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ABSTRACT: Plasmon coupling between noble metal nanoparticles has been known to dramatically enhance linear and
nonlinear optical properties of nearby chromophores and metal nanoparticles themselves. The interparticle distance is expected
to have significant influence on the coupling strength. Here we have prepared DNA tuned Au nanoparticle assemblies with well
controlled separation distances from 2.0 to 12.2 nm to investigate plasmon coupling strength and particle size effects on two-
photon photoluminescence (TPPL) enhancement. TPPL intensities of these DNA coupled nanoassemblies were found to
increase rapidly as the separation distance decreases. The largest TPPL enhancement factors of 115 and 265 were achieved at the
shortest available separation distance of 2.0 nm for 21 and 41 nm Au NPs-dsDNA assemblies, respectively. We have further
utilized DNA induced coupling of Au NPs and TPPL enhancement to develop a two-photon sensing scheme for detection of
DNA sequences. This TPPL based method displayed high sensitivity with a limit of detection of 2.9 pM and excellent selectivity
against ssDNA with mismatched bases. A single mismatch can be easily differentiated at room temperature. Taking the unique
advantages of two-photon excitation, this method could be potentially further extended to DNA detection inside cells or even in
vivo. These findings can provide important insight for fundamental understanding of plasmon-coupling enhanced TPPL and
development of various two-photon excitation based applications.
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1. INTRODUCTION
Noble metal nanoparticles, such as gold and silver, have been
widely utilized in various biological and optoelectronic
applications such as sensing, imaging, and phototherapy
owing to their unique optical properties.1−9 In particular,
metal nanoparticles display localized surface plasmon resonance
(LSPR) resulting from collective oscillation of electrons in the
conduction band.10,11 Wavelength and intensity of the LSPR
band can be tuned by the particle size, shape, and dielectric
properties of the surrounding medium as well as the plasmon
coupling between the nanoparticles.12−15 Plasmon coupling
between neighboring nanoparticles has been known to
significantly enhance the local electric field in the gap region.16

Such properties have been widely utilized to enhance various
linear and nonlinear optical properties such as surface-enhanced
Raman scattering, one- and two-photon excitation fluorescence
of nearby chromophores, and two-photon photoluminescence
(TPPL) of metal nanoparticles themselves.5,17−23 Plasmon

coupling enhanced TPPL has potential applications in
bioimaging, biosensing, and phototherapy due to the unique
advantages of two-photon excitation, such as deep tissue
penetration and localized excitation volume.24−26 Gold nano-
particles (Au NPs) are attractive for biological applications due
to their excellent chemical inertness and biocompatibility.27,28

Plasmon coupling enhanced TPPL of Au NPs in colloid
solutions and on substrates has been previously re-
ported.18,28−31 Schuck el al.29 previously utilized lithographi-
cally fabricated Au bowties with a length of ∼75 nm and gaps of
tens of nanometers and achieved enhancement of >103. Our
recent work demonstrated TPPL enhancement of up to 105 for
Au NPs at a separation distance of ∼1 nm on the single particle
level.18 The interparticle distance has been found to have
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significant influence on the coupling strength and TPPL
intensities of metal nanoparticles on the substrates prepared by
the electron beam lithography method.29,30

Electron beam lithography21,29,30,32,33 and molecular bridge
materials15,27,31,34−40 are two typical methods to prepare
nanostructures with precisely controlled interparticle separation
distance. However, the electron beam lithography technique is
expensive, complicated, and difficult to prepare nanostructures
for applications in the form of colloid dispersions. Coupled
nanostructures in the form of colloid dispersions offer more
flexibility and versatility in biological applications compared to
those on the substrates. Molecular bridge materials, such as
polymers, bridged ligands, and DNA,18,25,28,31,34−39 can be
utilized to prepare colloid nanostructures with precisely
controlled and much smaller separation distances in solution.
Among various molecular bridge materials, DNA molecules are
particularly attractive molecular bridge materials because of
their selective-assembly, programmability, and controllable
coupling distance.39−41 A selective DNA induced nanoassembly
could also be utilized for sensitive detection of DNA, which
could provide useful information for identification of various
diseases and pharmacogenomics.42−44

In this work, we report the preparation and TPPL properties
of DNA coupled Au NP aggregates with well controlled
interparticle separation distances from 2.0 to 12.2 nm. Au NP
aggregates were prepared by hybridization of Au NPs modified
with complementary ssDNA of different numbers of bases to
form dsDNA of different strand lengths. Au NPs of two
different sizes (21 and 41 nm) were utilized to systematically
investigate the effect of the separation distance and nanoparticle
size on TPPL properties of nanoparticle aggregates. Enhanced
TPPL of DNA coupled Au NP assemblies has been further
utilized to develop a TPPL turn on scheme for detection of
DNA sequence, which displays high sensitivity as well as
excellent selectivity over the noncomplementary DNA.

