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Abstract

Important optical properties of discrete pairs of DNA tethered gold nanoparticles, including their
scattering cross-section and resonance wavelength, depend both on the dimer structure and the
refractive index of their immediate environment. We show that far-field polarization microscopy
aids the optical identification and interpretation of structural changes including hinge motions and
nanoscale distance changes in individual assemblies. Grecco and Martinez have shown in their
theoretical work that the interparticle separation dependent polarization anisotropy of discrete
nanoparticle dimers enables nanoscale distance measurements (Optics Express 2006, 14, 8716 —
8721). Here we implement this approach experimentally and evaluate measured polarization
anisotropies in the framework of a dipolar coupling model. We use polarization sensitive darkfield
microscopy to resolve simultaneous distance and orientation changes during the compaction of
discrete pairs of DNA tethered gold nanoparticles by fourth generation polyamidoamino (PAMAM)
dendrimers. The relative contributions from interparticle separation and refractive index variations
to changes in the light polarization and scattering intensity are quantified and compared.

[. Introduction

DNAs and RNAs are important building blocks for active nanostructures that undergo
structural changes in response to external stimuli. In nature nucleic acids with defined structures
have evolved that enable diverse biological activities ranging from catalysis to post-
transcriptional regulation. Prominent examples of functional nucleic acids include RNA
ribozymes,[1] RNA riboswitches,[2] and repressor controlled DNA operons[3]. Inspired by
the functionality of these active biological molecules, a series of active engineered nucleic acid
based nanostructures have been realized.[4—7] Nucleic acid based nano- and microstructures
have additional applications in the material sciences where they are used as scaffolds to
assemble inorganic nanoparticles into regular assemblies[8-10] in which the distance
dependent optical[11,12], magnetic[13] or electronic[14] properties can be utilized to achieve
functionalities beyond that of the individual particles. One important hybrid material that
Mirkin and coworkers have pioneered for colorimetric sensing are DNA linked gold
nanoparticles.[15,16] The DNA linked gold nanoparticles function in this case as selective
chemical transducers which indicate changes in the average interparticle separation as spectral
shifts in the gold nanoparticle plasmon resonance.

The sensitivity of the colorimetric detection can be further increased by monitoring interparticle
separations in individual pairs of DNA linked noble metal nanoparticles.[17] Due to the
distance dependence of interparticle coupling,[11,18,19] discrete dimers of biopolymer
tethered gold nanoparticles represent dynamic molecular rulers[12,17,20,21]. With decreasing
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interparticle separation, the plasmon resonance wavelength Ag in these “plasmon rulers” red-
shifts and the scattering cross-section o4t increases.[12] The direction of the polarization of
the light scattered off individual gold nanoparticle dimers provides additional information
about the orientation of the long dimer axis, enabling simultaneous distance and orientation
measurements. Dimers of nucleic acid tethered gold nanoparticles are active nanostructures
that can potentially detect and quantify conformational changes in biopolymers due to bending,
twisting, and stretching and could thus provide important insights into the mechanical
properties and fundamental functions of biopolymers in various biological processes.

Gold nanoparticles exhibit a higher photostability and larger light emission power than organic
dyes,[22-24] and allow the monitoring of structural changes in individual biopolymers —in
principle — without limitation in observation time. The detection of small distance changes
using plasmon coupling is, however, complicated by the fact that the optical response of the
particle dimers also depends on the refractive index of the surroundings.[25-28] Fluctuations
in the micro-environment[25] of the nanoparticles lead to variations in Ag and o441, and control
experiments are mandatory to assess the effect of refractive index changes under the respective
experimental conditions.[20,21] In order to be able to unambiguously discern changes in the
optical properties due to structural changes in the biopolymer tether from refractive index
fluctuations in their micro-environment, additional information besides Ag or cgc4t are
desirable. The polarization of the scattered light is a potential source of such information.

For interparticle separations shorter than ~1 particle diameter the optical response of two
biopolymer tethered gold nanoparticles is dominated by the longitudinal plasmon mode,
leading to a high degree of polarization along the long dimer axis.[29] Different cross-sections
along the long and short dimer axis result in a polarization anisotropy (n) for the particle dimer
which following the notation of Grecco and Martinez is introduced here as:[30]

Gl =~ EF

long vert
Csca + Cs'ca (1)

where "¢ is the scattering cross-section along the long dimer axis and CY is the scattering

sca

cross-section along the short dimer axis.

