic term dominates at
frequencies below the charge relaxation time.

Due to the range of effective frequencies, voltages and ease of application, a number of
researchers have proposed techniques to enhance the activity of microfluidic sensors by
using AC electrohydrodynamic flows (Sigurdson et al., 2005; Hoettges et al., 2003; Gagnon &
Chang, 2005, Wu et al., 2005a; Sauli et al., 2005; Hou et al., 2007; Wu et al., 2005b). This
chapter will review the use of AC electrokinetics to develop biosensors for pathogens as
well as the different detection techniques employed.

3. Manipulation of bioparticles by AC Electrokinetics

Before surface based biosensors can identify a target bioparticle, that bioparticle must first
move from the bulk sample towards the sensing element and then become captured or
detected. As demonstrated in the previous section, AC electrokinetics effects can be used to
affect both the movement of bioparticles from the bulk. Through AC electroosmosis or AC
electrothermal flows bioparticles are continuously brought towards the sensing element
overcoming any diffusion limitations. With DEP, the bioparticles are retained in proximity
to the sensing element allowing for more time for capturing or detection to take place.
Without these driving forces, biosensors can suffer from poor detection limits because of the
low number distribution of molecules in the detection region and limited physical
sensitivity of the transducer. The literature presented will demonstrate how AC
electrokinetics has been employed to manipulate cells, viruses and DNA for the
performance enhancement of surface based biosensors.

3.1 Biological cells

Cells, including bacteria and yeast, represent the largest sized bioparticles in the category of
pathogens and are generally the most easily influenced by AC electrokinetic effects. One of
the first reports dealing with the manipulation of cells was presented by Dimitrov & Zhelev
(1987) where the manipulation, dielectrophoretic mobility, and dielectrophoretic coefficients
of individual cells were examined under different conditions. The capability to move cells
based on their dielectric properties allowed for DEP to be useful in the separation of
mammalian cells (Gascoyne et al., 1992), viable and nonviable cells (Markx et al., 1994; Oblak
et al., 2007; Li & Bashir, 2002; Talary et al., 1996; Jen & Chen, 2009), microorganisms (Markx
et al., 1995) and human breast cancer cells from blood cells (Becker et al., 1995). This cell
sorting allows for the screening of cells prior to exposure to a biosensor’s surface thus
providing a means of rapid sample sorting.

Depending on the sensing location and the dielectric properties of the pathogen of interest,
the electrode design can be important consideration. Interdigitated castellated
microelectrodes have been widely used for cell manipulation and separation (Betts, 1995;
Oblak et al., 20007; Pethig et al., 1992; Pethig, 1996) as this design allows for the differential
focusing and collection of cells at distinct electrodes areas under the influence of both
positive and negative dielectrophoretic forces (Gascoyne et al., 1992). In 1991 the first
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polynomial electrode design was reported to produce a well defined non-uniform electric
field for the study and application of nDEP (Huang & Pethig, 1991). An example of this is
presented in Fig. 2 where E. coli and M. Lysodeikticus are separated using a polynomial
electrode setup. Recently, a simple and novel curved electrode design has been used for the
separation of airborne microbes from beads or dust that are present in airborne
environmental samples, an important task prior to the real-time detection of airborne
microbes (Sungmoon et al., 2009).
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Fig. 2. Separation of E. coli (experiencing nDEP) and M. lysodeikticus (experiencing pDEP) in
a polynomial electrode after application of a 4 Vpp, 100 kHz signal in a suspending medium
of 280 mM mannitol with a conductivity of 550 uS cm-! (Markx et al., 1994). Reused with
permission.

In order for quantitative and qualitative studies to take place on a single cell or a small
population of cells, the isolation and accurate positioning of the target must first be
accomplished. Negative dielectrophoresis in particular has emerged as a powerful tool for
this role. Under the influence of nDEP bioparticles are typically driven to regions away from
the electrodes. The E. Coli in fig. 2 are collected in a nDEP “trap” or “cage” at the center
because the electric field at that point is a localized minimum. This concept can be expanded
to arrays of microelectrodes, thus enabling the precise placement and retention of multiple
pathogenic samples (Frenea et al., 2003).

