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ABSTRACT

We prepared silver particle dimers with single Cy5 molecules localized between coupled metal particles. The silver particles with a 20 nm
diameter were chemically bound with single-stranded oligonucleotides. The dimers were formed by hybridization with double-length single-
stranded oligonucleotides that contained single Cy5 molecules. The image analysis revealed that the single-molecule fluorescence was enhanced
7-fold on the metal monomer and 13-fold on the metal dimer relative to the free Cy5-labeled oligonucleotide in the absence of metal. The
lifetimes were shortened on the silver monomers and further shortened on the silver dimers, demonstrating the near-field interaction mechanism
of fluorophore with the metal substrate. Finite-difference time-domain (FDTD) calculations were employed to study the distribution of electric
field near the metal monomer and dimer. The coupling effect of metal particle on the fluorescence enhancement was discussed.

A fluorophore behaves as an oscillating dipole to radiate mentary oligonucleotides (oligonucleotides 2 in Scheme 1)
energy as fluorescené@When the fluorophore is localized  were bound to the metal particles by hybridization with the

near a metal surface, fluorescence can be enhanced, whiclbound oligonucleotides on the metal particleé.ccording

we define as metal-enhanced fluorescence (MEFMEF to Schatz et al., the electric field in the space between the
is known to occur primarily due to the near-field interactions coupled metal particles is more intense than that of a
of the excited-state fluorophore with the local electric fields monomert” Thus, we are interested in the coupling effect

on the metal particle that is induced by incident li§AT his of the metal dimers on MEF. In this system, the metal dimers
approach is attracting interest in developing novel nanoscalewere synthesized and labeled by hybridization of the double-
structures for biological and clinical fluorescence sendiig.  |ength labeled oligonucleotides (oligonucleotides 3 in Scheme

Single-molecule detection (SMD) is regarded as a valuable 1) with the bound oligonucleotides on the metal particles.
method to study fluorophoremetal interaction at the single- We correlated the experimental results with numerical

molecu_le level because Of.'ts ability o l_ayp_ass_ ensemble calculations. The finite-difference time-domain (FDTD)
averaging and allow resolution of actual distributions of the technique is an implementation of Maxwells’s time-depend-

spectral parametet$Such details of the underlying distribu- ent curl equations for solving the temporal variation of

tion becosme cruc_|ally Important vyhgn the system IS hetero electromagnetic waves within a finite space that contains a
geneous? The brightness or emission rate determines the .
- . ..~ target of arbitrary shape and has recently become the start-
observability of a single molecule and the photostability . ; .
. . . . of-the-art method for solving Maxwell’s equations for
determines the time that it can be observed prior to  1s o1 . : :

. o . . complex geometrie¥: 2! Because FDTD is a direct time and
photobleaching. Hence it is crucial to extend the improved space solution. it offers the user a uniaue insiaht into all
ensemble spectral properties to single-molecule level. Herein, P T | uniq gn

types of problems in electromagnetics and photonics. It can

we utilized the SMD technology to investigate MEF on the . . "
metal particle at single-fluorophore leVélExperimentally also be used to obtain the frequency solution by exploiting
’ Fourier transforms, thus a full range of useful quantities in

the silver particles were synthesized by a wet metfidthe qditi feld q ic] b lculated h
single-stranded oligonucleotides were first chemically bound 2ddition to fields around particles can be calculated, such as
the complex Poynting vector and the transmission/reflection

to the metal particles, and the fluorophore-labeled comple- "= ' :
of light. In the FDTD technique, Maxwell's curl equations

