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ABSTRACT Enhancing the fluorescence of a weak emitter is important to further
extend the reach of single-molecule fluorescence imaging to many unexplored systems.
Here we study fluorescence enhancement by isolated gold nanorods and explore the role
of the surface plasmon resonance (SPR) on the observed enhancements. Gold nanorods
can be cheaply synthesized in large volumes, yet we find similar fluorescence
enhancements as literature reports on lithographically fabricated nanoparticle assem-
blies. The fluorescence of a weak emitter, crystal violet, can be enhanced more than
1000-fold by a single nanorod with its SPR at 629 nm excited at 633 nm. This strong

enhancement results from both an excitation rate enhancement of ~130 and an
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effective emission enhancement of ~9. The fluorescence enhancement, however, decreases sharply when the SPR wavelength moves away from the

excitation laser wavelength or when the SPR has only a partial overlap with the emission spectrum of the fluorophore. The reported measurements of

fluorescence enhancement by 11 nanorods with varying SPR wavelengths are consistent with numerical simulations.
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ince its discovery in the early 1990s,

single-molecule imaging and spectros-

copy has seen a tremendous growth
and has established itself as an important
tool for studying many complex systems in
chemistry, biology, and physics owing to
its unique access to the nanometer scale.’
New information has emerged about
dynamic heterogeneities in supercooled
liquids,>® subwavelength arrangement of
cell components,* and dynamics of proteins
and enzymes.>® Currently, single-molecule
spectroscopy mostly relies on fluorescence,
as it provides fast, high-contrast, and low-
background detection of single molecules.
The key requirement of this technique is
that the molecules under investigation
must have a sufficiently high photon emis-
sion rate. However, a large fraction of
strongly absorbing molecules, including
many biologically relevant proteins and
metal complexes, fluoresce only weakly.
This weak emission is due to a low fluores-
cence quantum yield or a long fluorescence
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lifetime, rendering these species undetect-
able by single-molecule spectroscopy. En-
hancing the fluorescence rate of such weak
emitters will expand the reach of single-
molecule spectroscopy into new and yet
unexplored territories.

Plasmonic nanostructures are known to
enhance the rate of fluorescence of weak
emitters.”~® Such enhancements originate
from two factors. A plasmonic nanoparticle
can act as an antenna and confine the
electromagnetic field of incident light into
a tiny volume near its surface. This concen-
trated field leads to an increase in absorp-
tion of light by a molecule when placed in
the vicinity of the nanoparticle and corre-
sponds to an excitation enhancement, E,.
The nanoparticle antenna may also en-
hance fluorescence by altering the radiative
and nonradiative decay rates of a molecule,
leading to an effective emission enhance-
ment, ... This quantity involves the emitter's
photophysics, and we define it through the
experimentally observed overall fluorescence
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enhancement &, by the relation & = E.,c X Eep. These
different enhancement factors generally depend on
the local field induced by the nanoparticle, on the
position and orientation of the molecule relative to the
nanoparticle, and on the extent of spectral overlap
between the molecule and the nanoparticle.’® Fluo-
rescence can also be quenched by the nanoparticle
when the molecule is too close to the metal.'"'? This
phenomenon, which can be seen as a Forster energy
transfer process, can also be explained by coupling to
higher order dark modes, which decay faster than the
dipolar mode.'>'3

Fluorescence enhancement by plasmonic nanopar-
ticles has been studied extensively over the past few
decades. Early reports by the groups of Sandoghdar'*
and Novotny'> employed a single gold nanosphere of
80 nm in diameter and achieved a fluorescence en-
hancement of a factor of 9. The fluorescence enhance-
ment near gold nanospheres is modest because of the
relatively small field enhancement (~5 times). Much
effort has been spent to prepare nanostructures that
generate higher fluorescence enhancements. For ex-
ample, bowtie nanoantennas consisting of two trian-
gular nanoparticles with a small gap were used by the
groups of Moerner'® and Hecht'” and provide fluores-
cence enhancements of up to 1300 for weak emitters.'®
More recent examples include directional Yagi-Uda and
corrugated nanoantennas by the groups of Van Hulst'®
and Wenger.'® These nanoantennas consist of assem-
blies of two or more nanostructures with narrow gaps
between them to achieve the necessary fluorescence
enhancement. They are therefore fabricated by litho-
graphic methods that are expensive and do not easily
allow for the fabrication of large numbers of antennas.
Moreover, lithographic nanostructures exhibit broad
plasmon resonances because they are polycrystalline,
and they are grown on a chromium or titanium wetting
layer.?°

Here we show that isolated gold nanorods provide
fluorescence enhancements similar to lithographic
assemblies. They do not require a carefully controlled
nanogap to achieve >1000-fold enhancement because
the single-crystalline nature of the particles results in a
narrow plasmon resonance and a high local field.'
Moreover, they are easily produced in large numbers
using wet-chemical methods that only require basic
chemical lab equipment.?*?® Their flexible surface
chemistry using thiolated ligands makes them compa-
tible with a broad range of solvents and would enable
the future prospect of using them, for example, within
live cells.*** Fluorescence enhancements of up to sev-
eral thousands have been predicted theoretically®®?” and
were experimentally demonstrated recently.

