Electronic manipulation of DNA and proteins
for potential nano-bio circuit assembly

Lifeng Zheng?, Peter J. Burke®®, James P. Brody”
®Department of Electrical Engineering and Computer Science, and
PDepartment of Biomedical Engineering
Integrated Nanosystems Research Facility
University of California, Irvine
Irving, CA 92697

ABSTRACT

Using gold el ectrodes lithographically fabricated onto microscope cover dlips, DNA and proteins are interrogated both
optically (through fluorescence) and eectronically (through conductance measurements). Didlectrophoresis is used to
position DNA and proteins at well-defined positions on a chip. For the electronic manipulations, quadrupole electrode
geometries are used with gaps ranging from 3 to 100 pm; AC field strengths are typically 10° V/m with frequencies
between 10 kHz and 30 MHz. Nanoparticles (20 nm latex beads) are also manipulated. A technique of in situ impedance
monitoring is tested for the first time to measure the conductance of the electronically manipulated DNA and proteins.
The dectrica resistance of DNA and proteins is measured to be larger than 40 MQ under the experimental conditions
used.
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1. INTRODUCTION

1.1. Motivation

The devel opment of lithographic fabrication techniques has lead to astounding advancesin integrated circuits, but at the
same time the limits of lithography prevent nanometer scale el ectronic devices from being economically manufactured.
This has led to proposals for alternative nano-manufacturing technol ogies based on "bottom-up" chemica sdlf-assembly
techniques.

Two key challenges in the manufacturing of sub-lithographic size electronic devices (i.e., molecular eectronics') are 1)
Chemical (i.e. bottom-up) control of the el ectronic properties of the circuit el ements, 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 applications”. An alternative approach is to build on 4 billion years of evolution and use or mimic existing
biochemistry, using DNA as a template for chemically programmed assembly of molecular scale devices. Recently
several groups have made important progress in using DNA as a template for the congtruction of higher order
structures®**®, Because of the attractiveness of the second approach we have decided to concentrate on the electronic
manipulation and interrogation of DNA and proteinsin thiswork.

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’. It would be a distinct
advantage if this assembly process could be actively, eectronically controlled.

1.2. Dielectrophoresis
Diedlectrophoresis (hereafter DEP) isan e ectronic analog of optical tweezers using audio frequency, RF, and microwave

electric fields generated from microfabricated electrodes on a chip. An AC dectric field induces a dipole moment
which, in the presence of a field gradient, experiences a force towards either the high-field intensity region (positive
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DEP) or the low-field intensity region (negative DEP). Several recent reviews more thoroughly describethe
many applications of DEP at the micron, sub-micron, and nanometer scale. As with optical tweezers, for DEP to be of
use it must dominate the thermal Brownian motion.
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It can be shown that the force acting on a spherical particle (the DEP force) is given by

ﬁDEPZZW%qa(EéMS), (1)

where v is the volume of the particle, Erus the RM S value of the electric field (assuming a sinusoida time dependence),
and q; is a factor which varies between -0.5 and +1.0, depending on the difference between the medium and particle
didlectric constant. If o, is positive, then the particleis attracted to regions of high eectric field intengty. (Thisis called
positive DEP.) If o, is negative, then the particle is repelled from regions of high eectric field intensity. (Thisis called
negative DEP.) Since the didectric properties of both the particle and medium are frequency dependent, both positive
and negative DEP can be observed in the same system by varying the frequency.

For this force to be effective it must overcome the Brownian motion, which can be treated as a random force whose
maximum value is given roughly by*>*®

Forra = KaT 73V, @
where kg 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 e ectric field gradients are needed to manipulate
nano-sized 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®.

