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ABSTRACT

We develop an approach for determining the orientation of DNA bases attached to carbon nanotubes (CNTSs), by combining ab initio time-
dependent density functional theory and optical spectroscopy measurements. The structures we find are in good agreement with the geometry
of nucleosides on a (10,0) CNT obtained from molecular simulations using empirical force fields. The results shed light into the complex
interactions of the DNA —CNT system, a candidate for ultrafast DNA sequencing through electronic probes.

The interaction between DNA and carbon nanotubes (CNTs)the atomic level, including binding geometries and base
is a subject of intense current interest. Single-strand DNA orientation, and their dependence on the base identity, remain
(ssDNA) of different lengths, either small oligomers consist- elusive. The DNA-CNT combined system is a complicated,
ing of tens of baség or long genomic strands{100 bases), dynamic structure, in which the four types of bases interact
have been found to wrap around single-walled CNTs forming with the CNT in the presence of thermal fluctuations.
tight helices. ssDNA and CNTs have complementary struc- Individual DNA bases can be stabilized on CNTs through
tural features which make it possible to assemble them into mainly weak van der Waals interaction to the graphitic CNT
a single, stable structure: ssDNA is a flexible, amphiphilic wall. This interaction is perturbed by the sugar and phosphate
biopolymer while CNTs are stiff, strongly hydrophobic groups in the DNA backbone, the counterions that bind to
nanorods. A variety of applications for the DNANT ssDNA, and the water molecules from solution. The first
system are being explored, such as DNA transpofters, step in attempting to understand this system is to establish

biosensors, field effect transistor$,and agents for CNT  whether or not a preferred orientation for each type of base
dispersion and sorting in solutiéi. There is also an  exists.

increa;ing interest in the use OrfﬁCNTS fo.r supportin% and To address this problem, we investigate the interaction of
detecting DNA through electrorficand optical mears, DNA bases with single-wall CNTs by combining ab initio

Wh'Ch.COUId lead 'to groupd-breakmg, uItrafa;t DNA Se- caiculations based on time-dependent density functional
guencing. Electronic detection of DNA bases_u_smg transver_setheory (TDDFT) and available optical spectroscopic mea-
Eondugt_atnce meas;ren;etnts depentdf_ sensf|t|vtely O?hﬂie P surements. The optical absorbance spectrum, especially when
ase hISI ant%e an rle 3 e (C)irlen a |on,b ac o_rs t_? cag using a polarized light source, is a signature of the electronic
overwheim the sighal dependence on base 1dentity antg oy re of the interacting system, which in turn depends
severely limit the. eff!cacy of single-base (_jetecuon meth- on the precise spacial organization of its components. The
ods.***These difficulties may be overcome in the combined intrinsic absorbance of CNTs, for radiation in the UV range

DNA—CNT system, since, as we show in this work, Do . ) .
attaching DNA on a CNT fixes the base geometry on the .Of Wave-lenglths 216260-nm, Is highly anisotropic, mainly
CNT wall. in the direction perpendlcuIa}r tp the tube a% g hus, only '
While the idea of using CNT as a template to hold and _the component of the _electnc field along the na_notube axis
fix the DNA bases for electronic detection appears promising, 'S relev_antl. Bg cotr)n parlngftg(T\lZalt:: ulated onenta.t |on-de|p§nd-
many issues remain to be resolved before it is proven useful.ent optical a sorbance of + Dases to experlmenta_ ata,
The fundamental aspects of the DNANT interaction at we can determme the onentqﬂon O.f DNA bases relat!ve to
the nanotube axis. The resulting orientations agree with the
t Harvard University. geometry of the bases from empirical force-field simulations
#D. E. Shaw Research. of single nucleosides on a (10,0) CNT (a variety that is
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abundant in nanotube samples). This confirmation of atom-
istic scale structure provided by the different approaches,
which encompass theoretical and experimental information,
elucidates the geometric features of the DNGNT system
that are at the core of ultrafast DNA sequencing through
electronic means.