3.2 Viruses

Representing some of the smallest size pathogenic bioparticles, the manipulation of virus
particles is made difficult due to the presence of Brownian motion. To overcome the random
stochastic motion, the manipulation of submicron sized particles requires large deterministic
forces. Since DEP scales with a particle’s volume, an electric field gradient of sufficient
magnitude must be generated to provide a powerful enough force and necessitates the use
of electrodes separated by only a few microns (Mullery et al., 1996; Green & Morgan, 1997).
Reducing the dimensions of the electrodes in a biosensor will decrease the voltage required
to produce a given electrical field strength and, as a result, reduce both the power dissipated
in the system and the temperature increment (Castellanos et al., 2003). This is particularly
beneficial for portable systems that run on low power.

A number of reports currently exist on the subject of AC electrokinetic manipulation of
viruses (Park et al., 2007; Akin et al., 2004; Wu et al., 2005a; de la Rica et al., 2008; Miiller et al.,
1996; Schnelle et al., 1996). In many of these cases, successful virus collection results from
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Fig. 3. Fluorescence image of nDEP collected vesicular stomatitis virus in TSE after
fluorescent staining. The microelectrodes have a central gap measuring 2 pm across.

a combination of DEP and electrohydrodynamic flows (Ramos et al., 1999). In 1998, Green &
Morgan reported the manipulation of a mammalian virus, herpes simplex virus type 1, both
by positive and negative DEP over a frequency range of 10 kHz-20 MHz using a polynomial
microelectrode array with a gap of 2 pm. More recently, Docoslis et al. (2007) demonstrated
the collection of vesicular stomatitis virus in buffered solutions of physiologically relevant
conductivity using microelectrodes with a gap measuring 2 pm across (Fig. 3).

3.3 DNA

DNA offers a potential tool for the selective detection of pathogens by means of detecting
the presence or absence of genetic sequences found in specific pathogens. A DNA molecule
consists of two strands of deoxyribonucleotides held together by hydrogen bonding and
takes a random conformation in water. Under slightly basic conditions the DNA molecule
becomes negatively charged and a counter ion cloud surrounds the molecule. This counter
ion cloud can be displaced in the presence of an electric field, increasing the ionic
polarizability of the molecule (Holzel & Bier, 2003). When an electrostatic field is applied,
DNA polarizes, and every part of the DNA orients along the field lines, stretching it into an
approximately straight shape. Due to the field non-uniformity, stretched DNA
dielectrophoretically moves towards the electrode edge until one end comes into contact. On
the basis of this behaviour many researchers have used AC electrokinetics to manipulate
DNA (Walti et al., 2007; Lapizco-Encinas & Palomares, 2007, Washizu et al., 1995 & 2004;
Dewarrat et al., 2002; Asbury et al., 2002; Washizu, 2005; Tuukkanen et al., 2006; Chou et al.,
2002; Kawabata & Washizu, 2001; Yamamoto ef al., 2000; Wang et al., 2005). For example, a
modified interdigitated microelectrode array, termed “zipper electrode” by the authors, has
been reported to concentrate a wide range of nanoparticles of biological interest, such as the
influenza virus and DNA (Htubner et al., 2007). Fig. 4 shows the fluorescence microscopy
recorded for the trapping of stained A-phage DNA in a floating electrode device. The figure
shown here is recorded 10 sec after the application of an electric field with a voltage of 200
Vpp and a frequency of 30 Hz.

The manipulation of DNA by AC electrokinetic effects has been applied in the biological
field and reviewed recently by Washizu (2005). The versatility of DNA allows for it to be
used as a sensing, or analytical device and AC electrokinetic effects play an important role
in the manipulation of this biological tool. AC Electrokinetics has been used to perform
molecular surgery for the reproducible cutting of DNA at any desired position along the
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Fig. 4. Dielectrophoretic trapping of A-phage DNA molecule when 30 Hz, 200 Vpp signal
was applied in a floating electrode device (Asbury et al., 2002). Reused with permission.

