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ABSTRACT: Interactions between fluorophores and plasmonic nanoparticles modify the
fluorescence intensity, shape, and position of the observed emission pattern, thus
inhibiting efforts to optically super-resolve plasmonic nanoparticles. Herein, we investigate
the accuracy of localizing dye fluorescence as a function of the spectral and spatial
separations between fluorophores (Alexa 647) and gold nanorods (NRs). The distance at
which Alexa 647 interacts with NRs is varied by layer-by-layer polyelectrolyte deposition
while the spectral separation is tuned by using NRs with varying localized surface plasmon
resonance (LSPR) maxima. For resonantly coupled Alexa 647 and NRs, emission to the far
field through the NR plasmon is highly prominent, resulting in underestimation of NR
sizes. However, we demonstrate that it is possible to improve the accuracy of the emission
localization when both the spectral and spatial separations between Alexa 647 and the
LSPR are optimized.

Super-resolution microscopy has been employed to study
dynamic interactions at the surface of plasmonic nanoma-

terials,1 to visualize the electromagnetic field distribution
around nanomaterials,2 to investigate nanoparticle surface
chemistry,3−6 and to explore the potential for in situ
imaging.2,7−11 Coupling of the fluorophore emission with
plasmonic nanomaterials was shown to alter the photophysics
of the fluorophore and to affect its emission localization,
thereby diminishing the accuracy of mapping the size and shape
of plasmonic nanoparticles by super-resolution imaging
techniques.6,10,12−16

Resonant coupling between fluorophore emission and the
localized surface plasmon resonance (LSPR) of nanoparticles
can enhance the collected fluorescence intensity.17−21 Larger
photon count rates lead to an increase in the precision of
localization imaging,22 but coupling of dyes to metal nano-
particles has recently been reported to negatively affect the
accuracy of super-resolution mapping.23 It has been proposed
that the emission of fluorophores in close proximity to
plasmonic nanoparticles can occur by two competing radiative
pathways: directly into the far field or through the LSPR of the
nanoparticles.10,24−27 The latter results in a displacement of the
single molecule emission centroids toward the center of the
plasmonic nanoparticle, leading to an underestimation of
nanoparticle size and shape by super-resolution microsco-
py.10,12,12,23,28,29 Experimental optimizations such as tuning the

density of fluorophores on the surface of gold nanorods (NRs),
adjusting the spatial separation between fluorophores and NRs,
and changing the identity of the fluorophores can reduce the
nanoparticle−dye coupling.28 However, none of these
approaches have been able to generate super-resolution images
of plasmonic nanoparticles that match well with their true
dimensions. Another complication is that the point spread
function (PSF) of the fluorophore emission near plasmonic
nanoparticles is distorted, leading to an inaccurate determi-
nation of the true emission location, for which no solution has
yet been found.12−14

Two possible processes have been identified to affect the
accuracy of super-resolution imaging of plasmonic nanomateri-
als: the spatial separation between the fluorophores and the
nanoparticle and the spectral overlap between the fluorophore
emission and the LSPR maximum that governs the strength of
the dipole−optical antenna coupling.10,23,28 These key
parameters have been investigated using various super-
resolution techniques5,8,13,15,23 and for different chemical and
molecular interactions between plasmonic nanoparticles and
fluorophores.10,13,15,28 What is still missing and desperately
needed to advance this field is an examination of the interplay
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between these two parameters and particularly their impact on
the accurate mapping of plasmonic materials.
Here, we investigated the accuracy of the size and shape

