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The electrical conductivity of double stranded DNA is investigated with ac impedance spectroscopy. Atomic
force microscopy is used to provide images of the DNA molecules stretched over some gap electrodes through
a flow cell. More stretched DNA molecules result in smaller charge-transfer resistances in the ac impedance
spectra. The DNA molecules stretched across the electrode gaps can be degraded with the enzyme DNase,
which generates larger charge-transfer resistances or results in capacitive behavior. The distorted DNA mol-
ecules filled in the electrode gaps rather than stretched over the gap electrodes do not exhibit the electrical
conduction in the ac impedance spectra. The present work suggests the double stranded DNA to be a one-
dimensional semiconductor. It also suggests that the ac impedance spectroscopy may be a more effective
method than a dc one to measure the electrical conduction of double stranded DNA. The electrical and ionic
conductivities of DNA molecules are extensively discussed.
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I. INTRODUCTION

Although its first historic measurement was reported in
1962,1 the electrical conductivity of DNA has become a hot
topic only from the last decade. The great interest in electri-
cal conduction of DNA is its possible application as a mate-
rial to fabricate different nanometer scale electronic
devices2,3 due to its sequence-specific molecular recognition
and its special structure with self-assembling capabilities.4

To explain the electrical conductivity of DNA, several
mechanisms have been developed. These mechanisms
include single-step superexchange,5,6 multistep hole
hopping,7,8 phonon-assisted polaron hopping,9 and molecular
band conduction model.10 In spite of these different mecha-
nisms, electron transport through DNA molecules has been
recognized to proceed along a one-dimensional pathway
made up of the overlap between � orbitals in neighboring
base pairs.1 This is because effective electron transport re-
quires conjugated molecular chains such as �-orbital overlap
to form a pathway. Although charge transfer can be con-
ducted along a path constituted with �-orbital overlap, this
charge transfer can proceed only at a very short distance.11

The basic unit of a DNA molecule, nucleotide, is a molecule
composed of a pentose sugar bonded to both a phosphate
group and a nitrogen-containing heterocyclic base that may
be adenine �A�, guanine �G�, cytosine �C�, or thymine �T�.
The DNA double helix is formed when two single strands
combine together through hydrogen bonds of the comple-
mentary A-T and G-C base pairs. It is the � stacking of the
conjugated base pairs that not only stabilizes the helix but
also constitutes the pathway for electron transport.12,13 Under
a natural state, DNA molecules are coiled and randomly dis-
tributed. For a direct measurement of the DNA electrical
conduction, therefore, they were normally uncoiled and
stretched over the electrode gaps to form one-dimensional
bridges for charge transfer. There are different methods to
stretch a double helix DNA molecule. Among them, a hydro-
dynamic flow is the most common and efficient to stretch a
double stranded DNA.14,15 Although the stretching is usually
necessary to measure the DNA electrical conductance, how-
ever, overstretching may break down the conjugated stacking
of the base pairs and stop the electron transport.16

In spite of its attractive potential application, whether or
not DNA is really electrically conductive has been exten-
sively disputed in the last decade. Some researchers believed
that DNA was metallically conductive17 or even
superconductive.18 Meanwhile, more results suggested that
DNA was a kind of semiconductor.19–26 On the other hand,
some reports assigned DNA to be an insulator.27–32

After reviewing these literatures, one can find out some
common features for those arguments against DNA electrical
conductivity. First, some electrode gaps were larger then 100
nm �Refs. 29 and 32� or even located in micrometer ranges.28

To get a positive conclusion for the DNA conductivity, the
researchers usually stretched double stranded DNA mol-
ecules over electrodes with narrow gap distances, i.e., 40 nm
or narrower, in single molecules or bundles. Some experi-
ments performed by Storm et al.33 suggested that the charge
transfer through DNA molecules over 40 nm did not give
rise to any electrical current. Although 40 nm may not be a
threshold for the DNA conductance, the current may decay
quickly with the distance of electron transport if DNA pos-
sesses large charge-transfer resistance.34 In addition to the
distance of electron transport, most of these negative reports
involved DNA films �networks� rather than uncoiled DNA
molecules with one-dimensional electron transport. Among
these works, for instance, the conductivity of a double
stranded DNA film did not show any difference from one of
the single-stranded analog that was considered to be
nonconductive.30 In some other works,28,29,31,35 the conduc-
tivity of the DNA films was significantly influenced by en-
vironmental humility. These results seem to become evi-
dences of lacking electrical conduction through DNA
molecules. However, DNA films may not be suitable for di-
rect measurement of DNA electrical conductance. They were
often generated by directly applying some buffer solutions
containing DNA onto the electrode devices and letting them
dry off.28,32 These films usually contain a large amount of
salts. The DNA sugar-phosphate backbone also contains
counter cations. The DNA film networks can protect mois-
ture from evaporation and ions from washing. As a result, the
DNA films become a kind of solid electrolytes. The ions
inside the films can move along the applied electric fields to
generate strong ionic current. This ionic current should sig-
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nificantly increase under high humidity because more mois-
ture is trapped into the films of DNA due to their strong
hydrophilicity. This results in greater mobility of ions in the
films. Since this ionic current arises from ion diffusion and
migration in the films regardless of the DNA electrical con-
ductivity that should be independent of environmental humil-
ity, double or single-stranded DNA does not make any dif-
ference. Furthermore, some mobile ions, such as Na+ and K+

from DNA buffer, tend to migrate into SiO2 layers between
the gap electrodes to form large ionic current as well.36 In
contrast to these ionic movements, the externally measured
current arising from the DNA electrical conduction may not
be significant. However, the domination of ionic current in
the DNA films cannot rule out the possibility of double
stranded DNA electrical conductivity. These disputes may be
reduced if some direct measurement of electrical conduction
can be set up to distinguish electrical current from ionic one.

