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Abstract

Using gold electrodes lithographically fabricated onto microscope cover slips, DNA and proteins are interrogated both optically (through flu-
orescence) and electronically (through conductance measurements). Dielectrophoresis is used to position the DNA and proteins at well-defined
positions on a chip. Quadrupole electrode geometries are investigated with gaps ranging from 3 to 100�m; field strengths are typically 106 V/m.
Twenty nanometer latex beads are also manipulated. The electrical resistance of the electronically manipulated DNA and proteins is mea-
sured to be larger than 40 M� under the experimental conditions used. The technique of simultaneously measuring resistance while using
dielectrophoresis to trap nanoscale objects should find broad applicability.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Dielectrophoresis; DNA; Proteins; Nanoparticles

1. Introduction

1.1. Motivation

The development of lithographic fabrication techniques
has lead to astounding advances in integrated circuits, but at
the same time the limits of lithography prevent nanometer
scale electronic devices from being economically manufac-
tured. This has led to proposals for alternative nanoman-
ufacturing technologies based on “bottom-up” chemical
self-assembly techniques.

Two key challenges in the manufacturing of sub-
lithographic size electronic devices (i.e. molecular elec-
tronics (Heath and Ratner, 2003)) are (1) chemical (i.e.
bottom-up) control of the electronic properties of the circuit
elements, and (2) electrical connection to the macroscopic
world. One approach to the challenge of chemical control
is de-novo design of unique chemistry for electronics ap-
plications (Tour, 2000; Luo et al., 2002). An alternative
approach is to build on 4 billion years of evolution and
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use or mimic existing biochemistry, using DNA as a tem-
plate for chemically programmed assembly of molecular
scale devices. Recently several groups have made important
progress in using DNA as a template for the construction of
higher order structures (Braun et al., 1998; Winfree et al.,
1998; Mirkin et al., 1996; Alivisatos et al., 1996). Because
of the attractiveness of the second approach we have de-
cided to concentrate on the electronic manipulation and
interrogation of DNA and proteins in this work.

The second challenge of making an electrical connection
to the macroscopic world to date has mostly been achieved
passively. Much work to date on single molecule devices
involves passive diffusion of molecules to small, albeit
lithographically fabricated electrodes followed by passive
covalent bonding to the electrode (Chen and Reed, 2002).
It would be a distinct advantage if this assembly process
could be actively, electronically controlled.

1.2. Dielectrophoresis

Dielectrophoresis (hereafter DEP) is an electronic analog
of optical tweezers using audio frequency, rf, and microwave
electric fields generated from microfabricated electrodes on
a chip. An ac electric field induces a dipole moment which,
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in the presence of a field gradient, experiences a force to-
wards either the high-field intensity region (positive DEP)
or the low-field intensity region (negative DEP). Several
recent reviews more thoroughly describe the many appli-
cations of DEP at the micron, sub-micron, and nanometer
scale (Pethig, 1996; Pethig and Markx, 1997; Zimmermann
and Neil, 1996; Ramos et al., 1998; Green et al., 2000;
Hughes, 2000; Burke, 2004). As with optical tweezers, for
DEP to be of use it must dominate the thermal Brownian
motion.

It can be shown that the force acting on a spherical particle
(the DEP force) is given by (Pohl, 1978; Jones, 1995)

�FDEP = 2πvεmK(ω) �∇( �E2
RMS), (1)

wherev is the volume of the particle,ERMS the RMS value of
the electric field (assuming a sinusoidal time dependence),
andK(ω) is a (frequency dependent) factor which varies be-
tween−0.5 and+1.0, depending on the difference between
the medium and particle dielectric constant. It is defined as

K(ω) ≡ Re

(
ε∗

p − ε∗
m

ε∗
p + 2ε∗

m

)
, (2)

whereε∗ is the (complex) dielectric constant of the parti-
cle or medium. It can be related to the conductivityσ and
angular frequencyω through the standard formula

ε∗ ≡ ε − i
σ

ω
. (3)

K(ω) is known as the Clausius–Mossotti factor. IfK(ω) is
positive, then the particle is attracted to regions of high elec-
tric field intensity. (This is called positive DEP.) IfK(ω) is
negative, then the particle is repelled from regions of high
electric field intensity. (This is called negative DEP.) Since
K(ω) is frequency dependent, both positive and negative
DEP can be observed in the same system by varying the
frequency.

Although the above analysis assumes a harmonic field,
the physical effect is present for dc electric fields as well:
a dc electric field can induce a dipole moment, which then
experiences a force in the presence of a field gradient. We
term this effect dc DEP.

In principle, quantitative measurements of the force pre-
dicted byEq. (1)are possible. However, a more direct mea-
surement often used is the frequency at which the force
changes from positive to negative DEP. In experiments, the
frequency is varied until the particle motion is no longer to-
wards low-field intensity, and instead is towards high-field
intensity regions; this is straightforward to observe. For a
spherical particle, it can be shown that this frequency, called
the “crossover frequency”, is given by (Morgan and Green,
2003):

fx-over = 1

2π

√
− (σp − σm)(σp + 2σm)

(εp − εm)(εp + 2εm)
. (4)

In Eqs. (1)–(3), the values ofε∗ andσ are assumed to be
the bulk values. For nanoparticles and biological nanostruc-

tures such as DNA, a significant fraction of the atoms of
the “particle” reside on the surface; in addition, the particles
can be charged. For example, at neutral pH, DNA is neg-
atively charged. Protons and any other positively charged
counter-ions are attracted and form a counter-ion cloud.
Clearly, the corresponding electrical double layer (consist-
ing of the positively charged counter-ion cloud and the nega-
tively charged particle) can have a significant effect on DEP.

