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ABSTRACT: Single-molecule fluorescence microscopy is used to follow dynamic ligand
reorganization on the surface of single plasmonic gold nanorods. Fluorescently labeled DNA is
attached to gold nanorods via a gold−thiol bond using a low-pH loading method. No fluorescence
activity is initially observed from the fluorescent labels on the nanorod surface, which we attribute
to a collapsed geometry of DNA on the metal. Upon several minutes of laser illumination, a marked
increase in fluorescence activity is observed, suggesting that the ligand shell reorganizes from a
collapsed, quenched geometry to an upright, ordered geometry. The ligand reorganization is
facilitated by plasmon-mediated photothermal heating, as verified by controls using an external heat
source and simulated by coupled optical and heat diffusion modeling. Using super-resolution image
reconstruction, we observe spatial variations in which ligand reorganization occurs at the single-
particle level. The results suggest the possibility of nonuniform plasmonic heating, which would be hidden with traditional
ensemble-averaged measurements.

Plasmonic nanostructures exhibit unique optical features
due to their ability to support localized surface plasmon

resonance (LSPR), in which resonant incident electromagnetic
radiation drives the surface conduction electrons to oscillate in
phase.1 Excitation at the LSPR generates significantly
enhanced photon scattering (both intrinsic Rayleigh scattering
from the nanostructure as well as Raman scattering from
nearby analytes), photothermal heating, and hot charge
carriers, all of which make plasmonic nanostructures promising
for a range of applications, including optoelectronic
devices, (bio)sensors, nanotherapeutics, and photothermal
agents.2,3 For many of these applications, it is typically
necessary to functionalize the nanoparticle surfaces with
organic ligands, which impart biocompatibility and target
selectivity to allow delivery of therapeutic agents.2,4,5 During
the past 2 decades, remarkable progress has been made on
optimizing surface modification strategies, allowing construc-
tion of increasingly more sophisticated nanointerfaces to reach
molecular degrees of controls.6−9 On the other hand, far less is
known on how exactly ligands organize and behave on
nanoparticle surfaces due to challenges in characterization,
especially at the single-particle level where both electron and
optical microscopy methods have limited contrast and/or
spatial resolution.9−12 That said, single-entity measurements
are crucial because they enable rare events and heterogeneity
within the sample to be studied, which are usually buried
within the ensemble.13 For instance, there is evidence to show
that a single protein can initiate nanoparticle aggregation14 and
a single-molecule interaction can dominate plasmonic sensor
responses.15 The need for developing new characterization
methods to study the ligand−particle interface at both the

single-molecule and single-particle level has become increas-
ingly evident.
We have previously shown that localization-based super-

resolution imaging can address this challenge by localizing the
position of single-ligand molecules attached to the surface of
individual plasmonic gold nanorods (AuNRs), hence probing
the ligand−particle interface with single-molecule sensitivity
and <20 nm spatial resolution.16−20 In localization-based
super-resolution imaging, diffraction-limited emission from a
single fluorescent molecule is fit to a model function (such as a
2-dimensional Gaussian) in order to extract the position of the
emitter (see the SI for complete details of this process).16,18

For samples in which multiple fluorophores are present at a
density that renders them spatially unresolvable, the bulk of the
emitters are shelved in a nonemissive “off” state, such that only
one molecule is emitting at a time, enabling single-molecule
localization. By toggling molecules between emissive (“on”)
and nonemissive (“off”) states, each molecule within the
sample can be uniquely localized.21,22 Combining the positions
of all localized emission events into a single plot creates a
reconstructed image with spatial resolution that is at least an
order of magnitude better than a far-field optical image (i.e.,
<20 nm vs >200 nm). In our previous work, double-stranded
DNA (dsDNA) terminated with a thiol at the proximal end
and a 5-carboxytetramethylrhodamine (TAMRA) fluorophore
at the distal end, was attached to the surface of single AuNRs
using a salt-loading protocol.16,18 The position of each ligand
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was localized by switching the TAMRA between emissive and
nonemissive states using a triplet-mediated method.16,18,23 The
reconstructed images generated the correct shape and
orientation of the nanorod by localizing the individual emitters
on its surface but showed significant particle-to-particle
heterogeneity in the apparent positions and density of the
dsDNA ligands.16,18−20

