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ABSTRACT
DNA-carbon nanotube hybrids (DNA —CN) are novel nanoscale materials that consist of single-wall carbon nanotubes (SWCN) coated with a
self-assembled monolayer of single-stranded DNA (ssDNA). Recent experiments on DNA —CN have shown that this material offers a remarkable

set of technologically useful properties such as facilitation of SWCN sorting, chemical sensing, and detection of DNA hybridization. Despite
the importance of DNA —CN, a detailed understanding of its microscopic structure and physical properties is lacking. To address this, we have
performed classical all-atom molecular dynamics (MD) simulations exploring the self-assembly mechanisms, structure, and energetic properties

of this nanomaterial. MD reveals that SWCN induces ssDNA to undergo a spontaneous conformational change that enables the hybrid to
self-assemble via the - stacking interaction between ssDNA bases and SWCN sidewall. sSDNA is observed to spontaneously wrap about
SWCN into compact right- or left-handed helices within a few nanoseconds. Helical wrapping is driven by electrostatic and torsional interactions
within the sugar —phosphate backbone that result in sSDNA wrapping from the 3 ' end to the 5 end.

Introduction. Biological molecules can be combined with A deeper understanding of this organic/inorganic hybrid
inorganic nanostructures to form multifunctional hybrid nanostructure lies at a powerful advancing frontier of
materials with unique properties that will drive advances in fundamental research in nanoscience and will enable numer-
nanoelectronics, environmental safety, medicine, and home-ous proposed applications of DNACN #~°
land security. One such material of contemporary interestis It was recently shown that SWCN field effect transistors
the DNA—carbon nanotube hybrid (DNACN), which (FETSs) decorated with a nanoscale layer of ssDNA display
consists of a single-wall carbon nanotube (SWCN) coated remarkable chemical sensing capabilities with sequence
with a self-assembled monolayer of single-stranded DNA dependent chemical recognition, making them ideal candi-
(ssDNA). This unique system offers an intriguing combina- dates for “electronic nose” applicatiohkabel-free schemes
tion of properties derived from an essential, ubiquitous for optical and electroni?® detection of DNA hybridization
biomolecule and one of the most heralded inorganic nano-with DNA—CN have also been reported, and it has been
materials. proposed that DNACN may provide a means for ultrafast

ssDNA is a complex biological heteropolymiethat DNA sequencing® Because ssDNA in aqueous solution
displays self-recognition in the hybridization of the DNA carries an overall negative charge and contains many polar
double helix and can be engineered through “directed functional groups, DNA-CNs are water-soluble entities that
evolution” for recognition of other molecular specfes. can be individually suspended in aqueous solution and
SWCNSs have a set of unsurpassed physical properties thasubsequently sorted according to SWCN electronic proper-
derive from the completely covalent sponding that is ties56
characteristic of the defect-free graphene shéstexamples, The importance of this composite nanomaterial motivates
SWCN'’s mechanical stiffness, the carrier mobility of semi- a quantitative understanding of its interactions, structure, and
conducting SWCNs, and the electrical conductivity of physical properties. Atomic force microscope (AFM) images
metallic SWCNs are all among the largest of known of DNA—CN based on the poly GT (sequences of repeating
materials® These two molecular nanostructures are chemi- guanine and thymine nucleotides) sequence and formed using
cally compatible, and are easily combined to form DNA  sonication are reported to show alternating bands of high
CN with unique features that arise from the two components. and low regions on the surface of the hybrid with a uniform

. - — - spacing of 18 nni.These features, along with other remark-

: Sgg:rst%%nnc:'g? Sﬁ;rs'?gé E:Qa}&l:st%ﬁgrrf;”@phys'cs'“pen”'Ed“' able properties of poly GT-SWCN hybrids, led Zheng et al.
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hydrogen-bonded dimer with a pitch commensurate with this
18 nm spacing.Later measurements of the circular dichroism
of this material also suggest helical wrappidddowever,
AFM measurements on DNACN formed without sonica-
tion reveal that adsorbed ssDNA forms a thicker, presumably
disordered, layer on SWCNs that is featureless in AFM.