2. EXPERIMENTAL SECTION
Materials. Gold(III) chloride trihydrate (HAuCl4·3H2O) and

sodium citrate were obtained from Sigma and used as received
without further purification. Milli-Q water was used in the experi-
ments. All the oligonucleotides were purchased from Sigma. The
sequences of different oligonucleotides are
D1: 5′-CGCGCTCTACTCTCGGATAGAAGAAATAGGAGTTA-

A(A)10-SH-3′
D2: 5′-TTAACTCCTATTTCTTCTATCCGAGAGTAGAGCGC-

G(A)10-SH-3′
D3: 5′-TTAACTCCTCTTTCTTCCATGCAA(A)10-SH-3′
D4: 5′-TTGCATGGAAGAAAGAGGAGTTAA(A)10-SH-3′
D5: 5′-TTAACTCCTCTTTCTTCC(A)10-SH-3′
D6: 5′-GGAAGAAAGAGGAGTTAA(A)10-SH-3′
D7: 5′-TTAACTCCTCTT(A)10-SH-3′
D8: 5′-AAGAGGAGTTAA(A)10-SH-3′
D9: 5′-TTAACT(A)10-SH-3′
D10: 5′-AGTTAA(A)10-SH-3′
D1 hybridizes with D2 to form a double stranded structure with 36

base pairs. D3 & D4, D5 & D6, D7 & D8, D9 & D10 hybridize to
form double stranded structures with 24, 18, 12, and 6 base pairs,
respectively.
Probe DNAa: 5′-TCCATGCAACTCAAAAAAAAAA-SH-3′
Probe DNAb: 5′-SH-AAAAAAAAAAAAGAGGAGTTAA -3′
Target DNA: 5′-GAGTTGCATGGATTAACTCCTCTT-3′
1-mismatched DNA: 5′-GAGTTGCATGGATTAACTTCTCTT-3′
2-mismatched DNA: 5′-GAGTTACATGGATTAACTTCTCTT-3′
3-mismatched DNA: 5′-GAGCTGCAAGGATTAACTTCTCTT-3′
Noncomplementary DNA: 5′-ACTTGGTGAAGCTAACGTTG-

AGGC-3′

Preparation of 21 nm Gold Nanoparticles (Au NPs). Au NPs
were prepared by reducing HAuCl4 with sodium citrate, following a
previously reported procedure.36 Briefly, 507 μL of 10 mM HAuCl4
was added into 18.5 mL of Mili-Q water. The mixture solution was
heated to boiling. After 1.0 mL of 0.5 wt % sodium citrate was added,
the solution turned pink in about 5 min. The obtained Au NPs had an
average diameter of 20.6 ± 1.5 nm based on TEM images.

Preparation of 41 nm Au NPs. 41 nm Au NPs were prepared
following a previous report.34 50 mL of 0.01 wt % HAuCl4 solution
was heated to 100 °C, followed by addition of 0.5 mL of 1 wt %
sodium citrate solution. The resulting solution turned faintly blue in
about 25 s and brilliant red within 70 s, indicating formation of Au
NPs. The solution was kept boiling for 30 min. Au NPs with an
average diameter of 41.0 ± 2.7 nm were obtained.