In this article, we demonstrate the crucial role of the
SPR in gold nanorods toward enhancing single-mole-
cule fluorescence, both theoretically and experimen-
tally. We show that the fluorescence enhancement
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indeed strongly depends on the nanorod SPR wave-
length and is maximum when both the excitation laser
and the dye's emission spectrum overlap with the SPR.
The optimum SPR wavelength generates a fluores-
cence enhancement of 1100, consisting of an excita-
tion rate enhancement of about 130-fold and an
effective emission enhancement of about 9-fold. This
is in good agreement with numerical calculations
based on the discrete dipole approximation.

RESULTS AND DISCUSSIONS

We define the transition rates of a molecule in a
vacuum and in the presence of a nanoantenna accord-
ing to Scheme 1. The excitation, radiative decay, and
nonradiative decay rates of the molecule in a vacuum
are given as ol, k,, and k,,, respectively (o is the dye's
absorption cross section at the excitation wavelength
and / is the excitation laser intensity). In the vicinity of
the antenna, the local electric field leads to modifica-
tions of the excitation rate and of the emission rate.
Because we suppose excitation is done with a laser ata
well-defined wavelength, the excitation enhancement
Eexc is purely electromagnetic and depends only on
the laser wavelength. Fluorescence emission, however,
involves many different spectral components 4, each of
which will present its own radiative enhancement
E,aq(A). The electromagnetic enhancement of the emission
rate, E,, results from averaging over all spectral com-
ponents of the fluorescence:

E = /Erad(/l) F(4) dA m

where F(A) is the normalized fluorescence spectrum of
the dye. Similarly, the additional nonradiative decay
K., induced by the antenna also results from a sum
over all spectral components of the fluorescence. In the
following, we discuss radiative and nonradiative decay
ata single wavelength and perform the averaging at the
end, before comparing to experiments.

On the basis of this simple scheme, we define the
overall fluorescence enhancement factor (£) induced
by a nanoantenna as the ratio of emitted intensities
with and without an antenna. For fluorescence at a
single wavelength (only one spectral component),
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Scheme 1. Simple two-level scheme describing the transi-
tion rates of a molecule without and with (changes high-
lighted in green boxes) a gold nanorod antenna. o is the
absorption cross section of the molecule, and / is the
excitation laser intensity.

VOL.8 = NO.5 = 4440-4449 = 2014 K@}Nﬁ@i{\j

WWwWW.acsnano.org

4441



we find (see Supporting Information for more
details)
ol + ko + ki

— E...E 2
g & radEexcol + knr + Knr + Eradkr ( )

Under weak enough excitation (Eexc 0/ <k, + Ko +
E.agk,) g 2 can be simplified to
knr + kl’

~ EexcErtad—— ———— 3

E exc radknr T Koy +Eradkr 3)

For the limiting case where E, gk, < kn, and K, < Ky,

i.e., for dyes with very low fluorescence yield (7 < 1), one
can further simplify eq 3 to a commonly used form:*®

& = Eexc X Erad

To keep our discussion valid for a broad range of dyes,
we use eq 3 in the rest of this paper, because it applies to
any dye as long as the (enhanced) excitation intensity is
well below saturation (see Supporting Information).

To theoretically estimate the & values according to
eq 3, one needs the intrinsic decay rates of the dye
(k. and k,,), the excitation and radiative decay rate
enhancement factors (E.yc and E,,q), and the additional
nonradiative rate (K,,,). The intrinsic decay rates of the
dye are calculated from the measured QY and the
florescence lifetime. For crystal violet (CV) molecules,
k. and k., are estimated to be 1.9 x 10’ s~' and 9.8 x
10® 57" based on the measured QY of 0.02°% and the
fluorescence lifetime of 1 ns.