1.3. DNA manipulation

Starting in 1990, Washizu and Kurosawa began studies on manipulating and stretching DNA in high intensty AC
electric fields generated by microfabricated eectrodes'®. They found that a high-frequency eectric field would stretch
DNA into a line, whereas its natural configuration is coiled. In 1995, Washizu and co-workers described severa
possible applications of this technology', such as size-sorting long DNA which is difficult for conventional gel
electrophoresis. Before 1998, all published work on manipulating DNA with this technique had been performed by or in
collaboration with Washizu'®'9221222324 | gter on, Asbury and co-workers trapped DNA with a floating e ectrode
geometry®. They found that DNA did not attach to gold electrodes in contrast to Washizu's experiments where DNA
did attach to aluminum electrodes. In another work with floating e ectrodes, Chou and co-workers used insulaing posts
fabricated with micromachining techniques, and eectrodes externa to the device?®. They found the trapping force
increases with frequency. Tsukahara and co-workers used quadrupole electrodes and found DNA was pushed away
from eectrodes between 500 kHz and 1 MHz?’. Recently, Dewarrat and coworkers optimized the geometry of the
lithographic structures to favor a precise positioning of DNA?, Namasivwayam and co-workers trapped single DNA
molecules and found that % DNA were fully stretched at 1 MHz and partially stretched at 1kHz*°. Holzel and co-workers
aso recently used DEP to concentrate and aign DNA molecules®. Germushuizen and co-workers also recently
manipulated DNA with DEP®. None of these authors have measured the eectrical properties of the DNA after
mani pulation.

Thus, while most of this research work focused on manipulating DNA and proteins, investigation of their electrical
properties is still in its infancy. Since it was suggested that DNA can transport e ectrons from site to site by Barton’s
group™®, experiments performed by different research groups have indicated that DNA has insulating, semiconducting,
metallic and even superconducting properties®3435%637383% Thega differing results of the electrical properties of DNA
indicate that effective methods should be set up for the measurements. Asfor the electrica properties of proteins, these
biological nanostructures have yet (until now) to be interrogated el ectrically. Our work in this paper represents the first
step in this direction. Since various proteins have many differing chemical and mechanical properties, it can be argued
that their electrical propertieswill be even more diverse (and hence interesting) than that of DNA.
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1.4. Thisresearch work

In this work, a technique is presented that may be useful 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 using dielectrophoresis by in situ monitoring the impedance
change of the DNA and protein solutions. This technique contains the rudimentaries of single molecule transistor
fabrication with an essentially nano-electrochemistry approach®. What is new about this approach is 1) It is the first
measurement of the conductivity of DNA after DEP manipulation, 2) It is the first ever measurement of the eectrical
properties of any protein, 3) It isanew technique to fabricate nano-circuits using AC voltages.

2. MATERIALSAND METHODS
2.1. Electrode design and fabrication

For our experiments, eectrodes were fabricated using photolithography onto microscope cover dides. Ti (10
nm)/Au(100 nm) bilayers were deposited with e ectron-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* have
shown that a planar, "quadrupol€" electrode geometry allows the trapping of particles under the influence of negative
DEP in the center of the electrodes, called the "trap.” This is because there is an eectric field gradient minimum in
region of the center of the el ectrodes, and particles undergoing negative DEP are repelled from the higher field regions.
We have also performed numerical simulations for our electrode geometry, which is dightly different from the
geometry considered by Huang™. We find that the dectric fidd 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 A-phage DNA, BSA protein, or 20 nm latex beads were prepared as
described below. A drop was placed on the cover dip with eectrodes, which is then covered by a second dip. This
configuration was necessary for the inverted microscope configuration used. An RF function generator was used to
apply dectric fieldsin the frequency range of 10 kHz to 30 MHz, and applied voltages of up to 10 V.

2.3. Optical interrogation

The solution was imaged through an inverted Nikon TE200 microscope, equipped with a 40x/1.3NA 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 | nstruments) captured the images.

2.4. Electronicinterrogation

After trapping, the low frequency (13 Hz) conductance between two electrodes was measured simultaneously while
applying the AC dectric field. The circuit used for the measurement is shown in Fig. 1 below. The high frequency
electric field was used to trap the DNA or protein between the eectrode gaps. A small amplitude, AC voltage was
simultaneoudly applied and a lock-in-analyzer simultaneously measured the 13 Hz AC current. The 13 Hz current was
monitored continuoudly as the solution dried in order to measure the conductance in both the wet and dry state.
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It isimportant to note that, in the experiments described in this paper, the measured conductance correspondsto a large
number of molecules trapped eectronically between the electrode gaps. While the fluorescence imaging experiments
clearly 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
molecul es trapped and to push to the single molecule limit*.

