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ABSTRACT: Metal-enhanced ﬂuorescence has attracted much
attention due to its scientiﬁc importance and lots of potential
applications. Plasmon coupled metal nanoparticles have been
demonstrated to further improve the enhancement eﬀects.
Conventional studies of metal-enhanced ﬂuorescence on the
bulk systems are complicated by the ensemble average eﬀects
over many critical factors with large variations. Here, ﬂuorescence
enhancement of ATTO-655 by a plasmon coupled gold nanorod
dimer ﬁxed on a DNA origami nanobreadboard was studied on
the single-particle level. A series of gold nanorod dimers with linear orientation and diﬀerent gap distances ranging from 6.1 to
26.0 nm were investigated to explore the plasmon coupling eﬀect on ﬂuorescence enhancement. The results show that the dimer
with the smallest gap (6.1 nm) gives the highest enhancement (470-fold), and the enhancement gradually decreases as the gap
distance increases and eventually approaches that from a monomer (120-fold). This trend is consistent with the numerical
calculation results. This study indicates that plasmon coupling in gold nanorod dimers oﬀers further increased excitation
eﬃciency to achieve large ﬂuorescence enhancement.

R

shape, metal−chromophore distance, as well as spectral overlap.
The observed results in these studies are ensemble-averaged
over many metal−chromphore pairs with large variations.
Single-particle spectroscopy allows direct measurement of
optical properties of individual metal NPs and thus eﬀectively
eliminates the ensemble average eﬀects due to the abovementioned variations to allow better understanding the metal−
chromophore interactions. For example, ﬂuorescence enhancement by gold nanorods (Au NRs) has been reported to be
∼10-fold in bulk ensemble measurements,9,17 while a singleparticle study showed that the maximum ﬂuorescence enhancement can reach up to 1000-fold.18
When two metal NPs are brought into close proximity,
coupling interactions between their LSPR modes can lead to
formation of an electric ﬁeld hotspot in the gap, which results in
huge enhancement in optical responses such as SERS and
ﬂuorescence.19 The enhancement factors of SERS and
ﬂuorescence by the plasmon coupled NPs have been
demonstrated to be a few orders of magnitude higher than
that by uncoupled NPs.20,21 It is attractive to develop

