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In this letter, we coupled nanodiamonds �NDs� with gold nanoparticles of different sizes using two
complementary DNA sequences. After hybridizing the gold nanoparticles on the NDs, we observed
the enhancement of the photoluminescence �PL� signals originating from the nitrogen-vacancy
�N-V� center of the ND. The enhancement was attributed to the plasmon field created by the gold
nanoparticles. The line shape of the enhanced PL spectra was also affected by the sizes of the
attached nanoparticles due to their different resonant plasma frequencies. The signal enhancement
can be used as an indexing tool for biosensing applications. © 2011 American Institute of Physics.
�doi:10.1063/1.3576852�

Metallic nanocrystals are known to enhance photo-
luminescence �PL� and Raman signals. The interactions be-
tween plasmonic metal nanocrystals and materials give
rise to very interesting phenomenon, including fluorescence
enhancement,1,2 fluorescence quenching,3,4 and molecular-
plasma resonance.5 The scattering properties and the plasma
spectra of small gold nanoparticles make them
behave as an elementary resonant dipole antenna. This
near field enhancement has been exploited and employed
to amplify surface-enhanced Raman scattering,6

fluorescence,7 photocurrent,8 and light absorption.9

The optical properties of nanodiamonds �NDs� have
been extensively investigated in recent years.10,11 The major
Raman peak of a diamond is located in 1332 cm−1, and its
band gap is 5.48 eV. Apart from the properties mentioned
above, the photophysics of color centers in a diamond have
attracted much interest because of their potential use for ap-
plications in quantum information processing and bioimag-
ing. Nitrogen is the most prominently known impurity, which
forms the nitrogen-vacancy �N-V� center in a diamond. The
structure of the N-V center consists of a pair of substitutional
nitrogen and vacancy. According to the impurities close to
the surrounding area acting as electron donor or acceptor, the
defects can form following two types of states: neutral N-V
center ��N-V�0� and negatively charged N-V center ��N-V�−�.
A model for the neutral and charged N-V center in diamonds
has been proposed and their corresponding absorption spec-
tra have been fully discussed.12,13

Recently, the controlled coupling of a single N-V center
in an ND to a gold nanoparticle via physical contact has been
demonstrated using an atomic force microscope.14 The emis-
sion properties of the N-V center have been controlled by
coupling to the plasma resonance of the gold nanoparticle. In
this letter, we demonstrated a gold nanoparticle-DNA-ND
�Au-DNA-ND� hybrid structure to enhance the PL from the
N-V centers in NDs. The enhanced PL intensities of the
�N-V�0 and �N-V�− states were affected by different plasma
resonances of gold nanoparticles with various sizes.

Preparation of the ND-DNA1 solution, Au-DNA2 solu-
tion, and the final Au-DNA-ND hybrid structure was pro-

vided in the supplementary.15 We performed continuous
wave and time-resolved PL measurements for the above
samples. A drop of properly diluted solution containing our
hybrid structures was placed on a silicon substrate with pat-
terned coordination markers.10 A confocal microscope was
used to allocate an isolated hybrid structure. The PL signals
were collected through the microscope objective and are ana-
lyzed using a spectrometer equipped with a liquid nitrogen-
cooled charge-coupled device �CCD� detector at the excita-
tion wavelength of 488 nm. The excitation power density
from the diode-pumped solid state �DPSS� laser was con-
trolled under 10 KW /cm2. The optical signal was further
optimized by adjusting the focal plane position along the
z-axis via the piezo-driven objective lens. For the time-
resolved measurements, a pulsed diode laser was used as the
excitation source at a wavelength of 405 nm; the pulse du-
ration was 100 ps with a repetition rate of 10 MHz and an
excitation density in the range of 1–100 W /cm2. The time-
resolved PL signal was analyzed with a 0.55 m spectrometer
and detected by a microchannel photomultiplier with a time-
correlated single-photon counting setup. The overall spectral
resolution and system response were 0.1 meV and 300 ps,
respectively.