Optical absorbance of a molecule along a certain light-
polarization direction can be obtained from TDDFT within
linear response regime, by applying a finite electric field
along that direction which involves transition dipoles pro-
jected on that direction only. In practice, this is achieved by
applying an electric field along three orthogonal axes
separately and then performing a rotation operation to align <
one axis to the target orientation. Our TDDFT calculations
were carried out with the siesta packdé¢asing Troullier-

Martins pseudopotentials to represent the atomic cores, the 1
Ceperley-Alder local density approximation to the exchange-
correlation functional, and a basis of douldlepolarized
atomic orbitals including 13 orbitals for C, N, and O and 5 . P B N
orbitals for H atoms (more details are given in ref 15). We  © 00 240~ 280 320 200 240 280 320
used 12 212 steps in time to propagate the wavefunctions, Wavelength (nm) Wavelength (nm)
with a time step of 3.4x 1073 fs, which gives an energy (a) (b)
resolution of 0.05 eV and a perturbing external electric field _. o . .

. - ; . Figure 1. (a) Directional absorption spectra and (b) linear
of 0.1 V/A. A Gaussian smearing width of 0.1 eV is used dichroism of adenine, plotted at angles ever§ @dging from—90°

when plotting the spectra. to 9 (defined relative to the short molecular axis in the inset).
The geometry of nucleosides on the (10,0) CNT was The horizontal lines in (b) indicate zero values.
determined with the charmm packag§aVe augmented the
available force fields for nucleosidéswith an interaction ~ nm shifts to 227 nm whe@ changes from—30° to 30°.
for the CNT8 and performed an extensive search of the This behavior complicates the interpretation of experiments
potential energy surface of each adsorbed nucleoside withdue to preferred absorption along certain directions.
the successive confinement meth®és the dominant force The strong orientation-dependent absorbancé ¢gads
stabilizing DNA bases on CNT is of the van der Waals type, to clear and easily resolved signals in the linear dichroism
we expect the DNACNT interaction to be less dependent spectrum, which by definition captures anisotropic absor-
on the electronic properties of the nanotube (metallic or bancé®
semiconducting) than on its structural parameters such as
diameter and chwallty. . . . D= I, — 15 _ §(3 ol 6,—1)
We analyze first the optical properties of isolated DNA I 2
bases, which will set the stage for understanding their spectra
when in contact with the CNT. Figure 1 shows our calculated Here I, and I represent absorption of light polarized in
directional optical absorbance spectra and correspondingdirections parallel and perpendicular to the direction of
linear dichroism (LD) spectra of adenirg)( The orientation  orientation, and is the normal isotropic absorption averaged
of A is defined by the angle of the incident light polarization over all possible orientationsf; is the angle between
with respect to the short axis of the molecule, shown in the transition moments and the orientation axis. The experimen-
inset of Figure 1, as per the Deve&inoco conventiorf® tally measured LD contains an additional multiplicative
The calculated absorbance spectréAafhow strong depen-  prefactorSthat reflects the order of orientatio® & 0 for
dence on the molecular orientation. There are five absorptionisotropic samples an8 = 1 for perfect orientation). The
peaks in the wavelength range> 200 nm at 284, 257, 227,  calculated LD spectra of for orientation angles ranging
217, and 203 nm, identified in Figure la, in excellent from 6 = —90° to 9C¢° is shown in Figure 1b. This signal
agreement with experiments, measured at 272, 258, 230, 214shows positive or negative peaks at the wavelength of
and 207 nm in stretched polymer filddsand at 274, 254,  absorbed photons, depending on the orientation. The drastic
213, and 202 nm in crystafs. Their intensity varies  changes in the spectrum, especially the change in sign at
significantly as a function of the orientation angle fréh certain wavelengths, is a very sensitive measure of relative
—90° to 6 = 90°. For example, the 284 nm peak has its orientation of the base and the polarization direction of light.
largest intensity at ~ 60°, while it diminishes to almost ~ We have discussefl in some detail, but similar comments
zero atf ~ —30°; other peaks exhibit similar behavior. This apply to the other three bases; agreement with experiment
leads to what may appear as shifts of the peaks in theis typically very satisfactory, especially for the first few
absorption spectrum: the peak at 284 nm shifts to 257 nmlowest energy (longest wavelength) excitations (accuracy
when 6 changes from-90° to —30° while the peak at 217  within £0.2 eV).
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We next examine the calculated orientation-dependent

absorption spectra of DNA bases in the context of bases™

adsorbed on single-wall CNTs. To this end, we compare the
spectrum of the DNA base along each direction with the
experimentally measured one for the combined ssBNA
CNT systems. Hughes et #lhave recently measured the
UV —vis absorption of a DNA homopolymer consisting of
~30 bases wrapped around a CNT. The difference between
absorption by the DNACNT combined system and the
isolated, bare CNT constitutes the absorption signature of
the DNA strand attached to the CNT wall. In these
experimental measurements, there are significant changes i
the spectrum of DNA on the CNT compared with that of
free ssDNA in solution, which are characteristic for the four
DNA bases. For instance, the first peak centered at 260 nm
for free poly(d\) is red-shifted to 266 nm wher is
adsorbed on CNT, and the peak at 203 nm is shifted to 213
nm. Similar changes are found in the difference spectra of
the other three bases. For cytosi®),(the broad peak at
230-250 nm diminishes, the peak at 200 nm is reduced by
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Figure 2. Absorption spectrum of DNA bases averaged over all