While AFM provides useful structural information on
DNA—CN, its resolution is limited to several nanometers.
Computer simulations, on the other hand, are well suited for
gaining detailed information on nanoscale systems, such as
DNA—CN, with atomic-scale resolution. Classical potentials
have been employed to locate low energy conformations of
ssDNA adsorbed onto SWCN?These calculations showed
that energetically favorable configurations result when ss-
DNA wraps helically about SWCN with its bases stacked
to the SWCN surface!® Ab initio computations have also o
been performed on single nucleotides adsorbed to SWCN g
to study the electronic structure of the composite sysfem.

Molecular dynamics (MD) is a computational technique
that possesses several advantages over the previous methods,

espeC|aII_y in §|mL_JIat|ons of blo_physma_l syste%_ﬁsMD . Figure 1. Self-assembly of a DNAcarbon nanotube hybrid in
enables Investigations of dynamics and interactions durln_g aqueous solution. The water molecules and Naunterions have
self-assembly of biomolecular complexes, as well as their been removed for visualization purposes. (a) Initial configuration.

structural stability. Additionally, MD simulations can include (b) Configuration after 5.5 ns. (c) Final configuration after 21 ns.

the effects of important experimental conditions such as i, negatively charged ssDNA backbone. The AMBER99
temperature, pressure, and the aqueous environment, which, ..o field” was used to model ssDNA. On the basis of
were omitted in the computational work cited above. Thus, previous worki819 the SWCN atoms were modeled as

to deepen our understanding of this hybrid nanostructure,uncharged Lennard-Jones particles usirfgcsipbon param-
we have conducted a series of atomistic MD simulations of oo from the AMBER99 force field. The positions of all
DNA—CNs under fully hydrated conditions. SWCN atoms were constrained with a harmonic potential.
To determine the general features of DNBN self-  Thex—x stacking interaction plays a critical role in the self-
assembly, we simulated the adsorption of a 14-base randonassembly of DNA-CN (see below). In the AMBER99 force
sequence (Rang) to an infinite SWCN in aqueous solution  field, stacking interactions among aromatic species are
in accordance with typical experimental conditidn¥!* We parametrized within the van der Waals parameters of each
find that sSDNA undergoes significant conformational changes atom type. Specific electrostatic interactions amamg
upon contacting SWCN, which enables the spontaneouselectrons are thus included in an average way. For further
assembly of DNA-CN mediated by the attractive—x details on modelingr—x stacking interactions, see ref 22.
stacking interaction between ssDNA bases and the SWCNA|| simulations were performed with explicit solvent using
sidewall. We have also investigated the stability of the poly the TIP3P water mode&f. However, the interior of SWCN
GT dimer conformation proposed by Zheng et ahd we  remained hollow and devoid of water molecules in all cases,
find that poly GT oligonucleotides prefer to adsorb to SWCN hich is reasonable for pristine, unoxidized SWCNs in
separately and not as a dimer. Moreover, we find that the aqueous solution. The simulations were initialized with
18 nm pitch helical wrapping is structurally unstable, and a ssDNA in a variety of configurations as described below. In
helical configuration with a more compact pitch is strongly a|| cases, equilibrium was considered to be reached when
favored. The mechanism responsible for helical wrapping is the average root-mean-square deviation of ssDNA with
credited to electrostatic and torsional interactions within the respect to its starting structure no longer varied with time.
sugar-phosphate backbone that cause ssDNA to wrap Analysis and visualization of MD trajectories were performed

helically about SWCN from the’&®nd to the 5end. with VMD. 2! Additional computational details are provided
Computational Methods. MD simulations were per-  in the Supporting Information.
formed at constant presstifél atm) and temperatutg(300 Results and DiscussionSelf-Assembly of DNACarbon

K unless otherwise stated) with the GROMAESVID Nanotube Hybrids.To obtain a microscopic picture of
package using a 1.5 fs time step. Electrostatic interactionsDNA—CN self-assembly, a simulation was performed on a
were calculated with the particle mesh Ewald metHaahd random 14-base (ATCGATACGTGACT) oligonucleotide
three-dimensional periodic boundary conditions were applied. initially separated from a (11,0) SWCN by about 1.5 nm
To simulate an infinite SWCN, a segment with a length (Figure 1a). ssDNA was initialized in a helical-stacked
commensurate with thie, box dimension was aligned along conformation, which is a reasonable structure for short
the z-axis with the terminal carbon atoms sharing a chemical oligonucleotides in aqueous solutibithe system was then
bond. N& counterions were included to exactly neutralize allowed to equilibrate over the course of MD at a constant
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sequence as well as homopolymers (each 21 nucleotides in
length) poly A, poly C, poly G, and poly T.