Grecco and Martinez have performed discrete dipole approximation (DDA)[31] simulations
that show that the polarization anisotropy of light scattered off individual pairs of gold
nanoparticles depends on the interparticle separation and can be directly converted into
absolute distances.[30] In addition, the direction of the polarization of the scattered light
depends on the orientation of the long dimer axis and thus contains information about the dimer
structure as well. Far-field polarization microscopy has been previously used to probe the
orientation of individual fluorescent dyes or quantum dots[32-38] and surface confined
anisotropic noble metal nanoparticles, such as gold nanorods.[39] We show herein that for
pairs of polymer tethered gold nanoparticles, a polarization sensitive detection is not only
helpful in discerning structural changes from refractive index fluctuations, but it also enables
the detection and identification of structural changes that otherwise remain hidden. We apply
the polarization sensitive detection to simultaneously monitor distance and orientation changes
in individual dimers of DNA linked gold nanoparticles during compaction through fourth
generation polyamidoamine (PAMAM) dendrimers.
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Il. Methods
Assembly of DNA tethered Gold Nanoparticle Dimers

Single stranded DNA (ssDNA) tethered gold nanoparticle dimers were synthesized using a
sequential ligand exchange procedure.[20,21] In short, bis(p-sulphonatophenyl)
phenylphosphine (BSPP) functionalized gold nanoparticles (NP) with a mean diameter of D
=40 £ 8 nm were reacted with thiolated single stranded DNA handles (30 nucleotides) in a
ratio 30:1 (DNA:NP) in buffer 1 (40 mM NacCl, 10 mM Tris-HCI pH8). Two batches of particles
with different handles were prepared. The handle in batch 1 was 5’ thiolated, the handle of
batch 2 was 3’ thiolated. Batch 1 was then passivated with polyethylene glycol (PEG)
propionate. The particles of batch 2 were in addition functionalized with a low number of
biotinylated PEGs (acid-PEG/biotin-PEG ratio: 20/1). After incubation overnight, both batches
were washed by centrifugation and batch 1 was resuspended in buffer 2 (70 mM NaCl, 10 mM
Tris-HCI pH8). Then ssDNA (80 nucleotides) with 3" and 5’ termini complementary to the
handles of batches 1 & 2, respectively, were added in excess to batch 1 and annealed overnight.
Subsequently, batch 1 was cleaned by repeated centrifugation and resuspension. Batches 1 and
2 were finally resuspended in buffer 3 (120 mM NaCl, 10 mM Tris-HCI pH8) and combined
to anneal. The formed dimers were purified by gel-electrophoresis in a 1 % agarose gel using
0.5x tris borate EDTA (TBE) as running buffer and isolated from the gel by electroelution. We
confirmed by TEM that the isolated assemblies were dimers (see Figure S1, Supporting
Information). The oligonucleotide sequences and a chart of the resulting DNA tether are shown
in Figure S2.

Surface Immobilization of Plasmon Rulers

All experiments were performed in rectangular glass capillaries functionalized with a biotin/
Neutravidin chemistry. First biotinylated bovine serum albumin (BSA-biotin) was attached to
the glass surface, then — after one washing step with buffer 4 (50 mM NaCl, 10 mM Tris-HCI
pH7) — Neutravidin was flushed into the chamber to bind to the BSA-biotin. To minimize any
non-specific binding, the surface was incubated with a blocking buffer (Pierce, Superblock).
After 5 min incubation with Superblock, buffer 4 was used to wash the chamber. Finally, a
diluted solution of DNA tethered gold nanoparticles in buffer 4 was flushed into the chamber
to bind to the Neutravidin coated glass surface. Control experiments with acid-PEG coated
gold particles showed negligible binding on the functionalized glass surface, confirming that
the biotin functionalized dimers bound specifically to the Neutravidin functionalized glass
surface.

The low non-specific binding affinity of the nanoparticles and the high purity of the self-
assembled DNA gold nanoparticle dimers after isolation facilitated an effective immobilization
of active plasmon rulers on the surface of the flow chamber.

