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ABSTRACT: Various sequences of single and double stranded DNA can wrap and colloidally stabilize single-
walled carbon nanotubes in solution. The binding of divalent ions to these complexes results in a 10 meV emission
energy red-shift of the photoluminescence of the nanotube. In this work, this optical modulation is linked to
specific secondary structure changes in the adsorbed DNA. Dynamic light scattering is used to rule out aggregation
and inter-particle effects. It is observed that the transition can also be induced thermally over the temperature
range between 0 and 5@ without ion addition. Interestingly, we find evidence of the dissociation of a DNA
duplex at the surface, as confirmed using both selective dialysis and DNA electrophoresis on a 20% PAGE gel.
Consistent with several observations is a mechanism that proceeds via a competitive, stepwise process of partial
desorption of the DNA along the length of SWNT. A two-state mathematical model quantitatively describes the
equilibrium for various divalent ions binding to DNA adsorbed at the nanotube surface.

Introduction optically modulate SWNT PL when the nanotube is wrapped
Semiconducting single-walled carbon nanotubes (SWNT) are using a GT repeating 30-nucleotide. The modulation has an ion

rolled graphene rods with diameters around 1 nm and are oneSelectivity that is identical to the B to Z form transitign for the
of only a few types of molecules that exhibit band gap correspondmg free DNA. With increasing concentratlon,.the.PL
photoluminescence (PL) in the near-infrared (#tR)when emission wavelength of the SWNT traces a two state equilibrium
dispersed in solution. The fluorescence is completely photostablecurve that coincides closely with this-& form transition for
even at high fluence, unlike conventional fluorophores and even the corresponding free DNA strand as monitored by circular
guantum dot systems. Several promising applications of SWNT dichroism. The transition on the SWNT is also thermodynami-
nIR emission are under investigation, including imaging and cally reversible: selective removal of the ions via a-12 kDa
electroluminescent devicEsWe have pioneered their use as Mmembrane restores the initial optical state. A mathematical and
optical sensors, both as biomedical devickand as subcellular ~ conceptual model that assumes identical DNA transitions on
molecular beacon’s? and off the SWNT describes several key features of these data.
Toward the latter application, sensors designed to exploit However, the exact molecular mechanism that proceeds on the
nanotube PL have used either redox chemistry to populate/nanotube surface is unknown at this time and is the focus of
depopulate the first interband transition, @ Band®~8 or have the current work.
modulated fluorescence wavelength by modifying solution and  DNA is known to adopt various conformations, including the
adsorbate propertiés. The latter has been described as solva- right-handed A, B, C, D form and left-handed Z foféin
tochromismi® Generally, when the adsorbate surface coverage congrast to B-DNA, the Z-DNA form lacks a major groove. The
on nanotubes dispersed in aqueous solution decreases, thgyine 6,7, and 8 positions and the pyrimidine 4 and 5 positions
emission energy decreases (due to an increase in the d_|electr|%1re exposed to the external solvent in Z-DNA. Both natural
constant from water exposure). Upon dilution of a solution of pnA and a variety of synthetic DNA of simple repetitive
sodium dodecy! sulfate (SDS) suspended SWNT below the gqqences are capable of adopting more than one conformation.
critical micelle concentration (cmc), the fluorescence energy gaqe sequence rather than overall base composition often clearly
system_atlcally decreases; emission exhibits a surfactant COMinfluences the preferred conformation under a given set of
centration-dependent red-s_hﬂt. _ conditions. Moreover, Pohl and Jovin observed that the circular
DNA is highly polymorphic and several types of sing&d ichroism (CD) spectra of (poly(dG-d@ply(dG-dC)) indicate
double stranded (_)Ilgonueclotldes adsorb to j[he surface Ofa B to Z transition when the polymer was exposed to high salt
SWNT. In a previous study,we found that divalent ions concentration3® Generally speaking, oligomers tend to be in
. ! o the left-handed conformation in the presence of multivalent
Tge?glrt'msétrz?ngf@(r:nr:teﬁﬁigél Engineering, Massachusetts Institute of cafiond4 such as Mg', Co(N'._b)GSJr’ .and spermidir. It 'S
Technology. reported that Mg" can coordinate directly to N7 of guanine
Teir?neor;ggtyent of Chemical Engineering, Massachusetts Institute of and can hydrogen bond through its hydration sphere to a
§ Department of Physics, University of Illinois-Urbana/Champaign. g{‘a%sllﬁ),;a;? O%ng@:S'A Sct:rtl)fl(ljlf::gtict)zeiszi n%%g?é? datg)?/ﬁi);uethe
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Understanding how the diverse mechanisms of DNA con- instrument parameter. The relaxation rRte= ¢°D is related to the
formational polymorphism are influenced upon adsorption to diffusion coefficientD, andq is
the nanotube surface is important for several reasons: DNA
oligonucleotides have been effective handles to manipulate qzﬁsin(g)
SWNT1718They also provide a unique scaffold for sensors and A 2
electronic application® In this work, we investigate the precise
molecular mechanism for the optical transduction of DNA wheren = 1.33 is the index of refraction for watet,= 514 nm is
conformational polymorphism on carbon nanotubes. We first the wavelength of the laser, afid= 90" is the angle between the
identify and image the helical or corrugated structure of the !2ser path and the detector.
DNA-nanotube complex for several sequences via atomic force Alternatively, the correlation curves were analyzed by the
microscopy in both dry and aqueous environments. The pho- Maximum entropy methoth;2?which computes the most probable
toluminescence wavelength shift upon cation binding is mea- distribution of relaxation times fitting the autocorrelation function.

