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Abstract

The localized surface plasmon resonance (LSPR) spectrum associated with a gold nanoparticle
(NP) coupled to a gold film exhibits extreme sensitivity to the nano-gap region where the fields
are tightly localized. The LSPR of an ensemble of film-coupled NPs can be observed using an
illumination scheme similar to that used to excite the surface plasmon resonance (SPR) of a thin
metallic film; however, in the present system, the light is used to probe the highly sensitive
distance-dependent LSPR of the gaps between NPs and film rather than the delocalized SPR of the
film. We show that the SPR and LSPR spectral contributions can be readily distinguished, and we
compare the sensitivities of both modes to displacements in the average gap between a collection
of NPs and the gold film. The distance by which the NPs are suspended in solution above the gold
film is fixed via a thin molecular spacer layer, and can be further modulated by subjecting the NPs
to a quasistatic electric field. The observed LSPR spectral shifts triggered by the applied voltage
can be correlated with Angstrom scale displacements of the NPs, suggesting the potential for chip-
scale or flow-cell plasmonic nanoruler devices with extreme sensitivity.
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The use of surface plasmons associated with metal films and nanostructures for sensing has
been well established over the past decades, resulting in well-known sensing configurations
and devices. A particularly common sensing modality makes use of a thin metallic film
deposited on the surface of a prism; light striking the film surface from the prism side, at an
incident angle greater than the critical angle, undergoes total internal reflection (TIR) and
can excite film surface plasmons via coupling to the evanescent fields associate with TIR
light (1, 2). At wavelengths where this coupling is strong, light lost to the surface plasmons
is manifested as a dip or resonance in the broadband reflection spectrum. Because the
conditions for evanescent wave coupling to the surface plasmons of the film are so sensitive
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to the dielectric environment near the film, small changes in the local refractive index can
lead to measurable changes and shifts in the resonance-like reflection spectrum.

The use of the surface plasmon resonance (SPR) associated with a thin metallic film as a
means of detecting local refractive index changes from bio-molecular binding events is a
technique that has now been commercialized to serve a sizable market for low cost, robust
biological sensors, effective for small sample volumes (3). In sensor applications, the
medium above the metal film is typically a buffer containing target analytes, which are
captured at the functionalized metal surface. Small changes to the refractive index over the
entire measured surface of the metal film, as a result of molecular binding events, affect both
the preferred excitation angle and the resonance wavelength of the SPR. The effective
refractive index changes of the detection volume due to molecular attachment are quite
small, so maximizing the response of the SPR in either wavelength or excitation angle is
desirable. Further enhancements to the sensitivity of SPR detection can be achieved by a
variety of techniques, including binding plasmonic nanoparticles (NPs) to the analyte to
enhance the change in refractive index as binding occurs (4-10); patterning the traditionally
flat metal films (11-14); or modifying the metal surface with colloids (15, 16) to increase
the refractive index sensitivity.

While SPR has been the predominant plasmonic sensing technique, a second emerging
sensing modality is that of the localized surface plasmon resonance (LSPR) of a single
metallic NP or an array of metallic nanostructures (17-24). As with SPR, analyte binding to
the NP surface increases the local refractive index, shifting the plasmon resonance. In
contrast to the SPR of films, the LSPR of a NP has the distinction that the local fields are
much more tightly confined, effectively reducing the surface area that needs to be exposed
to the reaction medium and the number of molecules required to achieve a measurable
resonance shift. For example, in the case of a sharp tip or a gap between two NPs, strongly
enhanced fields (orders of magnitude larger than the illumination field) occur that can be
confined to a few cubic nanometers or less (25-27). Molecules that enter these high-field
regions can produce relatively large spectral shifts in the LSPR. A disadvantage of the LSPR
sensing technique is that the active volume corresponding to the local field enhancement
regions of NPs is typically miniscule relative to the overall assay volume, so that the
probability of detection by this method can be low, especially for low concentration assays.

