Plasmonic nanorod absorbers as orientation sensors
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Nanoparticles are actively exploited as biological imaging probes.
Of particular interest are gold nanoparticles because of their nonblinking and nonbleaching absorption and scattering properties
that arise from the excitation of surface plasmons. Nanoparticles
with anisotropic shapes furthermore provide information about
the probe orientation and its environment. Here we show how
the orientation of single gold nanorods (25 × 73 nm) can be determined from both the transverse and longitudinal surface plasmon
resonance by using polarization-sensitive photothermal imaging.
By measuring the orientation of the same nanorods separately
using scanning electron microscopy, we verified the high accuracy
of this plasmon-absorption-based technique. However, care had to
be taken when exciting the transverse plasmon absorption using a
large numerical aperture objective as out-of-plane plasmon oscillations were also excited then. For the size regime studied here,
being able to establish the nanorod orientation from the transverse mode is unique to photothermal imaging and almost impossible with conventional dark-field scattering spectroscopy. This is
important because the transverse surface plasmon resonance is
mostly insensitive to the medium refractive index and nanorod
aspect ratio allowing nanorods of any length to be used as orientation sensors without changing the laser frequency.
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ptical probes for biological imaging should yield large
photon count rates with little background noise due to autofluorescence or scattering, have a high photostability and good
biocompatibility, and cause only minimal interference (1–5). A
high degree of polarization anisotropy is also desirable because
it gives access to the orientation of the probe, and thereby
provides important information about the conformation and
dynamics of the biological system (1–3, 5). The surface plasmon
(SP) absorption of individual metallic nanoparticles recorded
by high-sensitivity photothermal imaging presents an excellent
step toward the realization of optimized optical probes with the
aforementioned properties (6, 7). Here we show that, by tuning
the shape of gold nanoparticles and hence the anisotropy of the
SP oscillation, the orientation of single gold nanorods (Au NRs)
can be determined very accurately based on the SP absorption.
We found excellent agreement for NR orientations determined
using SEM compared to polarization-sensitive photothermal
imaging of the longitudinal SP mode. Furthermore, our studies
show that the transverse SP mode along the smaller NR dimension also yields accurate NR orientations if a low N.A. objective
was used. This cannot be accomplished using conventional
dark-field scattering spectroscopy (8, 9). In addition, because
the transverse SP resonance is insensitive to the NR aspect ratio
(10), the orientations of NRs with different lengths in environments with varying local refractive indices can be measured using
only one laser frequency.
Single molecule fluorescence spectroscopy (1, 3, 11–17) has
become an indispensible tool for determining the local orientation of synthetic and biological materials at the nanoscale because
it avoids ensemble averaging of the measurable observables in
heterogeneous systems. The orientation of the optical probe as
well as the local order of the environment is obtained by measuring the fluorescence polarization anisotropy (1, 3, 11, 12, 14) or
www.pnas.org/cgi/doi/10.1073/pnas.0910127107

polarization-dependent absorption (2, 13, 17). Single molecule
polarization-sensitive optical imaging has thus led to a wealth
of new information on many complex processes in ordered
systems. A few examples include the rotation mechanism of
the F1 -ATPase (17), the structural changes of myosin V (11,
18), the structure of Dendra-2-actin in fibroblast cells (12), the
dynamics of polymers near the glass transition temperature
(16), and the conformation and orientation of single polymer
chains (13, 14). These studies employed fluorescent probes that
include organic dye molecules (11, 12, 16, 17), fluorescent polymers (13, 14), and inorganic semiconductor nanoparticles (18).
However, time-dependent fluorescence fluctuations (photoblinking) (19) and a limited measurement time before irreversible
photochemical changes occur (photobleaching) (11, 16) present
serious obstacles for imaging biological processes that span multiple time scales. Using semiconductor nanoparticles, photobleaching can be minimized and, for example, the lateral movement of
CdSe nanoparticle coated glycine receptors has been measured
for 20 min in living neurons (20). However, the potential toxicity
of semiconductor nanoparticles remains a problem (21).
A different class of probes for biological applications is based
on the SP resonance of plasmonic nanoparticles (22). The collective oscillation of the conduction band electrons in noble metal
nanoparticles gives rise to very large scattering and absorption
cross-sections (23). In addition to the high photostability (22),
lack of photoblinking (24), and excellent biocompatibility (25),
the polarization of the absorbed scattered light can be tuned
readily through the shape of the nanoparticles allowing for
orientational imaging (26). One of the best studied metallic
nanoparticles with an anisotropic shape are Au NRs that have
longitudinal and transverse SP modes polarized parallel to the
long and short axes of the NRs, respectively (27). Several
single-particle techniques such as dark-field imaging (28, 29),
confocal microscopy (30), spatial modulation extinction spectroscopy (31, 32), and two photon luminescence (5) have been used
to measure the polarization anisotropy of the longitudinal SP
oscillation in single Au NRs. The most widely used technique
among these methods is dark-field microscopy, which is based
on SP scattering (8, 9, 28, 29, 33). However, scattering-based
techniques are complicated by the fact that many other biological
objects also scatter strongly giving rise to a large background and
hence a decrease in sensitivity. In addition, the scattering crosssection scales with the nanoparticle radius R according to R6 (23).
Metallic nanoparticles much smaller than about 50 nm in diameter are therefore not detectable by dark-field single-particle
imaging (23). This prohibits a reduction in probe size although
smaller particles are highly desirable in order to minimize any
potential interference due to the probe itself.
A solution to this problem lies in the much weaker size dependence of the SP absorption cross-section that scales with R3 causing absorption to dominate for small nanoparticle sizes (23).
Author contributions: W.-S.C., J.W.H., and S.L. designed research; W.-S.C., J.W.H., and L.S.S.
performed research; W.-S.C. and J.W.H. analyzed data; W.-S.C. and S.L. wrote the paper.
The authors declare no conflict of interest.
This article is a PNAS Direct Submission. D.G. is a guest editor invited by the Editorial Board.
1