apid development in metal-enhanced optical properties
has been achieved in the last few decades. When a
chromophore comes to the proximity of metal nanoparticles
(NPs), the optical responses of the chromophore will be
modulated signiﬁcantly, such as surface-enhanced Raman
scattering (SERS) and metal-enhanced ﬂuorescence (MEF).1
The enhanced optical responses of the chromophore arise from
their interactions with localized surface plasmon resonance
(LSPR) of noble metal NPs.2,3 SERS has been extensively
studied for the last few decades.4 MEF has emerged since the
1990s as an exciting new research area with a lot of potential
applications. Metal−chromophore interactions can result in
local electric ﬁeld ampliﬁcation, enhanced radiative decay rates
of the chromophore, and nonradiative energy transfer from the
chromophore to metal NPs. These three processes will
modulate the excitation and emission eﬃciency of the
chromophore and result in potentially enhanced ﬂuorescence.5
MEF was initially discovered on the ﬁlm substrates6,7 and later
demonstrated in the colloid solutions.8,9 The extent of
ﬂuorescence enhancement is strongly dependent on the particle
size,10,11 shape,12,13 spectral overlap,14,15 and separation
distance9,16 between the chromophores and metal NPs. Most
previous studies were conducted in the bulk ﬁlms or colloid
solutions, in which there is a large variation in particle size and
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reproducible plasmon coupled nanostructures for enhanced
optical responses. Two strategies are generally used to fabricate
such nanostructures: top-down and bottom-up. Top-down
refers to nanolithography techniques using an electron
beam22,23 or focused ion beam.24 These techniques provide
consistent output with well-controlled shape and gap distance.
However, the high equipment cost and complexity of operation
prevent such methods from being widely available. In
comparison, bottom-up strategy by a variety of wet chemistry
methods oﬀers a relatively inexpensive alternative.25−28 DNA
origami has recently been utilized to arrange metal NPs into
ordered patterns because of its excellent spacing controllability
and large-scale productivity.29−31 A few eﬀorts have been made
to use DNA origami to form coupled metal nanosphere dimers
to achieve SERS and MEF both in a bulk colloid system32 and
on the single-particle level.33,34 So far, these studies were mainly
focused on spherical NPs. Au NRs have been known to display
larger ﬂuorescence enhancement than Au nanospheres.17,18
Furthermore, Au NRs display some unique advantages such as
strong ﬁeld enhancement,35 weak plasmon damping,36 and a
tunable LSPR band ranging from 600 nm to the near-infrared.
Au NRs are expected to be more eﬀective in enhancing the
ﬂuorescence of red and near-IR dyes because their LSPR bands
can be tuned to match the spectra of red/near-IR dyes to
achieve optimal ﬂuorescence enhancement. Au NR-based
nanostructures with enhanced red/near-IR emission are
particularly useful in bioimaging applications because excitation
and emission in the red/near-IR region allow deeper
penetration into biological tissues with less photodamage and
autoﬂuorescence from the tissues.37
Here, we report a single-particle study on the ﬂuorescence
enhancement of a bright red emitter, ATTO-655, by DNA
origami nanobreadboard coupled Au NR dimers with a linear
orientation and diﬀerent gap distances. ATTO-655 was chosen
because of its high brightness, excellent photostability, and
good spectral overlap with Au NRs, making it suitable for
single-molecule ﬂuorescence studies. Single-molecule ﬂuorescence studies on ﬂuorescence enhancement of ATTO-655 in
these Au NR dimers with ﬁve diﬀerent gap distances (from 6.1
to 26.0 nm) were conducted to understand how ﬂuorescence
enhancement is aﬀected by plasmon coupling. The enhancement capability was found to decrease as the gap distance
increased. Finite diﬀerence time domain (FDTD) simulations
have been further conducted to understand the plasmon
coupling eﬀect on the ﬂuorescence enhancement. This study
provides insight into understanding the ﬂuorescence enhancement mechanism and designing plasmonic nanostructures for
optimal enhancement eﬀects.
The procedure of coupling two Au NRs into a tip-to-tip
dimer is schematically shown in Figure 1a. First, two
orthogonal sets of short DNA oligonucleotides (red and
yellow) were coated onto Au NRs via thiol groups.
Correspondingly, two sets of the DNA origami staples were
modiﬁed with extended tails (green and purple) in order to
bind complimentarily to the thiolated oligonucleotides that
were coated onto Au NRs. When annealed together, the
complementary DNA oligonucleotides speciﬁcally coupled the
nanobreadboard and Au NRs through the hybridization
interactions. UV−vis extinction spectra (Figure 1b) showed
that the longitudinal LSPR band maxima of Au NRs red-shifted
from 625 to 641 nm after the hybridization, conﬁrming the
plasmon coupling interactions between adjacent Au NRs in the
formed dimer. The absorption band at 260 nm (blue arrow in

Figure 1. (a) Schematic design of Au NR dimers coupled by a
nanobreadboard; (b) UV−vis extinction spectra of solutions
containing Au NR monomers (black) and coupled Au NR dimers
(red); (c) SEM image of coupled Au NR dimers (the inset is the size
distribution).

Figure 1b) in the dimer is due to the characteristic absorption
of DNA. The morphology of the dimer was characterized by
scanning electron microscopy (SEM) images (Figures 1c and
S5 (Supporting Information)). Statistics based on 37 dimers
gave size distributions of 43.5 ± 4.6 nm for length, 20.4 ± 2.0
nm for width, and 11.1 ± 4.3 nm for gap (Figure 1c, inset).
FDTD simulations show that the Au NR with the abovemeasured geometry gave a LSPR peak at 625 nm for the
monomer and 650 nm for a dimer with a gap of 10 nm, which
is in good overlap with the absorption and ﬂuorescence spectra
of ATTO-655 (λabs = 663 nm, λem = 682 nm, ﬂuorescence
quantum yield (QY) = 0.3) to achieve ﬂuorescence enhancement (Figure S2b, Supporting Information).
Single-molecule ﬂuorescence experiments were performed
using the setup shown in Figure 2a. A 642 nm CW laser served
as the excitation source. The laser beam was expanded ﬁve
times by using a pair of lenses, and its polarization was adjusted
by using a half-wave plate before focusing onto the sample