Preparation of Oligonucleotides-Modified Au NPs. Con-
jugation of ssDNA to Au NPs was performed based on a previously
reported method.38 Briefly, alkylthiol functionalized oligonucleotides
(ssDNA-SH, sequence D1−D10) were first purified by using Nap-5
columns (GE Healthcare). 500 μL of Au NPs aqueous solution (1.28
× 10−10 M) was mixed with 50 μL of 20 μM thiol-modified
oligonucleotides aqueous solution. This mixture solution was left >24
h for equilibration, followed by addition of 10 μL of phosphate
buffered saline (PBS) buffer solution (100 mM phosphate, pH 7.4)
and further addition of 15 μL of PBS twice at an interval of 4 h. After
equilibration of at least 24 h, the solution was centrifuged at 12000
rpm for 20 min and then the supernatant was removed. The obtained
precipitate was washed with PBS buffer (10 mM phosphate, pH 7.4)
three times. The obtained ssDNA-Au NPs were redispersed into 250
μL of PBS buffer for transmission electron microscopy (TEM)
measurements and subsequent experiments.

Hybridization of DNA-Modified Gold Nanoparticles. The 25
μL as-prepared complementary ssDNA(D1)-Au NPs and ssDNA(D2)-
Au NPs (1.78 × 10−10 M in Au NPs) were mixed in 450 μL of PBS
buffer solution (50 mM phosphate, pH 7.4) and kept at room
temperature for 10 min for hybridization.

Detection of ssDNA. 25 μL of probe DNAa-Au NPs and the
probe DNAb-Au NPs (1.78 × 10−10 M) were mixed in 450 μL of PBS
buffer solution (50 mM phosphate, pH 7.4), followed by addition of
different amounts of stock solution of the target DNA sequence. The
mixture solutions were kept for 10 min before the measurements.

Characterizations and Instrumentations. Ultraviolet−visible
(UV−vis) extinction spectra were taken by using a Shimadzu UV-2450
spectrophotometer. Transmission electron microscopy (TEM) images
were taken on a JEOL 2010 transmission electron microscope.
Dynamic light scattering (DLS) experiments were performed on a
Malvern Nanosizer ZS instrument. An Avesta TiF-100 M femtosecond
(fs) Ti:sapphire oscillator was used as the excitation source for TPPL
measurements. The output laser pulses (pulse duration = 80 fs;
repetition rate = 84.5 MHz) have a central wavelength of 820 nm. A
lens with a focus length of 3.0 cm focused the laser beam onto the
samples. The average excitation power before the sample is 100 mW.
The emission was collected at an angle of 90° to the direction of the
excitation beam and a 750 nm short pass filter was placed before the
spectrometer to minimize the scattering. A monochromator (Acton
Spectra Pro 2300i) coupled CCD (Princeton Instruments Pixis 100B)
with an optical fiber was used to detect the emission signals.

3. RESULTS AND DISCUSSION

Citrate-stabilized Au NPs were prepared by following a
previously reported method.34,36 The obtained Au NPs are
uniform with an average diameter of 20.6 ± 1.5 nm and LSPR
band maximum at ∼520 nm (Figure 1). Thiol-modified ssDNA
with different numbers of bases (5 pairs: 36, 24, 18, 12, and 6
bases) were utilized to functionalize the surface of Au NPs (the
sequences of oligonucleotide strands are listed in the
Experimental Section). The LSPR band of Au NPs displayed
slight red shift after surface modification (Figure S1, Supporting
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Information) due to the change in the refractive index of
surface stabilizing agents.
dsDNA coupled Au NP assemblies were prepared by

hybridization of two equal amounts of ssDNA modified Au
NP samples with complementary base sequences in the PBS
buffer solution (50 mM, pH 7.4). The nanoparticle separation
distance was controlled by the number of base pairs in dsDNA.
Assuming the length of each base pair in the double stranded
structure is ∼0.34 nm,37,45 five different separation distances
(12.2, 8.2, 6.1, 4.1, 2.0 nm) were obtained (Figure 1). Obvious
color changes were observed after hybridization of two
complementary Au NP-ssDNA samples (Figure 1B). The
LSPR band was found to become red-shifted and broadened
upon the hybridization (Figure 1C). The extent of red shift
increased as the interparticle separation distance decreased,
consistent with the previous simulation results.34 The red shift
can be ascribed to formation of a new plasmon coupling mode,
which is sensitive to coupling strength. The coupling strength
could be tuned by the interparticle distance. The broadening of
the LSPR band is due to the formation of nanoparticle
aggregates with different sizes such as trimers, tetramers, and
even large aggregates. The formation of the Au NP assembly
was further confirmed by transmission electron microscopy
(TEM) images and dynamic light scattering (DLS) measure-
ments (Figure S2, Supporting Information).
Coupled noble metal nanoparticles have been known to

display significantly enhanced TPPL compared to uncoupled
nanoparticles due due to enhanced two-photon excitation
efficiency.18,25,28,31 TPPL enhancement is expected to be
strongly influenced by the coupling strength, which is
dependent on the interparticle separation distance. To
investigate the influence of interparticle separation distance,

