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ABSTRACT

We combine interferometric detection of single gold nanopatrticles, single molecule microscopy, and fluorescence lifetime measurement to
study the modification of the fluorescence decay rate of an emitter close to a nanoparticle. In our experiment, gold particles with a diameter
of 15 nm were attached to single dye molecules via double-stranded DNA of different lengths. Nanoparticle-induced lifetime modification
(NPILM) has promise in serving as a nanoscopic ruler for the distance range well beyond 10 nm, which is the upper limit of fluorescence
resonant energy transfer (FRET). Furthermore, the simultaneous detection of single nanoparticles and fluorescent molecules presented in this
work provides new opportunities for single molecule biophysical studies.

Optical methods provide versatile means for measuring amount of emission from the latter. Because the efficiency
distances, ranging from astronomical to angstrom dimensions.of this process scales as 1H1(r/r)®), it is significant over

At the small scale, the wave nature of light and the principle a very short distance range of ~ 4—8 nm for typical

of diffraction hamper resolving two point objects that are fluorophores.

separated byl < A/2NA, wherel is the wavelength of light Another configuration of a built-in “nanoscopic ruler”
andNA denotes the numerical aperture of the optics used. exploits the near-field interaction of two metallic nano-
However, it has been shown that measurements in the neaparticles®’ Although in general the interaction of the two
field can get around this diffraction limit because one has particles is quite complex when considering all illumination
access to high spatial frequency components of the opticalpg|arizations, distance ranges, and particle sizes, the situation
field.*"* In standard near-field microscopy, one scans a sharpyor very small particles can be understood as follows. Light
probe to interrogate the near fields of a sample and is jhqyces oscillating dipole moments in each gold particle, and
therefore limited to surface studies. An alternative for iheir instantaneous {@? coupling results in a repulsive or
accessing near-field interactions is to integrate the “probe” gyractive interaction, modifying the plasmon resonance of
into the sample so that a far-field reading of some property e system. The softer dependence of the interaction strength
of the probe provides information about its near-field ,, he particle separation results in a much longer
interaction with the object of interest. This is indeed the ,iaraction range compared to FRET. Very recently, a third
underlying principle of fluorescence resonant energy tra”Sferpossibility has been proposed in which the strength of
(FRET);" where two fluorophores undergo dipeleipole  ,5rescence quenching and the accompanying change in the
coupling so that the energy of the one (donor) is transferred g rescence lifetime act as measures for the separation
to the other (acceptor). One can therefore leam about thebetween a fluorophore and metal clusters of diameter 1.5
separation of the donor and the acceptor by examining thenm.&9 In this case, sensitivity in displacements up to about
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tions show that nanoparticles of~80 nm in diameter Recently, it has been shown that GNPs as small as 5 nm
provide sensitivity to small changes in the dygarticle (or even smaller) can be detected by optical mé&riThe

distance even if they are separated by up to 40 nm. We alsomethod of choice in our laboratory relies on the homodyne
point out that NPILM can be applied also in nonmetallic detection of the interference between the field scattered by
systems where quenching is absent. the particle and a residual reflection as a reference beam.

