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ABSTRACT

We investigate the fluorescence from dyes coupled to individual DNA-functionalized metal nanoparticles. We use single-particle darkfield
scattering and fluorescence microscopy to correlate the fluorescence intensity of the dyes with the localized surface plasmon resonance

(LSPR) spectra of the individual metal nanoparticles to which they are attached. For each of three different dyes, we observe a strong correlation

between the fluorescence intensity of the dye and the degree of spectral overlap with the plasmon resonance of the nanoparticle. On average,

we observe the brightest fluorescence from dyes attached to metal nanoparticles that have a LSPR scattering peak ~40-120 meV higher in
energy than the emission peak of the fluorophore. These results should prove useful for understanding and optimizing metal-enhanced
fluorescence.

Metal nanoparticles and nanostructured metal films possesghe increased surface area (and hence the increased amount
localized surface plasmon resonances (LSPRs) that imbueof adsorbed dye) of a nanostructured metal surface compared
these materials with a number of unique and useful optical with a planar substrate might account for some of the reports
properties. LSPRs are responsible for the size- and shapeof enhancement, the observation of enhancement in single-
dependent optical spectra that have led to the use of metaimolecule experiment$2224 and planar dye layers with ad-
nanoparticles in a variety of biodiagnostic applicatibhand  sorbed nanoparticlé&sindicates that real, nontrivial enhance-
plasmon modes have been implicated in the extraordinary ments of fluorescence using near-field effects are achievable.
transmission of light through nanoscale hole arrasir- The origins of such nontrivial fluorescence enhancement
thermore, the highly confined local electric field enhance- effects near nanostructured metal can be understood as arising
ments that accompany the excitation of LSPRs are used infrom two contributions. First, by concentrating the incident

a variety of near-field enhanced spectroscopy and imaging jight into local electromagnetic “hot spots”, nanostructured

modes, from near-field scanning optical mgéogcbﬁyo surfaces can lead to increased absorption of the incident light
surface-enhanced Ran_’nan.spectroscopy.(s )- by the fluorophores. Second, metal nanostructures can alter the
Although SERS applications have motivated much of the (aiative and the nonradiative decay rates of nearby fluoro-

research into surface-enhanced spectroscopy in the past degspgres, changing both the fluorescence lifetime and quantum
ade, the widespread use of fluorescence-based sensing in blo-ie|d. Although it has remained difficult to separate the

:)g)(; an_d the mportt:mcle c;f raggaztlve ?ec?y ?eartrrr?tﬁl elec- effects of excitation and emission enhancement, both of these
Ir% tes n org?rgm ?p foe ec.rc:n tgrethwo tag or? na | a;/le local field effects are expected to be extremely sensitive func-
cdtoagreatdeal of hew interest In '€ study ot SImple TUO~ 4,5 of the shape of the metal particle, the orientation of

rescence near metal nanostruct_dré_dsﬂ ough planar metal the dye, and the distance between the dye and the fietal,
films generally quench the emission from nearby fluoro- .

1314 just as they are for dyes attached to planar metal fifs.
phores;3!4the effects of metal nanostructures are more comp-lvI v ar have studied variation in fluor nce intensit
licated. Depending on the details of the system under inves- any groups have studied variatio uorescence intensity

as a function of the distance between a layer of fluorophores

tigation, fluorescence quenchifyl” enhancemenif 23 or
both?* have been reported in experimental studies of fluores- and "f‘ number of nanostructured metal s.urféﬁéjsquorbed
golloidal particles? or suspended colloidal particlés?*

cent dyes and quantum dots near nanostructured metals. While' : -
Single-molecule experiments have even provided strong

* Corresponding author. E-mail: ginger@chem.washington.edu. Tele- evidence for_the e_XIStence Of_ a local maximum in the
phone: (206)685-2331. Fax: (206)685-8665. fluorescence intensity versus distance cuAzé.
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Scheme 1. Creating Dye-functionalized Silver Nanoprisms Using DNA as a Structural Linker

Seq1 5 HS AAA AAA AAA ACG CAT TCAGGATTC TCAACTCGTA 3 0° I;'> fluorescent dye
1202 5 HS AAA AAA AAA ATA CGA GTT GAG AAT CCT GAATGC G 3 #1
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(A) Silver nanoprisms are immobilized on a silanized glass slide. (B) A ssDNA monolayer is attached to the nanoprismshi@ a 5
group. (C) Complementary DNA conjugated with a fluorescent dye is hybridized to the DNA-functionalized nanoprisms, resulting in (D)
specific attachment of the dye at a finite distance from the nanoprism surface.