Here, we use a different surface functionalization protocol in
which the same thiolated dsDNA system is introduced to a
AuNR solution under low pH conditions (see the SI for
details).24−26 Ensemble studies suggest that this functionaliza-
tion strategy yields successful dsDNA loading on the AuNR
surface;25 however, our single-molecule studies show no
characteristic fluorescence from the labeled dsDNA, suggesting
that the ligands are initially collapsed on the surface, resulting
in fluorescence quenching. The fluorescence is recoverable,
however, through photothermal heating via plasmon excitation,
indicating dynamic ligand rearrangement on the surface, which
can be tracked in situ using super-resolution imaging. We also
find that plasmon-driven ligand reorganization occurs in an
apparent site-specific manner with significant particle-to-
particle heterogeneity, suggesting the possibility of nonuniform
plasmonic photothermal heating on the particle surface. These
results are inaccessible using traditional ensemble-based
methods, further supporting the need for in situ character-
ization tools that yield both single-particle and single-molecule
sensitivity.
Figure 1A shows an intensity−time trace from a

representative single AuNR, functionalized with TAMRA-
labeled dsDNA using the low-pH loading protocol. To create
this time trace, we integrate the fluorescence intensity

associated with the single nanorod over six sequential image
stacks (e.g., movies), consisting of 3650 frames each (we
obtain the data as sequential movies rather a single continuous
acquisition due to memory limitations of our computer). On
the basis of our previous work,16,18 we expect to observe strong
bursts of fluorescence emission corresponding to individual
TAMRA molecules transitioning between the emissive and
nonemissive states. As Figure 1A shows, no fluorescence was
observed during the first movie (section “1” of the plot), and
only sporadic weak intensity fluorescence bursts were observed
during movies 2−3. By movie 4, we observe increased
fluorescence activity whose intensity and frequency grow
over time. This time-dependent fluorescence response was
unexpected as it was not observed in our previous work using
the conventional salt-aging surface-modification method.16,18

Because it is well-known that metals quench fluorescence when
fluorophores are close to their surface (i.e., <5 nm),27 we
hypothesized that the dsDNA was initially collapsed on the
gold, preventing the TAMRA label from emitting. Over time,
the ligands rearrange on the surface, accessing a conformation
that spaces the TAMRA dye sufficiently far from the metal to
generate fluorescence activity. We hypothesize that this ligand
reorganization is facilitated by photothermal heating of the
gold nanoparticle due to plasmon excitation, which enables the
ligands to overcome some activation barrier and reorient to a
more upright, ordered geometry.
To test this hypothesis, we preheated our samples at 40 °C

for 10 min (see the SI for details) before performing the single-
molecule experiments. This temperature is easily accessible by
laser heating of AuNRs28 yet is below the melting temperature
of the dsDNA used in these experiments (Tm ≈ 48 °C). Figure
1B shows that with the heat pretreatment, single-molecule
fluorescence activity is immediately detected from the
beginning of the data acquisition, with activity and intensity
comparable to what was observed in the sixth movie of the
nonpretreated sample (Figure 1A, section 6). For comparison,
nanorods coated with their native surfactant (cetyltrimethy-
lammonium bromide, CTAB) and nanorods modified with
dye-free dsDNA molecules did not show appreciable single-
molecule activity throughout the observation (Figure 1C,D,
respectively). These data provide additional evidence that heat
is able to drive the ligand reorganization process, either
provided by an external source or (in the case of the
nonpretreated samples) through photothermal heating due to
plasmon excitation.
To quantify the fluorescence behavior of the nanorods over

time, we calculate the standard deviation of the fluorescence
intensity for individual movies, as illustrated in Figure 2. The
standard deviation is a useful metric for quantifying the gradual
increase of fluorescence activity of the sample, as shown in the
histograms in Figure 2 (panels B, D, and F), which map the
distributions of fluorescence intensities associated with the
single-molecule time traces in panels A, C, and E, respectively.
In Figure 2A,B, the measured intensity largely originates from
the luminescence background of the AuNR,17,29,30 yielding
tightly clustered intensity data in the histogram and a small
standard deviation. As more fluorescence events are observed
in later movies, excursions toward higher intensity are observed
in the histograms, and this is reflected in increased standard
deviation values. We find that this metric provides a simple
handle for quantifying the transition from limited/no
fluorescence activity to high activity without the need for
deciding whether a molecule is “on” or “off” or isolating the

