
TITUS AND WILLETS VOL. 7 ’ NO. 9 ’ 8284–8294 ’ 2013

www.acsnano.org

8284

August 28, 2013

C 2013 American Chemical Society

Superlocalization Surface-Enhanced
Raman Scattering Microscopy:
Comparing Point Spread Function
Models in the Ensemble and
Single-Molecule Limits
Eric J. Titus and Katherine A. Willets*

Department of Chemistry, The University of Texas at Austin, 105 E. 24th Street STOP A5300, Austin, Texas 78712, United States

A
ggregation of plasmonic nanoparti-
cles has long been recognized as a
straightforward means to increase

spectroscopic signals from molecules at or
near the nanoparticle surface, by creating
large electromagnetic field enhancements
in the junction between adjacent nano-
particles.1�4 In particular, aggregated nano-
particles have been critical for the observa-
tion of single-molecule surface-enhanced
Raman scattering (SM-SERS), where the
molecule is believed to be positioned some-
where in the gap between adjacent nano-
particles.4,5 However, observing where in-
dividual molecules are located on the sur-
face of nanoparticle aggregates is a distinct
experimental challenge for two reasons.
First, the SERS emission from the molecule-
(s) is not radiated directly into the far-field,
but is instead coupled into and radiated
by the nanoparticle substrate, leading to a

convolution between the position of the
molecule(s) and the plasmon modes of the
nanoparticle aggregate.6�8 The second rea-
son is that both the molecule(s) and the
nanoparticles are smaller than the diffrac-
tion limit of light, which limits optical resolu-
tion to roughly half the wavelength of the
emitted light.
Recently, super-resolution optical micro-

scopy has been applied to problems in SM-
SERS to overcome the diffraction limit of
light and explore molecule�nanoparticle
interactions.6,8�10 In super-resolution mi-
croscopy, emission images are analyzed by
fitting a theoretical emission point spread
function (PSF) to the diffraction-limited
emission pattern, in order to extract the
center of emission, or centroid position,
often with a precision of <5 nm.11,12 The
PSF is most commonly modeled as a two-
dimensional Gaussian, due to its robustness
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ABSTRACT In this report, we compare the effectiveness of various dipole and

Gaussian point spread function (PSF) models for fitting diffraction-limited surface-

enhanced Raman scattering (SERS) emission images from rhodamine 6G-labeled

nanoparticle dimers at both the high-concentration and single-molecule limit. Of

all models tested, a 3-axis dipole PSF gives the best approximation to the

experimental PSF, although none of the models utilized in the study were without

systematic error when fitting the experimental data. In the high-concentration

regime, all models localize the SERS emission to a stationary centroid position,

with the dipole models providing additional orientation parameters that closely match the geometry of the dimer, indicating that the molecules are

coupled to all resonant plasmon modes of the nanostructure. In the single-molecule case, the different models show a mobile SERS centroid, consistent

with single-molecule motion on the surface, but the behavior of the centroid is model-dependent. Despite the centroid mobility in the single-molecule

regime, the dipole PSF models still give accurate orientation information on the underlying dimer structure, although with less precision than the

ensemble-averaged samples.
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and low computational expense, where the centroid is
defined as the location of the peak intensity. While this
technique was initially developed for imaging fluores-
cent molecules, it has been successfully applied to
understand the interactions between metal nanopar-
ticles and molecules in studies of ligand binding,13,14

catalysis,15 and electromagnetic hot spots.8,10,16,17

While the technique is starting to see a broader ap-
plication in the field of plasmonics, the question of
which theoretical PSF to use to fit the data remains.18 In
super-resolution studies of single molecule fluores-
cence, the orientation of the fluorophore can asymme-
trically distort the PSF due to the dipolar emission
of the molecule and its propagation through the
sample�coverslip refractive index interface, creating
a mismatch between the centroid position of the 2-D
Gaussian fit and the actual position of the emitter.19�21

To address this, dipole emission PSF models were
developed that not only provide more accurate cen-
troid localization (i.e., the calculated centroid better
matches the position of the emitter) but are also able to
determine the orientation of the emitter at the inter-
face; these models are further complemented by ex-
citation beam-shaping approaches that allow for
three-dimensional centroid localization, although this
is beyond the scope of our work here.22�25

In the case of SERS-active nanoparticle dimers, most
of the emission is coupled out through the longitudinal
dipole plasmon mode of the nanostructure, suggest-
ing that a dipole PSF might also be an appropriate
model for fitting emission from these types of struc-
tures.26�29 In previous work, we have shown excellent
qualitative agreement between the SM-SERS emission
from a nanoparticle dimer and a calculated dipole PSF
based upon the three-dimensional orientation of that
dimer.29 Shegai et al. have shown similar qualitative
agreement between a Fourier plane image of SERS
emission from a nanoparticle dimer and a calculated
dipole PSF, again using geometric parameters from
the nanostructure to define the three-dimensional
orientation of the calculated dipole emitter.28 How-
ever, these studies have not attempted to actually fit
the experimental emission pattern to a dipole PSF,
which would not only provide a quantitative evalua-
tion of the appropriateness of the dipole PSF model
but also calculate the centroid position and the three-
dimensional orientation of the best-fit dipole, which
could then be compared to the actual nanoparticle
structure. Such a study would be especially informative
when comparing the emission patterns from SERS-
active nanoparticle dimers in the regimes of both high
analyte concentration (where we expect the SERS emis-
sion to couple to multiple resonant plasmon modes in
thedimer, reducing the influenceof themolecule on the
PSF shape) and the single-molecule level (where the
position of the molecule can impact plasmon coupling
and therefore the site of the SERS emission).7,8

