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N
oble metal nanoparticles (∼100 nm
particles of silver and gold) have
proven useful in areas such as bio-

sensing,1,2 photothermal therapy,3,4 and
surface enhanced spectroscopies5,6 due to
their unique optical properties, including
intense light scattering and strongly en-
hanced near-field radiation at their surfaces
upon excitation with visible light.7 These
optical properties are due to resonant,
light-driven collective oscillations of the
surface conduction electrons within the
nanoparticles, which are known as localized
surface plasmons. One challenge when
studying the optical properties of plasmonic
nanostructures is the small size of the par-
ticles relative to the wavelength of light,
which places them well below the optical
diffraction limit. To overcome the diffraction
limit, super-resolution imaging techniques
have been applied to plasmonic nanostruc-
tures to track nanoparticlemotion,8�12 study
ligand binding,13,14 follow catalytic proces-
ses in real time,15 and map plasmonically
excited electromagnetic “hot spots.”16�21

In super-resolution microscopy, emission
from a single, diffraction-limited spot is im-
aged onto a 2-dimensional (2-D) detector,
and the center of the emission, or centroid,
is extracted by fitting the point spread func-
tion (PSF) of the emission to some model
function.22�24 The PSF is often approximated
as a 2-D Gaussian in these studies, due to the
robustness and low computational expense
of this model. While super-resolution ima-
ging regularly yields sub-5nm resolution and
has successfully reproduced structural fea-
tures of the plasmonic nanostructures under
study,13,15 the accuracy of the centroid loca-
lization depends on how well the experi-
mental emission PSF is modeled as a 2-D
Gaussian.14,25�28

In single molecule fluorescence, non-
uniform emission from a single dipole at
an interface causes anisotropy in the PSF,
which is not captured by the 2-D Gaussian
model29�32 Early single molecule fluores-
cence studies recognized that this aniso-
tropy could be exploited to determine the
3-dimensional orientation of the emitter,
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ABSTRACT We present a study comparing the accuracy of

superlocalization imaging of plasmon-mediated emission from gold

nanorods (AuNRs) using both Gaussian and dipole emission point-

spread function (PSF) models. By fitting the emission PSF of single

AuNR luminescence, we have shown that a 3-axis dipole PSF gives

improved localization accuracy over the Gaussian PSF, especially for

nonplanar AuNRs, while also allowing the AuNR three-dimensional

orientation and emission wavelength to be determined. On the

other hand, when a single-axis dipole PSF model is applied to the

AuNR emission, the fit estimates converge to values that are inconsistent with their experimentally measured values, affecting both the localization

accuracy and precision of the fitted centroid position. These results indicate that when applying superlocalization techniques to plasmonic nanostructures,

care must be taken to understand the nature of the emission before a correct dipole PSF can be applied.
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especially upon slight defocusing of the image.29�34

By modeling the dipolar emission PSF;accounting for
the orientation of the emitter, the effects of any refrac-
tive index interfaces, and the imaging optics;excellent
agreement between experimentally measured PSFs
and the calculated patterns were obtained.29,30,33,34

Later work from Enderlein and Selvin showed that the
centroid position determined using this more rigorous
dipolar PSF model could differ from the centroid
position from a 2-D Gaussian fit by more than 10 nm,
depending on photon counts, numerical aperture and
detector pixel size, suggesting that the dipolar PSF
model would provide superior localization accuracy
when fitting experimental PSF data.25 Subsequent
single-molecule super-resolution studies have further
substantiated that 2-D Gaussian models can introduce
significant errors in the localization accuracy of the
centroid, especially for dipoles that are tilted out-of-
plane relative to the sample surface.26�28 Thus, several
researchers have suggested that the dipole PSF model
should be used in place of a 2-D Gaussian for fitting
single-molecule fluorescence data to provide more
accurate and rigorous centroid localization for super-
resolution imaging.25�27

While the dipole-emission PSF has been successfully
applied to single-molecule fluorescence, an accurate
description of the emission PSF from systems involving
nanoparticles can be more complicated. In the case
of nanoparticle luminescence (such as the case of gold
nanorods) or surface-enhanced Raman scattering
(SERS), the emission is coupled out through the plas-
monmodes of the nanostructure.35�43 Because dipolar
plasmons are usually the strongest contributors to
emission in these cases, we expect that a dipolar
emission PSF could serve as an appropriate model of
the experimental PSF.38,39,41�44 However, unlike single
fluorophores, which behave as single dipoles, plasmo-
nic nanoparticles often support multiple dipole modes
and may have contributions from nonplasmonic emis-
sion which can complicate the PSF.17�19,35�37,40,45