[1l. Results and Discussion

Polarization Resolved Plasmon Coupling Microscopy of Plasmon Rulers

The plasmon rulers used in this study were asymmetrically functionalized with biotin (see
Figure 1a); only one of the two particles in each dimer was biotinylated and could attach to the
Neutravidin functionalized glass surface with a dissociation constant of Ky~ 10714 - 10715 M
for each individual biotin — Neutravidin contact.[40] The surface immobilized particle serves
as an anchor for the second DNA tethered particle which is not biotinylated and that performs
a hindered Brownian motion in a confined space. The accessible volume is determined by the
dimer structure, in particular the ratio of nanoparticle diameter to spacer length, and the
orientation of the long dimer axis in space. The maximum displacement during this motion is
defined by the length and flexibility of the DNA tether. As we will discuss in more detail below,
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the end-to-end distance of the DNA tether (Rg) used in this study corresponds to approximately
half a particle diameter (D) in length. If the long dimer axis is oriented perpendicular to the
chamber surface, the diffusing particle can explore a cone around the center of the immobilized
particle with a solid angle (©2) of ~ 110°. However, since only one hemisphere above the
chamber surface is accessible to the particle, the space explored by the particle decreases if the
long dimer axis is tilted into the surface plane.

With R, = %2 D, the distance between the particles is sufficiently small to allow for significant
interparticle coupling.[11,41] Consequently, the light scattered off the dimers is polarized
along the long axis. The direction of polarization varies from dimer to dimer and depends on
the orientation of the dimer. Strongly coupled pairs of nanoparticles lying in the plane of the
chamber surface can be considered to show similar light polarization propensities observed for
gold nanorods[39]. In a dimer whose long axis has an out-of-plane component, the polarization
direction and magnitude are determined by the projection of the long dimer axis into the
chamber plane. The measured polarization orientation is defined by the azimuthal orientation
of the long dimer axis.

Unlike rods, dimers of DNA tethered gold nanoparticles are active nanostructures that can
respond to external stimuli with a change in interparticle separation. The polarization properties
and optical cross-sections of individual pairs of DNA linked gold nanoparticles depend not
only on the magnitude of the projection of the long dimer axis into the chamber plane and its
orientation but also on the interparticle separation (s). The orientation and distance dependence
of the scattered light polarization encode important information about the dimer structure and
its change as function of time. This information can be accessed using polarization sensitive
darkfield microscopy.

The optical set-up used in this study is outlined in Figure 1b. The dimers were imaged in a
darkfield microscope[42] using a 1.4 NA oil darkfield condenser with a 60x objective
(numerical aperture NA = 0.75) using unpolarized whitelight illumination (100 W Tungsten
lamp). The light scattered off the individual dimers was channeled through a polarizing
beamsplitter that divides the collected light into two beams with perpendicular polarizations.
The beams were translated and reimaged on two separate areas of the same CCD detector
(Andor-Ixon). Images were captured at a frame rate of 46 Hz using an active area of 256 x 256
pixels and a hardware 2 x 2 pixel binning. These settings allowed us to monitor all the dimers
in an area of 80 by 30 microns simultaneously on two orthogonal polarization channels. The
intensities I and |, as obtained through integration of the light collected from each individual
dimer on the two polarization channels were used to compute the intensity ratios (P):

L -1
P:—
L+, (2)

where channel 1 was chosen to lie perpendicular and channel 2 to lie parallel to the flow
direction in the flow chamber.

P is a sensitive measure for changes in the scattered light polarization due to a rotation of the
long dimer axis or due to changes in the interparticle separation. Since I1 and I, are orthogonal,
rotations of the long dimer axis cause anti-correlated changes of 1; and I, and large changes
in P. We point out that while the scattering polarization anisotropy n is defined within the
internal coordinate system of the dimers, P is defined in the lab coordinate system.
Consequently, |P| corresponds to n only if the long dimer axis is confined to the surface and
oriented along one of the detection channels. In this case, the experimental P values can be
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used to extract interparticle separations if an adequate functional relationship for the distance
dependence of n is applied.

The model: dipolar interparticle coupling

Using numerical discrete dipole approximation (DDA)[31] calculations, Grecco and Martinez
have shown that the distance dependence of the polarization anisotropy can be used to derive
interparticle separations between 20 nm diameter gold nanoparticles.[30] A simplified but
general analytical solution for the distance dependence of the polarization anisotropy can be
found in the quasistatic approximation assuming that dipolar coupling is the major contribution
to the interparticle coupling and taking advantage of the universal scaling behavior of the
distance decay of plasmon coupling reported by Jain and El-Sayed[41].