Because the plasmonic interaction between closely spaced metallic NPs is so strong, an
alternative LSPR sensing approach makes use of the spectral changes that occur on
aggregation of two or more colloidal metal NPs. Selective, colorimetric detection was
demonstrated early on in sandwich immunoassays of antibody coated gold colloids and later
in hybridization experiments in which the presence of specific polynucleotide sequences
were identified by a change in color of a colloid solution (28, 29). Even minute changes in
the spacing between two interacting NPs can result in relatively large changes to the LSPR
spectrum (27), such that a coupled NP pair can be used as an extremely sensitive nanoruler
(30-35) capable of probing nanoscale molecular dynamics. The nanoruler concept also
extends to the metal film-coupled NP (film-NP) system (36—41) studied here, where the
associated LSPR shift exhibits a nonlinear dependence on the nanoscale gap between the NP
and film. However, the metallic film independently supports delocalized surface plasmons
that can also couple to the probing incident light and interfere with the specific detection of
the LSPR from the film-NPs. In particular, light introduced in total internal reflection (TIR)
can be used to interrogate the LSPR associated with a large population of the film-NPs, but
will also invariably excite the SPR of the film. Further complicating matters is that the
LSPR of the film-NPs and the SPR of the film do interact electromagnetically.
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In the present work, we seek to combine the robustness and reliability of metal film-based
SPR detection with the extreme sensitivity of the LSPR nanoruler. Though the illumination
and detection scheme that we propose are cosmetically identical to that used in SPR
systems, the spectrum we are interested in is that of the LSPR of the film-NPs—probed by
the exponentially decaying, evanescent field that exists at the surface of the film from the
TIR illumination. As a first step towards the development of a sensing platform, we
investigate the gold NPs/molecular spacer layer/gold film system and correlate spectral
shifts of the LSPR with changes in the film-NPs average gaps distance. We leverage
information provided by Darkfield (DF) microscopy studies of the single film-NP to
distinguish between SPR and LSPR resonances present in the TIR measurement of this
system.

The optical properties of individual metal NPs have been extensively investigated using
Darkfield (DF) microscopy (42—46). In prior work (47), individual metal film-coupled NPs
were selected and their specific LSPR scattering spectra measured. With a microscope
configured for DF epi-illumination, the incident light cannot directly excite the SPR of the
metallic film and thus the LSPR of a film-NP can be investigated without interference from
the SPR. However, while it might be desirable in certain circumstances to base LSPR
detection on DF microscopy of a single nanostructure—for example when working at the
single molecule level—it is also possible to resolve an averaged LSPR spectrum from
ensembles of large numbers of NPs when the NPs are densely distributed (though
noninteracting) and produce a uniform spectral response to their surroundings (48-51).
There are several benefits of an ensemble measurement; one of which is that the interparticle
spectral variations of single film-NPs are averaged out. Relying on the spectral response of a
few single film-coupled NPs to predict the universal gap-distance dependence response can
be misleading. Another benefit of an ensemble measurement is that simple and inexpensive
chip-scale optical components can be used in place of an expensive and cumbersome
microscope equipped with the high quality optics and detectors necessary to characterize
single NPs.

We begin with dry (superstrate = air) DF microscope observations of the LSPR scattering
from 60nm gold NPs (BBI International) electrostatically immobilized on a 30nm gold film
(deposited on a Nexterion Glass B slide using a 5 nm chromium adhesion layer), using a
single molecular spacer layer of poly(allylamine) hydrochloride (PAH, ~6 Angstrom
average thickness, Fig 1 top left panel). As has been previously reported (47, 52-55),
proximity to the gold film causes a substantial red-shift in the LSPR of the NP, which can be
approximately explained by assuming the NP acts as a polarizable dipole interacting with its
image dipole formed on the metal film. DF microscope images of the LSPR scattering from
the film-NPs at various concentrations are shown in Figure 1, with an image of NPs
deposited on a glass slide (n=1.5) for comparison. The images clearly demonstrate the
effects of the gold film-NP coupling. In addition to a red-shifting of the NP LSPR, this
coupling causes the dipole moment of the NP to become predominantly polarized normal to
the surface of the film due to damping of the horizontal dipolar response, resulting in the
doughnut-shaped diffraction limited point-spread-functions (PSFs) at the image plane. The
plot in the right panel of Figure 1 shows representative scattering spectra, ranging from a
single NP spectrum to spectra for optically irresolvable groupings of NPs, collected through
a pinhole aperture from each of the samples depicted by the DF microscope images. The
film-NPs samples were prepared using 0.05x, 0.1x, 0.2x and 1x colloid concentrations (56).
A green LSPR, characteristic of a NP on a glass substrate, is red-shifted by more than
100nm when the NP is deposited on the gold film with a 6 Angstrom PAH spacer layer.
Two striking features can be noted here. First, each film-NP displays reasonably uniform
LSPR spectra and polarization response (red LSPR, doughnut-shaped scattering profile)
across the gold film. This suggests that the 6 Angstrom average film-NP gap spacing is well
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controlled over a large area, that the colloid size is reasonably mono-disperse, and that the
metal film is sufficiently flat. Second, the film-NP LSPR is relatively insensitive (i.e. it does
not shift significantly) to the NP surface coverage investigated here. Thus, ensemble
measurements containing large numbers of densely packed film-NPs should provide access
to the same, though slightly broadened, LSPR spectra as those collected from the single gold
film-coupled NP.

