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Single-stranded DNA (ss-DNA) oligomers (dA20, d[(C3TA2)3C3] or dT20) are able to disperse single-

walled carbon nanotubes (SWNTs) in water at pH 7 through non-covalent wrapping on the nanotube 

surface. At lower pH, an alteration of the DNA secondary structure leads to a precipitation of the SWNTs 

from the dispersion. The structural change of dA20 takes place from the single-stranded to the A-motif 10 

form at pH 3.5 while in case of d[(C3TA2)3C3] the change occurs from the single-stranded to the i-motif 

form at pH 5. Due to this structural change, the DNA is no longer able to bind the nanotube and hence the 

SWNT precipitates from its well-dispersed state. However, this could be reversed on restoring the pH to 

7, where the DNA again relaxes in the single-stranded form. In this way the dispersion and precipitation 

process could be repeated over and over again. Variable temperature UV-Vis and CD spectroscopy 15 

studies showed that the DNA-SWNT complexes were thermally stable even at ~90 oC at pH 7. Broadband 

NIR laser (1064 nm) irradiation also demonstrated the stability of the DNA-SWNT complex against local 

heating introduced through excitation of the carbon nanotubes. Electrophoretic mobility shift assay 

confirmed the formation of stable DNA-SWNT complex at pH 7 and also the generation of DNA 

secondary structures (A/i-motif) upon acidification. The interactions of ss-DNA with SWNTs cause 20 

debundling of the nanotubes from its assembly. Selective affinity of the semiconducting SWNTs towards 

DNA than the metallic ones enables separation of the two as evident from spectroscopic as well as 

electrical conductivity studies.

Introduction 

Hybrid materials developed from two or more components are 25 

particularly important because they often show combination of 

properties contributed by each one or sometimes even better 

performance.1 Thus, when the individual component is a 

biopolymer such as single-stranded DNA or a nanomaterial such 

as single-walled carbon nanotube (SWNT) respectively, the 30 

hybrid nano-bio-complexes often show superior biological as 

well as materials properties.2 DNA has the ability to disperse 

SWNTs in water leading to the preparation of DNA-SWNT 

hybrid materials.3 Indeed the DNA-SWNT hybrid materials have 

been found to be useful for drug delivery,4 biochemical sensing5 35 

and in the sorting of SWNTs.6,7 Presence of DNA in the complex 

not only makes it bio-active but it also wraps the SWNT to make 

the resultant water-dispersible, primarily through stacking 

interactions of the DNA bases with the π-surface of the SWNTs.8 

 However, the secondary structures of DNA such as the single-40 

stranded vs. the higher order organizations9-11 are also crucial for 

their interaction with the SWNTs. Although duplex DNA,9 triplex 

DNA10 and i-motif11 secondary structures are stabilized by 

SWNTs or its functionalized analogues due to specific 

interactions, it can also cause precipitation of the SWNT from the 45 

dispersion due to aggregation. For instance, in case of covalently 

attached DNA with SWNTs it is possible to induce aggregation 

of SWNTs through DNA mediated interactions.12 Liu et al. and 

Kim et al. reported recently that covalently attached ss-DNA with 

SWNT undergoes pH-induced reversible aggregation/dispersion 50 

in water by means of the formation of intermolecular i-motif 

structures by the C-rich ss-DNAs.13 Lee et al. also reported 

covalent attachments of ss-DNA with functionalized MWNTs 

and their DNA-guided self-assembly process for carbon 

nanotubes.14 DNA oligonucleotides are also attached covalently 55 

on the patterned SWNT films to realize bio-sensing 

applications.15  

 Reversible non-covalent binding of DNA and SWNT and their 

decomplexation takes place through an interplay of electrostatic 

and π-stacking interactions with the aid of externally added 60 

pyrene derivatives,16 ethylenediamine17 as well as Ag+ and 

cysteine etc.18 Recently Jung et al. has reported that addition of a 

complementary ss-DNA to the ss-DNA-SWNT hybrid induces a 

breakdown of the assembly leading to the precipitation of SWNT 

through the formation of a double-stranded DNA.19 Moreover, 65 

the process is irreversible, i.e., the precipitated SWNT could not 

be dispersed again in the medium. The assembly of ss-DNA- 

SWNT through non-covalent means appeared as an effective 

platform for probing the biomolecular interactions.20 However, it 
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is not known as to how the precipitated SWNT could be reverted 

back to the DNA-SWNT hybrid dispersion through non-covalent 

means. Such capability if accomplished could open up new 

opportunities for novel nano-bio-technological applications. Due 

to our interest, we investigated various types of nanomaterials.21 5 

Herein, we show the solubilization of SWNTs in water first by ss-

DNA through non-covalent means and then a pH-induced 

reversible dispersion/precipitation of the SWNTs via crucial 

changes in the DNA secondary structure. 

 In the process it was also possible to separate the metallic and 10 

semiconducting SWNTs based on their selective affinity toward 

DNA. Although separation of metallic and semiconducting 

SWNTs were reported based on molecular charge transfer,22 

using scotch tape,23 size-exclusion chromatography,24 non-linear 

density-gradient ultracentrifugation,25 gel chromatography26 and 15 

via organic ligands through π-stacking interactions27 etc., the 

separation based on ss-DNA alone has not been achieved before. 

