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ABSTRACT

Single wall carbon nanotubes (SWNTSs) have attracted attention because of their potential in a vast range of applications, including transistors
and sensors. However, immense technological importance lies in enhancing the purity and homogeneity of SWNTs with respect to their
chirality for real-world electronic applications. In order to achieve optimal performance of SWNTSs, the diameter, type, and chirality have to be
effectively sorted. Any employed strategy for sorting SWNTs has to be scalable, nondestructible, and economical. In this paper, we present
a solubilization and chirality enrichment study of commercially available SWNTs using genomic DNA. On the basis of the comparison of the
photoluminescence (PL) and near-infrared absorption measurements from the SWNTs dispersed with salmon genomic DNA (SaDNA) and
d(GT)0, we show that genomic DNA specifically enriches (6,5) tubes. Circular dichroism and classical all-atom molecular dynamics simulations
reveal that the genomic double-stranded SaDNA prefers to interact with (6,5) SWNTs as compared to (10,3) tubes, meanwhile single-stranded
d(GT) shows no or minimal chirality preference. Our enrichment process demonstrates enrichment of >86% of (6,5) SWNTs from CoMoCat

nanotubes using SaDNA.

Despite the efforts to obtain chirality-pure single wall carbon
nanotubes (SWNTs),!™® accomplishing a purification of
99.999%, which is one of the most critical requirements for
the application of SWNTs in nanoscale circuits, conductors,
electrochemical probes, transistors, and photovoltaic devices,
remains a task to be resolved among scientific and industrial
communities. For a given nanotube sample, the types of
SWNT chirality increase as the mean diameter (d) and
diameter distribution (0) increase. For example, a typical
HiPco sample, with d, = 1.05 nm and 0 = 0.15 nm, is a
mixture of approximately 50 different (n,m)-SWNTs, while
the smaller d, sample, such as CoMoCat, contains ap-
proximately 25 different (n,m) nanotubes. For most separa-
tion protocols so far, the extreme intertube aggregation forces
need to be overcome by using an effective surfactant system
or nanotube chemical functionalization. By wrapping>® and/
or groove-binding'? with SWNTs via hydrophobic interac-
tions, DNA has been recognized as an efficient SWNT
dispersion medium that enables one to obtain both individu-
ally exfoliated samples and chirality-fractionated carbon
nanotubes according to their diameter (d;) and metallicity
via postsolubilization separation techniques, such as ion
exchange®!! and density gradient columns.’ Zheng et al.
showed that the single-stranded d(GT)) DNA—oligomer
exhibits not only individual-level nanotube dispersion but
also effective SWNT chirality separation when eluted from
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an anion exchange column at various salt concentrations.>'!
Apart from DNA as a means to separate SWNT, other
methods, such as dielectrophoresis* and density gradient
ultracentrifugation,® have been employed. Strategies for
achieving high-purity SWNTs need to be scalable, nonde-
structive, and economical. Here we present a solubilization
and separation study of SWNTSs by using a genomic salmon
DNA (SaDNA), which is a byproduct of the fishing industry
and costs about $20/g (compared to $25000/g for d(GT)y).
We demonstrate that the SaDNA exfoliates and disperses
SWNTs on a level comparable to d(GT), oligomer DNA.
The analysis using near-infrared (NIR) absorption and
photoluminescence (PL) spectra from the HiPco nanotube
samples shows SaDNA mediates selective stabilization of
(6,5) SWNT, without requiring additional separation steps,
such as ion exchange'! and density gradient columns.’
Circular dichroism and classical all-atom molecular dynamics
(MD) simulations show that SaDNA prefers to interact with
(6,5 SWNT as compared to (10,3) tubes, whereas single-
stranded d(GT),o shows no or minimal chirality preference.
Further spectroscopic studies on CoMoCat SWNT—DNA
dispersion shows >86% of (6,5) chirality enrichment can
be achieved by using SaDNA as the dispersing medium.
HiPco SWNTs have been known to exhibit a d, of 1.05
nm, along with a o of £0.15 nm.'? Such wide o of the HiPco
sample, along with close to 1 nm d, enables us to monitor
the metallicity and diameter-dependent stabilization of nano-
tubes in a dispersion medium by absorption and emission
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Figure 1. Normalized PLE emission contour plot (a, b) from SaDNA dispersed HiPco SWNTs in the ultracentrifuged supernatant and the
redispersed-precipitate fractions, respectively. Normalized PLE emission contour plot (c, d) from d(GT)y dispersed HiPco SWNTs of the
ultracentrifugation supernatant and the redispersed-precipitate fractions, respectively. Inset circles added for the visualization of each SWNT
(n,m) points. Normalized NIR absorption profile of (e) SaDNA and (f) d(GT), dispersed HiPco SWNTs ultracentrifugation supernatant
fractions. Groups of the characteristic NIR ES|; peaks are deconvoluted and assigned with respect to their possible chiralities and indicated