Modification of an emitter's excited-state decay rate due The details of this technique are discussed in refs 28, 31.
to its interaction with dielectric and metallic nanoparticles ~ We have chosen to use dsDNA to space the GNP from a
has been a subject of theoreti®al® and experimenti—1° dye molecule. This choice is advantageous because the length
studies for more than two decades. As in the case of anof the spacer can be conveniently adjusted with 0.3 nm step
emitter placed in front of a planar mirrét?'the spontaneous  size and because dsDNA is known to be rigid, having a
emission rate can be shortened or lengthened, depending opersistence length of around 50 nm in low ionic strength
the relative orientation of the dipole moment. Furthermore, buffer solutions?33To produce goleDNA conjugates, we
particle size, geometry, and material strongly contribute to used thiolated DNA that would react with the surface of the
the fluorescence lifetim®. This phenomenon can be intu- gold particle (15 nm diameter, purchased from Aurion at
itively understood as the result of the interaction between concentration of 1.5x 10'? particles per mL). For each
the transition dipole moment of the emitter and its image experiment, DNA oligonucleotides (purchased from Euro-
dipole in the nanoparticle. In addition to this radiative effect, gentec at a 0.06M scale) of defined length were used. We
absorption in metallic nanoparticles opens loss channels andirst annealed the '&hiolated DNA with its complement
shortens the fluorescence lifetime at very close distances,either with or without a SAlexa label (10 mM Tris, pH
leading to quenching® Recently, we presented a controlled 7.4, 1 mM EDTA). It was necessary to create GNPNA
modification of the fluorescence intensity and the excited- conjugates with one or a few Alexa-labeled DNA molecules.
state lifetime of a single molecule by scanning it against a To achieve this, we varied the molar ratios of Alexa-labeled
single gold nanoparticle (diameter 100 nm) that was attachedthiolated dsDNA and nonfluorescent thiolated DNA used in
to the end of a glass fiber tii3. Furthermore, we have the GNP coupling reactions. Best results, in terms of eventual
examined the modification of single molecule fluorescence GNP solubility and frequency of single fluorescent DNA
close to various dielectric and metallic sharp fip$n our conjugated, were achieved with ratios of 100:1:10, unlabeled
current work, we study the fluorescence lifetim ¢f a dye DNA:GNP:Alexa 532-DNA respectively. Reactions con-
molecule that is spaced from a gold nanoparticle of diameter sisted of 5QuL of colloidal gold mixed with 25:L of 500
15 nm by a double-stranded DNA (dsDNA) of various nM thiolated unlabeled duplex and 2/ of 500 nM
lengths, emphasizing the potential of NPILM for detecting thiolated Alexa 532 duplex. The final reaction volume was
distance variations in biophysical investigations. increased to 200L (with 22.5uL of 10 mM TRIS, pH 7.4,

Gold nanoparticles (GNP) are routinely used as labels in 1 MM EDTA, and 100uL of 20 mM Tris-HCL, pH 7.4,
electron microscop§ These particles can be fabricated in 100 MM NaCl, 5 mM EDTA, 0.05% Tween-20) and left at
a large variety of sizes, are chemically stable, and are F00M temperature overnight. This produced GNINA
biocompatible. Gold nanoparticles also have very rich optical cOnjugates with +3 Alexa-conjugated DNA molecules and
properties and have been studied very extensi?éfya GNP many _unlabeled DNA molecules, increasing the overall
is much smaller than the wavelength of light, it acts as a SOlubility of the particles and preventing aggregation.
Rayleigh scatterer and its far-field behavior can be modeled Unbound Alexa-DNA left in the solution was removed by
as that of a classical point dipole. It turns out that the dipolar centrifugation and washing (16 g for 20 min followed by
polarizability of a GNP exhibits resonances, called plasmon- Washing the pellet with 10 mM Tris-HCI, pH 7.4, 1 mM
polaritons, which can be attributed to collective oscillations EDTA, repeated 3 times using 20 of TE buffer). The
of the free electrons in the metal. Plasmon spectra are GNP~DNA conjugate was resuspended in a volume of 50
determined by several factors such as the size and shape offL of buffer (10 mM Tris-HCI, pH 7.4, 1 mM EDTA,).
the GNP as well as the dielectric constant of their surround-  For single molecule measurements, a buffer containing a
ing. For spherical GNPs of diameter less than 50 nm, as dilute suspension of GNPDNA constructs were added to
considered in this work, the plasmon resonance is centeredthe buffer in a liquid cell (volume= 60 L) with an amino-
at a wavelength of about 5340 nm in water and is fairly ~ Silanized cover slide as the bottom floor. Immobilization of
insensitive to the particle size. Gold nanoparticles have also GNP—DNA complexes was achieved by adding®2uL of
been studied for nearly three decades for their role in the 10 times diluted DNA-GNP solution prepared as described
enhancement of the Raman and fluorescence sighiilthe above, which resulted in a density of approximately-30
emitter is placed in the near-field of the GNP on its molecules per 10em? after a few minutes. Further adsorp-
polarization axis where the local field is much larger than tion was stopped by buffer exchange. All single molecule
the incident field, the enhancement may be interpreted in €xperiments were done in buffer at room temperature.
terms of an optical antenna effect, which increases excitation Figure 1 shows the schematics of our experimental setup
and radiation of the emitter. In the reverse process, thebased on a scanning stage confocal microscope. A solid-
antenna helps to radiate the excitation energy of the moleculestate pulsed laser (wavelength of 532 nm, pulse duration of
more efficiently. The essence of these processes is quiteabout 30 ps, and a repetition rate of 75 MHz) was used to
similar to that of lifetime modification. illuminate the sample through a high numerical apertii (
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Figure 1. Schematics of the experimental setup. See text for details. 5 » 225 ]
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w

on PD2 simultaneously.