Figure 1. Representative single-molecule intensity vs time traces of
single AuNRs. The dashed lines and numbers indicate the movie
number in a sequential image stack. (A) AuNR modified with dye-
labeled dsDNA using the low-pH loading method. (B) AuNR
modified with dye-labeled dsDNA using the low-pH method and
preheated in a 40 °C water bath for 10 min before observation. Insets
show zoomed-in regions of the different time traces. (C) Bare AuNR
with only CTAB surfactant present and (D) AuNR modified with
dsDNA without fluorophore labels. Each movie contains 3650 frames
with a 23 ms integration time.
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molecular fluorescence from the gold luminescence (for
example, during early movies, we observe several low-intensity
events that cannot be easily discriminated above the noise floor
of the measurement, making it difficult to absolutely assign the
event as originating from a single molecule; moreover,
fluctuations in the apparent background are also observed
over time, which we attribute to fluctuations in the ligand shell
during rearrangement that cannot be absolutely assigned as
“on” or “off”).

Figure 2G shows a plot of the average standard deviation in
the fluorescence intensity as a function of movie number (e.g.,
irradiation time) for populations of nanorods prepared with
five different surface functionalization treatments. The two
control samples, representing the as-prepared CTAB-coated
nanorods (gray bars) and the nanorods functionalized with
dsDNA without the TAMRA label (orange bars), show low
standard deviations in the measured signal that do not change
over time, indicating that only stable luminescence from the
gold is present in these samples. In comparison, the average
standard deviation in the fluorescence from the TAMRA-
labeled dsDNA samples without thermal pretreatment (shown
in cyan) is similar to the control data for the first two movies
but then shows a steady increase in the average standard
deviation over time, indicating a ligand transition from a
collapsed to a well-ordered state over the time scale of several
minutes. Moreover, the average standard deviation rises to
values that agree well with samples in which the TAMRA-
labeled dsDNA-functionalized nanorods are subjected to a 10
min, 40 °C thermal pretreatment (black bars), further
supporting the hypothesis that the transition is driven by
plasmonic photothermal heating. Qualitatively, it appears that
the standard deviation reaches a plateau after some period of
time, suggesting that ligand reorganization has reached an
equilibrium configuration, although both photobleaching and
the possibility of multiple simultaneous emission events
prevent a more quantitative analysis of this behavior. We
also note that the ligand reorganization is irreversible as we do
not observe a return to limited activity upon nanorod cooling
(all imaging is done at room temperature). This indicates that
the DNA is reaching a thermodynamically stable conformation,
which is consistent with an equilibrium configuration
associated with a well-packed monolayer, rather than a
transient reconfiguration due to heat-induced DNA melting
or gold−thiol bond cleavage.
Unsurprisingly, the standard deviations show large error bars

(e.g., the standard deviation in our standard deviation values)
when evaluated across a population of nanoparticles (see
Figure S-6), indicating significant particle-to-particle hetero-
geneity, consistent with previous reports.16,18,20,31 Ideally, we
would study the kinetics of the transition as a function of laser
intensity/wavelength (and thus heating power), but one
challenge with our strategy for measuring laser-induced ligand
reorganization is that the triplet-state photophysics of the dye
(which determine our ability to toggle the dye between
emissive and nonemissive states) is also linked to the laser
intensity and excitation wavelength; thus, changing these
parameters would affect the sensitivity of our single-molecule
readout. To confirm that the transition is heat-mediated,
however, we tested the response of the as-functionalized
particles to a water bath at 30 °C and found that this
temperature is insufficient to promote ligand reorganization
after 10 min of heating (Figure S-7), suggesting a minimum
threshold for driving the ligand transition.
To probe the range of temperatures accessible to the dsDNA

bound to the surface, we performed coupled optical and
steady-state heat diffusion modeling of the thermal near-
field32−34 (calculation details can be found in Figure S-8
caption text). The results indicate that laser-induced heating
could raise local temperatures at the nanorod surface from 30
to as high as 90° above room temperature, depending on the
thickness of the collapsed/upright DNA shell and the plasmon
resonance of the nanorod (the simulations are based on a