An obvious method for characterization of the ensemble film-NPs—without using a
microscope— is to measure the off-normal broadband reflectivity from the ‘dry’ (superstrate
= air) surface. Due to the vertical orientation of the film-NP LSPR dipole (normal to the
gold film) it is not useful to measure transmission or reflection with a light beam incident
normal to the sample surface, for which the polarization of the incident electric field would
be parallel to the plane of the film. Maximizing the component of light polarized parallel to
the vertical dipole axis (normal to the plane of the film) will more efficiently excite the film-
NP LSPR. Therefore, we measure the P-polarized reflectivity (electric field in the plane of
incidence) of a collimated white light beam (Figure 2B inset: ~4mm diameter at the sample
surface, 0.2 degree divergence, incidence angle = 70°), which reveals the extinction
resulting from light either being scattered or absorbed by the film-NPs. In Figure 2A we plot
this reflectivity for a series of samples prepared with a 1x NP concentration deposited on
30nm gold films that were pre-treated with layer-by-layer (LBL) assembled poly-electrolyte
(PE) layers of various thicknesses as measured using an ellipsometer (56). The resulting
curves demonstrate that the uniformity of the film-NP LSPR across all of the NPs in the
measurement spot is sufficient to result in a single, though somewhat broadened, and
distinctly distance-dependent resonance that non-linearly red-shifts (Figure 2B) with
decreasing film-NPs average gap distance (d). Guided by a recent article by Baumberg et al
(57), we have fit this data with a power law function (y = 644.43 * d ~0.058 R=.99147).
While the same data from Figure 2B plotted on a log-log scale (56) does have a linear
appearance — a signature of the power law function— over the entire range of gap distances
studied in this article, this is not sufficient to determine that the system will continue to obey
the power law in the asymptotic limit, implying an infinite spectral shift as the film-NP gap
distance approaches zero. However in the region near the asymptotic limit, where d is just a
few nanometers or less (circled region), the curve is steepest and spectral shifts are many
nanometers for every 1 Angstrom change in the gap distance. In addition, the percentage
extinction at the resonance peak associated with the LSPR of the film-NPs increases
nonlinearly as the NPs approach the gold film (Figure 2C), an effect associated with but not
equivalent to the power law dependence of the field enhancement (57) and corresponding to
the effective doubling of the vertical dipole moments of the NPs coupled to their images.
Once again in the region where d is just a few nanometers or less (circled), the amplitude of
the measured LSPR signal is up to 7 times greater than the nearly uncoupled NPs—those
sitting farther than 20nm from the film surface. The power law dependence of the spectral
shift and the the local field enhancement are both important factors that reflect the strong
near-field coupling between the NP and the film, as has been reported previously (36-41,
57). These characteristics suggest that an optimal thickness for the reactive spacer layer to
be used in a film-NPs LSPR sensing platform should be on the order of a few nanometers or
less to maximize response as the gap distance narrows.