At present, the extensively used method for direct mea-
surement of DNA electrical conductivity is the measurement
of I-V curves. In such an experiment, a single DNA molecule
or a number of parallel DNA molecules is first deposited
between two electrodes, and then the electron transport is
measured under dry conditions by applying a voltage over
the electrodes and measuring the current responses. Here
“dry condition” means “out of solution.” The I-V character-
istics of a solution containing DNA do not reveal any infor-
mation on DNA electrical conductance but only tell Faradaic
redox processes at the electrode interfaces and ionic move-
ment inside the solution. Although DNA is normally pre-
pared and stored inside aqueous buffer solutions, it is very
stable in the air. Double stranded DNA can be denatured at
94 °C, but its structure and properties could not be changed
if it is dried in air without heating. In spite of the popularity
of this dc measurement method, it cannot effectively identify
the difference between electrical and ionic currents. Al-
though some experiments19 were conducted in vacuum and
at low temperatures down to 4 K to freeze ionic mobility, it
is not convenient to measure the I-V curves under these con-
ditions. As a relatively simple method, an electrochemical ac
impedance measurement may probably distinguish the elec-
trical current from the ionic one. With ac impedance mea-
surements, a small ac voltage �V is applied onto the gap
electrodes and the responded ac current �I is measured. The
ac impedance Z�=Zre− jZim� can be expressed as �V /�I, i.e.,
dynamic resistance that includes a real part Zre �resistance�
and an imaginary part −jZim �reactance�. The reactance is
contributed from a capacitor or inductor that is frequency
dependent. Figure 1 illustrates the expected ac impedance
spectra and the related equivalent circuits of a metallic con-
ductor, an insulator, a semiconductor, and a typical electro-
chemical cell. In an ac electric field, as we know, the polar-
izability of an electrode is related to the applied frequency.
The electron transport in a conductor is so fast that it cannot
be affected by a frequency change. However, the ionic cur-
rent based on mass transport is determined by ionic migra-
tion and diffusion according to Fick’s law of diffusion and
Nernst-Einstein equation, �=zF2�D++D−� /RT.37 Here �
represents equivalent conductivity, z is the charge, F is the
drag force related with the applied electric field, and D is the
diffusion coefficients of the ions. They are all very suscep-

tible to the frequency of an ac signal. When the frequency is
high, the ionic migration and diffusion can be treated as
static because the polarity of the electrodes changes too fast
for the ions to move. Matsuo et al.38 found that the conduc-
tivity of a DNA film significantly increased with a high �i.e.,
55%� relative humidity but the relative humidity dependence
of the DNA film conductivity dramatically decreased with an
increase in the applied ac frequency, implying a decline in
the ionic current at high frequencies in that DNA film. While
the frequency is low, however, the ionic transport, probably
as a rate-determining step, may dominate kinetics of the
charge transfer, and specific Warburg impedance Zw, as illus-
trated in Fig. 1, may appear on the spectra as a straight line
with a slop of 1 to the real impedance axis. Furthermore, the
ac impedance spectroscopy may also measure the capacitive
behavior related with DNA molecules if they are not metallic
conductors.

This ac impedance spectroscopy has been introduced into
the present work to directly measure the electrical conduc-
tivity of double stranded DNA. The DNA molecules were
stretched with the solution flowing force and intercalated
over the narrow gap electrodes on the microchips—the sur-
faces of which were modified with the DNA intercalating
functional groups. The excess DNA solutions were immedi-

FIG. 1. �Color online� ac impedance spectra �Nyquist plots� and
related equivalent circuits of a metallic conductor, an insulator, a
semiconductor, and a typical electrochemical cell. For the metallic
conductor, Z=Zre=R, and the reactance of an insulator was repre-
sented by Z=−jZim=−j /�C, where �=2�f �frequency� and the
arrow beside f points to frequency increase. A semiconductor can
be represented with a parallel circuit of a resistor and a capacitor.
Its Z=Zre− jZim, where Zre=R / �1+ ��RC�2� and Zim=�R2C / �1
+ ��RC�2�, which is a semicircle in the complex plane and every
data point is recorded at a different frequency. A typical equivalent
circuit of an electrochemical cell is combined with a solution resis-
tance Rs, a double layer capacitance Cdl, a charge-transfer resistance
Rct at the interface between electrode and solution, and a Warburg
impedance Zw standing for mass transport contribution at low
frequencies.
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ately washed away to avoid the formation of films and ionic
influence. Atomic force microscopy �AFM� was applied to
image the DNA molecules stretched over the gaps. It is
found that the values of the charge-transfer resistances mea-
sured with the ac impedance are inversely proportional to the
number of DNA molecules stretched over the gaps. Further-
more, an enzyme DNase I was used to degrade numbers of
the DNA molecules stretched across the gaps, which resulted
in larger charge-transfer resistances. The results suggest that
the charge-transfer resistance is contributed from the DNA
stretched across the electrode gaps rather than ions. The im-
pedance spectra did not show any feature of ionic impedance
within the low-frequency range. It is also found that those
coiled DNA concentrated in the electrode gaps does not
show charge-transfer resistances in the ac spectra. It is con-
firmed that double stranded DNA is a kind of one-
dimensional electrical conductor with considerably high
charge-transfer resistances.

