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Abstract

We demonstrate the optical detection of DNA hybridization on the surface of solution suspended
single-walled carbon nanotubes (SWNT) through a SWNT band gap fluorescence modulation.
Hybridization of a 24-mer oligonucleotide sequence with its complement produces a
hypsochromic shift of 2meV, with a detection sensitivity of 6 nM. The energy shift is modeled by
correlating the surface coverage of DNA on SWNT to the exciton binding energy, yielding an
estimated initial fractional coverage of 0.25, and a final coverage of 0.5. Hybridization on the
nanotube surface is confirmed using FRET of fluorophore labeled DNA oligonucleotides. This
detection is enabled through a new technique to suspend SWNT using adsorption of single-
stranded DNA and subsequent removal of free DNA from solution. While the kinetics of free
DNA hybridization are relatively fast (< 10min), the Kinetics of the process on SWNT are slower
under comparable conditions, reaching steady state after 13 hours at 25 °C. A second order kinetic
model yields a rate constant of k=4.33x10° (M-hr)~L. This optical, selective detection of specific
DNA sequences may have applications in the life sciences and medicine as in-vitro or in-vivo
detectors of oligonucleotides.

Detection of specific single stranded DNA sequences through hybridization with the
complementary DNA probe has many applications in the medical and life sciencesl3,
environmental science*°, and microbiology8-2. Hybridization detection techniques include
surface sensors1%11, used for ultra-low concentration detection, and solution based
sensors1213  that are used for direct detection in biological systems. The use of fluorescence,
specifically for detection in the solution based systems, is advantageous due to the
sensitivity and selectivity of the techniquel4. Previous fluorescence sensors have included
DNA chips812, molecular beacons!2, and the use of Forster Resonance Energy Transferl3.

Individually dispersed semiconducting single walled carbon nanotubes (SWNT) are
excellent candidates for optical sensors, as we have shown previously8. Because SWNT
fluoresce at near infrared (nIR) wavelengthsl718, they have the potential to be used in
biological applications due to the low absorption of blood and tissuel’~1°, and the low
autofluorescence of cells?0 in the nIR. Furthermore, SWNT are sensitive to molecular
adsorption at their surface621 and are resistant to photobleaching?2. SWNT can be
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individually dispersed by adsorbing molecules to the nanotube surface in solution,
eliminating the need for fluorescent labels and dyes!6:23-25. Some DNA sequences have
been shown to adsorb strongly to the surface of nanotubes resulting in a stable
suspension?>26. Nanotubes have also been successfully implanted in cells 27:28 allowing for
potential /n vivo applications as we22:27.28 and others have shown?2:27.28,

In this work, we show the first photobleaching resistant, nanoparticle system that allows for
the detection of DNA hybridization through the modulation of a near-infrared fluorescence
signal from a DNA-SWNT complex. In separate experiments, the hybridization events are
confirmed through Forster Resonance Energy Transfer (FRET) by studying the visible
fluorescence signal of fluorophore labeled DNA-SWNT with the addition of the
fluorescently tagged complement. This is the first work to optically detect selective
hybridization of DNA with its complementary strand directly on the surface of SWNT, and
therefore opens possibilities for new types of nanotube-based molecular beacons, sensors,
probes and sequencing technologies.

We developed a novel method to directly suspend SWNT with single-stranded DNA
(ssDNA), and remove free ssDNA, as illustrated in fig. 1. Single walled HiPCO carbon
nanotubes from the Rice University Research Reactor (run 107) were individually dispersed
in 2 wt% sodium cholate (Sigma Aldrich) in nanopure water in a method we have outlined
previously.16:17 DNA (5’ - TAG CTA TGG AAT TCC TCG TAG GCA - 3’) was assembled
on the surface of the SWNT through dialysis against standard Tris buffer of the cholate
SWNT in the presence of DNA in a method discussed previously26.