The scattering cross-sections for the longitudinal and vertical plasmon modes in the dimers are
obtained from the pair-polarizability o’ of the dimer:[29]

Cyca=4m k4 ’

’
&)

()]

with k being the angular wavenumber k = 2z/L. The pair polarizabilities «; of the longitudinal
and vertical plasmon modes can be calculated in the dipolar coupling approximation from the
polarizabilities of the individual spheres taking into account an orientation factor «:[41]

[07

’ .
= KQ

" drs(L) (4)

where g is the dielectric constant of vacuum and L= s + D is the sum of the surface-to-surface
separation (s) and the particle diameter (D). The orientation factor « depends on the orientation
of the dipoles in the dimer; for the longitudinal plasmon mode, the net dipoles in the individual
particles are aligned head-to-tail and k=2. For the vertical plasmon mode, the dipoles are
aligned parallel in a side-to-side fashion and k= —1.[29] We computed the single particle sphere
polarizability, a, using the Clausius-Mosotti equation and the experimental gold dielectric
function ¢ reported by Johnson and Christy[43]:

E—&p 47((D)3

a=(1+y)eg >

etyem 3

where gpy, is the dielectric constant of surrounding medium. The value of y depends on the
geometry of the nanoparticles. In DNA linked gold nanoparticle dimers it depends on the
interparticle separation; the effective y can be calculated in the dipolar-coupling limit as a
function of the ratio of the surface-to-surface separation (s) and the particle diameter (D) :
[28]

_ 8(s/D+1)*+1
" as/pry -1 ©

With equation (1) and equation (3)—equation (6) the distance dependence of n can be evaluated
provided that the wavelength dependence of the gold dielectric function g()\) is considered. We
computed ¢ at the resonance wavelengths A,e5 corresponding to specific s/D values.[41] The
longitudinal resonances A.e5(s/D) for different refractive indices (n,) were obtained through
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fits to previous DDA simulations of A as function of n, and s/D performed by Jain and El-
Sayed[28]. The vertical resonance was assumed to be independent of the separation and was
kept constant at the resonance wavelength (A.es) of an individual particle.

Assumptions and Limitations

A guantitatively correct conversion of the measured light polarization properties into distances
is only possible when the long dimer axis lies in the plane of the chamber surface. As we discuss
below in more detail, for most dimers the degree of polarization indicates that the long dimer
axis has indeed a strong in-plane component. However, a non-zero out-of-plane angle with the
surface plane can in general not be excluded. Another shortcoming of the applied model is its
limitation to dipolar interparticle interactions. Especially at very short interparticle separations,
modes of higher order angular momenta are expected to contribute significantly to the coupling
as well.[44-46] Because of the small size of the particles of interest in this study (D <40 nm),
and for the sake of simplicity, electromagnetic retardation is ignored in our model.[47]

Itis clear that — due to the above assumptions — the derived distances can only be approximates.
Nevertheless, a plasmon sensitive detection improves the usability of plasmon rulers in most
applications. Changes in the optical response of plasmon rulers in solution can be the result of
various (synergistic) processes including an increase in the refractive index in the micro-
environment, a decrease of the interparticle separation, and potentially the tilt of the long dimer
axis into the surface plane. A polarization sensitive detection provides additional information
about the cause for the observed optical response and is thus instrumental in dissecting the
relative contributions from the individual effects.

Refractive Index vs. Distance Dependence of Polarization Anisotropy and Total Scattering

Intensity

The plasmon resonance wavelength (Ares) — and hence the metal dielectric function (e(Ares))
and the polarization anisotropy (n) — depend both on the interparticle separation and the
refractive index (n;) of its micro-environment.[25,27] To estimate the relative contributions
from these two factors, n(L/D) relationships for solutions with different refractive indices (n,
= ¢1/2) were calculated. Figure 2 contains plots of n(L/D) for refractive indices varying from
nr = 1.30 to n, = 1.55; this interval was chosen because it covers the refractive index range
from pure water n, = 1.33 to pure dendrimers[48] n= 1.50. Figure 2 shows that for any fixed
interparticle separation fluctuations in this n, range lead to variations in n on the order of An
~0.07. We expect that under our experimental conditions the changes arising from fluctuation
in the refractive index are even lower. A PEG passivation layer on the gold surface stabilizes
the local refractive index in the immediate vicinity of the gold particles at around n~ 1.5.
Consequently, we will use the fitted n(L/D) relationship obtained for n, = 1.5 unless otherwise
stated in the following: n(L/D) = 2.276exp[-0.841"(L/D)?].