In the current study, we have applied a dipolar PSF
fitting algorithm to model SERS emission from dye-
labeled silver nanoparticle dimers to extract the cen-
troid position, which represents the convolution
between the molecular emission and the plasmon
modes of the nanoparticle, while also potentially yield-
ing geometric parameters associated with the SERS-
active nanoparticle dimer. We have imaged dimers
covered with a high concentration of SERS reporter
dyes (multimolecule SERS, or MM-SERS) as well as SM-
SERS-active nanoparticle dimers. In addition to fitting
the experimental emission patterns to a single dipole
PSF, we have also fit the data to the sum of three
mutually orthogonal dipoles in order to account for
other dipolar plasmon modes that may interact with
the molecule on the surface. In previous work, we
found that three dipole modes were necessary to
provide the optimum fit;and thus best localization
accuracy;to luminescence from gold nanorods, sug-
gesting that a similar three-dipole approachmight also
be appropriate for these studies.30 The various dipole
PSF fits are compared to the standard 2-D Gaussian
model in order to compare the fit centroids and
precision between the different models.

RESULTS AND DISCUSSION

Samples of silver nanoparticle dimer aggregates
labeled with rhodamine 6G (R6G) (or its deuterated
analogue, R6G-d4) were prepared, with the MM-SERS
samples containing roughly 200 R6G molecules/
aggregate and the SM-SERS samples containing rough-
ly two dyes per aggregate; SM-SERS behavior was
confirmed via on�off intensity fluctuations and a
bianalyte approach (see SI section S2).31,32 SERS emis-
sion images and spectra were collected simulta-
neously, in order to identify image frames that
correspond to SERS activity (which is especially critical
for SM-SERS, where signatures of either R6G or R6G-d4
alone were used to validate SM-SERS behavior). Dark-
field scattering was used to measure the localized
surface plasmon resonance (LSPR) of selected nano-
structures after SERS imaging. The sample was then
transferred to an atomic force microscope (AFM)
coupled to an optical microscope in order to confirm
that the nanoparticle aggregates are dimers and to
determine their three-dimensional structure.
The 2-D Gaussian used for fitting SERS emission is

shown in eq 1.

I(x, y) ¼ z0 þ I0 exp �1
2

x� x0G
sx

� �2

þ y� y0G
sy

 !2
2
4

3
5

2
4

3
5
(1)

Each experimental diffraction-limited image is fit to
eq 1 to extract z0 (background intensity), I0 (peak
intensity), x0G and y0G (the x and y Gaussian fit centroid
positions, respectively), and sx and sy (the widths of the

A
RTIC

LE



TITUS AND WILLETS VOL. 7 ’ NO. 9 ’ 8284–8294 ’ 2013

www.acsnano.org

8286

Gaussian in the x and y directions, respectively), for a
total of six fit parameters.6,8,10 To generate the dipole
PSF for the SERS fitting, we utilized a modified version
of Jörg Enderlein's “QDControl.m” code, which is freely
available online.33 This algorithm generates a theore-
tical PSF based on a dipole emitter with up to three
mutually orthogonal dipole components and calcu-
lates the PSF based on the dipole component
strengths, the orientation and position of the emitter,
and the dielectric environment and microscope imag-
ing parameters. When fitting data to this model,
we fix as many known or experimentally verifiable
parameters as possible, including microscope magni-
fication, numerical aperture (NA) of the objective,
refractive index of the coverslip and immersion medi-
um, detector pixel size, and coverslip thickness. The
parameters that are fit (unless otherwise noted) in-
clude the microscope focus, the emission wavelength
(λ), the orientation of the longitudinal dipole mode
(j and θ, see Figure 1), the dipole-fit centroid position
of the dipole emission (x0D, y0D), the background and
peak emission intensity, the distance of the emitter
from the coverslip (z), and the values κ and R, which
define the relative contribution of each dipole axis
component, as described below in eq 2.