DNA molecule (Yamamoto et al., 2000). Gene mapping has also found AC electrokinetics
useful as a means for manipulating DNA to bring it into contact with enzymes in order to
search for binding locations, and thus mapping the gene (Kurosawa et al., 2000). Similarly
manipulating and stretching DNA is useful for determining the order of the nucleotide
bases for gene sequencing (Washizu et al., 2005), and for measuring molecular sizes by
counting base pairs (Washizu & Kurosawa, 1990). AC electrokinetically manipulated
DNA can still undergo molecular interactions and has been used to achieve the selective
binding of foreign single stranded DNA (Kawabata & Washizu, 2001). As a detection and
sensing tool, once the DNA is brought close enough to touch an electrode, if the electrode
edge consists of an electrochemically active metal, such as aluminum, then the DNA
becomes permanently anchored there (Washizu et al., 2004). Alternatively, the DNA can
be trapped dielectrophoretically and it has been demonstrated by a number of researchers
that trapped DNA can be used as a selective bioreceptor towards the development of
pathogen biosensors (Gagnon et al., 2008; Lagally et al., 2005; Cheng et al., 1998a; Cheng et
al., 1998b).

4. Detection of AC-electrokinetically trapped particles

Research over the last decade has shown that there is no shortage of analytical methods that
can be successfully interfaced with AC electrokinetically enhanced sampling in a surface-
based biosensor. The most promising candidates include methods that rely on optical
(absorbance measurement, Raman, confocal microscopy, fluorescent intensity, etc.), mass
based (quartz crystal microbalance, surface acoustic wave, etc.), electrical, or electrochemical
(potentiometric, amperometric, conductometric, coulometric, impedimetric) (Velusamy et
al., 2010) detection. Optical and electrochemical sensors tend to be the most popular for
pathogen analysis due to their selectivity and sensitivity. In general it is convenient to
incorporate conventional optical or electrochemical devices with microfluidic detection
systems. Successful implementation of these methods requires that the concentration
amplification effect achieved by AC electrokinetics be combined with a selective target
retention method. The latter can be accomplished with the immobilization of a target-
specific molecule, such as a strand of DNA, an antibody, a protein, or an enzyme, or a more
complex biological system such as a membrane, cell or tissue (Velusamy et al., 2010). This
type of molecular recognition ensures that the captured bioparticle will remain on the sensor
surface even after the electric field is turned off. The sensitivity of a surface based biosensor
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is thus directly affected by the packing density of the sensing element bound to the surface.
Methods for surface functionalization have included the use of thiol interactions (Park &
Kim, 1998; Radke & Alocilja, 2005; Bhatia et al., 1989), avidin-biotin interactions (Costanzo et
al., 2005), self-assembled monolayer coated electrodes (Wana et al., 2009), polymer coated
electrodes (Livache et al., 1998) and size specific capillary flow trapping (Hamblin et al.,
2010). A number of proof-of-principle studies have demonstrated that a combination of AC
electrokinetics with a molecular recognition method can substantially improve the
sensitivity of a biosensor (Yang, 2009; Yang et al., 2006; Yang et al., 2008). In principle,
decorating the surface of the biosensor with antibodies allows for easy substitution when
targeting a multitude of pathogens. The ability to replace specific bioreceptors on demand
for the particular screening of a target pathogen gives this method high flexibility.

4.1 Optical detection

Optical based detections vary in their type and application. This section will focus on the
most commonly used, namely: absorbance measurement, surface enhanced Raman
scattering, and fluorescence.

4.1.1 Absorbance based measurements

An optical system was first described by Price et al., (1988) to detect dielectrophoretically
trapped bacterial cells by monitoring the changes in light absorbance through the
suspension as bacteria collected at an electrode array by pDEP. Later on, Pethig et al. (1992)
reported a dual beam optical spectrometer with improved sensitivity for the detection of
yeast cells collected by both nDEP and pDEP (Talary & Pethig, 1994). The mechanism of
pathogen detection by absorbance measurements based on dielectrophoretic immuno-
capture is illustrated in Fig. 5. The immuno-capture of the bacterial cells under DEP after
15 and 30 min of sampling was found to be 82% and 74% more efficient than that achieved
without DEP. The immuno-captured bacterial cells were detected by sandwich format
ELISA on the chips. The absorbance signals by DEP assisted immuno-capture were
reported to be enhanced by 64.7-105.2% for samples containing 103-106 cells/20 pL (Yang,
2009).
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Fig. 5. Mechanism of nDEP immuno-capture: The area of collection (inter-electrode gap) is
functionalized with a target-specific reactive component, an antibody in this case. Application
of a spatially non-uniform electric field (dashed lines) causes nearby antigens to undergo
nDEP and collect midway between the electrodes. Once collected, the immobilized antigens
can be reacted with an optically active component.
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4.1.2 Fluorescence-based detection