Next, we want to calculate the anticipated change inn during the compaction of the DNA tether
through dendrimers at constant refractive index (n, = 1.5). To that end, an estimate of the
surface-to-surface separation (Sg) of the dimers in the initial state is required. In the case of a
single DNA tether between the particles, the average surface-to-surface separation (s) is
determined by the end-to-end distance of the polymer linker (Rg). The DNA spacers used to
tether the two gold nanoparticles contain both single and double stranded regions and the 3’
and 5’ ends are embedded in approximately 3 nm thick PEG monolayers self-assembled on
the gold surfaces (see Figure S2). Although the precise end-to-end distance (R¢) for such a
short but complex tether molecule is difficult to predict quantitatively, an approximation can
be obtained in the framework of the worm-like-chain model. The latter has been shown to be
applicable to polymers with sections of different flexibilities.[49] We assume that the first 10
nucleotides of the DNA tether on each side bridge the 3 nm thick PEG layers surrounding the
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gold nanoparticles. The remaining DNA tether is treated as a composite polymer comprising
a single stranded part (persistence length Psspna = 1.3 nm;[50] contour length Cgspna = 26
nm) and a double stranded part (Pgspna = 53 NM;[49] Cyspna = 13 nm). This model yields an
approximate initial interparticle separation of sy = 21.5 nm. Based on the simulated distance
dependence of the polarization anisotropy in a medium with refractive index of n, = 1.5, we
anticipate that the polarization anisotropy for a dimer of 40 nm gold nanoparticles separated
by the estimated equilibrium distance is n(L/D = 1.54) = 0.31. The minimum interparticle
separation in the compacted state is defined by 3 nm thick PEG monolayers around the gold
nanoparticles which are assumed to be incompressible. The corresponding polarization
anisotropy for an interparticle separation of 6 nm at n, = 1.5 is n(L/D = 1.15) = 0.75.

The maximum change in ) due to refractive index fluctuation of An ~0.07 compares with An
~0.42 obtained for dimer compaction at constant refractive index. Even if we take into account
that the equilibrium interparticle separations are estimates, the quintessence of Figure 2 is that
large changes in the interparticle separation affect the polarization anisotropy significantly
more than even large fluctuations in the refractive index.

We point out that the polarization anisotropies are less affected by changes in the refractive
index than the scattering intensities. In Figure 3, simulated scattering intensities for both the
longitudinal and vertical plasmon modes are plotted as a function of L/D for two different
refractive indices: n, = 1.30 and n, = 1.55. The plots are normalized by setting the maximum
scattering intensity of the n, = 1.55 longitudinal mode plot arbitrarily to 1. The plots of the
longitudinal modes are systematically shifted with regard to each other and, most importantly,
the difference between them increases notably with decreasing L/D. At short interparticle
separations, fluctuations in the refractive index between n, = 1.30 and n, = 1.55 can lead to
intensity changes comparable to those obtained upon compaction of the DNA spacer at a
constant refractive index. While this behavior can be exploited for designing sensitive
plasmonic refractive index sensors, it complicates the use of the scattering intensity for ruler
applications. These considerations underline the advantage of the polarization anisotropy as
more robust measure for structural and distance changes in gold nanoparticle dimers.

Dendrimer Induced Structural Changes in Single Stranded DNA Tethered 40 nm Gold
Nanoparticle Dimers

PAMAM dendrimers offer a convenient way of inducing structural changes into individual
dimers of DNA tethered nanoparticles. Under physiological conditions the dendrimers are
highly positively charged ensuring their efficient binding to the DNA tether and potentially
also to the negative surface of the PEG passivated gold particles. In order to obtain a better
understanding of the structural response that the dendrimers induce after binding to the dimers,
we analyzed the polarization of the light scattered off ~150 gold dimers before and after
exposure to the dendrimers. In a control experiment we first determined the P values of ~150
individual 40 nm gold particles. The P value distribution of the individual particles plotted in
Figure 4a shows a slight shift to the left. A Gaussian fit to the experimental data shows that
the distribution is centered at around P = —0.04. The shift of the distribution to negative P
values indicates that the detected light is slightly polarized along channel 2. The optical set-up
and the dark-field condenser in particular contain multiple reflective surfaces which induce a
weak polarization of the excitation light in the focal plane.