The spectra of the cholate-SWNT and DNA-SWNT in figure 1 show that a bathochromic
shift of 17.6 meV (15.6nm) occurs for the (7,5) tube when the cholate molecules are
replaced by DNA oligonucleotides, which is greater than the shift observed in the previous
Glucose Oxidase system that we studied8. The red shift is caused by the sparser DNA
coverage on the SWNT surface as compared to the smaller, more densely packed, cholate
molecules. The greater exposed area on the SWNT increases contact with water, resulting in
a decrease in the SWNT emission energy.24 The free DNA in solution was removed through
a 2" stage, high molecular weight dialysis in order to ensure that hybridization occurred on
the SWNT surface and potential artifacts from hybridization of free DNA were minimized.
Dialysis for 48 hours removed 95% of the free DNA as determined by UV-visible absorption
spectroscopy. The final concentrations of SWNT and DNA in solution were estimated to be
27 nM and 118 nM, respectively, using absorption spectroscopy. The residual concentration
of the sodium cholate was calculated to be 4.5pM.

We find that hybridization of the DNA strands with their complements (cDNA 5’- GCC TAC
GAG GAA TTC CAT AGC T - 3’) adsorbed on the SWNT surface is transduced by a
hypsochromic shift in the near infrared fluorescence of the SWNT. The (6,5) nanotube
fluorescence (Ama=994nm) was monitored with a laser excitation of 785nm?2%:30, DNA-
SWNT was incubated for 48 hours with different concentrations of cDNA and non-
complementary DNA (nDNA 5’ - TCG ATA CCT TAA GGA GCA TCC G -3’) to ensure
that steady state was reached. The energy of the (6,5) peak increases up to 2.02+0.07 meV
with the addition of cDNA, indicating a decrease in the effective dielectric constant of the
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SWNT environment, which we interpret as a denser surface coverage after hybridization
(Fig. 2). In contrast, the addition of nDNA does not result in any significant shift. This
selectivity of the energy shift indicates that DNA hybridization is occurring on the nanotube
surface. Sample spectra of the (6,5) fluorescence peaks with and without cDNA are shown in
figure 2b.

The observed energy shift, E, can be explained as an increase in the exciton binding energy
caused by an increase in the surface area coverage of the SWNT. Using an effective medium
approximation, the local dielectric constant, s, at the SWNT surface is:

e=aepya+ (1- (1)£H20

Where a is the fraction of SWNT surface area covered by DNA, and epna=2.1, eq20=88
represent the dielectric constants of DNA and water respectively. The sodium cholate
concentration was considered too small to significantly affect the dielectric constant. A
simplified variational model®® is used to correlate the exciton binding energy change to the
fraction of unexposed SWNT surface area. The exciton binding energy, E (eV), can be
calculated as a function of the local dielectric constant with the following relation:

£= = ale vy o vliil)

Where R=13.6eV is the Ryberg conversion factor, u=0.068 is the reduced effective mass of
the (6,5) nanotubel®, r=0.4nm is the radius of the (6,5) nanotube, K=2.28 is a variational
parameter specific to the (6,5) tube that is adjusted to minimize the energy, y=0.577 is the
Euler constant, and f=0.0529 nm is the Bohr radius constant.

Saturation of the SWNT surface caused a 2.02+0.07 meV change, as shown in fig. 2 and this
should correspond to an approximate doubling of SWNT surface coverage from the DNA
hybridization. By fixing these two degrees of freedom, the model predicts that the initial
coverage of DNA is 25%, while the saturation coverage is 50%. In this range, the model is
roughly linear, as are the energy shifts we observe during hybridization. The fractional
coverage was converted to concentrations of cDNA and the model is shown in fig. 2. Beyond
the DNA saturation point, the energy is assumed to remain constant (fig. 2).

DNA hybridization on SWNT was confirmed in a separate study using Forster Resonance
Energy Transfer (FRET) between fluorescently labeled DNA strands. The 3’ end of the
DNA was tagged with a fluorescein derivative, FAM™, which serves as the donor. This
tagged DNA was assembled on the SWNT surface in the method outlined above, to
synthesize DNA-D-SWNT. Complementary DNA strands (cDNA-A) with 5’ attached
acceptor fluorophores, TAMRA™ NHS Ester, were added to the DNA suspended SWNT
over a concentration range of 33-350 nM. The experiment was repeated using non-
complementary strands of DNA conjugated to the same acceptor fluorophore (nDNA-A) as a
control. In order to confirm that there was a negligible amount of free DNA in solution, the
emission of dialyzed free DNA-D (3.13x10%) was compared to the emission of the dialyzed
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DNA-D-SWNT (8.45x10%), both of which are significantly smaller than the emission of the
free DNA-D before dialysis, 1.18x107 The SWNT is shown to quench the fluorophore, as is
seen in the comparison of the donor emission of free and SWNT-adsorbed DNA32,
Therefore the amount of free DNA in solution is considered to be negligible compared to the
amount of DNA on the nanotube.