. . ., The analysis was done using the Maxent program developed in

sured on complexes composed of various oligonucleotide . Langowski grou? The relaxation timesr given by that
sequences, a 30-base d(@Ja 30-base d(GG3and a random

program are the inverse of the relaxation rdfesnd proportional
Sequence 0f'5rAG CTA TGG AAT TCC TCG TAG GCA'3 to the diffusion coefficienD.

(henceforth called DNA1), and exhibits sequence-dependent |on Binding Response of DNA-SWNT by Photoluminescence
differences in response. We observe that the transition can bemethod. DNA-encapsulated SWNT were diluted to concentrations
induced thermally as well as ionically and dynamic light of 5 mg/L buffered with X Tris adjusted to a pH of 7.4. Solutions
scattering (DLS) indicates no aggregation or inter-particle of mercury(ll) chloride (Aldrich), cobalt(ll) chloride hexahydrate
complex formation upon ion addition. Interestingly, the PL red (Acros Organics), calcium chloride (Fisher), copper(ll) chloride
shift induced by ions is not reversible for some sequences if (Aldrich), and magnesium chloride hexahydrate (EMD Chemicals
dialysis membranes with large molecular weight cutoff are NC-, Gibbstown, NJ) were introduced to the buffered DNA-SWNT
and left to equilibrate at 22C for at least 24 h for steady-state
experiments. Spectrofluorometry measurements were conducted

mem_b_ranes (1?14 kDa)_are u.t'h;ed’ as in earlier Wo?klhe_ using a Kaiser Optical Holospec f/1.8 imaging spectrograph (Kaiser
transition remains reversible with ion removal. We hypothesized Optical, Ann Arbor, MI). A recirculating water bath (Fisher

that the mechanism involved a dissociation of a DNA that could scientific Inc., Isotemp 1016S) was used to control the temperature.
then permeate the larger but not the smaller dialysis membrane, Temperature-Dependent ThermochromismA constant tem-

creating the observed irreversibility. A 20% PAGE gel elec- perature cell (63-Q-10, Rectangular, Horizontal Flow Tubes, Starna
trophoresis method confirms this mechanism. We conclude thatCells, Inc.) was used with a water bath (Fisher Scientific Inc.,
the conformational change involves a stepwise partial desorptionlsotemp 1016S) to cycle the temperature of the purified DNA-

utilized (100 kDa) to remove the ions. If smaller pore

of DNA from the SWNT surface. SWNT solutions, spectrofluorometry measurements were conducted
at 0, 20, and 50C. All data were taken when the system reached
Materials and Methods steady state.
) ] Dissociation of DNA from SWNT. Dialysis. Samples were
DNA Encapsulation of Single-Walled Carbon Nanotubes.  prepared the same way as in the ion binding response for all three

Single-walled HiPco carbon nanotubes (Rice University) were kinds of DNA-SWNT. The concentrations of SWNT were kept at
suspended with three different kinds of DNA (Integrated DNA 5 mg/L. The transition was induced using®and Hg". The

Technologies, Inc.) sequences, a 30-base da B0-base d(G&) d(GT)s-SWNT solution was added with 2.5 mM &ato induce
and 3-TAG CTA TGG AAT TCC TCG TAG GCA-3 (henceforth the transition and a further dialysis step against nanopure water

called DNA1), in a 1:1 mass ratio in 0.1 M NaCl in distilled water was carried out using 100 kDa MW cutoff tubing for 24 h.