Therefore we report herein for the first time the pH-induced 

reversible dispersion/precipitation of SWNTs via alteration of 

secondary structure of DNA as well as the separation of metallic 20 

and semiconducting SWNTs. Although, the separation of metallic 

and semiconducting SWNTs have been achieved using anion 

exchange chromatography,7 the process is considerably more 

cumbersome and expensive and the isolation of the individual 

components are difficult.28 However, in the present approach, 25 

after the separation of metallic and semiconducting SWNTs, the 

individual components could be isolated conveniently just by 

changing the pH of the solution. 

Experimental Section 

A. Materials 30 

All reagents were obtained from the best known commercial 

sources and were used as obtained. The oligonucleotides (HPLC 

grade) were purchased from Sigma. Their purity was confirmed 

using high resolution sequencing gel. The molar concentration of 

each ODN was determined from absorbance measurements at 260 35 

nm based on their molar extinction coefficients (ε260) 308000, 

201000 and 148400 for dA20, d[(C3TA2)3C3] and dT20 

respectively. HiPco SWNT and deionized water were used in 

each experiment. 

B. Purification of HiPco SWNTs 40 

The HiPco SWNT generally contains impurities like carbon-

coated iron nanoparticles even upto ~30-35 wt%. The metal 

impurities have been removed by treatment with HCl-H2O2 
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following a reported procedure.29 Briefly, a sample of HiPco 

SWNT was taken (20 mg) along with 20 mL of 1N hydrochloric 

acid solution and 20 mL of 30% H2O2 in a 250 mL round 

bottomed flask. The mixture was then heated at 65 °C with 60 

stirring for 4 h. After completion of every hour another batch of 

20 mL of 1N hydrochloric acid and 20 mL of 30% H2O2 was 

added. This afforded a yellow colored solution with dark residue, 

which was stirred for another 1 h to decompose the remaining 

H2O2. Finally the SWNT was filtered out from this mixture and 65 

washed several times with deionized water and then air-dried to 

obtain 12 mg of SWNT. The purified SWNT was characterized 

with UV-Vis-NIR and Raman spectroscopy and transmission 

electron microscopy (TEM). 

C. Preparation of DNA-SWNT complexes 70 

HiPco SWNT (0.1 mg) has been taken individually with 1 mL of 

10 µM dA20, d[(C3TA2)3C3] (IM) or dT20 DNA strand in water 

and heated at 95 °C for 5 min followed by snap chilling. Each 

mixture was then bath sonicated in an Elma Transsonic 460/H 

instrument at 35 W for 90 min under ice-cold condition. The 75 

partially dispersed SWNT mixture was then centrifuged at 13000 

rpm for 60 min at 4 °C in a Hettich centrifugen mikro 22 R 

instrument. The clear, dark supernatant was carefully pipetted out 

as a black dispersion which remained stable for several months. 

D. Separation of DNA dispersible SWNTs from insoluble 80 

SWNTs 

HiPco SWNT (0.3 mg) was dispersed in 3 mL of 10 µM DNA 

(either dA20, IM or dT20) in water in a micro-centrifuge tube 

which produced a black dispersion (referred as part A) and a 

black precipitate (part B) (Chart 1). The clear DNA-SWNT 85 

dispersion (part A) was acidified according to the DNA sequence 

used (i.e. pH 3.5 for dA20, pH 5 for IM and pH 3 for dT20). This 

led to the precipitation of the dispersed SWNT from each of the 

DNA-SWNT complex dispersions. The precipitated SWNT was 

then collected by centrifugation (13000 rpm, 5 min, 4 °C). The 90 

black precipitate was washed with deionized water and 

resuspended in 1 mL of 10 µM DNA and sonicated at 35 W for 

30 min in ice-cold condition. The SWNT dispersion was then 

centrifuged at 13000 rpm for 30 min at 4 °C. This furnished a 

clear black dispersion leaving a very small insoluble part (15-95 

20%) at the bottom. The transparent dispersion was pipetted out 

carefully and acidified followed by centrifugation to recover the 

dispersed SWNT. The black SWNT mass was then washed 

thoroughly with deionized water and air-dried. This was 

identified as DNA dispersible SWNT. 100 
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Chart 1. Flow chart depicting the process of separation of DNA dispersible SWNTs from insoluble SWNTs starting from as received HiPco SWNTs. 
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 The insoluble part of SWNT (part B) obtained in the first step 

was treated with fresh 1 mL of DNA solution (10 µM strand 

concentration) to disperse the residual DNA dispersible SWNT. 

The process was repeated for 3 times to ensure the removal of 

any residual DNA dispersible SWNT. The residue that still 5 

remained insoluble was identified as the DNA insoluble SWNT. 