Thus, it is important to consider different PSF models
to determine which provides the best fit to the experi-
mental data, and therefore the optimal centroid loca-
lization accuracy.
In the following study, we compare different PSF

models for fitting the luminescence emission from
isolated gold nanorods (AuNRs) in order to determine
how each model affects the localization accuracy of
the calculated centroid. We compare the results of
fits using a single-dipole PSF, a multidipole (3-axis)
PSF, and a 2-D Gaussian model. We chose AuNRs for
this study because they have a strong luminescence
signature that is dominated by the longitudinal plas-
mon mode, suggesting that a dipole PSF is an appro-
priate model.35,37 Moreover, both the scattering and
luminescence from this system have been previously
described using single- and multidipole PSF models to

determine the 3-dimensional orientation of single
AuNRs.35,37,44�48 In those studies, images were either
defocused by hundreds of nanometers (ormore) or the
sample surface was modified to highlight the asym-
metry inherent to the PSF. However, for centroid
localization, we choose to work close to the micro-
scope focus and use a standard coverslip to preserve
a high signal-to-noise ratio and work closer to realistic
super-resolution imaging conditions. Here, we not only
obtain 3-dimensional orientation information, which
we compare to the AuNR structure as determined by
atomic force microscopy (AFM), but we also obtain
the centroid position associated with each fit, which
allows us to understand how different plasmonmodes
contribute to the overall PSF of AuNR emission.

RESULTS AND DISCUSSION

For each diffraction-limited spot associated with
single AuNR luminescence, three different models
were used to fit the data. The first model is based upon
a 2-D Gaussian, as given by eq 1:

I(x, y) ¼ z0 þ I0e
f� [1=2][((x � x0)=sx )2 þ ((y � y0)=sy )2]g (1)

In this expression, I(x,y) represents the intensity of the
diffraction-limited spot as a function of position, z0 is
the intensity of the background, I0 is the peak intensity
of the diffraction-limited spot, sx and sy are the widths
of the Gaussian, and x0 and y0 represent the centroid
position. This model has been the dominant fitting
approach in previous super-resolution imaging studies
exploring plasmon-mediated emission processes
and will serve as a reference for the other fitting
models.13�20

For the dipolar PSF models (both single- and
multidipole), we modified code made available online
by Jörg Enderlein.49 This model calculates the PSF of a
multidipole emitter at an interface, allowing for differ-
ent contributions from three orthogonal dipolar axes,
while taking into account refraction at the interface,
how the PSF is distorted by the imaging system,
and pixilation of the PSF by the detector.33,50,51 When
fitting experimental AuNR luminescence data with this
dipole PSF, static microscope parameters were held
constant; these fixed parameters were the numerical
aperture of the objective; the magnification of the
microscope (measured using a USAF-1951 resolution
test target and confirmed via AFM, see Supporting
Information Section 3); the refractive indices of the
glass coverslip, microscope immersion oil, and imaging
medium; and the distance of the AuNR from the sur-
face. The parameters that were fit were the defocus
of the microscope, the wavelength of emission (λ), the
azimuthal and inclination angles of the longitudinal
dipolemode (j andθ, as defined in Figure 1A), intensity,
background, centroid position, and the contribution of
each dipole component to the total emission intensity
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defined through parameters κ and R as shown in eq 2.

Itotal ¼ RILMþ (1� R)
1þK
2

ITM þ 1 � K
2

IOOP

� �
(2)

In this expression, ILM, ITM and IOOP represent the vector
emission from each orthogonal dipole component as
shown in Figure 1B,where the longitudinalmode (LM) is
defined along the longitudinal dipole axis of the AuNR,
the transverse mode (TM) along the transverse axis
parallel to the substrate, and the out-of-plane (OOP)
axis defined perpendicular to the substrate. Because
the three dipole components are fixed relative to each
other, rotating the longitudinal mode by j and θ will
result in a corresponding rotation of the transverse and
out-of-plane dipole modes as well.
Based on previous studies, AuNR luminescence is