Figure 2. (a) Experimental setup for measuring the ﬂuorescence
intensity time trace of single ATTO-655 molecules ﬂowing through a
nanobreadboard coupled Au NR dimer. (b,c) Pattern matching
between the photoluminescence scanning image (b) and SEM image
(c); the inset of (c) is the high magniﬁcation SEM image of dimer 1.
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through an objective lens (Nikon, 100× , NA = 1.49). The
ﬂuorescence signals were detected by an APD after passing
through a 100 μm optical ﬁber and a long-pass emission ﬁlter
with a cutoﬀ wavelength at 664 nm. Fluorescence counts were
recorded by using a photon counter. Au NR dimers were dropcasted onto an indium tin oxide (ITO) coverslip for SEM and
then UV-ozone-treated before being incorporated within a
homemade ﬂow cell (Figure S6, Supporting Information) ﬁlled
with 50 nM ATTO-655. At this concentration, the average
number of ATTO-655 within the laser focal volume (∼0.5 ×
10−15L) was 7.5 molecules (see detail calculation in the
Supporting Information). Individual ATTO-655 molecules
approached the surface-immobilized Au NR dimer by diﬀusion.
Considering that the ﬁeld enhancement is conﬁned to a few
tens of nm, the enhancement volume was on the order of a
zeptoliter (10−21 L). Therefore, only a very small fraction of
molecules within the focal volume were expected to experience
ﬂuorescence enhancement. Such rare enhancement events
correspond to a series of temporally separated bursts over the
background signals in the ﬂuorescence intensity time trace. By
monitoring these ﬂuorescence bursts, ﬂuorescence enhancement is resolved at the single-molecule level. For a suﬃciently
long observation time, ﬂuorophores within the focal volume
will probe the hotspot where the burst signal is highest. To
make it easier to detect a ﬂuorescence burst when an ATTO655 molecule enters the hotspot, ATTO-655 was functionalized
with a streptavidin, which eﬀectively generates a larger
hydrodynamic radius38 and increases the diﬀusion time across
the gap. A 1 × PBS buﬀer solution was utilized to provide
conditions appropriate for the biological components of the
assay. The solution was purged with nitrogen to minimize
photobleaching during the ﬂuorescence measurements. A laser
power of 8.0 μW (corresponding to a power density of 2.8 kW/
cm2) was used to minimize damage to the sample.
The Au NR dimers of interest were identiﬁed through a
pattern-matching method by correlating the photoluminescence scanning image (Figure 2b) to the SEM image (Figure
2c). The Au NR dimers with desired gap distance and
orientation were ﬁrst identiﬁed by the SEM image. The same
area was then imaged on the optical microscope shown in
Figure 2a by monitoring the photoluminescence under laser
excitation at 642 nm. By comparing the photoluminescence
patterns with the SEM images, the location of the targeted Au
NR dimer was identiﬁed for the subsequent ﬂuorescence
enhancement studies. In the following session, dimer 1 of
Figure 2b was used as an example to illustrate how ﬂuorescence
enhancement measurements were performed. As shown in the
inset of Figure 2c, dimer 1 had a tip-to-tip orientation with a
gap distance of 14.6 nm. When immersed into the ATTO-655
solution, ATTO-655 molecules could diﬀuse through the gap
region, and their ﬂuorescence intensities got enhanced. The
ﬂuorescence intensity time trace was recorded for 10 min. The
excitation polarization was adjusted to be parallel to the long
axis of the Au NR dimer (red curves in Figure 3). The control
experiments were also done to measure the ﬂuorescence
intensity time trace at a spot without any Au NR dimer for
background ﬂuorescence (black curves in Figure 3). Compared
to the control spot, the ﬂuorescence intensity traces of ATTO655 in the presence of the Au NR dimer showed two distinctive
features: a series of enhanced bursts and an increased baseline.
The enhanced bursts were attributed to the enhanced
ﬂuorescence of ATTO-655 molecules, while the increased
baseline was due to the continuously emitting photo-