3. RESULTSAND DISCUSSION

3.1. DNA: optical measurements

The DNA used in the experiments was A-phage DNA (48.5 kilo-base pairs). The DNA solution was prepared as
follows: A-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 pug/ml. The solution was diluted 5 x 10° times with D.I. water.
SYBR green was then added to the solution for the fluorescence measurements.

We observed that DNA under our experimental conditions undergoes positive DEP (i.e. isattracted to high electric field
intensity regions) for arange of frequencies between 500 kHz and 1 MHz. Below 500 kHz, no effect was observed. We
did not observe DNA to undergo negative DEP under our experimenta conditions. We show in Fig. 2 images of
successive on/off/on/off conditions of DNA which has been trapped in the high-field region between electrodes with a
10 pm gap. We clearly observe positive DEP (i.e. the DNA is attracted to high electric field intensity regions) over a
range of frequencies between 500 kHz and 1 MHz.

We have repeated this experiment dozens of times with electrodes with central gaps of 5 pm, 10 pm and 20 pm. With
four eectrode geometries with 50 um gaps, we were unable to see any effect of the eectric fields on the DNA for
applied voltages of up to 8 V,. Thisis consistent with the scaling arguments presented above: large el ectrodes are less
effective in trapping nano-sized objects than smaller electrodes. We have aso been able to trap DNA using
interdigitated, castellated electrodes with 10 um gaps. DNA was only observed to undergo positive DEP with those
electrodes, aswdll.
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Previous work by Washizu'®??# clearly demonstrated that DNA is stretched and undergoes positive DEP under high
intensity electric fields as the ones used in our experiments. Our work is consistent with the work of Washizu but
inconsistent with that of other published work on the DEP manipulation of DNA, where both positive and negative DEP
was observed by Tsukahara®. We speculate that this discrepancy may be related to the different solvents used.
Tsukahara used a buffer solution with conductivity of 4x10° S/m, while our work and that of Washizu'®*?" were done
with D.l. water asthe solvent.

Fig. 2. Images of fluorescently labeled DNA. The four images were taken in on/off/on/off sequence in atime span of about 30
seconds. The applied voltage was 1 MHz, 8 V.

3.2. DNA: electronic measur ements

A-phage DNA stretched is 17 um long, but in its native state it is a randomly coiled ball about 2-4 um in diameter. In
our experiments the gap between the electrodes was less than 5 um at the nearest point. Although we do not resolve the
location of individual DNA molecules in our experiment, based on the findings of Washizu, we expect that the DNA is
stretched out and possibly even connects to both electrodes.

In a separate experiment, we applied a drop of solution to the el ectrodes and monitored the 13 Hz current in response to
asmall applied AC voltage. A current of 227 nA was measured in the absence of the high frequency signal, due to the
background conductivity of ionsin the solution. After the 1 MHz AC dectric field was applied, no changein the 13 Hz
current was measured within aresolution of 0.1 nA. Since we know that DNA can be trapped between electrodes with 1
MHz frequency, no change in the 13 Hz current indicates that DNA has a much lower conductivity than the solution.
We then monitored the current change as the solution dried over a period of 72 hours. After the solution dried the
measured current was below the noise level of the measurement (0.1 nA).

From the previous experiments, we know that the DNA is attracted to the high eectric field regions. From our

conductance experiments we conclude that, although the DNA is present, the conductance of the DNA moleculesisless
than 25 nS, both in the wet state under our solvent conditions aswell asin the dry state.
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Fig. 3. A. Sample SEM image after drying when DNA solution was used. B. Sample SEM image after drying when only D.I. water
was used.

In order to verify that the DNA isindeed trapped electronically, we have conducted a set of control experiments. DNA
solution with a concentration of 10°® pg/ml was dropped onto one sample with quadrupole electrodes. For a control
sample, D.I. water was dropped onto a similar set of electrodes. An AC bias of 8 V,, a 1 MHz was applied to both
samples. Both the DNA solution and D.1. water weredried in air while the voltage was still being applied. The samples
were then imaged in an SEM; the SEM pictures are show in Fig. 3. The dark material between the el ectrodes shown in

Fig. 3A isnot seen in the control eectrodes shown in Fig. 3B. Since the DNA solution is composed of only A-phage
DNA and D.l. water, we believe that the dark material is DNA itsalf.

