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An encapsulation of biomolecules such as DNA and ionic liquids into single-walled carbon 
nanotubes (SWNTs) is demonstrated using an ion irradiation method in electrolyte plasmas. 
The DNA negative ion irradiation can be controlled by varying electric fields and irradiation 
time. Based on the Raman spectroscopy analysis, DNA is confirmed to be inserted into 
SWNTs. Furthermore, the positive and negative ions of the ionic liquids are also encapsulated 
into SWNTs and modify the electronic state ofSWNTs depending on the polarity of the ions. 
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I. INTRODUCTION 

Single-walled carbon nanotubes (SWNTs) [1] are one 

of the most interesting and promising materials because 

they can widely be applied for mechanical, electronic, 

optical, and medical fields. In particular, electronic ap

plications such as nano electronic devices and chemi

cal/bio sensors have great potentials to be realized in the 

near future. Although SWNT-based field effect transis

tors show marvelous electron transport properties, they 

only show a p-type characteristic [2]. Therefore investi

gations related to the electronic modification of SWNTs 

have been desired. 

In this sense, a biological molecule such as DNA is 

one of the candidates for the electronic modification, 

because DNA is well known to consist of four kinds of 

base, each of which has a different electronic property 

[3], and the base sequence has come to be easily con

trolled recently. Therefore, the control of electronic 
properties of SWNTs can be performed by encapsulating 

DNA, the base sequence of which is properly selected. 

Since DNA is a typical polyelectrolyte due to its phos

phoric acid part which has negative charge in solution, 

we can regard a DNA solution as an electrolyte plasma 

[4]. The behavior of the ions in the electrolyte plasmas is 

basically understood by Debye and Huckel's theory [5], 

the scheme of which is almost the same as that in the gas 

phase plasmas. 

On the other hand, ionic liquids [6,7] have recently at

tracted much interest because of their unique properties, 

such as existence of only positive and negative ions, 

nonvolatile, and so on. Since the ionic liquids have high 

polarity, the encapsulation of the ionic liquids is also 

expected to modify the electronic characteristics of 

SWNTs. 

In this paper, it is demonstrated that the formation of 
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new functional SWNTs encapsulating the biomolecule 

such as DNA and the ionic liquids by nano processing in 

the electrolyte plasma using the principle of electropho

resis and dielectrophoresis [8,9]. 

2. EXPERIMENTAL APPARATUS 

In this experiment, "the plasma ion irradiation 

method" [10] which is conventionally used in gas plas

mas is applied to the electrolyte plasmas in order to en

capsulate biomolecules into SWNTs because the behav

ior of the ions in the electrolyte plasmas is expected to 

be the same as that in the gas plasmas. The schematic of 

an experimental apparatus for DNA irradiation is shown 

in Fig. 1. A direct-current (DC) electric field is applied 

to the DNA electrolyte plasma (DNA solution) by ap

plying the DC bias voltage CVoc = 0-20 V) to micro gap 

electrodes (d=1 mm) in order that the DNA negative 
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Fig. 1 Schematic of an experimental apparatus for the 

formation of DNA encapsulated single-walled carbon 

nanotubes. 
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ions are moved to the anode electrode coated with 
SWNTs in the same way as electrophoresis, where 
SWNTs are treated by heat for opening its tips in ad
vance [ 11]. On the other hand, a radio-frequency (RF) 
electric field in the electrolyte plasma, which is gener
ated by the applied RF voltage (VRF = 0-150 V), plays a 
role in stretching random-coil-shaped DNA molecules 
due to the interaction between induced dipoles in the 
DNA molecules and the external RF electric field (di
electrophoresis) [12]. 

In this experiment, several kinds of single-stranded 
DNA which have different bases and length are used. 
The bases of adenine, thymine, guanine, and cytosine 
are represented by A, T, G, and C, respectively. In addi
tion, the number of the bases is denoted by subscript, for 
example, the DNA molecule which consists of fifteen 
adenines is represented by A15 . 

