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Abstract
We use plasmon coupling between individual gold nanoparticle labels to monitor sub-diffraction
limit distances in live cell nanoparticle tracking experiments. While the resolving power of our optical
microscope is limited to ~500 nm, we improve this by more than an order of magnitude by detecting
plasmon coupling between individual gold nanoparticle labels using a ratiometric detection scheme.
We apply this plasmon coupling microscopy to resolve the interparticle separations during individual
encounters of gold nanoparticle labeled fibronectin-integrin complexes in living HeLa cells.

Single particle tracking is an important tool to investigate dynamic biological processes by
following the movement of individual labeled molecules with high spatial and temporal
resolution. By tracking the movement of particle labeled plasma membrane components deep
insights into the dynamic properties of membrane domains and the signaling mechanisms of
different surface receptors were obtained.1–4 Single particle tracking has also been
indispensable to unravel the working mechanism of different molecular motors in vitro5–7 and
recently also in vivo.8–12 Another field where “particle” tracking has enabled significant
scientific progress lies in the area of virus trafficking. Single virus tracking in living cells has
revealed many details of the interactions between viruses and cellular structures and has
provided us with a better understanding of the molecular mechanisms of viral infection.13–
15 Finally, nanoparticle tracking has also been successfully applied to monitor cell
developmental processes in vivo.16

These examples highlight the wide use of single particle tracking as a tool in biophysics and
cell biology. Part of the appeal of the technology is that despite its relative simplicity – in its
basic form it requires only a microscope and a camera – localization of individual particles
with high spatial and temporal resolution can be achieved in a wide-field microscope. The
spatial precision with which an isolated particle can be localized is limited only by the number
of photons that are collected per time unit.17 Particles with large optical cross-sections are
therefore advantageous for achieving a high spatial resolution with high temporal bandwidth.
40 nm gold nanoparticles are efficient light scatterers which have long been used as probes in
single particle tracking applications.5 Recently, Nan et al. demonstrated tracking of individual
gold nanoparticles with a spatial resolution of ~1.5 nm at 25 μs temporal resolution in vivo.
10 The excellent optical properties of the gold nanoparticles result from the resonant excitation
of collective oscillations of the particles’ free electrons, also called surface plasmons, which
cause large optical cross-sections at their respective resonance wavelengths.18,19 Gold
nanoparticles are not only very bright they also display an extreme photophysical stability.
Since their signal is based on light scattering, gold nanoparticles do not blink or bleach and
enable – unlike fluorescent dyes or quantum dots – continuous, intermittence free observation
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without limitations in total observation time. While individual, isolated nanoparticle can be
localized with nanometer spatial precision, the resolution in discerning two identical particles
is limited by the diffraction limit to ~250 nm at best in the visible. One constraint of
conventional single particle tracking methods is therefore the inability to detect short-range
interactions between multiple labeled molecules. These short range interactions play a pivotal
role in virtually all cellular processes that involve transient interactions between multiple
components. In order to unravel the complex mechanisms that govern dynamic biological
processes, imaging tools are desirable that enable the tracking of individual components with
high spatial and temporal resolution and in addition facilitate the monitoring of distances on
the nanometer scale. Multicolor colocalization of single fluorescent probes is a viable approach
to overcome this problem in cases where the interactions of two different moieties labeled with
two distinct colors are investigated.20–23 However, this approach fails for discerning
interactions between identical labels. This limitation has spurred the development of different
ultra-resolution fluorescent microscopy techniques that can distinguish identical fluorescent
items with subdiffraction limit resolution.24–28 Despite the exciting possibilities that these
superresolution methods offer for cell biology, the tracking of several individual objects in
living cells with subdiffraction spatial resolution remains a significant challenge. In addition
like any other fluorescence microscopy, superresolution methods are subject to the constraints
in continuous observation time that result from the limited photostability of the fluorescent
probes. For those superresolution methods that require the use of high-intensity pulsed lasers
this is an even greater concern.

