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Nanowires from Si, SiO2, gold, glassy carbon, SnO2, and ZnO2

by bottom-up and top-down techniques have attracted much
attention recently.[1] These nanowires have been used for
chemical/biochemical sensing applications because of their
low weight, as well as the sometimes extraordinary mechan-
ical, electrical, thermal, and multifunctional properties.[2]

However, these nanowires do not possess desired chemical
stability and reproducibility of biochemical surfaces in
electrolyte solutions. Significant improvements in the sensi-
tivity, selectively, parallelism, chemical stability, and biocom-
patibility towards analytes in solutions are needed.

Diamond is a promising choice for the next generation
sensor platforms[3] because of its chemical stability, low
background current, and wide potential window. Diamond
survives in harsh environments in which other materials such
as ZnO2, SnO2, and Si fail. Diamond varies from an insulating,
to semiconducting, to metal-like conducting materials with
increasing doping levels. Surface termination with hydrogen
and oxygen also allows the optimization of electronic proper-
ties of diamond electrodes. Diamond is also biocompatible
towards large biomolecules, such as DNA.[4]

Diamond nanowires were first realized in 1997 by
Shiomi,[5] who demonstrated the formation of porous dia-
mond films by reactive ion etching (RIE) using O2. Later, in
2000, nanostructured diamond honeycomb films were pre-
pared[6] by etching through a porous anodic alumina mask;
the work triggered by these results are summarized by
Shenderova et al.[7] Growth-induced formation of nanoscale
tubular structures by applying a microwave plasma of hydro-
gen under a bias potential was first reported in 2003.[8] In 2008,
Zou et al.[9] reported the fabrication of nanopillar arrays using
self-aligned Au nanodots as an etching mask in bias-assisted
reactive ion etching with a hydrogen/argon plasma. Although
these achievements demonstrate that vertically aligned dia-
mond nanowires can be fabricated by a variety of methods, no
applications in electro- or biochemistry have been reported.

Herein, we introduce for the first time the electrochemical
application of vertically aligned diamond nanowires for DNA

sensing. This new technological pathway marries major
advantages of diamond such as chemical stability, biocom-
patibility, and hardness with geometrically controlled bonding
of DNAmolecules to realize behavior of the DNAmolecules;
“like-in-solution” situation. These metal-like nanowires are
fabricated from boron-doped single-crystalline CVD dia-
mond (produced by chemical vapor deposition) by use of
diamond nanoparticles as a hard mask and by use of RIE in
O2/CF4 gas mixture for 10 s.[10] These wires are 3–10 nm long
and typically spaced 11 nm apart (Figure 1). Nanowires

separated by approximately 11 nm were selected because
anchoring DNA molecules onto these wires will result in a
density of DNA of about 1012 cm�2, which is promising for
DNA sensing with high efficiency. The tips of the nanowires
were functionalized electrochemically[11] with phenyl
groups.[10] Such functionalized nanowires are used to bond
geometrically controlled oligonucleotide molecules to dia-
mond. As DNA self-aligns with the phenyl linker groups,
functionalization of the nanowire tips produces a pattern of
dispersed DNA bonding governed by the nanowires; struc-
ture.

Redox indictors such as [Fe(CN)6]
3�/4� and intercalators

such as metal complexes have been widely used for the
investigation of DNA sensing on gold and other substrate
electrodes. However, no work has been published on dia-
mond-based biosensors that use redox indicators. Herein, we
focus of sensing using [Fe(CN)6]

3�/4� as a redox mediator. As
shown in Figure 2, the peak currents and peak potential
changed remarkably before and after immobilization of probe
DNA. The broad peak splitting on unmodified diamond
nanowires has been assigned to surface oxidation during
fabrication of the diamond nanowires as well as to a relatively
low boron doping concentration of the diamond bulk (7 B
1019 cm�3). Hybridization of target DNA into probe DNA
coated diamond nanowires results in a further decrease in
peak currents and an enhancement of potential splitting of
peak potentials. Figure 2 also shows a cyclic voltammogram
(m-cDNA) after exposure to single-base-mismatched DNA.
The amplitude is decreased by about 20% relative to single

Figure 1. SEM image of vertically aligned diamond nanowires.[10]
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strand DNA (ss-DNA) owing to nonintentional bonding.
However, clear discrimination between complementary
(ds-DNA) and single-base-mismatched DNA bonding
is detected. These results clearly demonstrate that
[Fe(CN)6]

3�/4� is a good indicator for DNA bonding to
diamond.

Electrochemical detection of DNA hybridization events
was then conducted with [Fe(CN)6]

3�/4� as indicator. Figure 3
shows typical examples of cyclic voltammetric (CV) response

(scan rate: 100 mVs�1), differential pulse voltammetric
(DPV) signals (scan rate: 100 mVs�1, pulse height: 2.5 mV),
and electrochemical impedance spectra (Imp) in the regime
0.01 to 106 Hz at �0.3 V (vs. Ag/AgCl) in pH 7.4 phosphate
buffer as applied on marker DNA (ss-DNA) coated nano-
wires and after exposure to 10 nm complementary DNA for
1 h (ds-DNA). Hybridization leads to a decrease in resistance
of DNA, which agrees with the results on diamond,[12,13] but
conflicts with our voltammetric results. The reason for this
discrepancy is still unclear and is under investigation in our
laboratory. Large amplitude variations in peak current (a, b)
and resistance (c) were detected before and after hybrid-
ization. The differences before and after DNA hybridization
in peak currents from cyclic voltammograms and differential
pulse voltammograms and from electrochemical impedance
spectra were adopted for the detection of DNA sequence.