Although each of the four nucleobases experiences an
attractivezr—sr stacking interaction, their stacking energies
vary. The purines adenine and guanine, which contain two
aromatic rings, have binding energies to the (11,0) SWCN
of 0.60 and 0.65 eV, respectively. The binding energies of
the pyrimidines cytosine and thymine, which contain a single
aromatic ring, are smaller at 0.48 and 0.55 eV, respectively.
This is consistent with the expectation that thes stacking
energy should increase with increasing surface area of the
faces of the interactant8 The binding energies thus exhibit

the trend G> A > T > C, in agreement with measurements
of the adsorption isotherms of nucleobases on grafStaite
ab initio calculations of nucleobases on graph#&ne.

Perhaps the most striking result in this simulation is that
ssDNA spontaneously wraps into a compact left-handed helix
about SWCN circumference. In other trials with different
temperature of 330 K for 21 ns. The slightly elevated initial configurations of the system, we observed formation
temperature was employed in this particular simulation to of right-handed helices, achiral “loops” and disordered,
effectively accelerate the adsorption kinetics so that the entirekinked structures. ssDNA is a flexible polymer with many
process would occur within typical timescales that are degrees of freedom and a rugged potential energy landscape
accessible with MD {10 ns). By examining the results of  containing many local minima. Thus, MD simulations of only
approximately 20 additional simulations conducted at 300 a few tens of nanoseconds are insufficient to obtain accurate
K and involving 5 different oligonucleotides, we have statistical information about the equilibrium distribution of
verified that this temperature does not affect the mechanicsthese conformations at low temperatur@s~ 300 K). We
involved in DNA—CN self-assembly. Thus, the results of are conducting an analysis of the entire ensemble of low-
this simulation are relevant at room temperature as well. energy ssDNA conformations about SWCN obtained using

Within the first 500 ps, several ssDNA segments make the replica exchange MD method whose results will be the
contact to SWCN. These segments undergo a conformationasubject of a future publication.
change where nucleobases rotate by @8lative to the Structural Stability of Poly GT Conformationglotivated
sugar-phosphate backbone, thus becoming unstacked fromby AFM work and the observed effectiveness of poly GT
their neighbors. This enables individual nucleobases to adsorbsequences in ssDNA-mediated SWCN sorting, Zheng et al.
(stack) to the SWCN surface at a distance similar to that proposed that poly GT oligonucleotides form homodimeric
found for neighboring planes in graphite@.34 nm). These  structures held together by an exotic, non-WatsGnick
nucleobases are held tightly against the SWCN sidewall andhydrogen bond network and wrap in a helical fashion about
anchor ssDNA in the radial direction. However, the oligo- SWCNs with an 18 nm regular pitéiTheir proposed base
nucleotide freely diffuses along the SWCN axial and pairing arrangement is shown in Figure 3a. We performed a
circumferential directions. Within 5.5 ns, the entire ssSDNA series of simulations to examine the stability of this structure
backbone is drawn close to SWCN, which permits additional and others related to it.
nucleobases to bind to the sidewall (Figure 1b and Figure First, we investigated the structural stability of this poly
2). Over the next 16 ns, many of the remaining, unbound GT dimer. Two (GT) oligonucleotides were constructed in
nucleobases adsorb and, even more remarkably, ssDNAinear conformations and placed adjacent to each other on a
spontaneously wraps around SWCN into a left-handed helix (11,0) SWCN. To facilitate dimerization, the ssDNA back-
(Figure 1c). bones were placed antiparallel and their bases oriented to