TPPL spectra of various dsDNA coupled Au NP aggregates
were measured by using fs laser pulses at 820 nm as the
excitation source. Figure 2 shows the TPPL spectra of dsDNA

coupled Au NP aggregates with separation distances varying
from 12.2 to 2.0 nm. The TPPL intensities of the dsDNA
coupled Au NP aggregates were found to be significantly
enhanced compared to that of unhybridized ssDNA modified
ssDNA-Au NPs (Figure 2A). The TPPL enhancement factor
(ITPPL/ITPPL0, where ITPPL0 and ITPPL are the integrated TPPL
intensities of DNA modified Au NPs before and after
hybridization, respectively) increased rapidly as the separation
distance decreased (Figure 2B). A maximum enhancement
factor of up to 115-fold was obtained in the Au NPs assembly
with smallest separation distance here (2.0 nm). The
enhancement factor drops to 4.0-fold for Au NP assembly
with separation distance of 12.2 nm. It needs to be noted that
the observed TPPL enhancement factors for all the separation
distances might be underestimated, as not all the ssDNA
modified Au NPs hybridize to form assemblies. The observed
enhancement factors were set as the lower limit of the optimum
enhancement factors. The overall trend of the optimum
enhancement factors will remain the same by assuming similar
hybridization yields for different samples.
The local electric field enhancement of coupled metal

nanoparticles has been known to depend on both the
separation distance and nanoparticle size.22,23,28,46 We have
also examined the particle size effects on TPPL properties of Au
NP assembly by performing similar experiments using Au NPs
with diameters of 41.0 ± 2.7 nm and a LSPR band maximum at
527 nm (see TEM images and extinction spectra in Figure S3,
Supporting Information). The extinction (Figure 3A) and
TPPL spectra (Figure 3B) of the 41 nm Au NPs-dsDNA
aggregates displayed a similar trend compared to that of the 21

Figure 1. (A) Schematic structure, (B) photograph, and (C)
normalized extinction spectra of 21 nm Au NPs-dsDNA assemblies
with different separation distances (1, 2.0 nm; 2, 4.1 nm; 3, 6.1 nm; 4,
8.2 nm; 5, 12.2 nm; 6, isolated nanoparticles). Figure 2. (A) TPPL spectra and (B) enhancement factors (TPPL/

TPPL0) of 21 nm Au NPs-dsDNA assembly with five different
separation distances. TPPL0 and TPPL are integrated TPPL intensities
of DNA modified Au NPs before and after hybridization, respectively.
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nm Au NPs-dsDNA aggregates. As the separation distance
decreased, the LSPR band shifted to red and larger TPPL
enhancement factor was observed. A maximum TPPL enhance-
ment factor of 265-fold was obtained at the separation distance
of 2.0 nm, which is larger than that of the 21 nm Au NP
assembly (115-fold). The larger enhancement factor could be
attributed to a stronger field enhancement in the coupling of
NPs with a larger size.47 The excitation power dependence of
the TPPL intensities of 21 and 41 nm Au NPs-dsDNA
aggregates (Figure S4, Supporting Information) indicated the
emission intensities were approximately proportional to the
square of the excitation power densities, which confirms
involvement of two photons in the excitation process of the
observed photoluminescence. Under fs laser excitation at 820
nm, we noticed some emission contribution for wavelength
shorter than 410 nm. This shorter wavelength contribution
likely arises from three-photon excitation, which was confirmed

by the approximately cubic excitation power dependence of
emission intensity from 380 to 400 nm (Figure S5, Supporting
Information).
The observed TPPL enhancement can be ascribed to

enhanced two-photon excitation efficiency due to formation
of a new LSPR mode for resonance enhancement and
enhanced local electric field at the excitation wave-
length.29,31,48,49 We have previously demonstrated that the
excitation of TPPL from aggregated Au NPs involved two
photons by two sequential one-photon absorption processes
mediated by the intermediate states provided by the new LSPR
mode.50 The observation of larger enhancement at a shorter
separation distance can be understood in terms of separation
distance dependent coupling strength. A stronger coupling at a
shorter separation distance32−34,37 results in a red-shifted LSPR
band with a larger extinction at the excitation wavelength
(Figures 1C and 3A), which offers stronger resonance