By counting the number of NPs within a given field of view of an SEM image of the sample,
we can determine the density for our standardized film-NPs sample preparations (Figure 3,
right side). The highest concentration sample reported here (1x) has a 2.2% surface coverage
relative to maximum packing density (touching spheres) and the average inter-particle
center-to-center spacing for this sample is 400nm. In figure 3A we plot the off-normal P-
polarized reflectivity of the samples for these NP concentrations. These spectra are
normalized by the reflectivity of the bare gold film in order to remove the strong gold film
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absorption effect at the blue end of the visible spectrum, and emphasize the LSPR. Note
however, though it is possible for some of the energy of the film-NP LSPR to radiate into
the 2d continuum of modes supported by the gold film, there is no direct coupling of the
incident light to surface plasmons of the gold film. The LSPR of the film-NPs—excited by
this illumination and accounting for the observed NP concentration-dependent resonance—
is depicted in the lower right inset drawing of Figure 3A as dipolar red field lines
surrounding the gold NPs. Based on the DF microscope measurements presented in Figure 1
and the ensemble reflectivity curves in Figure 3A, we can conclude that the NPs at this
density are spaced at more than a sufficient distance to ensure that the vertically oriented
(parallel side-by-side) dipoles induced in the film-coupled NPs do not strongly interact,
since no blue-shift is observed (58). In fact, considering that the horizontal dipoles of the
film-NPs are damped to the point of near cancellation, it would likely be possible to increase
the NP density a bit further without significantly affecting the quality and position of the
measured LSPR. However, the surface with the highest concentration NP preparation (1x)
reported here, with the NPs spaced from the gold film by a single PAH layer of 6 Angstrom
average thickness, provides an extinction of almost 30% of the incident light at the peak of
the film-NP LSPR, which is adequate for our current application.

We have shown that the cumulative LSPR of a uniform population of 60 nm gold NPs
coupled to a 30nm gold film can be characterized from a broad spectrum, off-normal P-
polarized reflectivity measurement. However it is not convenient to measure the sample in
this manner when it is covered with a flow cell and immersed in a fluid, as might be
desirable for real-time biosensing in aqueous environments. A more optimal configuration is
to collect the reflectivity spectrum using the evanescent field generated by total internal
reflection (TIR) illumination at the substrate-fluid interface to couple to the NPs. We
demonstrate this mode of detection by placing a flow cell (Grace Bio-Labs CoverWell™
Perfusion Chambers) on the film-NP sample (spacer layer: 1 PAH or ~6 Angstroms,
concentration: 1x) and filling it with water, immersing the film-NPs. The slide is then placed
atop a hemi-cylindrical fused silica lens (Britek Laser Optics) operating as an all-angle
prism, with index matching oil between the slide and the lens. We direct a collimated 3mm
diameter beam with a 3.4° divergence to the sample surface using a 70° angle of incidence
(Figure 3B, inset top right), which meets the criteria for achieving TIR at the gold film/water
interface. The resulting TIR reflectivity spectra (Figure 3B) are quite different from the
reflectivity spectra taken from above the gold film (shown in Figure 3A). The TIR spectra of
the film-NPs samples contain the delocalized gold film surface plasmon resonance (SPR), as
confirmed by a spectrum of the gold film only (no NPs, light gray curve); for increasing
concentrations of NPs, a second peak emerges corresponding to the LSPR of the film-NPs.
The concentration of NPs deposited on the film determines both the amplitude of the LSPR
dip and the magnitude of red-shift of the film’s SPR.