E. Raman Spectroscopy 

Raman spectra of the SWNT samples were recorded with the help 

of a LabRAM HR high-resolution Jobin YvonHoriba HR 800 

Raman spectrometer using a He–Ne laser (λex = 633 nm). 10 

F. UV-Vis-NIR and Circular Dichroism (CD) spectroscopy 

UV-Vis-NIR absorption spectra of the dispersions were recorded 

on a Perkin-Elmer Lambda 35 UV-Vis spectrometer. CD spectra 

were recorded on a Jasco J-810 CD spectropolarimeter with a 10 

mm path length. Contribution of the linear dichroism (LD) was 15 

excluded by recording the spectra with both sides of the quartz 

cell which showed no significant changes. All the spectra were 

recorded in 10 mM sodium cacodylate buffer medium. For 

variable temperature studies, UV-Vis and CD instruments were 

connected with peltier temperature controller system and each 20 

spectrum was recorded before equilibrating the system for 2-3 

minutes. 

G. Transmission Electron Microscopy 

Diluted dispersion of each sample was drop-cast onto a carbon-

coated copper grid (200 mesh size) and the TEM images were 25 

taken at an accelerating voltage of 200 kV using TECNAI T20 

instrument. 

H. Atomic Force Microscopy 

A diluted dispersion of the samples was drop-cast on freshly 

cleaved mica substrates and it was air-dried. Images were 30 

recorded using a JPK Instrument NanoWizard JPK 00901 AFM 

instrument. Non-contact mode imaging was undertaken in air 

using silicon cantilevers of resonance frequencies of 260 kHz and 

a nominal tip radius of curvature of 10-15 nm. 

I. Zeta-potential Studies 35 

Zeta-potential was measured with the deionized water samples in 

a ZetaPALS (Zeta potential analyzer) instrument from 

Brookhaven Instruments Corporation. 

 J. Electrophoretic Mobility Shift Assay (EMSA) 

The 21-mer ss-DNA sequences (IM), dA20 and dT20 were labeled 40 

with [γ-32P]ATP (Amersham) at the 5’-end and purified by 

chromatography on Sephadex G-50 followed by 15% PAGE with 

0.5X TBE running buffer at 120 V for 8 h. The required band was 

transferred to a centrifuged tube and eluted in TE buffer at pH 7.4 

to get the labeled oligomer which was then mixed with unlabeled 45 

oligomer for further experiments. Both the DNA solutions 

containing respective labeled DNA were used to prepare the 

dA20-SWNT and IM-SWNT complexes following the protocol 

discussed above under ‘Preparation of DNA-SWNT complexes’ 

section. The labeled DNA (20 µL) and the DNA-SWNT complex 50 

solutions were mixed with 5 µL of 10X agarose dye and 

electrophoresed against 80 V for 8 h on 15% polyacrylamide gel. 

On the other hand the dA20-SWNT and IM-SWNT complex 

solutions were acidified to pH 3.5 and pH 5 respectively and 

centrifuged to get the supernatant. The supernatant was mixed 55 

with 10X agarose dye and electrophoresed keeping the dT20 as 

reference on 15% polyacrylamide gel with 20 mM sodium 

cacodylate running buffer of either pH 3.5 or pH 5.0 at 80 V for 8 

h. The gels were then dried and visualized using Fuji-5000 

phosphorimager. 60 

K. Current (I)-Voltage (V) Measurements 

The SWNT containing samples were drop-cast on separate gold 

sputtered glass plates having an electrode gap of 30 µm, and 

allowed to air-dry in a dust free environment. The I-V 

characteristics of each sample were measured in a two-probe 65 

electrode using a PM5 Probe station, Agilent Device Analyzer 

B1500A instrument. 

Results and discussion 

A. Purification of SWNTs 

Commercially available HiPco SWNT which generally contains 70 

metallic impurities like carbon-coated iron nanoparticles etc. 

were first purified using HCl-H2O2 treatment (c.f. Experimental 

Section).29 The integrity of the nanotubes remains intact during 

the purification process as evident from transmission electron 

microscopy (TEM) and Raman spectra. The nanoparticle 75 

impurities present with the SWNTs were removed in the 

purification process as clearly visible under the TEM images 

(Fig. 1a,b). However, the tubes still remained in an aggregated 

state. Raman shift of the RBM band (radial breathing mode) 

between 150-300 cm-1, G-band (~1590 cm-1), D-band (~1335 cm-
80 

1) and 2D-band (~2670 cm-1) remained almost unaltered before 

and after the purification process (Fig. S1†). 
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Fig. 1. TEM images showing bundles of SWNT (a) before purification, 

(b) after purification and dispersed SWNT with oligonucleotides (c) dA20 

and (d) IM. 105 

B. DNA induced Solubilization of SWNTs 

Purified SWNT was dispersed in deionized water with the aid of 

three different oligo-deoxynucleotides (ODNs), dA20, 

100 nm100 nm

(a) (b) 

200 nm200 nm

(d) 

200 nm200 nm200 nm

(c) 
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d[(C3TA2)3C3] (abbreviated as IM) or dT20. An inhomogeneous 

mixture of DNA and SWNT in water was rapidly transformed 

into a transparent dispersion upon brief sonication (Fig. 2b,c). 