Eexer Eraq, and K, are purely electromagnetic in
nature and can be theoretically calculated using a
classical electrodynamics description that models the
molecule as a radiating point dipole in the vicinity of a
metal surface. For particles with complex geometries,
the solution of this Maxwell problem is calculated from
a suitable numerical method, such as finite difference
time domain (FDTD), discrete dipole approximation
(DDA), or finite-element method (FEM). In this work,
we have used the DDA method to evaluate the en-
hancement in the excitation, radiative, and nonradia-
tive rates of a CV molecule close to a gold nanorod. The
nanorod's shape is a spherically capped cylinder. The
nanorod is described as an array of dipoles replacing
cubic volume elements, 0.25 nm in size. The size of the
dipole elements was chosen to get the best compro-
mise between computational time and accuracy of the
calculated results. The latter could still be improved by
reducing the dipole size, e.g., to a size of 1/16 nm, but at
the cost of significantly increasing computational time
without further insight being attained. The calculations
use the dielectric function of gold, as reported by
Johnson and Christy.*®

As the excitation rate enhancement E.,. we took the
ratio of local field intensities with and without antenna,
Eexe = [E(ro)[/|Eo(ro)%, at the molecule's position ro.
We assume that the particle is excited by a plane
wave polarized along the long axis of the rod. The
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enhancement of the radiative rate E,.4 and the addi-
tional nonradiative rate K, were calculated following
the approach of D'Agostino et al>° The new imple-
mentation of DDA by D'Agostino et al. allows one to
introduce an arbitrary user-defined excitation source.
In the calculation of E,,q and K, it was assumed that
the excitation source was a point-like dipole with the
emission characteristics of a CV molecule, i.e,, a transi-
tion dipole moment of |py| = 6.6 D. The point source
dipole from the emitting molecule was calculated on
the set of coordinates that discretize the particle using
the classical expression for the electric dipole field.?" It
was assumed that the transition dipole moment of the
molecule is oriented along the long axis of the rod and
that the molecule is placed on the revolution axis of the
rod, which provides the largest enhancements. This is
obviously not always the case in the experiments, but
comparison with the theoretical results still holds,
because it is based on the largest effects experimen-
tally observed.

The enhancement of the radiative rate E,.q is derived
by assuming the molecule—nanoparticle system is so
small that it behaves as a single effective point dipole,
formed from the particle's induced dipole pi,q and that
of the molecule itself:

2
ind+
Erad _ ‘pmd Po| (4)

‘Po|2
where ping = Z,’i]pi is the sum of the polarization
elements p;, i.e., the polarization calculated from DDA
on the ith dipolar element. Obviously, this approxima-
tion is valid only for small nanoparticles and small
molecule—nanoparticle distances.

The additional nonradiative rate is derived from the
time-averaged power absorbed by the metal nano-
particle:*

N

Knr = % ~ ;_;le(f)[i; |Elocal,i‘2 x Vel (5)
where ¢ is the complex dielectric permittivity of gold at
the emitted frequency; Ejocai; is the internal electric
field calculated at the position of the ith dipole ele-
ment, which has the contribution from a incident
field, plus the field due to all other dipoles; and V. is
the volume of each dipole element. The separation
between the emitter and the particle surface was
varied between 1 and 20 nm to evaluate the distance
effect on the rate enhancements. We note that a
classical description is valid throughout this range of
distances, as significant quantum effects are expected
only at distances less than 1 nm.3?

The near-field intensity maps of seven individual
gold nanorods with their SPRs ranging from 560 to
700 nm were calculated at excitation wavelengths
of 594 and 633 nm using the DDA method. The SPR
wavelengths are varied by tuning the nanorod length
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Figure 1. (a) Calculated near-field intensity map of a gold nanorod that is 47 nm long and 25 nm wide. The SPR of the nanorod
is located at 629 nm. The excitation wavelength is 633 nm, and the excitation is polarized along the long axis of the nanorod.
(b) Calculated overall fluorescence enhancement factor (§, open circles) at an emission wavelength of 640 nm as a function of
distance (R) between the nanorod and the CV molecule. In panels (c) and (d), the distance between the CV molecule and the tip
of the rod is fixed to 5 nm. (c) Calculated radiative rate enhancement (E,,q) of a CV molecule as a function of emission
wavelength (green circles). (d) Additional nonradiative rate (K,,) as a function of emission wavelength (red circles). The
extinction spectrum of the nanorod is shown by the black circles in (c) and (d). A skewed Lorenzian fit to the extinction
spectrum is shown as the black solid lines in (c) and (d). For (b), (c), and (d) the dipole of the CV molecule is assumed to be
oriented parallel to the nanorod dipole, to model the maximum enhancement. The dashed lines in (b), (c), and (d) are guides

for the eye. k, = 1.9 x 107 s 'and k,, = 9.8 x 1085 ",

from 39 to 60 nm while keeping a constant diameter
of 25 nm. Figure 1a shows the near-field intensity map
of a 25 nm x 47 nm gold nanorod (SPR 629 nm) at
633 nm excitation. The near-field intensity maps of the
other nanorods are shown in the Supporting Informa-
tion (Figure S1). The near-field intensity maps show
that the intensity enhancement is maximum for the
nanorod whose SPR matches the excitation laser. For
633 nm excitation, a maximum intensity enhancement
by a factor of several hundred is achieved by a nanorod
with its SPR at 629 nm (Figure 1a). For the same
excitation wavelength, a nanorod that has an SPR at
700 nm shows a much weaker intensity enhancement
(less than 10).