Figure 3. Fluorescence intensity time trace (a) and (b) counts
histogram of dimer 1 under excitation along the parallel direction
(red), perpendicular direction (blue), and control spot for free ATTO655 without the Au NR dimer (black). The inset of (b) shows the
zoomed data of bursts with probability beyond the (μ + 6σ) conﬁdent
interval.

luminescence of the Au NR dimer itself. The diﬀerence could
also be manifested by the intensity distribution in Figure 3b.
Enhanced ATTO-655 ﬂuorescence was revealed by the low
probability yet high intensity counts beyond the 6σ conﬁdence
interval, as shown in Figure 3b, inset. The maximum intensity
of these bursts gave 109.7 counts/ms. In the presence of the Au
NR dimer, the ﬂuorescence intensities shifted the major
population from 1.8 to 7.3 counts/ms. A ﬂuorescence
enhancement factor was deﬁned as the ratio of ﬂuorescence
intensity from an enhanced molecule over that from an
unenhanced molecule. In order to calculate the enhancement
factor, the intensity contributions by photoluminescence of the
Au NR dimer and background ﬂuorescence needed to be
excluded. The net ﬂuorescence intensity from the highest burst
gave (109.7−7.3) = 102.4 counts/ms. Fluorescence from an
unenhanced molecule was 1.8/7.5 = 0.24 counts/ms. Therefore, the enhancement factor was 102.4/0.24 ≈ 426. The
ﬂuorescence intensity was also measured with laser polarization
perpendicular to the long axis of the Au NR dimer (the blue
curves in Figure 3). In this case, the total ﬂuorescence intensity
showed only a slight increase due to the photoluminescence of
the Au NR dimer itself, and no obvious enhanced burst was
observed. This conﬁrmed that the observed ﬂuorescence
enhancement originated from the interactions between the
coupled longitudinal LSPR mode and the ATTO-655
molecules diﬀusing into the hotspot of the Au NR dimer.
Fluorescence enhancement (f F) by metal NPs is a combined
eﬀect of excitation enhancement (f |E|2) and ﬂuorescence QY
enhancement ( f QY), f F = f |E|2 · f QY. Excitation enhancement
originates from the enhanced local electric ﬁeld and is
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proportional to |E|2, which is expected to decrease monotonically with the increasing NP−ﬂuorophore separation distance.
QY enhancement involves two competing processes: radiative
decay enhancement due to dipole−dipole interactions and an
increased nonradiative decay rate due to resonant energy
transfer from the ﬂuorophore to the metal NP. If radiative
decay enhancement dominates, the QY is enhanced ( f QY > 1);
otherwise, if the increase in the nonradiative decay process
dominates, the overall QY is quenched (f QY < 1). As both
radiative decay enhancement and resonant energy-transfer
quenching are separation-distance-dependent, f QY usually
displays a quenching enhancement transition when the
separation distance increases.9,16,39 By using Au NR dimers
with diﬀerent gap distances, various metal NP−ﬂuorophore
distances could be sampled to study the gap distance
dependence of ﬂuorescence enhancement. Five Au NR dimers
with gap distances of 6.1, 11.2, 14.6, 21.7, and 26.0 nm were
identiﬁed by the SEM images (Figure 4a). These Au NR dimers