The use of the evanescent field generated by TIR illumination to excite the film-coupled
NPs is a key feature of the present configuration and ideal for real time sensing applications.
However, care must be taken to distinguish the excitation of the delocalized SPR from the
LSPR of the film-NPs, since the former is less sensitive and can interfere with the
measurements. For clarity, the two contributions to the reflectivity spectrum are depicted in
the lower left inset of Figure 3B, where both the gold film’s SPR mode (brown field lines)
and the film-NP’s LSPR mode (red field lines) are illustrated. Reflected in TIR, the incident
light has a wave vector large enough to directly couple to select gold film SPR modes and is
the typical means of exciting surface plasmons in films. The incident light can also excite
the LSPR of the film-NPs, since the evanescent decay length of the field is significantly
larger than the combination of the film thickness (30nm) and the distance of the NPs from
the film surface (~6 Angstroms). Under evanescent field excitation, the LSPR of the NPs
and the delocalized SPR of the gold film are influenced by each other. The LSPR of each
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individual NP is red-shifted and polarized by the gold film, while the evanescent field—
which excites the NPs—also couples to the SPR of the gold film; thus, the spectrum of the
excitation field represents a convolution of the incident light and the SPR. Likewise, the
SPR of the gold film is red-shifted by the higher surface coverage of the NPs. However, as
shown in Figure 3B, it is possible to spectrally distinguish the localized film-NP response
from the delocalized SPR of the film (59-62). A comparison of Figures 3A and 3B reveals
that as the NP concentration increases, the LSPR signal amplitude increases alongside the
SPR of the film in the TIR reflectivity spectrum. Although, predictably the LSPR of the
film-NPs in water (superstrate= 1.33, Figure 3B) is red-shifted due to the higher refractive
index (17-24) from the LSPR measured ‘dry’ (superstrate=1.0, Figure 3A). For the
measurement in 3B, we benefit from the fact that the LSPR peak signal is ~7 times greater
for NPs that are spaced less than 1nm from, and thus strongly coupled to, the gold film. This
intense coupling results in an LSPR response amplitude from a 2.2% NP surface coverage
that is comparable to the strength of the film SPR. The presence of the two extinction dips is
a promising sign for LSPR characterization using TIR reflectivity, and it should now be
feasible to monitor a dynamically changing film-NP average gap distance (from the
corresponding LSPR shift) in real-time in a wet cell. Based on the power law gap distance-
dependence of the film-NPs presented in Figure 2, we expect the LSPR wavelength to shift
many nanometers for every Angstrom of change in the average gap distance.

One method for changing the film-NPs average gap distance is to drive the suspended NPs
towards and away from the gold film with an applied electric field. The gold colloids that
are used in this experiment are citrate stabilized, resulting in a net negative charge per
colloid in solution and are thus subject to electrophoretic forces. An electric field can be
introduced to the system in the manner reported recently by Zocchi and Wang (63), who
studied the elastic constants of globular proteins using evanescent wave scattering
characterization to measure the displacement of gold NPs tethered to a gold film by a spring-
like protein and driven by an oscillating electric field. Their method resulted in measurable
changes of the evanescent wave scattering signal, indicating that NP motion is predictable
based on electrophoretic force calculations. The force on the colloid from an applied electric
field was used to controllably stretch and contract the molecular springs by fractions of an
Angstrom. There are likely many complicating factors introduced by the electric field to the
local film-NP environment such as ionic double layer formation at the metal surface and
some swelling of the charged PE layer, as well as charge transfer effects perhaps operating
on a slower timescale (64). However we believe that the basic principle of NP motion in
response to the applied field is evident. By application of a voltage across the cell, we drive
the NPs (tethered by a single PAH molecular layer) towards and away from the gold film as
we monitor the LSPR and SPR peaks present in the TIR reflectivity spectrum. Copper tape
serves as a top electrode and is fixed to the inner top surface of the flow cell (0.45 mm
height) before it is placed over the film-NPs sample (1x NP concentration) and filled with
1/3X SSC buffer (50mM NaCl, 5mM trisodium citrate, pH 7.0). We then apply an AC
voltage (0.5 Hz) between the gold film and the copper tape at the top of the flow cell using a
square wave function generator (Figure 4A). For demonstration purposes, TIR spectra
(Figure 4B) are first acquired from the sample for +/— 1 Volts (or +/— 2.2 V/mm in the flow
cell). The LSPR of the film-NPs is blue shifted by approximately 30 nm when a negative
voltage is applied to the gold film (Figure 4B, Polarity 2) compared to a positively charged
gold film (Figure 4B, Polarity 1). Polarity 1 forces the NPs closer to the gold film,
effectively reducing the average gap distance and increasing the coupling between the NPs
and the film, both red-shifting the LSPR and increasing the amplitude of the LSPR response.
Interestingly, the spectral position of the delocalized gold film SPR remains relatively
unaffected by the displacement of the NPs. We attribute this lack of spectral shift to the
relatively negligible change in the refractive index caused by the sub-nanometer motion of
the 60 nm diameter NPs within the extended region above the gold film occupied by the
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surface plasmons. While a +/— 2.2 V/mm quasistatic applied field results in an impressive
LSPR spectral shift, we found that the LSPR began to degrade after just a few minutes of
cycling between polarities. Applying a constant voltage also rapidly and irreversibly
degraded the LSPR response. We believe that this most likely represents NPs detaching
from the film surface, but could also be a result of either microscopic physical deformation
of the polymer layer due to delamination; bubble formation from electrolysis; or some
combination of these mechanisms.