The effects of the double layer on the dielectric properties
of colloidal solutions of dielectric particles was considered
theoretically on very general grounds in several key papers in
the 1960s and refined in the 1980s (Okonski, 1960; Schwarz,
1962; Lyklema et al., 1983, 1986; Lyklema, 2000). While
these authors concentrated on dielectric properties, they
did not discuss DEP. In the late 1990s, Green and Morgan
performed extensive experimental investigations on latex
beads down to 93 nm in diameter, varying the frequency,
surface chemistry, and electrolyte conductivity (Green
and Morgan, 1997a,b, 1998, 1999; Hughes and Morgan,
1999; Hughes et al., 1999a,b; Hughes, 2002; Hughes and
Green, 2002). They based the interpretation of the experi-
ments on the earlier theories of the charge double layer. The
conclusions of their results can be summarized as follows:
the effects of the charge double layer are to incorporate
a surface conductance due to the motion of either bound
counter-ions (the Stern layer) or diffuse counter-ions, with
numerical value given byKs. Eqs. (1)–(4)are still valid,
provided that the total particle conductivity inEq. (3) be
replaced with

σp = σb − 2Ks

a
. (5)

Herea is the particle radius andσb the bulk conductance.
Generally speaking,Eq. (5)should only be used if the fre-
quency is less than the inverse of the diffusion time of ions
across a distance of ordera. If this is not the case, then
Eq. (5)should be modified.

For this force to be effective it must overcome the Brow-
nian motion, which can be treated as a random force whose
maximum value is given roughly by

Fthermal= kBT
3
√

v
, (6)

wherekB is the Boltzmann constant,T the temperature, and
v the particle volume. This sets a rather strict requirement
on the minimum particle size that can be manipulated, and
very large electric field gradients are needed to manipulate
nanosized particles. Microfabricated electrodes can be used
to generate the required field gradients, although the lower
limit on the particle size that can be manipulated is still
under experimental investigation (Zheng et al., 2003).

1.3. Dielectrophoretic impedance spectroscopy

While deterministic motion of individual molecules due
to DEP is difficult to achieve due to Brownian motion, it



608 L. Zheng et al. / Biosensors and Bioelectronics 20 (2004) 606–619

is still true that the non-uniform ac and dc electric fields
establish some force, which, even though less than the
thermal Brownian motion, will still cause a tendency for
molecules to move in a certain direction, depending on the
geometry of the electrodes. The quantitative study of these
effects has been termed “molecular DEP” (Pohl, 1978). The
establishment of impedance spectroscopy essentially con-
sists of measuring the ac impedance between two electrodes
at a probe frequency while DEP is used to manipulate ob-
jects at a separate frequency. This technique was originally
pioneered over 50 years ago.

The geometry originally studied consists of two concen-
tric cylinders with the molecules dissolved in a solution in
between the cylinders. If the density of the molecules as a
function of the radial distance changes, this changes the di-
electric constant as a function of the radius, and hence the
capacitance from the inner to the outer cylindrical electrode.
This can be termed a form of dielectrophoretic impedance
spectroscopy.

In 1954, Debye et al. used dc DEP of polystyrene (molec-
ular weight 600,000) in cyclohexane (Debye et al., 1954a,b).
They used a dc non-uniform electric field in a cylindrical
geometry and monitored the capacitance change by measur-
ing the shift in the resonant frequency of an LC circuit; sim-
ilar studies were carried out by Prock in 1960 (Prock and
Mcconkey, 1960).

In 1955, Losche (Losche and Hultschig, 1955) used ac
DEP to study nitrobenzene in carbon tetrachloride, and
poly(vinyl acetate) in nitrobenzene; however both have
permanent (instead of induced) dipoles. In 1973 Eisen-
stadt (Eisenstadt and Scheinberg, 1972, 1973) studied
DEP and measured the diffusion constant of the biopoly-
mers poly-�-benzyl-l-glutamate (PBLG, MW 120,000)
and poly-n-butyl isocyanate dissolved in ethylene dichlo-
ride (Edc); both have permanent dipoles. By measur-
ing the time-dependence of the concentration change
of the PBLG concentration due to the dielectrophoretic
force, Eisenstadt was able to determine its diffusion
constant.

Recently, Milner et al. have extended dielectrophoretic
impedance spectroscopy to larger particles which can be de-
terministically manipulated with DEP. They used DEP to
position bacteria (Milner et al., 1998; Allsopp et al., 1999) or
20 nm latex beads (Brown et al., 1998) with high frequency
(kHz to MHz) electric fields, and simultaneously measured
the low frequency (∼100 Hz) impedance between two elec-
trodes.

Thus, there is an extensive history and established tech-
nology to use DEP to manipulate a variety of objects
(molecules, nanoparticles, cells) at one frequency, and to
use a different probe frequency to measure the impedance
change when the objects are moved. However, all of the
examples cited above cause a change in thecapacitance
between the electrodes. Hence, the probe frequency could
not be too low. Our work in this manuscript addresses a
related but somewhat different goal: we are interested in

using DEP to fabricate circuits that function at dc. As we
discuss next, there are a many examples from the literature
demonstrating that this can be done.