The resulting dispersion did not precipitate on aging for more 

than six months. UV-Vis-NIR studies of the DNA-SWNT 5 

complexes with either dA20 or IM show an absorption maximum 

(λmax) at ~260 nm (Fig. 2a and Fig. S2†) which is similar to the 

λmax of the individual DNA (10 µM in each case). Presence of the 

semiconducting band (S22) at 700-1000 nm and the metallic band 

(M11) at 500-700 nm confirmed the dispersion of SWNTs in the 10 

DNA solution.30 Stability of the resulting DNA-SWNT hybrid 

was measured with the help of zeta potential, the value of which 

appeared within -30 to -40 V (Fig. S3†). This indicated a 

reasonably good stability of the hybrid system.31 
 

15 

 

 

 

 

 
20 

 

 

 

 

 
25 

 

 

 

 

 
30 

 

 

 

Fig. 2. (a) Absorption spectra of dA20 alone and SWNT complex at pH 7 

and 3.5, inset showing magnified spectra from 500-1000 nm. The images 35 

show addition of SWNTs (0.1 mg) into the solution of dA20 (10 µM) in 

water (b) before and (c) after sonication, AFM images of (d) purified 

SWNT alone and (e) dA20-SWNT complex. 

 

 Atomic force microscopy (AFM) images showed the presence 40 

of high-aspect ratio nanotubes present in bundles in the purified 

SWNT samples (Fig. 2d,e and Fig. S4†). However, in the DNA-

SWNT hybrid, the nanotubes were found to be well separated in 

suspension. In both the DNA-SWNT hybrids (of either dA20 or 

IM), the individual nanotubes were clearly visible with an 45 

average length of ~400-500 nm and ~40-60 nm in diameter. The 

height image along the surface of the nanotube was found to be 

considerably uneven probably due to the wrapping with the DNA 

(Fig. S5b,c†). Transmission electron microscopy (TEM) images 

were also recorded for the DNA treated SWNTs and were 50 

compared to that with purified SWNTs. TEM images clearly 

showed efficient debundling of the individual SWNTs distributed 

throughout the sample (Fig. 1c,d). 

C. Effect of pH 

We investigated the effect of pH on the structural alteration of 55 

DNA and the stability of DNA-SWNT hybrids using circular 

dichroism (CD) spectroscopy. A-rich ODNs (dAn) which remain 

as single-stranded at neutral pH could potentially associate via 

AH+-H+A base pairing to form A-motif DNA at acidic pH (<4.5) 

(Fig. S6a†).32,33 Thus, at pH 7, the CD spectrum of dA20 showed a 60 

weak positive band at 275 nm, a negative band at 250 nm and a 

strong positive band at 217 nm with a shoulder at 232 nm which 

is a characteristic of the CD signature of ss-dA20 (Fig. 3a).32,33 

Upon acidification of the medium, the intensity of the 275 nm 

band increased and that of the 217 nm band decreased while the 65 

250 nm band showed a hypochromic blue-shift to 242 nm. These 

spectral changes indicate a structural alteration of dA20 from the 

single-stranded to the A-motif form (Fig. 3a). 

 CD spectra of the DNA-SWNT hybrids were recorded to 

investigate the influence of SWNTs on the structural alterations 70 

of DNA at different pH of the media. The dA20-SWNT hybrid 

showed CD signature similar to that of ss-dA20 at pH 7 where the 

complex remained dispersed in water indicating that the 

interaction of SWNTs with DNA did not lead to any structural 

changes at this pH (Fig. 3b). However, an interesting 75 

phenomenon occurred when the pH of the medium was 

decreased. At a lower pH (3.5), SWNTs precipitated from the 

DNA-SWNT dispersion (Fig. 3c). This indicates that at pH 3.5, a 

structural alteration of dA20 takes place from the single-stranded 

to the A-motif form even when the DNA is wrapped around 80 

SWNTs. Thus, the A-motif form is unable to bind SWNTs and 

therefore it got precipitated at pH 3.5 while the single-stranded 

form could bind and disperse SWNTs at pH 7. The absorption 

spectral bands due to M11 and S22 of SWNTs also disappeared 

indicating that the nanotubes were not present in the dispersed 85 

state in the acidified solution (Fig. 2a). The CD spectrum at pH 

3.5 resembled the one recorded for dA20 alone at the same pH. 

The intensity of the strong positive band at 217 nm diminished 

along with an increase in the intensity of the 275 nm band (Fig. 

3d). Also, the negative band at 250 nm shifted to 242 nm which 90 

resembled the CD signature of the A-motif DNA.34 These 

phenomena indicate that the structural integrity of DNA was not 

destroyed throughout the SWNT dispersion and the acidification 

process. 