Figure 1�a� shows the SEM image of the hybrid struc-
tures of NDs coupled with the 13 nm gold nanoparticles.
Under the SEM images, nearly all of the gold nanoparticles
were properly anchored on the NDs after the extra un-
bounded gold nanoparticles were washed away by centrifu-
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FIG. 1. �a� SEM image of Au-DNA-ND hybrid structures with 13 nm gold
nanoparticles attached �b� HRTEM image of a 30 nm gold nanoparticle
attached on a ND via a double string DNA.
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gating for several times, indicating that the NDs were well
bonded with the gold nanoparticles with the DNA linker. The
bonding force was also strong enough to hold the hybrid
structures during the centrifugation processes. Figure 1�b�
shows the high-resolution transmission electron microscope
�HRTEM� image of the 30 nm gold nanoparticle binding
with an ND. Under this TEM image, the gold nanoparticle
was completely placed on the top of the ND surface and
there was no gap in between them, even though the DNA
sequence had a length of 6 nm. After performing the test
with a longer DNA sequence with a length of 20 nm �the
results are not shown here�, the TEM images also showed the
close contact of the gold nanoparticle with the ND surface.
There are several reasons that can explain our TEM results.
The density of the carboxylated group on the ND surface was
about 7%,16,17 leading to the limited number of DNA linkers
established on the ND surface. Due to the hydrophobic
adsorption, DNA molecules that grafted onto the nanopar-
ticle surface may be expected to stay flat.18,19 Another expla-
nation could be that the stiffness of DNA was about
10 pN /�m.20 Due to the limited number of DNA sequences,
they were not stiff enough to hold against the static attraction
force in between the ND and gold nanoparticles. Therefore,
the DNA sequences bended and allowed the gold nanopar-
ticles to come in contact with the ND.

The luminescence properties of all tested nanoparticles
were investigated individually before the coupling procedure
was started. Figure 2 shows the luminescence properties of
the NDs and 13 nm gold nanoparticles with and without
coupling to a single string of DNA sequence at an excitation
wavelength of 488 nm. In our experiments, optical excitation
of gold nanoparticles showed a lack of or very weak lumi-
nescence. In an earlier report, the smooth gold films have a
PL efficiency of only �10−10 following the excitation of
electron from 5d to 6sp levels.21 The poor luminescence ef-
ficiency can be attributed to the nonradiative energy relax-
ation processes of the photoexcited carriers, which is able to
quench the PL. This could explain why the luminescence
intensity of �520 nm was undetectable for our gold nano-
particles; the peak that appeared at 590 nm was the Raman
signal from the buffer solution. The luminescence spectrum

of the NDs and the PL peak assignment are given in Fig. 2.
The board emission band consisted of two zero phonon emis-
sions and several phonon band replicas from �N-V�0 and
�N-V�−.11,12 The PL peaks at 575 and 638 nm originated from
the �N-V�0 and �N-V�− states,22,23 respectively. Peaks that
appeared at 596, 660, and 680 nm were divacancy-related
phonon replica bands of the �N-V�0 and �N-V�− states.24,25

There was almost no change in luminescence intensity and
line shape when the ND and gold nanoparticles were respec-
tively coupled with DNA1 and DNA2 sequences. The plas-
mon resonance frequencies of our gold nanoparticles with
sizes of 13, 30, 50, and 80 nm were determined to be at 520
nm, 525 nm, 535 nm, and 550 nm, respectively, according to
the absorption spectra shown in the inset of Fig. 2.

In the next step, we begin our optical investigations on
Au-DNA-ND hybrid structures. The hybrid structures
coupled with different Au particle sizes were excited with a
laser operated at 488 nm through a confocal microscope. The
spectra of all four samples are plotted in Fig. 3. The PL
spectra of pure NDs are also presented in parallel for com-
parison. We observed strong modification on the lumines-
cence intensity profiles of the hybrid structures between
525–650 nm compared with the pure ND. In the case of 13
nm gold nanoparticles, the emission from the �N-V�0 state
was significantly enhanced than that from the �N-V�− state.
This was due to the plasma resonance �� at 520 nm� of 13
nm Au nanoparticles, which was closer to the emission en-
ergy of the �N-V�0 state. Therefore, stronger enhancement on
the PL intensity from the �N-V�0 state emission was ob-
served in smaller gold nanoparticles. As we increased the
nanoparticles’ sizes with their plasma resonances moving
closer to the �N-V�− state emission, enhancement on the
longer wavelength part of the PL was observed. Therefore,
the profile of the enhanced PL could be altered depending on
the sizes of the gold nanoparticles attached.