Fluorescence is by far the most frequently used optical signalling method for the monitoring
and detection of AC-electrokinetically trapped bioparticles due to its high level of sensitivity
and low background noise (Hiibner et al., 2007; Wong et al., 2004b; Cui et al., 2002; Yang et
al., 2008). Using fluorescent imaging, Docoslis et al. (2007) detected captured virus (vesicular
stomatitis virus) and later explored numerical simulations of the system to better
understand the processes involved (Wood et al., 2007). The virus was captured from
physiologically relevant ionic strength media (880 mS m-1) at low concentrations (<106 PFU
mL-1). The numerical simulations revealed that with a quadrupolar microelectrode the
capturing of the virus was achieved by both DEP for the short range capture and
electrothermal fluid flow to overcome diffusion limitations. Others were also able to achieve
virus capture at low ionic strengths (1-100 mS m-1) and higher particle concentrations (>10¢
particles mL1) (Hughes et al., 1998; Hughes et al., 2001; Pethig et al., 1992; Grom et al., 2006;
Morgan & Green, 1997). The dielectrophoretic capture and detection of a food borne
pathogen, Listeria monocytogenes, was accomplished with the aid of the heat shock protein 60
(Hsp60) immobilized on a sensor’s surface (Koo et al., 2009). Hsp60 is a receptor for the
Listeria adhesion protein (LAP), a house keeping enzyme of Listeria monocytogenes during
the intestinal phase infection. Both fluorescent microscopy and ELISA were used to detect
the binding of target cells with the receptor. The enhancement of binding with the aid of
DEP was found to be 60% higher than without. As discussed in section 3.3, single stranded
DNA can be used as a receptor to detect the specific sequence of a pathogen’s genetics.
Lagally et al. (2005) described an integrated system where bacterial cells where
electrokinetically concentrated from a continuous-flow and detected via DNA-rRNA
hybridization. After pDEP trapping the bacterial cells, the cells were lysed by chaotropic salt
and the released DNA was denatured by endonuclease. The E. Coli cells were detected by
fluorescent detection via the sequence specific hybridization of an rRNA-directed optical
molecular beacon with the denatured DNA. This integrated microsystem is capable of the
sequence specific genetic detection of 25 cells within 30 min. After hybridization, the
percentage of the fluorescence was observed to increase with time and a linear relationship
was found between the number of trapped cells and the percentage of maximum
fluorescence. Others have reported the optical detection of cells (e.g., carcinoma cells,
malarially-parasitized cells) where DEP was used to separate infected cells from healthy
cells. Once lysed, the infected cells were identified with fluorescent probes on a bioelectronic
chip (Gascoyne et al., 2004; Cheng et al., 1998a, 1998Db).

4.1.3 Raman spectroscopy

Raman spectroscopy allows for analyte identification through the inspection of its
“chemical fingerprint” on the basis of the vibrational, rotational and other low-frequency
modes. Typically, for Raman detection, the signal provided by a low concentration surface
based biosensor is not strong enough for detection. The use of surface enhanced Raman
scattering (SERS) is often needed and can be achieved through the use of metal
nanoparticles. The metal nanoparticles must be either chemically bonded to the bacteria
or settle in the proximity of the bacteria in order to increase the scattering (Hou et al.,
2007; Cheng et al., 2007). An on-chip detection of pathogens using surface enhanced
raman spectroscopy (SERS) has been reported recently by Hou et al. (2007), where the
Raman signals of the pathogens were enhanced by the presence of ~80-100 nm silver
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nanoparticles. Combined with a discharge driven vortex for target concentration, SERS
was successfully used in the detection of bioparticles at a concentration of 104 CFU/mL in
the presence of silver nanoparticles (Hou et al., 2007). A continuous flow system for
bioparticle sorting was presented by Cheng et al. (2007) where, once sorted, the detection
of the pathogen was accomplished via SERS. This integrated chip used DEP for a
combination of filtering, focusing, sorting and trapping with a throughput of 500
particles/s (Cheng et al., 2007).

