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ABSTRACT 
 

Dielectrophoresis can potentially be used as an efficient trapping tool in the fabrication of molecular devices. For 
nanoscale objects, however, the Brownian motion poses a challenge. We show that the use of carbon nanotube 
electrodes makes it possible to apply relatively low trapping voltages and still achieve high enough field gradients for 
trapping nanoscale objects, e.g., single molecules. We compare the efficiency and other characteristics of 
dielectrophoresis between carbon nanotube electrodes and lithographically fabricated metallic electrodes, in the 
case of trapping nanoscale DNA molecules. The results are analyzed using finite element method simulations and 
reveal information about the frequency dependent polarizability of DNA.  

Controlled assembly of nanoscale objects is a 
prerequisite for the realization of molecular devices. Self-
assembly, nanolithographic methods, and manipulation 
with electromagnetic fields are the promising candidates to 
achieve this goal, and it is likely that they will be used 
together, in a complementary way, in the assembly process. 
Dielectrophoresis (DEP),1 the movement of polarizable 
particle induced by a nonhomogenous electric field, is an 
electronic analogue of optical tweezers.2 DEP has already 
been demonstrated to be useful in many different fields,3,4 
e.g., for separation of metallic carbon nanotubes from 
semiconducting ones.5 Due to its nondestructive nature, 
DEP has been widely used as an active manipulation 
method, especially for trapping biological micrometer-scale 
objects such as cells,6,7 bacterial species,8 and various size 
DNA,9 and also in nanoscale for individual proteins.10 In 
this Letter, we present the first demonstration of DEP of 
nanoscale molecules (short DNA) using a carbon nanotube 
(CNT) as an electrode. We quantitatively verify the 
superior performance of CNT electrodes compared to 
lithographically fabricated nanoelectrodes and analyze the 
data by finite-element method simulations, obtaining 
information about the polarizability of DNA. 

The dielectrophoretic force, F DEP = α∇(E 2 ), is 
determined by the magnitude of electric field gradient 
andparticle polarizability α. For nanoscale objects, the 
increase in Brownian motion requires higher field gradients 
to realize the trapping. An obvious way to achieve higher 
gradients would be to increase the voltage. However, to 
avoid unfavorable electrochemical effects and to minimize 

disturbing convectional flows, caused by the electro-
hydrodynamic effects and medium heating,11 trapping 
voltages should be kept sufficiently low. The other option 
to achieve high gradients is to make electrodes smaller. 
This method has so far been successfully applied to trap, 
e.g., single DNA molecules of the length scale of ~100 
nm.12-14 Nowadays, lithographically fabricated electrodes 
have a minimum line width of tens of nanometers. These 
structures do not offer large enough electric field gradients 
to overcome Brownian motion of less than ~10 nm sized 
objects, when sufficiently low voltages are used. Since a 
single-walled carbon nanotube (SWCNT) is only about 1 
nm in diameter, and a few nanometers in the case of 
multiwalled carbon nanotubes (MWCNTs), they can be 
used as electrodes to form very high electric field gradients, 
as suggested by Burke.3 In pioneering experiments toward 
this, CNTs which were either bridging the metal electrodes 
or having at least a few micrometer gap to the other 
electrode, were used for DEP of polystyrene and gold 
nanoparticles.15  The nanoparticles were observed to 
immobilize along the whole nanotube, since the electric 
field gradient is large everywhere near the nanotube. Using 
present fabrication methods, e.g., focused ion-beam cutting 
and/or tens of nanometers accurate alignment off the e-
beam lithography pattern (in our case), one can obtain a 
nanoscale gap also in the case of carbon nanotube 
electrodes.16 In this Letter, we demonstrate for the first time 
the trapping of DNA molecules, of ~50 and ~360 nm in 
contour length, to the end of a carbon nanotube which has 
100 nm scale separation from a metal electrode. 
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Figure 1. A schematic view of the experimental setup used in the 
DEP experiments under the confocal microscope. The solution 
containing DNA is in the moisture chamber between the silicon 
substrate and the cover slip. The structure with carbon nanotube as 
one electrode is presented in the close-up image. Repeated 
confocal microscope images are captured to obtain time-resolved 
information about the DEP process (the “DEP movie”). 
 
