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Introduction

Since the seventeenth century when the earliest microscopes explored the vibrant microbial
communities in the blood and in pond scum!, microscopists have innovated to visualize new
structures and processes. Though light microscopes were limited by the wavelength of light for
hundreds of years, super-resolution microscopy techniques now enable the study of nanometer-
scale structures and processes® . These nanoscopic characterization tools have had great impact
for understanding subcellular biology and organic materials®. Increasingly, super-resolution
microscopy is being applied to measure the light-matter interactions between fluorescent dyes
and plasmonic metal nanoparticles (NPs). These near-field interactions occur on the few
nanometers scale that super-resolution microscopy is ideally suited to investigate®. Furthermore,
super-resolution microscopy can detect the effects due to plasmonic coupling on the emissive
properties—brightness, polarization, and spectrum—of nearby dyes, and can characterize
heterogenous distributions. Overall, super-resolution microscopy can recognize subtle changes to

address fundamental questions about fluorescence’ 2

and applied questions such as catalysis and
ligand arrangement!*'®, This review describes recent progress using single-molecule super-

resolution approaches to understand plasmon-coupled fluorescence.

Single-Molecule Super-Resolution Microscopy

Super-resolution microscopy beats the ~0.5 um standard diffraction limit of light!”~2°,
Approaches based on single-molecule localization have had particular impact in uncovering the
nanometer-scale fundamentals of plasmon-coupled fluorescence because this non-invasive
approach can directly measure the effect of a metal NP on proximal dyes in a conventional
epifluorescence microscope. The core innovation in single-molecule fluorescence microscopy is
straightforward: when a fluorescent molecule (fluorophore) is in a homogeneous environment, a
fit to the diffraction-limited image of a single fluorophore indicates the fluorophore position with
a localization precision much better that the standard diffraction limit (Figure 1a,b)?!. Single
molecules can therefore be localized to within a few nanometers while maintaining the
advantages of benchtop fluorescence microscopy, which directly characterizes light-matter
interactions in situ. In addition to determining the brightness and the two- or three-dimensional
position of each dye molecule, single-molecule microscopes can be extended, for instance to

measure the fluorescence polarization®!?, spectrum!!, and lifetime'?.



This sub-diffraction localization is however only possible when the fluorophores being
detected are isolated in time and space such that the image of the isolated dye molecule depicts
the microscope point spread function (PSF), which is defined as the response of the microscope
to a point source. Fortunately, a toolbox of super-resolution methods has emerged to map the
fluorescence of a dense collection of molecules, for instance to image a collection of dyes
interacting with a metal NP>~ These methods all achieve super-resolution images by detecting
and localizing one molecule at a time, though each method realizes this temporal separation in a
different way. For instance stochastic optical reconstruction microscopy (STORM)? and
photoactivated localization microscopy (PALM)>?? achieve super-resolution images by using
labels that can be made fluorescent (photoactivated or photoswitched) by high-frequency
illumination; in each imaging cycle, only a sparse subset of labels are photoactivated and
subsequently imaged and localized until the dyes become dark (non-absorbing) and then the
cycle of photoactivation and imaging is repeated. Direct STORM (dSTORM) and ground state
depletion with individual molecule return (GSDIM) are like PALM and STORM, but instead of
using a second laser for photoactivation, GSDIM and dSTORM image dye molecules that
stochastically blink under illumination in the imaging conditions***. Points accumulation
imaging in nanoscale topography (PAINT) achieves sparse single-molecule images by imaging
dye molecules as they are transiently immobilized by adsorption onto a surface**. Each molecule
is imaged and localized until it photobleaches or desorbs. In this scheme, free molecules are not
detected, either because their fluorescence is dim until rigidification on the surface or because
freely diffusing molecules are blurry on the imaging timescale (typically tens of ms). DNA-
PAINT adds specificity to the PAINT imaging scheme: rather than rely on dye adsorption at
random positions on the sample, DNA oligonucleotides labeled with a dye molecule bind
reversibly to complementary DNA docking strands®. All of these methods separate the
fluorophore imaging in time to achieve single-molecule localizations at low densities by

optimizing the dye concentration, laser power, and imaging frame times.

Plasmon-Enhanced Fluorescence

In single-molecule localization, the uncertainty on the fit of a fluorescence image scales
inversely with the square root of the number of photons collected?'. Thus, since the super-

resolution methods described above rely on localizing a series of single dye molecules, the



resolution improves as the number of photons collected per fluorophore increases. Plasmonic

NPs can enhance the fluorescence of nearby fluorescent emitters?®2®

and promise to increase the
resolution of single-molecule microscopy. A plasmon mode is a collective oscillation of the
electron cloud bound in a material?®. Noble metals support strong plasmon modes because of
their low absorption losses. At the interface between a metal and a dielectric, surface plasmon
polaritons are created by incident electromagnetic waves, and this plasmon mode can travel on
the metal surface. When this propagation length is physically restricted, i.e., in metal NPs with
dimensions smaller than the wavelength of light, the surface plasmon polariton is localized?’.
This localized surface plasmon resonance (LSPR) oscillates within the NP at a resonance
frequency that depends on the materials properties of the metal and its surroundings, as well as
on the NP size and shape. Because the plasmonic NP interacts strongly with incident
illumination, these LSPRs give rise to plasmon-enhanced spectroscopies including plasmon-
enhanced fluorescence®* 2. There are two main pathways for this enhancement: (1) The NP
concentrates the field of incident illumination to enhance the absorbance cross section of a
nearby dye, and (2) the NP increases the local density of photonic states (LDOS) in its vicinity to

increase the radiative rate of a nearby excited dye®.

Fluorescence Reshaping

Single-molecule microscopy has revealed that the emission patterns of fluorescent molecules
are altered in the presence of a plasmonic NP (Figure 1¢)”%337 Whereas single-molecule
localization relies on finding the center of the emission pattern of an fluorescent molecule in an
isotropic medium?!, this coupled emission pattern shows that the significant spatial variance in
the local electromagnetic field around a NP creates distortions: the image of a single fluorescent
molecule near a plasmonic NP is not an accurate indication of the microscope PSF. As a result,
the center of the image of a fluorescent molecule coupled to a plasmonic NP does not necessarily

7,8,33-37

indicate the actual molecule position , and plasmon-enhanced fluorescence is therefore not

a straightforward way to increase single-molecule imaging resolution.