and bath sonicated for 1 h. The mixture was centrifuged for Furthermore, 0.5 mM Hg was used to induce the transitions of
90 min_ at 16 300 g and the_ pellet discarded. The supernatant wasd(GT)s-SWNT, d(GC)sSWNT and DNA1-SWNT. After an
then dialyzed againstxd Tris Buffer at pH 7.4, using 100 kDa incubation of 24 h, the samples were dialyzed against nanopure
molecular weight cutoff dialysis tubing (Spectrum Laboratories Inc., water using both 1214 kDa MW and 100 kDa MW cutoff tubing
Rancho Dominguez, CA) for-35 days, to remove the free DNA,  for 24 h. An extra step of 24 h dialysis using-124 kDa MW
producing the DNA-SWNT samples used in the experiments.  cutoff tubing was performed after the dialysis using 100 kDa MW
DNA-SWNT Structural Study by Atomic Force Microscopy. cutoff tubing in the case of d(GI3:SWNT incubated with Hg'.
Atomic Force microscope (AFM) samples were prepared by  Gel ElectrophoresisSamples of d(GG)-SWNT and DNA1-
depositing d(GT)-SWNT and DNA1-SWNT on freshly cleaved ~ SWNT, incubated with 0, 0.2, and 1 mM HgCor 24 h were
mica. Dry AFM measurements were made by first exposing the prepared. The final volume of each sample wagl3and the
mica surfaced 1 M MgCl, and drying with ultrapure nitrogen  concentration of SWNT was kept the same. Al3of 50 bp DNA
before depositing d(GT3-SWNT solution at a concentration of  ladder (Invitrogen) was used for comparison. A volume of 3of
5-10 mg/L. Samples imaged in fluid were prepared by depositing blue/orange & loading dye (Promega) was added to each sample.
the d(GT)s-SWNT solution onto the mica and addid M MgCl, Electrophoresis was performed in a Mini-PROTEAN 3 cell (Bio-
into a Veeco Fluid Cell. A Digital Instruments Mutimode AFM in Rad Laboratories) at 250 V for 30 min, using a freshly made 20%
tapping mode was used for all measurements. The 3D images werePAGE gel buffered by & TBE at pH 8.5, after a pre-run under
generated using SPIP from Image Metrology. 250 V for 15 min. GelStar nucleic acid gel stain (Cambrex) was
Aggregation Test by Dynamic Light Scattering. DLS mea- used to stain the gel for 30 min afterward. Control experiments
surements were taken using a Brookhaven Instruments BI-200 SMwere done using d(G&) and DNAL-SWNT, incubated with and
goniometer, with a Lexel argon ion (model 95) 514 nm laser at a Without 1 mM HgC} for 24 h.
detector angle of 90 Correlation curves of d(GT3-SWNT and Hybridization Experiment Using FRET. Modified oligonucle-
d(GC)s-SWNT, with and without HgGI(1 mM), were compared otide sequences labeled with the Cy3 fluorophore, biotin, ang NH
using first and second delay times of .8 and 1s respectively.  were purchased (HPCL purified) from Integrated DNA Technolo-
The diffusion coefficients were determined from a semilogarithmic gies Inc (Coralville, 1A). The sequences wele®/5(GT )sBiotin-
plot of the autocorrelation function against time: Gff) — A) = 3, 5-(GT)sCy3—3 and 53—Cy3-(GTYG(X)(GT)10-3 where X is
In(B) — 2I'r, using the initial linear region wher&(z) is the an amine bound to C6 on thymine. Oligonucleotide pairs were
correlation function,z is the time,I" is the decay rate of the  chosen to allow the formation of either a parallel strand duplex or
correlation function,A is the baseline intensity, and B is an an antiparallel strand duplex.
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Figure 1. AFM images of DNA-SWNT complexes. (a) AFM height image of d(&T3WNT on freshly cleaved mica conducted in air showing

regular banding pattern of the d(G3pligonucleotide extending up to 0.8 nm above the surface of the nanotube. (b) Wet AFM of d8SUNT

in water shows diminished bands. (c) AFM of DNA1-SWNT in air shows pronounced bands reaching 1 nm above the nanotube surface on average.
(d—f) 3D renderings of the micrographs.<@ Height profiles of the nanotubes denoted by the white arrows in the original height images.