Itotal ¼ RILM þ (1� R)
1þK
2

ITM þ 1� K
2

IOOP

� �
(2)

In eq 2, Itotal represents the total dipole emission
vector, and ILM, ITM, and IOOP represent unit vectors
along each dipole axis (representing the longitudinal,
transverse, and out-of-plane modes, respectively), as
depicted in Figure 1. For nanoparticle dimers, the
longitudinal plasmon mode is approximated as the
line connecting the centers of the two nanoparticles,
which is expected to dominate the SERS emission.26�29

As shown in Figure 1A, the longitudinal mode is
defined by the orientational parameters j and θ. We
define the transverse dipole mode as perpendicular to
the longitudinal mode and parallel to the plane of the
coverslip, and the out-of-plane mode as perpendicular
to both the longitudinal and transverse modes.
We began by looking at MM-SERS samples, where

we expect the geometric features of the nanoparticle
to dominate the emission pattern.28 Figure 2 shows an
example of a SERS-active dimer (Figure 2A) and its
associated SERS emission pattern (Figure 2B). The
emission pattern is dominated by a bright central lobe,
but there are low-intensity side lobes oriented parallel
to the long axis of the dimer, indicative of dipolar
behavior.22,23,29,34 Fitting the emission pattern to the
2-D Gaussian in eq 1 (Figure 2C), we find that this
simple model fails to capture all of the features of the
SERS emission pattern, particularly the low-intensity
side lobes, as seen in the systematic error in the
calculated residuals shown in Figure 2D.

Next, we fit the data to a single-axis dipole (fixing R =
1 in eq 2 and assuming the emission originates at the
surface, z = 0), which we refer to as a one-dipole fit,
shown in Figure 2E. In previous work, this model has
shown excellent qualitative agreement between ex-
perimental emission patterns and a single-dipole
PSF.28,29 Qualitatively, the one-dipole fit better ac-
counts for the shape of the experimental PSF, espe-
cially the low-intensity side lobes. We also obtain
values for j and θ (Table 1), which show reasonable
agreement with the orientation and out-of-plane tilt of
the longitudinal mode of the SERS-active dimer, the
estimation of which is based on a line connecting the
nanoparticle centers (Figures 2A and 3A, respectively).
However, the one-dipole fit also exhibits nonrandom
residuals, as evidenced in Figure 2F. This observation is
consistent with our recent study on gold nanorods,
where a one-dipole fit was insufficient formodeling the
PSF due to the presence of non-LM polarized
emission.30 Moreover, we find that the calculated
emission wavelength of 661 ( 7 nm is well to the red
of both the SERS and the LSPR spectra of the sample
(Figure 3B), indicating that this model is insufficient to
capture all of the properties of the SERS emission from
the nanoparticle dimer.
To account for the possibility of any emission cou-

pling through the transverse or out-of-plane modes of
the nanoparticle aggregate, a three-axis dipole model
was used, in which both R and κ from eq 2 were
included as fit parameters. For our first fit, we assumed
a single emission wavelength, given that this model
performed best when modeling luminescence from
a gold nanorod, despite failing to capture the fact
that the LM, TM, and OOP modes have different

Figure 1. Orientation of axes used to define the dipole
modes relative to the substrate. (A) Diagram showing how
angles j and θ define the longitudinal dipole mode. (B)
Diagrams showing the definition of the longitudinal (LM),
transverse (TM), and out-of-plane (OOP) modes relative to
nanoparticle structure. LM is estimated to lie along the
center-to-center line of the nanoparticles.

A
RTIC

LE



TITUS AND WILLETS VOL. 7 ’ NO. 9 ’ 8284–8294 ’ 2013

www.acsnano.org

8287

resonances.30 Figure 2G,H show the results of the fit
and associated residuals, and we find that this model
exhibits smaller residuals than the one-dipole and
Gaussian fits, indicating that including contributions
from each dipole axis is important in modeling the
correct PSF. Thismodel also provides values forj and θ
(Table 1), which are in reasonable agreement with the
geometry of the dimer (Figures 2A and 3A). However,
the residuals in Figure 2H remain nonrandom, which
tells us that thismodel is also imperfect at representing

the SERS emission from a nanoparticle dimer. This
conclusion is further supported by the wavelength fit
value of 602( 2 nm, which is still more to the red than
the bulk of the SERS emission as well as the LSPR
maximum (Figure 3B).
Given that each dipole mode (LM, TM, and OOP) is

expected to have a unique plasmon resonance, we
next fit the data to a three-axis, three-wavelength
dipole, where each dipole component has its own
associated emission wavelength (denoted 3-λ dipole,
Figure 2I,J).1,2 Interestingly, the residuals are nearly
identical between the three-dipole (single-λ) fit in
Figure 2H and the 3-λ dipole fit in Figure 2J, showing
that even if we allow the wavelengths to be fit inde-
pendently, we do not observe a significant improve-
ment in the overall quality of fit. Comparing the
calculated emission wavelengths of the three dipole
modes (Figure 3B), we find that both the TM and OOP
modes are blue-shifted from the LM emission, as
expected. However, the TM wavelength runs into our
lower wavelength limit of 540 nm, whichwas set based
on the cutoff wavelength of our long-pass filter. More-
over, the LM emission wavelength fit remains too far to
the red of the actual emission, indicating that this
model does not provide a significant improvement
over the single-λ analogue.
As a final test, we reran the three-dipole fit with a