Fortunately, the mislocalization between the ground truth molecule position and the apparent

7833 and analytically®!?. Furthermore,

image position can be understood computationally
experimental data can provide a lookup table to correct the artifacts in plasmon-coupled

images’® and analytical models are being developed to provide fit functions that return the true



molecular position instead of the center of the emission pattern®. These models will be greatly
improved when all the effects of plasmonic NPs on nearby molecules are characterized. For
instance, in addition to measuring the brightness and apparent position of plasmon-coupled
fluorescent molecules, single-molecule spectroscopy has measured changes in the dye emission
spectrum'! and polarization-resolved single-molecule imaging has characterized changes in the
apparent molecular orientation'®. Thus, the imaging artifact can be turned into a detection
scheme for a variety of applications. The increasing ease in fabrication techniques, and a wide
variety of fluorophores, offers an exciting range of potential applications in biological and

chemical sensing® .

Applications of Super-Resolution Imaging to Nanoparticle Plasmonics

In addition to fluorescence, plasmonic NPs affect other behaviors due to their ability to
concentrate electric field in their local environment. The large surface area offered by plasmonic
NPs also makes them chemically active substrates for high-throughput experiments. Thus,
mapping and understanding the heterogeneity of light-matter interaction in the vicinity of a
plasmonic NP has been a rich field of study'?!33*4142 Near-field imaging techniques like near-
field scanning optical microscopy (NSOM) and cathodoluminescence can directly map the
electric field about a plasmonic NP**#° but these probes distort the electric field that they
measure*®. Thus, building tools that read out this information without perturbing the system is
crucial to engineer devices that employ plasmonic nanoantennas®-*!474% Furthermore, far-field
techniques like optical microscopy directly investigate light-matter interactions by measuring the
response of a dye molecule to its environment** and super-resolution microscopy measures the
heterogeneous spatial response of plasmon-coupled fluorescence in the vicinity of plasmonic
NPs to directly probe the near-field dye-NP interaction*’. Recent super-resolution investigations
have also recorded and understood the correlation between the response of the dye-NP
interaction and the local electric field'?!344142 Therefore, single-molecule fluorescence
imaging offers the flexibility to experimentally study the nanoscale environment and topography
as well as the effect of a NP on nearby dye molecules while still providing nanometer-scale

resolution.



Mislocalization of the Molecular Emitter

Coupling dye molecules to plasmonic NPs increases the precision of the single-molecule
localization by enhancing fluorescence to decrease the error on the mean position!. However, a
shift between the position of the detected signal and the actual position (ground truth position) of
the emitter decreases the accuracy of the plasmon-coupled measurement (Figure 1b,c). Thus,
quantifying this shift is crucial to enable plasmon-enhanced super-resolution microscopy. To
measure the mislocalization of a fluorophore in the presence of a plasmonic NP, the ground truth

position must be known for comparison.

Fu et al.® characterized the mislocalization of single molecules by plasmonic NPs with a
highly symmetric sample system that encodes a priori knowledge of the dye-NP separation
distance. The assembly is composed of dye molecules attached covalently via rigid double-
stranded DNA spacers to the surface of a spherical gold NP (Figure 2a). Here, the relative
distance between the NP and the dye is defined by the number of DNA base pairs, and thus the
apparent position can be compared to the actual position. Single dye molecules were detected
with dSTORM imaging (Figure 2b)*. Though all NP-dye separation distances are the same in
this geometry, the ability to accurately localize the dye molecule is compromised by three
separate effects. In addition to (1) the shift between the actual position and the apparent position
due to the presence of a plasmonic NP, the authors consider that (2) though all the molecules are
equidistant in 3D from the NP, the axial position is lost when a 3D system is imaged in a 2D
microscope, and (3) the localization precision is finite (~10 — 20 nm) in these photon-limited

experiments.

To select dye molecules only around the xy plane periphery of a 179-nm NP, the authors used
a 3D microscope. Based on the astigmatism produced by a cylindrical lens, the z-position of the
NPs and the dye molecules were resolved to + 60 nm (Figure 2¢)°®>!. Based on these 3D
coordinates, the authors optically sectioned the center ring of the NP (Blue square in Figure 2c;
Figure 2d). The optical sectioning yielded a 2D symmetric NP-dye assembly. On the other hand,
since larger NPs provide only subtle fluorescence enhancements, Fu et al. also studied smaller
(78.6 nm diameter) NPs, which provide a stronger fluorescence enhancement®2, However, these
NPs could not be optically sectioned into a disc with the 3D microscope’s z-resolution. To

account for the 2D geometry in these smaller assemblies, Fu et al. therefore compared the peak



positions of the single-molecule detections to simulated data for an ideal _ISTORM experiment in
this geometry. The 2D projections of the simulated system and the experimental image were then

compared to determine the mislocalization.

The third imaging limitation, that of photon-limited detections, could not be explicitly
removed, but was accounted for in simulations as well. Overall, the experimental results were
qualitatively comparable to the results from full-field electromagnetic (finite difference time
domain; FDTD) simulations, and the study concluded that the emission pattern is mislocalized
toward the center of mass of the coupled dye-NP system: the apparent position of the dye is
closer to the NP than the actual position of the NP (yellow focus vs. red line in Figure 2e)*7377,
This mislocalization depends strongly on the separation distance (Figure 2f). Although the

authors did not arrive at an analytical relationship between separation distance and

mislocalization, the results provide a reference for future work with Au NPs.

Raab et al.” further examined this mislocalization effect by engineering two systems with a
priori knowledge of the relative positions of the NP and the dye molecule. The first system is
composed of a 12-helix bundle DNA origami structure with three DNA-PAINT marks placed 80
nm apart (Figure 3a). The DNA-PAINT marks are specific sites where complementary dyes
transiently bind, fluoresce, and unbind, to produce single-molecule fluorescence events®. In
addition to these three dye-binding sites, the structure has a single docking site for a DNA-
modified Au NP (Figure 3b)°%. The helix bundle provides a rigid backbone that ensures no
physical distortion in the system and the DNA structure dictates the precise locations of the
marks and docking sites>’. In the absence of NPs, the DNA-PAINT experiment registers the
actual positions of the DNA-PAINT marks: three spots in a straight line separated by 80 nm
(Figure 3a). When NPs are introduced to the PAINT experiment and a NP docks onto the bundle,
the center fluorescent signal is displaced from the reference line and the three dyes instead

appear as a triangle (Figure 3b). This result provides qualitative evidence of mislocalization.