Sequences were annealed in a 1:1 ratio-o4 2M concentrations
in 1x Tris pH 8 with 100 mM Na 01 M Na. They were heated
to 85°C in a PX2 Thermal Cycler (Thermo Electron Corporation,
Milford MA) for 10 min, then gradually cooled down to€C over
a period of 6 h. The annealed solution at@ was diluted in the

and h). However, DNA1 adsorbs in a globular manner on
SWNT, which is apparent in its AFM images in air (Figure 1,
parts ¢ and f). The average diameter of DNAL1-SWNT complex
is estimated as its radius of gyration and calculated to be 1.66
1x Tris pH 8.0 buffer and kept at 4C in a chilled quartz cuvette. nm @ - ! \/N wherel is the length bet.ween ad!acent bases
Fluorescence measurements were performed on the diluted sampl@nd N is the number of bases), assuming the single-stranded
by exciting at 535 nm and measuring the emission with a Varian PNA chains are behaving as free nonentangled Gaussian chains.

Cary Eclipse Fluorescence spectrophotometer. The temperature wad his is consistent with the average height that is observed by
controlled by a Varian Cary Single Cell Peltier accessory AFM where the nanotube height is1 nm. The smaller

(Palo Alto, CA).
Circular Dichroism of DNA on SWNT. Circular dichroism

extension of d(GTy from the nanotube also implies a tighter
binding to its surface, and the regular banding pattern suggests

(CD) measurements were taken with a JASCO J-715 spectrometera more uniform conformation of the oligonucleotide. These

with temperature control (JASCO International Co. Ltd., Tokyo,

conclusions concur with the observed relative stability of the

Japan) at room temperature unless otherwise specified. Sample%(GT)x oligonucleotide binding to the nanotube.

were freshly prepared. DI water was used in the dialysis step instead

of buffer. Two kinds of experiments were done using CD. lon-

lon Induced DNA Conformational Polymorphism. Diva-
lent ions are known to bind to the negatively charged backbone

binding response experiment with d(GFBWNT and temperature

dependence experiment with d(GFBWNT and d(GC)-SWNT. of DNA and induce conformational changes, as in the case of

For the ion-binding response experiment, CD spectra of d($T) the first-order COOperative transitidédThe DNA-SWNT com-
SWNT with various concentrations of mercury (Il) chloride and plexes demonstrate reversible red shifting of the emission
calcium chloride were taken. For the temperature dependenceenergies of their near-infrared photoluminescence in response
experiment, CD spectra of d(GISWNT and d(GC)s-SWNT at to increasing divalent ion concentration.
20 and 50°C were taken. The response is observed to trace a two state, equilibrium
curve, as depicted in Figure 2 for various ions and three different
sequences on the SWNT. While all SWNT in the sample
Structural Studies of DNA—Nanotube ComplexesAFM demonstrate the PL red shift, the diameter dependence of the
measurements of the d(GESWNT complex, conducted in air,  trend reported earliéris such that the (6,5) SWNT has the
show a regular banding pattern along the nanotube (Figure 1,largest shift. We focus on this species for the remainder of the
parts a and d). The band heights reach up to 1.2 nm above thestudy, while acknowledging similar trends for other SWNT. The
surface of the nanotube, with typical heights of -60/8 nm, maximum photoluminescence red-shift for all sequences is
and exhibit a regular spacing of 420 nm (Figure 1g). approximately 15 meV upon introduction of Hgcations, with
Measurements conducted in fluid show greatly diminished smaller shifts seen in response to other ions. Under some
banding attributed to the effective increase of DNA'’s hydrated conditions, the ion concentration results in weakly attractive
radius compared to the dehydrated strand (Figure 1, parts b, ejnter-particle potentials between DNA-SWNT, and quiescent

Results and Discussion
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Figure 2. (a—d) Photoluminescence energy of (6,5) nanotube decreases due to the addition of various ions #SW®GIT) (a, b), d(GCk-

SWNT (c), and DNA1-SWNT (d). The response is observed to trace a two state, equilibrium curve. Points here indicate data; hollow points
indicate loosely held aggregates. Curves show the two-state model developed in the text. (e) The fractionofa(@is on SWNT on adding

the five kinds of ions in this work, predicted by the model.