 When we restored the pH back to 7, the precipitated SWNTs 95 

could be readily dispersed merely by gentle shaking the vial 

which reproduced the initial transparent dispersion. Moreover, 

the CD signature matched again with that of the dA20-SWNT 

complex recorded at pH 7. This phenomenon was found to be 

fully reversible for a number of cycles with respect to the changes 100 

in pH (Fig. 3d). This indicates a reversible nature of association 

and dissociation of the SWNTs with dA20 depending on the pH 

induced changes in the structure of DNA. The above 

phenomenon is depicted graphically in Fig. 4. At pH >4.5 each of 

the bases of dA20 are likely to stay in the non-protonated state and 105 

thus DNA exists as a single-stranded form. Therefore, sonication 

of the mixture leads to the solubilization of SWNTs by the 

wrapping of dA20 on the SWNT surface. However, on 

acidification (pH ≤4.5) the DNA bases are protonated and two 

individual dA20 strands form a duplex A-motif structure through 110 

the H-bonding between the self-complementary base-pairs.32,33 

Therefore, the dominating H-bonding interactions between the 

individual DNA strands lead to the decomplexation of the DNA-

SWNT complex which is assembled via the weaker π-stacking 

interactions. 115 
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 The pH dependent quadruplex DNA structure formation from 15 

the C-rich ODNs like human telomeric sequence d[(C3TA2)3C3] 

(IM) has been also reported due to the formation of i-motif.35 The 

partial protonation of the cytosine bases leads to the intercalation 

of the C-C+ pairs of two parallel-stranded duplex and thus 

generates an intramolecular i-motif structure at slightly acidic pH 20 

(<6.5) (Fig. S6b†). Like dA20, IM is also efficiently dispersed 

SWNT in water at pH 7 and the dispersed SWNT precipitated at 

lower pH (≤5). Moreover, this phenomenon was reversible upon 

changes in pH. The CD spectra of IM and IM-SWNT hybrid 

showed quite similar signatures indicating that the random single-25 

stranded structures of IM remained intact in the hybrid (Fig. 5). 

Upon acidification (pH 5), the DNA could no longer hold the 

SWNT in dispersion. A positive band at 276 nm intensified with 

10 nm red-shift along with the appearance of a negative band at 

250 nm which is consistent with the characteristics of i-motif 30 

structure formation.36 Restoration of the pH back to 7 led to the 

dispersion of the precipitated SWNTs along with the 

transformation of the CD spectrum from the i-motif to that of a 

single-stranded structure (Fig. 4). Thus, CD spectroscopy has 

been used to correlate the pH-induced visual changes in the 35 

DNA-SWNT suspension with the morphological changes in the 

DNA structure. These studies provide unambiguous evidence to 

claim that SWNT precipitation and formation of DNA secondary 

structures (A/i-motif) occur simultaneously. 

 40 

 

 

 

 

 45 

 

 

 

 

 50 

 

 

Fig. 4. Schematic representation (not to scale) showing reversible DNA 

induced dispersion and precipitation of SWNTs based on pH-mediated 

single-stranded vs. A-motif or i-motif structure formation. Sonication 55 

induces DNA wrapping on the SWNT surface which on acidification 

leads to the disassembly and an A-motif structure is formed from dA20 

while IM forms the i-motif. Increasing the pH again alters the DNA 

structure back to the single-stranded form which induces the wrapping of 

the SWNTs. 60 
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Fig. 5. CD spectra of the dispersion of (a) IM and (b) IM-SWNT hybrid 

at different pH in water. 85 

 

 The role of ss-dT20 DNA sequence in SWNT dispersion was 

also investigated at various pH values in aqueous media. The 

dT20-SWNT complex was found to be stable as dispersion in 

water over a wide range of pH from 10.0 to ~5.0. However, 90 

further decrease in pH rendered the complex unstable and at ~pH 

of 3.0, precipitation started to occur (Fig. S7b†). Upon decreasing  

the pH below 9.9, the deprotonated form of the thymine 

nucleobases in dT20 started getting protonated.37a Further 

acidification probably promotes the formation of the O4-H enol 95 

form as shown (Fig. S8a†). This leads to the development of 

partial positive charge at N1, C6, C5 and C4 of the thymine 

bases.37b Due to the absence of any other protonation sites in 

thymine, formation of cationic nucleobases in dT20 is however, 

not feasible. Apart from the nucleobases, other protonation sites 100 

exist with the anionic phosphate backbone. The phosphodiester 

moiety has pKa in the range of ~1-3,37c,d depending upon various 

parameters like temperature, electrolyte, ionic strength and 

dielectric constant of the medium etc.37e Thus, at a very low pH, 

the ionization equilibrium of phosphodiester backbone may get 105 

altered. This change in the ionic state may affect the SWNT 

dispersion ability of dT20 DNA which may be responsible for the 

breakdown of dT20-SWNT complex at a low pH (pH 3.0 or 

below). It may be noted that the protonation of the phosphate 

backbone should not play any role in the case of dA20-SWNT and 110 

IM-SWNT complexes as they precipitate out already at higher pH 

(pH 4 and 5.5 respectively) whereas dT20-SWNT remained as 

stable dispersion under such conditions. 

 In summary, DNA sequence capable of forming secondary 

structures via protonation of nucleobases (Fig. S8b,c†) resulted in 115 

the precipitation of SWNTs at or around their pKa. Whereas the 
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SWNT hybrids as shown using (c) Photographic images and (d) CD studies. 
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DNA sequence which could not form any DNA secondary 

structure carrying negatively charged nucleobases (dT20 at pH 

10.0) was still able to disperse SWNTs in aqueous media unless 

the ionic state of the anionic phosphate backbone is disturbed (at 

pH 3.0). This observation clearly suggests that only ionization of 5 

nucleobases may not be enough to disintegrate the DNA-SWNTs 

complex. Thus, these control experiments further confirm that 

DNA secondary structures (A-motif and i-motif) have significant 

role in the dispersion and precipitation of SWNTs in the aqueous 

medium. 10 

 Interestingly, the restoration of pH back to 7 (from pH 3) did 

not result in complete dispersion of the precipitated SWNTs (Fig. 