* Corresponding author. E-mail: lakowicz@cfs.umbi.umd.edu. are discretized by using finite-difference approximations in
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Scheme 1. The Tiopronin-coated Silver Particle Was Succinimidylated via Ligand Exchange, Covalently Bound with Aminated
Single-Stranded Oligonucleotide by Condensation, and Fluorescently Labeled by Complementary Single-Stranded Cy5-labeled
Oligonucleotide to Generate the Labeled Metal Mondmer
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Aminated oligo: H,N-3-TCCACACACCACTGGCCATCTTG-5'
Oligo for monomer: 3-AGGTGTGTGGTGACCGGTAGAAC-Cy5-5
Oligo for dimer: 3’-AGGTGTGTGGTGACCGGTAGAACTTII’TTCAAGATGGCCAGTGGTGTGTGGA-S’

Cy5

aThe metal dimer was prepared by hybridization of double-length oligonucleotide with the bound oligonucleotide on the metal particle.
Oligonucleotide sequences that were used in the experiments are given.

both time and space that are easy to program and areM) and the silver particle (1 mg/mL, 4 108 M) were co-
accuraté® 2! To achieve high accuracy for realizing the dissolved in a mixing solvent of water/methanol (vA1/1)
spatial derivatives involved, the algorithm positions the and stirred for 24 A%2% The suspension was removed by
components of the electric and magnetic field about a unit centrifugation at 8000 rpm. The residue was washed by
cell of the lattice that constitutes the FDTD computational methanol and water respectively and then dispersed in water
domain. Each individual cube in the grid is called the Yee at pH= 7.0.
cell as it was first designed elegantly by Yéederein, we Binding DNA on the Metal Particles and Preparing the
estimated the distribution of electric field near the metal Labeled Metal Monomers and Dimers by Hybridization with
monomer and dimer to explain single-molecule MEF of on DNA. The animated oligonucleotides (oligonucleotide 1 in
these metal particles. Scheme 1) were chemically bound onto the silver particles
Experimental Section. All reagents and spectroscopic by co-dissolving the oligonucleotides (@) and succin-
grade solvents were used as received from Fisher or Aldrich.imidylated particles (1 mg/mL, 4« 1078 M) in water with
RC dialysis membrane (MWCO 50 000) was obtained from continuous stirring for 24 K The suspension was removed
Spectrum Laboratories, Inc. Nanopure waterl8.0 M by centrifugation at 8000 rpm. The residue was washed with
Q.cm), purified using Millipore Milli-Q gradient system, was water and then dispersed in 50 mM PBS buffer solution at
used in all experiments. (2-Mercapto-propionylamino) acetic pH = 7.2. The oligonucleotide-bound particles were further
acid 2,5-dioxo-pyrrolidin-1-ylester was synthesized as previ- purified by dialysis against buffer solution to remove all free
ous reported? Oligonucleotides were synthesized by the impurities (MWCO 50 000). The labeled metal monomers
Biopolymer Laboratory in the University of Maryland at were achieved by the hybridizations between the bound

Baltimore. oligonucleotide 1 and labeled oligonucleotide 2 at a molar
Preparing Tiopronin-Coated Metal Nanoparticles and ratio of particle/target oligonucleotide 1/1, and the metal
Binding Aminated Single-Stranded Oligonucleotidém- dimers were achieved by hybridization between the bound