solutions show loosely assembled aggregates (Open symbols, Dissociation of DNA from SWNT. The red shift observed
Figure 2). These aggregates remain photoluminescent and arés not due to aggregation according to DLS, and it is not an
easily redispersed by simple stirring (no ultrasonic processing). ion/SWNT interaction according to the temperature dependent
This process doenot affect the PL wavelength, and is not thermochromism results, leaving the secondary structure of DNA
responsible for the optical modulation. During measurements as the only possible explanation. To test whether a dissociative
of divalent ion induced optical modulation, DLS measurements mechanism is involved (i.e., desorption of the DNA from the
confirmed that no detectable aggregation of the DNA-SWNT SWNT surface), the following dialysis experiment was per-
occurred after the addition of 1 mM HgClo either d(GT)s- formed. The (6,5) nanotube energy of d(GI$SWNT, d(GC)s
SWNT or d(GC)s-SWNT (Figure 3b). A maximum entropy  SWNT and DNA1-SWNT before and after the introduction of
evaluation of the autocorrelation functions resulted in the Maxent Ca* or Hg?* was plotted in Figure 4. A further dialysis step
plots given in Figure 3b with a bimodal distribution in relaxation using 100 kDa MW cutoff tubing was performed after the
timestgr = 1/T". The analysis found two dominant components. transition reached steady state, and it was compared to the result
The major component’s diffusion coefficient (fro= ¢D) by using 12-14 kDa MW cutoff tubing. Parts+d of Figure 4
is 4.2x 1072m? s~ and a minor fast component is apparent show that for all three sequences the use of 100 kDa MW cutoff
at2.1x 10 m?s % Assuming an average nanotube diameter tubing to remove the Hg results in no return of the blue shift
of 1 nm, these correspond to lengths of 600 and 40 nm to the starting point. Because the pore size of the membrane
respectively. In the presence of HgClthe plots show no  determines whether the shift is reversible or irreversible upon
significant change in diffusion coefficient and therefore, no ion dialysis, we hypothesize that a dissociative mechanism is
aggregation. involved. Upon ion addition, DNA in single or complex form
Temperature-Dependent ThermochromismA red shift of desorbs from the SWNT. If it is prevented from escaping
the SWNT PL is observed with an increase in temperature to through the dialysis tubing, the transition remains reversible.
50 °C for all three DNA-SWNT (Figure 3a). Cooling below Otherwise it is irreversible. The extent or reversibility via the
this temperature to 6C causes a blue shift. No divalent ions small pore (12-14 kDa) membrane is d(GIsSWNT >
were added in this experiment, proving that the transition can d(GCxs-SWNT > DNAL-SWNT. We note that the molecular
be induced thermally. We anticipate that temperature changesweight for d(GT)s, d(GC)sand DNA1 is 9439.1,, 9213.9, and
over this range generally induce secondary structural changes7367.8 g/mol, respectively (Supporting Information), meaning
in DNA.1* The observation makes the possibility unlikely that that DNA1 has the highest possibility to transport through the
the ion adsorbs and interacts with the SWNT directly. Both 12—14 kDa MW cutoff tubing pore. Moreover, a 24 h dialysis
temperature and divalent ions alter DNA secondary structure, using 12-14 kDa MW cutoff tubing after a 24 h dialysis using
thus we conclude that the SWNT is modulated by changes in 100 kDa MW cutoff tubing did not cause the blue shift back
the adsorbed DNA structure. (Figure 4b). Hence, the energy shift is irreversible when the
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Figure 3. (a) Energy decrease of (6,5) nanotube due to the temperature increase with three different kinds of DNA-SWNT. (b) Dynamic light
scattering Maxent plots compiled from correlation curves of DNA-SWNT complexes show no significant changgoim addition HgGl Inset

shows a correlation curve of the GT-SWNT complex. (c) Fluorescence emission of the annealed DNA samples and the control of separate Cy3-
ssDNA and Cy5-ssDNA on 535 nm excitation. The lack of Cy5 emission implies that no parallel or antiparallel duplex was formed, and hence no
FRET between Cy3 and Cy5 occurred.

system is dialyzed using 100 kDa MW cutoff tubing at any included here because no fluorescence was observed in this
stage. Herein, the transition is proposed as a competitive, partialassay.

peeling off of the DNA with increasing divalent ion concentra-  While d(GT)s does not form the traditional WatseiCrick

tion. DNA removal proceeds in a stepwise manner along the base pairs, it can form=FT and G-G base pairs by hydrogen
length. The process must complete before total desorptionbonds?s It was discovered by optical techniques that the
occurs. Compared to other ions, Hgpinds effectively, and at  telomeric dG(GT)G sequence can form a parallel-stranded
nanomolar concentrations should facilitate this process. How- double helical conformation via this nontraditional purine
ever, for the other ions, complete desorption is not certain for purine and pyrimidine pyrimidine base paring G quadru-
moderate concentration ranges (Figure 2e, see derivation in theplexes are formed in this case to stabilize the structure. We have

two-state model). For example, in the case of Ga@ie found, however, that the d(GE)oligonucleotide does not form
transition remains fully reversible when dialyzing using a 100 a duplex based on experimental results using FRET. A d3T)
kDa MW cutoff tubing for 24 h (Figure 4a). oligonucleotide labeled with Cy5 at theé &nd and a similar