4.2 Mass based detection

Pathogenic particles with length scales on the order of nanometers can individually weight
as little as tens of picograms. In order for mass based detection to succeed, either very
sensitive detection methods or significant pathogen amplification is necessary. The
following sections will examine how AC electrokinetics has been used to improve the mass
based detection sensitivity and sampling for quartz crystal microbalances and cantilever
based detection methods.

4.2.1 Quartz crystal microbalance detection

A quartz crystal microbalance (QCM) utilizes a piezoelectric quartz crystal that has a
fundamental resonance frequency which changes in accordance to the amount of mass
attached to the crystal surface. Fatoyinbo et al. (2007) developed for the first time an
integrated system where yeast cells were concentrated on an electrode surface by DEP and
then quantified by a QCM system. The steady-state response predicted from the frequency
shift analysis of nanoparticle-loaded DEP-QCM has shown significant improvements in
rates of particle detection. The work was done at a concentration of 108 nano-spheres/mL
and detection was achieved five times faster than other QCM surface loading techniques
described in the literature.

4.2.2 Cantilever detection

Similar in concept to the QCM, a cantilever acts as a free-standing platform whose resonant
frequency decreases with the addition of mass. As more bioparticles become deposited on
the surface, the shift becomes more pronounced. The combination of AC electrokinetics with
a cantilever beam was recently achieved and allowed for the rapid collection of human
cancer cells (Park et al., 2008). Using two conductive cantilevers situated across from one
another over a well, Park et al. used pDEP to direct the human cancer cells onto the
cantilever surface. Fig. 6 demonstrates the setup of a series of cantilevers where the change
in resonant frequency is measured using a laser Doppler vibrometer. However, sensitivity
remained an issue as culturing of up to 7 days was required in order for the cell mass to be
detected. nDEP collection of E. Coli was achieved by Tomkins et al. (submitted, 2011)
through the use of polynomial electrodes on a cantilever surface. By using a poly-L-lysine
layer on the cantilever to act as a non-specific layer for the electrostatic retention of bacteria,
a shift in frequency was detected after 30 minutes of collection from a concentration of 108
particles /mL. In order to maximize the sensitivity of a cantilever beam, the most desirable
location for collection is at the cantilever tip, furthest away from the anchor. However, Islam
et al. (2007) successfully applied AC electroosmotic flow to drive polystyrene particles to a
point near the anchor and detected a mass change after drying.
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Fig. 6. (a) A schematic diagram of pairs of cantilevers. Each opposing cantilever acted as one
half of an electrode pair when inducing pDEP. The arrow indicates the direction of flow.
(b) A ‘living’ cantilever with human cervical cancer cells (Park et al., 2008). Reused with
permission.

4.3 Electrical or electrochemical detection

When biosensors employ an electrical or electrochemical sensing element, many of the
features needed for AC electrokinetics are already present. These methods are easier to
interface with miniaturized devices than optical methods because they employ electrical
signals and do not need an often bulky optical measuring system. Microelectrodes for
applied AC electrokinetics can be easily added into a microfluidic channel using standard
photolithographic techniques and their integration with an electrical diagnostic chip allows
for the sharing of features or power sources. Moreover, some electrical sensing methods do
not require a labelling step for sensing target pathogens which makes the on-chip enhanced
sampling provided by AC electrokinetics an attractive asset. Electrical sensing methods can
be separated into 4 subclasses depending on the type of signal being measured:
amperometric (changes in current), conductometric (changes in conductance or resistance),
impedimetric (changes in resistance to an AC current), and coulometric (changes in
capacitance). This section will focus on recent electrical or electrochemical sensing methods
that have used AC electrokinetics.