obtained for gold NRs using super-resolution imaging as a
function of the fluorophore−NR coupling strength, as tuned via
both spatial and spectral separations between the fluorophores
and the NRs. Stochastic electrostatic interactions of negatively
charged Alexa 647 fluorophores with positively charged layer-
by-layer polyelectrolyte (PE)-coated NRs were exploited to
reconstruct super-resolution images of NRs by motion-blur
point accumulation for imaging in nanoscale topography
(mbPAINT).30 The spatial separation was tuned by changing
the number of PE layers around the NRs15,31−33 while the
spectral overlap was varied using NRs with different LSPR
maxima compared to the emission spectrum of Alexa 647.
Correlated scanning electron microscopy (SEM) was used to
confirm the accuracy of the NR sizes obtained from mbPAINT.
We found that the optimization of both the spectral and spatial
separations between fluorophores and NRs is critical to obtain
the correct emission positions and hence improved accuracy in
super-resolution imaging of plasmonic nanostructures. When
there is a greater spectral overlap, even a larger spatial
separation results in sufficient coupling between the fluoro-
phore emission and the NR, to alter the far-field emission
location. On the other hand, for nonresonantly coupled
fluorophore−NR systems, direct far-field emission is facilitated
only when the coupling between the fluorescence and the NR
LSPR is reduced by a sufficiently large spatial separation
controlled by the number of PE layers around the NR.
The distance between Alexa 647 molecules and single NRs

was varied via layer-by-layer PE deposition (Figure 1).32,33

Alternating layers of poly(3,4-ethylenedioxythiophene)-
polystyrenesulfonate (PSS) and polydiallyldimethylammonium
chloride (PDADMAC) were deposited on cetyltrimethylam-
monium bromide (CTAB)-coated NRs in sequence until the
desired number of PE layers with a terminating positive charge
was obtained (Figure 1a; see the Supporting Information (SI);
Experimental Section). Ensemble UV−visible spectra showed
no significant change in the LSPR maxima of NRs upon PE
deposition (Figure 1b), indicating the colloidal stability of PE-
coated NRs in water. In the representative UV−visible spectra
shown in Figure 1b, the LSPR maxima for both CTAB NRs and
the PE-coated NRs are at 732 nm. Successful layer-by-layer PE
coating of NRs was also evident by zeta potential measure-
ments (Figure S1). Transmission electron microscopy (TEM)
analysis confirmed the presence of PE layers on the NRs
(Figures 1c and S2).32,33 High-resolution TEM (HRTEM)
image analysis showed that the thickness of the PE spacer on
the NRs is nonuniform (Figure S3). The mean of the average
spacer thickness of NRs coated with 2, 4, and 6 PE layers in
their dry state, as determined by HRTEM, was 1.3 ± 0.3, 1.4 ±
0.3, and 3.1 ± 0.8 nm, respectively (Figure S3). However, as
reported in the literature, due to the well-known phenomenon
of polymer swelling in solution,34−37 the thickness of the
hydrated PE spacer on NRs during mbPAINT is predicted to
be much larger than that obtained from HRTEM. Despite local
variations of spacer layer thickness around individual
nanostructures (Figure S2), the PE coating satisfied our need
for a tunable spacer layer with a high packing density for
mbPAINT experiments (see also Figure S4). For the work
reported here, we used NRs with varying aspect ratios (Figure
S5) and LSPR maxima between 650 and 850 nm and coated

them with varying PE layers, thereby varying spacer thick-
ness.15,32,33

As depicted in Figure 1d, individual PE-coated NRs
immobilized on a glass substrate interacted with single Alexa

Figure 1. (a) Schematic representation of a layer-by-layer PE-coated
NR. Purple, CTAB bilayer; green, PSS; pink, PDADMAC. (b)
Representative ensemble UV−visible spectra of CTAB-capped NRs
before (black) and after (blue) PE coating in water. The decrease in
extinction for the PE-coated NRs resulted from a decrease in the NR
concentration following the layer-by-layer PE coating and the
purification steps. (Inset) Normalized extinction spectra of the NRs
before and after PE coating, indicating that the change in the LSPR
maximum is negligible after PE coating. The LSPR maximum is at 732
nm. (c) Representative TEM micrograph of NRs coated with six layers
of PE. The light colored layer around the NRs shows the presence of
the PE layer around the NRs having average dimensions of 44 nm ×
121 nm (scale bar, 20 nm). (d) Schematic illustration of the sample
geometry used for the super-resolution imaging of NRs with Alexa 647
using mbPAINT. PE-coated NRs immobilized on bovine serum
albumin passivated (brown layer) glass coverslips were immersed in an
aqueous solution of Alexa 647. Emission from each single Alexa 647
molecule adsorbed onto a NR (“on”) was detected by an EMCCD
camera, while diffusing/desorbed molecules appear blurred (“off”) due
to their diffusion being faster than the acquisition rate of the detector.
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647 molecules in a stochastic manner, which is the underlying
principle of mbPAINT (see the SI, Experimental Section).30