From these results it can be concluded that the spectral position of the LSPR is a
significantly more sensitive metric for monitoring the film-NPs average gap dimension than
the spectral position of the delocalized SPR. Conveniently, these TIR measurements of the
LSPR can be done in real time via evanescent field sensing in a wet cell without having to
use a microscope. In Figure 5 we plot the evolution of the LSPR peak position (taken from
sequential spectra sampled approximately every 350 ms.) over a number of voltage cycles.
For these series we applied only a +/— 500 mV (+/— 1.1 V/mm) square wave (Figure 5A) to
reduce the amplitude and duration of the electrophoretic force on the NPs and to avoid
sample destruction. This lower field results in a smaller spectral shift than in Figure 4B but
preserves the integrity of the sample. In addition to the PAH layer used throughout this
article, we introduce additional molecular spacer layers using self-assembled monolayers
(SAMs) of 11-amino-1-undecanethiol (we refer to this as “amine thiol” or “C11 amine
thiol”) as well as SAMs of an amine thiol molecule containing the same C11 segment plus
an additional segment of 6 ethylene glycol units in between the terminal thiol and amine
groups (we refer to this as “EG6 C11 amine thiol”, see 56 for details of SAM formation).

For the three samples presented in Figure 5, ellipsometric measurements suggest that the
three layers have distinct “dry” (superstrate = air) thicknesses (PAH — 5.08 Angstroms, C11
amine thiol — 10.13 Angstroms, C11 EG6 amine thiol 18.28 Angstroms). While the
ellipsometer suggests precise values for the thicknesses, the implied sub-Angstrom accuracy
cannot be relied on as a local measure of thickness, which assuredly has a variation well
beyond the stated precision, as discussed below. As can be seen in Figure 5B, C and D
where the LSPR spectral position (solid lines) of the film-coupled NPs on the three layer
types are plotted — both the central LSPR position and the magnitude of spectral shift
triggered by the +/— 500mV field depend on the layer type. The LSPR of the PAH layer
(Figure 5E, the thinnest spacer layer) is centered near 709nm — the most red-shifted LSPR of
the three layers — and shifts by +/— 3 nm from the applied field. In contrast, for the much
thicker 11 EG6 amine thiol layer (Figure 5G), the LSPR is centered near 676nm and the
LSPR only shifts by approximately +/— 0.5 nm from the applied field. This non-linear LSPR
response is what we expect at these very small gap dimensions. The smaller the dimension
of the gap between the NP and the film the more red-shifted the LSPR and the more
sensitive the LSPR position becomes to NP motion.