Herein we explore an alternative approach to track individual objects in living cells with high
temporal bandwidth and spatial precision, which is not limited in observation time, and is
capable of detecting interactions between identically labeled objects on sub-diffraction length
scales. We augment conventional gold nanoparticle tracking with the capability to probe
distances below the diffraction limit using the distance dependent near-field interactions
between individual gold particles. Plasmons of individual particles can interact with each other
over tens of nanometers29–32 and although these interactions occur in the near-field, plasmon
coupling can be detected in the far-field as a shift in the resonance wavelength of the interacting
particles.33 We apply this technology here to monitor the interactions between individual gold
nanoparticles on the plasma membrane of living HeLa cells.

Plasmon Coupling Microscopy
Individual noble metal nanoparticles with diameters of approximately 30 nm and above can
be detected in an optical microscope provided that the scattered light of the particles can be
separated from the excitation light. This is typically achieved using either darkfield or total
internal reflection (TIR) illumination. Several groups have used these approaches in the past
to investigate the intriguing optical properties of noble metal nanoparticles and their
dependence on the size, shape and composition of the particles.34–37 The plasmons of close
by particles couple in a distance dependent fashion; the plasmon resonance wavelength λres
red-shifts with decreasing interparticle distance.38,39 The quantification of the distance
dependence of the plasmon coupling relationship between individual nanoparticles has been
of great interest recently.29–31,40 These studies have revealed that the effect of plasmon
coupling becomes substantial when the gap between the two particles is comparable to or less
than the particle diameter D. Consequently, for 40 nm gold nanoparticle labels diffusing on
the surface of a cell we anticipate a significant red-shift of λres to occur when two particles
approach within 40 nm of each other (see Figure 1). Plasmon coupling microscopy combines
conventional particle tracking with a ratiometric analysis of the scattered light to detect these
spectral shifts between individual particles. We obtain both spatial and ratiometric spectral
information as function of time through simultaneous particle tracking on two separate color
channels. A two-color tracking enables the detection of red-shifts in λres between close-by
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particles as changes in the ratio R of the particles’ intensities on the two monitored wavelength
channels (see Figure 1).

Our set-up (see Figure 2a) is based on an inverted darkfield microscope with temperature
controlled stage that is augmented with a dual color detection scheme which facilitates the
simultaneous recording of two monochromatic images of the same field of view. Figure 2b
contains images of a gold nanoparticle labeled HeLa cell simultaneously recorded on a 530
nm and 580 nm channel. The particles bound to the cell surface are not stationary but move as
function of time as illustrated for two particles (marked by arrows). At t = 0.3 s the two particles
optically colocalize and can no longer be distinguished with conventional light microscopy.
Our aim is to use a ratiometric analysis of the collected light to detect spectral shifts indicative
of near-field interactions between the particles and thus to provide additional information about
the actual interparticle separation during colocalization.

In our set-up the samples are illuminated with unpolarized white light at oblique angles. The
scattered light is collected by a 60× (numerical aperture, NA = 0.65) objective and
chromatically separated by a dichroic longpass filter (560 nm). After the two beams have passed
separate bandpass filters they are reimaged on translated areas of the same electron multiplying
charge coupled device (EMCCD). We use an Andor IxonEM+ with a maximum detection area
of 512 × 512 pixels and a pixel size of 16μm × 16μm. The active area of the detector is
adjustable; in a typical experiment the active area is chosen to contain only the cell of interest
displayed on both channels and is typically on the order of 150 × 150 pixels. With these settings
we can monitor diffusion of individual particles on the plasma membrane with a temporal
resolution of 10Hz. The peak intensities and positions of the individual particles on the two
color channels are obtained by curve fitting the recorded images using a surface fitting
algorithm41.

The choice of the bandpass filters is dictated by the spectral characteristics of the used noble
metal nanoparticle probes. We anticipated that a suitable filter combination should include one
bandpass filter centered at the resonance wavelength of the individual particles and a second
filter that is centered at the resonance of a dimer with short interparticle separation. For the
experiments reported here we used 40 nm gold nanoparticles as labels which have a plasmon
resonance of λres ≈ 535 nm in our imaging buffer (Hanks’ balanced salt solution (HBSS) with
11 mM Mg2+, 1 mM Ca2+, and 10 mM HEPES pH7.2). We know from previous investigations
of the λres versus separation relationship that for 40 nm gold nanoparticle pairs with an
interparticle separation of 10 nm the plasmon resonance wavelength is approximately λres ≈
580 nm.42 Based on these considerations we chose a combination of 530 nm and 580 nm
bandpass filters to detect plasmon coupling between individual gold nanoparticles.