To quantitatively analyze the so-called “single-molecule mirage,” Raab et al. built a second
system. The second system includes two structures: the reference structure and the sample
structure. The reference structure is a DNA origami plane with DNA-PAINT marks arranged 50
nm apart in an equilateral triangle (Figure 3c). The sample structure is a single DNA-PAINT

mark and a docking site for DNA-modified Au NP; NP-induced mislocalization produces a



deviation in the emission pattern of the sample structure relative to the reference pattern (Figure
3d). To record the shift, the deviation measured in these images was calibrated to the plane of the
reference structure and the shift is the difference between the average fluorophore position with
and without the NP (Figure 3e).

The authors observed the shifts as a function of NP size (20 — 80 nm diameter). By using

astigmatism through a cylindrical lens>%!

, and by localizing ~10,000 molecules per NP, the
authors observed that the PSF is shifted toward the center of the NP for all NP sizes, consistent
with previous experiments®’>>-57 and that this shift increases with the NP diameter (Figure 3f).
This trend, which is expected because the strength of the LSPR mode of a NP increases with
diameter>?, is also found in numerical simulations, though the experimental shift is even larger
than the calculated shift, especially for the larger NPs. This discrepancy is attributed to changes
in the optical properties of the local environment due to high DNA concentrations®. Although
the authors did not arrive at an analytical relationship between separation distance and
mislocalization, the experiments point to a rigorous engineering solution to measuring
mislocalization effects. Consistent with prior studies, additional FDTD calculations predicted
that the separation distance between the molecular emitter and the NP and the excitation

frequency of the laser will affect the mislocalization as well>*¢.

Overall, the two studies point to a very important problem in implementing plasmon-
enhanced single-molecule super-resolution microscopy: localization-based super-resolution
imaging affords a precision of about 20 nm and this precision can be improved by using
plasmonic NPs to enhance the dye brightness, but the plasmon-coupled fluorescence suffers from
an average mislocalization greater than the localization precision. For instance, in Raab et al.’,
the average mislocalization of a dye 10 nm away from an 80 nm Au sphere 1s 29.2 nm.
Mislocalization at this scale would obfuscate any information gained from plasmon
enhancement. Moreover, though Raab et al. found a distinct shift in the PSF position, they
recorded no measurable distortion in the PSF shape. This result is surprising because previous
experiments have shown that the asymmetry of the fluorophore-NP system skews the PSF
toward the NP3>37-6162 Thuys, this work indicates that there is not always a clear indicator that

mislocalization has occurred.



Spectral Reshaping of the Molecular Emitter

In addition to producing a shift in position, a plasmonic NP can change the emission
spectrum of a nearby dye®®. Spectral shifts of coupled NPs have been used in the past as
plasmonic rulers to measure separation distances, and hyperspectral plasmonic-coupling

64.65 extends this approach to precisely monitor clustering of proteins®. By

microscopy
implementing single-molecule hyperspectral imaging, Lee and Biteen recorded changes in the
emission spectra of single dye molecules near Au NPs. The study considered four dyes with
different peak fluorescence emission wavelengths ranging from 510 to 610 nm. Each dye
therefore had a different spectral overlap with the NP, which has an LSPR peak at 575 nm
(Figure 4a). Combining PAINT as the super-resolution imaging technique with single-molecule
spectroscopy, they determined the position and emission spectrum of each molecule detected*.
Because plasmon coupling is distance-dependent, the single-molecule approach permitted
differentiation between molecules close to the NPs and molecules too far away for significant
coupling to occur. Indeed, consistent with FDTD simulations, the hyperspectral microscopy
results indicated that, for all four dyes chosen, the emission spectra of dye molecules more than

40 nm from the NPs are not significantly different from the intrinsic spectrum of the uncoupled

dyes (Figure 4b).

On the other hand, the hyperspectral single-molecule microscopy revealed important spectral
changes at the smallest separation distances, especially for the dyes with emission peaks most
detuned from the LSPR maximum (Figure 4b). For the bluest dye, BDP-FL, a red shoulder
appears (red arrows in Figure 4c); these experimental observations are supported by calculations
(Figure 4c). This observation of wavelength-dependent plasmon-coupled fluorescence emission
from single molecules indicates that plasmon enhancement is a resonant effect that can select
specific radiative transitions in a dye molecule. Beyond uncovering these basic physical
principles, one important consequence of this work is that because the spectral reshaping
depends on the LSPR frequency of the NP, the spectral shift can be used to differentiate between
different NPs. This detection scheme holds promise as the basis for high specificity sensors to

discern heterogeneities in plasmonic NPs.



Apparent Rotation of the Emitter Polarization

In addition to affecting the position and the emission spectrum of the fluorophore, the
polarization of the coupled fluorescence emission is altered in the presence of a NP. Goldwyn et
al.% considered the coupled system of a plasmonic NP and a fluorophore in analogy with Young’s
double slit experiment. This classical interpretation of light interacting with two slits yields a
scattering pattern that is the result of constructive and destructive interference of the scattered
light from the individual slits (Figure 5a). Because a slit is theoretically equivalent to an electric
dipole with direction and magnitude given by the orientation and width of the slit, Goldwyn et al.
proposed an analytical model for plasmon-coupled fluorescence that treats both dye molecules
and NP LSPR modes as dipoles®. The dipole orientation and magnitude of the dye depend on the
electronic structure and quantum efficiency of the dye, and the plasmonic mode orientation and
magnitude depend on the NP size and structure. While electrodynamic effects can be computed
by solving Maxwell’s equations numerically, the underlying physics are not explicitly revealed.
For instance, several dipole and higher-order modes contribute to dye-NP coupling. By modeling
the NP and the dye molecule as a pair of dipoles with associated magnitude and direction, as well
as the polarization of incident light, the model can explain changes in the emission pattern upon
dye-NP coupling.