S7c†) as most of the precipitate had settled down. This result 

again indicates that dT20-SWNT complex formation is not so 

facile as compared to dA20-SWNT and IM-SWNT. However, a 15 

brief sonication of the pH restored mixture of dT20-SWNT and 

buffer resulted in the formation of a stable dispersed state in the 

aqueous medium (Fig. S7d†). The stability of the dT20-SWNT 

complex at different pH has also been probed using UV-Vis-NIR 

spectroscopy (Fig. S9a†) which explains the observed changes. 20 

 To further verify the role of pH we have also determined the 

pKa of the adenine bases in dA20 before and after complexation 

with SWNT using CD titration data.32,33 A first-order derivative 

of CD intensity vs. pH plot revealed the pKa of dA20 alone and 

the hybrid at ~4.5 and ~4.0 respectively (Fig. S10†). Similarly, 25 

the pKa of IM and IM-SWNT appeared at ~6.5 and ~6.0 

respectively. The pKa values determined for the DNA alone are 

in good agreement with the literature reports.23,36 These results 

clearly indicate that the formation of the A/i-motif from the 

DNA-SWNT hybrid is less favorable than the free ODNs which 30 

are compensated by more number of H+ ions in the solution. 

D. Electrophoretic Mobility Shift Assay (EMSA)  

The preparation of DNA-SWNT complex and the formation of 

DNA secondary structure from the complex has been investigated 

with the help of electrophoretic mobility shift assay (c.f. 35 

Experimental Section). The electrophoresis demonstrated that IM 

(21-mer) at pH 7 has almost similar mobility with that of dT20 

(20-mer) indicating the single-stranded nature of IM (Fig. 6, lane 

III). Slightly higher mobility of the 21-mer IM may be possibly 

due to the intra-strand interaction which gives to some extent 40 

higher compactness than that of dT20.The IM-SWNT complex 

under electrophoretic condition could not penetrate the 

polyacrylamide gel and thus remained confined in the well 

whereas the DNA alone could move easily under similar 

conditions (Fig. 6, lane IV, V). Importantly, the band of higher 45 

mobility corresponding to the ss-DNA was almost absent in case 

of IM-SWNT indicating efficient wrapping of DNA on SWNT 

and absence of free DNA in the solution (Fig. 6, lane V). 

Furthermore, the electrophoretic assay of IM-SWNT complex at 

pH 5 showed a single band of even higher mobility than the dT20 50 

marker indicating formation of a highly compact, intramolecular 

tetraplex DNA structure which matches with the preformed i-

motif DNA mobility (Fig. 6, lane VII, VIII).11 

 On the other hand, the dA20 sequence which showed almost 

similar mobility with dT20 at pH 7 (Fig. 6, lane II), generated a 55 

band of significantly lower mobility upon acidification of dA20-

SWNT complex. The band of lower mobility resembles the 

formation of a higher molecular weight intermolecular duplex 

DNA structure known as A-motif (Fig. 6, lane X). The 

electrophoretic mobility shift assay thus gave a strong evidence 60 

towards the single-strand DNA mediated complex formation and 

the generation of secondary DNA structure upon acidification 

which is becomes inefficient to disperse SWNTs in the solution. 
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Fig. 6. Electrophoretic mobility shift assay of DNA and DNA-SWNT 

complexes. EMSA. lane (I): dT20 marker; lane (II): dA20 at pH 7; lane 

(III): IM at pH 7; (IV) IM at pH 7; lane (V): IM-SWNT at pH 7; lane 80 

(VI): dT20 marker; lane (VII): IM-SWNT at pH 5; lane (VIII): IM at pH 5; 

lane (IX): dT20 marker and lane (X): dA20-SWNT at pH 3.5. 

 

E. Thermal stability of the DNA-SWNT complexes 

Though both the DNA sequences were shown to have efficient 85 

SWNT dispersion capability, it was important to investigate the 

stability of the DNA-SWNT complexes. Variable temperature 

UV-Vis and CD spectroscopic studies were undertaken to 

elucidate their thermal properties (Fig. 7 and Fig. S11†). Variable 

temperature UV-Vis spectroscopy of DNA-SWNT dispersion at 90 

pH 7 showed the presence of characteristic van Hove singularities 

even at high temperature (~90 °C) (Fig. 11a). As DNA is most 

likely to be present in a single-stranded random fashion at this 

pH, no structural transition was expected with the rise in 

temperature except the decomplexation of the DNA-SWNT 95 

complexes. However, precipitation of the dispersed SWNTs was 

not observed at this temperature and the absorption spectra 

showed a signature resembling DNA-SWNT hybrid. This 

indicates strong association and thermal stability of the DNA-

SWNT complexes. 100 

 To further investigate, we also performed an NIR broadband 

laser (1064 nm, 3 W, LSR 1064H-3W, Laserver) induced 

irradiation of the DNA-SWNT complex dispersion. Because of 

the presence of the SWNT in such complexes, the dispersion gets 

heated up as was reported earlier (Fig. S12, S13†).2f Interestingly, 105 

even after 30 min of NIR irradiation, it did not result in any 

precipitation of the SWNT from the DNA (dA20, IM or dT20) 