Figure 2. (A-F) (left column) Representative fluorescence intensity−
time traces of a single nonheated AuNR modified with TAMRA-
labeled dsDNA; (right column) corresponding histogram of the
fluorescence intensity along with the calculated average and standard
deviation of the distribution. The associated movie number is
indicated in each plot. (G) Average standard deviation of the
fluorescence intensity as a function of movie number (e.g., irradiation
time) obtained from different nanorods for five different sample
preparation protocols: (gray) as-prepared CTAB-coated AuNRs (21
particles), (orange) AuNRs functionalized with dsDNA without the
TAMRA label (21 particles), (cyan) AuNRs functionalized with
TAMRA-labeled dsDNA (31 particles), (black) AuNRs functionalized
with TAMRA-labeled dsDNA and preheated at 40 °C for 10 min (22
particles), and (red) AuNRs functionalized with TAMRA-labeled
dsDNA and incubated with MCH (37 particles).
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nanorod with length 74 nm and width 28 nm, which represents
the mean value of the population). While this temperature
range is above the melting temperature of the DNA used in
these studies, our imaging experiments were performed under
dry conditions with no solvent present into which the
unattached DNA can diffuse, allowing continued association
of the strands near the nanorod surface (see Figure S-9 for
proposed surface configurations). Thus, simulation results
confirm that plasmon-induced heating can easily generate
sufficient temperature increases at the AuNR surface to drive
the proposed ligand reorganization.
As a final check, we prepared TAMRA-labeled dsDNA-

functionalized nanorods to which mercaptohexanol (MCH)
was introduced after the dsDNA functionalization step (red
bars in Figure 2G). MCH is known to intercalate between
DNA strands on gold, resulting in molecules with a preferred
orientation normal to the surface (Figure S-9D).35,36 Similar to
the preheated functionalized AuNRs, the MCH-treated
nanorods exhibit more single-molecule fluorescence from the
early stages of the observation (Figures S-22−S-24 and vide
infra), although there is a still a time-dependent rise in the
activity, suggesting that even with stabilizing ligands some
surface rearrangement is possible.
Having shown that increases in the fluorescence activity of

the TAMRA-labeled dsDNA over time are due to thermally
driven ligand rearrangement from collapsed to upright ligand
geometries, we next localize the spatial origin of the emission
from the nonpretreated samples to determine how the ligand
rearrangement proceeds both spatially and temporally. We
note that the localization process has some inherent inaccuracy
due to the coupling between the fluorophore and the plasmon
modes of the nanorod, which is consistent with our previous
studies;16,37−40 however, this error tends to affect the absolute
position of the emitter but not its relative position to some
spatial fiducial (e.g., a molecule located on the left side of a
horizontally oriented nanorod will almost always be localized
to the left of the nanorod center). Thus, although our
localization plots reflect the relative positions of the molecules
on the AuNR surface, we expect them to provide reasonable
insight into how the fluorescently labeled dsDNA is spatially
distributed.
Figure 3 (panels A, C, and E) shows a series of scatter plots

for three select movies associated with a single nanorod
functionalized with TAMRA-labeled dsDNA with no thermal
pretreatment (the complete data set is shown in Figure S-10).
In the scatter plots, each point represents the peak of the fit of
the diffraction-limited emission from a single emitter to a two-
dimensional Gaussian. An “x” is shown at the position where
the AuNR luminescence originates, providing a spatial fiducial
that approximates the geometric center of the nanorod.17,18

The data shows that during the ligand reorganization process
the time-dependent fluorescence activity does not mirror the
underlying shape of the nanorods but rather appears localized
to clusters. For example, in movie 4 (Figure 3A), most of the
fluorescent events are clustered to the upper left of the
nanorod center, while in movie 9 (Figure 3C), the cluster of
events has shifted to the lower right. Over time, as more
molecules become active, the fluorescence is localized to
multiple regions of the AuNR (Figure 3E, movie 11). The
clustering of the activity in the early data suggests that some
element of cooperativity may be present, such that the
reorientation of dsDNA in one region of the nanorod
promotes subsequent organization of its neighbors. However,