In addition to this distance dependence, local field study the impact of spectral overlap between the metal
enhancements surrounding metal nanostructures are stronglyanostructures and the attached dyes. After removing inho-
wavelength dependefft,and one expects that the amount mogeneous broadening, scattering resonances of individual
of fluorescence enhancement or quenching will also de- colloidal metal nanoparticles can be much narrower than the
pend on the spectral overlap between the dye and theensemble solution spectfd®and are limited primarily by
LSPR modes of the nanoparticle. However, the effects of lifetime broadening* Thus, we are able to correlate the
spectral overlap have been less studiedi. This lack of fluorescence intensity of the adsorbed dyes with the spectral
investigation is partly due to the broad extinction peaks properties of the underlying metal nanoparticles with sig-
exhibited by many inhomogeneous and patrtially aggregatednificantly greater precision than in previous reports. We
metal films. Even studies on colloidal solutions must con- provide measurements that should be useful for comparison
tend with inhomogeneously broadened spectra. Severalwith recent calculations, as well as for the selection of colloid
groups have recently used ion- or electron-beam litho- syntheses and lithographic structures best paired with dyes
graphy to produce arrays of holes or nanopatrticles to studyin fluorescence applications.
metal-enhanced fluorescence. While these studies have For the purpose of this work, we chose to couple
demonstrated some correlation between fluorescence intenfluorophores to highly anisotropic silver nanoprisms with
sity and the size, shape, and spacing of the metal nanostructarge scattering cross-sections and plasmon resonances that
tures®3° as well as with the spectral properties of nanoflole are tunable across the visible spectrtfiff Such particles
and nanoparticf8 arrays, the spectral linewidths of these exhibit larger local field enhancements than spherical
arrays are still quite broad~M100+ nm fwhm) and incor- particles* and their sharp edges lead to more effective
porate both near-field and diffractive coupling effects due coupling of the LSPR to far-field radiatidii.They are thus
to the regular lattice, making it difficult to differentiate  more promising candidates for fluorescence studies than
between enhancement of fluorophore excitation or emissionspherical particles. We synthesized silver nanoprisms fol-
and changes in the angular emission profile due to a periodiclowing literature procedure$;full details are available as
particle array. Furthermore, many of these studies disperseSupporting Information. Although a variety of sizes and
the fluorophores in polymer filni§3° up to 30 nm thick, shapes are produced, the synthesis yields mostly triangular
averaging over both the distance and spectral overlap effectssilver nanoprisms with edge lengths of 18®0 nm (Figure
Kuhn et al. have studied enhancement from well-controlled 1) and thicknesses of approximately 12 nm (Supporting
single molecule-nanoparticle systems but were spectrally Information, Figure S3), consistent with previous rep6tts.
limited to a single plasmon resonance peak and a singleFollowing Scheme 1, we isolated individual nanoparticles
fluorophore for single-particle spectroscopy by attaching them to no. 1

To obtain a better understanding of the impact of metal thickness glass coverslips treated with 3-aminopropyltri-
nanostructures on nearby fluorophores, it is desirable to studymethoxysilane (APTMS). A dilute solution (optical density
many systems with both well-defined metdluorophore ~0.2 at 640 nm) of nanoprisms was then placed on the
distances and narrow spectral features. In this work, we silanized coverslip for a period of minutes, after which
describe such an experimental approach based on theunbound nanoprisms were rinsed off with water and the
fluorescence of dyes attached at a fixed distance from singlesubstrate was dried with a stream of nitrogen. The attachment
silver nanoparticles using DNA as a biological linkef -4 time, typically 3 min, was adjusted to yield final densities
(Scheme 1). We then employ single-particle darkfield of ~20 or fewer nanoprisms per 100n?, well-isolated to
scattering spectroscopy and fluorescence microscopy to bettefacilitate single-particle spectroscopy.
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Figure 1. Collage of SEM images showing the typical range of E
sizes and shapes for the silver nanoprisms used in these experiment: d 062
There is some size and shape variation, and the corners exhibit g %
varying degrees of truncation. | < 0.4 %
8 3
We then used double-stranded DNA (dsDNA) to couple % 8
fluorescent dyes to the nanoprisms (Scheme 1). DNA is a % 027
promising spacer molecufewell-suited to distances relevant £
to near-field fluorescenc€.Although a single fixed length 2 0.0
was used for this study, DNA-linked dyes also offer the