1.4. DEP for nanocircuit fabrication

To date there have been several examples of the appli-
cation of DEP to circuit fabrication at the nanometer scale.
Suehiro (Suehiro et al., 1999) measured the resistance and
capacitance between two electrodes at 100 kHz before and
after bacteria cells were trapped using DEP; he modeled each
cell as a resistor in parallel with a capacitor and found good
agreement with experiment: the cells formed “pearl chains”
and bridged the gap between the two electrodes. Bezryadin
used (dc) DEP to trap a 20 nm Pd nanoparticle between a
two electrodes, allowing current to flow at dc (Bezryadin
et al., 1997; Bezryadin and Dekker, 1997). Bezryadin later
used DEP to trap carbon nanoparticles between electrodes
in pearl-chain formation, and measured non-linear dcI–V
curves due to Coulomb blockade (Bezryadin et al., 1999).
Amlani used DEP to trap a Au nanoparticle coated with a
self-assembled monolayer (SAM), and he observed negative
differential resistance at dc from electrode to electrode due
to the SAM (Amlani et al., 2002). Porath used dc DEP to
trap short strands of DNA and measured the conductance of
DNA so trapped (Porath et al., 2000). Velev used DEP to as-
semble microwires from nanoparticles and measured dc cur-
rent through these (Bhatt and Velev, 2004; Hermanson et al.,
2001). We recently use carbon nanotubes as electrodes to
assemble gold nanowires from nanoparticles (Zheng et al.,
2004b). Several groups have used both ac and dc DEP to
trap single walled and multiwalled carbon nanotubes be-
tween electrodes which then carry dc current (Bezryadin
and Dekker, 1997; Yamamoto et al., 1996, 1998; Wakaya
et al., 2002; Chen et al., 2001; Bubke et al., 1997; Nagahara
et al., 2002; Diehl et al., 2001). Smith used DEP to assem-
ble gold nanowires across electrodes, which then carried
dc current (Smith et al., 2000). Duan assembled functional
crossbar networks of semiconducting nanowires using dc
DEP (Duan et al., 2001). Lee and Bashir measured Si re-
sistors at dc after using ac DEP to position them between
electrodes (Lee and Bashir, 2003). To date no authors have
used ac DEP to manipulate DNA then measure conductance
between two electrodes, and no authors have measured any
protein conductance after DEP manipulation, as we do in
this manuscript. Our work in this manuscript thus represents
the first step towards extending DEP for circuit fabrication
into the molecular domain.

1.5. DNA manipulation: Washizu

Starting in 1990, Washizu and Kurosawa began studies on
manipulating and stretching DNA in high intensity ac elec-
tric fields between 40 kHz and 2 MHz generated by micro-
fabricated electrodes (Washizu and Kurosawa, 1990). They
found that a high-frequency electric field would stretch DNA
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into a line, whereas its natural configuration is coiled. In
1995, Washizu et al. described several possible applications
of this technology (Washizu et al., 1995), such as size-sorting
long DNA (length > 10 kbp) which is difficult for con-
ventional gel electrophoresis, laser cutting of DNA with
spatial resolution determined optically, and measurements
of the rate of exonuclease DNA digestion. Further work by
Washizu et al. used DEP and showed, for example, that RNA
polymerase actually slides along DNA molecules during
genetic expression (Kabata et al., 1993, 2000; Shimamoto,
1999), that DEP works at the single DNA molecule level, not
on aggregates (Ueda et al., 1999a), restriction enzyme cut-
ting of DNA oriented using DEP (Yamamoto et al., 2000),
and the polarization of the fluorescent emission from dielec-
trophoretically stretched DNA (Suzuki et al., 1998). In spite
of all this outstanding experimental work, very little expla-
nation was given of the electrical double layer in the DNA.

1.6. DNA manipulation: other groups

Since Washizu’s pioneering experiments in the early
1990s, several other groups have convincingly demonstrated
the dielectrophoretic manipulation of DNA. Asbury and
coworkers were able to manipulate DNA with a floating
Au electrode geometry (Asbury and van den Engh, 1998;
Asbury et al., 2002) using frequencies between 5 Hz and
2 kHz. In contrast to Washizu’s experiments which clearly
showed DNA to be stretched by DEP using higher fre-
quencies, Asbury found for the lower frequency DEP can
position DNA but does not stretch it.

Ueda et al. found that DNA could be stretched but not
positioned when a polymer solution (polyacrylamide) was
used (Ueda et al., 1997, 1999b); 10 Hz was the frequency
used. They also found the required electric field strength to
be 100 times smaller than that of Washizu and Asbury.

In another recent work with floating electrodes, Chou
et al. (Chou et al., 2002) used insulating posts fabricated
with micromachining techniques, and electrodes external to
the device. The slightly conductive solution served to en-
hance the electric field near the gaps between the posts,
and DNA was found to be trapped there for voltages on
the electrodes of roughly 1000 V and frequencies between
50 Hz and 1 kHz. The corresponding electric field strength
was 105 V/m. In this work, the DNA was apparently not
stretched at all, presumably because of the constricted ge-
ometry used. In contrast to the work of Asbury, Chou found
that the trapping force increased with increasing frequency,
and also calculated that the trapping force was roughly one
femtonewton.

In recent work (Tsukahara et al., 2001) Tsukahara et al.
studied DEP of single DNA molecules using frequencies be-
tween 1 kHz and 1 MHz and field strengths around 104 V/m,
using quadrupole electrode geometries. They found that the
DNA underwent positive DEP (i.e. it was attracted to the
high field regions near the edges of the electrodes) for fre-
quencies between 1 kHz and 500 kHz, and negative DEP be-

tween 500 kHz and 1 MHz, in contrast with the findings of
previous work. This is to date the only reported observation
of negative DEP of DNA. Additionally, Tsukahara did not
observe any stretching of the DNA with the application of
an ac electric field.

Namasivayam et al. recently used 1 MHz ac fields and
thiol modified DNA to trap single DNA molecules to
gold electrodes; they studied the stretching as a function
of polyacrylamide concentration (Namasivayam et al.,
2002). Holzel and coworkers also recently used DEP at
2 MHz and selective electrode functionalization to vectori-
ally orient DNA molecules which bridged a gap between
electrodes (Holzel et al., 2003; Holzel and Bier, 2003).
Germishuizen et al. oriented (stretched) surface immobi-
lized DNA using 80 kHz to 1.1 MHz DEP (Germishuizen
et al., 2003a,b) Recently, Dewarrat et al. optimized the
geometry of the lithographic structures to favor a precise
positioning of DNA using 100 kHz to 1 MHz (Dewarrat
et al., 2002).