To whom correspondence should be addressed. E-mail: slink@rice.edu.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0910127107/DCSupplemental.

PNAS ∣ February 16, 2010 ∣ vol. 107 ∣ no. 7 ∣ 2781–2786

CHEMISTRY

Edited by David Ginger, University of Washington, Seattle, WA, and accepted by the Editorial Board January 10, 2010 (received for review September 3, 2009)

Recently developed methods employing intensity or spatial
modulation coupled with high sensitivity lock-in detection have
indeed been able to visualize individual nanoparticles based on
their absorption (6, 7, 24, 34–37) or total extinction (31, 32), respectively. In particular, absorption-based photothermal imaging,
which detects the heat generated through fast nonradiative decay
after photoexcitation (38), is capable of detecting metallic
nanoparticles with diameters as small as 2 nm (34). It has been
successfully used to track single membrane proteins labeled with
5–10 nm Au nanoparticles in cells (37). Photothermal imaging is
furthermore insensitive to the presence of larger objects that
predominantly scatter (39). However, accurately measuring the
orientations of single Au NRs with polarization-sensitive photothermal imaging has not yet been shown. Here we demonstrate
how the orientations of individual Au NRs can be determined
based on the polarization anisotropy of both the transverse
and longitudinal SP absorption. These studies present an important step toward the use of Au NRs as versatile plasmonic orientation sensors.
Results and Discussion
Polarization-sensitive photothermal imaging was performed on
single Au NRs with a mean width of 25 nm and a mean length
of 73 nm. As shown in Fig. 1A, the ensemble extinction spectrum
of these Au NRs in aqueous solution had broad longitudinal and
transverse SP bands, peaking at 700 and 514 nm, respectively. For
this NR size, absorption dominates over scattering in the extinction spectrum, especially for the transverse SP (23). Therefore, a
technique based on absorption is expected to be better suited in
probing both longitudinal and transverse SP modes compared to
dark-field scattering spectroscopy.
For photothermal imaging of single Au NRs, the sample was
deposited on a glass coverslip at low concentration to achieve a
coverage of less than one NR per μm2 . To excite the longitudinal
and transverse SP absorptions, we used lasers with wavelengths of
675 and 514 nm as heating beams. Because of the strong dependence of the longitudinal SP resonance on the medium refractive
index n (27), we first had to ensure that the 675-nm laser was able
to efficiently excite the longitudinal SP. To address this issue, we
measured the scattering spectra of the same single Au NR on a
glass coverslip surrounded by air (n ¼ 1), water (n ¼ 1.3), and
index-matched oil (n ¼ 1.5), which is shown in Fig. 1B. The
scattering spectra illustrate how the maximum of the longitudinal
SP resonance redshifts with increasing medium refraction index.
Although the relative cross-sections differ for SP absorption and
scattering (40), the SP absorption maxima for these Au NRs co-