as groups in braces “{}”.1322

spectroscopy. From the spectra analysis of the HiPco sample,
we show (1) SaDNA stabilizes dispersions of SWNTs to a
level comparable to the d(GT)y oligomer and (2) SaDNA
selectively stabilizes (6,5) tubes in the D,O media. Semi-
conducting (sem-) SWNTs have been known to absorb and
emit photons via the electronic transitions (ES;) between
valence and conduction bands'? according to their distinct
van Hove singularity (vHs).!* Typically, SWNT PL is
observed at the ES;; level following the photoelectronic
excitation at the first, second, and third vHs and the
subsequent relaxation to the valence band edge. Thus, PL
spectroscopy has been one of the primary tools for investi-
gating sem-SWNTs chirality enrichment profiles by monitor-
ing their intensity changes in absolute or relative scale.®>~17
Panels a—d of Figure 1 show the chirality-assigned photo-
luminescence excitation (PLE) emission spectra'® acquired
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from SaDNA and d(GT), dispersed HiPco SWNTSs,'® which
are noted as SaADNA—HiPco and d(GT),—HiPco, respec-
tively. The supernatant obtained after ultracentrifugation of
the SaDNA—HiPco sample shows that the relative emission
intensity of (6,5) SWNT is significantly enhanced (Figure
la), meanwhile the redispersed precipitate shows peaks
corresponding to the (7,6), (8,4), and (7,5) tubes (Figure 1b).
In contrast, the d(GT),p—HiPco in both the ultracentrifuged
supernatant (Figure 1c) and the redispersed precipitate
fractions (Figure 1d) show similar emission profiles resulting
from (7,6), (8,4), and (7,5) SWNTs. HiPco SWNTs two-
dimensional (2-D) mapping PLE emission contour plots
similar to those in Figure 1, panels b—d, can be found in
various other references,'>!%1° where various surfactant
systems were introduced. On the basis of these results, we
conclude that d(GT)y stabilizes HiPco SWNT without
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Figure 2. The relative solubility of each SWNT group from both PLE emission and NIR absorption. RF’r and RFNR are the RF of each
chirality group from PLE emission and NIR data, respectively. RFEL\/RFf{gr),, is calculated by averaging the RF of each (n,m) assigned
from the PLE emission spectra according to the SWNT groups in NIR assignment. Placement of the data points above the broken line
indicates relative enrichment of the respective chirality groups at the SaDNA—HiPco dispersion.

noticeable chirality selection by the process applied here,'8
whereas significant selective solubilization of (6,5) tube in
aqueous media was observed using SaDNA. Addition of
SaDNA to d(GT),—HiPco supernatant shows no noticeable
change in the intensity and peak-position profiles of PLE
emission (Figure Sla,b),’ indicating any SaDNA-induced
physicochemical effect on SWNTs, such as charge transfer, '
is not involved in the spectral changes observed in this
experiment. The SWNT—DNA dispersion exhibits neutral
pH, where no redox effect is expected on the SWNT
spectroscopy data, 2!