strongly coupled to the longitudinal plasmon mode
of the AuNR;35,37,52,53 this should cause the majority of
emission to be polarized along the long axis of the
AuNR, allowing for the possibility of fitting this emis-
sion to a single-axis dipole PSF. To explore this, we set
R = 1 in eq 2 and fit our data to a PSF associated with
a single emitting dipole; this single-axis dipole fit is
referred to as a 1-dipole fit in the remainder of the
manuscript. On the other hand, although the majority
of emission should be via the longitudinal plasmon
mode of the AuNR, a small, depolarized amount of
emission centered around the transverse plasmon
peak has been observed in AuNR luminescence spectra
as well, indicating the possible need to model the
emission PSF of AuNR luminescence using a 3-axis
dipole.35,37 Previous work using defocused PSF images

to probe AuNR orientation have shown that this 3-axis
dipole model provides better overall fits to the
data.45,47 In this case, both R and κ are allowed to vary
in our fits, in order to determine the relative contribu-
tions of each dipole mode (LM, TM, OOP) to the overall
intensity. This fit is referred to as a 3-dipole fit for
the remainder of the manuscript. For the bulk of our
studies, the 3-dipole fit will be performed by fitting
emission from all three dipole modes to a single
wavelength value (3-dipole, single λ), although we will
also test fits in which we allow each individual dipole
component to emit at its own distinct wavelength
(3-dipole, multi λ).
To compare the accuracy of the different PSF mod-

els, we first examine the fits and residuals of two single
AuNRs shown in Figures 2 and 3. Thefirst AuNR (AuNR 1)
shown in Figure 2 is approximately 113 nm � 38 nm
(Figure 2A). The experimental emission image of this
AuNR is shown in Figure 2B; this raw image is fit using
each of the threemodels described above, and residuals

Figure 2. Comparison of different fits and corresponding
residuals for AuNR1. (A) AFM imageof AuNR1,with∼40 nm
maximum height. (B) Experimental AuNR 1 luminescence
image. (C) Fit and (D) residuals of AuNR luminescence data
using the 2-D Gaussianmodel. (E) Fit and (F) residuals using
the 1-dipole PSF model. (G) Fit and (H) residuals using the
3-dipole PSF model with a single emission wavelength.
Images B�H share a common 500 nm scale bar.

Figure 1. Diagramof coordinate axes relative to the sample
plane (x�y) and optical axis of the microscope (z). (A)
The dipole orientation angles j and θ correspond to the
orientation of the LM dipole mode shown in red on the
AuNR in (B). (B) Definitions of the LM, TM, and OOP dipole
modes relative to the coordinate axes for a nanorod with
j = 90�/270� and θ = 90� (the in-plane nature of the dipole
makes the j value symmetric along the y-axis).
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are calculated by subtracting the calculated PSF fit from
the experimental data. The fit (Figure 2C) and residuals
(Figure 2D) using the Gaussian model eq 1 show that
the Gaussian PSF approximation is a nonideal fit for
the AuNR luminescence image. Using the 1-dipole fit
(Figure 2E), we see that the magnitude of the residuals
decreases relative to the Gaussian model, but there are
still strong systematic features in the residual image
(Figure 2F). The 3-dipole model (single λ), shown in
Figure 2G,H, produces residuals that are less than half
the magnitude of the Gaussian residuals and are nearly
randomly distributed across the field-of-view. Thus, the
3-dipole model (Figure 2G) is a better fit to the experi-
mental data than the 1-dipole model (Figure 2E). This
result is in agreement with previous studies, where
fitting defocused images of AuNRs using a similar
3-dipole PSF algorithmyieldedbetter fits thana 1-dipole
model.45,47 The same trend in residual patterns can
be seen again in the second AuNR example (AuNR 2)
shown in Figure 3, which shows fit and residual results

for an AuNR of approximately 91 nm x 24 nm. Again we
observe that the residuals are smaller and less regular as
themodel is changed from a 2-D Gaussian, to a 1-dipole
PSF, and finally a 3-dipole PSF.
Selected fit results using several different PSFs on

