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ABSTRACT

The sidewalls of vertically aligned, multiwalled carbon nanotubes were functionalized using azide photochemistry, and DNA oligonucleotides
were synthesized in situ from the reactive group on each photoadduct to produce water-soluble DNA-coated nanotubes. The functional DNA
sites on the nanotubes were visualized from gold nanoparticles modified with complementary DNA and using TEM. The sidewall functionalization
enabled further DNA-directed modification of the nanotubes’ surfaces with nanoparticles. The DNA-coated vertically aligned nanotubes offer
the architecture for a highly loaded three-dimensional DNA chip.

Carbon nanotubes have enormous potential as components
of nanoscale electronic devices and sensors because of their
unique conducting properties and high thermal capacity. To
readily manufacture these devices, methods for manipulating
and positioning the nanotubes must be developed. Various
methods are being explored, including masking, manipulating
by AFM tips, and selective placement on chemically func-
tionalized surfaces.1-4 The concept of using DNA to direct
the assembly of nanotubes into nanoscale devices is also
attracting attention5 because of its potential to assemble a
multicomponent system in one step by using different base
sequences for each component. To date, the focus in this
area has been on placing DNA at the tips of nanotubes.6 To
produce reactive sites to which the DNA may be attached,
the nanotubes are mainly oxidized by acid treatment to
introduce carboxyl groups on their tips;7 this procedure also
introduces carboxyl groups at any defects in the sidewalls.8

DNA molecules with functional linkers are then coupled to
the carboxyl groups on the nanotubes.9-13 This chemistry
has also been used to couple nanotubes with molecules such
as PNA6 and proteins.14

Carbon nanotubes functionalized with DNA all over their
sidewalls, as opposed to those with DNA placed solely on
their tips, would have certain advantages when being
manipulated and positioned into nanoscale devices. First, a

coating of DNA confers a negative surface charge on the
nanotubes that would produce a stable dispersion in the
aqueous solutions required for DNA-directed assembly. In
contrast, nanotubes functionalized with DNA only on their
tips require the addition of a surfactant to prevent their
aggregation in aqueous solutions due to hydrophobic interac-
tions between their exposed surfaces. Second, the surface
coating of DNA allows for flexibility in the lengths of
nanotubes when using DNA to place a nanotube, for
example, across two electrodes spotted with complementary
DNA strands in a nanoscale electronic device. In contrast,
the lengths of nanotubes with DNA on the tips must precisely
match the spacings between the spots on the electrodes.

We have developed a mild and facile method for attaching
single-stranded DNA to the sidewalls and tips of carbon
nanotubes. The method uses azide-photochemistry to func-
tionalize the sidewalls and tips of carbon nanotubes in a solid-
state reaction, and the subsequent synthesis of a DNA
oligonucleotide from the reactive group on each photoadduct.
While cycloaddition of azides by thermolysis or photolysis
to substrates containing double bonds is well-known,15 and
azide-thermolysis has been used successfully in solution to
functionalize fullerenes16,17and the sidewalls of single-walled
nanotubes (SWNT),18,19 this is the first report of azide-
photolysis being used to functionalize carbon nanotubes.

To get good coverage of the photoadducts, and subse-
quently DNA, over the entire surface of each nanotube, it is
necessary to use nanotubes that are initially discrete and
cannot aggregate during the chemical reactions. To achieve
this, we used vertically aligned, multiwalled carbon nano-

* Corresponding author. E-mail: maxine.mccall@csiro.au.
† CSIRO Molecular Science, North Ryde.
‡ CSIRO Molecular Science, Clayton.
§ Present address: Chemistry Department, Duke University, Durham,

North Carolina 27708.
| Present address: College of Polymer Science and Polymer Engineering,

University of Akron, Akron, Ohio 44325.