possibility of varying the fluorophore metal spacing by 400 500 600 700 800
changing the length of the DNA. For this work, we used LSPR peak [nm]
two complementary strands of 34-mer DNA sequences, Figure 2. (A) Darkfield optical micrograph of a typical distribution
synthesized and HPLC purified by Integrated DNA Tech- of silver nanoparticles immobilized on a glass coverslip. (B) Single-
nologies (Coralville, IA). Each sequence was functionalized particle darkfield scattering spectra corresponding to the individual
at the 5 end with a thiol groupSeql(5 HS AAA AAA silver nanqprisms labeled in (A). The ensemble solution extinqtion
AAA ACG CAT TCA GGA TTC TCA ACT CGT A 3) spectrum is shown as the shaded, dashed curve for comparison.
was used to form a self-assembled monolayer of single- (Seq). Figure 3B shows a fluorescence micrograph of the
stranded DNA (ssDNA) on the nanoprism surface (Scheme same region after attachment of the thiolated-DNA mono-
1B) following procedures developed for planar surfaes. layer and incubation of the substrate with noncomplementary
The complementary sequenBeq2(5' HS AAA AAA AAA Rhodamine Red-conjugated DNA€q). Only very low
ATA CGA GTT GAG AAT CCT GAA TGC G 3) was fluorescence (due to minor amounts of nonspecific binding)
conjugated with one of three thiol-reactive dyes (Alexa Fluor is detectable either on the background or the DNA-coated
488 G-maleimide, Alexa Fluor 532 &£maleimide, Rhodamine  nanoparticles. In contrast, Figure 3C shows an identical
Red G-maleimide) obtained from Molecular Probes (Invit- exposure of the same region of the substrate after it has been
rogen, Portland, OR) and purified prior to hybridization to incubated with complementary dye-conjugated DNs®&{2
the DNA-functionalized nanoprisms. Detailed descriptions + Rhodamine Red). The background fluorescence remains
of the attachment and hybridization protocols are available low, and significant fluorescence is observed from the dye-
in the Supporting Information. functionalized nanoparticles, confirming the specific DNA-
Figure 2A shows a dark-field optical microscopy image mediated attachment of the dyes. Using atomic force
of a typical field of silver nanoprisms. The variation in microscopy (AFM), we measured the thickness of the double-
scattered nanoparticle colors arises from the inhomogeneoustranded DNA layer to be approximately 5.5 nm on the
size and shape distributions of the colloidal particles. We surfaces of the nanoprisms (Supporting Information, Figure
obtained LSPR scattering spectra from individual silver S3), consistent with the thickness of comparable DNA layers
nanoparticles using a fiber-coupled CCD spectrometer ason planar surface®.Although the hybridization is specific,
described in the Supporting Information. The normalized there is a clear variation in the fluorescence intensity of the
scattering spectra from several particles identified in Figure individual particles. We believe a major component of this
2A are shown in Figure 2B. The individual LSPR line widths variation is due to the different sizes and shapes of the silver
range from 30 to 80 nm, consistent with previous re- nanoparticles (Figure 1). These size and shape variations
ports#4348and are considerably narrower than the solution produce shifts in individual LSPR resonances, which lead
ensemble extinction spectrum (dashed and shaded trace irio different wavelength-dependent local field enhancement
Figure 2B). The LSPR peak positions fall within the envelope factors at the absorption and emission frequencies of the dye.
of the ensemble spectrum. Using the DNA-based attachment chemistry, we are able
Significantly, we achieve good specific attachment of the to study the effects of spectral overlap in more detail. Figure
fluorophores to the silver nanoprisms via DNA hybridization. 4A shows a darkfield image of a field of DNA-functionalized
Figure 3A shows a darkfield micrograph of a field of silver silver nanoparticles that have been incubated with a mixture
nanoparticles just prior to being functionalized with sSDNA of complementary dye-labeled DNA strands in order
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(A) (B) (€)

Figure 3. Specific DNA-directed coupling of fluorescent dyes with silver nanoprisms. (A) Darkfield optical micrograph showing a field

of isolated silver nanoprisms. (B) Incubation of the DNA-functionalized particle field in (A) with noncomplementary dye-labeled DNA
results in little detectable fluorescence. (C) Subsequent hybridization of the same sample with complementary Rhodamine Red-labeled
DNA leads to attachment of the dye and visible fluorescence from the functionalized nanoparticles.

(A) (B)

image, has barely visible fluorescence. These data provide
clear experimental evidence that overlap of the nanopatrticle
LSPR with the spectra of the dye plays a key role in
determining the brightness of the dye fluorescence at the level
of an individual nanopatrticle.