II. EXPERIMENT

In the present work, the 48 kb randomly sequenced �
DNA or calf thymus DNA �3000–8000 kb� was applied onto
some microchips. These microchips were prepared from
single-crystal silicon wafers with thermally grown SiO2 lay-
ers on the surfaces. The gold electrode pairs were angled
evaporated onto the SiO2 surfaces. A chromium adhesion
layer was evaporated between the gold and the SiO2 surfaces
but only the gold electrodes can be exposed to DNA and
solutions. These microchips consist of different groups of
electrodes that possess the same gap width between 15 and
25 nm. However, the electrode lengths are variable from 5 to
10, 20, 50, 100, and 150 	m. Every group of the electrodes
contains two electrodes across the nanogap with one higher
�Z direction� than the other one, as shown in Fig. 2. All of the
electrode pairs are parallel to one another with all of the
higher electrodes in one direction and the lower ones in the
other direction. Every electrode has a contact panel arranged
on edges of the microchips for the electrical measurements.
The microchips were designed to fit in a flow cell. The DNA
solution was delivered through inlet tubing, passed the chip
surface that was about 0.5 mm away from the ceiling, and
left the flow cell via outlet tubing. The direction of solution
flowing is perpendicular to the electrode gaps from the
higher sides to the lower ones. Before these microchips were
installed into the flow cell, their surfaces were modified with
3-aminopropyltrimethoxysilane to generate monolayer films
of poly-�3-aminopropylsiloxane�. These monolayer films
formed O-Si-O networks to cover the surfaces of the gold

electrodes, and the amino functional groups are the interca-
lating agents to fix DNA molecules.

The surface monolayer thickness was monitored with an
ellipsometer. It is very important to control these sol-gel
films to be monolayers. Otherwise, they can detain ions and
moisture inside the films to generate ionic current. The opti-
mal condition to deposit this silane monolayer, determined
with a factorial design method, was to immerse the micro-
chips in a freshly prepared ethanol solution containing 0.1%
of the monomer �3-aminopropyltrimethoxysilane� and 0.15%
�in volume� of de-ionized �DI� H2O for 20 min, followed
with immediate ethanol washing. Just prior to their immer-
sion into the above silane solutions, the microchips were
treated with UV-Ozone for 30 min to clean the surfaces and
generate an oxide layer on the gold surfaces. This gold oxide
layer can exist only for a short period but is helpful for the
formation of well adhesive monolayers. After washing and
drying with Ar streams, these surface-modified microchips
were then heated inside a vacuum oven at 90 °C for 2 h and
cooled down to room temperature under Ar atmosphere. This
procedure generated about 1 nm in thickness of the surface
films. There was no detectable background current for these
thin films. If the film thickness was greatly increased, how-
ever, the background current that resulted from the ionic
movement in the films became dramatically strong.

The HPLC grade �ultra pure, i.e., 
99.9%� � DNA
or calf thymus double stranded DNA was dissolved in
a TE buffer solution containing 10 mM tris-
Cl�trishydroxymethylaminomethane� �adjusted to pH 7.5
with HCl� and 1 mM ethylenediamine tetra-acetic acid
�EDTA�, and then dialyzed against autoclaved DI H2O to
remove inorganic salts and small molecules. To rule out the
TE buffer influence, a blank TE buffer solution was dialyzed
in another tube. Concentration of the final DNA samples was
about 125 ng /	l. These DNA samples �100 	l� were
loaded into a syringe and delivered with a syringe pump
through the flow cell installed with the silane-modified mi-
crochips. The flow rate of the solution was 10 ml/min.
Driven with the solution flowing force, the DNA molecules
are uncoiled and stretched over the electrode gaps. Due to
their low cationic charge, the amino groups fixed onto the
gap electrodes are gentle intercalating agents that allow the
DNA molecules to be stretched and localized over the elec-
trode gaps without overstretching or unstacking them.39 The
chips were immediately uninstalled from the cell and washed
with DI H2O to remove those floating molecules and excess
salts. Those nonstretched DNA molecules were mostly
washed away because they did not have enough contact
points with the amino groups fixed on the electrode surfaces.
The chips were dried with a stream of argon for dc and ac
tests. After this procedure, only intercalated DNA molecules
can stay on the chip surfaces and no DNA films can be gen-
erated. The same procedure was repeated to the chips loaded
with the dialyzed TE buffer solution for the blank tests.