Zuo et al.'*

expanded this theoretical framework with experimental data for the apparent
orientation of dyes in the presence of a plasmonic NP. Nanorods (NRs) acted as asymmetric
plasmonic NPs with a defined LSPR orientation: the longitudinal plasmon mode is aligned along
the NR long axis. PAINT measurements captured the fluorescence images of single dye
molecules as they transiently adsorbed on the surface near the NRs**. The NR orientation as well
as the apparent emission dipole orientation of each dye molecule were measured with
polarization-resolved single-molecule microscopy: a polarizing beam displacer in the emission
pathway separated the emission into two orthogonally polarized outputs and the ratio of the
intensities in these two channels indicates the dipole orientation. PAINT measurements of dye
molecules transiently adsorbing on the microscope coverslip in the absence of Au NRs (Figure
5b) indicate that the dyes are randomly oriented on the surface; an experimental bias toward the

center (45°) is attributed to z-oriented molecules as well as low signal-to-noise artifacts. On the

other hand, red Cy5.5 dyes that are coupled to Au NRs appear to be rotated toward the NR long



axis (black arrows in Figure 5c¢,d); this rotation was observed for all angles: the apparent
molecule angle generally indicates the NR angle (Figure 5¢). Moreover, some subtle plasmon-
induced emission polarization rotation was even observed for the bluer Cy3 dye molecules that

are far detuned from the Au NR LSPR peak.

To understand this apparent rotation in the emission pattern, the authors expanded the
theoretical framework® to include the NR geometry, which was approximated as a prolate
spheroid. This extended analytical model includes all the dominant electrodynamics of the
system as indicated by its ability to predict both the apparent mislocalization and the apparent
rotation of the dye consistently with FDTD simulations!®. By explicitly considering all the
underlying physics, the analytical model explains the origin of the polarization rotation effects.
As the emission intensity is the square of electric field, the emission pattern is not a simple
superposition of two coupled systems. The resulting interferences are important, and their effect
is uncovered in this investigation (pink box in Figure 5f, Figure 5g). Furthermore, though the NR
has a dominant longitudinal mode that is resonant with Cy5.5 emission, plasmon resonances
along the weaker, blue-shifted transverse mode play a role as well. Overall, in addition to using
single-molecule polarization-sensitive microscopy to detect plasmon-coupled fluorescence
rotation, Zuo et al. provided insight into plasmon modes, their relative strengths, and where and

how interference effects are introduced in the system.

Mapping Light-Matter Interactions near a Plasmonic Nanoparticle

Characterization of the emission pattern is not only a key step in utilizing plasmonics to
enhance fluorescent signals for super-resolution microscopy, it is also a crucial step toward
utilizing plasmonics to control light-matter interactions. Plasmonic NPs can enhance
fluorescence by concentrating the incident light to increase absorption and by more efficiently
re-radiating the dye emission from the near-field to the far-field due to an increased local density
of photonic states (LDOS). Previously, Wertz et al. coupled dyes to Au nanotriangles and found
that although plasmonic coupling at the excitation wavelength to increase the absorption is a
critical component of the fluorescence enhancement, the emission pattern mislocalizations can be
reproduced mainly by considering only plasmonic coupling at the emission wavelength>®. Mack
et al.? decoupled these two pathways by comparing how Pacific Orange (PO) and Pacific Blue

(PB) couple to plasmonic nanoantennas. Importantly, these two dyes have similar absorbance



spectra (dashed lines in Figure 6a), but PO has a large Stokes shift, and therefore a redder
fluorescence emission spectrum than PB (dashed lines in Figure 6b). The PO and PB were
coupled to plasmonic aluminum tri-disk nanoantennas with a peak LSPR frequency that matches
the absorbance maxima of both dyes (Figure 6a); this LSPR frequency is also resonant with the

PB emission spectrum (Figure 6b).

When the samples are excited at 405 nm, the tri-disk nanoantenna concentrates the electric
field at hot spots between the Al disks; absorbance enhancement should be maximized for
molecules at these hot spots. The tri-disk arrangement produces an electric field that depends on
the polarization of the excitation beam (Figure 6¢,d). Thus, when enhanced excitation is the
predominant coupling effect, the emission pattern should depend strongly on the excitation
polarization, whereas dye molecules that also benefit from coupled emission will see a less
pronounced polarization dependence. Accordingly, the PAINT super-resolution localization
maps for the PB dye are insensitive to the excitation polarization (Figure 6c¢), consistent with the
PB excitation and emission wavelengths both being resonantly coupled to the nanoantenna
wavelength. On the other hand, the PAINT super-resolution localization maps for the PO dye
varies strongly with excitation polarization (Figure 6d), consistent with the fact that the

excitation enhancement dominates while the PO emission is strongly detuned from the LSPR.

The electric field about NPs has been discerned by mapping single molecules at random
positions around the NP* ¥ However, as discussed above, mislocalization in the super-
resolution image leads to an inaccurate representation of the electric field map. It is therefore
desirable to control the fabrication processes of plasmonic systems to probe the electric field at
well-defined positions of precisely placed molecular emitters*®. This positioning is challenging,
and even when realized as in studies like those of Raab et al. and Fu et al.”8, the positioning is
static (Figures 2 and 3). In contrast, Xin et al.!? designed and studied a dynamic system based on
DNA origami in which the dye-NP separation varies with time as the dye moves toward the
hotspot of an Au nanosphere dimer (Figure 7a). At the hotspot, this dimer concentrates an

intense electric field (Figure 7b)%".

The dynamic system was created with DNA origami by placing a track with nine footholds
(complementary DNA stators attached to the track bundle) at known positions along the plane

between two Au nanospheres. A fluorophore attached to a DNAzyme strand thus becomes an



autonomous walker. Upon the introduction of a trigger DNA strand and divalent metal ions, the
walker progresses unidirectionally along the footholds and into the hotspot using a burnt-bridge
mechanism. As the fluorophore walked toward the hotspot, the fluorescence intensity (Figure 7¢)
and lifetime (Figure 7d) were recorded at each foothold position. The fluorescence lifetime

decreases, and the fluorescence intensity increases as the molecule approaches the hotspot.

The authors additionally considered that while the dye orientation plays a factor for
enhancement—for instance, in this geometry a dye oriented in the x or z direction would
experience less enhancement than one oriented in the y direction’"—the strand attached to the
dye allows it to freely rotate at a time scale shorter than the fluorescence lifetime’!. Thus,
averaged over the image integration time, each molecule was considered as an isotropic emitter.
Overall, this powerful DNA origami design could be applied to different NP-dye pairs to create
tunable devices in which the coupling between the dye and the molecule can be adjusted in real
time. It will be exciting to see this approach combined with current innovations in DNA origami
to take advantage of increasingly robust and rigid designs and to study systems in which

reversible actuators can precisely modulate both the position and the orientation of molecules.