The width of the P value distribution for the monomers is determined by the intrinsic instrument
response function and the shape distribution of the gold sol. “Spherical” particle preparations
always also contain contaminations of particles with anisotropic shapes such as rods or
nanoprisms that polarize the scattered light and thus broaden the P distribution.[12] For dimers
that are oriented perpendicular to the surface of the flowchamber, we anticipate a P value
distribution similar to that of the monomers. A first inspection of the P value distribution of
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the dimers before compaction in Figure 4b reveals, however, that the P value distribution of
the dimers is significantly broader. The differences in P between monomers and dimers show
that i) there is substantial interparticle coupling at the interparticle separation sy and ii) many
dimers are either lying in the surface of the flowchamber or have a significant projection into
this plane. For a random distribution of the dimer orientations we expect the P values to lie
within the interval [-n:+n]. If the polarization of the incident light is taken into account then
this interval is given as [-0.35:0.27] for dimers before compaction. Most of the dimers (84%)
lie within this range, but as a whole the distribution is shifted towards the negative values. We
ascribe this systematic shift to a preferential alignment of the long dimer axis parallel to the
flow direction. The dimers prefer to bind to the surface with the long axis oriented parallel to
the flow direction to minimize hydrodynamic resistance.

Addition of dendrimers further broadens the P distribution (see Figure 4c) which is in line with
an increase in the polarization anisotropy due to a dendrimer induced decrease in the
interparticle separation. After compaction, all of the dimers in Figure 4c lie within the P value
range of [-0.79:0.71] predicted for the minimum surface-to-surface separation (s = 6 nm). As
observed for the dimers before addition of dendrimers, the distribution demonstrates an overall
negative shift. Due to the distance dependence of the polarization anisotropy, this shift to the
left is more pronounced for the compacted dimers in Figure 4c.

Resolved Analysis of Single Plasmon Ruler Trajectories

Having analyzed the light polarization properties of individual gold particles and their dimers
on the ensemble level, we set out to investigate the interactions between individual dimers and
dendrimers in real time next. In a typical experiment we started flushing (flow speed: ~60 mm/
s) 10 s after we started recording. We maintained the flow for 5 s and kept recording for another
20 s without flow. In Figure 5 we plot 14, Iy, liot = 11 + 15, and P for four representative DNA
tethered dimers during their interaction with dendrimers. One feature that all the trajectories
in Figures 5 share is an increase in total scattering intensity shortly after a 500 nM aqueous
solution of fourth generation PAMAM dendrimers has been flushed into the chamber. All
trajectories in Figure 5 exhibit P changes |AP| > 0.2 and are thus larger than can be explained
with refractive index fluctuations in the range n, = 1.33 — 1.55 alone. The observed gains in
total scattering intensity, the magnitude of the accompanying P value changes, and the
irreversibility of these changes are strong indications of dendrimer induced compactions. A
closer analysis of the distribution of the light on the two detection channels as a function of
time reveals additional details about the structural changes in the individual dimers.

In Figure 5a the intensity on channel 2 increases strongly while channel 1 remains almost
constant. This observation implies that the long dimer axis (or its projection into the plane)
coincides with the polarization axis of channel 2 and that the compaction of the dimer axis
occurs along that direction. Consequently, the orthogonal detection channel records the vertical
plasmon mode which is almost independent of the interparticle separation. In this case the
computed |P| values correspond to the particle’s polarization anisotropy n provided that the
long dimer axis is lying in the chamber plane. In Figure 5a the dendrimers induce a change in
P from ~—0.37 to ~ —0.53. According to our simulations, the polarization anisotropy of a dimer
of 40 nm gold nanoparticles separated by the estimated initial distance of sp=21.5 nmisn=
0.31. This value defines the |P| value for a 40 nm dimer with interparticle separation s; whose
long axis in the chamber plane is aligned parallel to one of the detection channels. A comparison
of the simulated n value with the initial P value in Figure 5a suggests that this dimer fulfills
these requirements. The observed change inn can therefore be used to calculate an approximate
change in the interparticle separation, which in this case corresponds to As = 5.8 nm.