The detailed mechanisms for the frequency dependence,
electric field dependence, concentration dependence, pH and
ionic dependence of the dielectrophoretic manipulation of
DNA are still not explained in a systematic, quantitative way,
and many of these dependences have yet to be quantitatively
measured. In addition, none of these authors have measured
the electrical properties of the DNA after manipulation.

1.7. DNA and proteins: electrical properties

Thus, while most of this research work focused on
manipulating DNA and proteins, investigation of their
electrical properties is still in its infancy. In 2000, Porath
et al. used positive dc DEP to putatively trap 10 nm long
poly(G)–poly(C) double strands of DNA between Pt elec-
trodes with 8 nm spacing (Porath et al., 2000). Through
a series of control experiments, Porath concluded that the
trapped object was indeed DNA, and that its electrical
properties were semiconducting. Many other researchers
up to and since then have considered the electronic proper-
ties of DNA as a molecular wire. Since then, experiments
performed by different research groups have indicated that
DNA has insulating, semiconducting, metallic and even
superconducting properties (de Pablo et al., 2000; Storm
et al., 2001; Porath et al., 2000; Cai et al., 2000; Okahata
et al., 1998; Fink and Schonenberger, 1999; Kasumov et al.,
2001).

These differing results of the electrical properties of
DNA indicate that effective methods should be set up for
the measurements. As for the electrical properties of pro-
teins, these biological nanostructures have yet (until now)
to be interrogated electrically. Our work in this paper rep-
resents the first step in this direction. Since various proteins
have many differing chemical and mechanical proper-
ties, it can be argued that their electrical properties will
be even more diverse (and hence interesting) than those
of DNA.
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1.8. This research work

In this work, a technique is presented that may be use-
ful for the electronic control of manufacturing devices at
the molecular scale by controlling the position of DNA and
proteins on a chip to fabricate simple electrical circuits (a
conductor bridging a gap). We apply our technique to DNA
and proteins to measure, for the first time, the conductance
of DNA and proteins trapped between two electrodes us-
ing DEP by in situ monitoring the impedance change of the
DNA and protein solutions in both solution and dry states.
This technique contains the rudimentaries of single molecule
transistor fabrication with an essentially nanoelectrochem-
istry approach (Fan and Bard, 1995; Bard and Faulkner,
2001). What is new about this paper is:

(1) It is the first measurement of the conductivity of DNA
after ac DEP manipulation.

(2) It is the highest frequency DEP experiment to date on
DNA by an order of magnitude.

(3) It is the first ever measurement of the electrical proper-
ties of any protein.

(4) It is the first measurement of the crossover frequency
from positive to negative DEP of 20 nm diameter
nanoparticles (previously the crossover frequency was
measured for 93 nm nanoparticles and aggregates of
14 nm beads).

(5) It is a new application of an old technique (DEP) to
fabricate nanocircuits using ac voltages at the molecular
scale.

In Fig. 1, we show a scale drawing of the three objects
manipulated in this article: nanoparticles, DNA, and BSA
protein. Although we are taking the first initial steps in this
paper, it should be noted that these are mere “baby steps”
towards electronic control of the assembly of matter into
circuits at the molecular scale.

2. Materials and methods

2.1. Electrode design and fabrication

For our experiments, electrodes were fabricated us-
ing photolithography onto microscope cover slides.

Fig. 1. Scale drawing of objects manipulated in this paper.

Ti (10 nm)/Au (100 nm) bilayers were deposited with
electron-beam evaporation and lifted off in acetone. The
geometry of the electrodes was designed for both positive
and negative DEP experiments. For negative DEP, Huang
and Pethig (Huang and Pethig, 1991) have shown that a
planar, “quadrupole” electrode geometry allows the trap-
ping of particles under the influence of negative DEP in the
center of the electrodes, called the “trap”. This is because
there is an electric field gradient minimum in region of the
center of the electrodes, and particles undergoing negative
DEP are repelled from the higher field regions.

We have also performed numerical simulations for our
electrode geometry, which is slightly different from the ge-
ometry considered by Huang. We find that the electric field
gradient is maximum in the region closest to the electrode
edges. Thus, for particles which undergo positive DEP, they
should be attracted to those regions.

2.2. Sample preparation

Solutions containing either fluorescently labeled�-phage
DNA, BSA protein, or 20 nm latex beads were prepared as
described below. An aliquot was placed on the cover slip
with electrodes, which is then covered by a second slip. This
configuration was necessary for the inverted microscope
configuration used. An rf function generator (Stanford Re-
search Systems, model DS 345) was used to apply electric
fields in the frequency range of 10 kHz to 30 MHz, and ap-
plied voltages of up to 10 V.

2.3. Optical interrogation

The solution was imaged through an inverted Nikon
TE200 microscope, equipped with a 40×/1.3 NA objective.
Fluorescent images used epi-illumination with a mercury
arc lamp providing the excitation. A back-illuminated,
slow-scan, cooled CCD camera (AP7P, from Apogee In-
struments) captured the images.

2.4. Electronic interrogation

After trapping, the low frequency (13 Hz) conductance
between two electrodes was measured simultaneously while
applying the ac electric field. The circuit used for the mea-
surement is shown inFig. 2. The high frequency electric field
was used to trap the DNA or protein between the electrode
gaps. A small amplitude, ac voltage was simultaneously ap-
plied and a lock-in-analyzer (Stanford Research Systems,
model SR830) simultaneously measured the 13 Hz ac cur-
rent. The 13 Hz current was monitored continuously as the
solution dried in order to measure the conductance in both
the wet and dry state.