Sensitivity of Ratiometric Distance Detection
We first verified that the ratiometric detection approach with the chosen filter combination is
appropriate to detect interparticle distance changes on the nanometer scale in a series of control
experiments. We assembled dimers of 40 nm gold nanoparticles using a DNA programmed
self-assembly procedure and anchored one particle of each dimer to the surface of a
flowchamber while the other particle was free to move in solution (see Materials and Methods,
Supporting Information).43 We then monitored the ratio R of the light scattered off the
individual dimers while we induced changes in the interparticle separation.43–45 Dendrimer
induced dimer collapse and enzymatic cleavage of the RNA tether enabled us to measure R for
three configurations: for dimers with intact DNA tether, for dimers with compacted DNA and
for monomers (dimers with infinite interparticle separation). According to the worm-like chain
model46 the end-to-end distance of the 50 base pairs DNA spacer used in this study is
approximately 15 nm. This distance is significantly reduced upon addition of the dendrimers.
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Due to a passivating polyethylene glycol (PEG) brush around the gold nanoparticles, the
minimum interparticle separation in the collapsed dimers is ~6 nm (see Materials and Methods,
Supporting Information).43 According to a previous calibration of the λres vs. interparticle
separation (Δ), the relevant plasmon resonance wavelength are then: λres(Δ = ∞) ≈ 537 nm,
λres(Δ = 15 nm) ≈ 568 nm, λres(Δ = 6 nm) ≈ 621 nm.42

Figure 3a contains trajectories for the 580 nm and 530 nm intensity channels recorded during
the collapse of an individual gold nanoparticle dimer which is indicated by a sudden increase
in total scattering intensity. The sudden compaction of the dimer is induced by addition of
4th generation Polyamidoamine (PAMAM) dendrimers. The highly positively charged
dendrimers – the 4th generation dendrimer has nominally a positive charge of q = +64 − bind
to the negative surface of the nanoparticles and to the negatively charged DNA backbone,
effectively reducing the interparticle repulsion and compacting the DNA tether. The resulting
drop in the interparticle separation leads to a strong increase in the interparticle coupling and
red-shifts the plasmon resonance of the dimer. Consequently, the intensity recorded on the red-
shifted intensity channel, I580nm, increases and the intensity on the green channel, I530nm,
decreases. Figure 3b contains the computed intensity ratio R = I580nm/I530nm as function of
time. The average R value increases from ~0.4 before compaction to ~0.8 for the collapsed
dimer after addition of dendrimer. Not all of the dimers in the field of view were active and
showed a strong increase in total scattering intensity indicative of compaction. The non-
responsive particle assemblies served as internal control to approximate the effect of the change
in the refractive index upon dendrimer addition. The observed R changes (see Figure S1,
Supporting Information) confirm that the spectral response for the active dimers is dominated
by the change in interparticle separation.

Figure 3c gives an overview of R before and after compaction for twelve different dimers. In
all cases R is significantly higher after collapse, the average R values for the dimers before
(Rdim) and after compaction (Rcomp) are Rdim = 0.62 and Rcomp = 1.37. We also included the
average Rmon = 0.45 for 40 nm gold nanoparticle monomers as dashed line in Figure 3c.
Rmon was computed from the I580nm/I530nm ratios of 30 individual 40 nm gold nanoparticles
measured under identical conditions as the dimers. The average shift of the intensity ratios
before and after dimer collapse is ΔRdim = Rcomp − Rdim = 0.75, the shift between dimers and
monomers is ΔRmon = Rdim − Rmon = 0.17. Due to the distance dependent decay of the plasmon
coupling in noble metal nanoparticles ΔRdim is much larger than ΔRmon. As discussed
elsewhere29,40,42 the difference in λres between coupled dimers and non-interacting particles
decays exponentially with interparticle separation.