While the 2-D PLE emission contour plots provide the
detailed information about individual sem-SWNT according
to its chirality, NIR absorption shows peaks that are typically
from several nanotubes with similar excitation energy.
However, specifically for a nanotube sample with diameter
similar to HiPco SWNTs, the NIR ES;; does not overlap other
higher electronic transitions, such as ESy; and EM;;, and most
peaks are widely spread, enabling detailed chirality assign-
ment of sem-SWNT. Thus, monitoring the enrichment profile
by NIR spectroscopy can be a good secondary approach to
support the PLE emission result from the HiPco nanotube
sample. To avoid any spectral changes from intertube
aggregation, NIR absorption spectra were obtained from the
supernatant of ultracenrifuged SaDNA- and d(GT)y0-
dispersed HiPco SWNTs (Figure le,f). Both spectra are
normalized and baseline-corrected by subtracting the plas-
monic and scattering lines.”> Along with PLE emission
spectra, the ES|; features observed from NIR absorption of
both samples are finely separated, indicating that the natural
SaDNA product individually disperses SWNTs in D,O at a
level comparable to the oligo d(GT),o. These characteristic
NIR ES;; peaks are deconvoluted and assigned with respect
to their possible chiralities, which are based on the experi-
mental observation and assignment from previous studies.'3??
Groups of {(13,3), (13,5)}, {(11,6), (15,1)}, {(12,4)}, {(10,5),
(10,3), (1LD), 8,7}, {(11,3), (8,0)}, {(8:4), 9.2), (7.6)},
{(10,2), 94}, {(7.9)}, {(6,5)}, and {(8,3)} SWNTs are
assigned from low to high ES;;. On the basis of recent
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theoretically calculated PLE emission and absorption intensi-
ties,'” the relative fraction (RFELNR G %)'® of each sem-
SWNT is calculated from PLE emission and NIR spectra
(Table S1). The relative solubility of each SWNT group from
both PLE emission and NIR absorption are depicted in Figure
2 by using REEANR/RFSENR, where RFP- and RFNR are the
RFs of each chirality group from PLE emission and NIR
data, respectively. RS o o/RFi(Gr),, is acquired by averaging
the RF of each (n,m) assigned from the PLE emission spectra
according to the SWNT groups. The enrichment profile from
NIR validates the relative solubility trend shown from PLE
emission, where SaDNA enhances (6,5) SWNT population
to the highest extent compared to the d(GT),o oligomer.

Circular dichroism (CD) is typically utilized to determine
the solution structure of DNA forms by monitoring the
intensity changes from the negative and positive peaks at
290—260 nm (P*) and 260—230 nm (P~), respectively.?
The SWNT-induced structural changes of DNA using CD
characteristics have been investigated by several groups.>*?
By using heavily acid-treated commercial SWNTs, Li et al.
reported carbon nanotubes induce a B—A transition of DNA.
In this study, we observe that the SaDNA transitions from
its native B-form to a near-A-form in the presence of HiPco
SWNTs (Figure 3a). Although single stranded d(GT)y
dispersed SWNTs have shown distinctive CD peaks from
SWNT—DNA hybrid structure, the spectrum observed from
the SaDNA—HiPco SWNT, collected from the ultracentri-
fuged precipitate fraction, and redispersed in D,O, is
significantly different from d(GT),—HiPco SWNT disper-
sion and shows increase in P as compared to P~, indicating
B—A transition. CD spectra of SaDNA at various ultrasoni-
cation times (Figure S3) shows no noticeable change
indicating the preservation of double helix structure through-
out the process.

To theoretically explore these observations, namely, that
(6,5) SWNT exhibits strong association affinity to SaDNA,
while no such chiral selectivity is present for
d(GT)2—SWNT complexes, classical all-atom molecular
dynamics (MD) simulation was performed to compare the
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Figure 3. (a) Normalized CD spectra from SaDNA and d(GT),, dispersed HiPco SWNTs. SaDNA CD spectrum shows complete B-form.
The negative and positive peaks at 290—260 nm and 260—230 nm are noted as P* and P, respectively. (b) Tabulated figures for the
conformations of SaDNA/d(GT),y and (6,5)-/(10,3)-SWNT hybrids obtained from classical all-atom MD simulations. Transitions of
conformations from native DNAs to energy-minimized DNA—SWNT hybrid forms are indicated as arrows along with the vdW energies

between DNA and SWNT of the energy-minimized system.