Sensitivity curves for DNA hybridization were measured
by varying the concentration of complementary target DNA
from 1 mm to 10 pM. The overall performance of the diamond
nanowire DNA sensor is compared with published data for
Au,[14–17] and polycrystalline diamond[13] using comparable
DNA structures in Figure 4a. Sensing with diamond nano-
wires is about 100 to 1000 times better than with smooth

surfaces of Au or diamond. To identify the sensitivity limit
exactly, experiments with between 0 and 10 pm of comple-
mentary DNA were performed, and the results (Figure 4b)
indicate a sensitivity limit of around 2 pm. No degradation of
the DNA on the nanowires was detected over 30 cycles of
DNA hybridization/denaturation, which is comparable with
the chemical stability of optical DNA biosensors from
diamond.[4]

In summary, we introduce vertically aligned diamond
nanowires for biochemical sensing. Diamond nanowires
combine the outstanding electrochemical properties of dia-
mond as a transducer with the advantages of dispersed,
controlled binding of linker molecules to realize behavior of
DNA molecules; “like-in-aqueous solution” situation. Sig-
nificant improvements of the sensitivity and chemical stability
were obtained, which are required to meet future needs in
various fields. Biosensors from diamond nanowires can be
recycled to restore the sensitivity by simple chemical cleaning
and chemical functionalization without the need for full solid-
state sensor production. Such robust devices will perfectly suit
demands in high-throughput systems of clinical environments.

Figure 2. Cyclic voltammograms of 1.0 mm [Fe(CN)6]
3�/4� in pH 7.4

phosphate buffer on nanowires before (c) and after functionaliza-
tion with ss-DNA (a), single-base-mismatched DNA (m-cDNA)
(g), and ds-DNA (d). The scan rate was 100 mVs�1.

Figure 3. Typical examples of detection of DNA hybridization by cyclic
voltammetry (a), differential pulse voltammetry (b), and electrochem-
ical impedance microscopy (c). The concentration of target DNA was
10 nm.

Figure 4. a) Sensitivity curves of diamond nanowires compared with
those of gold electrodes (from references [14] (A), [15] (B), [16] (C),
and [17] (D)) and diamond[13] (E). b) Detection limit measured on
diamond nanowires.
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Experimental Section
All chemical were analytical grade and used as received. An Autolab
2667 computer-controlled potentiostat (Ecochemie, Utrecht, The
Netherlands) was used for electrochemical experiments in a three-
electrode configuration with a platinum counterelectrode and an Ag/
Ag+ (0.01m) reference electrode in organic solvents or an Ag/AgCl
(3m) reference electrode in aqueous solutions.

Electrochemically induced covalent attachment of nitrophenyl
molecules to diamond nanowires was performed in 1.0 mm 4-nitro-
benzene diazonium in dehydrated acetonitrile (H2O< 50 ppm) con-
taining 0.1m tetrabutylammonium tetrafluoroborate at �0.05 V (vs.
Ag/Ag+) for 4 s in a N2-purged glove box. Subsequently, 4-nitro-
phenyl groups (-C6H5NO2) were electrochemically reduced to amino-
phenyl groups (-C6H5NH2) in 0.1m KCl solution in EtOH/H2O
(1:9).[11] The aminophenyl layer was then treated with 14 nm solution
of the heterobifunctional cross-linker sulphosuccinimidyl-4-(N-mal-
eimidomethyl)cyclohexane-1-carboxylate in 0.1m pH 7 triethanol-
amine (TEA) buffer for 20 min at room temperature in a humid
chamber. The ester group in this molecule reacts specifically with the
-NH2 groups of the linker molecules to form amide bonds. The
maleimide moiety was then treated with 2–4 mL thiol-modified DNA
(300 mm thiol DNA in 0.1m pH 7 TEA buffer) by placing the DNA
directly onto the surface in a humid chamber and allowing it to react
for 1 h at room temperature. As marker DNA, we used the 23-mer
cancer marker cytokeratin 20 (CK20: HS-C6H12-T9-CTG TTT TAT
GTA GGG TTA GGT CA) and as target the complementary
sequence 5’Cy5-TGA CCT AAC CCT ACA TAA AAC AG-3’ (Cy5
indicates the presence of a red fluorescence marker). The sequence of
single-base-mismatched DNA (m-cDNA) is TGA CCT AAC CAT
ACATAA AAC AG.

For hybridization of DNA, SSPE buffer (saline sodium phosphate
EDTA; 5 mL) containing complementary DNA was placed on the
sensor surface for 1 h at 20 8C in a humid cell. The density of
complementary DNA was varied from 10 mm to 1 pm to investigate
sensitivity properties of the sensor. The sensitivity limits were
measured in 100 mL of SSPE. After hybridization, the samples were
washed in de-ionized water for 1 h at 37 8C to remove nonintention-
ally bondedDNAmolecules. Stability measurements were performed
using 1 mm solutions over extended cycles of hybridization/denatura-
tion treatment. Denaturation was performed in 8.3m urea solution for
30 min at 37 8C, followed by rinsing in de-ionized water.
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