3. EXPERIMENTAL RESULTS 
3 .1 DNA irradiation 

The DNA negative ion irradiation with the DC electric 
field is investigated using UV absorption spectra of the 
DNA solution, where we can find a specific absorption 
peak around 260 nm originating from the DNA mole
cules. In this experiment, only DC electric field is ap
plied. With an increase in irradiation time (t), the ab
sorbance is found to decrease. This phenomenon is one 
of the evidence of the ion irradiation. The concentration 
of the solution (c) is obtained using the normalization 
that the value of unity in absorbance corresponds to 
about c = 35 J..Lg/ml. The time evolution of the concen
tration of the DNA solution with V0 c as a parameter is 
plotted in Fig. 2. It is found the concentration decreases 
with the irradiation time and an increase in V0 c. The 
results indicate that the DNA irradiation can be con
trolled by changing the strength of DC electric field and 
irradiation time. In the case of Voc = 10 V, almost all of 
the DNA molecules appear to be irradiated to the anode 
after 1 0 min. Based on these results, the irradiation of 
DNA to SWNTs is performed within 10 minutes for Voc 

= 1 0 V. The RF electric field does not affect the motion 
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Fig. 2 Time evolution of the concentration of DNA 
solution with V0 c as a parameter. 
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Fig. 3 Raman spectra of SWNTs in the RBM region 
after DNA irradiation with the number of bases as a 
parameter. The excitation wavelength of the laser is 
488 nm. V0 c = 10 V and VRF = 0 V. 

of the DNA molecules but the conformation can be 
changed under our condition. After applying the electric 
fields, SWNTs are analyzed by Raman scattering spec

troscopy. 
Figure 3 presents Raman spectra of SWNTs in the re

gion of radial breathing mode (RBM). Since RBM mode 
is the stretching mode of SWNTs in the radial direction, 
this mode is considered to be sensitive to the encapsula
tion of other materials in SWNTs. The spectrum shape is 
found to change in any case after the DNA negative ion 
irradiation compared with that of pristine SWNTs, which 
is especially reflected in the drastic decrease of the peak 
intensity at 164 cm-1

• The changes of the peak intensity 
in the range of RBM are considered to be the one of the 
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Fig. 4 The ratio of the peak intensity at 164 cm-1 to that 
at 178 cm-1 in Raman spectra as a function of the num
ber of bases, which is obtained from Fig. 3. A smaller 
value of the peak intensity ratio denotes a higher yield 
of the DNA encapsulation. 
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phenomena associated with interaction between encap

sulated DNA and SWNTs. Although the effect of inter

action may be very small, the signal of RBM is consid

ered to be very sensitive to the condition of the SWNT 

inner region. As a result, even a slight effect of interac

tion has the possibility for changing RBM spectra, giv

ing indirect evidence of the encapsulation of other mate

rials inside SWNTs. In the case of A5 used, the reduction 

of the peak intensity at 164 cm -I is most significant 

compared with the other longer DNA molecules used, 

which means that shorter DNA is more easily encapsu

lated. 

The intensity ratio of characteristic two peaks at 164 

cm-1 and 178 cm-1 in Fig. 3 is plotted as a function of 

the number of bases, as shown in Fig. 4. The ratio of the 

two peaks 100164/100178 decreases with a decrease in the 

number of bases. As mentioned above, the encapsulation 

efficiency is considered to be enhanced when the num

ber of bases is decreased because the conformation of 

DNA is not stretched but random-coiled under the pre

sent condition without VRF. Therefore, the ratio indicates 

the yield of the encapsulation of the DNA molecules in 

SWNTs and a smaller value of lw1 64/l00178 corresponds to 

a higher encapsulation yield. Accordingly, when only the 

DC electric filed is applied in order to encapsulate the 

DNA molecules, long-length DNA molecules are diffi

cult to be encapsulated into SWNTs spontaneously. 