To validate this dissociative hypothesis, we sought to detect strand with 3bound Cy3 were annealed in the presence of two
an increase in free solution DNA upon divalent ion addition. A different NaCl concentrations. On exciting the annealed sample
20% PAGE gel that only allows free DNA to permeate into the at the Cy3 absorption maximum of 535 nm, we expect to see a
gel was utilized. GelStar nucleic acid gel stain was used to detectstrong Cy5 emission at 664 nm due to FRET between the dye
either double-stranded or single-stranded DNA in gels. GelStar pair if double stranded DNA is formed. The GT annealed
stain is highly fluorescent only when bound to nucleic acids product did not produce an emission peak at 664 nm for either
thus giving superior signal-to-noise ratios and obviating the need parallel or antiparallel duplex formation at 100 mM Na and at
to destain the gel. The detection limits of GelStar strain are 1 M Na (Figure 3c). The small peak visible 660 nm is
20 pg for dsDNA and 25 pg for ssDN#.Further, we observed  understood to be Cy5 emission on indirect absorption of the
that its fluorescence is not quenched by Hgi@lthe case of 535 nm incident light. This can be seen in the dotted curve
d(GC)5 (Figure 5b). There are two bands for d(G§X)ecause which is the sum of the emission obtained on separately excited
this oligonucleotide can self-associate (Figure 5a). The fast bandCy3-ssDNA and Cy5-ssDNA. Hence, we conclude GT does not
is the single strand band and the slow band is the double strandorm a parallel or antiparallel duplex in free solution, also
band. The intensity of the fast band is increased by 23% with confirmed by an experiment involving the intercalating dye
0.2 mM HgCh and 55% with 1 mM Hg. Moreover, the length  PicoGreen (Figure S1). However, we note that on the SWNT
of the slow band is increasing with the concentration of HgCl surface, it behaves functionally similar to d(G&yvhich is a
(Figure 5c). On the other hand, the result from DNA1-SWNT dimer both in free solution and on the SWNT. It is likely that
is inconclusive in Figure 5a because the dye fluorescence isd(GT)sdoes not have a simple single-stranded structure on the
quenched by HgGlI(Figure 5b). The sample of d(Gsk)is not SWNT, despite the evidence that it is dissociated in free
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Figure 4. Photoluminescence energy of (6,5) nanotube before and after the introduction of ions tes&&NT (a, b), d(GCE-SWNT (c), and
DNA1-SWNT (d). A 24 h dialysis was done for experiments with Hg@ing both 12-14 kDa MWCO and 100 kDa MWCO tubings; . An
extra step of 24 h dialysis using 12-14dDa MWCO tubing is performed after the 24 h dialysis using 100 kDa MWCO tubing fesr8(@&)
in part b. A 24 h dialysis was done for experiment with Ga@), using 100 kDa MWCO tubing. The concentrations for Ga@ld HgC} are 2.5
mM and 0.5 mM respectively.

solution. The sequence we refer to as DNAL is obviously single- weight cutoff tubing yields a molecular weight dependent blue

stranded and a duplex is formed only in the presence of its shift. With further proof that free DNA desorbs and leaves by

complement sequence. gel electrophoresis, the transition is attributed to a conforma-
Herein, we attribute the red shift to the conformational change tional change of DNA on SWNT which involves a competitive,

of DNA on SWNT, which involves a competitive, stepwise Stepwise partially peeling off of the DNA along the length. We

partial peeling off of the DNA along the length. However, propose the following two-state quantitative model, without any

circular dichroism spectra of DNA while adsorbed to the SWNT  structural assumptions of DNA on SWNT.

surface?” show no change either on adding ions (Figure 6, parts ~ We assume that it takgssteps for the complete peeling of

a and b, the decreasing intensity is due to the dilution) or DNA from SWNT. In the stepwise peeling process, there exist

changing temperature (Figure 6, parts ¢ and d). We note heref states of DNA on SWNT described BNA — 65-i(i =0, 1,

that the peak around 260 nm is characteristic for DNA, ..., 8 — 1), whereDNA represents the part of DNA that is

depending on the specific DNA sequence, it may shift up to released from its binding sites on SWNT (vacuuming i binding

280 nm%28 Therefore, we focus on the peak from 260 to sites),05—; represents the binding sites on SWNT occupied by