single emission wavelength, but this time included the
distance of the emitter from the surface as a fit
parameter (denoted three-dipole z-fit). We had set this
value to z = 0 for all previous fits, but we recognized
that the emission might be offset from the surface,
based on the geometry of the nanoparticle dimer. The
fit and residuals for thismodel are shown in Figure 2K,L;
again, we observe the same systematic error in the fit
residuals, although the magnitude of the residuals is
smaller than the other three-dipole cases. Interestingly,
the emission wavelength that was fit using this model
shows excellent agreement with the strongest SERS
emission as well as the LSPR of the nanoparticle
dimer (Figure 3B). Moreover, the calculated three-
dimensional orientation once again agrees very well
with the geometry of the nanoparticle dimer. However,
we note that the surface offset, z, was fit to a value of
74( 8 nm, which is larger than the actual height of the
nanoparticles, as shown in Figure 3A. We also find that
allowing the z value to be included as a fit parameter
leads to nonconvergence of several of our fits (4 out of
20 frames do not converge). One possible explanation
for this lack of convergence is the inclusion of toomany
fit parameters, which simply creates too large of a
parameter space for our fits to ultimately reach a global
minimum. However, we do not have this same con-
vergence issue in the 3-λ case, where we have two
additional fit parameters over the case in which an
offset is included. A second possible explanation for
the poor convergence is that the model assumes that

Figure 2. (A) AFM structure of nanoparticle dimer, where the
green line indicates the j value of the three-dipole fit. (B)
Experimental MM-SERS intensity image. (C�L) Fits (left) and
residuals (right) for the different PSF models as indicated.
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the emission is traveling through a uniform refractive
index environment (air) from its offset height z to the
coverslip surface, which is most likely a nave assump-
tion given the presence of the silver nanoparticle at the
surface, as well as the possible presence of condensed
water due to ambient humidity, both of which could
introduce aberrations in the experimental emission
pattern and discrepancies in the resulting fit.31

The results of the different fits used on this MM-SERS
sample are compiled in Table 1. For all of the dipole fits,
the j values are within several degrees of each other
and agree well with the orientation of the longitudinal
axis of the dimer. The θ values show slightly more
variation, although they converge near themeasured θ
value of 80�, as shown in Figure 3A. Thus, the various
dipole fits perform reasonably well in predicting geo-
metric parameters for the MM-SERS case. Moreover, all

of the three-dipole fits show R values of ∼0.8, indicat-
ing that the bulk of the emission (∼80%) is dominated
by the longitudinal dipole mode, as expected.
The results of a 2-D Gaussian fit are presented in the

top row of Table 1 for comparison, and the average
Gaussian centroid position is set to 0 in both x and y,
with all other dipole centroid positions reported rela-
tive to this centroid (i.e.,Δx = x0D� x0G,Δy = y0D� y0G).
While there is variation in the calculated centroid
positions, we observe that the worst agreement with
the Gaussian centroid occurs for the one-dipole case,
which we also found was a poor model for represent-
ing the data. For the three-dipole z-fit model, we find
that the centroid position actually agrees (within error)
with the Gaussian, which is encouraging given that this
model also yielded the best wavelength agreement.
However, as discussed above, this model also yielded a
nonphysical value for the surface offset, had poor
convergence statistics, and is computationally expen-
sive. The single and multiwavelength variants of the
three-dipole fit both show a slight shift from the
Gaussian centroid, with calculated distances of 2.5
and 2.1 nm, respectively. Previous work has shown
that as θ decreases from 90�, the calculated dis-
tance between the Gaussian and dipole centroids
increases.19�21,30 Interestingly, for our previous gold
nanorod work, we found that a θ value of 85� (as
calculated here for the three-dipole fit) would lead to a
centroid shift of nearly 10 nm between the Gaussian
and three-dipolemodels, well abovewhat is calculated
here.30 Thus, we find a much smaller difference be-
tween the centroid positions determined using the
Gaussian and three-dipole models for the MM-SERS
emission, compared to other plasmon-mediated emis-
sion processes. Lastly, we note that in all cases where
multiple image frames were fit, the standard deviation
in the centroid position ise0.5 nm (except for the one-
dipole model), indicating that the SERS centroid is
immobile in the MM-SERS regime.
We next proceed to an SM-SERS sample, which

should allow us to observe the effect of the molecule
on the PSF, given that the position of the molecule
dictates how the emission couples to the different
plasmon modes.6,27,35 Figure 4 compares the fits and

TABLE 1. Parameter Values for Different Fitting Functions Applied to the MM-SERS Example from Figure 2a

j (deg) θ (deg) λ (nm) Δx (nm)b Δy (nm)b fit timec R K z

2-D Gaussian N.A. N.A. N.A. 0.0(5) 0.0(4) 1 s N.A N.A. N.A.
1-dipole PSF 279.8(9) 77.6(6) 661(7) 1.9(5) �10(1) 7 min 1d N.A. 0d

3-dipole PSF (single-λ) 280.0(9) 85.3(2) 602(2) 0.5(5) �2.5(4) 15 min 0.82(2) �0.7(1) 0d

3-dipole PSF (multi-λ)e 281 83 597 (LM) 0.8 �1.9 71 min 0.8 �0.05 0d

540 (TM)
586 (OOP)

3-dipole z-fit PSF 278(1) 83.3(5) 573(4) 0.0(5) �0.3(4) 25 min 0.82(3) �0.21(7) 74(8)

a Values in parentheses indicate the standard deviation of the fit in the last significant figure over 20 image frames. bΔx(Δy) corresponds to (x(y)0D� x(y)0G) for each type of
fit. c Per frame, approximate. d Fixed parameter. e Single frame fit.