AuNR 1 are shown in Table 1. The 2-D Gaussian model
provides the least amount of information about the
AuNR 1 emission, yielding only the centroid position,
but is 2 orders ofmagnitude faster than the next fastest
fit. For convenience, the average x0 and y0 centroid
values are arbitrarily set to zero for the 2-D Gaussian fit,
and all other centroid positions are reported relative to
these values for comparison of centroid localization
accuracy. Next, we show the parameters associated
with the 1-dipole model, in which we used the experi-
mentally measured magnification of our optical micro-
scope as a fixed parameter during the fit (denoted
1-dipole PSF (fixed mag.) in the table). This model fits
values of j, θ, and λ, in addition to the centroid
position. The value of j agrees very well with the
orientation of the longitudinal dipole mode of the
AuNR, based on the AFM image in the table. However,
themodel suggests that the AuNR is strongly tilted out-
of-plane (θ = 74 ( 1�), whereas the associated AFM
data indicated that the height of AuNR 1 only varied
between 39.4 and 38.1 nm from end-to-end. We also
find the centroid localization is extremely different
between the 1-dipole and Gaussian models, with a
difference of 7 nm in the x-position and 23 nm in
the y-position. Lastly, we found that the 1-dipole
model vastly overestimated the wavelength of the
AuNR luminescence, as shown in Figure 4A. While
the experimentally measured luminescence peak is at
660 nm, the 1-dipole model fits the emission at 721 (
6 nm, which is much more red-shifted than expected.
To address this, we recalculated the 1-dipole fit,

fixing the emission wavelength at the experimentally
determined maximum value of 660 nm and fitting
the magnification in addition to j, θ, and the centroid
position (denoted 1-dipole PSF (fixed λ) in the table).
Because both emission wavelength and magnification
affect the size of the imaged PSF, one of the two
parameters needs to be fixed or the parameters can
converge to incorrect values that are well outside the
expected values. We see that the centroid location and
three-dimensional AuNR orientation is unchanged
between the two 1-dipole fits, but the magnification
is now overestimated, as expected.
Next, we show the results from the 3-dipole model,

in which only a single emission wavelength was fit in
addition to j, θ, and the centroid position (denoted
3-dipole PSF (single λ) in the table).While the value ofj
is essentially unchanged between the 1-dipole and
3-dipole fits, we observe that θ increases to 85.8( 0.7�
which is more consistent with the AFM data, although
still slightly out-of-plane. We also find that the cal-
culated emission wavelength of 665 ( 5 nm is in

Figure 3. Comparison of different fits and corresponding
residuals for AuNR 2. (A) AFM image of AuNR 2, with 25 nm
maximum height. (B) Experimental AuNR 2 luminescence
image. (C) Fit and (D) residuals of AuNR luminescence data
using the 2-D Gaussianmodel. (E) Fit and (F) residuals using
the 1-dipole PSF model. (G) Fit and (H) residuals using the
3-dipole PSF model with a single emission wavelength.
Images B�H share a common 500 nm scale bar.
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excellent agreement with our experimental spectrum
(Figure 4A). Based on the R value of 0.7, the emission
is dominated by the longitudinal dipole mode, as
expected, although there is a significant contribution
from the transverse and out-of-plane modes as well.
Lastly, we find that the difference between theGaussian

centroid position and 3-dipole centroid position
are quite small compared to the 1-dipole model, with
differences of 1 and 4 nm in the x- and y-directions,
respectively.
In the final row of the table, we show the results of

a 3-dipole model fit where the emission wavelengths
for the three dipole components were allowed to vary
(denoted 3-dipole PSF (multi-λ) in the table). This fit
was tested because it is expected that if all of the
emission is plasmon-mediated, then the transverse
and out-of-plane modes would occur at shorter wave-
lengths than the longitudinal mode.36,37 Based on the
orientation of each axis of the 3-dipole fit, we assigned
the three fit emission wavelengths to the LM, TM, and
OOP components of the emission dipole (as shown in
Figure 1B). Interestingly, all three dipole axis emission
wavelengths fall to the red of both the measured
luminescence peak and the 3-dipole single-λ fit
(Figure 4A). The wavelengths determined for the TM
and OOP dipole orientations are inconsistent with
the expected blue-shifted wavelengths based on the
results of references 36 and 37 (which show that
nonlongitudinal mode polarized emission should be
around the wavelength of the transverse plasmon
mode of the AuNR). This suggests that the AuNR shows
depolarized emission that is not mediated through the
TM and OOP plasmon modes, consistent with results
from Motegi et al., where luminescence from AuNRs
was often best fit to a 3-axis dipole, even when the
wavelength of the transverse plasmon mode was well
beneath the pass-band of their microscope dichroic.45

This multiwavelength 3-dipole fit also yielded surpris-
ingly poor localization accuracy, compared to the