To calculate the overall fluorescence enhancements
(&) by a nanorod with a given SPR, we first determine
the optimum distance between a CV molecule and the
nanorod where & is maximum. Our results are shown in
Figure 1b which shows & as a function of distance
between a CV molecule and a nanorod (25 nm x
47 nm). For simplicity, we monitored the radiative rate
enhancement (E,.q) and the additional nonradiative
rate (K,,) at a single wavelength of 640 nm, which
corresponds to the maximum of the emission spec-
trum of CV. From Figure 1b, we clearly identify two
distinct regions of space around a nanorod where
either the fluorescence enhancement or the quenching
dominates. CV fluorescence monotonically increases
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when the distance between CV and the nanorod's tip
decreases until a minimum distance of 3 nm. For shorter
distances, however, fluorescence quenching becomes
dominant and the overall enhancement decreases
again. This trend of & versus dye—nanorod distance is
also seen for all the other nanorods (Figure S2). For all
further calculations a fixed dye—nanorod distance of
5 nm was used. This distance roughly is the one at which
the enhancement has decayed to half its maximum
value (going away from the rod) and gives us an average
enhancement somewhat lower than the absolute
maximum.

For each nanorod, we calculate the radiative rate
enhancement factor (E,.4q) and the additional non-
radiative decay rate (K,,) at different emission wave-
lengths for an emitting dipole located at a fixed
distance of 5 nm from the nanorod's tip. The results
of these calculations on a nanorod with SPR at 629 nm
are shown in Figure 1c (g, green circles) and
Figure 1d (K, red circles). As shown by Figure 1¢,d,
both E,,4 and K, strongly depend on the emission
wavelength, and both of them reach their respective
maxima near the SPR of the nanorod. There are,
however, two important differences between the
wavelength dependence of E,,4 and the extinction
spectrum of the nanorod. First, E,.q shows a maxi-
mum at a wavelength that is slightly red-shifted
(~10 nm) compared to the SPR of the nanorod.

\
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Second, E,.q has a markedly asymmetric line shape
compared to the Lorentzian SPR line shape (black line
in Figure 1¢).

This difference between SPR absorption and en-
hancement spectra has been reported by other authors.
It resembles the difference between near-field and far-
field intensity spectra, as visualized in Figure S3. Differ-
ent physical mechanisms have been proposed to ex-
plain this difference. A first possible cause is damping,
which, as is well known from classical mechanics, causes
a resonance shift.3* A second cause of deviation is that
the near field responsible for enhancement is dephased
compared to the far field 3* A third effect arises from the
phase difference between the molecule's dipole and the
driven SPR dipole. On the red wing of the SPR, the
molecular and nanorod dipoles are in phase, but they
are dephased by 7/2 at the resonance. These three
mechanisms probably contribute to the observed shift.

As noted above, different spectral components of
the emission spectrum of CV (Figure 3) will be en-
hanced by different amounts, corresponding to differ-
ent E,.q values, according to their overlap with the SPR
(fwhm ~100 meV). The same applies to the additional
nonradiative rate K. Therefore, the full enhancement
for each spectral component should be calculated
according to eq 3 and the results averaged according
to eq 1. Instead, we shall do the approximation of an
average radiative rate enhancement and of an average
additional nonradiative rate to be included in eq 3. This
approximation allows us to give average numbers for
the enhancement factors and for the additional non-
radiative rates. We checked that it does not change our
results by more than 20%. Averaging over the entire
emission spectrum of CV, we obtain

£ ~ / Erna(h)  Fou(h) dA,

Knr ~ / Knr(/l) X FCV(/I) dll (6)

where Fcy(4) represents the normalized fluorescence
spectrum of CV ([Fey(4) dA = 1). The overall fluores-
cence enhancement then becomes

Kor + ke

R EexcdEr——————
g e rknr + Knr + Erkr

7)
We can rewrite eq 7 in the form & = Eqy ¢ X Eem, defining
E.m as the effective emission enhancement factor. This
factor depends on the radiative decay rate enhance-
ment and the additional nonradiative decay rates due
to the presence of the antenna, but also on the
photophysical properties of the dye. The excitation
enhancement factor E.,., however, is purely electro-
magnetic and does not depend on the dye.