4.3.1 Amperometric detection

By measuring the change in current as pathogens pass between a pair of sensing electrodes,
it is possible to detect single cells in solution. AC elecktrokinetics can be used to position or
manipulate these single cells into the proper location to achieve sensing. Utilizing the
Coulter-counter principle Pandey & White (2004) used dielectrophoresis to detect a single
cell (Chinese hamster ovary, CHO) as it was driven to pass through a micro-aperture (10-
25pm in diameter, comparable to the size of the cells being tested) in a silicon nitride
membrane. Detection of a cell was achieved by recording the decrease in the ionic current
caused from the passage of a single cell as it passed through the micro-aperture. Live
bacteria were also detected amperometrically by first using pDEP to trap the bacteria and
then using AC induced fluid flow to move the cells until they formed a bridge across
micron-sized electrode gaps (Beck et al., 2005). The cells were first captured at the electrode
edges by applying an electric field (1.5 Ver, IMHz). The cells were then transported along
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the length of the electrode into the gap by exploiting an electric field induced flow at a lower
voltage (0.5 V). The two electrodes tapered to a point small enough that a single bacterium
would completely bridge the electrodes and detection could be achieved.

4.3.2 Conductometric detection

Direct measurement of the conductance between two electrodes with a nano-sized gap can
be a highly sensitive technique for detecting bioparticles. A series of reports have been
published by Suehiro et al. to detect dielectrophoretically trapped bacteria by measuring
changes in conductance (1999; 2003a; 2003b; 2003c; 2005; 2006). The bacteria were collected
within a small gap (5um) between the microelectrode arrays by trapping the cells at the
electrode edge with pDEP. After collection, an improved detection method was described
by this group using electropermeabilization (Suehiro et al., 2003b; 2005). While cells can be
destroyed using AC electric fields within a specific frequency window (Menachery &
Pethig, 2005), electropermeabilization causes the cell membrane to become permeable in
order to increase the apparent conductivity of the trapped bacteria. Once applied, the
bacterial cell wall leaks intracellular ions into the surrounding medium and transiently
increases the conductance (Fig. 7). Using this method, the detection time of yeast cells and E.
Coli cells was observed to shorten by two orders of magnitude to 15 min and 3 hr,
respectively and the sensitivity was improved to 102 CFU/mL.
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Fig. 7. A schematic diagram of electropermeabilization. The cells are first trapped, and then
ruptured via an increased electric field followed by the subsequent release of intercellular
ions to the surrounding area (Suehiro et al., 2003b). Reused with permission.

Selectivity for these detection methods was demonstrated by exploiting the different
dielectric properties of cell mixtures. Selective detection of viable cells from a mixture of
viable and non-viable cells was achieved using DEP collection at two different electric field
frequencies. At 100 kHz the viable and nonviable bacteria were trapped near an electrode
corner due to positive DEP and their conductances changed proportionally with time. At 1
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MHz only viable bacterial cells were trapped by positive DEP as the conductance change
over time was less remarkable (Suehiro et al., 2003c). The increase in conductance indicated
that certain areas of the electrode gap had been bridged by trapped bacteria.

To enhance the detection of dielectrophoretically collected particles, metal nanoparticles
have been used to transform nonconductive trapped particles into conductive interparticle-
connected entities through metal deposition. For example, silver particles attached to DEP
trapped bioparticles bridged the gap between two microelectrodes by silver nucleation
(Velev & Kaler, 1999). Latex particles coated with protein A were dielectrophoretically
trapped between micron-sized gold electrodes and stabilized by a non-ionic surfactant.
Adsorption of protein A onto the latex surface yielded a sensing interface for the specific
association of the human immunoglobulin (IgG) antigen. The association of the human
immunoglobulin on the surface was probed by the binding of secondary gold labelled anti-
human IgG antibodies, followed by the catalytic deposition of a silver layer on the gold
nanoparticles. The silver layer bridged the gap between the two microelectrodes, resulting
in a resistance of 50-70 Q, whereas the negative control gave a resistance of 103 Q. The lower
detection limit for this model sensor was calculated at 2x10-13- 2x10-14 M.