The self-assembly of DNACN is driven by a strong van ~ mimic the proposed hydrogen bond pattern (Figure 3b).
der Waals attraction between the faces of the nucleobasesgiowever, we found that this arrangement induces high stress
and the SWCN sidewall, that is, the-7 stacking interac-  within the ssDNA sugar residues and glycosidic bonds.
tion.22 The total stacking energy, which we calculate as the Performing energy optimization on this structure alleviated
absolute value of the total van der Waals energy betweenthis stress, but significantly altered the geometry and led to
nucleobases and SWCN, steadily increases throughout thea configuration that was incompatible with the original base
simulation (Figure 2). This interaction is the main stabilizing pairing scheme (Figure 3c). We therefore conclude that the
force within the hybrid: it comprises 66% of the total proposed hydrogen bond pattern is energetically unfavorable
adsorption energy of the system, even though only 43% of and structurally unstable.
ssDNA atoms reside in nucleobases. Because all four Nevertheless, the optimized structure retains some of its
nucleobases can bind via—x stacking, ssDNA of any  original hydrogen bonds (Figure 3c). To explore the pos-
sequence should readily form DNACNs. We have verified  sibility that these remaining bonds could stabilize a dimer,
this by obtaining similar results with another random we performé a 5 nssimulation starting from this energy

Time (ns)
Figure 2. Total sSDNA-SWCN adsorption energy (blue) and

nucelobase SWCN stacking energy (red) and number of adsorbed
nucleobases (green) as functions of time.
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Figure 3. (a) poly GT dimer configuration proposed by Zheng et al. (b) Initial (Cdijner following the proposed base pair scheme.
Guanine and thymine are shown in blue and magenta, respectively. Hydrogen bonds are shown in yellow, @r@&Tafter energy
minimization. Several of the hydrogen bonds have been broken.

minimized configuration. The simulation results in the a) G T
two strands gently separating and diffusing away from
one another; no stable dimer is formed. Apparently, any
attraction between the oligonucleotides is nonspecific and
insufficient to survive thermal fluctuations at 300 K. It is
reasonable to imagine that longer oligonucleotides con-
taining many more inter-ssDNA hydrogen bonds would
be more prone to dimerize than the short (g38@quences
used here. However, we carried out the identical simulation
using (GT)o, a sequence ten times longer than the previous
one, and obtained qualitatively similar results. The initial
(GT)0 dimer contained a total of 73 interstrand hydro-
gen bonds. However, after 5 ns of MD only 12 remained.
These residual hydrogen bonds occurred between random
bases, were not arranged in any specific fashion, and did

not impose any overall structure on the adsorbed oligonucle-
otides. Figure 4. (a) G-T wobble base pair. (b) Two poly GT strands

We al nsidered dimer structures b d on “wobbl adsorbed to SWCN. Guanine and thymine are shown in blue and
€ also consiaere er structures based o 0 emagenta, respectively. Atom pairs that would normally share

base pairing”, which is known to initiate formation of double  hydrogen bonds in a wobble base pair are colored red and green,
helices of poly GT sequences at low temperatbfé. respectively. The geometry assumed by adsorbed nucleobases makes
However, this scheme is also highly unlikely to occur among them incompatible with wobble base pairing.
adsorbed ssDNA for the following reason. In wobble base
pairs, one hydrogen bond exists between atoms O6 ofreduces the cohesive strength of interstrand hydrogen bonds.
guanine and N3 of thymine and another between atoms N1Additionally, in dsDNA, adjacent bases are stacked on top
of guanine and O2 of thymine (Figure 4a). However, when of one another in a spiral staircase fashidecause of this
thymine is adsorbed to SWCN, the O2 and N3 atoms are stacked geometry, bases are freely able to hydrogen bond to
oriented toward the interior of the oligonucleotide, which their counterparts without steric hindrance. These stacking
restricts their ability to hydrogen bond to an opposing interactions also provide rigidity in dsDNA and are as
guanine (Figure 4b). important as base pair interactions in stabilizing the double
While this is not an exhaustive search of all possible base helix.! However, in the adsorbed state, adjacent poly GT
pairing schemes, the preceding results are evidence againdbases lie roughly in the same plane and must compete for
the formation of stable poly GT dimers adsorbed to SWCNs. space on the SWCN surface. Thus, adsorbed bases are
This conclusion is further corroborated by established facts subjected to steric restrictions that impede their ability to
about double-stranded DNA (dsDNA). In dsDNA, base pairs form base pairs. Also, because of the lack of intrastrand
reside in a planar geometry that maximizes the strength of stacking interactions, adsorbed poly GT adopts a more
the interstrand hydrogen bontlslowever, the adsorbed poly  disordered structure compared to dsDNA. Consequently,
GT nucleotides reside on the curved SWCN surface and areinterstrand interactions among the adsorbed oligonucleotides
unable to form planar base pairs. This geometry significantly tend to be more random and nonspecific.
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b) 04’ Outward