When a negatively charged Alexa 647 molecule electrostatically
adsorbed onto the positively charged PDADMAC outer layer of
a NR, a strong fluorescence signal was detected, which is
referred to as an “on” event. Fluorescence from freely diffusing
Alexa 647 molecules was undetectable due to motion-blur and
only contributed to background signal.30 Diffusing/desorbed/
photobleached molecules are considered to be in an “off” state.
The experiments were carried out under low concentrations of
Alexa 647 (2−5 nM) in order to ensure both accurate
identification of single molecule “on” events on NRs and a low
background. Single binding events were identified based on a
local background threshold and local maximum signal intensity
(see the SI, Experimental Section).30,38 Identified adsorption
events were then fit to radial symmetry to extract the centroid
and static localization uncertainties.39 The coordinates of all of
the centroids over the entire data acquisition period were
combined to generate a super-resolved image. The localization
analysis resulted in a localization precision of ∼10 nm, thus
ensuring that the width and length of NRs determined from
mbPAINT were not limited by the spatial resolution of
mbPAINT.
When there was significant spectral overlap between the

emission of Alexa 647 and the NR LSPR, the sizes of the NRs
were underestimated by mbPAINT (Figure 2). This result
confirmed earlier reports that emission from fluorophores

located in close proximity to plasmonic nanoparticles cannot be
accurately localized.8,12,23 In particular, the sizes of NRs with a
LSPR maximum of ≤650 nm and hence a good spectral overlap
with the Alexa 647 absorption and emission spectra (Figure 2d)
were significantly underestimated (Figure 2a−c). The notice-
able broadening of the LSPR was due to the small NR aspect
ratio (1.4).40 This NR was coated with six layers of PE, thereby
creating a spatial separation of, on average, ∼4−8 nm15,32,33

between Alexa 647 and the NR. This spacing was large enough
to avoid fluorescence quenching.20,41 Nevertheless, a compar-
ison between correlated SEM and mbPAINT analysis of this
NR revealed the underestimation of both the NR size and
shape. Each red marker in Figure 2a represents the emission
centroid of a single molecule in a single frame collected over
1000 frames total. The same NR was located in a SEM (Figure
2b) with the aid of an indexed grid on the glass coverslip and
imaged for comparison. When the corresponding SEM image
of the NR was overlaid with the super-resolution image (Figure
2c), the emission events were highly localized at the center of
the NR, demonstrating an inaccurate representation of the NR
dimensions by mbPAINT. The actual size of the NR from the
SEM image was 87 nm × 127 nm, while the dimension of the
NR determined from mbPAINT was 25 nm × 42 nm (Figure
2e,f). Therefore, we conclude that when there is strong spectral
overlap, decreasing the spatial overlap is not sufficient to
decouple the Alexa 647 emission from the NR LSPR, and the

Figure 2. Size of a NR coated with six PE layers is underestimated when there is a significant spectral overlap of the LSPR with the Alexa 647
emission. (a) Super-resolution image showing the positions of all of the emission events over 1000 frames of data collection. Each red marker
denotes the position of emission from a single Alexa 647 binding event on the 650NR, (b) corresponding SEM micrograph, and (c) both overlapped
for comparison. The scale bar (50 nm) is the same in all images. (d) Single-particle scattering spectrum of the NR coated with six layers of PE in
water (black) compared to ensemble fluorescence excitation (pink) and emission (red) spectra of Alexa 647 in phosphate buffered saline. The broad
line width of the LSPR is due to the small aspect ratio (1.4) of the NR.40 (e,f) Histograms of the distribution of localization events across and along
the NR displayed in (a) along the width and length of the NR, respectively. The distance of all of the localization events to the center was fitted to
the convoluted distribution shown by the red curve. The fwhm of the fitted distribution is used as an estimate of the width and length. The shaded
areas show the actual width and length of the NR as determined from SEM. The actual size of the NR from the SEM micrograph is 87 nm × 127 nm,
while the dimension of the NR from mbPAINT is 25 nm × 42 nm.
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LSPR acting as a dipole antenna determines the far-field
emission properties.12,23,28