In the experiments described in this paper, the mea-
sured conductance corresponds to a large number of
molecules trapped electronically between the electrode
gaps. While the fluorescence imaging experiments clearly
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Fig. 2. Circuit for conductance measurements.

and unambiguously demonstrate the presence of a large
number of molecules of either DNA or proteins present
in the gap between the electrodes, it remains for future
work to provide more quantitative estimates for the number
of molecules trapped and to push to the single molecule
limit (Zheng et al., 2003). In Fig. 3, we show a schematic
physical picture of the process of the DEP trapping.

The impedance between the electrodes consists of two
parts, which we indicate inFig. 4: first, there is the
impedance of the electrolyte, which is a complicated
function of frequency. In particular, at low frequencies,
this impedance is dominated by the capacitance of the
electrode–electrolyte interface. This impedance, which has
been described in detail inBard and Faulkner (2001), is
not of prime interest in our work here. We are primarily
interested in the fabrication of circuits, which can function
even in the dry state, and at dc. The electrode–electrolyte
impedance at dc forms a cell (battery) which we are not
concerned with in this paper.

If the objects manipulated by DEP come into physical
contact with both electrodes, then there will be a second,
parallel conduction path, due to the impedance of the object
itself. Generally, this impedance will dominantly beresistive,

DEP
DEP

DEP

(A)

(B)

Fig. 3. Schematic of DEP trapping process. In this paper, the balls
represent proteins and DNA.

Double layer Double layerElectrolyte

Changes when objects (DNA, proteins) 
manipulated by DEP bridge gap between 

electrodes.

“background” conduction

Fig. 4. Effective circuit model for objects trapped using DEP between
electrodes.

and hence relatively frequency independent. Because we are
interested primarily in this resistive impedance, we chose a
low probe frequency. However, we choose not to probe at
dc, because the electrochemical effects (polarization of the
electrode) at dc would mask the resistive impedance we are
interested in. Thus, the frequency of 13 Hz was chosen to
measure this second, resistive component.

3. Results: DNA

3.1. DNA: optical measurements

The DNA used in the experiments was�-phage DNA
(48.5 kbp). The DNA solution was prepared as follows:
�-phage DNA (Promega Corporation, Madison, WI) was
purchased in a buffer solution of 10 mM Tris–HCl, 10 mM
NaCl, 1 mM EDTA, at a concentration of 500�g/ml. The
solution was diluted 5× 105 times with DI water. SYBR
green was then added to the solution for the fluorescence
measurements. The suspension conductivity was 1 mS/m.

We observed that DNA under our experimental condi-
tions undergoes positive DEP (i.e. is attracted to high electric
field intensity regions) for a range of frequencies between
100 kHz and 30 MHz. Below 100 kHz, no effect was ob-
served. We did not observe DNA to undergo negative DEP
under our experimental conditions. We show inFig. 5 im-
ages of successive on/off/on/off conditions of DNA which
has been trapped in the high-field region between electrodes
with a 10�m gap. We clearly observe positive DEP (i.e. the
DNA is attracted to high electric field intensity regions) over
a range of frequencies between 100 kHz and 1 MHz.

We have repeated this experiment dozens of times with
electrodes with central gaps of 5, 10 and 20�m. With four
electrode geometries with 50�m gaps, we were unable to
see any effect of the electric fields on the DNA for applied
voltages of up to 8 V. This is consistent with the scaling ar-
guments presented above: large electrodes are less effective
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Fig. 5. Images of fluorescently labeled DNA. The four images were taken
in on/off/on/off sequence in a time span of about 30 s (f = 1 MHz,
applied voltage= 8 V).

in trapping nanosized objects than smaller electrodes. We
have also been able to trap DNA using interdigitated, castel-
lated electrodes with 10�m gaps. DNA was only observed
to undergo positive DEP with those electrodes, as well.

3.2. DNA: electronic measurements

�-Phage DNA stretched is 17�m long, but in its native
state it is a randomly coiled ball about 2–4�m in diameter.
In our experiments the gap between the electrodes was less
than 5�m at the nearest point, so we expect that the DNA
is stretched out and connects to both electrodes.

In a separate experiment, we applied an aliquot of solution
to the electrodes and monitored the 13 Hz current as per

Fig. 6. (A) Sample SEM image after drying when DNA solution was used. (B) Sample SEM image after drying when only DI water was used.

the circuit diagram inFig. 2. A “background” current of
227 nA was measured in the absence of the high frequency
signal, due to the background conductivity of the electrolyte,
indicated in the dotted lines inFig. 4. This background signal
is expected to be only weakly dependent on whether the
DNA molecules bridge the gap between the electrodes on
the surface of the sample. In fact, the reason we use DI water
in the experiments presented in this paper is to minimize
this background conductance.

Then, while monitoring the 13 Hz current in situ, a 1 MHz
ac electric field was applied to trap DNA between the elec-
trodes. Based on the optical interrogation measurements
presented in the previous section, we are confident that
the DNA is indeed collected between the electrodes. After
trapping the DNA with the 1 MHz field, no change in the
13 Hz current was measured within a resolution of 0.1 nA.
We monitored the current as the solution dried over a pe-
riod of 72 h. After the solution dried the measured current
was below the noise level of the measurement (0.1 nA).
This corresponds to an upper limit of 25 nS for the con-
ductance indicated by the large resistor inFig. 4 for the
DNA. This work represents the first such measurement of
the conductance of DNA after trapping with an ac electric
field.