280 nm for the structure study with DNA-SWNT. Further, we the other part of DNA (Given a total number @binding sites

note that the system remains stable during the transition, whichper SWNT, ifi of them are empty — i of them are still

would be unlikely for the case of DNA desorbing significantly. occupied). We note here that the physical meaning cdn be

For d(GC)s the emerging picture is one of a duplex DNA considered as the number of binding sites per SWNT, based on

dissociating and leaving single-strand DNA on the SWNT Langmuir isotherm theory. However, this “binding site” is

(Figure 6e). A similar mechanism is proposed for d(GEnd theoretical and is different from the actual physical binding site,

DNAL on SWNT, but instead of involving duplex dissociation, Which depends on the length and sequence of DNA and its

may involve part of DNA desorbing and leaving. All cases can chemical bonding with SWNT. No assumption of exact structure

be described by the following two-state model. of DNA (like double or single strand) is made here so this model
DNA Conformational Polymorphism Model. In summary, can be applied to all three samples of DNA-SWNT in this study

the photoluminescence wavelength shift upon cation binding is (0ne possibility that DNA is double-stranded on SWNT is shown

measured on SWNT complexes wrapped using three types ofas an example in Figure 6e).

oligonucleotide sequences. We verify that the PL shift reflects ~ The 5 steps of this peeling process can be described in the

a conformational change of DNA on SWNT by confirming that following reactions.

transit_ions can be indu_ced thermally as well as ionically, and DNA; — 6, ;+nl=DNA, — 0, , , 0<isp—1

by ruling out aggregation as a cause. We further performed

dialysis experiments, which show that the PL red shift induced wheren is the number of ions involved in each step.

by ions is not fully reversible after dialyzing for 24 h using a The overall reaction is obtained by summing the abgve

100 kDa MW cutoff tubing. However, a 3214 kDa molecular reactions together
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Figure 5. (a) Gel electrophoresis result for d(GEPWNT and DNA1-SWNT, incubated with 0, 0.2, and 1 mM Hg@Ir 24 h, compared with
a 50 bp ladder. (b) Control experiment where d(@@nd DNA1, with and without 1 mM HgG| shows that HgGlquenches DNAL but not

d(GC)s. (c) Intensity of brightness of d(GG)SWNT along the length.
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Figure 6. Circular dichroism spectra of d(Gi)SWNT on adding HgGl(a) and CaCl (b). The spectra show no change. Circular dichroism of
d(GT)s-SWNT(c) and d(GGE-SWNT(d) at 20 and 50C, respectively. They also show no change. Data are smoothed. (e) One sample dissociation
mechanism of DNA conformational change on SWNT, which shows single-stranded DNA leaving double-stranded DNA on SWNT. Yellow curves
indicate DNA. Black cylinder indicates SWNT. Orange circle indicates the binding site. The number of binding sites released per SWNT is expressed

by i. The total number of binding sites per SWNT/s

DNA, — 05+ nl == DNA,; — 6, of ions is written ad. We make the assumption here that the
For convenience, [DNA- 6;_i] is written asAi, which means forward reaction rate constant&) are identical for thes
there are i binding sites released per SWNT. The concentration'€action steps and the backward reaction rate constknf (
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Table 1. Equilibrium Constants of the Two-State Model for the Three Kinds of DNA-SWNT with Different lons?

cat M1 Co?* M1 Mg2+ M1 Hg2" M~1 x 102 ClP™ M~3 x 108°¢
d(GTys-SWNT 100 2000 60 2 MOSb 1
d(GCysSWNT 2000 80 100
DNAL-SWNT 100 80 300

ap =2,n=1 for most cases except in the following two cases= 0.5 for d(GT)s-SWNT with Hg#* for better fit.°n = 3 for d(GT)s-SWNT and
d(GCys-SWNT with Ci&* for better fit.

are also identical for the8 reaction steps. The equilibrium ions can do both base bindiffgand phosphate binding,and

constant for thes reactions equal&i/k—;, and we useK to they exhibit the greatest affinity for base among the ions studied
represent this. We solve the abg@ealgebraic equations and among Cé", Ni2", Mn?" Zn2*, Cc**, and Cd". It is reported
get (see full derivation in the Supporting Information) that Hg* binds very strongly to the bases, resulting in such a
, , structure where metal ions are strongly held between the two
A= KINA =dA, 1) helices of DNA Also, it is reported in the literature that
thymine—-Hg—thymine are formed in both single strand DNA
wherei is an integer, 1= i < f8 and DNA duplexes that contain T residi#ésThis finding is
Let consistent with our model result whemequals 0.5 for Hg with
d(GThsSWNT, and it is feasible that two d(GEBSWNT
5 1-o* (1-9By, strands are linked by one Hg ion. Although some of the metal
Bo=) A= AOT=’ = T i 2 ions have been considered phosphate binders and others base
= a 1- qﬁ binders, they do not differ much in the nature of their interaction

with DNA.30 Divalent ions have similar effects upon DNA. They
can be placed in a sequence that indicates the magnitude of
their influence on DNA structure, as follows: Nig< Co*",