relative binding affinity of single-strand d(GT),o and double-
strand SaDNA to two representative SWNTs, (6,5) and (10,3)
tubes. Since the self-assembly of DNA—SWNT complex is
driven by the strong van der Waals (vdW) interaction on
the interface of the nucleotides and the SWNT sidewall, and
the vdW interaction is the main stabilizing force within the
DNA—SWNT complex,?’?8 we calculate this vdW interaction
energy between DNA and SWNT in vacuum to compare the
relative binding affinity. On the basis of the known GC
content of SaDNA (~41%),” a sequence of DNA, consisting
40 base-pairs with length ~13.5 nm, was randomly gener-
ated. The AMBERY9 force field is used to model DNA.*
The initial coordinates of SWNTs of length 14 nm and
chirality (6,5) and (10,3) are generated by using Maruyama’s
wrapping program.’! The SWNT carbon atoms are modeled
by uncharged sp? Lennard-Jones parameters from AMBER99
force field. The DNA structures are initially placed above
the SWNT by about 1.5 nm from the axis of SWNT. After
energy minimization and heating up to 300 K, each system
is equilibrated at least 50 ns until the total potential energy
converges. By use of equilibrated trajectories, vdW interac-
tion energies are calculated by NAMD for each system.

Figure 3b shows the conformations of SaDNA— and
d(GT)»—DNA fragments with (6,5)- and (10,3)-SWNTs
obtained from classical all-atom MD simulations. The single-
strand d(GT), rapidly wraps nanotubes from the 3'-end as
shown in Figure 3b. This is in agreement with the observation
from the classical all-atom MD simulations including explicit
water as reported by Klein’s group.?® Figure 3b also shows
double-strand DNA becomes more compact, exhibiting the
A-like form. This trend fits well with the CD spectrum shift
from complete B-form (the red curve in Figure 3a) to a near-
A-form (the blue curve in Figure 3a). Since DNA is flexible
and hydrophilic, the interactions with the stiff and hydro-
phobic SWNT forces hydrophilic nucleotides to choose a
more compact form.

The calculated vdW interaction energies between DNA
and SWNT (its absolute value is also called the total stacking
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energy?®) for the energy-minimized conformations are —392.4
+ 6.3 kcal/mol for SaDNA-(6,5), —330.3 + 6.0 kcal/mol
for SaDNA-(10,3), —312.97 £ 5.8 kcal/mol for d(GT),o-
(6,5), and —325.63 + 5.4 kcal/mol for d(GT)y-(10,3).
SaDNA energetically prefers (6,5) to (10,3) with an energy
difference of 62.1 kcal/mol. Meanwhile, d(GT),, shows
preference toward (10,3) tube with —12.26 kcal/mol vdW
energy difference, which is in the regime of error bars in
the energy distributions. This theoretical calculation strongly
supports the selective enrichment of (6,5)-tube with genomic
SaDNA and no distinguishable observation with d(GT).
More extensive calculations that account not only for various
other types of DNA sequences but also for additional SWNT
chiralities present in the experiment, are in progress for in-
depth understanding and controlling the chirality enrichment
using genomic DNAs.

Radial breathing mode (RBM)* peaks from resonance
Raman spectra (RRS) acquired using the 633 nm excitation
laser line exhibit that relative intensity of SaDNA—HiPco
sem-SWNT peaks are increased as compared to the
d(GT)x—HiPco, which shows similar RBM profiles to the
as-supplied sample.'® This indicates that SaDNA mediates
preferential stabilization of sem-SWNTs in the aqueous
supernatant, while leaving the metallic (met-) counterpart in
the precipitate. Further detailed RRS characterization with
tunable excitation laser line is required to monitor this
metallicity-dependent separation. However, we chose to focus
on characterizing the chirality separation of sem-SWNTs in
this study. To further support the evidence that SaDNA
significantly interacts with (6,5) SWNTs, we explore similar
experiments using CoMoCat SWNTs.