Spectral overlap and spatial separation are both important
parameters for super-resolution optical imaging of NRs (Figure
3). NR samples with two different LSPR maxima and two
different PE layer thicknesses were imaged with mbPAINT and
compared with correlated SEM analysis. Figure 3a,h shows the
spectral overlap between the Alexa 647 emission spectrum and
single-particle scattering spectra of representative PE-coated
NRs with LSPR maxima of 770 and 835 nm, respectively. Each
NR sample was coated with two and four PE layers and imaged
with mbPAINT (Figure 3b,e,i,l). Even when the LSPR was
detuned from the dye emission, mbPAINT underestimated the
NR size and shape when compared with correlated SEM
images, as shown in Figure 3b,i for the two PE layer system. A
spacer of two PE layers is expected to result in a < 5 nm
separation between the Alexa 647 molecules and the NRs.32,33

At this distance, the fluorophore emission is typically quenched
by plasmonic nanoparticles.20,41−43 Ineffective mbPAINT
imaging in this case could therefore be due to fluorescence
quenching, which reduces the localization precision.22 In order
to evaluate the relative contribution of spacer thickness on the
accuracy of mbPAINT imaging, NRs with different PE layers
were studied. As shown in Figure 3e,l, mbPAINT still resulted
in underestimated NR sizes, even with NRs coated with four
layers of PE. Though we observed a variation in the emission
intensity as a function of spacer thickness (Figure S6)
consistent with quenching for smaller separations, no significant
improvement in the accuracy of emission localization was
observed with four PE layers as compared to two PE layers.
However, unlike in the resonantly coupled conditions depicted
in Figure 2, the recovered mbPAINT NR widths for
nonresonantly coupled conditions (Figure 3) were comparable
to those depicted in SEM, whereas the lengths were still highly

Figure 3. Even with reduced spectral overlap, spatial separation also controls super-resolution accuracy. (a,h) Reduced overlap between the
excitation (pink) and emission (red) spectra of Alexa 647 and the single-particle scattering spectra (black) of the representative PE-coated NRs with
ensemble LSPR maxima of 770 and 835 nm, respectively. The spectral asymmetry of the latter is at least partly attributed to the limitation of the
spectral window of the CCD camera. (b,e) Composite SEM−super-resolution images of NRs coated with (b) two layers (size from SEM 48 nm ×
111 nm, size from mbPAINT 27 nm × 72 nm) and (e) four layers of PE (size from SEM 50 nm × 125 nm, size from mbPAINT 39 nm × 71 nm).
(i,l) Composite SEM−super-resolution images of NRs coated with (i) two layers (size from SEM 44 nm × 154 nm, size from mbPAINT 28 nm × 40
nm) and (l) four layers of PE (size from SEM 27 nm × 103 nm, size from mbPAINT 28 nm × 51 nm). The scale bar (50 nm) is the same in all
images. (c and d, f and g, j and k, m and j) Histograms of the distribution of localization events across and along the NR displayed in (b,e,i,l) along
the width and length of the NR, respectively. The areas shaded in blue show the actual width and length of NRs as determined from SEM.
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underestimated. The full width at half-maxima (fwhm) of NR
widths (27−41 nm) determined by the cross-sectional profiles
across the reconstructed super-resolution images (Figure S7)
showed fairly good agreement with the actual widths of the
NRs as obtained from SEM micrographs (27−50 nm). These
results show that spectral detuning is one contributor for better
super-resolution imaging but alone is not sufficient to yield
accurate sizes.
Improved NR sizes and shapes are extracted only if both the