Finally, we calculate E,, K, Eem, and & for each
nanorod considering the emission wavelength depen-
dence of E,.4(4) and K;,,(1) (see Figure S4) as discussed
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Figure 2. (a) Calculated excitation rate enhancement (E,.)
for seven gold nanorods plotted as a function of the SPR
wavelength. The excitation wavelengths are 594 nm (blue)
and 633 nm (red). (b) Effective emission enhancement
factors (E.,,) of the same nanorods plotted as functions of
their SPR wavelengths. (c) Overall fluorescence enhance-
ments (£) as functions of the SPR wavelength. Excitation
wavelengths are 594 nm (blue) and 633 nm (red). The
distance between the molecule and the nanorod's tip
was 5 nm.

previously. The wavelength range was selected to
account for the broad emission spectrum of CV
(Figure 3c). Our results are shown in Figure 2 (see Table 1
in the Supporting Information for details). As expected,
for a given excitation wavelength, the excitation en-
hancement factor (Figure 2a) strongly depends on the
SPR wavelength and is maximum for excitation at the SPR
wavelength. The effective emission enhancement (E.,)
for CV molecules, on the other hand, shows a different
trend with the SPR wavelength (Figure 2b). E,,, values
are higher for longer wavelengths and increase mono-
tonically until ~700 nm.

The overall fluorescence enhancement factors (&) for
two excitation wavelengths of 594 nm (blue) and
633 nm (red) are shown in Figure 2c. First, we note
that fluorescence enhancements in excess of 1000-fold
can be achieved by using a gold nanorod. Figure 2c
predicts a maximum fluorescence enhancement of
1100-fold by a nanorod with SPR of 629 nm using
633 nm excitation. This strong enhancement is a
combination of an excitation rate enhancement (Eqyc)
of 130 and an effective emission enhancement (E,,,,) of
8.6. These numbers clearly show that in the presence of
the antenna not only is a molecule excited with
enhanced intensity, but its radiative rate is enhanced
as well. As the nonradiative rate is also increased, the
fluorescence lifetime will be shortened. Second, we
observed that the fluorescence enhancement is max-
imum when the nanorod's SPR matches the excitation
wavelength. For 633 nm excitation, a nanorod with SPR
at 700 nm shows a & value of only 90 compared to the
& value of 1100 for a nanorod with SPR at 629 nm.
For 594 nm excitation, the maximum fluorescence
enhancement is achieved by using a nanorod with
SPR at 591 nm. The maximum enhancement, however,
is only 225-fold, which is approximately 5 times smaller
than the maximum enhancement observed with 633 nm
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Figure 3. (a) Simple schematics of our experiment (double-
headed arrows represent CV molecules; the yellow cylinder,
a gold nanorod). (b) Typical one-photon-photolumines-
cence image of individual gold nanorods covered with a
50 nM CV solution in glycerol. Excitation at 633 nm, acquisi-
tion rate 10 ms/pixel. (c) Green line: One-photon-excited
luminescence spectrum of the gold nanorod highlighted
with a green box in Figure 1b, excited at 514 nm. Blue and
red curves show the absorption and fluorescence spectra of
CV in glycerol. (d) Green trace: Fluorescence time trace
recorded on the same gold nanorod. Red: Background
fluorescence with no nanorod present.

excitation. This smaller enhancement results mainly from
the lower effective emission enhancement (E.,) for an
SPR at 591 nm due to the poor spectral overlap with the
fluorescence spectrum of CV (maximum at 640 nm), but
other factors such as interband transitions and a weaker
lightning rod effect probably contribute too.

We performed fluorescence enhancement experi-
ments on CV molecules in the vicinity of individual gold
nanorods with their SPRs ranging from 560 to 720 nm.
Gold nanorods were immobilized on a glass surface
and covered with a 50 nM solution of CV in glycerol
(Figure 3a). Figure 3b shows a typical one-photon-
excited luminescence image of individual gold nano-
rods. A circularly polarized 633 nm laser was used as
the excitation source. The bright spots in Figure 3b
correspond to the photoluminescence signal originat-
ing from single gold nanorods. This was checked on all
spots studied by measuring the full photolumines-
cence spectrum of each one under 514 nm laser
excitation. The photoluminescence spectrum of the
gold nanorod highlighted in the green box in Figure 3b
is shown in Figure 3c as a typical example. Narrow and
Lorentzian line shapes confirm that the spots arise
from single gold nanorods.>® Aggregates of nanorods
usually produce broad non-Lorentzian spectra, often
with more than one longitudinal peak or with a
plasmon resonance well shifted from the expected
resonance position of a single nanorod.>%*’