Effects of the sheath electric fields in front of the elec

trodes are investigated by changing the concentration of 

the DNA solution because the Debye length, i.e., the 

characteristic length of the sheath electric fields can be 

controlled by the concentration which corresponds to the 

ion density in the electrolyte plasma. Raman spectra of 

the SWNTs after DNA ion irradiation are measured as a 

function of the concentration of the DNA solution. The 

spectrum shape is found to gradually change with an 

increase in the concentration, which is reflected in the 
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Fig. 5 The ratio of peak intensity at 164 cm-1 to 

that at 178 cm-1 in Raman spectra of the SWNTs as 

a function of the concentration of the DNA solu

tion. As. Vnc= 10V, VRF=OV. 
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Fig. 6 Raman spectra of SWNTs after DNA irradia

tion with the base sequence as a parameter. The exci

tation wavelength of the laser is 488 nm. V ne = 10 V 

and VRF = 150 V. 

decrease in the ratio of peak intensity at 164 cm-1 to that 

at 178 cm-1 as presented in Fig. 5. In the case of high 

concentration, the number of DNA which is irradiated to 

SWNTs increases, and furthermore, the sheath electric 

field is expected to become large due to the shortened 

Debye length. As a result, DNA is more easily encapsu

lated. Therefore, the change of the Raman spectra is 

considered to be enhanced by the interaction between 

the encapsulated DNA and the SWNTs. 

In order to investigate effects of a base sequence on 

the encapsulation, another base such as cytosine and 

guanine included in DNA is used for the same proce

dures as shown in Fig. 6, where Vnc=lO V and VRF=150 
V. In this situation, the Raman spectrum of AG30 is dras

tically changed compared with that of C30. Figure 7 

shows redox potentials (reduction and oxidation poten

tials) of the four kinds of bases, where guanine and cy

tosine have the lowest and highest oxidation potentials, 
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Fig. 7 Redox potentials of the four kinds of bases. 

Guanine and cytosine have the lowest and highest 

oxidation potentials, respectively. 
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respectively. Therefore, the change in the Raman spec
trum of AG30 encapsulated SWNTs is caused by the 
lowest oxidation potential (electron-donor-like property) 
of guanine, while the highest oxidation potential of cy
tosine gives a small effect to SWNTs. This means that 
the electronic modification of the SWNTs can be con
trolled by changing the base sequence of encapsulated 
DNA. 

3.2 Ionic liquid irradiation 
Since DNA is dissolved in water in this experiment, 

the SWNTs contains not only DNA but also water mole
cules, resulting in low encapsulation yield of DNA. If 
the electrolyte such as DNA exists without solvent, high 
encapsulation yield is expected to be realized. In this 
sense, we introduce ionic liquids as a new kind of liquid. 
The ionic liquids have the greatly interesting character
istics such as their composition consisting of only posi
tive and negative ions without neutral solvent, extremely 
low vapor pressure, high heat capacity, and nonflamma
ble. Furthermore, recently, the ionic liquids can be syn
thesized by the bases of DNA [13]. Therefore, the ionic 
liquid is the most suitable liquid for the formation of 
DNA encapsulated SWNTs without commingling of 
solvent. Here, in the beginning, we use the popular ionic 
liquids consisting of imidazolium salts, instead of the 
DNA ionic liquid. 

Figure 8 shows a schematic of an experimental appa
ratus for the formation of the ionic liquids encapsulated 
carbon nanotubes. In this case, the SWNTs are coated on 
both the anode and cathode electrodes for investigating 
the effects of positive and negative ions of the ionic 
liquids on the electronic properties of SWNTs. The ionic 
liquid used in this experiment is 1-buthl-3-methyl imi
dazolium tetrafluoroborate ([C8H15N2t[BF4n. The 
distance between the electrodes is 1 mm, which is the 
same as the experiments on the DNA irradiation. 