The above DNA washing and drying procedures cannot
change the structure and property of a DNA molecule. The
outer surface of a DNA molecule contains negatively
charged phosphate groups, counter cations, and some inti-
mately involved water. The washing and blow drying cannot
remove the counter ions and intrinsic water. Actually, drying

FIG. 2. The side view of a gap electrode pair.
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DNA samples with a stream of warm air from a hair dryer
is a standard method used in DNA purification and
identification.40

The measurements of ac impedance spectra were per-
formed with an EG&G Potentiostat/Galvanostat 283 �Prince-
ton Applied Research� and a PAR 5012 lock-in amplifier
interfaced with a computer, which was connected to a probe
station located inside a metal cage. Every pair of gap elec-
trodes was contacted with gold-plated metal needles to mea-
sure the dc and ac signals. In the ac impedance measure-
ments, a small 10 mV ac voltage was applied with frequency
ramp from 300 KHz to 1 mHz. An atomic force microscope
�Nanotechnology, Inc.� was used to examine the DNA mol-
ecules stretched over the gap electrodes. During the AFM
examinations, the whole devices were first scanned and then
the more detailed sections were focused.

The DNA molecules can be degraded with some enzymes
such as DNase. Here DNase I was used to degrade the
DNA molecules stretched over the gap electrodes. 150 	l of
enzyme solution containing three units of DNase I
in HEPES reaction buffer �4-�2-hydroxyethyl�-1-
piperazineethanesulfonic acid, 80 mM, pH 7.5, mixed with
10 mM NaCl, 5 mM MgCl2, 10 mM dithiothreitol, and 1 	g
plasmid� was typically applied onto one microchip at 37 °C
for 1 h. The solution was then washed away with the auto-
claved DI H2O and dried with a stream of Ar gas. The treated
microchip was used to measure the ac impedance spectra and
the AFM images.

Instead of stretching with the flow cell, some DNA
samples were concentrated into the electrode gaps in an ac
electric field.41 In such an experiment, a microchip was in-
stalled into a small electrochemical cell where 52 ng /	l of
dialyzed � DNA solution was loaded. An ac voltage of 30
mV was applied through every pair of the gap electrodes
with a frequency of 5.0 MHz. The power supply was a 20
MHz sweep/function generator �B.K. Precision�. 1 h later,
the chip was taken out, washed with autoclaved DI water,
and dried with the stream of Ar gas. This microchip was now
ready for the ac impedance measurements and the AFM ex-
aminations.

III. RESULTS AND DISCUSSION

Figure 3 shows several ac impedance spectra of double
stranded � DNA stretched over some gap electrodes and rela-
tive AFM images. As shown in Fig. 3�b�, a lot of bundled
DNA molecules including two large bundles are stretched
over the gap electrode 1-11E. Much fewer DNA molecules
are observed on electrode 1-10B �Fig. 3�c��. In this AFM
image, the stretched DNA molecules do not seem to confirm
to cross over the gap like what is shown in Fig. 3�b�, al-
though some bundles are clearly seen going over the edge of
the high electrode. It is because the driving force of solution
flowing is weak at this location and the flowing direction
starts to turn around. As a result, the other ends of the DNA
molecules are not clearly illustrated in the dark areas of the
low-gap side. In contrast, there is totally no stretched DNA
molecule that is observable on electrode 9-6B, as shown in
Fig. 3�d�. Figure 3�a� shows the ac impedance spectra of

these gap electrodes. For electrode 1-11E, the spectrum is a
semicircle with about 276 K � of charge-transfer resistance
on the real impedance axis �close to the origin point�. A
corresponding charge-transfer resistance Rct for electrode
1-10B is about 6.1 M �, which is more than twenty times
larger than that of electrode 1-11E due to much fewer
stretched DNA molecules over the gap electrode. For elec-
trode 9-6B, on the other hand, there is no semicircle but a
straight line instead along the imaginary impedance axis Zim
to indicate a capacitive behavior with a capacitance between
40 and 50 pF, similar to the value from a gap electrode of the
blank chip. This blank gap electrode �Fig. 3�e�� displays a

FIG. 3. �Color online� Dependency of the ac impedance spectra
of double stranded � DNA stretched over the gap electrodes upon
their locations on a microchip. �a� The ac impedance spectra of
electrodes 1-11E ��� with 276 K � Rct at f =113.2 mHz, 1-10B
��� with 6.12 M � Rct at f =9.357 Hz, 9-6B ��� with estimated
50–60 pF C at f =200 mHz–50 Hz on a DNA stretched microchip,
and electrode 9-6A ��� with about 43 pF C at f
=200 mHz–2 Hz on a microchip loaded with only dialyzed buffer
solution. �b� The AFM image of electrode 1-11E showing lots of
DNA molecules including two large bundles stretched over the gap.
�c� The AFM image of electrode 1-10B showing some stretched
DNA molecules. �d� The AFM image of electrode 9-6B showing no
stretched DNA. �e� The AFM image of electrode 9-6A of the blank
chip. �f� The diagram of electrode locations with respect to the
solution flowing pathway.
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capacitive behavior as well. Figure 3�f� illustrates the gap
electrode locations on the microchip loaded with the double
stranded � DNA. Electrode 1-11E is located near the solution
inlet and perpendicular to the solution flowing direction.
Therefore, it is supposed to most effectively catch the
stretched DNA molecules since the solution possesses a fast
flux when it just flows out of the narrow inlet. Electrode
1-10B is on the left center position of the chip. It has an
angle smaller than 90° to the solution flowing direction, and
the flux is slower in this location in comparison with elec-
trode 1-11E. As a result, fewer DNA molecules are stretched
over the gap of electrode 1-10B. Electrode 9-6B is close to
the chip corner on the side of the solution outlet. The DNA
molecules are difficult to be stretched on this corner due to
insufficient solution flowing force.