Figure 3. (A) AFM cross-section along the j axis of the
nanoparticle dimer from Figure 2. The red and blue lines
show the θ values from the one-dipole and three-dipole fits,
with the black line indicating the measured θ value. (B)
Nanoparticle scattering (cyan) and Raman (black) spectra
corresponding to the nanoparticle from Figure 2 with
emission wavelength fit estimates overlaid. In the case
of the 3-λ dipole fit, each wavelength is represented
separately.

A
RTIC

LE



TITUS AND WILLETS VOL. 7 ’ NO. 9 ’ 8284–8294 ’ 2013

www.acsnano.org

8289

residuals of the Gaussian and dipole fits on the
SM-SERS-active nanoparticle dimer shown in Figure 4A,
and we again see that the residual values shrink as we
move from a 2-D Gaussian to a one-dipole fit and then
improve incrementally as we apply the three-dipole,
3-λ dipole, and three-dipole z-fit models. As in the
MM-SERSdata presented in Figure 2, all of thefit residuals
are nonrandom, indicating that thesemodels are still not
sufficient to capture the entirety of the SERS PSF.

In previous super-resolution imaging experiments
on SM-SERS substrates, we noted that silver nanopar-
ticles are inherently luminescent and that this lumines-
cence is convoluted with the SERS in the experimental
emission patterns.8,36 We can isolate the two signals by
exploiting the inherent on�off behavior of SM-SERS
signals. Accounting for the luminescence could have
important implications for the resulting fits, because
we have previously reported that the luminescence
centroid can be spatially distinct from the SERS emis-
sion centroid.36 To remove the luminescence contribu-
tion, we first use our correlated spectra to identify
images when no SERS is observed and nanoparticle
luminescence is the only contributor; an example is
shown in Figure 5A.We use a 2-DGaussian to fit each of
the images associated with nanoparticle luminescence
and then calculate an average best fit to represent the
contribution from the nanoparticle, as shown in
Figure 5B. Given the poor signal-to-noise of the lumi-
nescence, the more complex dipole models did not
perform well, generating random and incorrect values
of j, which is why we used the 2-D Gaussian model
to fit the luminescence images. Next, we subtract
away the fitted luminescence contribution from the
experimental emission image shown in Figure 4B to
yield the isolated SM-SERS emission pattern shown in

Figure 4. (A) AFM structure of nanoparticle dimer, where
the green line indicates the j value of the three-dipole
fit. (B) Experimental SM-SERS intensity image. (C�L) Fits
(left) and residuals (right) for the different PSF models as
indicated.

Figure 5. (A) Example image of nanoparticle luminescence
background. (B) Average 2-D Gaussian fit of nanoparticle
luminescence over 20 frames. (C) Subtracted SM-SERS in-
tensity image obtained by subtracting the best fit to the
luminescence in part B from the experimental data in
Figure 4B. (D) Three-dipole fit and (F) residuals for the
subtracted image in part C. (E) Calculated centroid positions
of SM-SERS emission from 20 image frames with and with-
out nanoparticle background subtraction.
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Figure 5C. This image is then fit to the three-dipole
model (Figure 5D), and the residuals are calculated
(Figure 5F). We find that the residuals are nearly
identical between the fits to the subtracted image
(Figure 5F) and the nonsubtracted image (Figure 4H).
However, if we compare the centroid positions that we
calculate using either the raw image data or the
subtracted image (Figure 5E), we find that the differ-
ence in average centroid position between the two
cases is 1.7 nm. Although this offset is statistically
significant as determined via a paired t test (at R =
0.05), we do not apply the luminescence subtraction
for the rest of our SM-SERS analysis due to the lack of
residual improvement.
Table 2 compares the fit results of the different PSF

fits on the SM-SERS sample from Figures 4 and 5. Again,
it is seen that the dipole PSF fits all show good agree-
mentwhen fitting the in-plane orientation of the dimer
(Figure 4A), j, just as in the MM-SERS case. In this case,
the three-dipole fits show a significantly better agree-
ment with the measured θ value of 86� than the
one-dipole fit. As in the case of MM-SERS emission,
the one-dipole PSF highly overestimates the emission
wavelength (based on the MM-SERS spectrum shown
in Figure 3B). The three-dipole fit also overestimates λ,
although not as dramatically as the one-dipole fit,
consistent with previous results. Unlike the MM-SERS
case, the 3-λmodel provides very poor wavelength fits,
with both the TM and OOP mode far to the red of the
calculated LM emission. Also, by including a z-offset in
the three-dipole model PSF, we again find the most
reasonable prediction of the emission wavelength, but
also observe an overestimation of the distance of the
emission from the surface, as the z-offset is calculated
at 80( 12 nm from the surface, while the height of the
tallest particle in the dimer is only 59 nm. Finally, we
have included the results of the nanoparticle lumines-
cence-subtracted fit, which shows that while theremay
be a slight difference between the average lumines-
cence-subtracted and unsubtracted three-dipole fit
centroids, the other fit estimates are in agreement.
Looking at the calculated centroid values across the