Our hybrid structures can be dissembled using a particu-
lar enzyme called restriction enzyme �NdeI�. A NdeI cuts
double-stranded or single-stranded DNA at specific recogni-
tion nucleotide sequences. If we let our hybrid structures
interact with the NdeI, the link between the ND and gold
nanoparticles can be disconnected. Therefore, the enhance-

FIG. 2. �Color online� Photoluminescence spectra of bare ND, gold nano-
particles, Au-DNA2 assembly, and ND-DNA1 assembly. The inset shows
absorption spectra of 13, 30, 50, and 80 nm Au nanoparticles.

FIG. 3. �Color online� Plasmon enhanced photoluminescence spectra of
Au-DNA-ND hybrid structures with gold nanoparticle sizes of 13, 30, 50,
and 80.
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ment of PL should be deactivated because of the breaking of
the DNA linkers. The PL spectra of our hybrid structures
with the attached 13 nm gold nanoparticles removed by in-
teracting with the NdeI is shown the inset of Fig. 4. Although
our hybrid structures had a pH environment of 6.5, which
did not match the restricting enzyme’s ideal pH environment
�the enzyme had a cutting rate of nearly 95% at pH=8.5 and
at a temperature of 35 °C�, the PL enhancement was
strongly suppressed when the gold nanoparticles were de-
tached from the NDs. This again proves that the enhanced
PL is solely due to the plasmon resonance from the gold
nanoparticles.

From time-resolved measurements, we obtained an ex-
cited state decay rate of the emission at 575 and 638 nm,
corresponding to the emission maximum of the �N-V�0 and
�N-V�− states, respectively. The time-resolved spectra for the
bare ND, ND bound with DNA1, and the hybrid structures
bound with 13 nm Au nanoparticles are shown in Fig. 4. In
contrast to the earlier reports,14 we extracted a much faster
decay time of �0.38 ns for the bare ND at room tempera-
ture. The time-resolved spectrum of the ND-DNA1 was al-
most overlapped with that of the bare ND spectrum. How-
ever, for the hybrid structures, we obtained a slight increase
in the excited state decay rate by a factor of 1.5, which was
limited by the system response. The decay rate of the hybrid
structures also showed no dependence on the size of the Au
nanoparticle attached. The faster decay times observed in the
luminescence were probably due to the shorter excitation
wavelength used in our measurements. The PL of NDs was
found to be size and laser excitation wavelength dependent11

due to two competitive origins: the surface states26,27 and
vacancy centers in bulk diamond phase. When NDs are ex-
cited with short wavelengths, the radiation recombination
will be affected by the surface states �or structural inhomo-
geneities�. The ultrafast optical emission with a decay time
of 60 ps in ultrafine NDs was reported under pulsed laser
excitation of 300 nm.26 It was attributed to the surface states
and large surface-to-volume ratio of nanoparticles. We
speculate that, with an excitation of 405 nm, carriers are
excited in or above the surface defect states and have an
effect on the radiative transitions and PL lifetimes from the

vacancy centers. A thorough investigation on the excitation
wavelength dependence of the PL decay times is required to
clarify this issue.

In conclusion, we demonstrated the coupling of ND with
gold nanoparticles using DNA sequences as a linker. PL due
to the presence of the N-V centers in the NDs was enhanced
when the gold nanoparticles with various sizes were at-
tached. The PL profile was modified in different ways when
the gold nanoparticles with different plasmon resonances
�different sizes� were bound to the NDs via the DNA linkers.
We also demonstrated that enhancement mechanism can be
deactivated by detaching the gold nanoparticles from the ND
via interaction with the NdeI restriction enzyme. The ap-
proach can also be extended to other color center and metal
nanoparticles, thereby providing a method for biochip and
biomolecular detection.
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