4b and S8 (Supporting Information)). As the gap distance
increases, the enhancement factor gradually decreases and
approaches that of a Au NR monomer.
Previously, researchers had demonstrated ﬂuorescence
enhancement exceeding 1000-fold for low QY (1.9−2.5%)
dyes.18,22 In general, the overall ﬂuorescence enhancement is a
product of enhancement in excitation eﬃciency and QY. The
room for QY enhancement for low QY dyes is larger than that
for high QY dyes because the QY cannot exceed 100%.7,22
ATTO-655 has a QY of ∼0.3, and the QY enhancement is quite
limited. Enhanced excitation eﬃciency is expected to play a
dominant role in the overall ﬂuorescence enhancement. To
demonstrate diﬀerent eﬀects of enhanced QY and excitation
eﬃciency and understand the gap-distance-dependent enhancement eﬀects, numerical simulations have been performed by
using the FDTD method.40 Simulation results show that both
electric ﬁeld enhancement and QY enhancement depend on
the location of the ﬂuorophore within the gap as well as the gap
distance. The spot with the largest excitation enhancement and
the spot with the largest QY enhancement do not match
(Figures S9 and S10, Supporting Information). For Au NR
dimers with gap distances ranging from 4 to 35 nm, ATTO-655
has its QY maxima in the gap center. Its QY exhibits a mild
dependence on the location when it is in the middle region and
decreases sharply when it comes to the very close proximity of
either Au NR. QY of ATTO-655 is actually slightly reduced as
the increase in the nonradiative energy-transfer process plays a
dominant role (Figure S10, Supporting Information). This is
consistent with the previous studies on ﬂuorophores with high
intrinsic QY.22 The excitation (∝|E|2) or electric ﬁeld
enhancement, however, displays a diﬀerent trend. For a dimer
with a large gap distance, the largest excitation enhancement
spot is strongly biased toward the surface of either Au NR,
while the excitation enhancement in the central region of the
gap is much weaker. As the gap distance decreases, the
excitation enhancement in the gap center grows stronger as a
result of stronger plasmon coupling. The overall ﬂuorescence
enhancement is a balance between two eﬀects. Consequently
the optimum ﬂuorescence enhancement is located somewhere
between the gap center and the Au NR surface (Figures 5a and
S10 (Supporting Information)). The optimum ﬂuorescence
enhancement location moves toward the gap center for the Au
NR dimer with a smaller gap distance. Figure 5b summarizes
the optimum ﬂuorescence enhancement for Au NR dimers with
diﬀerent gap distances, as well as the corresponding
contributions from the excitation eﬃciency and QY enhancement. As the gap distance decreases, the excitation eﬃciency
increases signiﬁcantly and reaches >1200-fold for a gap distance
of 6.1 nm. In contrast, the QY is slightly reduced and displays a
weaker dependence on the gap distance. Consequently, the
overall ﬂuorescence enhancement increases signiﬁcantly as the
gap distance decreases. The overall optimum ﬂuorescence
enhancement factors of 854-, 582-, 498-, 352-, and 317-fold
were obtained for Au NR dimers with gap distances of 6.1, 11.2,
14.6, 21.7, and 26.0 nm, respectively, in comparison to 208-fold
enhancement by a Au NR monomer (Figure S11, Supporting
Information). The enhancement factors obtained from the
simulation results for both Au NR dimers and monomers were
about twice the experimental results. Two possible reasons are
responsible for the underestimated experimental results. First,
the experimental results were obtained by averaging the top 10
bursts, which is a conservative estimate of true enhancement
factors. Second, nonideal experimental conditions, such as

Figure 4. (a) SEM images of ﬁve Au NR dimers with diﬀerent gaps.
(b) Fluorescence enhancement based on the highest bursts, the
averaged top 5−10 bursts for diﬀerent Au NR dimers and a Au
monomer.

had almost identical Au NR lengths and linearly aligned
geometries. For direct comparison, experiments were also
performed under identical conditions to investigate the
ﬂuorescence enhancement eﬀect of a Au NR monomer. Figure
4b shows the ﬂuorescence enhancement factors based on the
highest bursts, the averaged top 5 and top 10 bursts, for Au NR
dimers with diﬀerent gap distances. The enhancement factors
based on the highest bursts exhibit some degree of ﬂuctuation
due to the random Brownian motion that may cause imperfect
Au NR−molecule alignment. In addition, there is still some rare
possibility that multiple molecules enter the gap region
together. Averaged results of the top 5 or top 10 bursts can
eﬀectively dilute these uncertainties and give a better
representative trend for the gap-distance-dependent behavior
(Figure 4b), although enhancement factors will be systematically underestimated. Using the averaged top 10 bursts to
represent the enhancement factor, ﬂuorescence enhancement
of 473-, 252-, 210-, 175-, 158-, and 120-fold were obtained for
Au NR dimers with gap distances of 6.1, 11.2, 14.6, 21.7, and
26.0 nm and a Au NR monomer, respectively. The coupled Au
NR dimer with a gap distance of 6.1 nm gives a nearly 4-fold
larger enhancement than that of the Au NR monomer (Figures
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ﬂuorescence enhancement. These results were further
supported by the FDTD numerical calculation results. The
simulation results also indicate that enhanced excitation
eﬃciency plays a dominant role in the overall ﬂuorescence
enhancement of ATTO-655.