Using single-particle spectroscopy, we were also able to
investigate the effects of spectral overlap in more quantitative
fashion. To do so, we prepared many DNA-functionalized
silver nanoparticle substrates and used DNA hybridization
to attach one of the three fluorescent dyes (Alexa Fluor 488,
Alexa Fluor 532, and Rhodamine Red) to the nanoparticles.
Single-particle darkfield spectra were then obtained and
correlated with the fluorescence intensity of the dye coupled
to that particle. We obtained correlated spectra and fluores-
cence intensity measurements for 457 total single particles
(N = 188, Alexa Fluor 488N = 147, Alexa Fluor 532N
1 L = 122, Rhodamine Red). These numbers include only spectra

400 500 60O 700 8OO of particles with dominant single, narrow (fwhm 80 nm)
wavelength [nm] .
scattering peaks.
Figure 4. (A) Darkfield optical micrograph of four individual silver Parts A-C of Figure 5 show the resulting correlations by
nanoparticles that have been hybridized with a 1:1 mixture of the plotting the average fluorescence intensity as a function of
dyes Alexa Fluor 488 and Rhodamine Red. (B) Fluorescence ihe individual particle LSPR peaks, grouped in 20 nm bins.

micrograph of the same area collected using Alexa Fluor 488 o o .
excitation and emission. (C) Fluorescence micrograph of the sameThe excitation and emission spectra of the dyes are overlaid

area collected using Rhodamine Red excitation and emission. (D)@S the shaded curves in each plot for comparison. The dye
Single-particle scattering spectra show the LSPR for each particle emission spectra (shown for comparison) are taken from dye-
in (A). conjugated DNA monolayers, intentionally adsorbed on glass
coverslips in the absence of silver prisms, and are corrected
to tag each particle with a one-to-one ratio of two different for instrument response. The excitation spectra (shown for
fluorescent dyes (Alexa Fluor 488 and Rhodamine Red). comparison) are taken from the dye-conjugated DNA in
Figure 4B shows the fluorescence from Alexa Fluor 488, water (due to the difficulty of obtaining absorption data on
and Figure 4C shows the fluorescence from Rhodamine Red dye monolayers).
both of which were isolated using appropriate filter sets  Parts A-C of Figure 5 summarize the key experimental
(details of excitation, dichroic, and emission filter sets and findings of this work and show that the fluorescence intensity
lamp spectra are provided in Supporting Information). of a dye absorbed to a silver nanoparticle is strongly
Noticeably, the yellow particle (no. 3) in the darkfield image dependent on the overlap between the LSPR of the nano-
(LSPR peak at 564 nm, Figure 4D) shows the most particle with the spectral properties of the dye. The maximum
Rhodamine Red fluorescence (red-orange dye), but very little fluorescence from Alexa Fluor 488 is observed when coupled
fluorescence from Alexa Fluor 488 (green dye). In contrast, to particles with LSPR peaks at505 nm. For Alexa Fluor
the aqua-blue particle (no. 1) in the darkfield image (LSPR 532, the maximum fluorescence is observed when coupled
peak at 517 nm, Figure 4D) is by far the brightest particle to particles with LSPRs at525 nm, while for Rhodamine
in the image of the Alexa Fluor 488 dye fluorescence, while Red, the brightest fluorescence is observed when the dye is
the yellow particle (no. 3), brightest in the Rhodamine Red absorbed to particles with LSPR peaks-&70 nm. For each

(€)

normalized
scattering efficiency ©
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fluorescence intensities of the dye-labeled nanoparticle with
the intensity of a single dye molecule and correcting for the
number of dyes on each nanoparticle; see Supporting
Information).

We can understand the strong spectral correlation shown
in Figure 5 if we write the apparent brightness of a
fluorophore functionalized metal nanoparticeep, as:

E

fluorescence intensity [a.u.]

YAPP = Vex(wex)QEM(wem)ncoll(wem)O (l)
I ' “]n____,____ where yedwey) is the near-field excitation rate of the
450 500 550 600 650 fluorophores at the excitation frequenayy, Qem(wem) IS
LSPR peak/wavelength [nm] the quantum vyield for far-field emission at the emission

frequencywem, ncoi(wem) is the collection efficiency of the
far-field light in the experimental geometry (accounting for
any modification of the free-space spatial emission profile
and the fixed angular acceptance of the detector)aaisca
normalization factor accounting for attachment density and
total area excited. Although straightforward, theand
Neolllwem) factors in eq 1 are often neglected, and we include
them for completeness; in our experiments with approxi-
mately similar particles sizes and shapes, we expect these
variations to be of secondary importance. The near-field
excitation rateyedwex), Will depend on both the absorption

(

=]
—_

fluorescence intensity [a.u.]