Applications of Single-Molecule Microscopy in Plasmonics

When NPs are be employed as sensors and devices, their surfaces are often functionalized
with organic ligands or DNA spacers’> 4. Understanding the behavior and distribution of ligands
covalently bound to metals is an important step in utilizing plasmonics in these systems’> "’
Cheng et al.'* compared the effects of plasmon-mediated photothermal heating and direct heating
on ligand organization. They visualized double-stranded DNA (dsDNA) ligands bound to a Au
nanorod (NR) by attaching a 5-carboxytetramethylrhodamine (TAMRA) fluorophore to the far
end of each ligand. Based on the GSDIM single-molecule imaging approach in which the
TAMRA dye is switched between the non-emissive triplet state and its fluorescent singlet state
under laser excitation, sparse subsets of single molecules were imaged to provide a super-
resolution image of the TAMRA dye positions*’®. In this experiment, mislocalization was
avoided by decoupling the dye and LSPR wavelengths, and additionally, because fluorescence is

quenched when a dye and a metal NP are in contact’>%, this study differentiated between dark

collapsed ligands and bright upright ligands (Figure 8a).



Normally, immobilized TAMRA dye molecules exhibit strong bursts of fluorescence activity
upon laser excitation. However, no fluorescence was observed at the start of illumination of the
NP-ligand-dye samples. Rather, the bursts increased in frequency and intensity over time (Figure
8a). These observations indicate that initially, ligands are in a collapsed arrangement where the
fluorophores are very close to the surface of the NP (< 5 nm) and thus, fluorescence is quenched,
then the ligands slowly rearrange into an upright arrangement such that the fluorescence can be
recovered. Interestingly, the experiment indicates that the upright arrangement of the ligands is
triggered by heat, as it could alternatively be produced with preheating to 40 °C. The time
evolution of the laser-induced heating was measured (Figure 8b) and the study found that the
plasmon-mediated photothermal heating produced nearly the same extent of ligand
reorganization as the 40 °C thermal treatment. Furthermore, through their single-molecule
approach, Cheng et al. mapped heterogeneity of ligand binding. More fluorescence events were
observed at the NR ends than at the middle, and this heterogeneity was more significant for the
plasmon-mediated heating than for the pre-heated samples. This result is consistent with a
spatially dependent thermal profile. Overall, this study indicates that plasmon-mediated
photothermal heating can trigger ligand rearrangement and could be used to control interactions

in the near field of the NP.

In addition to interacting with ligands, metals surfaces catalyze a wide variety of chemical
reactions and metal NPs greatly increase the surface area offered for catalysis®'®’. Plasmonic
NPs can also concentrate the incident light to small volumes increase reactivity. In addition, hot
electrons produced at the NP surface catalyze reactions because they provide electrons for
intermediate reaction steps®®°!. Thus, the electric field hotspots in plasmonic NPs serve as
catalytic hotspots. Zou et al.!® studied catalytic hotspots on linked Au NR dimers using
correlative super-resolution imaging and electron microscopy. Pairs of NRs were joined with
biotin-streptavidin linkages, and the dimer was coated with a layer of mesoporous silica to
stabilize the structure and avoid aggregation while still providing reactants access to the metal

surface for catalysis via the pores”>®>.

Single-molecule microscopy visualized the conversion of fluorogenic resazurin reactants into
the fluorescent resorufin product. Every time a resorufin molecule desorbed from the metal
surface and slowly traversed the mesoporous silica shell, a single molecule was detected. In

addition to measuring the product formation rate, the single-molecule fluorescence approach



enabled the authors to spatially resolve the reactivity: the number of localization events is
proportional to the amount of product formation (Figure 8c). Thus, this study identified
nanometer-scale catalytic hotspots on the NR dimers, and correlated these optical microscopy
measurements with electron microscopy to conclude that these systems had high catalytic rates at
the nanoscale gaps between the NRs (Figure 8d), where an intense electric field hotspot is
predicted by FDTD simulations. This work extends super-resolution imaging to measurements of

chemical reactivity.

Interactions of Molecules with Plasmonic Nanoarrays

Beyond single-particle measurements, arrays of NPs can be used as a high-throughput

1.5 studied the nanometer-scale

substrate for imaging many single-particle events. Hamans et a
patterning of the emission enhancement over a plasmonic array to differentiate between the
contributions from the LSPR of each NPs and the SLR (surface lattice resonances) of the array.
An SLR mode arises in plasmonic arrays due to the coupling of confined oscillations of the
electric field within the array’**°. The boundary conditions for these oscillations are the surfaces
of neighboring NPs. In contrast, each individual NP has an LSPR mode due to the confined
oscillations of the electric field within the NP. The boundary condition for these oscillations is
the surface contour of that NP. Thus, Hamans et al. engineered a hexagonal array of truncated Al
cones (Figure 9a,b) to have a broad LSPR peak that is red-shifted relative to the dye (Figure 9c)
and a sharp SLR peak that overlaps with the emission spectrum of the dye (Figure 9d). The
spacing between the cones determines the strength and the wavelength of the SLR*>%°,
Computations indicate that the electric field at the LSPR wavelength is localized around the base

of the NPs (Figure 9¢), whereas the electric field is more diffuse at the SLR wavelength (Figure
9f).