■

EXPERIMENTAL METHODS
Au NR Preparation and LSPR Tuning. Au NRs were prepared by
using a previously reported seed-mediated method.41 The
CTAB-stabilized seed solution was prepared by adding HAuCl4
(0.01 M, 0.25 mL) and CTAB (0.1 M, 10 mL) solutions in a
glass bottle. A freshly prepared ice-cold NaBH4 (0.01 M, 0.6
mL) solution was then quickly added under vigorous stirring.
The seed solution was mixed under vigorous stirring for 2 min
and then kept at room temperature for at least 2 h before use.
The growth solution was prepared by sequentially adding
HAuCl4 (0.01 M, 2.0 mL), AgNO3 (0.01 M, 0.32 mL), HCl
(1.0 M, 0.8 mL), and L-ascorbic acid (0.1 M, 0.32 mL)
solutions into a CTAB (0.1 M, 40 mL) solution and mixed by
swirling. Seed solution (100 μL) was then added into the
reaction solution and gently mixed by inversion for 2 min. The
resultant mixture was left undisturbed overnight. The UV−vis
spectrum gave a LSPR peak at around 790 nm. Then, the LSPR
of these Au NRs was tuned by H2O2 etching on the
longitudinal direction.41 Au NRs were mixed with 30% H2O2
at a volume ratio of 200:1 and kept at room temperature. The
UV−vis extinction spectra were measured every 3 min until the
LSPR peak approached the target wavelength of 625 nm. The
reaction was stopped by centrifuging and resuspending the Au
NRs in 0.01% SDS. The extinction cross section of such a Au
NR was estimated to be 4.3 × 109 L·mol−1·cm−1 (see details in
the Supporting Information).
Self-Assembled DNA Origami Nanobreadboard. The rectangular nanobreadboard was prepared using Rothemund’s
method.42 One single strand of M13mp18 DNA and 226
diﬀerent strands of short “staples” (sequence shown in the
Supporting Information) were mixed at a molar ratio of 1:5 and
slowly annealed from 95 °C to room temperature at 1 °C/min
in 1 × TAE-Mg2+ buﬀer. Atomic force microscopy (AFM)
images showed that 63.5% of the structures displayed a
rectangular morphology (Figure S3, Supporting Information).
Au NRs Coating with Thiolated DNA Oligonucleotide. Au NRs
were split into two equal amounts and mixed with two sets of
thiolated DNA oligonucleotides with sequences given in the
appendix of the Supporting Information. The thiolated DNA
oligonucleotide was reduced by excessive TCEP for 3 h before
mixing with Au NRs at a molar ratio of 3000:1. After rotating
the mixed solution at room temperature, 10 × TBE buﬀer was
added to bring the ﬁnal solution to 1 × TBE. The Au NR
solution would retain its color if well coated; otherwise, they
would aggregate under such buﬀer conditions. The mixed
solution remained at room temperature for another 6 h before
5 M NaCl was added in 10 steps spanning 20 h to bring the
ﬁnal NaCl concentration to 0.5 M. The ﬁnal mixture was
rotated for another night before it was washed by centrifugation
three times to remove excessive thiolated DNA oligonucleotide.
The washed Au NRs were ﬁnally resuspended in 0.5 × TAE
Mg2+ buﬀer and had the concentration measured again.
Hybridization between the Au NR and DNA Origami
Nanobreadboard. The DNA origami was mixed with two sets
of thiolated DNA oligonucleotide coated Au NRs at a molar
ratio of 1:1:1 in 0.5 × TAE Mg2+ with 0.3 M NaCl. The mixture
was heated repeatedly between 65 to 25 °C for 20 h. The ﬁnal