4.3.3 Impedimetric detection

Impedimetric detection is one of the most promising techniques for developing label-free,
real time, and non-invasive methods for bioparticle detection. Milner et al. (1998) first
proposed a differential impedance method for the quantitative detection of DEP captured
bacteria and opened the door for biosensors where non-visible sub-micrometer bioparticles,
such as viruses and DNA fragments, could be quantitatively investigated. This is not to
suggest that impedimetric detection can only be used in isolation. In conjunction with
optical monitoring, impedance has been used for the characterization of prohibitively small
bioparticles (Guan et al., 2004).

Dielectrophoretic impedence measurement (DEPIM), a new method reported by Suehiro et
al., occurs when there is an impedance change as interdigitated microelectrodes are
connected due to the trapping and pearl-chain formation of cells by DEP (Suehiro et al.,
1999). A “pearl-chain” occurs during capture when bioparticles become dielectrophoretically
attracted towards one another and form strings of particles resembling a chain of pearls.
This pearl chain can enhance sensing by being electrically connected in parallel within the
electrode gap, thus increasing the conductance and capacitance between the electrodes. The
conductance, Gr and capacitances, Cr between the electrodes are found to increase
proportionally with the increase in cell concentration. By fitting the measured Gr and Cr
values, a linear calibration chart was derived that enables the absolute measurements of cell
concentration. This method accurately assayed E. Coli cells suspended in solution at a
concentration of 105 CFU/mL within 10 min. DEPIM has been used to concentrate bacterial
cells (L. monocytogenes) from dilute solutions (105 cfu/mL) in order to detect the metabolic
activity of the bacteria and provide enhanced sensitivity for the biosensor. (Sjoberg et al.,
2005). After trapping the cell on the sensor surface, impedance sensing arose from the
differences in the physical properties, i.e., differences in conductivity and permittivity,
between the particles and the suspending medium as well as the changes in the geometric
form of the collected particle on the electrode array. Other studies found that the changes in
the permittivity of the dielectric between the electrodes are proportional to the total volume
of the suspending medium replaced by the DEP collected particles (Allsopp et al., 1999).
Thus, a linear relationship between the capacitance change and cell concentration was found.
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The DEPIM method was further developed with improved selectivity and sensitivity by
applying electropermeabilization (Suehiro et al.,, 2003b), antibody-antigen interactions
(Suehiro et al., 2003a; Suehiro et al., 2006; Suehiro et al., 2005) and different DEP forces
(Suehiro et al., 2003c). In a series of publications, this group reported the detection of cells
with high selectivity by using antigen-antibody reactions (Suehiro et al., 2006). This
phenomenon was employed with DEPIM measurement via agglutination and
immobilization and is illustrated in Fig. 8. An antibody specific to the target bacteria was
added to the cell suspension to cause agglutination. pDEP was employed to attract particles
to an electrode tip. At the electrode tips, the antibody was in a region of high concentration
of the target bacteria, thereby increasing the amount of agglutination. After washing, a
second round of DEP collection was used where the conditions of the DEP force and the
drag forces were adjusted by varying the strength of the electric field so that only
agglutinated products of the target bacteria were selectively trapped. A second method was
proposed where immobilization for DEPIM relied on an electrode coated with immobilized
antibodies prior to the experiment. The DEP force was then adjusted to be strong enough to
bring bacteria to the chip surface, but not enough to overcome the drag force exerted by the
flowing liquid. This allowed for simultaneously trapping the target bacteria by the
antibody-antigen and suppressed non-specific bacteria binding.
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Fig. 8. A schematic diagram of DEPIM for agglutinated bacteria. The top schematic
demonstrates trapping between electrode tips assisted with pDEP. The target bacteria
become agglutinated at the tips and are then washed away to the reservoir. The
agglomerates can then be collected more easily as shown in the bottom schematic (Suehiro et
al., 2003a; 2003b). Reused with permission.

To miniaturize the analytical procedures for microorganism detection, a lab-on-a-chip
device integrated with DEP based moving cages was demonstrated where the movement of
the cages was achieved through actuation. Coupled with impedance based detection this
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lab-on-a-chip had no need for fluid flow or external optical components (Medoro et al.,
2003). The cells are trapped in a stable levitation under the influence of an electric field and
were then moved to a target location. The DEP cages were observed to shift and merge,
consequently increasing the particle concentration within the cage. Impedance detection of
E. Coli in tap water has also been achieved with the AC electroosmotic trapping of the
bacteria using 1 Vrwms at 100 Hz (Wu et al., 2005b). Detection was possible for E. Coli
suspended in tap water at a concentration of 5x10° CFU/ml after trapping by AC
electroosmosis. From the impedance results it was concluded that the system could detect
pathogenic cells at a concentration of 104 cell/mL.