The obtained average shift in R between monomers and dimers is smaller than that between
dimers and collapsed dimers. However, it is evident from Figure 3c that all observed Rdim
values lie higher than Rmon indicating that the chosen filter combination is also capable of
discerning monomers from DNA tethered dimers. We anticipate that if variations in R due to
heterogeneities in the size and shape of the used particles are eliminated by following single
particle trajectories, individual gold nanoparticles can be unambiguously discerned from
weakly interacting gold nanoparticle dimers. This argument is corroborated by the plots of
I530nm and I580nm recorded during a DNA cleavage experiment in Figure 4. In this experiment
the DNA tethering two gold nanoparticles contains an EcoRV recognition site and is cleaved
by the enzyme. Upon DNA cleavage marked by the arrow in Figure 4a, the intensities on both
color channels drop steeply as the number of particles is reduced from two to one: Only one
of the particles is anchored to the surface, the second particle is free to diffuse away once the
DNA tether has been cleaved. In addition to the decrease in scattering cross-section the
transition from a dimer to a monomer is accompanied by a blue-shift of the plasmon resonance
by approximately Δλres ≈ −31 nm leading to an increase in the relative contribution from the
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green channel to the spectrum of the scattered light. As indicated in Figure 4b this shift is
clearly detected by the drop in R.

The performed calibration experiments at variable interparticle distances confirm that the
chosen filter combination is appropriate to discern non-interacting gold nanoparticles from
nanoparticles that have approached each other to within approximately 15 nm. As illustrated
by the DNA condensation experiments, distance changes below this threshold lead to strong
changes in R due to strong red-shifts of λres. The distance sensitivity of the ratiometric detection
approach can be further optimized and tuned by the choice of the applied filter combination.
Filter combinations in the green are preferable for a high sensitivity at long interparticle
separations whereas filter combinations in the red will lead to an improved spatial resolution
at short interparticle separations. For the main goal of this study – the detection of close
encounters between gold nanoparticle labeled surface receptors on living cells – the detection
threshold at around 15 nm obtained with the chosen 530 nm/580 nm filter set is appropriate.

Resolving Gold Nanoparticle Encounters Below the Diffraction Resolution
Limit in Living Cells

Colocalization of individual components is often used in biological imaging as an indication
for direct interactions between the labeled components. However, due to the diffraction
resolution limit, individual components can be hundreds of nanometers apart and still appear
colocalized in conventional light microscopy. In our set-up we used a 60x objective with a NA
= 0.65. Under these conditions two individual gold nanoparticles with λres ≈ 535 nm can be
discerned optically only if they are separated by more than 500 nm. Plasmon coupling
microscopy now offers additional information about very short interparticle separations by
detecting the near-field interactions between individual noble metal nanoparticle labels which
occur only if the particles have approached each other to within approximately one particle
diameter. We applied this approach to detect direct interactions between individual
nanoparticle labeled integrin surface receptors on living cells during colocalization. Integrins
are a family of cell surface receptors that mediate a series of cell-cell and cell-matrix
interactions, for instance with the cell adhesion molecule fibronectin.47–50 We bound
fibronectin to integrins on the plasma membrane of a cervical cancer cell line (HeLa) and used
40 nm gold nanoparticles that were functionalized with anti-fibronectin (see Supporting
Information) as labels for the integrin bound fibronectin. All experiments were performed in
a flowchamber at 37 °C.