As described in Sec. II, the surfaces of the microchips
were modified with the propyl amino groups which were
positively charged in the dialyzed DNA solution. These
amino groups are the intercalators of the DNA because they
can attract those highly negatively charged DNA molecules,
and they can also probably intercalate into the DNA grooves.
If a DNA molecule is not stretched over a modified surface,
however, it will be washed away due to insufficient contact
points with the amino groups. Here the DNA stretching that
is driven with the solution flowing force plays two roles. On
one hand, it spreads and fixes the DNA molecules over the
intercalator modified surfaces. On the other hand, it localizes
the DNA molecules along the one-dimensional direction of
the applied electric field for the conductance measurement.
This is why electrode 9-6B should show very limited
amounts of DNA molecules as discussed above. Actually, the
AFM images of Figs. 3�b�–3�d� clearly reveal a trend of the
numbers of the intercalated DNA molecules stretched with
the same direction as the solution flowing.

As illustrated in Fig. 1, the gap electrodes are like some
capacitors with air dielectric material filled inside the narrow
gaps if no DNA is collected. While the DNA molecules are
stretched over the gap electrodes, however, these electronic
devices are represented with some parallel circuits of capaci-
tors �gap electrodes� and resistors �DNA bridges� if DNA is
electrically conductive. If DNA is a kind of metallic conduc-
tor, the equivalent circuit can be simplified as a resistor in-
dependent of the ac frequency. The related Nyquist plot of an
ac impedance spectrum should illustrate a single spot repre-
senting the DNA resistor on the Zre axis. If DNA is a kind of
insulator, on the other hand, the ac impedance spectra of the
gap electrodes should simply exhibit a capacitive behavior.
Beyond the above two extreme cases, a semicircle spectrum
represents an equivalent parallel resistor-capacitor circuit.
The impedance of this RC circuit depends on the frequency
of the applied small ac signal. If the frequency is extremely
high, the data point may be located close to the origin point.
If the frequency is scanned to a very low value, the semi-
circle may show cutoff data points on the Zre axis as a
charge-transfer resistor Rct.

Figure 1 also illustrates the ac impedance spectrum and
related equivalent circuit of a typical electrochemical cell.
The semicircle section represents that the Faradaic process is
kinetically controlled, and the 45° straight line stands for the
reaction controlled by mass transport at low frequencies.

This spectrum can be developed into two extreme cases: only
a semicircle for fully kinetically controlled Faradaic process
and only a straight line for an electrochemical reaction to-
tally controlled by mass or ionic transport. In many different
electrochemical systems, ac impedance spectra may be more
complicated. This is because those spectra stand for some
complicated electrochemical processes, such as corrosion,
dissolution, phase change, multiple layers, and multistep
charge transfer. In the present work, however, the equivalent
circuits constituted from the gap electrodes and stretched
DNA are only simple RC circuits, since the DNA molecules
are simply stretched over the gap electrodes to measure their
electrical conductance. The Faradaic redox reaction and
other complicated electrochemical processes are difficult to
take place in the present design, as further discussed below.
In this way, other factors interfering measurements of the
DNA electrical conductance, i.e., ionic conduction arising
from DNA membranes, have been ruled out. The resultant ac
impedance spectra shown here fully support this idea. All of
the Nyquist plots illustrate only simple RC circuits. Here
another benefit can be seen for the ac impedance measure-
ments. Due to very small constant ac signals �10 mV here�
through the whole measurement processes, some potential
problems caused by the dc methods, such as polarization
under a large dc bias, can be avoid during the measurements
of DNA electrical conductance. The charge-transfer resis-
tances measured from different electrodes, as shown in Fig.
3�a�, are reversely proportional to the DNA amounts
stretched over the gap electrodes. In addition, the typical
Warburg impedance representing the ionic conduction does
not appear in all of the ac impedance spectra.

Therefore, the above results of ac measurements provide
an evidence for DNA electrical conductance. Unfortunately,
an attempt to build up a quantitative resistance measurement
of every single DNA molecule is still difficult under current
conditions due to limited resolution of the atomic force mi-
croscope and difficulty of counting the numbers of single
DNA molecules inside a bundle. However, the results illus-
trated in Fig. 3 still demonstrate a semiquantitative relation-
ship between the electrical conduction and the numbers of
the stretched DNA molecules over the gap electrodes. The
more stretched DNA molecules are observed over the elec-
trode gaps, the smaller charge-transfer resistances were mea-
sured with the ac impedance spectra.