Figure 3. (A) Normalized extinction spectra, (B) TPPL spectra, and (C) TPPL enhancement factors of 41 nm Au NPs-dsDNA assembly with five
different separation distances.

Figure 4. (A) Scheme for the two-photon sensing platform for detection of target ssDNA; (B, C, D) extinction spectra (B) and TPPL spectra (C, D)
of ssDNAa-Au NPs (41 nm) + ssDNAb-Au NPs (41 nm) in the presence of different concentrations of target ssDNA; (E) TPPL enhancement factor
versus different concentration of target ssDNA. The inset shows the linear plot in the low concentration range.
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enhancement and stronger electric field enhancement at the
excitation wavelength, and consequently larger TPPL enhance-
ment. Different from the large red shift in extinction spectra,
the band maxima of TPPL spectra are located around 680−710
nm with only slight red shift for shorter separation distance
(Figure S6, Supporting Information). This is due to
inhomogeneous size distribution of the Au NP aggregates in
the solution. We have previously showed that TPPL intensities
of Au NP oligomers of different sizes and morphologies could
differ by up to 5 orders of magnitude whereas the TPPL
spectrum of each Au NP oligomer matches its corresponding
extinction spectrum.18,51 Au NP oligomers of different sizes and
morphologies will thus contribute different weightages to the
observed TPPL spectra of Au NP aggregates in colloid solution.
The insensitivities of the TPPL spectral profile to the
separation distance suggest that the observed TPPL in solution
is dominated by Au NP oligomers with a LSPR band around
680−710 nm. We have measured the emission spectra of these
Au NP assemblies by using continuous wave (CW) and fs laser
excitation of the same average power at 820 nm. CW laser
excitation did not give discernible emission signals, over 1000
times weaker than that under fs laser excitation (Figure S7,
Supporting Information). The results suggest that the observed
emission has very little contribution from one-photon
excitation emission. We have further conducted TPPL
measurements under fs laser excitation at three different
wavelengths (780, 820, and 840 nm), which gave similar TPPL
spectra profiles (Figure S8, Supporting Information). The
insensitivity of the TPPL spectra profile to the excitation
wavelength further excludes the possible contribution from
scattered emission due to one-photon excitation and
subsequent thermal excitation.
Plasmon coupling enhanced TPPL has been utilized to

develop various highly sensitive and selective two-photon
sensing platforms to take the unique advantages of two-photon
excitation such as deep penetration in biological environment
and potential in vivo detections.25,52,53 DNA induced assembly
of Au NPs and TPPL enhancement were further utilized to
develop a two-photon sensing platform for DNA detection
(Figure 4A). The single stranded DNA probes (ssDNAa and
ssDNAb, their sequences of oligonucleotide strands are listed in
the Experimental Section) were separately modified onto the
surface of 41 nm Au NPs. Upon addition of a target ssDNA,
hybridization of three DNA strands (DNAa, DNAb and target
DNA) allows formation of a 24-mer double stranded DNA
coupled Au NPs assembly (with estimated coupling separation
distance of 8.2 nm) as shown in Figure 4A. The solution
changed color from red to reddish violet, which could be
vaguely observed by naked eyes (observable for target ssDNA
concentration higher than 0.3 nM). The target ssDNA induced
Au NPs assembly could also be monitored by UV−vis
extinction spectra (Figure 4B). As the concentration of target
ssDNA increased, the original LSPR peak at 530 nm steadily
decreased while a new LSPR peak appeared in the longer
wavelength region. This new LSPR peak originated from the
formed Au NPs-dsDNA aggregates. The extinction ratio
A650 nm/A530 nm could be utilized to quantitatively determine
the concentration of target ssDNA (Figure S9, Supporting
Information). The limit of detection (LOD) was estimated to
be ∼0.15 nM based on the change in UV−vis extinction
spectra. Formation of Au NPs-dsDNA aggregates could be
confirmed by TEM images (Figure S10, Supporting Informa-
tion).