Quantitative analysis of the trapping process is done using 
in situ confocal fluorescence microscopy. Our analysis 
reveals information about DNA polarizability as a function 
of frequency which is essential, e.g., for applications 
utilizing DEP based trapping and manipulation of DNA. 
The remarkable self-assembly properties of DNA, for 
instance the recent development of “DNA origami”,17 
makes it a potential tool for self-assembly of molecular 
electronics circuits. 

To obtain the nanotube electrode structure (see Figure 1), 
a mixture of MWCNTs18 in powder form was dissolved in 
1,2-dichloroethane by diluting and sonicating several times. 
The mixture was spun on the substrate (300 μm thick 
silicon wafer with 700 nm Si3N4 on both sides). After 
spinning, samples were imaged with atomic force 
microscopy (AFM) and scanning electron microscopy 
(SEM). The substrate had a prefabricated metallic mark 
grid which was used for the stage alignment in SEM when 
making contacts to the nanotubes. The contacts were made 
using standard e-beam lithography and evaporation of metal 
(2–5 nm Ti followed by 15 nm Au) in an ultrahigh vacuum 
(UHV) chamber. Some of the contacted nanotubes were too 
weakly conducting (semiconducting) for DEP experiments. 
To compare the efficiency of the trapping process, we used 
also finger-tip type metal electrodes (the schematic 
structure can be seen in Figure 2d) fabricated using e-beam 
lithography and UHV evaporation (2–5 nm Ti and 15 nm 
Au).   

Double-stranded DNA (dsDNA) fragments (145 bp and 
1065 bp) were fabricated by polymerase chain reaction  
(PCR) using appropriate primers and by digestion of 

 
Figure 2. Contour plot of the gradient of the field square, 
∇(Erms

2), in the plane 2 nm above the substrate surface, i.e., 0.2 
nm above the CNT in (a–c). The DEP force has the maximum 
value in the very end of the CNT in (a–c). In (a), and the close-up 
(b), the gap size is 1 μm and in (c) and (d) the gap size is 100 nm. 
The dc voltage between the electrodes is 1.6 Vrms. The scale bars 
are 200 nm in (a) and 50 nm in (b–d). 
 
pBVboostFG19 plasmids with restriction enzymes BglI & 
SpeI (Promega), respectively, following purification with 
agarose gel electrophoresis and ion exchange 
chromatography. Prior to use, DNA fragments were diluted 
into buffer containing 3 mM Hepes and 1 mM NaOH (pH 
6.9). The buffer conductivity was measured to be 20 μS/cm: 
low enough to ensure good performance of DEP.20 The 
DNA was labeled with dsDNA specific fluorescent label 
PicoGreen (Molecular Probes). PicoGreen stock solution 
was first diluted 1:100 into 3 mM Hepes and 1 mM NaOH 
buffer and then mixed 1:1 with the DNA solution to get the 
final solution. The final DNA concentrations were 58 nM 
(145 bp) and 8 nM (1065 bp), chosen so that the 
concentration of the nucleotides remains the same. The 
final concentration of PicoGreen was 1.6 μM yielding a dye 
to base pair ratio of 1:5.21
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Dielectrophoresis experiments under the confocal 
microscope (Zeiss Axiovert LSM510, Zeiss “Fluar” 40x/1.3 
Oil objective) were performed by (fluorescent) imaging of 
10×10 μm2 square area around the gap (constriction 
between the electrodes), during the trapping of molecules 
using an ac signal applied to the electrodes. Image data 
were collected simultaneously from two channels: the 
fluorescence channel, which corresponds to the amount of 
DNA, and the reflection channel, which shows the location 
of the electrodes. Time-resolved data, i.e., dielectrophoresis 
movies were obtained by capturing two 128 × 128 pixel 
frames per second. For imaging, an argon laser (488 nm) 
with power of 0.45 mW was used, and also tested in 
advance so as not to induce bleaching of the PicoGreen dye. 
In the beginning of a DEP movie, the voltage is kept off for 
10 s after which the sinusoidal as signal is turned on (to a 
certain starting voltage value). The voltage was raised 0.2 
Vp–p (0.07 Vrms) after each 20 s period until the final voltage 