NANO
LETTERS

2004
Vol. 4, No. 1

89-93

10.1021/nl034915y CCC: $27.50 Published 2004 by the American Chemical Society
Published on Web 12/09/2003



tubes (MWNTs) on a solid support20 where the spacings
between individual nanotubes can be controlled by the
density of the catalyst on the support. While we used
aligned MWNTs, discrete single-walled nanotubes also
could be used as substrates.21-22 Our vertically aligned
MWNTs were grown on a quartz substrate by pyrolysis of
iron(II) phthalocyanine (Aldrich) under Ar/H2 at 800-1100
°C.20 The exposed ends of the nanotubes were then sputtered
with gold to form a thin coating on their tips. After a 1-2
min exposure to 48% hydrofluoric acid (Aldrich) (caution:
avoid inhalation, ingestion, and skin and eye contact), the
nanotubes supported on gold foil were peeled off the quartz
substrate and washed several times with water.20 This
produced nanotubes with ends free of amorphous carbon
deposits.

The aligned MWNTs, supported on gold foil approxi-
mately 25 mm2 in area, were coated with 20µL of ethanol
containing 100-250µg of the photoactive molecule azido-
thymidine (AZT, Sigma Chemical Company), and left to dry
at room temperature. The sample was UV-irradiated for 5
min using a 450 W medium-pressure xenon lamp with
maximum output of 112 mW/cm2 at 254 nm (Figure 1, step
(i)). The irradiation causes the formation of very active
nitrene groups in the vicinity of the carbon lattice. In a
cycloaddition reaction, these nitrene groups couple to the
nanotubes and form aziridine photoadducts.23 Thus, a very
high loading of the aziridine adducts is photoetched on the
nanotubes’ sidewalls and tips in this solid-phase reaction.
The samples then were washed thoroughly with ethanol to
remove unreacted AZT. The efficiency of removal of

unreacted AZT was assessed by monitoring the wash
solutions using HPLC.

The gold-supported sample of aligned MWNTs, photo-
etched with AZT, was placed in a clean, empty, reaction
chamber of an automated DNA synthesizer (Applied Bio-
systems 394 DNA/RNA Synthesizer, Foster City, CA), and
a 35-nucleotide DNA molecule of defined base sequence was
built in situ by sequential addition of protected nucleotides
using standard phosphoramidite chemistry with coupling time
extended to 5 min (Figure 1, steps ii-iv). Here, the free
hydroxyl group at the 5′ position of the deoxyribose moiety
in each aziridothymidine group was used as the site of
attachment from which each DNA molecule was built. Thus,
the process by which the DNA is made is identical to that
used by commercial suppliers of oligonucleotides, except that
in our process the nanotubes on gold foil, functionalized with
the thymidine group, replace the standard solid support
functionalized with the desired 3′ nucleotide.

Following the synthesis, the protecting groups were
removed from functional groups on the DNA strands by
exposing the nanotube sample to 28% ammonia solution
(Univar) at 55°C for 8 h (Figure 1, step (v)). After cooling,
the supernatant was removed and the sample was rinsed
thoroughly with several changes of autoclaved milliQ water
until the pH of the wash solution was less than 7. At no
time during this procedure were the nanotubes allowed to
become dry. The DNA-modified nanotubes were stored
under sterile water at 4°C. When required for further use,
the DNA-modified nanotubes were sonicated for 3-5 min
in an ultrasonic cleaner (model FX8, Unisonics, Sydney),

Figure 1. In situ DNA synthesis from sidewalls of carbon nanotubes photoetched with azidothymidine. Aligned MWNTs on a solid
support are coated with a solution of AZT and are UV irradiated to produce photoadducts, each with a hydroxyl group (i). The hydroxyl
group reacts with a phosphoramidite mononucleotide to initiate synthesis of the DNA molecule (ii). Trichloroacetic acid deprotects the
hydroxyl group (iii) for reaction with the next nucleotide (iv) and the cycle is repeated until the molecule with desired base-sequence is
made. Finally, the supported nanotubes are heated in ammonia solution to remove blocking groups from the nucleotides (v) to produce
DNA-coated nanotubes.
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which released them from the gold foil to form a stable
suspension in water (see Figure 2).

In this experiment, the base sequence of the 35-nucleotide
DNA molecules attached to the walls of the nanotubes is 5′
TACGCGAATTGCCAC(T)19T 3′. Here, theT at the 3′ end
of each molecule is the deoxyribose-thymine which is
photoetched to the exposed surface of the nanotube, and
which was generated by photochemical reaction of AZT.