" g i kY e coefficient of the dye and the local (nanoparticle-enhanced)
450 500 550 600 650 field intensity. Because the near—figld enhanpement is
LSPR peak/wavelength [nm] strongly frequency dependent, the highest excitation rate

should occur for dyes adsorbed on nanoparticles with an
LSPR peak that directly overlaps the maximum in the
HY absorption spectrum of the dye. On the other hand,
B 7] Qem(wem) is also strongly frequency dependent: not only
! can the metal-altered local photonic mode density lead to
.' changes in the radiative decay rate of the fluorophore, but
! the presence of the metal also opens up new nonradiative
Pl decay pathways via energy transfer to metal surface plasmon
i - modes'* 26-2850However, the energy transferred to the metal
." T RN
1

(

a
L
|

fluorescence intensity [a.u.]

as plasmon modes can also be rescattered into the far-field
. — by either the coupling provided by the nanopatrticle size and
| | Ir' . I‘-\_ shape or through grating coupling in periodic planar struc-
oo 14 .
450 500 550 600 650 _tures. Thus, a metal nanostructure can lead to e|th_er an
LSPR peak/wavelength [nm] increase or a decrease in the fluorescence quantum efficiency

of a nearby fluorophore.
Figure 5. Summary of 457 individual particle fluorescence vs Although these varying effects have been invoked to

'aSPR_PﬁatgggtiO” rll‘eas.Lt‘.reme”tsgVith th_eezgiffere_ntt ﬂuolresfemexplain previous studies of fluorescence near nanostructured
yes. The peak positions are binned in 20 nm intervals along ! ; .

the x-axis. The average fluorescence intensity observed from metalsi=7222% our correlation of ma,ny smgle—parncle
particles within each bin is then plotted as a function of the LSPR LSPR spectra and the fluorescence intensity of different
position for silver nanoprisms functionalized with (A) Alexa Fluor absorbed dyes provides a new demonstration of the impor-
488, (B) Alexa Fluor 532, and (C) Rhodamine Red dyes. The tance of spectral overlap between the LSPR and nearby
excitation spectra (dotted lines) and emission spectra (dashed ”nes}luorophores. Significantly, the data allow us to experimen-

are plotted for reference for each dye. The solid line is a guide to tallv determine the ontimum LSPR bosition for maximum
the eye. Y-error bars represent the standard deviation of the mean y P P

fluorescence intensity observed from particles with LSPR peaks fluorescence when using organic fluorophores with high free-
within each 20 nm bin. space fluorescence quantum yields. For all three dyes, the

brightest fluorescence is observed when they are attached
dye, the relativawveragebrightness ratio “on” and “off” the ~ to nanopatrticles with LSPR peaks at higher energy than the
maximum fluorescence peak is abouth We estimate the  dye emission peak. Specifically, the emission is brightest
absolute fluorescence enhancement factor (versus an equdbr dye—particle combinations for which the dye emission
number of free dye molecules) to be-80 for the brightest  is red-shifted by~40—-120 meV (Alexa Fluor 488,~70
individual particles (obtained by determining the ratio of the meV; Alexa Fluor 532~120 meV; Rhodamine Redy40
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meV) from the LSPR peak. This observed offset is in good nanoparticles with LSPR peaks that are only slightly blue-
qualitative agreement with recent calculations predicting the shifted from the dye emission peak. Not only do these results
brightest fluorescence from dyes with emission peaks slightly appear to validate recent theoretical predicti#hisiit they
red-shifted from the LSPR pedkThe optimum LSPR offset  provide concrete empirical guidelines for selecting the best
from the dye emission maximum appears to be slightly metal colloids as supports for particular fluorescence ap-
smaller than the Stokes shift for each dye: for two of the plications. We expect these results will benefit attempts to
three dyes studied, the maximum brightness occurs whenuse metal-enhanced fluorescence in both bioseh3iagd

the LSPR peak is in between the dye absorption and emissiorthin-film optoelectronics applicatiorid.!?

maxima. Each dye is chemically distinct, and these variations
in optimal spectral offset may depend on the different
quantum yields, local environmental sensitivity, packing
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enhancement observed with random colloidal films. This
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