In Figure 5b the anti-correlation of the intensity changes on the two detection channels indicates
a rotation of the long dimer axis as part of a concerted dendrimer induced structural change.
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Refractive index changes can account for gains on one or both of the detection channels, but
only a structural change entailing a rotation of the long dimer axis can cause strong anti-
correlated intensity changes. In Figure 5b the intensity gain during the dendrimer induced
structural response on channel 2 over-compensates the drop in intensity on channel 1, leading
to a net gain in total scattering intensity. The starting P value is relatively low with P ~ 0.23
in this case, and it is feasible that both a further tilting of the long dimer axis into the surface
chamber as well as a decrease in the interparticle separation contribute to the observed gain in
total scattering intensity. The final |P| value of ~0.42 is higher than n(Sp) and is thus indicative
of an interparticle separation that is shorter than the initial interparticle distance sq. In Figure
5b the rotation of the long dimer axis is accompanied by its compaction.

In Figure 5c¢ the intensity increases simultaneously on both detection channels, and the P value
changes from ~ —0.19 to ~ —0.30. In principle, an irreversible increase in the refractive index
of the dimer’s micro-environment can account for a simultaneous increase in the scattering
intensity. The magnitude of the total intensity change (factor of ~1.7) requires, however, that
the change in the refractive index occurs in a dimer with very short interparticle separation (see
Figure 3) which is not supported by the measured initial total scattering intensities. If the
interparticle separation was already very short before addition of the dendrimers, the scattering
intensity should be high even before any interactions with the dendrimers occur. However, the
initial intensity in the trajectory shown in Figure 5c is lower than that in all the other trajectories.
Instead, we ascribe the observed simultaneous increase in scattering intensities on channels 1
and 2 to the compaction of a dimer whose long axis is oriented between two orthogonal
detection channels. In the example in Figure 5c¢ the long axis remains fixed and compaction is
not coupled to a rotation.

All of the trajectories in Figures 5a—c contain one common feature: the dendrimer induced
transition between the initial and final P state. In some cases the trajectories exhibited a more
complex sequence of fluctuations in |1 and I, indicating several subsequential structural
minima. This is exemplified in the trajectory shown in Figure 5d. After the initial compaction
att= 0, which occurs mainly along channel 1, the intensities on the two polarization channels
contain additional strong anti-correlated changes that cancel out. This pattern indicates a
dendrimer induced dimer compaction that is followed by an in-plane rotational movement of
the long dimer axis which leaves the total scattering intensity essentially unchanged. The latter
becomes detectable only through the polarization sensitive detection.

In our discussion so far we have included all dimers that show a change in total scattering
intensity and/or change in the P value. Only a subset of these dimers is however amenable to
a distance analysis. Only if the dimer’s long axis lies in the chamber plane and points along
one detector axis, the measured |P| values correspond to the polarization anisotropy (n). Time
resolved n measurements allow then a monitoring of the interparticle separation in real time
(see Figure 6). The trajectory in Figure 6a contains changes in I, at nearly constant 1;. As
discussed above, this intensity pattern suggests that the dimer compaction occurs along one
detection channel. Together with the high initial P value (|P| = 0.35) for the uncompacted dimer
these observations justify the assumption that the dimer is lying in the chamber plane with its
long axis oriented along detection channel 2.

Figure 6b contains computed P values and corresponding interparticle separations (s); the light
was assumed to be essentially unpolarized for this conversion. The average interparticle
separation before dendrimer addition fluctuates around sg = 20 nm, which — taken into account
all assumptions — is in good agreement with the theoretically predicted value of 21.5 nm. Upon
flushing the chamber with dendrimer containing solution, the average interparticle separation
decreases to s5(1) = 19 nm. One possible explanation for this observation is that the liquid
flow in the chamber exerts a drag force on the DNA tethered particle in solution. Depending
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on the orientation of the dimer in the flow chamber this force can slightly increase or decrease
the interparticle separation. After approximately 1300 ms of flushing, the buffer in the chamber
has been exchanged, and the dendrimers reach the dimers. Binding of the dendrimers to the
dimers and subsequent dimer compaction is indicated by a sudden drop in the average
interparticle separation to sg,(I1) = 12nm. The system has, however, not yet found a stable
minimum and after a dwell time of 1700 ms, the average interparticle separation further
decreases to sy (111) = 9 nm.

Although the computed interparticle separations derived from the polarization anisotropies are
currently only approximate, the above analyses show that polarization resolved plasmon
coupling microscopy aids the interpretation of single plasmon ruler scattering trajectories.
Using this technology we identified a series of different structural modifications in the dimers
in Figure 5&Figure 6. The dendrimers induce dimer compactions, rotations, or combinations
of both. We recorded a total of ~150 compaction trajectories; the observed changes in P upon
compaction are broadly distributed indicating that dimer compaction through dendrimers is a
random process.