Figure 6. Simulation of § displaying right-handed helical wrap-
ping of (GT)o about SWCN. (a) Initial configuration. (b) Config-
uration after 2.2 ns. (c) Configuration after 7 ns. The green sphere
marks the ssDNA '3end. Similar results occur for,Sbut with
left-handed helical wrapping.

heavily solvated by water. As a result, each thymine has
approximately 0.67 more hydrogen bonds with water for the
inward conformation. Additionally, the inward ssDNA
backbone is about 0.8 A closer to SWCN, which results in
a more favorable ssSDNASWCN van der Waals interaction.
Because we find that dimer formation is improbable, we  Mechanism for Helical WrappingTo investigate the
performed several simulations of a single adsorbed poly GT mechanism responsible for ssSDNA helical wrapping, we
oligonucleotide to determine the stability of helically wrapped carried out simulations of two systems, &d S, where a
poly GT. We constructed a (11, 0) SWCN initially wrapped (GT), oligonucleotide initially adopts a linear, ahelical
with a 60 base long poly GT ((G3g) sequence adopting an  conformation on top of a (11,0) SWCN (Figure 6a). In each
18 nm pitch helix (Figure 5a). This oligonucleotide is system, ssDNA was initialized in the inward configuration
identical to that used by Zheng et al. in their original AFM  but with a different setd, 3, v, 0, €, £) of backbone torsion
experiments. Because of the chiral ssSDNA backbone, we angles. The initial average torsional angles were (260, 162,

Figure 5. (a) (GTyxoo0n a (11,0) SWCN with regular 18 nm pitch.
(b) Different sugat-phosphate backbone orientations with respect
to SWCN. O4 (red) points either radially inward or outward from
SWCN.

identified four distinct conformations consistent with helical

59, 140, 159, and 13%and (194, 116, 62, 104, 143, and

wrapping. These structures differ in helical handedness (left 216°) for S; and S, respectively. Each system was allowed

or right) or orientation of the sugaphosphate backbone
with respect to SWCN. For clarity, the backbone orientation
is defined by the position of the Odtom of the sugar group,

to relax in aqueous solution for 7 ns.
Remarkably, the linear oligonucleotide i &nd $
spontaneously winds around the SWCN into a right- and left-

which can point radially inward or outward from SWCN handed helix, respectively. In both systems, helical wrapping
(Figure 5b). Thus, the four initial structures are LH-inward, does not occur uniformly over the entire length of the
LH-outward, RH-inward, and RH-outward, where LH and oligonucleotide. Instead, the ssDNA Bnd remains es-
RH stand for left-handed and right-handed, respectively. In sentially stationary (apart from thermal motion) while the
each case, ssDNA was initialized with 26 bases per helical 3' end rapidly encircles the SWCN circumference (Figure
turn. This value was determined to minimize both steric 6b). As a result, additional helical turns are generated at the
repulsion between adjacent nucleobases and bond stretching' end, which then propagate toward tHeeBd. The winding
of the backbone under the constraint of an 18 nm pitch. Eachcontinues until sSsSDNA forms a compact helix about SWCN
structure was relaxed over the course of-800 ns in (Figure 6c¢).
aqueous solution. Analysis of structural and energetic changes that occur in
In each system, (G%) retains a helical wrapping about the two systems reveals that electrostatic interactions within
SWCN but undergoes an overall reduction in pitch. The final the ssDNA backbone are responsible for wrapping the
pitch values for the four systems range from 2 nm for LH- initially linear oligonucleotide into a helical structure. As
outward to 8 nm for RH-inward. The decrease in pitch is the helix forms, the average distance between adjacent
accompanied by an increase in the number of helical turnsphosphatesde_p) steadily increases, thereby relieving elec-
about SWCN circumference. These results indicate thattrostatic repulsion Ee_p) within the backbone (Figure 7).
helical wrapping is a viable ssDNA structure about SWCN. These structural changes proceed via a rearrangement of the
However, pitch values over about 10 nm are unfavorable. backbone torsional angles (Figure 7). It is apparent that the
Strikingly, the inward and outward ssDNA conformations differing initial sets of torsional angles i @&nd $ enable
are energetically distinguishable; the inward structure has ssDNA to evolve along two drastically different pathways
the lower potential energy by 0.11 eV/nucleobase. This that ultimately lead to a right- and left-handed structure,
energetic difference is largely due to the ssDN#ater and respectively. The importance of backbone torsion in helix
ssDNA-SWCN interactions. Compared to the outward formation is most likely why the wrapping occurs asym-
conformation, adjacent nucleobases residing in the inward metrically with turns being generated at tHe2Bd. The chiral
conformation tend to be more spatially separated and moresugar-phosphate backbone results in chiral forces along the
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Figure 7. Structural and energetic changes far $he average
distance §r—p) between adjacent phosphorus atoms (top) increases
as the helix forms, thereby reducing the electrostatic repulsion
(Ep-p) between them (middle). These changes proceed via a
rearrangement of the average torsional angtas>() in the ssSDNA
backbone (bottom). Qualitatively similar data (not shown) occurs