Figure 4�a� shows the ac impedance spectra of calf thy-
mus DNA stretched over a gap electrode 1-10B before and
after DNase I was applied. The calf thymus DNA is very
susceptible to DNase I in an HEPES reaction buffer contain-
ing MgCl2. Before the enzyme was used, the spectrum is a
conductive semicircle with a charge-transfer resistance of
210 M �. After the DNase was applied to the chip at 37 °C
for 30 min, however, the spectrum becomes a straight line
along the imaginary impedance axis, suggesting a capacitive
behavior. The results suggest that the electrical conduction
over this gap electrode is fully contributed by the DNA mol-
ecules.

In electrode 1-7 of the other chip loaded with the double
stranded � DNA, there is only one large bundle of DNA
molecules that was observed to be stretching over the gap, as
shown in Fig. 4�c�. The size of this bundle was measured
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both on the left and right sides of the gap. Its average size is
found to be about 4 nm high in the center and 220 nm wide
on the bottom. The ac impedance spectrum of this gap elec-
trode gives rise to a conductive semicircle with a charge-
transfer resistance of about 500 K �, as shown in the inset
of Fig. 4�b�. If it is assumed that there are no other single �
DNA molecules stretched over the gap and this bundle of
DNA molecules contributes all of the electrical conduction,
the resistance of this bundle will be about 4�10−6 � cm2.
After the ac impedance spectrum was measured, the chip was
examined with AFM again. It is found that the size of the
DNA bundle is almost the same except for the bottom width
that slightly increases from 220 nm to about 250 nm �Fig.
4�d��. This chip was then incubated with DNase I solution at
37 °C for 1 h. After the treatment, it was washed with auto-
claved DI water and dried. This device was examined again
with AFM, as shown in Fig. 4�e�. The DNA bundle is still
there but its size becomes much smaller with about 2 nm of
height in the center and 150 nm of width on the bottom. The
ac impedance spectrum of this gap electrode was measured
again. The spectrum still shows a conductive semicircle with
a charge-transfer resistance of 202 M �, about 400 times
larger than the one measured before the enzyme application.
Probably because � DNA is less susceptible to DNase I than
calf thymus DNA or this DNA bundle is too large, the DNase
I cannot degrade all of the � DNA molecules inside this
bundle under the applied experimental condition. However, it
should remove all other stretched single DNA or small

bundles of DNA molecules that are too small to be detected
with AFM. As a result, it can be reasonably assumed that this
bundle of nondegraded DNA molecules contributes all of the
electrical conduction measured with the ac impedance spec-
troscopy. The resistance is about 5�10−4 � cm2 for this
DNA bundle that may contain about 70–80 molecules since
the diameter for a single DNA is about 2 nm that implies a
monolayer of DNA molecules.

This resistance value is about 100 times larger than the
one estimated before the enzyme application. In addition to
the error based on the estimation of the DNA numbers inside
the bundles with different sizes, this difference may be
mainly contributed to those uncounted single or small
bundles of DNA molecules stretched over the gap before the
enzyme application. From this point of view, the DNA resis-
tance estimated after the DNase I application should be
closer to its real value since the single and small bundle
DNA molecules have been degraded and washed away. Al-
though this DNA resistance value includes the contact resis-
tances between the DNA molecules and the sol-gel films on
the gold surfaces, these contact resistances may be negli-
gible. This is because the sol-gel films on the gold surfaces
are only about 1 nm thick and the tunnel current can readily
go through these films. Taking into account the average gap
width of 20 nm and the height difference of two electrodes,
one can roughly estimate 25–30 nm as an average distance
between two ohmic contact points of this DNA bundle over
the gap. Thus this randomly sequenced � DNA resistivity

FIG. 4. �Color online� The ac impedance spectra and the AFM images of double stranded DNA stretched over the gap electrodes before
and after enzyme DNase I application. �a� The ac impedance spectra of electrode 1-10B stretched with calf thymus DNA ��� with 240 M �
Rct at f =1.934 Hz, which was degraded by DNase ��� to result in 4.29–4.85 pF C at f =12–160 Hz. The AFM images are not shown here.
�b� The ac impedance spectra of electrode 1-7 �see Fig. 3�f�� stretched with double stranded � DNA before ��, 500 K � Rct at f
=3.633 Hz� and after ��, 202 M � Rct at f =113.2 mHz� DNase application. The inset represents the small circle area close to the origin
point of the spectra. The AFM images of this gap electrode stretched with the � DNA are shown in �c� before ac impedance measurement,
�d� after ac impedance measurement but before enzyme application, and �e� after DNase application.
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can be estimated to be about 2 � m under the present mea-
surement conditions, on the basis of the resistivity equation
�=RA / l, where � is the static resistivity of the specimen
with a cross-sectional area A and a length l, and R is the
measured electrical resistance. This value is much larger than
the resistivity of a metal conductor copper �1.7�10−7 � m
�Ref. 42�� but much smaller than that of an insulator glass
�1010–1014 � m �Ref. 42��. In fact, it is about 300 times
smaller than the silicon resistivity �6.4�102 � m �Ref. 42��.
The result suggests that this double stranded DNA is a kind
of semiconductor.