bound dispersion in water. The total absorption of the laser beam 

by the DNA-SWNT dispersion indicates the presence of 

significant amount of SWNTs in the medium (Fig. S12, bottom†). 110 

The high intensity irradiation also resulted in considerable 

elevation of the temperature (~75 °C) (Fig. S13†). This 

observation further confirms the thermal stability of the DNA-

SWNT complexes. 

 Acidification of the DNA-SWNT complex dispersions to pH 115 

near the respective protonation pKa of DNA showed immediate 

dT20   dA20-SWNT  dT20  IM-SWNT   IM ss-IM       IM-SWNT dT20     dA20     ss-IM 

I II III IV V VI VII IX XVIII

pH 3.5 pH 5 pH 7 pH 7 
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precipitation of the dispersed SWNTs with a sharp change in their 

CD signature (Fig. 3 and Fig. 5). Variable temperature UV-Vis 
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Fig. 7. Variable temperature (a) UV-Vis spectroscopy of IM-SWNT 15 

complex at pH 7 and (b) CD spectroscopy of IM alone at pH 5.0 (i-motif). 

 

and CD spectroscopy enabled us to determine the denaturing 

temperature of the secondary DNA structures formed upon 

acidification. This also addresses the driving force for the DNA-20 

SWNT complex formation as well as the formation of the DNA 

secondary structure upon acidification. Under CD spectroscopy, 

the A-motif DNA was shown to have very high melting 

temperature of ~85 °C whereas the i-motif structure showed a 

considerably lower melting temperature (~42 °C) (Fig. S11b,c 25 

and S11f†) which was consistent with the thermal denaturation 

temperature determined from UV-Vis spectroscopy (Fig. 

S11d,e†).35 Therefore, the thermal stability of the DNA-SWNT 

complexes (at pH 7) is higher than that of the free DNA 

secondary structures under acidic conditions. Surprisingly, the 30 

IM-SWNT complex which showed high thermal stability even at 

90 °C (at pH 7) generates a secondary structure (i-motif) having 

notably lower thermal stability (~42 °C) upon acidification (at pH 

5). Therefore, generation of a less stable structure from a more 

stable one could be explained considering the fact that the DNA 35 

oligomer has an anionic phosphate-sugar chain along with 

hydrophobic nucleo-bases which show amphiphilic property. The 

hydrophobic nitrogen bases are stacked onto the nanotube 

aromatic backbone via π-π interaction and the hydrophilic 

phosphate-sugar backbone are exposed to water. Thus a 40 

hydrophobic material (e.g. SWNT) can be appropriately wrapped 

by DNA to hide the same from the aqueous media to form a 

stable dispersion. 

 However, the protonation of the hydrophobic nitrogenous- 

bases at lower pH makes a significant change in the ionization 45 

and nature of the DNA. Most likely the protonated nitrogenous- 
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bases become considerably inefficient towards the interaction 

with the hydrophobic carbon nanotubes. The strong association of 

the DNA-SWNT complex thus brakes down to a significant 65 

extent. Moreover, the formation of the secondary structure at 

lower pH facilitates the dissociation. Thus, not the formation of 

DNA secondary structure alone but a loss in efficient SWNT 

interaction with protonated forms of DNA also leads to the 

decomplexation of the DNA-SWNT complex in an acidic 70 

medium (Fig. S14†). 

F. Separation of Semiconducting and Metallic SWNTs 

For the solubilization of SWNT with ss-DNA, 0.3 mg of purified 

HiPco SWNT was mixed with 3 mL of 10 µM ss-DNA (dA20, IM  

or dT20) and the mixture was sonicated followed by 75 

centrifugation. After a careful separation process (c.f. 

Experimental Section), the SWNT obtained from the DNA 

dispersion and the insoluble parts were collected separately and 

characterized using UV-Vis-NIR absorption and Raman 

spectroscopy. Raman spectrum of the purified HiPco SWNT 80 

showed the characteristic RBM bands at ~190 and 210 cm-1 due 

to the presence of semiconducting and metallic SWNTs 

respectively38 where the intensities of both the bands appeared to 

be almost equal to each other (Fig. 8a). However, the DNA 

dispersed SWNTs showed a greater intensity of the 190 cm-1 85 

band. In contrast, the DNA insoluble SWNTs showed that the 

intensities of the 210 and 253 cm-1 bands were greater compared 

to the 190 cm-1 band. The other two characteristic Raman band 

appears at 1500-1600 cm-1 (G+-band and G--band). The DNA 

dispersible SWNTs exhibits two bands at 1589 and 1557 cm-1 90 

which are quite characteristic of the semiconducting SWNT. On 

the other hand, the DNA insoluble SWNTs shows bands at 1584 

and 1546 cm-1 which are consistent with the signature of the 

metallic SWNTs.22 This indicates that there is an enrichment of 

the semiconducting nanotubes in the DNA dispersed part while 95 

the DNA insoluble part contains mostly metallic SWNTs.22,28 

 UV-Vis-NIR absorption spectra revealed that the intensity of 

M11 band at 500-700 nm and S22 band at 700-1000 nm increased 

in the DNA insoluble and dispersible SWNTs respectively (Fig. 