It is useful to remember that the LSPR position measured here represents the cumulative
response from millions of film-coupled NPs in the beam spot. We are averaging out the
statistical variations of the gap dimensions from each of the individual NPs. However, using
this averaged LSPR response we can make some rough estimates of the average NP motion
induced by the applied field. We stress that these estimates are in no way meant to be
precise predictions of the gap dimensions. We rely on initial estimates of the polymer layer
thickness provided by the ellipsometer which is operating near the limit of its ability to
resolve such sub-nanometer layers, and is making measurements of the dry layer rather than
the hydrated layer. Nevertheless, estimating the NP displacement from the LSPR shift at
these Angstrom scale dimensions can be accomplished using the distance dependence
calibration from Figure 2B. Since the data in Figure 2B come from a dry sample, to apply it
to this data set we must adjust the power law fit function to account for the LSPR red-shift
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from fluid immersion. A complete description of this calculation can be found in the
supporting information (56). Briefly, we determine the average gap dimension of each of the
fim-NPs samples using ellipsometer layer thickness measurements (we add 40% swelling
factor which is expected to occur for the PAH layer during immersion, 56), we measure the
LSPR position from the immersed samples at 0V and then we plot these points for the three
samples on the graph from Figure 2B and vertically offset (red-shift) the power law function
to force it through the median position of these points. The result is an adjusted power law
distance dependence equation (y = 699.43 * d ~0-058) Using this equation, the spectral
position of the LSPR (dynamically shifted by the applied field), if constrained along the line
representing the power law curve fit adjusted for the higher index superstrate, can be
converted to gap dimension. This estimated gap dimension is plotted in Figure 5B, C and D
(dashed lines, right axis) for the three layer types. Once again, we confirm that applying a
positive potential at the gold film (Polarity 1) drives the NP towards the gold film, reducing
the gap dimension and red-shifting the LSPR, while applying a negative potential to the gold
film (Polarity 2) has the opposite effect. The charged nature and conformation of the PAH
layer makes it distinct from the amine thiol layer types and possibly more susceptible to
swelling from ionic uptake during applied voltage cycles. Additionally, the EG6 amine thiol
layer may respond in a different manner than the C11 amine thiol given the EG6 amine thiol
molecule is composed of both a hydrophobic and a hydrophilic domain whereas the amine
thiol is, aside from the terminal functional groups, mostly hydrophobic. Ascertaining the
extent of the differences in layer response at these scales would be quite difficult. However,
we would expect that ionic uptake would tend to amplify the NP motion on the PAH layer
compared to the NP motion on amine thiol molecular layers. Keeping in mind that our NP
displacement calculations include a number of rough estimates, what we find from our data
is that the applied field appears to drive the NP displacement to a varying degree with each
layer type; with PAH, C11 amine thiol, and C11 EG6 amine thiol producing average NP
displacements of 1.07, 0.66, and 0.47 Angstroms respectively. Thus, from these data the
thinner and less ordered PAH layer appears to facilitate a NP displacement that is roughly 2
times greater than that found from a relatively more ordered and thicker C11 EG6 amine
thiol layer.

Our motivation for using an applied electric field to move the NPs up and down near the
metal film is to demonstrate that the LSPR measured using TIR is indeed distinct from the
delocalized SPR of the film and can be controlled independently by changing the gap
dimension of the film-NPs. While the two resonances can influence each other, their
responses to changing physical conditions are distinct. With the correct NP density and
when the spacer dimension between the NPs and the film is on the order of a few
nanometers causing the amplitude and spectral response of the LSPR to be dramatically
enhanced, the LSPR can be characterized using simple TIR measurements similar to those
used in commercial SPR instruments. In contrast to more common SPR sensing modalities,
evanescent sensing of the film-NPs LSPR will transition readily to a chip-based dielectric
waveguide platform and provide a component of information not strictly dependent on the
local refractive index. The LSPR is exquisitely sensitive to the average gap dimension of the
film-NPs; this metric will present an opportunity for making real time nanoruler
measurements of molecular dynamics from a potentially broad array of biomolecules and
inorganics that can be integrated into the gap region.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Darkfield (DF) microscopy study of the uniformity of the localized surface plasmon

resonance (LSPR) of 60nm gold NPs deposited on a 30nm gold film (5nm Cr adhesion
layer), and the influence of NP density. NPs are attached to the gold film via electrostatic
attraction to a single self assembled PAH molecular layer, resulting in an average gap
distance of 6 Angstroms (top left panel drawing). This drawing is not to scale, as the actual
gap dimension is less than 1/60 of the NP diameter. DF microscope color images of the gold
NPs at reproducible standardized deposition concentrations are shown: on glass (5 pm scale
bar), 0.05x on gold film, 0.1x on gold film, 0.2x on gold film, 1x on gold film. Insets
highlight the doughnut image resulting from the gold film polarization effect on the NP
scattering. The white circle represents approximately the aperture size through which the
scattering spectra are collected. B) Representative scattering spectra acquired from film-NPs
samples at concentrations of 0.05x (olive), 0.1x (maroon), 0.2x (orange), 1x (red) and for the
same gold NPs on a glass slide (green) for comparison. Plot inset: Ray diagram describing
the un-polarized illumination and collection conditions for DF microscope LSPR scattering
characterization (S: source, D: detector).
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Figure 2.