Figure 5. (a) Simulated ﬂuorescence enhancement for Au NR dimers
with gaps of 6.1 and 26.0 nm for the molecule dipole parallel to the
long axis of the Au NR dimer. The vertical dashed lines indicate the
boundary of gaps. (b) Simulated enhancement for QY (red), excitation
(blue), and overall ﬂuorescence (black) for diﬀerent Au NR dimers
with parallel molecular dipole orientation. (c) Comparison between
the experimental results based on the averaged top 10 bursts and the
simulation results for molecular dipole orientation parallel/perpendicular/45° to the long axis of the Au NR dimer. (d) Relative
ﬂuorescence enhancement of Au dimers normalized by that of the
monomer for molecular dipole orientation parallel to the long axis of
the Au NR dimer.

imperfect alignment of the ﬂuorophore dipole with the
orientation of the Au NR dimer, will result in lower
enhancement factors. To understand the eﬀect of molecular
dipole orientation, simulations were performed on a dye
molecule with the transition dipole moment parallel or
perpendicular to the long axis of the Au NR dimer to represent
two limiting cases and 45° orientation to represent a typical
case (Figures 5c and S12 (Supporting Information)). The
simulation results show that a dye molecule with the dipole
parallel to the long axis of Au NR dimer experiences the largest
enhancement, while a dye molecule with perpendicular dipole
orientation experiences the lowest enhancement. A dye
molecule with 45° orientation display ﬂuorescence enhancement in-between the two limiting cases. Because these factors
contribute similarly to both Au NR dimers and monomers, a
relative enhancement factor was calculated by normalization of
the enhancement factor of the dimers with respect to that of a
monomer (Figure 5d). The experimental measurement and
simulation results exhibit similar trends and excellent
consistency; the relative enhancement factors gradually drop
to 1 as the gap distance increases.
In conclusion, the ﬂuorescence enhancement of a bright red
emitter by plasmon coupled Au NR dimers ﬁxed on a DNA
origami nanobreadboard was studied on the single-particle
level. A series of Au NR dimers with diﬀerent gap distances
ranging from 6.1 to 26.0 nm were investigated to explore the
plasmon coupling eﬀect on ﬂuorescence enhancement. Au NR
dimers with the narrowest gap gave the highest enhancement. A
maximum enhancement factor of 470-fold was achieved at a
gap distance of 6.1 nm, which is about 4 times larger than that
of the Au NR monomer. As the gap distance increases, the
enhancement factor of Au NR dimers decreases and approaches
that of a Au NR monomer. This indicates that a metal NP
dimer with stronger plasmon coupling is more eﬃcient for
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■

product was prepared for UV−vis spectrometry, electrophoresis, and SEM.
FDTD Simulation. FDTD simulations were performed by
using the commercial software Lumerical FDTD Solutions. The
simulation region was a 2 μm cube surrounded by a PML
(perfectly matched layer) boundary condition. The Au NRs
were placed in the center of the simulation region and were
represented by hemisphere-capped cylinders with a geometry
matched to the SEM image. The dielectric constant of gold was
taken from Johnson and Christy’s measurement43 with
polynomial ﬁtting. A slab of an ITO-coated coverslip (refractive
index = 1.9) was placed 3 nm beneath the structure. the
refractive index of the rest of the simulation region was 1.33 for
water. Excitation (|E|) enhancement and QY enhancement
were simulated independently. For |E| simulation, light from a
TFSF (total-ﬁeld scattered-ﬁeld) source with a spectrum
ranging from 400 to 900 nm and polarization parallel to Au
NR dimer coupling direction was injected from below the
nanostructure. The spatial resolution was 0.3 nm near the gap
and 0.5 nm elsewhere around the nanostructure. Mirror
symmetry was used to reduce the simulation time and memory
consumption. Two sets of power monitors forming a closed
surface containing the structure were placed inside or outside of
the light source region to measure absorption and scattering,
respectively. Another three power monitors were placed at
cross section planes of the x, y, z axes to record |E|. For QY
simulations, the ﬂuorophore was modeled as a dipole source. It
was placed in the gap with dipole orientation parallel/
perpendicular/45° to Au NR dimer coupling direction and
emitting frequency that matched the ﬂuorescence emission
peak. Two sets of power monitors enclosed the a dipole-dimer
system and dipole source, respectively, to calculate radiative
decay rate enhancement f R and nonradiative decay rate
enhancement f NR. Then, QY enhancement could be calculated
by
fQY =

■

QY m
QY0

=
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