spectral and spatial separations between the Alexa 647
molecules and NRs are optimized. Figure 4 compares SEM
and mbPAINT analysis of a NR with six layers of PE and a
LSPR maximum at 785 nm, which satisfied both spatial and
spectral separation requirements. The 2D Gaussian distribution
of all of the localization events along the transverse and
longitudinal axes of the localization image was convoluted with
a rectangular uniform distribution. Here, we assumed that the
emission localization is uniform over the NR and that the shape
of the NR can be approximated as a rectangle. The fwhm of the
fitted distribution, which represents the distribution of all
localization events, was then used as an estimate of the width
and length of the NR (see details in the SI and Figure 4e,f).
The calculated dimensions from mbPAINT (45 nm × 121 nm)
showed very good agreement with those measured by SEM (50
nm × 128 nm). A summary of the relationship between the
dye−NR spectral and spatial separations and the dimensions
determined from mbPAINT are provided in Figure 5. This
analysis indicated that improved localization accuracy can be
achieved only when the LSPR maxima of the NRs is minimally

overlapped with the Alexa 647 emission (at least LSPR ≥ 750
nm) and when the NRs have a thick spacer (at least six PE
layers). Qualitative analysis of TEM micrographs (Figure S3)

Figure 4. Optimizing both spectral and spatial separations yields improved optical super-resolution imaging. (a) Super-resolution image, (b)
corresponding SEM image, and (c) overlapped super-resolution and SEM images for a NR with a LSPR maximum at 785 nm and coated with six
layers of PE (scale bars, 50 nm). Dashed lines (black) in (c) show the boundaries for the longitudinal and transverse axes determined by considering
the localization events in each direction. These boundaries were later used to calculate the width and length of the super-resolution image of the NR.
(d) Reduced overlap between the single-particle scattering spectrum of the NR and the ensemble fluorescence excitation (pink) and emission (red)
spectra of Alexa 647. (e,f) Histograms of the distribution of localization events across and along the NR displayed in (a), indicating the width and
length of the NR, respectively. The distance of all of the localization events to the center was fitted to the convoluted distribution shown by the red
curve. The fwhm of the fitted distribution is used as an estimate of the width and length. The areas shaded in blue show the actual width and length
of the NR as determined from SEM. The dimension of the NR from mbPAINT is 45 nm × 121 nm, which agrees well with the actual size of the NR
(50 nm × 128 nm) as determined from SEM.

Figure 5. Correlation of the spectral overlap between Alexa 647 and
the NR LSPR as well as PE spacer thickness with the improved size
determination from super-resolution imaging of NRs. The width and
length from mbPAINT are normalized to the values obtained from
SEM and given as a ratio. The LSPR maxima for the NRs shown here
are determined either by correlated single-particle dark-field scattering
spectroscopy or Gans theory. The area marked in dotted lines
indicates the optimum spacer thickness and NR LSPR maxima for the
NRs studied here using mbPAINT with Alexa 647.
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showed that the thickness of the PE layer on the NRs was not
uniform; it varied among different NRs but also for the same
NR, resulting in some NRs having a thinner PE spacer layer
than expected. This means that even for some NRs with six
layers of PE, the super-resolution images underestimated the
size and shape. This limitation arises from the solution-based
PE functionalization of the NRs, but with optimized
preparation of the spacer thickness, we expect a higher success
rate for accurate super-resolution imaging of plasmonic
nanoparticles.
Our experimental results demonstrate the effects of the dye−

NR spatial and spectral separations on the accurate localization
of emission events on NRs, which in turn determine the
accuracy of super-resolution imaging of NRs. Regardless of the
spatial separation, highly prominent reradiation of the
fluorescence through the NR was observed in resonantly
coupled Alexa 647−NR systems (Figure 2), leading to
erroneous super-resolution images. The observed displace-
ments of emission positions can be attributed to strong
coupling between Alexa 647 molecules and the NR that acts as
a dipole antenna.10,23,28 Though dipole emitter−optical
antenna coupling and its consequences have been dis-
cussed,16,19,20,24,25,27,41−44 a complete mechanistic understand-
ing of the plasmon-controlled dye emission position as
necessary for super-resolution imaging has not yet been fully
established. In general, fluorophores emitting in close proximity
to nanoparticles induce a “mirror” dipole in the nanoparticle.45