different models, we see that the standard deviations

are much higher for the SM-SERS centroid positions
(2�4 nm) compared to the MM-SERS values (e0.5 nm).
On first glance, one might assume that the larger
error is due to lower signal-to-noise associated with
SM-SERS, but a comparison across multiple samples
found that MM-SERS samples with similar signal-to-
noise ratios showed smaller standard deviations in
the centroid positions (see Figure S3). Thus, we attribute
the increased variability in the centroid position in the
SM-SERS sample to aneffect ofmolecularmotion,which
influences how the molecule interacts with the various
plasmon modes of the nanoparticle, thereby shifting its
centroid.6,7,35

To compare the calculated centroids between
MM-SERS and SM-SERS samples, we calculated two-
dimensional spatial intensity maps, which relate the
intensity of the measured SERS to the position of the
calculated centroid.8 To do this, fitted centroid loca-
tions from individual image frames associated with
SERS emission are collected into 1 nm bins, and the
color of the bin is determined by the average fitted
intensity of the points in each bin. We have calculated
spatial intensity maps using both the 2-D Gaussian
(Figure 6, middle column) and the three-dipole
(Figure 6, right column) models. A white “�” is used
to represent the average value of theGaussian centroid
in the three-dipole spatial intensity maps for ease of
comparison. We chose the single-λ three-dipole model
with no z-offset for these calculations because the one-
dipole model has provided the poorest fits of all the
dipole models, the 3-λ model produced unreasonable
wavelength values for the TM and OOP modes in the
SM-SERS regime, and the three-dipole z-fit model
produced nonphysical offset values and poor conver-
gence characteristics.
Figure 6 shows a series of AFM images and the

associated spatial intensity maps for three SM-SERS
samples and two MM-SERS samples. In the case of the
SM-SERS examples (Figure 6, panels A�I), not only do
the Gaussian and three-dipole fits localize the emission
to different positions, but the three-dipole fits also
show significantly more spread in the centroid posi-
tion, oriented along the j axis of the dimer. This

TABLE 2. Parameter Values for Different Fitting Functions Applied to the SM-SERS Example from Figure 4,a

j (deg) θ (deg) λ (nm) Δx (nm)b Δy (nm)b fit timec R K z

2-D Gaussian N.A. N.A. N.A. 0(2) 0(2) 1 s N.A N.A. N.A.
1-dipole PSF 39(2) 70(2) 630(12) 28(3) 25(4) 13 min 1d N.A. 0d

3-dipole PSF (single-λ) 38(1) 89(3) 603(7) 1(4) 4(3) 33 min 0.79(4) 0.0(2) 0d

3-dipole PSF (multi-λ)e 37.6(9) 85(1) 611(5) (LM) 4(1) 7(2) 137 min 0.84(1) 0.97(4) 0d

793(8) (TM)
780(30) (OOP)

3-dipole z-fit PSFe 38(2) 85(2) 584(6) 6(2) 8(2) 26 min 0.92(4) 0.8(3) 80(12)
bkgd-subtracted 3-dipole PSFe 38(2) 89(2) 603(8) 1(3) 5(2) 17 min 0.83(3) �0.1(3) 0d

a Values in parentheses indicate the standard deviation of the fit in the last significant figure over 31 image frames (except for lines marked with e). bΔx(Δy) corresponds to
(x(y)0D � x(y)0G) for each type of fit.

c Per frame, approximate. d Fixed parameter.
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direction of centroid motion is highly correlated with
changing values of θ (Figure S-7), and consequently we
have noted higher uncertainties in the fit values of θ in
the single-molecule examples (typically (3�). As de-
scribed above, we assign the changing SM-SERS
centroid to a mobile molecule on the nanoparticle
surface; as the molecule moves, the efficiency with
which it couples to the different plasmonmodes of the
nanoparticle changes, thereby shifting the measured
centroid.6�8 In previous work, we have noted that the

SM-SERS centroid position can change by as much as
40 nm over the course of an experiment, allowing us
to effectively map out the local electromagnetic en-
hancement associated with the hot spot.8,10 One ques-
tion that has come up is whether the dramatic change
in the centroid position was an artifact due to the
relative simplicity of the 2-D Gaussian fitting model we
used. In this study, we find that using a more complex
three-dipole model actually generates more spread in
the centroid position relative to the 2-D Gaussian.