The signal from the PD2 was fed to a time-correlated
single photon counting module (Becker & Hickl SPC-402), Figure 2. (a) Raster scan image of the scattering signal on PD1.
allowing us to also record the fluorescence lifetime of single (b) Fluorescence image recorded on PD2 simultaneously to (a).
dye molecules. Figure 2a shows the signal contrast recordedrhe scale bars correspond touin. The arrows in (a) show the
on PD1 calculated according tud — Ire)/lrer, Where lge cases of coincidence between a GNP and a dye molecule. (c)

. . . . Histogram of the scattering signal, showing a narrow distribution
andlr denote the detected intensity and the intensity of the a6, 4 contrast of 3%. (d) Example of a fluorescence decay trace

reflected light without any GNP, respectively. Figure 2b from a single molecule. (e) A collection of the histograms of the
displays the simultaneously recorded fluorescence image onrecorded fluorescence lifetimes for six samples of diffeceand

PD2. The arrows in Figure 2a mark the cases where @ reference sample without GNP.
fluorescence and scattering signals were co-localized within
the laser focus spot. Although this co-localization is not a of the GNP-thiol and DNA—-dye linkers. In addition, we
sufficient proof that only one dye molecule and one GNP examined samples containing dsDN&ye complex without
are attached by a dsDNA, statistical data show that this is aany GNP as a reference. Figure 2e displays the distribution
very good assumption. To this end, we checked all our of the recorded lifetimes for more than 100 single molecules
fluorescence data for single-step bleaching to ensure that wein each set. The distribution of the measuradlues follows
only considered signals from single molecules. As shown 3 Gaussian function for nearly all cases, with a notable
in Figure 2c, the signal contrast from 15 nm particles geviation for the case af = 40 nm. The finite spread in
colocalized with single molecules followed a narrow distri- ¢4 have various origins. First, variations in the orientation
bution centered aroune-3% on PD1, indicating that the ¢ yhe dye molecule as well as the size of the GNP influence
signals usually originate from single particsSpots with -~ 155" the distance between the dye molecule and the
signal stronger thar 6%, correspondmg o two particles or closest point of GNP surface can vary, depending on whether
more, were.excll'J.ded from our analys[s. the dsDNA is stretched along the tangent or along the normal
Once we identified GNPmolecule pairs, we centered the . .
excitation laser beam on them and performed lifetime tq the C.;NP surface. We attribute the broadenmg.of the
measurements. Figure 2d shows an example of the recordetﬂd!su!bm!on for thed = 34 nm data and the. shoulder in t-he
distribution of thed = 40 nm data to occasional shortening

lifetime curve. The single-exponential character of this typical fth . hei . fthe |
plot and its good signal-to-noise ratio allow us to determine © the GNP-dye distance due to the interactions of the long

the fluorescence lifetime of this single molecule to be 0.63 DNA chains with the charged silanized surface.

+ 0.03 ns. We performed these measurements on six samples The trend of the molecular excited-state lifetime as a
with different dsDNA lengths ranging from 44 to 112 base function of its separatiod from a GNP is evident in Figure
pairs, which correspond to the GNEye separatiord = 2e and is quantified in Figure 3a. In each case, the width of
17—40 nm after taking into account 1.8 nm for the lengths the Gaussian distribution in Figure 2e yields the assigned
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Figure 3. (a) Symbols show the average values of experimentally Figure 4. (a,c) Fluorescence lifetime normalized to the unper-
measured fluorescence lifetime of a large number of single turbed lifetimero and quantum efficiency of an emitter at different
molecules in samples for differedivalues. The last measurement  distances from the surface of a GNP of various diameters. (b,d)
was done in the absence of GNP and serves as a calibration. ThdVormalized lifetime and quantum efficiency of an emitter placed
dashed and dashedotted curves display the calculated fluores- at different separations from the surface of a GNP of diameter 15
cence lifetime for the molecular dipole oriented radially or NM and for various emission wavelengths.