we note that it is not possible to distinguish multiple molecules
emitting within the same general location from a single
molecule turning on multiple times;41 therefore, we cannot
definitively attribute the clustering behavior to cooperativity
effects.
Figure 3G shows the final reconstructed image, summing the

activity over 12 movies and plotting the localization data in
histogram form (the average intensity observed at the different
positions is also included as Figure 3H). The final
reconstructed image shows that more events are localized at
the ends of the nanorod, suggesting either (1) preferential
dsDNA binding near the ends or (2) preferential ligand
reorganization near the ends. Previous super-resolution
imaging work from our lab has shown that preferential
dsDNA binding can occur on the ends of nanorods, believed to
be due to the increased curvature at the ends that allows for
improved penetration of the CTAB bilayer.16,18,20,42 Figure 4,
left column, shows additional examples of AuNRs function-
alized with TAMRA-labeled dsDNA with no thermal pretreat-
ment (complete data sets are shown in Figures S-11−S-16), in
which similar spatially dependent clustering of fluorescent
events is observed near the ends of the nanorods in the final
reconstructed images, with limited activity in the center. For
comparison, Figure 4, right column (full data sets in Figures S-
17−S-21) shows examples of AuNRs that were preheated at 40
°C for 10 min before analysis, and the fluorescence in the final
reconstructed images is observed to be more uniformly

Figure 3. (A−F) Super-resolution reconstructed images (left column)
and associated time traces (right column) for a TAMRA-dsDNA-
labeled AuNR. An “x” is shown in the reconstructed images at (0,0),
which indicates the spatial origin of the gold luminescence and the
geometric center of the AuNR. Data from three different movies are
shown, as indicated. (G) Spatial frequency histogram showing the
frequency with which the TAMRA emission is localized at a particular
region in space. The image includes data from 11 movies. A gold oval
indicates the expected size and orientation of the AuNR. (H)
Intensity histogram showing the average intensity of the TAMRA
emission for each bin of the histogram shown in (G).
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localized over the length of the nanorod, although some
heterogeneity is still observed (particularly, the bottom two
examples).
To quantify the difference in observed behaviors, we

calculate the cumulative distribution function (CDF), which
describes the probability of finding fluorescence activity at
some distance from the center of the nanorod.18 For this
analysis, we rotate each nanorod along its length dimension,
such that the nanorod is oriented along the x-axis, and then
determine the number of points that fall within a certain
distance either to the right (positive) or to the left (negative)
of the nanorod center along the length dimension. The results
of the CDF analysis are shown for both the case where the
samples were only illuminated by the laser (Figure 4C) and the

samples that were preheated at 40 °C (Figure 4D). From our
previous work, we expect a linear rise in the CDF from the
center to roughly half of the distance to the end of the nanorod
(here, ∼20 nm) for uniformly functionalized rods.18 To test
whether our samples show this ideal behavior, we calculate the
first derivative of the CDF plots (Figure S-25). Figure 4E,F
shows the average slope of the CDF plots as a function of
distance for both the laser-heated and thermally pretreated
samples, respectively. A clear difference is observed between
the two sample types: while the average slope of the CDF plot
for the thermally pretreated samples is roughly constant over
∼20 nm, indicating a linear rise in the CDF (Figure 4F), the
slope consistently changes over the length of the nanorod for
the samples that were only exposed to the laser (Figure 4E).

Figure 4. (A,B) Spatial frequency histograms (blue color maps) and intensity histograms (orange color maps) associated with (A) laser-only
illuminated samples and (B) heat pretreated samples. The gold ovals indicate the expected size and orientation of each AuNR. The scale bars are 50
nm. (C,D) Cumulative distribution function plots associated with (C) laser-only illuminated samples and (D) heat pretreated samples. Data points
are shown as filled circles and “x” to indicate data either positive or negative of the nanorod center. The color scheme associated with individual
rods is shown in Figure S-25. (E,F) Averaged first derivative of the CDF plots associated with the (E) laser-only illuminated and (F) heat pretreated
samples. Error bars are the standard deviation.
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The former behavior is consistent with uniformly function-
alized nanorods, suggesting that the dsDNA tends to reorient
to an upright position across the nanorod surface when
exposed to an external heat source. On the other hand, the
latter behavior reveals that the CDF distributions tend to be
sigmoidal, rather than linear, due to a dearth of fluorescence
events near the center of the nanorod, suggesting spatial
variations in ligand reorganization in plasmonically heated
samples. These data suggest that we are observing spatial
differences between ligand reorganization when we use
plasmon excitation versus when we apply an external heat
source that cannot be explained by local curvature effects
alone.
To understand how plasmon excitation can produce spatial