Figure 6. AFM imagesandspatial intensitymaps that indicate the average intensity of all centroids locatedwithin each1nmbin.
(Left column) AFM image (with the three-dipole j-fit estimate indicated by the dashed line), (center column) spatial intensity
map using the 2-D Gaussian model, and (right column) spatial intensity map using the three-dipole model. A white� indicates
the average position of the 2-D Gaussian centroid. Panels A�I show SM-SERS examples, with MM-SERS examples in J�O.
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Moreover, our previous work using a 2-D Gaussian
model has shown excellent qualitative agreement
between the shape of the spatial intensity maps
and the structure of the underlying nanoparticle
junctions.10,36 In the examples shown here, we find
that the three-dipole model does not provide good
qualitative agreement with the orientation of the
nanoparticle junction, suggesting that this model
may not completely represent the contributing radia-
tive dipole modes of the nanostructure.
In contrast to the SM-SERS examples, the MM-SERS

data shown in Figure 6, panels J�O, show tightly
confined centroid positions associated with low stan-
dard deviations in the calculated θ values ((0.7�). The
MM-SERS centroid behavior is consistent with the
picture that we are measuring an ensemble-averaged
centroid position, due to the fact that we havemultiple
molecules that are able to couple to most/all resonant
plasmon modes within the structure. Even if the mol-
ecules are mobile on the surface, the average centroid
does not change dramatically because the high surface
coverage ensures that emission is not dominated by
coupling to a single plasmon mode. As a result, the
centroid collapses to a single value, which is largely
dictated by the geometry of the nanostructure, rather
than the positions of the individual molecules.
Despite the fact that the SM-SERS samples show

mobile centroids relative to the MM-SERS counter-
parts, we find that the three-dipole fit is still able to
produce orientation parameters that reflect the under-
lying nanoparticle structure. In Figure 7, we show the
relationship between the measured and fit values of
both j and θ using the three-dipole PSF. In Figure 7A,
the calculatedj value agrees well with the experimen-
tally measured j value based on the nanoparticle

structure whether we are probing an SM-SERS- or an
MM-SERS-active dimer. However, when comparing
θ-fit values with the measured structure of the nano-
particle (Figure 7B), we see that the fit data do not
agree with the measured structure as well as the j
values do (AFM images of all aggregates in Figure 7 are
shown in Figure S1). The lack of agreementmay be due
to our definition of θ, which is based on the relative
height and separation of the two nanoparticles and
may not reflect the true orientation of the longitudinal
plasmon mode. We also observe that the single mole-
cule cases have larger uncertainties in θ than the MM-
SERS cases, consistent with the larger centroid uncer-
tainties noted in Figure 6. We again attribute the
increased uncertainty in θ to an effect from themotion
of a single molecule, whereas molecular effects in the
case of the high-dye-concentration samples are aver-
aged over many molecules.
After comparing the quality of super-resolution fits

using both Gaussian and dipole emission PSF model-
ing, we find that none of the dipole PSFs used in
this study can accurately describe the full PSF of a
SERS-active aggregate, based on the nonrandom re-
siduals associated with the various fits. This being said,
a three-dipole PSF fit showed much lower residuals
than the 2-D Gaussian and was able to accurately
represent the geometry of the underlying structure,
while still being sensitive to the contributions of the
molecule in the SM-SERS examples. Even for the simple
case of nanoparticle dimers, the minimum level of
complexity that can give reasonable estimates for θ
and λ is a three-dipole fit. Fitting plasmon-mediated
emission with a dipole PSF of insufficient complexity
(e.g., a one-dipole fit) can strongly skew several fit
parameters, notably θ, λ, and the centroid location.
We hypothesize that one reason the three-dipole fits

show systematic residuals in both the MM-SERS and
SM-SERS cases is that the three mutually orthogonal
dipoles share a common origin. In reality, wewould not
expect this to be the case. For example, an asymmetric
dimer is expected to have a longitudinal dipole mode
oriented along the long axis of the dimer, as well as two
transverse modes, each associated with the two differ-
ent nanoparticles that comprise the dimer. If the two
nanoparticles are of different size (as is the case in the
examples shown here), then we expect one transverse
mode to have a stronger resonant overlap with our
emission than the other,37 which would bias the origin
of the emission polarized along the transverse dipole
mode toward one nanoparticle. Our three-dipole mod-
el cannot capture this subtle shift because we model
the three dipoles as originating from a common origin,
which may explain why our fits still show systematic
errors. In principle, we could try to fit the data to three
(or more) decoupled dipole modes, but the number of
adjustable parameters becomes quite high and the
computational expense nearly prohibitive. Moreover,

Figure 7. Relationship between three-dipole fits and esti-
mates based on structure for both (A) j and (B) θ. Points
are color-coded based on whether the sample is SM- or
MM-SERS.
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as we work on higher order aggregates (timers, tetra-
mers, etc.), representing the various mode contribu-
tions (especially in the absence of structure correlation)
becomes extremely challenging. While the dipole
models yield insight into the nature of the underlying
plasmon modes and provide a more physical repre-
sentation of the coupled molecule�nanoparticle sys-
tem, the 2-D Gaussian still remains a useful and
complementary model in super-resolution fitting of
plasmon-mediated emission, due to its robustness, low
computational expense, and ability to capture the
effect of a mobile molecule on the centroid position
in SM-SERS samples.