In the AFM image shown in Fig. 5�b�, the double stranded
� DNA molecules were concentrated inside the electrode
gaps in an ac electric field. Although the naturally coiled �
DNA molecules are long enough to form bridges over the
electrode gaps, they can be washed away from the gap elec-
trode surfaces due to insufficient contact points with the sur-
face intercalating groups, as discussed above. Under this ac
electric field, the negatively charged DNA molecules were
attracted onto the electrically charged electrode surfaces.
However, they could not sit on the electrode surfaces be-
cause polarity of the electrodes changed every 0.2 	s
�1 /5 000 000 s� under the applied 5 MHz frequency of the
ac electric field. Instead, they were trapped inside the gaps
between the electrode pairs. The light color along the elec-
trode gap, as shown in Fig. 5�b�, indicates the DNA concen-
trated inside the gap. Its three-dimensional �3D� view �not
shown here� reveals that these trapped DNA molecules are
uprising like a wall above the gap electrode surface.

Because the gaps are very narrow, the DNA molecules
�about 2 nm in diameter� could be significantly distorted due
to strong interactions between the charged gap surfaces and
the DNA molecules while they were filled into the gaps.
Around every distorted turning section, the �-orbital overlap
could be broken and the electrons could not be transported
through it if the DNA is a one-dimensional conductor where
electron transport proceeds through the pathway of the
stacked base pairs, similar to the previously reported over-
stretching or mismatching situations.13,16,43 Some of our ex-
periments �not shown here� conducted with single-stranded
DNA do not show any conductive behavior since it lacks of
�-orbital overlap arising from the stacked base pairs.

The DNA intermolecular charge transfer may be very dif-
ficult since the electrons have to jump through the DNA out
shield consisted of its highly electrically charged phosphate-
sugar backbones and water. In fact, for this gap electrode
shown in Fig. 5�a�, the ac impedance spectrum does not
show a conductive semicircle but a capacitive behavior with
a capacitance of about 90–95 pF, about double to what was
measured from a blank gap electrode. This value is not un-
expected since the DNA molecules have replaced the air as a
dielectric material between the gaps and the dielectric con-
stants of the organic polymer molecules are usually larger
than air whose dielectric constant equals one. The other na-
nogap electrode pairs on the same microchip show the DNA
accumulated inside the gaps and the capacitive behavior as
well.

The resistivity of DNA may depend on some factors such
as its sequences and structural forms. For example, the outer
surface of a double helix DNA is composed of negatively
charged phosphate groups, counter cations, and some inti-
mately involved water that is estimated with the Branauer-
Emmett-Teller �BET� equation44 to be at least 2.5–3 mol-
ecules per nucleotide, although it is not a component in the
DNA structure. They may constitute a pathway for ionic
charge transfer through a DNA backbone if sufficient water
is trapped under some certain humidity. In the case of a DNA
molecule immobilized along the direction of a dc electric
field, the counter cations of this DNA may move along this
direction to generate the ionic current. This pathway of ionic
charge transfer exists in both double stranded and single-
stranded DNA molecules. The result of the ionic movement
under a dc electric field makes a DNA molecule similar to a
bipole. Different from their counter cations, the negatively
charged phosphate groups cannot move along the applied
electric field for an immobilized DNA molecule. Therefore,
the ionic transport is not free in an immobilized DNA mol-
ecule because flow of the counter cations toward a cathode
leaving the fixed negatively charged phosphate groups be-
hind results in a reverse electrostatic field until the charge
gradient which builds up is sufficient to prevent further flow.
This built-up electrostatic field becomes stronger with an in-
crease in the applied electric-field strength. Thus the applied
electric field should be strong enough to overcome this
built-up electrostatic field and generate significant ionic cur-
rent through the DNA backbones. The ionic current arising
from the movement of the counter cations in a DNA mol-
ecule will significantly increase under a humid atmosphere
because a highly hydrophilic DNA backbone tends to attract
more water which increases mobility of the counter cations.
Moreover, the ionic current may be affected with some spe-
cial sample treatment such as change in the counter cation
species and dehydration of the DNA molecules.

One could understand now why some previous works re-
ported that the electrical conductance of DNA was affected
with humidity regardless of single or double stranded DNA
since those measured signals might reflect only the ionic
transport. In addition to the influences arising from ionic
transport, Armitage et al.30 reported the ac conductivity mea-
surements of single and double stranded DNAs using back-
ward wave oscillators in the millimeter spectral range. In
their experiments, the DNA samples were prepared by drying