variations in ligand rearrangement across the nanorod surface,
we simulated the spatially dependent thermal profile at the
nanorod surface, as shown in Figure S-8. The results indicate
that the thermal environment of the DNA depends on its
position on the nanorod surface, particularly with respect to
the substrate, which serves as a heat sink in the plasmonic
heating experiments (in contrast to the externally heated
samples, where both the AuNRs and the substrate are at
elevated temperatures). Thus, we expect that the higher local
temperature at the top and ends of the nanorod would induce
a higher extent of thermally driven rearrangement in DNA
located along these regions of the nanorods than that in DNA
located closer to the substrate. Given that the super-resolution
data shown in Figures 3 and 4 are two-dimensional projections
of a three-dimensional system, it is impossible to know
whether we are more sensitive to ligands near the substrate
rather than the top of the nanorod, which would explain our
results. Calculations are in progress to understand how the
substrate affects collected fluorescence from these highly
coupled systems. Beyond the role of the substrate, previous
work has reported higher local heating at the ends of gold
nanowires, which was ascribed to the reduced ability of the
nanowires to dissipate heat at the ends.43 Thus, we hypothesize
that the spatially confined nature of plasmon heating and its
ability to transfer that heat into the environment induces
spatial asymmetry in the local temperature profiles, generating
spatial heterogeneity in the reconstructed images. We note that
other effects may also be in play, such as ligand motion on the
surface or hot electron effects, although it is difficult to see how
ligand motion would induce asymmetry in the reconstructed
images. Hot electrons, on the other hand, can interact with
surface-bound DNA in spatially heterogeneous ways, although
work from Halas and co-workers has shown that this effect is
minimal in comparison to photothermal heating for nanorod
substrates.44

Even with the improved spatial homogeneity associated with
external heating, there remains some degree of nonuniform
spatial localization in the fluorescence activity (Figure 4B,
bottom panels), suggesting that the original DNA binding to
the surface is not completely homogeneous. As discussed
earlier, the curvature at the ends of the rod allows more
conformational flexibility, and this may be reflected in more
reorganization occurring at these sites.45 We have also noted
this behavior in our previous work, with respect to not only the
spatial localization of the signals but also the variation in the
number of fluorescent events observed.18 We attribute the
latter effect to statistical differences in the number of labeled vs
unlabeled DNA molecules that bind to each nanorod surface,
based on our previous work showing that the average

fluorescence activity scales with the dilution factor of the
labeled dsDNA.18 Moreover, reconstructed images of MCH-
promoted AuNRs (Figures S-22−S-24) also show enhanced
localization activity near the ends in the final reconstructed
images, consistent with intercalation favoring the ends of the
nanorod. This result highlights the importance of single-
nanoparticle experiments because they reveal heterogeneity
across a population that would be otherwise hidden in an
ensemble-averaged measurement.
To conclude, we demonstrate the use of far-field single-

molecule super-resolution microscopy for the detection of
dynamic reorganization behavior of DNA self-assembled
monolayers on single-plasmonic AuNRs. As-prepared function-
alized nanorods do not show fluorescence activity, indicating
ligand collapse on the surface; however, ligands can undergo a
conformational shift toward an upright geometry by plasmon-
induced photothermal heating, external heating, or the
introduction of an intercalating ligand such as MCH. We
also show that ligand reorganization is highly temporally and
spatially heterogeneous across the nanorod surface and across
different particles, with signatures of site-specific reorganiza-
tion. This study enables new opportunities for probing surface
processes on single nanostructures using optical imaging with
subdiffraction resolution, revealing interfacial dynamics in-
accessible with ensemble measurements. Future work will
focus on how the density and properties of the DNA linker
affect ligand reorganization, probe how the nanoparticle shape,
size, and environment impact the ability to both generate and
locally dissipate heat, and attempt to measure quantitative
temperatures at nanoparticle surfaces, with the ultimate goal of
understanding how local heating effects can be controlled at
the nanoscale.
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