When attempting to bind DNA to defined locations on
nanotubes, it is important to check if the DNA has been
attached as expected in the desired locations, for example,
at the tips or on the sidewalls. Therefore, we have developed
a visual assay using DNA-modified gold nanoparticles and
transmission electron microscopy (TEM) to determine the
locations of the DNA molecules on the carbon nanotubes.
The assay relies on short, single strands of DNA, attached
to gold nanoparticles, binding to the single strands of DNA
(of complementary base sequence) on the nanotubes. Thus
the assay determines DNA molecules on the nanotubes that
are functional (i.e., are able to bind their complementary
strand), and their locations are revealed in TEM images by
gold nanoparticles positioned in close proximity to the
surfaces of the nanotubes.

Gold nanoparticles were prepared according to the method
of Frens24 with diameters of 15-16 nm as measured by
TEM. DNA molecules, with disulfide linkers on their 3′ ends
for binding to the gold nanoparticles, were synthesized on
the DNA/RNA synthesizer, using protected DNA phosphora-
midite monomers and 3′-disulfide-linker on solid support
purchased from Glen Research (Sterling, Virginia). After
synthesis, the oligonucleotides were removed from the solid
support by exposure to 28% ammonia solution at room
temperature for 30 min, and then processed further and
checked for purity according to methods described for
standard DNA oligonucleotides.25 This molecule (DNA*),
which has the composition 5′ AGTGGCAATTCGCGTA-
(CH2)3-S-[S-(CH2)3-OH], was chemisorbed to the gold
nanoparticles using a procedure essentially as described by
Storhoff et al.,26 except that the disulfide linker was not
reduced to a terminal sulfydryl, and the ratio of DNA to
gold nanoparticles was increased by a factor of 2.

To perform the assay with controls, four samples of
aligned MWNTs on gold foil, each approximately 25 mm2,
were tested. Two samples were photoetched with AZT and

subjected to in situ DNA synthesis as described, while the
other two samples were left unmodified. All samples were
separately preincubated for a total of 90 min in three
exchanges of∼50 µL ExpressHyb (Palo Alto, CA) at 37°C
before a freshly prepared solution of ExpressHyb containing
either DNA-modified gold nanoparticles (20µL of 10 nM
DNA* -gold nanoparticles in 0.1 M NaCl, 10 mM sodium
phosphate, pH 7, mixed with 30µL ExpressHyb) or
unmodified gold nanoparticles (20µL of 10 nM gold
nanoparticles mixed with 30µL ExpressHyb) was added to
the samples. The samples were rocked gently either for 6 h
or overnight at 37°C. Supernatants were then removed, and
the samples were washed three times at room temperature
with 100µL 0.1 M NaCl, 10 mM sodium phosphate buffer,
pH 7, before storing at 4°C in 100µL of 0.05 M NaCl, 10
mM sodium phosphate buffer, pH 7. To visualize the samples
by TEM, nanotubes were removed from the gold support
by scraping or brief sonication. Once dispersed, 1.5µL of
solution was placed on a 200-mesh copper grid prepared with
carbon film and left to air-dry. Grids were then placed in
the TEM (Philips CM100) and digital images taken with a
Gatan Dual Vision camera.

In this assay, the 16 nucleotides in the DNA* molecules
bound to gold nanoparticles can form Watson-Crick base
pairs with the 16 nucleotides at the 5′ end of the 35-
nucleotide DNA molecules attached to carbon nanotubes.
Figure 3a shows gold nanoparticles covering most of the
outer surface of the nanotubes, indicating that photochemical
coupling of the AZT to the nanotubes was indeed extensive
and subsequent synthesis of DNA from this moiety was
efficient. Note that the gold nanoparticles of 15 nm diameter
are far larger than the 2 nm cross-sectional diameter of a
double-helical DNA molecule. Thus, the average surface
coverage, calculated from Figure 3a, of approximately 1000
gold nanoparticles perµm2 (or over 3000 nanoparticles on
an individual multiwalled nanotube of diameter 100 nm and
length 10µm) reveals a lower estimate for the number of
functional DNA molecules on each nanotube.