FIG. 5. �Color online� The ac impedance spectrum �a� with
90–95 pF C measured at 60 mHz–2 Hz and the AFM image �b� of
electrode 1-7 with nonstretched double stranded � DNA molecules
filled in the gap, as illustrated with the light color along the gap.
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double or single-stranded DNA with highly salted solutions
to form 20–30 	m thick films and measuring their ac con-
ductivities at frequencies of 100 GHz–1 THz under different
humidity. On the basis of the present results and discussion,
the electron transport through a double stranded DNA should
follow a one-dimensional pathway. However, the double
stranded DNA molecules in their films were naturally coiled
and randomly distributed. They could not be expected to give
rise to any electrically conductive signals under this circum-
stance. Due to extremely high ac frequencies, the ionic con-
duction is also negligible. Therefore, these measurements
may only reveal the dipole relaxation behavior of water
trapped inside the films in the microwave spectral range.
According to the diagram of adsorption of water molecules
per nucleotide as a function of humidity in this literature, the
double and single-stranded DNA molecules were identical.
This can explain why their ac conductivity is identical under
that measurement condition. The data about the ac conduc-
tivity of the double stranded DNA molecules under 0% and
84% of relative humidity upon various frequencies suggested
that at a high humidity, the ac conductivity of the DNA mol-
ecules was close to that of water, which is an electrical insu-
lator under a normal condition. Under a high relative humid-
ity, both number and freedom of the water molecules trapped
inside the DNA films were increased so that the ac conduc-
tivity of DNA was close to that of water.

As discussed above, there are no sufficient evidences to
deny electrical conductivity of DNA. It is because a double
stranded DNA possesses a base stack as its pathway for elec-
tron transport which should be independent of humidity. This
pathway of electron transport exists only in double stranded
DNA since a single-stranded DNA molecule does not have
complemented base pairs and the electron transport cannot
be conducted through its sugar-phosphate backbone that does
not have conjugated double bond stacks.

Since electrons are transported through the interior base
pair stacks, the electrical conductivity of a double stranded
DNA may depend on the sequences of these base pairs. It
was recognized that a C-G rich DNA was more conductive
than an A-T rich DNA �Ref. 25� because a C�G pair pos-
sesses three double bonds but an A=T pair has only two. In
the present work, the randomly sequenced � DNA is used in
order to measure DNA “in general.”

In addition to the sequence difference, the double stranded
DNA can occur in different structural forms such as A, B, or
Z forms.45 In general, the Watson-Crick structure is referred
to as “right-handed” B form DNA that is the most stable
structure for a random-sequence DNA molecule. The A form
is favored in some solutions that are relatively devoid of
water and result in dehydration of DNA, such as aqueous
solutions with higher salt concentrations or with alcohol
added. The Z form possesses a left-handed helical rotation
and a zig-zag backbone, but it usually arises from those
DNA molecules with alternating G-C sequence in alcohol or
high salt solutions.43 Therefore, the DNA used in the present
work should be in the standard B form. The possible effect of
the different forms on the electrical conductivity of DNA
may be their different distances between the neighboring
base pairs. The B form DNA has a rise of 0.34 nm per base
pair in comparison to 0.23 nm for the A form and 0.38 nm

for the Z form of DNA. It seems that the A form may be
more conductive since its neighboring base pairs are the
most closest, which gives rise to more overlay of the
�-electron clouds. In a standard B form of DNA, the 0.34 nm
distance between neighboring base pairs implies that overlay
of their �-electron clouds could be very limited since the
size of a standard �-bond electron cloud should not be larger
than a few angstroms. This may be the reason why a single
mismatch in a DNA base pair or overstretching DNA could
change the double stranded DNA to be insulators.13,16 In ad-
dition, the DNA sequences could be designed to twist and
bend a double helical DNA molecule,43 which may result in
discontinuousness at some locations to stop the electron flow
along the base pair stacking of a DNA molecule.

In summary, a double helical DNA molecule may possess
both the ionic charge-transfer pathway through its exterior
phosphate-sugar backbone and the electron-transport path-
way through its interior base pair stacks. In order to measure
its electrical conductance accurately, one should “freeze” the
ionic conductance. The dc measurement of the DNA I-V
characteristics cannot separate the electrical conductance
from its ionic one because the ramp of potentials from low to
high values will continuously drive the counter cations to the
cathode. However, the ac impedance measurement may solve
this problem. As described in Sec. I, the ionic mobility
should be frozen at a high frequency. Moreover, the ionic
transport is not significant even at a low frequency due to
very weak applied electric field �5 or 10 mV constant ac
signal� that may not be strong enough to overcome the elec-
trostatic field built between the moved counter cations and
the fixed negatively charged phosphate-sugar backbone of a
DNA molecule. Therefore, it may rule out influence of the
ionic transport and reveal real information about the electri-
cal conductivity of a double helical DNA.

IV. CONCLUSIONS

The ac impedance spectroscopy provides further evi-
dences for the electrical conductivity of double stranded
DNA in the present work. The AFM images of DNA build up
a proportional relationship of DNA electrical conductivity
and the number of the DNA molecules stretched over the gap
electrodes. The enzyme DNase I was used to degrade the
DNA molecules stretched across the electrode gaps, which
results in a significant increase in the charge-transfer resis-
tances. This demonstrates that the electrical conduction mea-
sured with the ac impedance spectroscopy is contributed
from the DNA molecules. These impedance spectra do not
demonstrate any feature of ionic conduction. The spectra do
not support DNA as metallically conductive molecules,
which should give a constant resistance on the real resistant
axis of an impedance spectrum. Instead, they suggest the
double stranded DNA to be a semiconductor. Different from
some semiconductors, such as silicon, the DNA conductivity
should follow the mechanism of one-dimensional electron
transport through the � stack of double stranded DNA base
pairs.
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