The authors used PALM microscopy to map the fluorescence pattern of caged dyes
embedded in a polymer layer. They imaged two samples: (1) with the polymer layer at the base
of the array, to study enhancement due to the LSPR (Figure 9a), and (2) with the polymer layer
100 nm above the array, to study enhancement due to the SLR (Figure 9b). The presence of
plasmonic NPs affects the absorption cross section of the dye, the spontaneous decay rate, and
the direction of the emission®. Here, the absorption enhancement is minimal because there is

minimal array extinction at the excitation laser wavelength (532 nm). By sectioning the spectra



using emission filters (Figures 9c,d), the study recorded only enhancement due to each respective
resonance mode: LSPR or SLR. Simulations of the electric field intensity about a truncated Al
cone at the LSPR wavelength predicted a strong field enhancement at the NP surface near its
base (Figure 9¢) while simulations at the SLR wavelength predicted fields that extend farther
into the surrounding medium. Thus molecules in the plane at the array base (Figure 9a) were
predicted to couple to the LSPR and molecules in the plane above the array (Figure 9b) were
predicted to couple to the SLR. For the LSPR-coupled fluorescence, the study found enhanced
fluorescence intensity, and the most enhanced molecules appeared to be at the NP position
(center of pattern in Figure 9g). For the SLR-coupled fluorescence, the emission pattern was
uniform, and the fluorescence intensity was not enhanced relative to an isolated dye (Figure 9h).
The study concluded that the LSPR plays the dominant role in fluorescence enhancement and
that strong mislocalization occurs upon LSPR-coupled emission. On the other hand, the SLR
mode of this structure is still coupled: FDTD simulations indicate that coupling to the SLR mode
can control the directionality of the emission. Overall, this work concludes that the LSPR mode
is dominant over the SLR mode of larger scale arrays, in which case, the NP array can be simply

considered as an ordered collection of single plasmonic antennas.

Stephen Lee et al. used such plasmonic arrays to increase fluorescence intensities in live-cell
single-molecule fluorescence imaging and to explore the number of variables that can be
modified to optimize plasmon-enhanced single-molecule imaging'®. While plasmon-enhanced
fluorescence has been extensively studied®, it has not been widely applied to live-cell super-
resolution imaging. Au nanotriangle arrays were fabricated on a microscope cover slip by
nanosphere lithography®”-8, Polystyrene beads were self-assembled into a mask to template an
array of Au nanotriangles. Because the spaces between close-packed spheres form equilateral
triangles, changing the sphere diameters tunes the triangle size and the spacing between the
triangles. Because the evaporated Au thickness was constant, the LSPR peak wavelength of each
nanotriangle scaled with its edge length. Nanosphere lithography is a relatively straightforward
scheme to fabricate extensive arrays of plasmonic NPs, but it does not afford independent control
over the fabrication parameters: larger triangles are spaced farther apart and smaller triangles are
more densely packed. Three different sizes of nanotriangle arrays were prepared from
polystyrene beads with diameters of 500-1000 nm (Figure 10a — ¢), and several trends were

measured by dark-field scattering spectroscopy: (1) the largest NPs had the highest scattering



cross sections, (2) the smallest NPs had the highest spectral overlap with the red fluorescent
protein PAmCherry under investigation, and (3) the smallest NPs were more densely packed on
the coverslip. All of the nanotriangles were spaced far enough to avoid the significant SLR

modes discussed above!”.

Membrane proteins play an important biological role and are well positioned for coupling to
extracellular plasmonic NPs: plasmon-enhanced fluorescence is a near-field effect, and the
membrane is about 20 nm thick. By studying the emission intensities of single fluorescent
proteins in the membrane of cells above different nanotriangle arrays, this paper sought to find
the optimal plasmonic substrate. The proteins TcpP and ToxR in the Vibrio cholerae membrane
are crucial regulators of the expression of the deadly cholera toxin. TcpP and ToxR were
genetically tagged with two photoactivatable fluorescent proteins: the red PAmCherry and the
green PAGFP, respectively. Single-molecule measurements of these fluorescent labels in living
V. cholerae cells prepared on top of Au nanotriangle arrays indicated that the fluorescence
enhancement was higher for TcpP-PAmCherry than for ToxR-PAGFP: the TcpP-PAmCherry
brightness was increased more than 2-fold whereas the ToxR-PAGFP brightness had a more
modest 1.2x enhancement. Furthermore, the fluorescence enhancement varied with substrate
geometry: the average TcpP-PAmCherry molecule brightness increased the most (2.1x) upon
coupling to the smallest NPs (Figure 10d), presumably due to their high surface coverage: the
detected molecules were more likely to be in the near field of one of these densely packed NPs.
The fluorescence enhancement was still significant (1.6x) for the largest NPs (Figure 10f): even
though the surface coverage decreases, each NPs has a significantly larger scattering cross
section. In fact, the enhancement was smallest for the intermediate NPs, for which the spectral
overlap was weak while the surface density was also low (Figure 10e). Thus, for similar live-cell
imaging in the future, though these nanotriangle arrays are a low-cost solution to producing high
coverage, non-toxic plasmonic substrates, their geometry is not ideal. Plasmonic arrays should be
designed maximal surface coverage, maximal NP scattering cross sections, and maximal spectral

overlap with the fluorescent probe.

Conclusions

In conclusion, recent work has quantified light-matter interactions near plasmonic NPs. NPs

produce novel environments at the nanoscale by concentrating far-field illumination and super-



resolution microscopy can characterize how fluorescence is affected by this modified
environment. Simulations of the electric field around the NP predict the energy landscape, but
these simulations do not identify the underlying physical principles that contribute to plasmon-
coupled fluorescence—for instance, the contributions of orthogonal dipole modes and
interference terms. Rather, the work reviewed here uses super-resolution fluorescence
microscopy to characterize the local response of a dye to a single plasmonic NP in order to
provide physical insight about how this NP gives rise to changes in dye emissivity and chemical

activity near its surface.

Going forward, it would be exciting to study new variables in single-molecule/single-particle
interactions. For example, the effect of the chirality of both the NPs and the fluorophores could
be explored with different polarizations of light. Furthermore, the engineering solutions
demonstrated in this Review show that the field is moving toward experimental geometries that
provide increased certainty about dye positioning and dye-NP separation, as well as toward
microscopy approaches that yield increased knowledge about the emission. The reviewed studies
all indicate that molecules respond heterogeneously to NPs depending on their specific local
environments, and further work is needed to uncover these nanoscopic gradients. In addition to
enhancing fluorescence, metal NPs augment other plasmon-mediated phenomena such as
photothermal heating and catalysis. If the nanometer-scale coupling between dyes and NPs can
be understood, NPs will be hugely advantageous for designing devices with increased sensitivity
and specificity. The programmability of these sensors and devices increases with the ease of

nanofabrication of novel plasmonic systems.
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Figure 1. Localization and mislocalization of a fluorophore. (2) Gaussian fit to an
experimental single-molecule image. The single molecule is localized to a spot smaller than the
diffraction limit. Reproduced from Mack, D. L.; Cortés, E.; Giannini, V.; Torok, P.; Roschuk, T.;
Maier, S. A. Nat. Commun. 2017, 8 (1), 14513 (ref. 9) under a Creative Commons Attribution