value was reached. The voltage was then turned off but the 
data collection was continued for 20 seconds to observe 
how DNA diffuses away from the gap.  

For the analysis, the collected amount of DNA in the gap 
was obtained from the fluorescence movie by determining 
the mean fluorescence intensity inside the circle shaped 
(diameter of 1.6 μm) area in the gap between finger-tip 
electrodes (or at the end of CNT) subtracted by the mean 
intensity of the background fluorescence (measured from 
the circle shaped area on substrate surface a few μm 
distance from the gap). To maximize the detector 
sensitivity, the detector gain and amplification offset were 
fine-tuned according to the fluorescence background of 
each sample. This was needed to be able to distinguish from 
the background small changes in fluorescence due to DNA. 
However, this makes (for technical reasons) the absolute 
fluorescence values not exactly comparable to each other. 
Therefore, the obtained fluorescence curves were 
normalized by setting the maximum fluorescence intensity 
observed for each sample to unity. Note that even when the 
absolute intensities are not directly available, we obtain a 
lot of consistent information about the frequency and 
voltage dependence of the trapping process. Especially, the 
measurement is optimized for obtaining accurate 
information about the minimum voltage Vmin for which the 
trapping begins, which is the important quantity on which 
our main conclusions are based. 

The data analysis was accompanied by finite element 
method simulations by Comsol Multiphysics software, 
which was used to simulate the electric field (using dc 
voltage) in three dimensions for two nanoelectrode 
configurations: (1) two finger-tip type electrodes and (2) a 
finger-tip type and a CNT electrode (see Figure 1). For the 
1 μm buffer layer, we used the permittivity of water, εm = 
80, which is a good approximation for our dilute Hepes 
buffer. Under the electrodes, there was a 700 nm layer of 
Si3N4 (εr = 6.0) and 300 nm layer of silicon (εr = 11.7). The 
values for relative permittivities were chosen to correspond 
to the situation of using a 1 MHz electric field. The gradient 
of the electric field square ∇(E2), from which one can get 
the DEP force FDEP = α∇(E2) (E is the root mean square 
value of the electric field assuming a sinusoidal time 
dependence1) by multiplying with the effective 
polarizability of the molecule α, is plotted in Figure 2.  

In the following, we will demonstrate that carbon 
nanotubes indeed function efficiently as electrodes for 
DEP. It is shown by simulations and experiments that the 
trapping efficiency in case of carbon nanotube electrodes 
considerably exceeds that of the 100 nm size metal 
electrodes. By combining the information from the 
experiments and the simulations, we also obtain the values 
for frequency dependence of DNA polarisability. 

The CNT electrode sample shown in Figure 3 was used 
to trap 1065 bp DNA. DNA is collected to the end of the 
nanotube, where the DEP force is at its maximum (see 
Figure 2), and not to the end of the metal electrode or in the 
middle of the gap. In the metal electrode sample, the gap 
size was ~100 nm, whereas in the case of the CNT  

 
Figure 3. DEP of 1065 bp dsDNA using CNT as one electrode: 
(a) SEM and (c) AFM images of the multiwalled CNT electrode 
sample before confocal experiment. (b) and (d) show the trapped 
DNA spot when a certain frequency and voltage were used.  
 
electrode sample it was ~400 nm (see the AFM image in 
Figure 3c). However, in the fluorescence images (parts b 
and d of Figure 3), the fluorescence spot is not located 
exactly at the end of the nanotube as it appears in the AFM 
image, but rather about 1 μm from the metal electrode. 
From the AFM image, one can see that the MWCNT gets 
narrower and clumpy near to its end and the conformation 
appears deformed. The “real end” of the MWCNT is 
thereby at ~1 μm distance from the metal electrode. This 
means that the DEP can also be used for characterization of 
CNT and other ultrathin nanowires. 