pronin-coated silver nanoparticles were prepared using aoligonucleotide 1 and labeled double-length oligonucleotide
modified Brust reaction with a mole ratio of tiopronin/silver 3 in buffer solution at a molar ratio of particle/oligonucleotide
nitrate = 1/6 in methanol using reduction by an excess = 2/1. The hybridizations were performed for 24 h. Then
amount of sodium borohydrid@ After filtration, the residual the suspension was removed by centrifugation at 8000 rpm,
precipitated particles were washed thoroughly with methanol and the residue was washed with buffer solution.
and acetone. Particle (1 mg/mL) and tiopronin (10 mM) were  Spectra, Lifetime, and TEM Measuremenibsorption
then co-dissolved in water at pH 7.0, and the solution  spectra were monitored with a Hewlett-Packard 8453 spec-
was stirred for 24 h for particle annealifgThe water was trophotometer. Ensemble fluorescence spectra were re-
removed under vacuum, and the residual was washedcorded in solution with a Cary Eclipse fluorescence spec-
thoroughly with methanol and acetone. The residual solids trophotometer. All single-molecule studies were performed
were further purified by dialysis against water. using a time-resolved confocal microscope (MicroTime 200,
The tiopronin-coated silver particles were succinimidylated PicoQuant). Immobilization of nanoparticles on glass cov-
by a ligand exchange reactiét?® (2-Mercapto-propionyl- erslips was achieved by adding 20 of 100x diluted Cy5-
amino) acetic acid 2,5-dioxo-pyrrolidin-1-ylester {2108 nanoparticle suspension onto an aminosilanized coverslip
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following by spin drying at 4000 rpm. A single-mode pulsed the FDTD algorithm requires that the time incremaAnhave
laser diode (635 nm, 100 ps, 40 MHz) (PDL800, PicoQuant) a specific bound relative to the spatial discretizatiorjas
was used as the excitation light. The collimated laser beammentioned above) to ensure the stability of the time-stepping
was spectrally filtered by an excitation filter (D637/10, algorithm. In our implementation of FDTD, the time step of
Chroma) before directing into an inverted microscope the simulation was determined by the values of the spatial
(Olympus, I1X 71). An oil immersion objective (Olympus, grid to ensure numerical stability and the user has the
100x, 1.3 NA) was used both for focusing laser light onto flexibility to set the total time of the simulation in femto-
the sample and collecting fluorescence emission from the seconds (fsj* Our typical simulations were ranged around
sample. The fluorescence that passed a dichroic mirror300 fs. This led to all of our simulations having an excess
(Q655LP, Chroma) was focused onto a i pinhole for of 50 000 time steps. Our FDTD software had frequency
spatial filtering to reject out-of-focus signals and then reached domain monitors that performed discrete Fourier transforms
the single-photon avalanche diode (SPAD) (SPCM-AQR- of the time domain fields while the simulation was running.
14, Perkin-Elmer Inc). Images were recorded by raster In this manner, continuous wave (CW) information was
scanning (in a bidirectional fashion) the sample over the obtained at any pre-specified wavelengths for the various
focused spot of the incident laser with a pixel integration of field componentsH,, E,, E;, Hx, Hy, and H). Additionally,
0.6 ms. The excitation power into the microscope was the time domain monitors can provide time domain informa-
maintained at less thaniV. Time-dependent fluorescence tion for the various field components within the FDTD
data were collected with a dwell time of 50 ms. The data simulation region over the entire course of the simulation.
was stored in a time-tagged-time-resolved (TTTR) mode, At the end of the simulation, the various field components
which allows recording every detected photon with its were checked to see if they decayed to zero, thus indicating
individual timing information. Instrument response function that the simulation has run for a sufficiently long time for
(IRF) widths of about 300 ps fwhm can be obtained in the CW information obtained by Fourier transformations to
combination with a pulsed diode laser, which permits the be valid#
recording of subnanosecond fluorescence lifetimes extendable Results and DiscussionThe silver particles were syn-