for S,.

oligonucleotide, which may facilitate deformations along
preferred directions.

It should be pointed out that the preceding observations
arise from the artificial initial condition of linear ssDNA,
and that it is possible that other nonhelical conformations
may result from a more random initial configuration.
However, these results provide several interesting insights
about the mechanics of oligonucleotides adsorbed to SWCN.
First, the sugarphosphate backbone contains intrinsic
curvature and prefers a helical wrapping to a linear structure.
Second, whiler—x stacking is the main driving force for
DNA—CN self-assembly, the backbone dictates the overall
ssDNA conformation. Because the sugphosphate back-

double helixt For example, the forfnand mechanical
propertie$® of the double helix are extremely sensitive to
the salt concentration of the solvent. Cations alter the
dielectric properties of the solvent and screen electrostatic
repulsion between phosphates. We have observed salt
concentration dependent effects in our simulations as well.
Adding 0.5 M NaCl to $and S effectively neutralizes the
negatively charged backbone and quenches helical wrapping.
Effect of SWCN ChiralityAll simulations presented here
involve a zigzag SWCN whereas, experimentally, sSDNA
encounters SWCNSs of widely distributed chirality. To gain
insight on how SWCN chirality affects sSDNA conformation,
we calculated the energy of an adsorbed guanine at various
positions along the axis of a (6,6) armchair and (11,0) zigzag
SWCN. The energy barriers for lateral motion of guanine
across the SWCN surface of either chirality are less than
ksT. Specifically, these barriers are &kgT and 0.6kgT for
the armchair and zigzag SWCN, respectively. This suggests
that at room temperature, the SWCN potential presents only
small barriers for lateral movement of adsorbed nucleobases,
in agreement with molecular mechanics calculations of
adenine on graphit®€. Thus, the orientation of adsorbed
nucleobases will be quite insensitive to SWCN chirality. The
energy corrugation found in these simulations is somewhat
smaller than the values of -2 ksT obtained from ab initio
calculations of single nucleobases on grapffefier SWCN3!
However, because the driving force for the helical wrapping
is due to the ssDNA backbone, it is reasonable that all
sequences can conform to SWCN of general chirality in a
helical manner consistent with the results reported here.

Conclusion.We have conducted a series of atomistic MD
simulations that explore the self-assembly mechanisms,
structure, and energetic properties of DNEN. We find
that in aqueous solution, the presence of SWCN induces a
conformational change in ssDNA that enables oligonucle-
otides of general sequence to adsorb viasther stacking
interaction. The stacking interaction is attractive for all four
nucleobases with purines exhibiting the strongest binding.
The flexibility of SSDNA enables a wide range of wrapping
conformations about SWCNs including right- and left-handed
helices, achiral “loops” and disordered, kinked structures.
Helix formation for adsorbed oligonucleotides is found to
derive from electrostatic and torsional interactions within the
sugar-phosphate backbone, which results in ssDNA wrap-
ping about SWCN from the'3nd to the 5end. Because

bone is not Speciﬁc to base sequence, general SsDNAthe driVing forces for ssDNA adSOI’ption and helix formation

sequences are thus expected to wrap SWCN in a similarare both independent of the specific base sequence, general

manner to that observed here. We have verified this by SSDNA sequences are thus expected to wrap SWCN in a
obtaining similar results with a random 40-base long Similar manner to that observed here. However, several

sequence. There is also reason to believe that the 8
wrapping may be a general feature of DNEN as it has
been observed in other systems with differing initial condi-
tions. For example, in the previously described simulations
involving the relaxation of the (GF) 18 nm pitch helices,
the overall reduction of pitch and increase in the number of
helical turns also proceeded via at8 5 wrapping.