CONCLUSION

In this study, we have compared the results of fitting
diffraction-limited emission patterns from both MM-
SERS- and SM-SERS-active silver nanoparticle dimers,
using a 2-D Gaussian and several variations of a dipolar
emission PSF. A three-dipole PSF fit provided the best

overall fit, based on themagnitude of the residuals and
fits to measurable parameters (j, θ, λ), although with
increased computational expense, systematic error in
the fits, and imperfect agreement between the struc-
ture of the nanoparticle and the shape of the spatial
intensity maps in the SM-SERS limit. We have also
shown that, based on the difference between the
SM-SERS and MM-SERS examples, the position of the
SERS reporter molecule can influence the shape of
the PSF;and thus the results of the fit;in the low-
concentration regime. On the other hand, a high
concentration of SERS reporter molecules yields less
uncertainty in the fit parameters and gives more pre-
cise centroid localization, due to the averaging of the
various molecular contributions to the PSF. Lastly, we
show that the choice of model when fitting plasmon-
mediated emission strongly affects super-resolution
results and that structure correlation remains an im-
portant tool for comparing spatial intensity maps
against nanoparticle geometry.

METHODS

Sample Preparation. Colloidal silver nanoparticles were pre-
pared using previously published methods and were used as
prepared.38 Aliquots of the colloidal silver solution (either 1 mL
or 100 μL) were mixed with R6G and NaCl solutions to final
concentrations of approximately either 2 or 200 nM R6G for the
SM-SERS and MM-SERS samples, respectively (yielding roughly
2 or 200 R6Gmolecules per nanoparticle dimer).6,8,10,38 The final
concentration of NaCl in both samples was 10mM. In the case of
MM-SERS samples, solutions were centrifuged for 10 min at
∼500g and then resuspended in 10 mM NaCl to form an 8�
dilution before drop-casting, in order to remove excess R6G.28

The SM-SERS sample was diluted 1:1 with ultrapure H2O before
drop-casting. In order to facilitate AFM correlation, alphanu-
merically gridded #1 glass coverslips were used as a sample
substrate.10 Slides were cleaned for 10 min in an argon plasma
and were then incubated in a ∼0.5% by volume solution of
either aminopropyltriethoxysilane or aminopropyltrimethoxy-
silane in ethanol for 10 min. Sample slides were prepared by
drop-casting 5 μL of SERS solution onto the slide for several
seconds, then drying with a gentle stream of nitrogen. Next,
5 μL of a diluted sample of 500 nm diameter Spherotech Sky
Blue fluorescent beads was drop-cast and allowed to sit for
5 min before gently rinsing with ultrapure H2O. Samples were
stored in the dark in a vacuum desiccator when not being
imaged or undergoing AFM.

Optical Experiments and Structure Correlation. Optical measure-
ments were carried out using an Olympus IX-71 inverted optical
microscope equipped with a 1.3 variable NA, 100�, oil immer-
sion objective, an electron-multiplied CCD detector (ProEM,
Princeton Instruments) for super-resolution imaging, and a
liquid nitrogen-cooled CCD/spectrometer system (Princeton
Instruments Spec-10/Acton SpectraPro 2500i) for simultaneous
collection of spectra. Experiments were performed under quasi-
circularly polarized 532 nm excitation in an epi-illumination
configuration at irradiances of approximately 480�800 W/cm2.
Integration times were 100 ms/1 s in MM-SERS experiments
and 200 ms/2 s in SM-SERS experiments for images/spectra.
Dark-field spectra were collected using a tungsten light source
passed through a dark-field condenser, and low-angle scattered
light was collected by lowering the adjustable NA of the
objective. MM-SERS experiments were carried out in both
ambient and dry nitrogen environments, and no difference
was observed between the two systems. SM-SERS experiments

were performed in ambient air only. AFM correlation was
carried out after the optical experiments by transferring the
gridded slide to a combined AFM�total internal reflection
optical microscope as described previously.29,39

Image Processing. For each SERS-active aggregate, 20�40
image frames were analyzed out of the full-length experimental
image stack, due to fit time considerations. Intensity versus time
plots and spectra are included in SI section S2, showing which
regions were included for analysis for the SM-SERS examples.
For 2-D Gaussian fitting, we utilized in-house MATLAB code as
described previously.8,10,13 The dipole emission PSF code was
createdusing amodified versionof Jörg Enderlein's “QDcontrol.m”
code, which he hasmade available online.33 As in previous studies,
the selection between 1/3-dipole fits was accomplished via fixing
the R and κ parameters in the fit.30 The 3-λ dipole PSF fit was
carried out by combining three one-dipole PSFs in a single fit
simultaneously, where each component of the fit was restricted to
have the same centroid and each dipole was fixed to be orthogo-
nal to the other two.30 Once the PSFmodels were constructed, fits
werecarriedout using abounded least-squares fitting algorithm in
MATLAB.
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