half, while the peak at the longest wavelength (310 nm) doesfield directions (dashed line) and along a particular direction (solid

not change. For guaniné&j, the peak at 275 nm remains
constant while the peak at 248 nm is reduced by half and
the peak at 200 nm increases slightly after adsorption on

line) indicated by arrows which mimics the nanotube axis. These
spectra reproduce adequately the experimentally measured spectra
in solutions. A larger smearing width than in Figure 1 is used for
better comparison. Vertical arrows indicate intensity changés (“

CNT. For thymine '(_), there is no apparent change for the ¢, increase andi* for decrease) in experimental spectra after base
peak at 270 nm, while the adsorption in the range 0f-210  adsorption on the CNT (ref 24). Linear dichroism spectra that best
240 nm is significantly reduced. We found that all these match experiment (ref 23) are also shown at the top of each panel.

features can be reproduced accurately in our calculations by ) o ] )
considering the absorption of the base along a certain larger intensity* Therefore, in the range of interest, 260

direction only. In doing this, we search for the field vector 260 nm, where the main changes in the absorption spectrum
orientationd that minimizes the error function are found for the combined DNACNT system, CNT

absorption in the perpendicular direction is much larger than
absorption in the parallel direction. Consequently, there are
more photons with polarization parallel to the CNT axis left
available to interact with attached DNA bases or, equiva-
here of is the difference between the absorbance al6ng lently, the nanotube produces a local electric field aligned
and the isotropic absorbance (averaged over all directions)along its axis. The polarizability might be screened by the
of the base andf Cis the experimental spectrum difference bound DNA strand, depending on its density and geometry,
due to DNA adsorption on the CNT. is the wavelength,  and in turn on the nanotube diameter and chirality. Thermal
and 4o accounts for the peak position shift due to errors of fluctuations of counterions and water will average out to a
calculated excitation energies in TDDFT. Therefore the zero contribution to the local field around the DNANT
resulted is the field direction that best reproduces the effects system. This would result in more absorption by the base in
seen in experiment. The corresponding absorption is shownthe direction parallel to the tube axis than perpendicular to
in Figure 2, along with the isotropic absorption of the free it (this effect is called “hypochroism”). This explains why
base for comparison; the direction which produces optimal the absorption spectra of the DNA bases change when they
agreement with experiment is also indicated in each case. Aare attached to the nanotube watlhe direction of tube axis
guantitative comparison between experimental and theoreticalis indeed the preferred direction for UV absorption by the
data is available in Supporting Information. It is a well- bases. Therefore, the arrows in Figure 2 showing the field
established fact that the sugar and the phosphate groups ddirection that gives closest agreement with experiment, must
not make significant contributions to the DNA optical be aligned with the nanotube axis. This provides a way to
absorption in the UV regiod > 200 nm?® so we ignore determine the base orientation relative to the nanotube axis
these contributions. in the DNA—CNT system from the optical absorption data.
The agreement with experiment strongly suggests that Other possible factors such as different protonation states
there is a preferred absorption direction for the bases on theof DNA bases were also considered; we find that the effects
CNT. The intrinsic absorption of carbon nanotubes is they produce are not consistent with the experimentally
dominant in the UV region 206 4 < 300 nm, where there  observed changes in optical spectra upon DNA adsorption
are two intrinsic, diameter-independent peaks at 276 and 236on CNT.
nm, corresponding to directions parallel and perpendicular  This result is further supported by the comparison between
to the nanotube axis, respectively, with the latter having the calculated LD curves and the measured ones. Rajendra