The significant decrease in the donor emission within 2 minutes of the first addition (33nM)
of cDNA-A to the DNA-D-SWNT solution indicates FRET and therefore hybridization. In
contrast, the addition of nDNA actually increases the donor emission at higher concentration
(fig. 3b,d). Subsequent additions of cDNA-A resulted in a further decrease in donor
emission until the cDNA-A concentration reached 127 nM, where the donor fluorescence
began to increase slightly. However, the donor fluorescence remained significantly lower in
the presence of cDNA-A than without it (fig. 3a,c).

Although not central to this study, we note that the increase in donor emission (fig. 3a)
indicates that some of the donor fluorophores are no longer within 0.5-5nm of the nanotube
and are unquenched (see supplement). Additions of NDNA-A to the DNA- D-SWNT
solution also result in an increase in donor emission. The origin of this increase in both cases
is currently under investigation. One possible mechanism is that DNA-D undergoes a change
in conformation in response to hybridization with cDNA-A or repulsion from nDNA-A. In
this case, the fluorophore end extends from the nanotube and is then unquenched, while the
remaining DNA is still adsorbed to the SWNT. Another possibility is that the nDNA-A is
replacing the DNA-D completely on the SWNT surface.

The total number of binding sites for DNA on SWNT was estimated to be of order 50/
SWNT based on the dimensions of the two molecules. The SWNT are approximately 1 um
long with diameters between 0.6 and 1.3 nm, and the oligonucleotides used in this work are
approximately 10 nm long with an estimated repulsion distance of 5 nm33,

We find that the kinetics of these hybridization events are exceedingly slow at 25°C on the
nanotube surface compared to the rate for free DNA in solution. The transient response of
the SWNT fluorescence with cDNA and nDNA additions was monitored at room
temperature to measure the amount of time necessary for the hybridization peak shift to
reach steady state (fig. 4). For a concentration of 625nM cDNA, approximately 13 hours are
required for the hybridization reaction to reach steady state, although our FRET study
indicates that hybridization occurs within minutes. The addition of nDNA does not result in
a significant response. The standard deviation of 0.03 meV of the steady state peak energy
over 9 hours was also used to determine the mean noise level and yields an approximate
hybridization detection limit for cDNA concentrations as low as 6nM. The rate of the SWNT
fluorescence energy change was modeled using the following mechanism:

H
A+ B — .
DNA ¢DNA  Hybridized_Complex

The rate of formation of the hybridized complex was modeled using this second order
reaction, in accordance with the known kinetic behavior of unbound DNA hybridization34.
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The time is #(hr), kis the kinetic constant (M-hr)™1, and C 4, C, and Care the
concentrations (M) of DNA adsorbed to SWNT, complementary DNA, and hybridized DNA
on SWNT, respectively. After solving the differential equation, the concentration of the
hybridized complex at any given time can be calculated using the equation:

C C

C”(f) =C 10+

40+ Cpoexp|(Co =~ Cq)k]

where C 4 is the initial concentration of DNA (118nM) that is adsorbed to the SWNT and
Cpgpis the initial concentration of complement added to the system. This equation was used
to fit the fluorescence energy shift by correlating the normalized concentration of hybridized
complex to the normalized energy change:

Ch AE

CH, max AEmaX

where Cy max= Caprepresents hybridization of every adsorbed DNA strand, and A&,
(2meV) is the maximum energy shift observed at saturation conditions. The model is shown
in figure 4 as a solid line, with £=4.33x10° (M-hr)"1. DNA is known to hybridize in fewer
than 10 min3%, and the addition of salts such as MgCI2 stabilize!? and speed up
hybridization3®, due to the ionic shielding of the ions. Further kinetic investigations
involving ionic strength of various salts and temperature will be conducted to probe the
effects on the SWNT system.