In order to verify that the DNA is indeed trapped electron-
ically, we have conducted a set of control experiments. An
aliquot of DNA solution with a concentration of 10−6 �g/ml
was dropped onto one sample with quadrupole electrodes.
For a control sample, DI water was dropped onto a similar
set of electrodes. An ac bias of 8 V at 1 MHz was applied
to both samples. Both the DNA solution and DI water were
dried in air while the voltage was still being applied. The
samples were then imaged in an SEM; the SEM pictures
are shown inFig. 6. The dark material between the elec-
trodes shown inFig. 6A is not seen in the control electrodes
shown inFig. 6B. Since the DNA solution is composed of
only �-phage DNA and DI water, we believe that the dark
material is DNA itself.
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4. Results: proteins

4.1. Proteins: optical measurements

For the protein experiments, the sample was prepared
as follows: bovine serum albumin (BSA, molecular weight
68 kDa) labeled with tetramethylrhodamine (Molecular
Probes, Eugene, OR) was dissolved in DI water at a con-
centration of 1 mg/ml and centrifuged. The supernatants
were diluted to 1�g/ml with DI water. The suspension
conductivity was 1 mS/m.

We observed that BSA underwent positive DEP for fre-
quencies between 50 kHz and 5 MHz. Negative DEP was
not observed at lower frequencies under our experimental
conditions. The frequency range of 200–300 kHz was ob-
served to be most effective at attracting the BSA to the
high-electric field regions. We show inFig. 7 images of
successive on/off/on/off conditions of BSA which has been
trapped in the high-field region between electrodes with a
10�m gap. We clearly observe positive DEP (i.e. the BSA
is attracted to high electric field intensity regions) over a
range of frequencies between 50 kHz and 5 MHz. We have
repeated this experiment dozens of times with electrodes
with central gaps of 5, 10 and 20�m. With four electrode
geometries with 50�m gaps, we were unable to see any ef-
fect of the electric fields on the BSA for applied voltages of
up to 8 V.

4.2. Proteins: electronic measurements

In its folded state BSA should be roughly spherical in
geometry with diameter of order 10 nm. Previous work of
Washizu has shown that high intensity electric fields can

Fig. 7. Images of BSA protein in a span of about 30 s (f = 200 kHz,
applied voltage= 8 V).

change the conformational state of certain proteins (Washizu
et al., 1992), however the effect of the high-intensity elec-
tric field on BSA is unknown. While we were unable to
image single BSA molecules under our current experimen-
tal setup, it is clear that a large number of BSA molecules
were attracted to the gap between the electrodes. With this
in mind we measured the conductance at 13 Hz to determine
whether it was possible to electrically interrogate the BSA.

In a separate experiment, we applied an aliquot of protein
solution to the electrodes and monitored the 13 Hz current as
per the circuit diagram inFig. 2. A “background” current of
2.5 nA was measured in the absence of the high frequency
signal, due to the background conductivity of the electrolyte,
indicated in the dotted lines inFig. 4. (This background
current was less than the background current in the case of
the DNA because we used smaller aliquot of solution.) This
background signal is expected to be only weakly dependent
on whether the protein molecules bridge the gap between
the electrodes on the surface of the sample.

Then, while monitoring the 13 Hz current in situ, a
1 MHz ac electric field was applied to trap protein between
the electrodes. Based on the optical interrogation measure-
ments presented in the previous section, we are confident
that the protein is indeed collected between the electrodes.
After trapping the protein with the 1 MHz field, no change
in the 13 Hz current was measured within a resolution of
1 pA. We monitored the current as the solution dried over
a period of 24 h. After the solution dried the measured
current was below the noise level of the measurement
(0.1 nA). This corresponds to an upper limit of 25 nS for
the conductance indicated by the large resistor inFig. 4.
This work represents the first such measurement of the con-
ductance of any protein after trapping with an ac electric
field.

5. Results: nanoparticles

In a final set of experiments we were able to use DEP
to manipulate fluorescently labeled latex beads of diameter
20 nm (Molecular Probes, Eugene, OR) suspended in DI
water. The suspension conductivity was 1 mS/m. Latex beads
have served as an ideal test-bed for the use of DEP at the
micron and submicron scale (Muller et al., 1996; Green and
Morgan, 1997a,b) and serve as convincing evidence that
under our experimental conditions it is indeed possible to
manipulate submicron objects.

For the 20 nm beads, we found that the beads undergo
positive DEP for frequencies between 500 kHz and 22 MHz,
while above 22 MHz the beads undergo negative DEP. We
show inFig. 8an image of beads undergoing negative DEP,
with an applied frequency of 22 MHz. The beads are seen
to be trapped in the center of the electrodes. InFig. 9, we
show an image of beads under the influence of positive DEP,
where they are clearly seen attracted to the region of high
electric field intensity between the electrodes.
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Fig. 8. Twenty nanometer latex beads shown trapped in the center of the
electrodes due to negative DEP.

Fig. 9. Twenty nanometer latex beads shown attracted to high electric
field regions between the electrodes.

6. Summary of results: DEP spectrum

In Fig. 10 below, we show the resulting spectrum for
positive versus negative DEP for the three objects measured.
This is the DEP “spectrum”.

frequency

10
0 

 k
H

z

1 
M

H
z

10
 M

H
z

10
0 

M
H

z

+ -

+

+DNA

BSA

Nano-
particle

DEP spectrum: positive vs. negative

Fig. 10. DEP spectrum, showing frequency regions where positive (+)
and negative (−) DEP were observed. Thirty megahertz was the upper
frequency limit for our electronics.