o(0) = [16f(2 — 2, 6) — of ((A)]* dA
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of each adsorbed nucleoside on the CNT (10,0). The search
returned~1000 distinct potential energy minima for each
nucleoside/CNT system. The room-temperature populations
of each minimum range from 1 to ~50%. As we did
not include the influence of bas®ase interaction in our
structural searchthese resulting configurations should be
considered as averaged conformation. In Figure 3, only the
most stable configuration, which has a population weight of
46% forG, 28% forA, 25% forC, and 7% forT, is shown
for each base. The corresponding interaction energy between
each nucleoside and the CNT is 0.81 eV £qr0.85 eV for
G, 0.70 eV forC, and 0.77 eV foiT; different orientations
result in interaction energy differences around 0.1 eV. In
Figure 3 the orientation of the nanotube axis relative to the
bases agrees well with the tube axis directions determined
above, except perhaps for Specifically, the directions of
the nanotube axis from absorbance spectra, linear dichroism,
and structural optimization are 89105, 98° for A, —10C,
—84°, —90° for C, —58°, —30°, —61° for G, and 39, 40,
75° for T. Overall the agreement between experiment and
theory is excellent. The difference between angles determined
by different approaches is generally within the accuracy of
the current method5—10°. Our geometries are not identical
Figure 3. Calculated geometries of DNA nucleosides on CNT to those offered in refs 23 and 24 as possibilities to account
(10,0). Lines indicate the orientation of the nanotube axis derived for their experimental observations. Note that those possible
from experimental data: th.e dashed line is obtained from ultraviolet structures are not obtained by any kind of quantitative
absorbance spectroscopy; the dotted line from linear dichroism. . Lo -

analysis but aligning one of the transition moments to the
and Rodger have measured the LD spectra for the ssDNAnanotube axis. Moreover, in reality it is possible there exists
with a random sequence and of polj)dwrapped on a  a mixture of binding configurations for each base; here we
CNT.2 They observed interesting features: LD spectra for focus only on the dominant one. The largest discrepancy
all DNA bases attached to CNT (obtained by subtracting the occurs in the case of, of order ~35° between the two
contribution of CNT from the spectrum of the combined extreme positions. This is not surprising considering the small
system) show a positive peak &225 nm and a negative  weight of the particulafl orientation on the CNT from the
peak at~275 nm (260 nm for poly(d)). This observation  stryctural optimization. In our simulation3, is the most
cannot be explained by hypochriossolely because: (i)  mobile nucleoside on CNT and thus there are several
adsorption of peptide nucleic acid (PNA) on CNT, which energetically comparable structures f&r on the CNT.
should have the same hypochriosm effect if any, shows a|ndeed, averaging the first few configurations with the largest

negative signal at-230 nm and a positive one &270 nm, population improves significantly the agreement between
opposite to what would happen due to hypochriosm; (ii) the theory and experiment.

peak position depends on the base identity, indicating that
this is an intrinsic property of the bases. Therefore the
observed behavior implies that the bases on the CNT must
have a preferred orientation. Indeed, the best-fit LD spectra ) . .
show exactly the same behavior as observed in experiment,basefj on th!s system. The or|entat|(_)n depends on th(_a base
namely, a positive peak at 22230 nm and a negative peak identity and is less gensmve to the dlgmeter and chirality of
at 260-270 nm, as shown in the upper panels of Figure 2. the CNT, as de'Fermlned from comparisons between theqretl-
Figure 3 shows the base orientations with respect to the €@ and experimental optical spectroscopy. The unique
nanotube axis, along which the experimental absorbance andfientations of the DNA bases on CNT might originate from
LD data for DNA wrapped on CNTs are best reproduced. the van der Waals |r_1teract|on between the _bases and the
The directions indicated by dashed lines are from absorbancefUrved CNT walls, which would tend to maximize the base
measurements and those by dotted lines are from LD CNT contact region. The sugar and phosphate groups in the
measurements, respectively. These directions correspond t&?NA backbone might also contribute to this interaction
the averaged directions of the nanotube axis in the experi-Providing further geometrical constrains.
mental setup, determined from the measured optical data.
There is a surprisingly good agreement between the orienta- Acknowledgment. We acknowledge helpful discussions
tion of the nanotube axis determined this way and that from with M. E. Hughes, J. A. Golovchenko, and D. Branton. This
structure optimization using force field methods. We have work was supported in part by DOE CMSN Grant DE-FG02-
performed an extensive search of the potential energy surfaceD5ER46226.

In conclusion, we find that the bases in the sSDNA/CNT
structure prefer to have a definite orientation relative to the
nanotube axis, a feature favoring ultrafast DNA sequencing
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Supporting Information Available: Comparison of

experimental (ref 24) and theoretical difference in absorption
spectra before and after DNA bases binding on the CNT.

This material is available free of charge via the Internet at
http://pubs.acs.org.
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