(Bo is the total number of SWNT).
The number of total binding sites released for all SWNT in

solution is Ni2t < Mn2t < Zn2t < C®t < CW#" < Hg?".39 From our
Ji experiments, we see that d(GFH)SWNT, d(GC)s-SWNT and
0= ZiAi 3) DNA1-SWNT undergo maximum red shifts of 10, 15, and
= 11 meV upon addition of HgGland 5, 3, and 1 meV upon
) ) ) addition of CoC} (Figure 2a-d). All three samples are the most
Solving eq 13 (Supporting Information) we get sensitive to Hg" ions and the transition is sequence dependent.
1 Itis clear that ions are interacting with DNA instead of SWNT,
o= ql— B+ 1)q6 + ﬁqﬂ ) B 4) and this is consistent with our proposed model. The PL energy
(1- (f*l)(l —q) 0 shift depends upon the ion type, with the same order of metal-
binding affinities as with free DNA alone. Similar analysis leads
whereq = KI" us to the ion sensitivity for d(GT3:SWNT as Mg@* < Ca* <
The DNA surface coverage on SWNT and the normalized Co?* < Cui2* < Hg?*, and it is consistent with that of d(GG)
energy has the following relation SWNT and DNA1-SWNT.
AE 6 _qd—-@B+ 1)q5 + ﬂqﬁﬂ) 5) Conclusions
AEqa  PBo A - o™ —q) The mechanism of optical transduction of DNA conforma-
o tional polymorphism on single-walled carbon nanotubes (SWNT)
The curves in Figure 2ad show the modelfy; = (KI"/Aq induced by the adsorption of divalent cations or temperature

describes the population of complete transition. According to cycling is attributed to be a competitive, stepwise process of
our hypothesisAs/A, is the fraction of DNA coming off and  partial desorption of the DNA along the length of SWNT, since
1 — AglAo is the fraction of DNA that remains on the SWNT.  the transition can be induced thermally as well as ionically and
Note that a smaller concentration of Hginduces the same dynamic light scattering (DLS) shows no aggregation. Further
amount of transition as other ions in agreement with experiment dialysis experimentation suggests a DNA dissociation mecha-
(Figure 2e). ) nism. Free dissociated DNA is detected by gel electrophoresis.
_ The ion sensitivity of the PL energy shift depends both upon A ywo-state model is derived for comparison with different ions
ion type and sequence. Copper was among the metals found tg;ng DNA sequences. All three sequences are the most sensitive
bind to the bases of DNA with an affinity higher than that of g HgCh, with an ion sensitivity in the order Mg < Ca* <

any other divalent catioff:3° Cations have the ability to react c@+ < c2+ < Hg?".

with a variety of electron-donor sites on polynucleotides. The

phosphate moieties of the ribose phosphate backbone and the Acknowledgment. The authors thank N. Neke, Division
electron-donor groups on the bases are two main sites ofof Bjophysics of Macromolecules, German Cancer Research
interaction®* Some metal ions, such as magnesium ions, prefer center, Heidelberg, Germany, for help with AFM experiments
the phosphate sites and increase the melting temperature byand N. K Varde, Department of Chemical and Biomolecular
binding phosphate and stabilizing the double helix. Other ions, Engineering, University of Illinois-Urbana/Champaign, for
such as copper and cobalt, prefer base sites and decrease thg«perimental assistance. This work was funded by the National
melting point by binding to the bases and destabilizing the scjence Foundation, a Beckman Young Investigator award, and
double helix3! In our model, the simplest case is a two step 3 3M Untenured Faculty Award to Michael S. Strano.

(8 = 2) binding site releasing process. In this case, we float

andK to get the best fit (Table 1). While data fitting leadsnto Supporting Information Available: Text containing the full

= 1 for most ions, the number of ions per stes 3 for copper mathematical derivation for the model and details on supporting
and 0.5 for mercury. This is consistent with the fact that copper experiments, including a figures showing the PicoGreen fluores-
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cence intensity study. This material is available free of charge via (17) Zheng, M.; Jagota, A.; Semke, E. D.; Diner, B. A;; McLean, R. S;

the Internet at http://pubs.acs.org.
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