4.0 International License (https://creativecommons.org/licenses/by/4.0/). (b) Emission pattern of

an isolated molecular emitter. (c) Emission pattern of a coupled molecular emitter-NP system.
The dye emission pattern is shifted toward the NP and represents neither the true position of the
molecular emitter nor that of the NP. (b, ¢) Reproduced from Raab, M.; Vietz, C.; Stefani, F. D.;
Acuna, G. P.; Tinnefeld, P. Nat. Commun. 2017, 8 (1), 13966 (ref. 7) under a Creative Commons

Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/).
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Figure 2. Single-molecule mislocalization
around a gold NP. (a) Schematic of the
system showing ATTO532 dye molecules
attached to a Au NP via rigid dsDNA spacers
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(f)

3
% 50¢ 11 —32.6 nm in length. (b) Super-resolved
s | emission from one representative molecule.
N . . .
I Each dot is the localization of that same
3, | single molecule in one imaging frame. Color
T M bar: density of localizations. The average
2 20 40 60 80 T o

Corresponding 3D radius (nm) localization position for that molecule (blue

+) does not match the actual dye molecule positions with 22.8 nm dsDNA spacer (red circle);
rather it is mislocalized toward the geometric center of the NP (black x). The NP has 78.6 nm
diameter (black circle). (c) 3D localizations of dye molecules attached to a 179 nm Au

NP via 32.6 nm DNA linkers. Each dot represents one localization, color coded by intensity. The
blue rectangle indicates the central 150-nm thick slice. (d) xy plane projection of localizations in
the blue rectangle in ‘c’ show a ring-shaped localization density. Color bar: normalized density
of localizations averaged at each radius according to the circular symmetry of the system. Black
circle: Au NP; red circle: actual dye molecule positions. (e) 2D localizations of dye molecules
attached to a 78.6 nm Au NP via 32.6 nm DNA linkers. Color bar: normalized density of
localizations. Black circle: Au NP; red circle: actual dye molecule positions. (f) Apparent peak
positions from fits to the 2D experiments as a function of the actual 3D radius based on
simulations. The relationship is linear for radii > 20 nm. (a — f) Reprinted with permission from

Fu, B.; Isaacoff, B. P.; Biteen, J. S. ACS Nano 2017, 11 (9), 8978-8987 (ref. 8). Copyright 2017
American Chemical Society.
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Figure 3. Quantifying mislocalization using DNA origami. (a) Representative DNA-PAINT
image of dyes at three docking sites along a 12-helix bundle, as illustrated in the schematic on
left. (b) Representative DNA-PAINT image of dyes with a Au NP attached at the center, as
illustrated in the schematic on left. (c) Bottom: representative DNA-PAINT image of dyes at
three docking sites placed in an equilateral triangle on a DNA origami rectangle, as illustrated in
the schematic on top. (d) Bottom: representative DNA-PAINT image of dyes at a docking site 10
nm from a Au NP, as illustrated in the schematic on top. A shift is detected in the emission
pattern center and axial position (Az). (a — d) Scale bars: 200 nm. (e¢) Experimental axial
localization data for fluorophores with (red) and without (black) an 80-nm diameter Au NP. (f)
Average experimental (black) and predicted (red) shift (Az) as a function of Au NP diameter. (a —
f) Reproduced from Raab, M.; Vietz, C.; Stefani, F. D.; Acuna, G. P.; Tinnefeld, P. Nat.
Commun. 2017, 8 (1), 13966 (ref. 7) under a Creative Commons Attribution 4.0 International

License (https://creativecommons.org/licenses/by/4.0/).
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Figure 4. Spectral reshaping of single molecules coupled to plasmonic NPs. (a) Normalized
aggregate experimental (gray circles) and simulated (black line) scattering spectra of 95-nm
diameter Au NPs. Normalized BDP-FL, BDP-R6G, Cy3, and Cy3.5 emission spectra (magenta,
blue, orange, and red, respectively). Excitation wavelength: 488 nm. (b) Shift in maximum
emission wavelength as a function of apparent distance between the dye and the NP for BDP-FL,
BDP-R6G, Cy3, and Cy3.5 (colors as in ‘a’). (c) Average normalized emission spectra for BDP-
FL dye molecules at different separation distances from the AuNP. Left: experiments; right:
simulations. Top panel: spectrum of uncoupled dyes as in ‘a’; this intrinsic emission maximum is
indicated by the vertical dashed lines. The red arrows indicate the redder shoulder that is
observed on close coupling. (a — ¢) Reprinted with permission from Lee, S. A.; Biteen, J. S. J.
Phys. Chem. Lett. 2019, 10 (19), 5764-5769 (ref. 11). Copyright 2019 American Chemical
Society.
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Figure 5. Rotation of single-molecule polarization toward plasmonic dipole. (a) Analogy
between (top) the coupling between two dipoles (a grey NP and a green molecular emitter) and
(bottom) two slits in Young’s double slit experiment. In both cases, spherical waves interfere
such that constructive interference appears along rays of equal path length. Reprinted with
permission from Goldwyn, H. J.; Smith, K. C.; Busche, J. A.; Masiello, D. J. ACS Photonics
2018, 5 (8), 3141-3151 (ref. 6). Copyright 2018 American Chemical Society. (b) Emission
polarization angle distribution of Cy5.5 dyes measured from single-molecule polarization-
resolved microscopy. A random distribution is expected, but experimental bias creates a peak at
45°. (¢, d) Emission polarization angle distribution of Cy5.5 dyes near Au nanorods (NRs). The
black arrows indicate the measured orientation angle of the NR in each respective experiment. A
second peak (red fit) in the distribution is detected near the NR orientation angle. (e) Cy5.5
average polarization angle vs. NR orientation angle. Each point comes from the peak of a red
curve as in panels ‘c’ and ‘d’. (f, g) Apparent polarization predictions based on the coupled
dipole analytical model for dye molecules near a Au prolate spheroid. The dye molecules are
oriented parallel to the longitudinal plasmon mode (black arrow). The interference term is
included in (f) and omitted in (g); the pink box indicates positions where interference causes
significant polarization rotation. (b — g) Reprinted with permission from Zuo, T.; Goldwyn, H. J.;
Isaacoff, B. P.; Masiello, D. J.; Biteen, J. S. J. Phys. Chem. Lett. 2019, 10 (17), 5047-5054 (ref.
10). Copyright 2019 American Chemical Society.