In a typical experiment the cells were first incubated with a 0.2 mg/mL solution of fibronectin
in imaging buffer for 10 minutes. Then the cells were washed with an excess of imaging buffer
and a solution of anti-fibronectin functionalized gold nanoparticles in imaging buffer was
added. The concentration of the particles was chosen sufficiently low to allow the tracking of
individual particles. We started recording with the addition of gold nanoparticles and detected
gold nanoparticle binding from solution in real time. Since the cells always contained some
particulate scattering sources we restricted our analysis to gold nanoparticles whose binding
from solution was recorded. To confirm that these attachments were caused by specific
interactions between the fibronectin and the gold nanoparticle bound antibody, we performed
different control experiments. First, we used bovine serum albumin (BSA) functionalized
nanoparticles to test the “stickiness” of the cell surface for protein coated nanoparticles. We
observed no binding under our experimental conditions. Next, we incubated anti-fibronectin
functionalized particles with HeLa cells without prior incubation with fibronectin. Again we
did not observe any particle binding, giving confidence that the observed binding was not
caused by non-specific membrane – particle interactions but was indeed caused by the antibody
binding to its epitope.
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To track particles that bound to the cell from solution and to monitor their R value, we fitted
the scattering images on the two color channels.41 The obtained fits were then background
corrected with fits to nearby areas that were void of nanoparticles. We used the fitted peak
intensities on the two color channels I580nm and I530nm to calculate the ratio R =
I580nm/I530nm for the individual particles. The spatial coordinates of the individual particles
were obtained from the fitted peak position on the 530 nm channel. The surface-mobilities of
the nanoparticle labels varied significantly, the observed behaviors varied from immobilization
to rapid surface diffusion with diffusion coefficients up to 1.8×10−14 m2/s. It has been observed
before that the lateral mobility of individual integrins can vary substantially.51,52 The mobility
of the gold nanoparticle labeled fibronectin-integrin complexes on the cell surface depends on
the oligomerization state of the integrin and the interactions with the cytoskeleton of the cell.
47,48,51,53 We observed that some of the tracked gold nanoparticle labeled fibronectin-
integrin complexes approached each other to within the diffraction resolution limit of our
microscope so that we could no longer resolve the individual particles optically. Colocalization
durations ranged from a single frame to hundreds of frames, in some cases the particles
remained colocalized after initial contact for the entire remaining observation period. While
for very short colocalization durations we assumed that the vicinity was accidental, different
processes can cause longer periods of colocalization. It is conceivable that gold nanoparticle
labeled fibronectin-integrin complexes cluster due to direct or mediated short-range
interactions. However, alternative processes exist that can account for the optical colocalization
which don’t require direct interactions between the integrins. For instance, it has been observed
before that membrane spanning proteins can be locally stopped, slowed or temporarily confined
due to the compartmentalization of the cell membrane.54 These compartments can have
dimensions on the order of the diffraction resolution limit or below. If two nanoparticle labeled
fibronectin-integrin complexes get temporarily trapped in the same compartment, they appear
colocalized for the time they remain in the same compartment.

Plasmon coupling offers valuable additional information about the interparticle separation
during colocalization; it enables to experimentally probe interactions between the particles that
occur only on the tens of nanometer length scale and is therefore a promising tool to unravel
the interactions between gold nanoparticle labeled surface receptors. Figure 5 contains an
example that illustrates how short range interactions between individual gold nanoparticles can
be detected by plasmon coupling on a cell surface. We show the curve fitted images, or point-
spread-functions (PSF), for the two particles at three time points during aggregation. In Figure
5a the two particles are still discernable. It is striking that one of the particles (P1) is brighter
than the other particle (P2). For both P1 and P2 the intensity is higher on the green than on the
red channel, albeit the computed R values imply that λres for P1 is redder than for P2. The
differences in the optical properties of P1 and P2 indicate differences in the size and/or shape
of the particles. P1 could be a larger spherical particle, an anisotropic particle such as a gold
rod, or a small cluster of gold nanoparticles (for instance a dimer). Independent of the exact
nature of the individual particles, we observe that their spectral features change when they
approach each other. In Figure 5b P1 and P2 are no longer optically discernable; concurrent
with the colocalization both the total intensity and the intensity distribution on the two channels
change. The peak intensity is now significantly higher on the 580 nm than on the 530 nm
channel, and the intensity ratio has increased to R = 1.3. In Figure 5c both the total intensity
and the R value reach their maximum. The high R value of R = 1.6 reveals strong interparticle
coupling. We continued monitoring of the particles for another 13 minutes and did not observe
P1 and P2 to separate again. The observed strong spectral shifts together with the prolonged
colocalization are indications for non-reversible short-range interactions between the
nanoparticle labeled fibronection-integrin complexes in this case.