to less than 100 ps with reconvolution. Lifetimes were thesized with the terminated carboxylic ligands and dis-
estimated by fitting to g2 value of less than 1.2 and with  played good solubility and chemical stability in water. TEM
a residuals trace that was fully symmetrical about the zeroimages showed the silver particles were approximately
axis. All measurements were performed in a dark compart- homogeneous in size distribution (inset of Figure 1a). The
ment at room temperature. averagediameter of metal cores was detected to be 20 nm,
Transmission electron micrographs (TEM) were taken with and the chemical composition was estimated to be ca.
a side-entry Philips electron microscope at 120 keV. Samples(Ag)2.5x 10%(Tio)5.0x 103,
were cast from water solutions onto standard carbon-coated The ligand exchange is known to occur at a mole ratio of
(200300 A) Formvar films on copper grids (200 mesh) by 1:1, so (2-mercapto-propionylamino) acetic acid 2,5-dioxo-
placing a droplet ba 1 mg/mL aqueous sample solution on  pyrrolidin-1-ylester was co-dissolved with the silver particle
grids. The size distribution of metal core was analyzed with at a mole ratio of 1/2 in water to ensure loading only one
Scion Image Beta Release 2, counting at least 200 particlessuccinimidylated ligand per metal particfeAt this molar
FDTD Calculations.Our FDTD calculations were per-  ratio, even though the succinimidyl ligands were completely
formed using the program FDTD Solutions (version 5.0) transferred onto the metal particles, at the most, there were
purchased from Lumerical Solutions, Inc., (Vancouver, only half of the metal particles that were single-succinim-
Canada). The calculations were performed with the parallel idylated. This strict limitation of a single succinimidyl ligand
FDTD option on a Dell Precision PWS690 workstation with 0n the metal particle may guarantee that it is definitely bound
the following components: Dual Quad-Core Intel Xeon by a single aminated oligonucleotide in the following surface
E5320 processors at 1.86 GHz and 8 GB RAM. All post- reaction and then labeled by the single fluorophore through
processing of FDTD data were performed using MATLAB hybridization with the long-chain oligonucleotide. We did
(version 7.0) provided by Mathworks (Natick, MA). To not separate the succinimidylated particles from the unmodi-
maintain the accuracy and stability of the FDTD calculations, fied particles after the surface reactions because only the
the smallest grid size to accurately model the prescribed succinimidylated particle could be bound by the aminated
system without being computationally prohibitive was ob- DNA and then dimerized via the hybridization with the long-
tained in an iterative fashion (convergence testing). In our chain labeled DNA. Because both the unmodified particles
implementation of FDTD, convergence testing was done by and DNA are negatively charged on their surfaces, nonspe-
starting the first calculation with a grid size 4§20, where cific interactions between them were supposed to occur and
Lois the smallest wavelength expected in the simulation, and result in the aggregation of metal particles.
then reducing the grid size by half in sequential simulations  Absorbance spectra of silver particles were performed in
and comparing the results of the calculations. The reduction 10 mM PBS buffer solution. It was shown that the tiopronin-
of the grid size was stopped when we approached a gridcoated silver particles displayed a metal plasmon absorbance
size (A) where results closely match with the set of results at 401 nm (Figure 1). The surface reactions including the
that are obtained from half that particular grid siz2¢2).1° ligand exchange and oligonucleotide binding did not sig-
The numerical implementation of Maxwell's equations in nificantly alter the absorbance spectrum of the metal particles,
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Figure 1. Absorbance spectra of tiopronin-coated silver particles and the metal dimers that were formed by hybridization of double-length
oligonucleotide with the bound oligonucleotide on the metal particle with the different metal core sizes. Transmission electron micrographs
(TEM) images of metal monomers and dimers are given in the insets (a) and (b), respectively.