Figure 3d shows a fluorescence time trace recorded
on the single gold nanorod highlighted in Figure 3c
excited with a circularly polarized 633 nm laser. The
fluorescence time trace shows bursts that are due to
the enhanced fluorescence from the CV molecules
passing close to the tips, through the near-field volume
of the nanorod. We checked that these bursts are
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absent in the absence of CV molecules (Figure S7)
and in fluorescence time traces measured at places
where no nanorod was present (red line in Figure 3d).
Moreover, the fluorescence intensity bursts are pre-
dominantly polarized along the long axis of the nano-
rod (Figure S8), confirming that the enhancement is
induced by the longitudinal surface plasmon of the
nanorod. It is important to note that fluorescence
bursts are also seen in a typical fluorescence correla-
tion spectroscopy (FCS) measurement when single
molecules enter and leave the focal volume of the
laser. However, this is not the case in our experiment.
At the CV concentration used here, there are ~30
molecules already present in the focal volume at a
given time. Addition of one more molecule into the
focal volume cannot cause the dramatic changes in
intensity seen in Figure 3d.

We can determine the maximum fluorescence en-
hancement factor from the enhanced fluorescence
signal from a CV molecule, i.e., the strongest fluores-
cence burst from the time trace in Figure 1d (see Figure 4
for a more quantitative determination) and from the
fluorescence count rate from an unenhanced CV mole-
cule. Fluorescence signals from individual unenhanced
CV molecules can be calculated from the time trace taken
at a place where no nanorod was present. Figure 3d
shows such a time trace with an average intensity of
121 £ 4.2 counts/ms, resulting from approximately
30 molecules present in the focal volume of the excitation
laser. This leads to an average fluorescence signal of 0.4 +
0.1 count/ms from a single unenhanced CV molecule. The
maximum intensity of the fluorescence burst shown in
Figure 3d is 502 counts/ms, corresponding to an increase
of 422 counts/ms over the background signal of 80
counts/ms (which includes fluorescence from unen-
hanced CV molecules and luminescence from the
nanorod). This increase is due to the enhanced fluores-
cence from one single CV molecule passing through the
near field of the nanorod. As each unenhanced CV
molecule produces ~04 + 0.1 count/ms, this burst
leads to a calculated fluorescence enhancement factor
of 1050 =+ 200. We can rule out the possibility that the
strongest bursts are caused by more than one CV
molecule because at the given concentration of 50 nM,
less than 0.001 CV molecules are present in the near field
of the nanorod (~10% nm?3). Therefore, the probability
to have two molecules, 107%, is negligible. Note that
this experimentally determined enhancement factor of
1050 + 200 is very close to our theoretically predicted
enhancement factor of 920 at 5 nm distance for a
nanorod with an SPR at 645 nm.

More information regarding these fluorescence
bursts can be obtained from the autocorrelation anal-
ysis of the fluorescence time traces. Figure S9 shows a
typical autocorrelation curve. A single-exponential fit
to the autocorrelation trace yields a correlation time of
124 ms. This time corresponds to the average width of
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Figure 4. (a, ¢, e) Fluorescence time traces recorded on
three nanorods with SPRs at 647, 685, and 560 nm. Excita-
tion wavelength 633 nm, acquisition time 1 ms. (b, d, f)
Intensity histograms constructed from the traces in (a, ¢, e).
The dashed lines in (b) and (d) are fits by exponentially
decaying probability distributions.

the fluorescence burst and hence the average time
that individual CV molecules spend in the plasmonic
near field of the nanorod before bleaching. On the
basis of the bulk viscosity of glycerol, we estimate the
diffusion time of a single CV molecule in the near-field
of a gold nanorod (~30 nm in average size) to be a few
milliseconds. The measured correlation time is there-
fore significantly longer than the expected diffusion
time. We speculate that this longer time is due to
sticking of the CV molecules onto the substrate in the
vicinity of the rod's tip, followed by photobleaching.
This sticking—bleaching mechanism results in fluores-
cence bursts whose width should depend on the
excitation laser intensity. Similar instances of fluoro-
phores binding to the surface near a bowtie nano-
antenna were also reported by Kinkhabwala et al.*®
Note that sticking of CV molecules to the gold surface
would result in complete quenching of their fluores-
cence and hence is not expected to influence the
fluorescence bursts. The interplay between diffusion
and sticking—bleaching dynamics will be studied se-
parately in a forthcoming publication.