Reflectivity measurements (Fig B inset: experimental geometry) of the surface of the 30nm
gold film prepared with a 1x concentration 60nm gold NP surface coverage reveal the
cumulative LSPR of a large number of NPs in the beam spot. A) Reflectivity curves for
film-NPs samples (all at the same 1x NP concentration) with LBL assembled poly-
electrolyte (PE) multi-layers used to space NPs at varying gap distances (d). There are two
distinct distance-dependent trends apparent, which are shown in B and C. B) The LSPR
position (calculated by centroid- center of mass of the bottom 80% of the resonance peaks
shown in A) red-shifts, following a power law, with decreasing film-NPs average gap
distance. A curve fit with the function y = 644.43 * d ~0-058 (R=.99147, where y= LSPR
wavelength), is shown with the data. C) The peak amplitude of the LSPR response also
increases with decreasing film-NPs average gap distance. The film-NPs based LSPR
nanoruler sensor we propose would operate in the regime (gray ovals) where both the
amplitude and the spectral response of the signal are strongest.
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Figure 3.

Reflectivity measurements of the film-coupled NPs illustrate NP concentration dependence
of the LSPR amplitude. All film-NPs samples shown here have a single PAH spacer layer
that averages 6 Angstroms in thickness. A) Reflectivity spectra (normalized by bare gold
film reflectivity) at various NP concentrations: using the same geometry (upper inset
drawing top) as described in Figure 2. This illumination geometry results in excitation of the
LSPR (red field lines) of the film-NPs, as drawn in the bottom of the upper inset, and cannot
directly couple to the gold film SPR. B) TIR spectra from the same samples (normalized by
glass slide reflectivity) using the collection geometry and 70° off-normal P-polarized sub-
surface illumination described in the top right inset. In this case, we have fixed a flow cell to
the top of each of the samples and filled it with water, altering the local refractive index
from n=1.0 (air) to n=1.33. As represented in the lower left inset drawing: TIR geometry
illumination results in evanescent component excitation of both the SPR (brown field lines)
of the gold film and LSPR (red field lines) of the film-NPs. With no NPs present, there is a
strong dip in the reflectivity at 850 nm associated with SPR excitation. However, as the NP
concentration grows, one can observe both the appearance of an LSPR response and the red-
shifting of the film SPR. Scanning electron microscope (SEM) images of the standardized
film-NPs concentrations are shown at right. Particle counting reveals that the surface
coverage (relative to maximum packing density) of the NPs are 1x = 2.2%, 0.2x = 0.42%,
0.1x = 0.22% and 0.05x = 0.11%.
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Figure 4.

The TIR spectrum of the film-NPs (prepared with 1x concentration NP surface coverage and
a single PAH spacer layer on a 30nm gold film) displays an LSPR shift when the negatively
charged citrate stabilized gold NPs are driven up and down by electrophoretic forces in an
applied electric field. The experimental geometry of the signal collection is equivalent to
Figure 3B. A) A +/— 1 Volt square wave (0.5Hz) is applied between the gold film and the
top of the flow cell. We define Polarity 1 as a positive voltage at the gold film and Polarity 2
as a negative voltage at the gold film. B) Spectra acquired during Polarity 1 (1 Volt, 2.2V/
mm) phase reflect a very large (~30nm) red-shift and amplitude increase of the LSPR
compared to the Polarity 2 phase. This is understood to be the negatively charged NPs
migrating away from the negative electrode and towards the positive gold film in Polarity 1,
reducing the average film-NPs gap distance and increasing the plasmonic coupling.
Conversely, for Polarity 2 the blue-shifting LSPR represents NP displacement away from
the gold film. The spectral position of the SPR remains relatively unchanged.
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The LSPR peak position of the film-NPs (prepared with 1x concentration NPs) oscillates at
the frequency of the applied AC field as the gold NPs are driven up and down primarily by
an electrophoretic force. The experimental geometry of the signal collection is equivalent to
Figure 4. A) A +/—500mV square wave (0.5Hz) is applied between the gold film and the
top of the flow cell (here V represents the voltage at the gold film). The LSPR peak position
(solid line, including data points) is plotted along with the estimated gap distance (dashed
line) for film-coupled NPs attached via a single PAH layer (B, E), a self-assembled
monolayer (SAM) of 11-amino-1-undecanethiol (C11 amine thiol, C, F) and a SAM of C11
EG6 amine thiol (D, G).
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