TABLE 1. Parameter Values for Different Fitting Functions Applied to AuNR 1 from Figure 2a

j (deg) θ (deg) λ (nm) mag. Δx (nm) Δy (nm) fit timeb R K

2-D Gaussian N.A. N.A. N.A. N.A. 0(1) 0(2) 1 s N.A N.A.
1-dipole PSF (fixed mag.) 286.3(5) 74(1) 721(6) 262c 7(2) �23(2) 6 min 1c N.A.
1-dipole PSF (fixed λ) 286.3(5) 74(1) 660c 286(2) 7(1) �23(2) 8 min 1c N.A.
3-dipole PSF (single λ) 286.9(6) 85.8(7) 665(5) 262c 1(1) �4(2) 18 min 0.72(5) �0.1(3)
3-dipole PSF (multi-λ)d 287 85 672 (LM) 262c 12 �4 80 min 0.8 0.4

722 (TM)
693 (OOP)

a The dashed line on the AFM image indicates the fitj value from the 3-dipole PSF (single-λ) fit (scale bar = 100 nm). Values in parentheses indicate the standard deviation
(in the last significant digit) of the fit over 20 image frames. b Per frame, approximate. c Fixed parameter (experimentally measured). d Single frame fit.

Figure 4. (A) Luminescence spectrumofAuNR1 fromFigure2.
Lines show the location of the calculated emission wave-
lengths for three different fits. For the 3-dipole fit where the
emissionwavelengthof eachdipolemode isfit independently,
the corresponding wavelengths are indicated according to
themode assignment (LM, TM, andOOP). (B) Plot showing the
relationship between the measured luminescence peak and
the fitted emission wavelength using the 3-dipole PSF model
of 21 AuNRs. A slope = 1 trendline is included for comparison.
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single-wavelength 3-dipole fit, particularly in the
x-dimension where a difference of 12 nm was calcu-
lated. Lastly, this fit was the most computationally
expensive, requiring ∼80 min to converge to a final
result.
For comparison, Table 2 shows the same set of

parameters for the different models for AuNR 2, which
is found to be completely planar with respect to
the surface (θ ≈ 90� for all models in Table 2, fits and
residuals shown in Figure 3). From the AFM data, the
height of this nanorod was 23.2 and 23.6 nm, at each
end, consistent with a planar structure. All models
(except the 3-dipolemulti-λ PSF) converge to the same
average centroid location, indicating that localization
accuracy is not improved by using a more complex
dipole PSF model instead of a simple (and computa-
tionally inexpensive) Gaussian fit. We also find that all
other trends described above are maintained in this
second example. For example, we find that the value of
j for allmodelsmatches quitewell with the orientation
of the AuNR, as shown in the AFM image in the table.
We also find that the 3-dipole single-λ PSF model
fits to an emission wavelength of 694 ( 5 nm which
is in excellent agreement with the experimental
peak at 695 nm, while the 1-dipole fit is dramatically
red-shifted to 778 ( 4 nm.
Since the 3-dipole (single λ) fit in the previous

two examples provided the best overall agreement
between the fitted wavelength and the peak in the
experimental luminescence spectrum, we explored
howwell this model performed on other nanoparticles
in our data set. In Figure 4B, we plot the emission
wavelength fits for 21 individual AuNRs against their

measured emission peak maximum. In this figure, we
also include a line indicating where a relationship
with a slope of one would lie in order to visualize the
difference between the measured and fit values. We
find that in all cases, the 3-dipole model produces an
emission wavelength that either agrees with or is red-
shifted relative to the actual AuNR emission with the
average difference equal to 20 ( 20 nm. We also note
that the wavelength fits tend to improve at longer
wavelengths, where we observe much stronger agree-
ment between our experimentally measured and fit
wavelength values. We tested whether this improve-
mentwas related to the aspect ratio of the nanorod, but
did not find an obvious correlation (Figures S7 and S8).
For comparison, the average emission wavelength
difference for the 1-dipole PSF fit is red-shifted by
69 nm (10 nm from the experimental peak.
Next, we compare the j and θ estimates of the