V. Conclusions

The need for novel approaches to measure distances below the persistence length of double
stranded DNA has recently been underlined by small angle X-ray scattering studies of gold
nanocrystal end-labeled DNAs that question the validity of the conventional elastic rod model
for short double-stranded DNAs 50 years after the discovery of the double helix structure of
DNA.[51] Motivated by this need we have explored here the applicability of discrete pairs of
DNA tethered gold nanoparticles to optically probe the structural dynamics in nanostructures
using polarization sensitive dark-field microscopy. Individual pairs of DNA tethered gold
nanoparticles, so called plasmon rulers, are active nanostructures whose optical responses
depend both on the structure and orientation of the dimers. Due to plasmon coupling between
the particles, the light scattered off individual DNA linked gold nanoparticle dimers is strongly
polarized along the long dimer axis. The degree and direction of the light polarization depend
on the interparticle separation and the orientation of the long dimer axis in space. Although
fluctuations in the refractive index can influence the interparticle coupling as well, far-field
polarization microscopy facilitates the identification and quantification of structural changes.
Rotations of the long dimer axis in the chamber plane, for instance, are identified through anti-
correlated intensity changes on two orthogonal detection channels. Far-field polarization
microscopy greatly enhances the sensitivity for the detection of structural changes in DNA
linked gold nanoparticle dimers. We use this approach to investigate the interactions between
fourth generation PAMAM dendrimers and DNA linked gold nanoparticles. The structural
changes induced by the highly charged dendrimers in individual dimers of DNA linked gold
nanoparticles are monitored in real time, and distance and orientation changes are resolved
simultaneously. Our studies reveal that the dendrimers can cause rotations, compactions and
combined hinge-compaction motions of the long dimer axis. In the framework of a dipolar
coupling model, experimental polarization anisotropies of discrete nanoparticle dimers could
be converted into approximate distances, enabling the quantification of the interparticle
separations during the dimer collapse.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Experimental Set-Up
a) Discrete pairs of DNA tethered gold nanoparticles (“plasmon rulers™) are anchored to the
surface of a flowchamber. Fourth generation PAMAM dendrimers are added to trigger
structural responses in the dimers. b) Far-field polarization darkfield microscopy is used to
detect and identify structural changes in the gold nanoparticle dimers. The light scattered off
individual plasmon rulers is collected with a 60x objective (NA = 0.75) and channeled through
a polarizing beam splitter. The spatially separated polarization channels are reimaged on an
enhanced CCD (EMCCD) detector.
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Figure 2.

Simulated distance dependence of the polarization anisotropy (n) in solutions with refractive
indices between n, = 1.30 and n, = 1.55 (see legend) for 40 nm gold nanoparticle dimers. The
polarization anisotropy is plotted against the ratio of center-to-center distance (L) and diameter

(D).
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Figure 3.

Simulated scattering intensities as function of the ratio of center-to-center separation (L) and
particle diameter (D) for pairs of 40 nm gold nanoparticles in media with refractive indices of
ny = 1.30 and n, = 1.55, respectively.
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P-distributions for a) individual gold monomers, b) dimers of DNA linked 40 nm gold
nanoparticles before compaction and c¢) dimers after compaction.

J Phys Chem C Nanomate

r Interfaces. Author manuscript; available in PMC 2010 June 8.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Wang and Reinhard

.. 1400/
" 1200
%1000 4

1600+

800
6001
4001 i faina) e
200

10004

1200+

800+

600{

4004

c1

200 T

1800
%% 1600
14004
1200
“* 1000

Page 18

800 Lusrmtostnes
600 Frrnimemzmimms T\ - e

400
200+

tot

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2010 June 8

0

1
Time (s)

Figure 5.

4 0 1
Time (s)

4

0

1
Time (s)

4 0 1 2 3
Time (s)

Experimental scattering intensities and derived P values of individual dimers of DNA linked
gold nanoparticles during interactions with dendrimers. Top panel: 11 (red ), I (blue) and Iy
=1y + I, (black) as function of time. Bottom panel: Corresponding P values as function of time.

The continuous lines represent 10 point sliding averages of the raw data.
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Figure 6.

a) Scattering intensities 14, Iy, and Iyt as function of time and b) corresponding P and surface-
to-surface separation (S). The continuous lines represent 10 point sliding averages of the raw
data.
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