Thus, while we find DNA is not conducting, we have clearly and unambiguously demonstrated that our technique is
capable of manipulating DNA to bridge the gap between two eectrodes, and that the DNA remains in place even after
the solvent dries.

3.3. Proteins. optical measur ements

For the protein experiments, the sample was prepared as follows. Bovine serum albumin (BSA, molecular weight 68kD)
label ed with tetramethylrhodamine (Molecular Probes, Eugene, OR) was dissolved in D.I. water at a concentration of 1
mg/ml and centrifuged. The supernatants were diluted to 1 pg/ml with D.l. water.

We observed that BSA underwent positive DEP for frequencies between 100 kHz - 1 MHz. Negative DEP was not
observed at lower frequencies under our experimental conditions. The frequency range of 200-300 kHz was observed to
be most effective at attracting the BSA to the high-electric field regions. We show in Fig. 4 images of successive
on/off/lon/off conditions of BSA which has been trapped in the high-field region between el ectrodes with a 10 um gap.
We clearly observe positive DEP (i.e. the BSA is attracted to high eectric 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 um, 10 um and 20 um. With four electrode geometries with 50 um gaps, we were unable to see any
effect of the e ectric fields on the BSA for applied voltages of up to 8 V.
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Fig. 4. Images of BSA protein in aspan of about 30 seconds. f=200 kHz, amplitude = 8 V.
3.4. Proteins: éectronic 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 change the conformational state of certain proteins™, however
the effect of the high-intensity electric field on BSA is unknown. While we were unable to image single BSA molecules
under our current experimental setup, it is clear that alarge number of BSA molecules were attracted to the gap between
the electrodes. With thisin mind we measured the conductance at 13 Hz to e ectrically interrogate the BSA.

In a separate experiment, we applied a drop of solution to the el ectrodes and monitored the 13 Hz current in response to
a small applied AC voltage. A current of 2.5 nA was measured in the absence of the high frequency signal, due to the
background conductivity of ionsin the solution. (The magnitude of the current was lower than in the DNA experiments
because a much smaler amount of solution was placed on the chip in the BSA experiments.) After the 1 MHz AC
electric field was applied, as similar to DNA, no change in the 13 Hz current was measured within aresolution of 1 pA,
which indicates the conductance of BSA is much less than the conductivity of solution. In another experiment, we
monitored the current as the solution dried over a period of 24 hours. After the solution dried the measured current was
bel ow the noise level of the measurement (0.1 nA in that measurement).

From the previous experiments, we know that the BSA is attracted to the high dectric field regions. From our
conductance experiments we conclude that, although the BSA is present, the conductance of the BSA moleculesis less
than 25 nS, both in the wet state under our solvent conditions as well as in the dry state. Using the technique of
dielectrophoresis to manipulate proteins, these measurements represent the first measurements of the electronic
properties of proteins. Our measurements indicate that the protein BSA isinsulating. This technique could be applied to
other proteinsas well.

3.5. Nanoparticles
In afinal 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 D.I. water. Latex beads have served as an ideal test-bed for the use of

DEP at the micron and submicron scal€®**“ and serve as convincing evidence that under our experimental conditions
it isindeed possible to manipulate submicron objects.
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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 in Fig. 5 an 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 (the fluorescent
signals around the edges of electrodes are due to some of beads sticking to e ectrodes). In Fig. 6, we show an image of
beads under the influence of positive DEP, where they are clearly seen attracted to the region of high dectric field
intensity between the electrodes.

20 nm beads

\
«“9,F
7%  BEOA

500 kHz

Fig. 6. 20 nm latex beads shown attracted to high electric field re-gi ons between the el ectrodes.
4. CONCLUSIONS

In conclusion, we have shown that DNA, BSA, and 20 nm beads can be manipulated with positive DEP in an aqueous
solution. We have measured the conductance of the DNA and BSA and found it to be less than 25 nS. These arethe first
measurements of DNA conductivity after DEP manipulation, the first ever measurement of the electrical properties of
any protein, and represent a new technique to fabricate nano-circuits using AC voltages. While the measured
conductance is low (less then our measurement limits in this experiment), our technique for eectronically controlled
circuit assembly presented herein may be useful for shorter DNA strands or other molecular scale devices, especially
when integrated with nanowire and nanotube el ectrodes"”.
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