(@)1
0.8 4
0.6 4

0.4 4

Intensity (a.u.)

0.2 4

0.0 4

(b) 5.5

5.0 4

4.5 4

e

4.0

Y axis (nm)

Y axis (nm)

400

600
7 (nm)

800

1,000

T T T
400 600 800 1,000

4 (nm)

Figure 6. Using single-molecule fluorescence to map electric fields. (a) Simulated scattering

spectra of an Al tri-disk system (black) overlaid with the peak absorption wavelengths for Pacific

Blue (PB) and Pacific Orange (PO) dyes (blue and orange dashed lines, respectively). (b)

Radiative enhancement of the system overlaid with the peak emission wavelengths for PB and

PO dyes (blue and orange lines, respectively). PO has a large Stokes shift compared to PB. (c, d)

PAINT super-resolution maps of (c) PB and (d) PO adsorbed on the Al tri-disk systems under

total internal reflection illumination by a 405-nm laser with polarization orientation indicated by

the red arrows. Color bars: fluorescence intensity, /', and fluorescent enhancement, S.
Reproduced from Mack, D. L.; Cortés, E.; Giannini, V.; Torok, P.; Roschuk, T.; Maier, S. A.
Nat. Commun. 2017, 8 (1), 14513 (ref. 9) under a Creative Commons Attribution 4.0

International License (https://creativecommons.org/licenses/by/4.0/).
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Figure 7. Dynamic fluorescence intensity and lifetime measurements. (a) Schematic of the
Au NP dimer and the DNA origami track that runs between. (b) FDTD simulations predict the
distribution of the electric field intensity, |E|?, around the dimer. (a, b) Pink line: trajectory of
the dye that walks toward the hotspot at the center of the dimer. (c) Fluorescence image of the
fluorophore at four time points; the distance from the hotspot decreases with #, the time after
beginning walking. The intensity increases as the molecule approaches the hotspot. (d)
Fluorescence decay measurements fluorophores in the same device. The lifetime decreases as the
molecule approaches the hotspot as evidenced by comparing the measurements (blue) to the
decay curve measured at ¢ = 0 (gray). (a — d) Reprinted with permission from Xin, L.; Lu, M_;
Both, S.; Pfeiffer, M.; Urban, M. J.; Zhou, C.; Yan, H.; Weiss, T.; Liu, N.; Lindfors, K. ACS
Photonics 2019, 6 (4), 985-993. https://pubs.acs.org/doi/10.1021/acsphotonics.8b01737 (ref. 12).
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Figure 8. Plasmon-mediated heating and catalysis. (a) Schematic of the system: TAMRA dye
molecules are attached to a Au nanorod (NR) via dsDNA spacers. Top: the fluorescence is
quenched when the ligands are collapsed; bottom: fluorescence bursts are detected when the
ligands are upright. (b) The number of fluorescence bursts (left) and the standard deviation of the
intensity (right) for a representative NR increase as a function of elapsed time under laser
excitation (from top to bottom). (a — b) Reprinted with permission from Cheng, X.; Anthony, T.
P.; West, C. A.; Hu, Z.; Sundaresan, V.; McLeod, A. J.; Masiello, D. J.; Willets, K. A. J. Phys.
Chem. Lett. 2019, 10 (6), 1394-1401 (ref. 14). Copyright 2019 American Chemical Society. (c)
Super-resolution map of catalytic events on a linked Au NR dimer. White line in panel ‘c’ is the
structural contour of the nanostructure from its SEM image in ‘d’. (d) SEM image of the same
linked Au NR dimer encapsulated in mesoporous silica as in panel ‘c’. The red and black circles
indicate the gap (hot spot) and non-gap regions. (c — d) Scale bars: 200 nm. Reprinted with
permission from Zou, N.; Chen, G.; Mao, X.; Shen, H.; Choudhary, E.; Zhou, X.; Chen, P. ACS
Nano 2018, 12 (6), 5570-5579 (ref. 13). Copyright 2018 American Chemical Society.
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Figure 9. Difference in fluorescence enhancement due to SLR and LSPR. (a, b) Schematic of
Al truncated cone array indicting the positioning of the polymer layer doped with a caged dye
(yellow) either (a) at the base of the nanocones or, (b) above the plane of the nanocones. (c, d)
Normalized dye emission (yellow) and array extinction (solid black line) spectra. Dashed lines
indicate the transmission spectra of the emission filters used select for emission at (c¢) the
localized surface plasmon resonance (LSPR) wavelengths and (d) the surface lattice resonance
(SLR) wavelengths. (e, f) Cross-section view of the calculated electric field intensity, |E|?,
around the nanocone at the peak wavelength of (e) the LSPR and (f) the SLR (640 and 575 nm,
respectively, based on the extinction spectrum in panels ‘c’ and ‘d’). (g, h) 2D histogram of the
average experimentally observed emission enhancement, /.y, in €ach 22 nm x 22 nm pixel at (g)
the LSPR wavelengths and (h) the SLR wavelengths. The dashed line denotes the base of the
nanostructure. (a — h) Reprinted with permission from Hamans, R. F.; Parente, M.; Castellanos,
G. W.; Ramezani, M.; Gomez Rivas, J.; Baldi, A. ACS Nano 2019, 13 (4), 4514-4521 (ref. 15).
Copyright 2019 American Chemical Society.
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Figure 10. Fluorescence enhancement in live-cell imaging. (a — c¢) Electron micrographs of
nanotriangle arrays made by nanosphere lithography using spheres of diameters (a) 500 nm, (b)
750 nm, and (c¢) 1000 nm. (a — e) Scale bars: 1 um. (d — f) Fluorescence intensity distributions of
membrane-bound TcpP-PAmCherry molecules in V. cholerae cells imaged on glass coverslips
(white) and on nanotriangle-coated coverslips (gray) with sizes corresponding to panels ‘a’, ‘b’,
and ‘c’, respectively. (a — f) Reprinted with permission from Lee, S. A.; Biteen, J. S. J. Phys.
Chem. C 2018, 122 (10), 5705-5709 (ref. 16). Copyright 2018 American Chemical Society.