1-dipole PSF (fixed mag) and 3-dipole (single λ) PSF
models. Figure 5A�D, shows histograms of the j and
θ estimates with both PSF models for all 59 AuNRs
examined for this study. The histograms for j
(Figure 5A,C) are distributed randomly from 0 to 360�
as expected for an isotropic distribution of AuNRs on
a surface. The θ values (Figure 5B,D), on the other hand,
are clustered toward 90�, indicating that the AuNRs are
lying mostly planar on the surface. However, we find
that the 1-dipole fit (Figure 5B) tends to pull the θ
values somewhat out of plane relative to the 3-dipole
fit (Figure 5D). Figure 5E,F plots the j and θ values,
respectively, for the 1-dipole fit against the j and θ
values for the 3-dipole fit. In the case of j (Figure 5E),
both fits show excellent agreement, as evidenced by

TABLE 2. Parameter Values for Different Fitting Functions Applied to AuNR 2 from Figure 3a

j (deg) θ (deg) λ (nm) mag. Δx (nm) Δy (nm) fit timeb R K

2-D Gaussian N.A. N.A. N.A. N.A. 0(1) 0(2) 1 s N.A N.A.
1-dipole PSF (fixed mag.) 259.9(9) 89(2) 778(4) 262c 0(2) 0(3) 10 min 1c N.A.
1-dipole PSF (fixed λ) 258.9(9) 90(2) 695c 293(1) 0(2) 0(2) 11 min 1c N.A.
3-dipole PSF (single λ) 258.3(8) 89.8(2) 694(5) 262c 0(2) 0.1(9) 19 min 0.75(3) �0.1(1)
3-dipole PSF (multi-λ)d 259 90 693 (LM) 262c �0.1 0.3 68 min 0.8 0.3

635 (TM)
682 (OOP)

a The dashed line on the AFM image indicates the fitj value from the 3-dipole PSF (single-λ) fit (scale bar =100 nm). Values in parentheses indicate the standard deviation
(in the last significant digit) of the fit over 20 image frames. b Per frame, approximate. c Fixed parameter (experimentally measured). d Single frame fit.
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the bulk of the fits lying on the slope = 1 trendline (see
Figure S1 for corresponding AFM images). On the other
hand, the θ values show relatively poor agreement,
with the 1-dipole fits often showing a larger out-of-
plane orientation relative to the 3-dipole fits (Figure 5F).
Additionally, the estimation of θ when using the
1-dipole PSF is of very low precision, as shown by the
large error bars in Figure 5F.
Because of the symmetry of the AuNRs used in this

study, a completely in-plane nanorod could fit to two
possible values of j (e.g., j1 and j2) where j1 = j2 þ
180� (as in Figure 1). However, this symmetry is broken
when the AuNR is out-of-plane, meaning that only one
value of j can accurately describe the data based on a
given value of θ. For our fits, we chose an initial guess
for j1 between 0 and 180� based on the orientation of
the longitudinal axis of the AuNR as determined by
AFM.We then fit the data a second time usingj2 as the
initial guess (our initial guess for θwas 90� for both fits).
We found that for one initial guess ofj, the fitted value
of θ would never move from 90�, while for the other
initial guess of j, the value of θ would fit to a slightly
out-of-plane value (as in AuNR 1). Because the bounds
for θ are defined between 0� and 90�, choosing the
wrong initial guess for j will not allow the fit to

converge to the correct out-of-plane orientation, as
the fit algorithm is unlikely to rotate the j initial guess
by 180� over the course of the fit. In 90%of caseswhere
the fitted value of θ differed based on the initial guess
for j, we found that the average R2 values of the fits
over the 20 frames was better for the j value that
generated θ 6¼ 90�. Thus, the initial guess of the in-
plane orientation anglej is critical for yielding the best
overall fit when θ 6¼ 90� (note that this is not an issue in
the Gaussian model, where no orientation parameters
are included as initial guesses).
Given the large disagreement in θ between the

1-dipole and 3-dipole fits shown in Figure 5F, we next
explored how the different dipole PSF models affected
centroid localization accuracy relative to the 2-D
Gaussian model. For this study, we calculated the
distance (in nm) between the mean Gaussian centroid
position (arbitrarily set to zero) and the mean position

of a dipole PSF fit as Δ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2PSF þ y2PSF

q
. The result is

plotted against the calculated θ values for 59 different
AuNRs, as shown in Figure 6. In the case of the 1-dipole
PSF fits (Figure 6A), the fit centroids show a large
difference from the 2-D Gaussian fit centroids, with
larger differences inΔ observed for smaller values of θ.
We t tested these data (atR= 0.05) and found that 55 of
59 (93%) of the total 1-dipole centroid positions were
statistically different than the 2-D Gaussian centroid
locations. Next, we plottedΔ against θ for the 3-dipole
fit and found that the centroids from the 3-dipole fits

Figure 5. (A�D) Histograms showing fits to j and θ for the
1-dipole and 3-dipole PSF super resolution fits for 59
different AuNR. (E and F) Plots showing the relationship of
the j values (E) and θ values (F) between the 1-dipole and
3-dipole PSF fits.