Radiation by the “mirror” dipole to the far field therefore makes
it seem as if the nanoparticle is the emitting species.27

Recording these modified emission positions results in the
observed localization events being co-localized with the NR
center, thereby leading to inaccurate reconstructed super-
resolution images (Figure 2). When the Alexa 647−NR system
was spectrally detuned, we observed two different outcomes.
(1) When the spatial separation between the Alexa 647
molecules and the NR was small, the centroids of the emission
events still appeared to accumulate at the NR center (Figure 3),
consistent with previous work.10 However, with four PE layer
coatings (Figure 3e,l), the estimation of the widths of NRs by
mbPAINT was improved but not the lengths. This could be
related to the highest local E-field enhancement that exists at
the tips of NRs,42 which requires larger spatial separation
between the dye and the NR. We assume that this could also be
the reason for the stronger distortion of the apparent emission
position along the length of NRs. (2) When the spatial
separation between the Alexa 647 molecules and the NR was
increased by employing six PE layer coatings, a distribution of
emission events over a larger area of the NR, away from the
center, was observed. Given that the thickness of the hydrated
PE is much larger than their dry state (3.1 ± 0.8 nm, Figure
S3),34−37 the spacer of NRs with six PE layers is expected to
exceed 5 nm. On the basis of our results, as both spatial and
spectral separations reach an optimum, fluorophore−NR
coupling becomes much weaker, and thus, the generation of
and radiation from “mirror” dipoles is less prominent.
Therefore, both the emission and the associated apparent
location most likely represent the far-field emission from the
fluorophore and its true position on the NR, respectively. This
result differs from earlier work that found coupling between
fluorophores and plasmonic nanoparticles even for non-
resonantly coupled systems at separations as large as 90
nm.10 However, given the relatively narrower LSPR peaks of
our NRs, the spectral overlap is smaller here, which should

result in weaker fluorophore−NR coupling, thereby allowing us
to resolve the emission positions accurately (Figure 4).
Although we have demonstrated methods to improve the

super-resolution imaging of plasmonic nanoparticles through
optimized experimental conditions, several additional chal-
lenges must be overcome to achieve consistent accuracy.
Heterogeneity in the PE layer thickness can be overcome by
optimizing the fabrication protocol. Another challenge is the
estimation of the PE layer thickness for individual NRs as the
PE layer cannot be visualized by SEM imaging due to the
inherent radiation sensitivity of polymers. The incorporation of
negative staining practices for SEM imaging46 should make it
easier to visualize and collect PE spacer thickness information
for single NRs. Thus, the combination of these two
improvements will allow us to determine the effective PE
spacer thickness in its hydrated state during mbPAINT and
correlate it to the thickness in its dry state from SEM. One
additional issue is the increasing surface desorption of the
coated NRs. Over the course of the correlated measurements,
which include wide-field, SEM, and dark-field spectroscopy,
desorption of NRs occurs, which for every sample decreases the
available sample size for analysis. Stronger immobilization
chemistry would improve sample retention.
In conclusion, we demonstrated the synergy between the

spatial and spectral separations of fluorophores and NR LSPRs
for accurate size and shape determination by mbPAINT.
Stochastic adsorption and desorption/photobleaching of Alexa
647 on NRs with varying PE spacer thicknesses and LSPR
maxima were used to construct super-resolution images of NRs.
In a nonresonantly interacting fluorophore−NR system with
sufficient spatial separation between fluorophores and NRs, the
coupling between the fluorophore emission and LSPR is
strongly reduced. This decoupling allows the molecular
fluorescence to be radiated into the far field directly instead
of through the NR LSPR and in turn allows the emission events
to appear at their true locations. With optimized experimental
conditions, mbPAINT can be employed to map the NR shapes
and sizes that agree very well with the true dimensions. Given
the heterogeneity in PE layer thickness around individual NRs
and the further variation from particle to particle, further
optimization is still required to achieve accurate size and shape
determination for all NRs within a sample. Our findings provide
an important step toward solving the important issue that the
super-resolution imaging community has been dealing with for
plasmonic nanoparticles; the inability to reconstruct super-
resolved images that match the actual nanoparticle morphology.
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