Figures 3b and 3d represent control experiments showing
that unmodified gold nanoparticles do not bind to DNA-
modified carbon nanotubes, nor to unmodified nanotubes,
respectively, under the assay conditions. Figure 3c is the
control to check for nonspecific binding of DNA-modified
gold nanoparticles to unmodified nanotubes. It is known that
DNA will stick strongly to unmodified nanotubes through
physical adsorption,27-29 and the same is true for DNA-
modified gold nanoparticles (not shown). The inclusion of
a surfactant, such as the commercially available ExpressHyb,
which is commonly used to limit nonspecific binding in
molecular biological reactions, reduces nonspecific binding
of DNA-modified gold nanoparticles to unmodified nano-
tubes in our assay (Figure 3c).

In addition to providing a means for easier manipulation
of nanotubes in aqueous solutions and positioning them in
devices, functionalization of the sidewalls of carbon nano-
tubes with DNA offers a finely controlled method for
assembling surface coatings on the nanotubes (for example,
on ordered arrays of nanotubes for photonics applications30)

Figure 2. DNA-modified MWNTs form a stable suspension in
water. Unmodified MWNTs (left) and DNA-modified MWNTs
(right) supported on gold foil were placed in water, sonicated for
5 min, and left to stand for 1 h before this image was taken.
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in order to alter their surface properties. For example, the
nanotubes may be covered with a monolayer of gold
nanoparticles (or other DNA-modified nanoparticles) as
demonstrated in Figure 3a. Further, the remaining, unbound
single-strands of DNA on the nanoparticles attached to the
nanotubes could be used to build up additional layers of gold
or different nanoparticles. To demonstrate the feasibility of
this approach, we synthesized DNA molecules of composi-
tion 5′ TACGCGAATTGCCACT-(CH2)3-S-[S-(CH2)3-
OH] and bound them to gold nanoparticles of 38 nm diameter
following the procedures described above. Then we added
these DNA-modified gold nanoparticles, in the presence of
ExpressHyb, to a sample of MWNTs coated with gold
nanoparticles of 16 nm diameter prepared exactly as de-
scribed for the sample in Figure 3a. The base sequences of
the DNA molecules are such that the DNA attached to the
larger nanoparticles (38 nm diameter) can bind to the DNA
on the smaller nanoparticles (16 nm diameter), but not to

the DNA on the nanotubes. The TEM image shown in Figure
4 demonstrates that the approach is viable. Optimization of
the lengths of the DNA molecules should provide a more
uniform surface coating for each layer of nanoparticles.

Furthermore, our photochemical method for attaching
DNA to nanotubes on a solid support could be combined
with photolithographic methods to produce patterns of DNA
of different sequences on the nanotubes, for use as DNA
chips in genomic research or for DNA sensors. The use of
nanotubes in this way would result in a single site on an
array surface effectively immobilizing thousands of DNA
molecules. Conventional array technology can only im-
mobilize one DNA molecule per surface site. In addition,
the erect nature of the nanotubes ensures that the immobilized
DNA is held off the array surface to create a 3-dimensional
array, and thus the DNA is also highly available for
hybridization. This combination of high loading and high
availability of DNA molecules on the surface of individual

Figure 3. Visual assay for determining the sites of attachment of DNA to carbon nanotubes, using gold nanoparticles functionalized with
DNA of complementary base sequence (DNA*), and imaging by TEM. (a) Nanotubes-DNA with DNA*-gold nanoparticles, (b) Nanotubes-
DNA with unmodified gold nanoparticles, (c) unmodified nanotubes with DNA*-gold nanoparticles, (d) unmodified nanotubes with
unmodified gold nanoparticles. The diameter of the gold nanoparticles is 15-16 nm. Scale bar is 200 nm.
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nanotubes means that very few nanotubes would suffice for
each DNA sequence, and therefore the DNA chips or sensors
could be miniaturized to the extreme.
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NL034915Y

Figure 4. DNA-directed modification of the surfaces of carbon
nanotubes with layers of gold nanoparticles of different diameters.
The sample in this TEM image was prepared in four steps as
follows: (i) photochemical functionalization of the sidewall of the
nanotube with AZT; (ii) in situ DNA synthesis from AZT; (iii)
binding of the DNA on the nanotubes to complementary DNA*
attached to gold nanoparticles of 16 nm diameter; and (iv) binding
of the remaining unbound DNA* (on 16 nm gold nanoparticles) to
complementary DNA attached to gold nanoparticles of 38 nm
diameter. Scale bar is 100 nm.
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