7. Discussion: nanoparticles

We begin our discussion of the nanoparticle results, as
they are the simplest to interpret. A key initial question
is whether the nanoparticles form aggregates. Previous re-
search using DEP on 14 nm latex beads found that the par-
ticles form aggregates (Muller et al., 1996), while work on
single 93 nm beads was reported in (Green and Morgan,
1997b). Because of the spatial resolution limits of optical
microscopy it is very difficult to determine if aggregates are
formed using optical microscopy alone. However, we have
independent evidence that, under our experimental condi-
tions, the 20 nm beads do not form aggregates. In a separate
experiment (Zheng et al., 2004a), we used nanotube elec-
trodes to trap 20 nm beads and then imaged them with a
scanning electron microscope. Under the SEM, we see no
evidence whatsoever for aggregation. Thus, we believe the
20 nm beads are not aggregated.

The frequency dependence of the nanoparticle experi-
ments is given inFig. 10; in sum we find positive DEP at
frequencies below 22 MHz and negative DEP at frequen-
cies above 22 MHz. In order to interpret this result, we use
Eqs. (1)–(5)as the basis for our analysis. Our experimen-
tal result for the crossover frequency corresponds theoreti-
cally to the frequency at which the Clausius–Mossotti factor
crosses from positive to negative.

The frequency dependence of the Clausius–Mossotti fac-
tor (Eq. (2)) is determined by the frequency dependence of
the complex medium and particle dielectric constants. The
real part of the medium dielectric constant can be taken as
78.5 and independent of frequency over the range of inter-
est. Similarly, the real part of the dielectric constant of the
nanoparticles can be taken as 2.55, and independent of fre-
quency over the range of interest. The frequency dependence
of the CM factor is thus determined entirely by the imagi-
nary part of the dielectric constants, which we discuss next.

For the medium, the conductivity is known, so the imagi-
nary part of the medium dielectric constant is known. For the
nanoparticle, the bulk conductivity is negligible. However,
the surface of the nanoparticle has a negative static charge
density, which attracts counter-ions from the solution. These
can be bound to the surface of the nanoparticle (the Stern
layer) or occur as a diffuse cloud.Eq. (5)provides a means
of estimating the effect of both these counter-ion concen-
trations, provided an effective surface conductivity (Ks) is
known for these counter-ions. In general predicting the nu-
merical value ofKs is difficult. Green and Morgan measured
its value on larger nanoparticles (93–557 nm) and found it
to be of order 1 nS (Green and Morgan, 1999). If we assume
this value is appropriate also for the 20 nm nanoparticles in
our experiments, we can predict the frequency-dependent
CM factor for our experiments. This prediction is shown in
Fig. 11 below. The predicted crossover frequency (which
can also be calculated analytically fromEq. (4)) of 30 MHz
is close to our experimentally measured crossover frequency
of 22 MHz. Given the fact that the surface conductivityKs
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Fig. 11. Frequency dependence of the Clausius–Mossotti factor, assuming
a surface conductance ofKs = 1 nS.

is not known independently, this is a reasonable agreement
with previous experiments and theoretical predictions.

While we do not know whether the surface conductance
is due predominantly to the bound or diffuse counter-ions,
the agreement between the theoretical and experimen-
tal crossover frequency seems to indicate that bound
counter-ions contribute the dominant portion. The diffuse
cloud of counter-ions extends a Debye length between the
particle and medium. The Debye length is given by

λDebye=
√

εkBT

2e2n
. (7)

For our solutions, this corresponds to 100 nm, much larger
than the particle diameter. In our prediction for the crossover
frequency, we have neglected the finite thickness of the
diffuse cloud of counter-ions, and we still find reasonable
agreement with experiment. The bound counter-ions will not
significantly change the effective diameter of the nanopar-
ticle for the DEP crossover frequency used inEq. (5). This
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Fig. 12. Predicted dependence of DEP crossover frequency on suspension
conductivity.

leads us to conclude that bound counter-ions dominate the
surface conductionKs.

Our experiments were performed in a medium with low
conductivity, 1 mS/m. Based onEq. (4), we can predict the
dependence of the crossover frequency on the medium con-
ductivity. This prediction, together with our experimentally
measured crossover frequency, is shown inFig. 12 below.
Armed with this understanding of the frequency dependence
of DEP of the 20 nm beads and the effect of the charge dou-
ble layer, we move on next to analyze the experiments on
the proteins.

8. Discussion: proteins

Our analysis of the protein DEP measurements proceeds
along the lines of the 20 nm nanoparticle measurements. For
simplicity we model the albumin protein as a sphere of diam-
eter 5 nm; this should be expected to yield semi-quantitative
results. Using this model allows us to apply the analysis
based onEqs. (1)–(6)for spherical particles. For our protein
experiments, the charge double layer and surface conductiv-
ity play a critical role. As with the latex bead experiments,
the surface conductivity of the bound or diffuse counter-ions
is difficult to predict from first principles. If we use our re-
sults from the 20 nm latex beads as guide, we can estimate a
reasonable value for the surface conductivity of 1 nS. Based
on this estimate, and assuming the bulk conductivity of the
protein is negligible, we calculate a spectrum for the CM fac-
tor shown as the blue curve inFig. 11. (This curve is insen-
sitive to the numerical value of the real part of the dielectric
constant for the protein.) This curve, and alsoEq. (4), pre-
dicts a crossover frequency of≈100 MHz, which is larger
than the frequency range used in these experiments. This is
entirely consistent with our experimental results: we observe

Fig. 13. Crossover frequency vs. particle diameter in the low suspension
conductivity limit. The measurement for the protein crossover frequency
corresponds to a lower limit only, limited by the electronics used, thus
the bar.
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only positive DEP for the proteins measured up to 30 MHz,
i.e. we observe a positive CM factor.