To experimentally demonstrate the role of the sur-
face plasmon of gold nanorods on the observed
fluorescence enhancement, we repeated the fluores-
cence enhancement experiment on a few nanorods
with SPR wavelengths ranging from 570 to 720 nm. In
Figure 4, we show fluorescence time traces (a, ¢, €)
recorded on three nanorods with SPRs at 647, 685, and
560 nm under identical experimental conditions. The
time traces clearly show that the fluorescence burst
intensities strongly depend on the nanorod SPR wave-
length. The nanorod with an SPR at 647 nm shows
very strong fluorescence bursts (Figure 4a), whereas no
significant burst was observed for the nanorod with an
SPR at 560 nm (Figure 4e). Visible but significantly
weaker bursts are observed for the nanorod with its
SPR at 685 nm (Figure 4c). The same trend was also
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Figure 5. Measured maximum fluorescence enhancement
factors for 11 nanorods as functions of their SPR wave-
lengths under 594 nm (blue squares) and 633 nm (red
squares) excitation. The theoretically estimated enhance-
ment factors are shown as open circles (red: 633 nm, blue:
594 nm excitation). Dotted lines are guides to the eye.

observed in the corresponding intensity histograms
shown in Figure 4b,d,f. Figure 4b shows a very broad
distribution of intensities with a significant population
of high-intensity bursts with average intensities as high
as 600 counts/ms. The probability of such high-inten-
sity bursts clearly decreases for the other two nanorods
with their SPRs at 685 and 560 nm (Figure 4d,f). The
probability distributions of the bursts decay approxi-
mately exponentially with burst intensity. The extra-
polation to a probability density of 10~ of its maximum
value provides a reliable and quantitative estimate of
the maximum burst intensity, 500 and 200 counts/ms in
Figure 4b,d, respectively.

Figure 5 shows measured maximum fluorescence
enhancement factors for the 11 nanorods we studied
under 594 nm (blue squares) and 633 nm (red squares)
excitation. We compare our results with our theoretical
estimations shown as open circles and dashed lines
(blue: 594 nm and red: 633 nm excitation). Overall, our
experimental results agree well with our theoretical
predictions both for the maximum enhancement fac-
tors and for their dependence on the SPR wavelength.

Finally, we experimentally demonstrate decay rate
enhancement by measuring the fluorescence lifetimes
of enhanced and unenhanced CV molecules. Fluores-
cence lifetimes of enhanced CV molecules were mea-
sured by selecting the photons from fluorescence
intensity bursts observed in a typical time trace, as
shown in Figure 6a. The lifetime of unenhanced CV
molecules was measured under similar experimental
conditions but in the absence of nanorods. Figure 6b
shows fluorescence decay histograms from unenhanced
(purple) and enhanced CV molecules (from the bursts
highlighted by red and green boxes in Figure 6a). The
black curve is the instrument response function. The
fluorescence of the enhanced CV molecules (red and
green curves) decays clearly faster than that of the
unenhanced CV molecules. The fluorescence decay of
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Figure 6. (a) Typical fluorescence time trace measured on a
single gold nanorod using 635 nm picosecond pulsed laser
excitation at an 80 MHz repetition rate. (b) Time-correlated
single-photon histograms measured on unenhanced (top)
and enhanced (middle, bottom) CV molecules during the
bursts shown in (a). (c) Scatter plot of fluorescence lifetimes
of enhanced CV molecules against the corresponding
fluorescence enhancement factors.

unenhanced CV is well fitted by a single exponential with
a lifetime of 1.0 ns. The decays of enhanced CV molecules
(red and green curves) are nonexponential, with a short
component well below our instrument resolution of
~120 ps. Longer components in the decay can be fitted
with times of ~140 ps (red curve) and 450 ps (green
curve). This clearly shows a shortening of the fluores-
cence lifetime of enhanced CV molecules by a factor of at
least 7 compared to the unenhanced CV molecules. It is
also interesting to note that Figure 6b also suggests that
shorter fluorescence lifetimes are associated with higher
enhancements.

To search for a correlation between fluorescence
lifetime and fluorescence enhancement, we repeated
the lifetime measurement on 200 fluorescence bursts.
Figure 6¢ indeed shows a general correlation: higher
enhancement is associated with shorter lifetime. How-
ever, we also find a significant population of bursts with
weak fluorescence enhancement (less than 200 times)
and shortened fluorescence lifetime (at least 7 times
shorter than unenhanced CV). We speculate that
these events are due to quenching of the fluorescence
in close proximity to the metal. The quenching of
fluorescence is expected to be the dominant factor

EXPERIMENTAL SECTION

We recently demonstrated strong enhancements by a gold
nanorod for the fluorescence of weak emitters.2" In this experi-
ment, the fluorophores (crystal violet) were dissolved in a
viscous solvent (glycerol) and slowly diffused through the near
field of a gold nanorod that was immobilized on a glass
coverslip.