When using 145 bp DNA, the expected behavior, i.e., 
DNA collected to the CNT, was observed in two different 
CNT electrode samples, shown in Figure 4. In contrast to 
the sample used in the case of 1065 bp DNA, which clearly 
collected DNA on the whole frequency range, i.e., from 0.1 
to 10 MHz, in the samples used for 145 bp DNA the 
collecting to the CNT was not clearly seen in the whole 
frequency range but was most efficient at 5 MHz 
frequency. This is because the metal electrodes of the 
samples (Figure 4) are quite close to the CNT end and 
collect, for lower frequencies, some DNA to the metal 
electrode edges (due to the high field gradients on the rough 
edges) which decreases fluorescence contrast. 

For quantitative analysis, the fluorescence as a function 
of the DEP voltage and frequency was studied. The 
fluorescence intensity of captured DNA as a function of the 
average electric field strength in the cases of CNT and 
metal electrode is shown in Figure 5. One can see that 
higher electric fields are needed for trapping DNA in the 
case of the metal fingertip electrode, which is consistent 
with the simulation results in Figure 2 where the DEP force 
is much larger near the CNT end than near the fingertip 
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Figure 4. DEP of 145 bp dsDNA using CNT as an electrode. (a) 
and (b) are SEM images of the CNT electrode samples and (c) and 
(d) are corresponding fluorescence images taken during the DEP, 
using the shown frequency and voltage. The gap sizes are in (a) 
~115 nm and in (b) ~350 nm. 
 
electrode – even in the case of the 1 μm gap (Figure 2b). 
CNT works as an effective DEP trap, even if the CNT end 
is far from the other electrode. The higher efficiency of the 
trapping in the case of CNT electrode makes it also more 
sensitive to the frequency used in the DEP process, which 
allows us to obtain the frequency dependency of the DNA 
polarizability. By the trapping efficiency, we mean the 
following: how low field strengths are sufficient for 
trapping? Especially, we use the minimum voltage Vmin, and 
the corresponding field strength, for which the trapping 
begins for determining this. That is, the lower the Vmin/the 
field strength, the higher the trapping efficiency. 

The DEP potential energy for polarizable, uncharged 
molecule in applied electric field )(rE  is 2

2
1

DEP )( E,ωrU α−= , 
where the effective polarizability α depends on the 
frequency ω of the applied signal and on the size of the 
molecule. On the other hand, Brownian motion is 
associated with the thermal energy TkU B2

3
Th = . The use of 

an ac field averages the electrophoretic forces acting on 
DNA to zero and we obtain for the total potential energy 
Utot = UDEP + UTh, which has a minimum at the point of 
highest electric field. By determining experimentally the 
minimum electric field needed to trap a certain size 
molecule, one can calculate its polarisability α.  