Figure 6. Plots showing the difference between the Gauss-
ian centroid and the dipole PSF centroid (Δ) as a function of
the fitted θ value. (A) 1-dipole PSF model. (B) 3-dipole PSF
model. Colors indicate results of t testing dipole PSF fit
centroids against a 2-D Gaussian fit (tfail indicates statisti-
cally different centroid populations at R = 0.05, while tpass
indicates that the calculated centroids are the same within
statistical error). Fits are shown for 59 individual AuNRs.
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show much less deviation from the 2-D Gaussian
centroid fits. In this case, 42 of 59 (71%) were statisti-
cally different at the 95% confidence level in the
3-dipole PSF fit. Thus, we find much better agreement
between the simple, computationally inexpensive 2-D
Gaussian and the more robust 3-dipole model, com-
pared to the 1-dipole model. Importantly, this error in
the centroid position is unrelated to the in-plane dipole
angle, j, given that we observe near identical j values
between the 1-dipole and 3-dipole fits (Figure 5E), and
yet dramatically different localization accuracies.
Our data shows that utilizing a 3-dipole PSF to fit the

experimental PSF of AuNR luminescence yields the
best quality fit and therefore a more accurate determi-
nation of the emission centroid. Although we tried to
test whether our calculated centroid positions agreed
with the relative positions of individual nanorods in the
AFM images, drift in the AFM prevented an accurate
comparison; thus, our conclusion that the 3-dipole PSF
fit is the best model is based purely on the agreement
between experimental and theoretical results, both
in the fitted values and in the associated residuals. By
modeling the PSF incorrectly (i.e., using a 1-dipole PSF
in the case of AuNRs), the accuracy of the centroid
determination can be even worse than when using a
2-D Gaussian model. This result should strongly inform
the use of dipole PSF fitting in future studies, in that
the PSF of the emission must be well understood
before the proper model can be applied. In this study,
we chose a strongly anisotropic nanostructure as a test
system, which is expected to behave most like a single
dipole relative to other nanostructures. Even with this
system, we found that the 1-dipolemodel yielded poor
localization accuracy, which was exacerbated by un-
der-estimation of the inclination angle θ. We believe
that this error is due to a small depolarized contribu-
tion to the luminescence, which is not radiated
out through the higher-energy dipolar plasmonmodes
of the nanorod (e.g., the TM or OOP modes). Given
this depolarized emission, multiple dipoles were
required to accurately model our experimental data,
with emission fixed at a specific emission wavelength.
Interestingly, Mortensen et al. have shown that when a
diffraction-limited emitter is made up of many dipole
emitters (such as a fluorophore-doped polystyrene
sphere), a 2-D Gaussian will accurately describe the
centroid location.27 Our data also indicate that as more
dipoles are included in the PSF model, a 2-D Gaussian
shows higher overall agreement with the calculated

centroid in comparison to the 1-dipole fit. This result
has important implications for other plasmon-
coupled emission processes, in which multiple dipole
plasmon modes (possibly with different energies)
may contribute to the measured emission PSF.41�43

In these cases, a computationally inexpensive 2-D
Gaussian may serve as a reasonable model of the
emission PSF, particularly when any dominant dipolar
emission modes are not oriented strongly out-of-
plane. Lastly, we note that this study has focused
largely on AuNRs that are oriented at fairly large values
of θ relative to the substrate surface; this is due to the
obvious asymmetry in the PSF which is introduced as
emitters orient further out of plane (see Figure S9).
In these cases, a 2-D Gaussian would clearly be a poor
choice of fitting function for superlocalization studies,
based on visual inspection alone. Thus, as always,
care must be taken when choosing a fitting model
for any super-resolution imaging experiment, whether
emission is plasmon-mediated or not.