Gold nanorods were synthesized by the seed-mediated
growth method.*® The average dimension of the nanorods
was 25 nm x 60 nm. A typical scanning electron microscopy
image is shown in Figure S5. The longitudinal surface plasmon
resonance of these nanorods is approximately at 650 nm in
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when the distance between the gold nanorod and the
CV molecule is less than 3 nm (Figure S2).

CONCLUSIONS

In this article we establish that, because of their
narrow and intense plasmon resonance, wet-chemically
synthesized gold nanorods are very efficient nano-
antennas for enhancing the fluorescence of weak
fluorophores. By selecting appropriate SPRs and ex-
citation wavelengths, we show that fluorescence en-
hancement by a factor larger than 1000 is achievable.
Such strong enhancement includes both the excitation
rate enhancement and a significant enhancement of
the decay rates of the emitter. Using DDA simulations,
we estimate the excitation rate enhancement as 130
and the effective emission enhancement as 9, resulting
in a total enhancement of 1100 induced by a gold
nanorod with an SPR wavelength of 629 nm under
633 nm excitation for crystal violet molecules. We also
demonstrate decay rate enhancement by directly
measuring the fluorescence lifetime of enhanced CV
molecules. Besides detecting individual weak fluoro-
phores, an interesting application of such high fluores-
cence enhancement would be FCS at high concentrations
of up to several uM3%3° This is particularly useful for
studying many systems, notably biological ones, where
the analyte concentration is comparatively high and
cannot be reduced arbitrarily.

We note that the fluorescence enhancement by a
chemically synthesized, single-crystalline gold nano-
rod antenna is comparable to that by lithographically
made nanoantennas such as gold bowties. Indeed, the
geometrical field enhancement (or lightning rod
effect) of the bowtie antenna is much larger than that
of the nanorod, whereas the plasmon resonance of the
nanorod is much narrower and therefore more intense
than the bowtie's resonance. Therefore, the nanorod
antenna will be effective for a narrower range of
wavelengths than the lithographically made bowtie
antenna. This complementarity may be an advantage if
selective enhancement of a specific dye is desired. In
addition, the nanorod's plasmon resonance can be
tuned easily from 600 nm to more than 1000 nm to
match various dyes.

water (Figure S5). Individual nanorods, coated with cetyltri-
methylammonium bromide (CTAB), were isolated on a glass
coverslip by spin coating from a water suspension. After spin
coating, residual CTAB was removed by repeated washing with
water and subsequent UV/ozone treatment for 30 min. Crystal
violet (chemical structure shown in Figure S6) was used as the
fluorophore. The absorption and emission maxima of CV are at
596 and 640 nm respectively (Figure 3b). Fluorescence en-
hancement experiments were performed on individual gold
nanorods immersed in a 50 nM solution of CV in glycerol
(Figure 3a) at room temperature. At that CV concentration, we
estimate approximately 30 molecules in the focal volume at any
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given time (considering a focal volume of 1 fL) and less than
0.001 molecule within the near-field volume of a nanorod.

Single-particle spectroscopy was performed on a home-built
confocal microscope (Figure 3a). The details of the setup are
described in previous reports.3>*' In brief, a helium—neon laser
(633 and 594 nm) and an Ar-ion laser (514 nm) are used as
excitation sources. Circular polarization was used, as it excites
the flat-lying nanorods irrespective of their orientation in the
focal plane. An oil immersion objective with a numerical
aperture of 1.25 was used to focus the excitation laser to a
diffraction-limited spot of approximately 300 nm in diameter
(Figure 1a). The luminescence signal was separated from the
excitation laser using appropriate notch filters (removing 633,
594, or 514 nm light depending on the excitation wavelength)
and detected either by avalanche photodiodes or by a liquid-
nitrogen-cooled CCD spectrometer. Images were constructed
by scanning the sample across the laser focus using a XYZ
piezoscanner.

Fluorescence lifetimes of CV molecules were measured using
a time-correlated single-photon counting setup (Pico-Quant). A
635 nm pulsed laser (~100 ps pulse width) was used as
excitation source. An avalanche photodiode (MPD) was used
as detector. Using NIM timing output from the MPD, we could
improve the instrument response function to ~120 ps.
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