indicating that only a few ligands were involved. Simulta- ployed metal monomers to estimate the loading number of
neously, the TEM images of metal particles showed no fluorophores per metal nanoparticle. Experimentally, a known
significant changes after these reactions occurred. As de-concentration metal particle in buffer solution was added
scribed above, the metal monomers and dimers wereto a couple drops of 0.1 N NaCN aqueous solufibithe
synthesized by hybridization of oligonucleotides 2 and 3, metal cores were dissolved and the fluorophore-labeled
respectively, with the bound oligonucleotide 1 on the metal oligonucleotides were released. The released fluorophores
particles in 50 mM PBS buffer solution at pH 7.2 (Scheme  displayed an identical emission spectrum to the free oligo-
1).1622The hybridization on the metal monomers did not alter nucleotide in the absence of metal, so the concentration of
the absorbance wavelength, but the hybridization on the metalfluorophore was estimated by the emission intensity. The
dimers could result in a slight red-shifting of the metal loading number was calculated to be ca. 0.3, indicating 30%
plasmon absorbance to 403 nm (Figur@’Ihis wavelength of silver particles having one fluorophore as we required in
shift was smaller than the reported value, reflecting that only this case.
a portion of metal particles was dimerized by the hybridiza- We investigated the single-molecule spectral properties
tion. The formation of metal dimer was also verified clearly using the SMD technique on the labeled metal particles. The
by the TEM images (inset b of Figure 1). The inset b of fluorescence was first examined for the fluorophores without
Figure 1 showed up the typical TEM images of formed the metal particles and on the metal monomers. Typical
dimers. Actually, many individual and few aggregated metal fluorescence images of afn x 5um region were recorded
particles were also observed. When the TEM images were(Figure 2)” The recorded images provided initial and
analyzed by at least 200 counting, it was shown that aboutquantitative information on the brightness of single mol-
75% of particles exist as the monomers, 23% as the dimers,ecules. All image spots were circle-shaped, but the labeled
and less than 2% as the aggregates that contain more thametal monomers (Figure 2b) were much brighter than the
two individuals. Because some dimer or aggregates werefree fluorophores in the absence of metal (Figure 2a).
regarded to form occasionally when drying the solution on Histograms of the intensity were constructed by counting
the grid, we thought that there were -380% of metal more than 50 molecules. Only spots displaying single-step
particles existing as the dimers formed by DNA hybridiza- photobleaching were included in the analysis. The time
tion. This ratio approximately consisted with the value profiles of traces were collected under the excitation (Figure
obtained by the emission intensity 3). Most traces showed clear one-step photobleaching,
Ensemble emission spectra were first used to monitor the corresponding to the typical behavior from single fluoro-
binding of fluorophores on the metal particles. Unbound Cy5- phores. The intensity was observed to be fairly constant until
labeled oligonucleotide in 10 mM PBS buffer solution dropping abruptly to the background level in a single step.
displayed an emission maximum at 661 nm upon excitation The fluorescence of single fluorophore on the metal mono-
at 620 nm when measured in ensemble spectroscopy. Themers was enhanced 7-fold over the intensity of free Cy5-
emission wavelength was slightly red-shifted to 663 nm when labeled oligonucleotide in the absence of metal. Because the
binding the fluorophore on either monomer or dimer metal scattering intensity from the unlabeled metal particles was
particles, consistent with previous observatiéhg/e em- less than 5% of the emission intensity from the free
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Figure 2. Respective fluorescence images of single-labeled (a) free Cy5, (b) single fluorophore on metal monomer, and (c) on metal
dimer. The 5um x 5 um images are 100 pixels 100 pixels with in integration time of 0.6 ms per pixel. The corresponding histograms
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Figure 3. Respective time-traces of single Cy5-labeled oligonucleotide in the absence of metal, on metal monomer, and on metal dimer.