To calculate polarizability of 1065 bp DNA from the 
experimental data, shown in Figure 5a, we first determined 
the minimum voltage Vmin needed to collect the smallest 
observable amount of DNA to the DEP trap. This was done 
by fitting the fluorescence intensity to the function I = I0 + 
A(Vb+Vmin

b)2/b which produces V2 dependence after the 
voltage Vmin has been reached (dotted lines in Fig. 5a). The 
V2 dependency is physically motivated by the DEP force,  

 
Figure 5. Comparison of the trapping efficiency of CNT electrode 
vs finger-tip electrodes. The curves show the fluorescence (a) in 
the end of CNT (with electrode separation d = 1 μm) and (b) in the 
gap (in the case of finger-tip metal electrodes separation d = 100 
nm) as a function of the electric field (an average electric field 
strength between the electrodes, E = V/d). Dotted lines in (a) are 
fits to the data using the function I = I0 + A(Vb + Vmin

b)2/b (see text). 
By comparing the field strength needed to trap DNA in these 
cases, one can clearly see that CNT electrode shows better 
performance than lithographically fabricated nanoelectrodes.  
 
FDEP = 2αE∇E, and has also been observed experimentally 
in ref. 22. The parameter b determines the rate of the 
asymptotic change from constant value (~0) to V2 
dependency (the best fit was found using b = 40). Next, we 
performed simulations using the obtained voltage Vmin, to 
find out the electric field strength Emin on the edge of the 
observed fluorescence spot, i.e., on the edge of the DEP 
trap. For all frequencies, the radius for the observable 
fluorescence spot in confocal microscope image was r = 
(0.5 ± 0.1) μm. Thus, Emin was read from the simulation at 
the distance r from the CNT end, perpendicular to it, in the 
plane parallel to the substrate, 0.2 nm above the CNT. Now, 
setting the total potential to zero (Utot = 0) on the edge of 
the fluorescence spot, we obtain the polarizability as α = 
3kBT/EB min

2. Normalized polarizability (polarizability 
divided by the molecule length in base pairs) as a function 
of frequency is shown in Figure 6 together with values from 
the literature for various size DNA molecules.   20,23,24

We observed that the polarizability of DNA decreases 
with the increase of frequency (see Figure 6), which has 
also been shown earlier, e.g., for 12 kbp plasmid DNA.23 In  
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Figure 6. Polarizability of 1065 bp DNA calculated from the 
fluorescence data captured during DEP using CNT electrode 
sample shown in Figure 3. The error bars originate from the 
uncertainty of the observed fluorescence spot radius (0.5 ± 
0.1 μm). Other values are taken from refs a20, b23, and c24. 
 
addition, the polarizability of calf thymus DNA24 
corresponds well to our observed 10 MHz value even when 
the DNA they used was much longer. However, the value 
(α = 10–32 F m2) obtained for 2.7 kbp plasmid DNA20 using 
fluorescence anisotropy measurements is about 1 
magnitude smaller than the others. The similarity of the 
polarizability results in the case of different size DNAs can 
be understood by Manning’s model,25 where the 
counterions move freely along the macromolecular “DNA 
subunit” length. Since each subunit gives a contribution to 
the polarizability of the whole molecule, total polarizability 
divided by the DNA size should remain constant. However, 
the length of the subunit depends, e.g., on the DNA 
concentration.26 Differences between experiments may also 
be caused by differences in buffer, e.g., viscosity,13 or DNA 
length and shape: plasmid has circular conformation and 
also globular shape secondary structure, which limits its 
unwinding and stretching during DEP20 and thus lowers the 
final polarizability compared to DNA fragments.  

In summary, we have shown that the use of CNT as an 
electrode for dielectrophoretic trapping of nanometer scale 
DNA molecules gives significantly better performance 
compared to lithographically fabricated 100 nm wide 
fingertip type nanoelectrodes, even when the gap is larger 
in the case of the CNT sample. The polarizability of 1065 
bp DNA was calculated using the data obtained from in situ 
confocal microscope studies of DNA dielectrophoresis. 
Comparison of the polarizability values and their frequency 
dependence to values obtained from the literature indicates 
simple scalabili ty in the size-dependence of the 
polarizability. Further studies are needed concerning the 
frequency and the size dependence of DNA DEP efficiency 
to find out whether it could be used even to separate 
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molecules by their size, and therefore be used for molecular 
electronics device fabrication in a more sophisticated 
manner. 
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