Single wall carbon nanotubes (SWCNTSs) polarize in the presence of an electric field and can
undergo self-assembled aggregation due to dipole-dipole interactions. Furthermore, they
are good conductors and can change the conductance between the two microelectrodes by
forming a bridge across the electrode gap, acting as a super capacitor. The strong dipoles of
SWCNTs allow them to absorb onto the bioparticles and in a mixture of SWCNTs with
bacteria, the impedimetric detection of bacteria was enhanced. Without CNT under the
conditions applied, no bacteria were collected, however, with CNT enhanced DEP capture
bacteria were collected and detected, as shown in Fig. 9 (Zhou et al., 2006). The authors
suggested that the enhanced DEP trapping of bacteria was probably due to the stronger
electric fields, and hence stronger DEP forces, generated near the dispersed SWCNTs. The
transport time between the bioparticles and the sensor was shown to be greatly reduced and
that the bacteria were concentrated and detected in less than 10 min at a concentration of
104 particles/mL. Dielectrophoretic collection, impedence detection and characterization of
DNA have also been reported by a number of researchers (Holzel & Bier, 2004; Linko et al.,
2009).

Fig. 9. CNT (0.2 mg/mL) enhanced collection of E. Coli bacteria (10> CFU/mL) (Zhou et al.,
2006). Reused with permission.

4.3.4 Coulometric detection

In capacitance cytometry, a change in the total capacitance across a pair of microelectrodes is
measured as the individual cell is allowed to pass through a microfluidic channel. As
previously mentioned in section 3.3, DNA polarizes in an applied low frequency AC electric
field. Capacitance measurement is employed by means of detecting and quantifying the
polarization response of DNA as the cell passed through a 1 kHz electric field. Capacitance
detection of DNA in solution has been applied by measuring the capacitance change
between the planar microelectrodes (Henning et al., 2008). Total DNA content of a cell has
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also been quantified by using capacitance cytometry, a termed coined by the authors to
describe the linear relationship between the AC-capacitance and the DNA content (Sohn et
al., 2000). A new method was recently published where the capacitive detection of viruses
was achieved with an extremely low detection limit by using peptide nanotubes, a concept
similar to the enhancement provided by CNT for bacteria that was discussed earlier (de la
Rica et al., 2008). Self assembled peptide nanotubes coated with a virus specific antibody
were trapped between a pair of electrodes by pDEP. Binding of the virus to the antibody
caused a decrease in the permittivity as well as the capacitance between the electrodes due
to the lower dielectric constant of the virus than that of the medium. Compared to other
label free optical based transducers, this peptide nanotube based electrical transducer
demonstrates a better detection limit for the herpes simplex virus type 2 with a detection
limit of 102 PFU/mL achieved within 1 hr.

5. Conclusions

The use of surface based biosensors with enhanced collection via AC electrokinetics allows
for miniaturized, portable systems for the detection and characterization of potential
pathogens. The research presented here has shown that the diffusion limitation bottleneck of
traditional biosensors can be overcome with the aid of microelectrode arrays embedded on
the sensor’s surface. AC electrokinetic amplification for the enhanced bioparticle collection
at virtually any location on a biosensor’s surface can be achieved through positive or
negative dielectrophoresis, AC electroosmosis or electrothermal flow, all of which provide a
versatility of application for microelectromechnical devices. Furthermore, this technique is
compatible with a range of detection methods including optical, mass and electrical based
sensing. With the proliferation of micro- and nanotechnologies, and the need for onsite
detection, a portable miniaturized system capable of detecting low concentrations of
potentially dangerous pathogens is desirable. Commercially available lab-on-a-chip sensors
capable of processing samples for the detection of multiple pathogenic compounds via an
array of biosensors where the role of AC electrokinetics provides both sample amplification
and transportation is quickly approaching reality.
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