We are now in a position to integrate our nanoparticle
experiments, those of Green and Morgan, and our protein
experiments into a unified understanding of the role of the
double layer and particularly the surface conductance in
determining the crossover frequency for the application of
DEP to nanoparticles. InFig. 13 we plot our measured
crossover frequency (in the low suspension-conductivity
limit) as a function of particle diameter, as well as that
measured by Green (Green and Morgan, 1999) for larger
diameter nanoparticles. Remarkably, the data are all consis-
tent withEq. (4), assuming a surface conductance of 1 nS.

9. Discussion: DNA

Unlike proteins, DNA cannot be reasonably modeled as
a spherical particle. Under the influence of DEP it is known
the DNA is stretched into a long, thin configuration, i.e. it
is not randomly coiled. In this section, we provide some
elementary discussions of the DEP on DNA, using a simple
model for the surface conductivity as we did for the pro-
teins. The failure of this simple model to explain our exper-
imental results indicates that a fundamental understanding
of the mechanism of DEP in manipulating DNA is still
lacking.

The polarization factor used inEq. (1), and hence the
Clausius–Mossotti factor given inEq. (2), are only appli-
cable to spherical particles. In this section we model DNA
as an ellipsoid which allows us to use analytical results for
the polarization. Based on the induced dipole for an ellip-
soid, which can be calculated analytically (Stratton, 1941),
we define an “effective” Clausius–Mossotti factor, given by
(Jones, 1995)

Keffective(ω) ≡ Re

[
ε∗

p − ε∗
m

3[A(ε∗
p − ε∗

m) + ε∗
m]

]
, (8)

whereA is the depolarization factor. For an ellipsoid with
cylindrical symmetry, it can be shown thatA is given by

A = 1 − e2

2e3

[
log

(
1 + e

1 − e

)
− 2e

]
, (9)

where

e ≡
√

1 −
(

b

a

)2

, (10)

anda andb are the major and minor axis of the ellipsoid.
A question which arises in this context, which has not

been addressed to our knowledge, is what effect the charge
double layer and the surface conductivity plays in the case of
DEP of an ellipsoidal object. O’Konski has provided general
arguments (Okonski, 1960) that the induced dipole moment
can be calculated using the effective CM factor given in

Fig. 14. Calculated effective CM factor for DNA, assuming an ellipsoidal
model with a = 2 nm, b = 18�m, andKs = 1 nS.

Eq. (8), provide the particle conductivity is given by an
analog ofEq. (5):

σp = σb − 2Ks

b
. (11)

Hereb is the minor axis of the ellipsoid.
We now discuss the implications of O’Konski’s model in

the case of DEP: first, and most importantly, the effective
CM factor given byEq. (8)is no longer bound between+1
and −0.5 as is the case with a spherical particle. This is
consistent with the well-known polarizability of long, oblate
objects. Second, the crossover from positive to negative DEP
is a non-trivial function of the particle geometry and surface
conductivity. In order to illustrate this, we have calculated
the effective CM factor for a reasonable model of stretched
DNA. We assumeb = 2 nm,a = 18�m, andKs = 1 nS. We
also assume a medium conductivity of 1 mS/m. Based on this
model, we plot inFig. 14 the CM factor versus frequency.
A crossover frequency from positive to negative DEP is
predicted at 6 MHz, and a large polarizability is predicted
at low frequencies. In our prediction we did not take into
account the Debye length, which is of order 100 nm for low
conductivity solutions. If we assume the double layer has
a finite thickness of order 100 nm (by takingb = 100 nm),
with surface conductivity still of order 1 nS, the crossover
frequency is still of order 1 MHz. The crossover frequency
is only weakly dependent on the medium conductivity and
surface conductivity. To our knowledge, the CM factor for
an ellipsoid which takes into account O’Konski’s prediction
for the surface conductivity of the double layer has not been
previously considered.

The large, low frequency polarizability is consistent with
much of the work on DEP manipulation of DNA to date, as
discussed in the introductory section. However, the crossover
frequency is in disagreement with our experiments, as well
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as almost all published experiments on DNA. In our ex-
periments show that DNA undergoes positive DEP up to
30 MHz, whereas all previous experiments on DEP of DNA
were done below 2 MHz. In this sense our experiments ex-
tend the range of data for DEP of DNA by over an order of
magnitude in frequency.

In our experiments, the gap between electrodes is less
than the stretched length of DNA. Thus, the mathematical
treatment of DNA as a simple point–dipole should not be ex-
pected to give quantitatively meaningful results; the method
of moments in this case should be replaced by a different,
perhaps numerical technique. However, this does not ex-
plain the discrepancy with other experiments, for example
Washizu’s, where the distance between electrodes was much
larger than the length of the stretched DNA. We are thus led
to conclude that a simple model of DNA as an ellipsoid with
an electrical double layer at the surface described by a sur-
face conductivity simply fails to explain many experimental
results, ours included. A fundamental understanding of the
molecular basis of DEP manipulation of DNA is still lacking.

10. Conclusions

In this work we have described the electronic manip-
ulation of proteins, DNA, and nanoparticles, and applied
these for the first time to measure an upper limit on the
conductance of DNA and protein molecules that were ma-
nipulated with DEP to bridge a gap between electrodes.
Our measurements find that DNA and protein is very in-
sulating. Based on former work by Green and Morgan, we
have applied a unified description of the double layer and
its effect on the crossover frequency of nanoparticles and
proteins, remarkably consistent with previous experiments
on DEP manipulation of somewhat larger nanoparticles.
Finally, we have pointed out the lack of a fundamental un-
derstanding of the DEP manipulation of DNA, and argued
that the current model of a simple surface conductivity due
to a charge double layer is not consistent with experiment.
Looking generally towards the future, our technique for
electronically controlled circuit assembly presented herein
may be useful for shorter DNA strands or other molecular
scale devices, especially when integrated with nanowire
and nanotube electrodes (Zheng et al., 2003, 2004a,b).
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