It is widely appreciated that electrostatics play a vital role
in DNA deformatiort?” and in the polymorphism of the

74

experiments®involving DNA—CN reveal that ssDNA base
sequence plays a prominent role in the physical and chemical
properties of the resulting hybrid. While we find that that
sequence does not affect the coarse structure of BEIN,

there must be higher order, sequence-dependent effects, such
as solvation patterns or intra-ssDNA nucleotigheicleotide
interactions, that are important.

Within the limitations of the force fields employed here,
we find that the poly GT dimer proposed by Zheng et al.
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and related configurations are structurally unstable. Hybrid-
ization between multiple adsorbed poly GT oligonucleotides
is unfavorable due to geometric factors. This has important
ramifications for experiments using DNACN to detect
DNA hybridization. It is possible that the traditional base
pairing scheme between complimentary oligonucleotides may
be hindered when one strand is adsorbed to SWCN. This is
consistent with the interpretations of experiments involving
DNA-functionalized SWCN FETs for detection of DNA
hybridization?

Adsorbed ssDNA is found to prefer a compact helical
wrapping with a pitch much less than 18 nm at the low salt
concentrations employed here. We find that at high salt
concentration, helical wrapping could be suppressed entirely.

(2) Breaker, R. RNature2004 432 (7019), 838-845.

(3) Saito, R.; Dresselhaus, G.; Dresselhaus, MPI$ysical properties
of carbon nanotubgedmperial College Press: London, 1998.

(4) Staii, C.; Chen, M.; Gelperin, A.; Johnson, A.Nano Lett.2005 5
(9), 1774-1778.

(5) Zheng, M.; Jagota, A.; Semke, E. D.; Diner, B. A;; Mclean, R. S;
Lustig, S. R.; Richardson, R. E.; Tassi, N. Bat. Mater.2003 2
(5), 338-342.

(6) Zheng, M.; Jagota, A.; Strano, M. S.; Santos, A. P.; Barone, P.; Chou,
S. G.; Diner, B. A,; Dresselhaus, M. S.; Mclean, R. S.; Onoa, G. B;
Samsonidze, G. G.; Semke, E. D.; Usrey, M.; Walls, DSdence
2003 302 (5650), 1545-1548.

(7) Jeng, E. S.; Moll, A. E.; Roy, A. C.; Gastala, J. B.; Strano, M. S.
Nano Lett.2006 6 (3), 371-375.

(8) Star, A.; Tu, E.; Niemann, J.; Gabriel, J. C. P.; Joiner, C. S.; Valcke,
C. Proc. Natl. Acad. Sci. U.S.2006 103 (4), 921-926.

(9) Tang, X. W.; Bansaruntip, S.; Nakayama, N.; Yenilmez, E.; Chang,
Y. L.; Wang, Q.Nano Lett.2006 6 (8), 1632-1636.

It remains an open question whether a more elongated helical (10) Meng, S.; Maragakis, P.; Papaloukas, C.; Kaxirad{dho Lett2007

structure is preferred at intermediate salt concentrations. We (11)

note that in the AFM measurements by Zheng et al., BNA
CNs were dried in air prior to imaging thus altering the
dielectric environment around the hybrids from that in
aqueous solution. This may result in ssSDNA conformations
that differ from those found in a fully hydrated DNACN.
While it is commonplace to visualize DNA as a helical
structure, it is important to note that the conformations found
here would not result without the presence of SWCN. Upon
adsorption, SWCN provides a cylindrical template for helical
wrapping. The resulting ssDNA conformations in DNA
CN are drastically different than those found in double-
stranded DNA or even in ssDNA in agueous solution. Thus,

as research proceeds in combining inorganic nanomaterials

with biological molecules, objects that have never been in
contact in nature, there is a great possibility of discovering
composite materials, such as DNANS, that possess brand
new structural and physical properties.
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