8b). The characteristic van Hove singularities corresponding to 100 

the nanotubes of different chirality (m,n) indicate the presence of 

both metallic and semiconducting tubes in the purified HiPco 

SWNTs. The DNA dispersible part showed enhancement in the 

semiconducting band intensity corresponding to the chirality of 
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Fig. 8. (a) Raman spectra and (b) Absorption spectra of HiPco SWNT, dA20-solubilized SWNT and dA20-insoluble SWNT (solubilized with 1% SDS). 

[DNA] = 10 µM. (c) Electrical conductivity studies (I-V measurements) of HiPco SWNT, DNA dispersed SWNT and the precipitated SWNT from 

DNA solution. The notations, ‘S’ and ‘M’ in Fig. 8 (a) denote characteristic Raman spectral signatures due to semi-conducting and metallic forms of 

SWNT. 
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(8,7), (8,6) and (9,7) nanotubes whereas the DNA insoluble part 

showed enhancement in the metallic band intensity corresponding 5 

to the chirality of (8,5), (7,7), (11,5), (13,4), (10,7) and (9,9) 

nanotubes.39  

 Electrical conductivity (current-voltage) measurements 

confirmed the semiconducting behavior (non-linear I-V curve) of 

the DNA dispersible SWNTs while a metallic behavior (linear I-10 

V curve) was evident from the insoluble part (Fig. 8c and Fig. 

S15†).22 The purified HiPco SWNT also showed significant 

metallic behavior which could be due to the presence of highly 

conducting metallic tubes along with the semiconducting ones. 

However, the DNA insoluble SWNT showed even higher 15 

conductivity than the purified HiPco SWNTs. 

 Therefore, these results suggest that the DNA has a 

preferential affinity towards semiconducting SWNTs over 

metallic ones. It is reported that a DNA-SWNT complex which 

results in higher HOMO-LUMO energy gap leads to a chemically 20 

more stable complexation.40 Therefore, a complex of DNA and 

semiconducting SWNTs having higher HOMO-LUMO energy 

gap may be responsible for the preference over the metallic 

SWNTs in terms of complexation. Few organic ligands with large 

π-aromatic surface were also known to bind selectively with the 25 

semiconducting SWNTs and thus result in a separation from the 

metallic ones.22,27 The molecular charge-transfer between 

SWNTs and π-system of the organic ligands exhibit selectivity in 

the interaction of electron-donor and acceptor aromatic surface 

with SWNTs. The nucleobases present in DNA also offer π-30 

aromatic surface attached to the anionic phosphate backbone 

which might induce selective charge-transfer interaction and 

preference towards the semiconducting SWNTs. Although, the 

separation of semiconducting and metallic SWNTs from a 

mixture was achieved through various means,28,41 it was never 35 

demonstrated earlier through a preferential interaction of SWNTs 

with the ss-DNA. 

Conclusions 

In summary, a facile dispersion of SWNTs was achieved in water 

through the interaction of single-stranded DNA (dA20 or IM) at 40 

pH 7 via the wrapping of ss-DNA on the SWNT surface. Upon 

lowering the pH to ≤4 or ≤5.5 a structural alteration of the DNA 

(from ss- to A/i-motif) led to the precipitation of the SWNTs. 

However, raising the pH to 7 reverted the precipitated SWNTs 

back into DNA dispersion in both the cases. The process can be 45 

repeated several times and is thus fully reversible in nature. The 

advantage of such nucleic acid mediated reversible solubilization 

of SWNTs as a function of pH is obvious as the pH changes bring 

about specific secondary structural motifs depending on their 

base pairing propensity.  50 

 Preferential interaction of DNA with the semiconducting 

SWNTs than the metallic ones led to a separation of the two from 

a mixture. DNA mediated separation of SWNT components aided 

by pH induced changes in DNA secondary structures may be a 

useful technique because it is simple, reproducible and short. 55 

Such pH induced dispersion and precipitation of SWNT from its 

complexes mediated by synthetic ligands has so far not been 

reported. Moreover, while synthetic aromatic ligand based 

separation of SWNT components needs ligand concentration in 

the millimolar range, the DNA based separation procedure as 60 

described here needs only DNA in the micromolar concentration. 

 The possibility of designing appropriate DNA sequences 

generating different DNA topological structures promoted by 

various experimental stimuli (pH, ions, temperature etc.) may 

further extend the scope and thus open up another dimension. The 65 

methodology in which pH induced peeling off DNA from the 

SWNT surface using simple acid therefore enables one in 

isolating metallic form of SWNTs from the semiconducting 

SWNTs from their mixtures in the most convenient way. 
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