The above observation of target ssDNA induced coupling
between Au NPs-dsDNA could be further utilized to develop a
two-photon DNA sensing scheme. TPPL spectra of ssDNAa-Au
NPs (41 nm) + ssDNAb-Au NPs (41 nm) in the absence and
presence of different concentrations of target ssDNA were
measured by using 820 nm fs laser pulses as the excitation
source. In the absence of target ssDNA, ssDNAa-Au NPs (41
nm) + ssDNAb-Au NPs (41 nm) exhibited a very weak TPPL
signal, as there is no coupling between the ssDNA modified Au
NPs. Upon addition of target ssDNA that induces the coupling
between two types of Au NPs, TPPL intensity gradually
increased with the increasing concentration of target ssDNA.
TPPL intensity reached a maximum when the concentration of
target ssDNA was 3 nM. The optimum enhancement factor was
∼25, which is consistent with that obtained from separation
distance dependent TPPL for 41 nm Au NPs aggregates
(Figure 3C) considering that 24-mer dsDNA gives a coupling
separation distance of 8.2 nm. The strong correlation between
TPPL enhancement factor and [ssDNA] could be utilized to
quantitatively determine the concentration of target ssDNA.
The Figure 4E inset shows that a linear dependence of TPPL
enhancement on the concentration of target ssDNA at the low
concentration range. In addition to broad dynamic detection
range, this TPPL method offers highly sensitive detection of
DNA with LOD as low as 2.9 pM, which was significantly lower
than the LOD of many other reported methods (∼10 pM-1
nM).42,44,54−56

This two-photon detection method also showed high
selectivity against DNA sequences with mismatched bases.
The selectivity of this TPPL based method was tested by
measuring TPPL of ssDNAa-Au NPs (41 nm) + ssDNAb-Au
NPs (41 nm) in the presence of 1.5 nM DNA sequences with
different numbers of mismatched bases at room temperature
(20 °C) (Figure 5). The corresponding UV−vis extinction
spectra of the samples are shown in Figure S11 (Supporting
Information). It can be seen that TPPL intensity steadily
decreased with the increasing number of mismatched base pairs
in the detected DNA strands. TPPL intensity of the Au NPs-
dsDNA aggregates with one base pair mismatch is distinctly
different from that with the fully complementary DNA strand.
Single base pair mismatch could be easily detected at room
temperature.
Similar to the colorimetric methods,38 a potential limitation

of this TPPL method is very weak plasmon coupling at large
separation distances, which results in significantly reduced
TPPL intensities. The sensitivity of the TPPL method for
detection of DNA sequences with a very large number of bases
will decrease if smaller Au NPs were used. As our experiments
have shown, coupling of larger Au NPs at larger separation
distances still gave reasonable TPPL enhancement. This
limitation for detection of longer DNA strands could be
overcome by using larger sized Au NPs to improve its detection
sensitivity or combining with other methods to cleave the
longer stranded DNA to shorter DNA strands before the
detection.57−59

4. SUMMARY
In this work, we have prepared dsDNA coupled Au NPs
aggregates with well controlled separation distances varying
from 2.0 to 12.2 nm by using dsDNA of different numbers of
base pairs. Red shifted LSPR band and significantly enhanced
TPPL intensities were observed at shorter separation distances.
The largest TPPL enhancement factors are 115 and 265 at the
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shortest available separation distance of 2.0 nm for 21 and 41
nm Au NPs-dsDNA aggregates, respectively. These findings can
provide important insight for fundamental understanding of
plasmon-coupling enhanced TPPL and development of various
two-photon excitation based applications. We have further
utilized DNA induced coupling of Au NPs and TPPL
enhancement to develop a two-photon sensing scheme for
detection of DNA sequences. This TPPL based method
displayed high sensitivity with a LOD of 2.9 pM and excellent
selectivity against ssDNA with mismatched bases. A single
mismatch could be easily differentiated at room temperature.
Taking the unique advantages of two-photon excitation such as
deep tissue penetration and 3-dimensional mapping, this
method could be potentially further extended to detection of
target ssDNA inside cells or even in vivo.
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