We point out that in the case of the investigated gold nanoparticle labeled fibronectin-integrin
complexes prolonged colocalization was not necessarily correlated with a sustained spectral
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shift. Instead, in many cases we observed fluctuations in the R values on short and long time
scales, indicating some dynamic in the average interparticle separations during colocalization.
This is illustrated for a pair of particles in Figure 6. Approximately 10 s after the second particle
had bound to the cell surface, the two particles “collided” and remained colocalized for over
100 s. In Figure 6 we show the interparticle separation as obtained from the fitted PSFs and
the computed R values before and after the collision; the continuous red line in Figure 6b
indicates a 5 point sliding average of R. Shortly after colocalization we observe an increase in
the average R value from 0.55 to 0.75 in two steps. A first step occurs at t = 1.9 s and a second
more prominent follows at t = 16.5 s. The R level remains at R = 0.75 during the interval t =
16.5 s – 25.5 s. Then it drops in two steps, first to R ≈ 0.6 at t = 25.5 s and then to R ≈ 0.55 at
t = 82.2 s. At the end of the trajectory the R baseline has reached again a level close to that of
the separated particles. The observed fluctuations imply some flexibility in the average
interparticle separation. This finding together with the moderate shift in R upon colocalization,
implies that the two particles are not non-reversible bound to each other but remain separated.
One possible explanation for the behavior observed in Figure 6 is a confinement of the two
gold nanoparticle labeled fibronectin-integrin complexes in one membrane compartment.54,
55 In case the confined space is sufficiently small, the time average of λres red-shifts due to
plasmon coupling between the interacting nanoparticles. Variations in the dimensions of the
compartment change the average interparticle separation and therefore lead to systematic shifts
in the time average of the plasmon resonance wavelength. Fluctuations of λres on faster time
scales result from point-to-point variations of the interparticle separation within the
compartment.

In most cases colocalization lasted much shorter than shown for the examples in Figures 5 and
6. Figure 7 shows an example of a temporary colocalization of two individual gold labels with
representative duration. The particles remain colocalized for approximately 7s, then they
separate and become optically discernable again. The calculated R values during colocalization
show no noticeable differences to the R values of the individual gold nanoparticles prior and
after colocalization. For one of the particles (Particle 2) R even slightly decreases upon
colocalization. We ascribe this effect to an increase in signal-to-noise; colocalization of two
noninteracting gold nanoparticles leads to a gain in “green light” scattered from the diffraction
limited spot. Experiments like the one shown in Figure 7 and others in which we tracked
individual particles that showed a constant average R value as function time revealed that the
refractive index at the cell/medium interface is constant under our experimental conditions.

In summary, our investigations of the interparticle separation of colocalized gold nanoparticle
labels using plasmon coupling microscopy show that the nature of the particle interactions
during optical colocalization can vary significantly. We observed strong coupling between the
gold labels as well as non-interaction even in the case of prolonged colocalization. These
findings underline the insufficiency of the colocalization criterion for the unambiguous
detection of short-range interactions in particle tracking and the value of plasmon coupling
microscopy to overcome this shortcoming.