This system has the potential to be used in studying low copy DNA hybridization, and in
similar biological assays. Efforts to use DNA for directed assembly of SWNT will also
benefit from this optical detection. More importantly, there may be applications of these new
types of sensors to the life sciences and medicine since SWNT near infrared fluorescence is
optimized for tissue penetration, photostability and the avoidance of biological auto-
fluorescence.

Conclusions.

We conclude from our results that the hybridization of DNA can be detected using the
optical modulation of the SWNT n-IR fluorescence, and has a calculated detection limit of 6
nM DNA. The observed energy change of 2meV from the DNA hybridization is well
described by an effective medium dielectric model, indicating that an initial DNA surface
coverage of 25% increases to 50% after hybridization on the SWNT. The total number of
binding sites for DNA is estimated to be 50sites/SWNT, based on the dimensions of the
DNA and SWNT. The hybridization event at the nanotube surface is also confirmed using
FRET. The kinetics of hybridization on the SWNT were modeled used a second order
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reaction, yielding a kinetic constant of £=4.33x10° (M-hr)~1. Hybridization of free DNA is
fast (<2min), but the transduction process is considerably slower on SWNT (13hours).
Further investigation will elucidate the reason for this discrepancy.

Dialysis of cholate SWNT was done with a Slide-A-Lyzer Dialysis Cassette 10kDa MWCO
(Pierce Biotechnology, Inc.) while the free DNA was removed using Spectra/Por Biotech CE
membranes (100kDa MWCO) (Spectrum Laboratories)

The fluorophore tagged DNA sequence used to suspend SWNT is 5’ — TAG CTA TGG AAT
TCC TCG TAG GCA -3’ — 6-FAM™, the cDNA sequence with fluorophore is TAMRA™
NHS Ester -- 5’- GCC TAC GAG GAA TTC CAT AGC T - 3’, and the nDNA sequence
with fluorophore is TAMRA™ NHS Ester -- 5’- TCG ATA CCT TAAGGA GCATCCG
-3’. All of the sequences were purchased from Integrated DNA Technologies, Inc.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:

Synthesis of DNA-SWNT: a) diagram of the suspension process in IXTris buffer 1) Dialysis
of cholate suspended SWNT with DNA (12-14kDa dialysis bag) 2) Dialysis of free DNA
(100kDa MWCO dialysis bag) 3) DNA-SWNT with no free DNA b) Combined Raman and
nIR fluorescence spectra indicate significant red shifting of DNA-SWNT fluorescence as
compared to the fluorescence of cholate SWNT
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Figure2:
a) Addition of complementary DNA (cDNA) causes an increase in energy of the steady state

(6,5) fluorescence peak while there is negligible energy change with non-complementary
DNA (nDNA). The solid line is a fit of the dielectric model to the cDNA energy shifts. b)
Sample spectra of the fluorescence peak blue shift with cDNA addition.
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Figure 3:

Intensity at donor emission (max 520nm) of DNA-D SWNT a) Additions of complement
conjugated with acceptor (cDNA-A) result in decrease of donor emission at concentrations
<127nM, then partial recovery of donor emission at concentrations >127nM. b) Additions of
non-complement conjugated with acceptor (nDNA-A) result in constant increase of donor
emission. ¢) Forster resonance energy transfer (FRET) indicates DNA hybridization on
nanotube surface. Emission of donor on DNA-D-SWNT decreases with additions of cDNA-
A (attached to acceptor). d) No FRET between donor (DNA SWNT) and acceptor (nDNA)
indicate that there is no hybridization occurring.
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Figure 4:
Investigation of (6,5) peak shift kinetics at room temperature. The hybridization

configuration of DNA-SWNT with cDNA requires approximately 13 hours to reach steady
state while the addition of nDNA does not result in any significant peak shifting. The
kinetics model is denoted by the solid line and has #=4.33x10° (M-hr)1.
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