CoMoCat SWNT is a well-known commercial product,
where the average diameter of nanotube is ~0.81 nm with
o of £0.08 nm.** The estimated quantity of sem-SWNTSs in
CoMoCat tubes is >90% and (6,5) tube concentration
reaches >50% of the total sample.3>-¢ Previously, additional
separation methods such as anion exchange column'' and
density gradient ultracentrifugation® were employed for the
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enrichment of (6,5) tube when CoMoCat SWNTs were
dispersed in water using DNA oligo d(GT),p and sodium
cholate, respectively. Here, we follow the selective stabiliza-
tion trend of SaDNA toward HiPco SWNTs, and the
enrichment of (6,5) SWNT from as-supplied CoMoCat
samples using SaDNA as a dispersing medium in D,O
without the need for additional separation methods. Figure
4 shows the PLE emission profile obtained from CoMoCat
SWNTs using SaDNA and d(GT)y. The normalized PLE
emission intensity from (6,5) tubes is enhanced, while other
SWNT peaks are significantly diminished, as is notable from
the RF changes indicated in Figure 4 next to chirality
assignment. Referring to the manufacturer’s specification and
their PLE emission-* and RRS-based?® chirality quantifica-
tion studies, we estimate that the (6,5) SWNT concentration
in the CoMoCat sample increased to >86% with one step
of SaDNA-mediated dispersion and ultracentrifugation. The
addition of ultrasonicated and ultracentrifuged SaDNA to
d(GT)yo-stabilized CoMoCat SWNTs shows no noticeable
change in the PLE emission profiles (Figure Slc,d),'®
confirming that the spectral difference is not due to SaDNA-
induced physicochemical changes in nanotubes.

We also used Escherichia coli genomic DNA (EcDNA)
to separate CoMoCat SWNTs (see Figure S4). Using
EcDNA, we were able to observe the enrichment of (6,5)
SWNTs to ~75%. One of the reasons for enhanced separa-
tion of (6,5) SWNTs using SaDNA could be attributed to
its lowered GC content (41%), while in comparison, the GC
content of EcDNA is around 50%. Interestingly, PLE
emission spectra from CoMoCat showed that the lumines-
cence from (6,5) tubes is relatively stronger using the lower
GC content genomic SaDNA, compared to EcDNA. In
addition, EcDNA exhibited lower SWNT solubilization
compared to SaDNA. However, further elucidation on the
separation mechanism could be addressed by identifying the
DNA fragments bound to the (6,5) tubes, which is currently
underway in our laboratory.

The price for d(GT)y is typically $25000/g and usually
oligo-DNA assisted SWNT dispersion experiments are
carried out with a DNA:SWNT weight ratio of 1:1, discard-
ing the majority of unbound DNA. This poses a high price
of $25000 for oligo-DNA in treating every gram of carbon
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nanotubes, and thus, a cost-effective nucleic acid system is
highly in demand. Genomic DNAs have emerged as a SWNT
dispersing system to satisfy such demand.*’ 3 NIR, PL, and
MD studies reveal that SaDNA interacts with SWNT at a
level comparable to the d(GT),o oligomer but, more impor-
tantly, exhibits (6,5)-chirality selectivity. Using SaDNA,
>86% of (6,5) SWNT-enrichment is achieved using com-
mercial CoMoCat tubes as the starting material. This finding
will enable us to obtain more electronically controlled
samples of SWNTs that can be used to enhance optical and
semiconducting properties of nanotube-only systems* or
nanotube composites, specifically for electronics applica-
tion.*1*> On the basis of the MD simulation-based chirality
selectivity prediction, further mechanistic investigation of
DNA sequences that promote selective stabilization of (6,5)
SWNTs is underway in order to control and amplify the
chirality enrichment from the commercial nanotube products.
Clearly, the GC content of the DNA has an important role
to play in SWNT separation, but just having a defined GC
content might not be sufficient for chirality enrichment. DNA
fragment length and sequence composition could also be
important parameters to consider. In conclusion, we dem-
onstrate a simple, scalable, and economic method for the
enrichment of specific type SWNTs.
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