Ionic 
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Fig. 8 Schematic of an experimental apparatus for the 
formation of ionic-liquids encapsulated carbon nano
tubes. 
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Fig. 9 Raman spectra of SWNTs after ionic liquid irra
diation. V0 c=5 V and VRF=O V. (a) Pristine, (b) t=S min, 
(c) t=10 min. 

Figure 9 shows Raman spectra of SWNTs coated on 
the anode and cathode electrodes as a function of 
ionic-liquid irradiation time for V0 c=5 V and VRF=O V. 
The ratio of peak intensity at 164 cm-1 to that at 178 
cm-1 in the Raman spectra in both the anode and cathode 
cases is clearly changed compared with the case of the 
pristine SWNTs. Furthermore the peak intensity ratio is 
found to depend on the polarity of the electrode. Owing 
to the encapsulation of the positive or negative ions of 
the ionic liquid, electronic state of the SWNTs is con
sidered to be greatly varied by charge transfer between 
the SWNTs and the ionic liquid. 

By using this electronically modified ionic liquid en
capsulated SWNTs, we fabricate the SWNT based FET 
device. These SWNTs samples are ultrasonically dis
persed in N, N-dimethylformamide first and then spin
coated on FET substrates, each of which consists of Au 
drain-source electrodes on a Si02 insulating layer. A 
heavily doped Si substrate serves as a backgate. The 
detailed fabrication process for FET devices can be 
found elsewhere [14,15]. The electronic transport meas
urements, i.e., the drain-source current los as a function 
of the gate voltage VG for fixed drain-source voltage V08, 

are performed at room temperature under vacuum condi
tions on a semiconductor parameter analyzer (Agilent 
4155C). The transport property of pristine semiconduct
ing SWNTs is well known to exhibit the p-type behavior 
as shown in Fig. lO(a), where a characteristic curve of 
10 s - VG is described for V os= 1 V. Figure 1 O(b) presents 
the transport property of the ionic-liquid irradiated 
SWNTs on the anode, where the negative ions of the 
ionic liquid are irradiated to the SWNTs. The typical 
p-type characteristic is observed, but the threshold volt
age (Vth) for hole conductance is found to shift from -20 
V to +4 V compared with that of pristine SWNTs, indi
cating that the p-type behavior of the SWNTs is en
hanced by the encapsulation of the negative-ion of the 
ionic liquid. In contrast, the transport property of the 
ionic-liquid irradiated SWNTs on the cathode drastically 
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Fig. 10 Source-drain current (I0 s) vs gate voltage 
(V G) characteristics at room temperature for (a) pris
tine SWNT, (b) negative-ion irradiated SWNT, and 
(c) positive-ion irradiated SWNT. 

changes to an n-type semiconductor [Fig. 10(c)]. This 
n-type characteristic is attributed to the charge transfer 
between the positive ions of the ionic liquid and local 
parts of SWNTs. 

Based on these results, encapsulation of the positive or 
negative ions of the ionic liquid cause the modification 
of electronic characteristics of the SWNT-based FET. 
Therefore, the formation of p-n junction in SWNTs 
could be realized by encapsulating ionic liquids as both 
the electron donor and acceptor. 

4. CONCLUSION 
The DNA encapsulated SWNTs are created by apply

ing the electric fields to the substrate coated with 
open-ended SWNTs, which is immersed in the electro
lyte plasma. Based on the Raman spectroscopy analysis, 
the encapsulation of DNA inside SWNTs is enhanced 
when the base length of DNA molecules decreases. Fur
thermore, the Raman spectrum of SWNTs encapsulating 

DNA with guanine is drastically changed compared with 
that encapsulating DNA which consists of only cytosine. 
Therefore, the DNA encapsulated SWNTs can possibly 
be used as novel modified-SWNTs by changing the se
quence of DNA. 

On the other hand, it is found that the ionic liquids 
which have high polarity can be encapsulated into 
SWNTs and the negative and positive ions of the ionic 
liquids have the different effect on the electronic prop
erty of SWNTs. 
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