Conclusions
We have combined single gold nanoparticle tracking with a ratiometric detection of the
plasmon resonance wavelength λres to monitor the near-field interactions between individual
gold nanoparticles bound to the membrane of living cells. This plasmon coupling microscopy
is a wide field microscopy that can track many particles in parallel over large areas and
simultaneously monitor sub-diffraction limit distances between the particles. In plasmon
coupling microscopy the relative distance information is encoded in the ratiometric color of
the scattered light. If two particles approach each other to within coupling range the plasmon
resonances red-shift which leads to changes in the ratio R of the two monitored intensity
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channels. Calibration experiments reveal a detection range of approximately 15 nm with a filter
set comprising a pair of bandpass filters centered at 580 nm and 530 nm. We applied this
approach to probe the separation between gold nanoparticle labeled integrin surface receptors
in living cells that optically colocalize. We find that short-range interactions between the
labeled surface groups can occur but is not required for colocalization even in cases of
prolonged colocalization. Our studies show that plasmon coupling microscopy is a useful tool
for monitoring dynamic interactions between gold nanoparticle labels on subdiffraction length
scales. The ability to resolve distances between identical surface groups on the nanometer scale
as function of time is of interest for a broad range of cell surface processes where colocalized
surface species undergo dynamic or transient interactions which are obscured by the diffraction
limit otherwise.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Gold nanoparticle labeled surface receptors (left) and and spectral signature (right) as function
of interparticle distance. a) For interparticle separations Δ larger than the particle diameter D,
the near-field interactions between the particles is small and the resonance wavelength λres is
that of an individual particle. b) For interparticle separations Δ < D the plasmons in the
individual particles couple and the resonance wavelength λres red-shifts with decreasing
separation. This spectral shift is observable as an increase in the intensity ratio R = I580nm/
I530nm.
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Figure 2.
a) Experimental set-up. Individual gold nanoparticles are tracked in an inverted dark-field
microscope. The collected light is chromatically separated, bandpass filtered (580 BP10 and
530 BP 10), and captured on two translated areas of the same camera (EMCCD) b) Image of
a gold nanoparticle labeled HeLa cell recorded simultaneously on two monochromatic color
channels: 580 nm (top) and 530 nm (bottom). The time series shows the diffusion of two
particles on the plasma membrane. At t = 0.3 s the particles colocalize and are no longer
optically resolvable.
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Figure 3.
Ratiometric detection of interparticle distance changes. a) Intensities I580nm (red), I530nm
(green), and total intensity (black) recorded during dendrimer induced collapse of a pair of
DNA (50 base pairs) tethered gold nanoparticles (“dimer”). Upon collapse, marked by the
arrow, I580nm increases while I530nm decreases, indicative of a spectral red-shift. b)
Corresponding intensity ratio R = I580nm/I530nm during dimer collapse. c) Time-averaged
intensity ratiosR for twelve dimers before and after dendrimer induced collapse. The average
interparticle separation before compaction is Δ ≈ 15 nm and Δ ≈ 6 nm after compaction (see
text). In all cases we observe a significant increase in R upon compaction. The average R value
calculated from 30 monomers is included as dashed line.
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Figure 4.
a) Intensities I580nm and I530nm during enzymatic cleavage of the 50 base pairs long DNA
spacer tethered between two gold nanoparticles. b) Corresponding ratio R = I580nm/I530nm.

Rong et al. Page 14

Nano Lett. Author manuscript; available in PMC 2009 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Point spread functions with 0.1 s integration time of two gold nanoparticles (P1 and P2) bound
to the surface of a HeLa cell before a) and during colocalization (b) and (c). The top row shows
the fitted surface of the image recorded on the 530 nm channel, the bottom row shows the 580
nm channel. The time point of initial colocalization is set to t = 0 s. In a) P1 and P2 are still
discernable, whereas in b) the two particles superimpose. Concurrent with the colocalization
the relative intensity on the red channel increases; the gain in R indicates a strong red-shift of
λres. In c) the total intensity and the R value reach their maxima.
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Figure 6.
a) Separation of the point spread function centroids and b) R = I580nm/I530nm values for two
gold nanoparticle labels diffusing on the surface of a HeLa cell as function of time. The
continuous red line in b) is a 5 point sliding average. The two particles optically colocalize at
t = 0 s, when the two particles can no longer be distinguished. The observed increase in R after
colocalization, most prominently between t = 16.5 s – 25.5 s, indicates that the particles
approach each other close enough for plasmon coupling to occur (see text).
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Figure 7.
a) Separation of the point spread function centroids and b) computed intensity ratios R =
I580nm/I530nm for two gold nanoparticle labels, Particle1 and Particle2, that temporarily
colocalize as function of time. The point of initial optical colocalization is set to Time = 0 s.
The R values do not increase during colocalization; no plasmon coupling is detected.
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