fluorophores, we attributed the emission enhancement to thea 13-fold intensity increase relative to the free fluorophores.
metal-enhanced fluorescence on the metal monomers. This value was about double than the labeled metal mono-
Next, we studied the fluorescence signal changes on themers. To the best of our knowledge, this is the first
metal dimers. It was observed that, like the case of the metalexperimental demonstration of the coupling effect between
monomers, the collected images on the metal dimers werethe metal particles that can lead to a more efficient MEF.
also circle-shaped but became brighter (Figure 2c). The The time trace profile of the labeled metal dimers showed a
histogram of these labeled metal dimers, collected by an higher intensity scale than the metal monomers, and the
analogous method as the labeled metal monomers, showe@mission persisted much longer than the free fluorophores
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be due to the limitations in the time resolution of our

1.00 - 20 nm silver dimer-CyS: 0.61 ns instrument. But we still can conclude that the trend observed
—— 20 nm silver monomer-Cy5; 0.75ns

Free Cy5:2.33 ns

in the shortening of lifetime was consistent with the intensity
enhancement on the metal particles.

The lifetime of fluorophores near metal particles can
influence their photostabilit$2 A shorter lifetime results in
a smaller time for photochemistry while in the excited state
and thus more excitatieremission cycles prior to photo-
bleaching. In this study, the time traces showed that both
labeled metal monomers and dimers had emissions lasting
0.25 for at least 20 s before bleaching, but the free fluorophore
in the absence of metal had emissions lasting for only 2 s
1 (Figure 3), indicating that the photostability of fluorophore
0.004‘-‘"—!4. ; : : - v was extended 10-fold on the metal particles.
0 5 . 10 15 20 We know that MEF occurs via a near-field interaction of
Time (ns) the fluorophore with the metal nanoparticle. The electric field
Figure 4. Emission decay curves fits for single Cy5-labeled Near the metal particle is an important factor that influences
oligonucleotide in the absence of metal, on metal monomer, and MEF. These fields generated near a silver particle when
on metal dimer. under illumination from incident light can be calculated by
the FDTD technique (Figure 3§2! In this case, the
in the absence of metal. This was also observed onhybridized DNA duplexes are regarded as rigid rods that
immobilized silver particles as islanés. separate the fluorophores and the surfaces of metal cores.
MEF is known to occur via an increase of the intrinsic The oligonucleotides on the metal monomer contain 23 base
decay rate for a fluorophore near a metal surficts a pairs that are about 8 nm long. So the MEF efficiency of
result, the lifetime of the fluorophore should be shortened the labeled metal monomers can be assumed to depend on
dramatically. This result is important evidence to confirm the intensity distribution profile of the electric field at
the metal-fluorophore near-field interaction. In this case, distance of 8 nm from the metal core. Our FDTD calculations
the lifetimes were derived from the time traces using time- reveal that the electric field intensity on the metal monomer
corrected single-photon counting (TCSPC) technique anddecays significantly at this distance, so the MEF efficiency
analyzed in terms of a single-exponential decay (Figure 4). cannot be expected to be significant. However, our calcula-
The lifetime of Cy5-labeled fluorophore was estimated to tions also show that the electric field intensity in the space
be 2.3 ns in the absence of metal, shortened to be 0.75 ndetween the metal dimers is increased due to the coupling
on the metal monomer, and furthermore altered to 0.61 nseffect of metal particles, which can result in higher MEF
on the metal dimer. The difference of lifetime value was efficiencies on the metal dimers. Although it is difficult to
small between the labeled monomer and dimer, which may directly compare the experimental results of the metal
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Figure 5. Electric fields near silver (a) monomer and (b) dimer were calculated by FDTD model under an incident light of 635 nm. Note
the incident light is propagating along tlyeaxis and is polarized along theaxis.
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monomer and dimer to the FDTD calculations in a quantita-

tive manner, we still see qualitative agreements between our
experimental observations and FDTD calculations. Of course,

a complete numerical analysis would require further con-
siderations of the field induced by the fluorophore.

In this paper, we studied MEF at the single-fluorophore
level on silver monomers and dimers. The silver particles
were fluorescently labeled by Cy5 via DNA hybridization.

Single-molecule fluorescence images were recorded using
scanning confocal microscopy. The emission image analysis (11)
of single fluorophores showed a 7-fold enhancement on the
metal monomers and a 13-fold enhancement on the metal
dimers when compared to the free fluorophore in the absence

of metal. The lifetime results verified the near-field interac-
tion mechanism of fluorophore with the metal particle. The
electric fields near the metal monomer and dimer were

calculated by the FDTD method and were further employed

to explain the coupling effect between the metal particles.
In subsequent studies, we will investigate the effect of

different core sizes of silver particles and different distances

between the coupled particles.
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