CONCLUSIONS

In this paper, we have applied a dipole emission PSF
to the superlocalization fitting of luminescence from
AuNRs. The 3-dipole PSF provided the best agreement
between the fitted emission wavelength and the ex-
perimentally measured luminescence spectrum, and
also yielded the lowest residuals compared to the
1-dipole PSF model and the 2-D Gaussian. This fit was
also able to determine the dipole orientation param-
eters j and θ with a precision below 1� in many
cases, without the need for image defocusing, and the
fitted j-values were in good agreement with the
orientation of the AuNR as determined via correlated
AFM imaging. Thus, a 3-dipole PSF model increases
localization accuracy over both a 2-D Gaussian fit and a
1-dipole fit for this system. We have also shown that
AuNR localization accuracy using the 2-D Gaussian
becomes worse as the dominant longitudinal dipole
moves out-of-plane relative to the substrate surface,
indicating the need for more robust fitting models.
Additionally, care must be taken that the correct
PSF model is used, as an incorrect dipole PSF model
was shown to strongly skew the localization results
via misestimation of the inclination angle θ. Thus,
it is critical to consider multiple dipole contribu-
tions for localizing emission from complex emitters,
especially in the case of plasmon-mediated emission
processes.

METHODS

Sample Preparation. CTAB-stabilized gold nanorods were pre-
pared using previously published methods.54�56 One milliliter

of a AuNR solution was centrifuged 3� at∼6700g for 20 min in

order to remove excess surfactant, and a 2� concentrated

solution of these AuNRs was used for experiments. Samples
were prepared on alphanumerically patterned #1 glass cover-
slips for the purpose of AFM correlation. Slides were cleaned
using Ar plasma for 10 min and then functionalized with APTES
in a 0.5% solution in ethanol for an additional 10min. To prepare
samples, 5 μL of AuNR solution was dropcast onto the coverslip,
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and allowed to sit for 5 min before being rinsed with nanopure
water. This was followed by dropcasting 5μL of a diluted sample
of 200 or 500 nm diameter sky blue fluorescent polystyrene
beads (Spherotech) in order to correct for mechanical drift.
Samples were stored in the dark in a vacuum desiccator
between preparation, optical experiments and AFM correlation.

Optical Experiments and Structural Correlation. Luminescence
data was collected using an epi-illumination microscope con-
figuration with a 1.3 NA, 100� oil-immersion objective lens.
Diffraction-limited images were imaged onto an electron-multi-
plied CCD detector (ProEM, Princeton Instruments), and spectra
were collected using a spectrometer with a liquid nitrogen
cooled CCD detector (Acton 2500i/Princeton Instruments
Spec-10). Excitation was via a 532 nm, circularly polarized laser
at approximately 8.8 kW/cm2, and emission was filtered using
a dichroic/long-pass/notch filter combination with a cutoff of
approximately 540 nm. Images of AuNR luminescence were
collected using an integration time of 5 s.

AFM structural correlation was carried out by transferring
the gridded sample to a combined optical/atomic force micro-
scope after undertaking the optical studies.38,39,57 Particles of
interest were located using white-light total internal reflection
excitation, and then imaged with the AFM (NT-MDT Integra-
Vita) in semicontact mode. Sample orientation angles between
the twomicroscopeswere corrected via a triangulationmethod.

Image Processing. Before fitting, each image stack was cor-
rected to remove background due to the fluorescence of the
glass coverslip substrate. This was accomplished by fitting the
average background of all frames in the stack to a 2-dimensional
Gaussian, and then subtracting the fit from each image frame.
The 2-dimensional Gaussian fits used for the super-resolution
studies were written in-house using MATLAB, and are similar to
what has beenused in ourprevious studies.13,17,18 ThedipolePSF
model was taken from Jörg Enderlein's “QDControl” program,
which he has made available online.49 The single- and 3-axis
(single-λ) dipole PSFs were generated by fixing or releasing the
parameters of κ and R in the “QDControl” PSF algorithm, while
the 3-axis dipole PSF (multi-λ) was generated using 3 partially
independent dipoles. Briefly, the calculated PSF consists of three
independent single dipole PSFs which are summed to produce
the final 3-dipole, multi-λ fit. The three dipoles are fixed in
orientation and position relative to each other, such that the
LMdipolemode is oriented at (j, θ) and the other two (TM,OOP)
are mutually orthogonal. The fit then proceeds as usual, but the
emission wavelength and intensities of each dipole are allowed
to vary, along with the combined centroid, total intensity, and
orientational parameters that define the total PSF. Experimental
images were fit to one of these PSF models using a bounded
nonlinear least-squares fitting algorithm written in MATLAB.
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