tangentially with respect to the GNP. The refractive index of the . - . .
surrounding medium was taken to be 142(1.52+ 1.33)/2 to the NPILM signal, it is also important to take into account

account for the presence of the glass substrate in an approximativethe effect of the GNP plasmon spectrum, which strongly
manner. The solid curve shows the weighted average of the two affects the strength of the lifetime)(and quantum efficiency
orientations. (b) Flluorescence signal corresponding to the measure(,) modification?® Figure 4b plots for molecular emission
ments presented in part a). at different wavelengths and as a function of separation
vertical error bar. The asymmetric horizontal errors bars from a GNP with a diameter of 15 nm. It is evident that the
display the uncertainty in the distance between the dye andinteraction range of NPILM is longer when the emission
the GNP surface associated with the relative orientation of wavelength coincides with the plasmon resonance (dashed
the dsDNA with respect to the GNP surface, as describedlines).
above. We point out that the time jitter in the avalanche As pointed out earlier, the change in the fluorescence
photodiode limited us to the smallest measuratié about lifetime close to a metallic nanoparticle can be due to the
0.3 ns and thus prevented us from extending these measuremodification of the spontaneous emission or due to quench-
ments to much smallat. In Figure 3a, we have also plotted ing. The latter results in a lower quantum efficiency and thus
the calculated lifetimes for both cases, where the moleculara lower emission rate. Figure 4c showsas a function of
dipole is oriented radially or tangentially with respect to the the particle size and ofl, while Figure 4d displays the
GNP surface (see Supporting Information). We remark that dependence of on the emission wavelength and dragain
our calculations do not take into account the influence of for a 15 nm large GNP. The strong resemblance of parts a,b
the interface between the glass substrate and water, but duand c,d of Figure 4 let us conclude that, for the parameters
to the weak refractive index contrast between glass (1.52) (GNP size andl) of our current experiment, the dominant
and water (1.33), it is reasonable to approximate the process of lifetime modification has been quenching. This
environment by a homogeneous mediumrmof 1.42. The is in accord with the observation that, as shown in Figure
agreement between the experimental results and the theoreti3b, the fluorescence intensity diminishes ésbecomes
cal predictions is very good within the experimental error, smaller. The solid curves in this figure display the expected
considering the lack of precise knowledge of the molecular distance dependence of the fluorescence signal when taking
dipole orientation. As seen in Figure 3, for a GNP of diameter into account both excitation enhancement and the change in
15 nm, the gradient of the curve and thus the sensitivity to the quantum efficiency (see ref 19 for more detailed
changes ird is greatest in the range df~ 15—25 nm. For discussion on this issue) and are in good agreement with
the system studied here, an error of 0.1 ns in the measurementhe recorded data.
of r translates to an uncertainty of about 1 nm in determining We now remark on several features of the system
the distanced, demonstrating the potential of NPILM as a presented here. First, as in FRET, rotation of the molecule
nanoscopic ruler. can lead to a change in the fluorescence lifetime, introducing
Figure 4a shows the calculated lifetime as a functiod of a systematic error in the assessment of a translational motion
for particles of diameter ranging from 5 to 40 nm. We note between the molecule and the GNP. An advantage of NPILM
that one can tune the range and sensitivity of NPILM all the is however that this effect is less disruptive than in FRET
way from 5 nm, which is accessible to conventional FRET, because a rotation in the plane tangential to the GNP does
to about 40 nm by choosing GNPs of different diameters. not affectr. The greatest promise of NPILM lies in its ability
When choosing the experimental parameters for optimizing to reveal real-time motion in nanoscopic biological entities.
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It has been shown that one can comfortably determine theof an emitter close to a spherical nanoparticle. This material
fluorescence lifetime at an accuracy of 10% with about 200 is available free of charge via the Internet at http:/

detected photons or 3% with about 5000 photdnis. this
context, we note that, according to our observations, the total

pubs.acs.org.

number of emitted photons per molecule has been the sameReferences

for all samples, indicating that photobleaching activities have
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revealed in the overall fluorescence signal if quenching is
the dominant interaction mechanisrilowever, measuring
fluorescence lifetime has the advantage that it is insensitive
to fluorescence blinking and does not depend on the
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