Fig. 1. (A) Ensemble extinction spectrum of Au NRs taken in aqueous solution. (B) Single particle scattering spectra of the same Au NR deposited on
glass and surrounded by different media. The inset shows a TEM image of
the Au NRs having an average length and width of 73 and 25 nm.
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incide with the scattering maxima within a few nanometers (40).
According to the scattering spectra, the longitudinal SP resonance was most efficiently excited with 675 nm when the Au
NRs were covered with water. The water also allowed for better
thermal conductivity between the Au NRs and the surrounding
medium leading to an enhanced photothermal signal. Efficient
excitation and heat transfer were important in order to avoid partial photothermal reshaping of the Au NRs. We independently
confirmed the absence of any NR shape changes by measuring
both scattering spectra and SEM images before and after the
photothermal absorption experiments. Unless specifically stated
otherwise, all photothermal measurements were carried out with
Au NRs deposited on glass and surrounded by water.
To correlate the orientations of individual NRs measured by
SEM with those determined from polarization-sensitive photothermal imaging and to ensure that we were probing isolated
NRs, we fabricated an identification pattern on the glass substrates using indexed transmission electron microscopy (TEM)
grids as masks and evaporating thin metal layers of 5 nm Ti followed by 20 nm Au. Fig. 2 shows SEM (A) and photothermal (B)
images of the same two Au NRs and one NR dimer. This result
demonstrates our ability to locate the same Au NRs with SEM
and photothermal imaging. In Fig. 2B, the NR longitudinal SP
resonance was excited by a circularly polarized 675 nm heating
beam, which resulted in comparable photothermal intensities
of all NRs regardless of the NR orientation.
The vertical axis of the SEM image was selected as the reference for determining the orientation of Au NRs in the SEM
images. We defined the orientation angle ϕ as the angle between
the long axis of a NR and the reference axis. The orientation
angle increased in the counterclockwise direction as shown in
Fig. 2A. For the two Au NRs highlighted by the green and red
squares in Fig. 2A, we obtained values of ϕ ¼ 11° and 105°
following this procedure.
Polarization-sensitive photothermal imaging was carried out by
linearly polarizing the 675 nm excitation beam and changing the
polarization from 0° to 180° with respect to the reference axis in
30° increments. The photothermal intensities are plotted as a
function of polarization angle in Fig. 3A and B for the same
two Au NRs marked by the green and red squares in Fig. 2B.
The insets show magnified photothermal images of the single
Au NRs for the different polarization angles θ. It can clearly
be seen from these photothermal polarization traces that the
photothermal response of single Au NRs is highly polarized with
a large contrast when excited at the longitudinal SP resonance.
The observed polarization dependence of the photothermal intensity furthermore confirms that the longitudinal SP resonance
behaves as a single dipole absorber and indicates that polarization-sensitive photothermal imaging can be used to determine the
orientation of single NRs. For the two NRs in Fig. 2A, the photothermal polarization traces are 90° out of phase in agreement
with their orthogonal orientation (ϕ ¼ 11° and 105°).

Fig. 2. SEM (A) and photothermal (B) images of the same area showing two
single Au NRs and one NR dimer. The photothermal image was recorded with
675-nm excitation.
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For a quantitative analysis of the NR orientations, we fitted
the photothermal polarization traces to IðθÞ ¼ Nð1þ
M cos 2ðθ − ϕÞÞ. This equation has been successfully applied
before to extract the orientation and conformation of single conjugated polymer chains, which, due to a limited exciton delocalization, are composed of multiple single dipole chromophores
(13). The modulation depth M represents the average anisotropy
of the absorption dipoles projected onto the sample plane. M ¼ 1
if only a single dipole is present or all chromophores are aligned
in a linear chain. On the other hand, M ¼ 0 corresponds to a conformation in which all dipole projections are evenly distributed
in the sample plane. Here, ϕ represents the angle of the longest
projected dipole axis with respect to a reference frame, thereby
giving the in-plane orientation of the major absorption dipole
moment. We applied this formulism to the SP absorption of
Au NRs because the transverse mode can be regarded as two
orthogonally polarized oscillations, which furthermore overlap
with unpolarized interband transitions. Before we elaborate more
on the transverse SP mode, we first present a quantitative analysis
of the longitudinal SP absorption.
Our analysis confirms that, for single Au NRs deposited on a
glass substrate, the longitudinal SP mode behaves like a single
dipole absorber and that the direction of the SP oscillation is oriented parallel to the long NR axis. This result is in agreement
with previous single NR scattering (9) and extinction measurements (32). The solid lines in Fig. 3 are fits of the measured polarization traces giving modulation depths of M 675 ¼ 1.05 and
0.95 for the NRs shown in Fig. 3A and B, respectively. To back
up our conclusions with a statistically meaningful dataset, we
measured the modulation depths for ∼200 single NRs with
675-nm excitation. Fig. 4A displays the histogram of measured
modulation depths for the longitudinal SP absorption. The distribution has a maximum for M ¼ 1 in agreement with a single dipole behavior of the longitudinal SP absorption. Interestingly, the
modulation depth of a NR dimer is much smaller than one and
the fit in Fig. 3C gives M 675 ¼ 0.33. A hybridization of the longitudinal and transverse SP modes in side-by-side NR dimers with
similar interparticle separations has recently been observed by
Chang et al.

Fig. 4. (A) Histogram of modulation depths for Au NRs excited at 675 nm.
(B) NR orientations obtained from the modulation depth analysis are in very
good agreement with the angles measured from the correlated SEM images.
The red line is a linear regression.

single-particle dark-field scattering spectroscopy (41) and is a
likely explanation for the reduced modulation depth observed
here for the SP absorption.
The orientation angles obtained from the photothermal imaging agree well with those measured by SEM. The fits in Fig. 3A
and B yield orientation angles of ϕ ¼ 5° and 85° compared to the
SEM values of 11° and 105°. The systematic deviation between
these two techniques can be explained by the error introduced
when overlaying corresponding photothermal and SEM images
to determine the reference axis. Minor depolarization of the excitation light after passing through the high N.A. objective could
have also contributed. Fig. 4B shows the correlation of orientation angles for 50 Au NRs determined independently by photothermal imaging and SEM. The solid line is a linear regression
yielding ϕSEM ¼ 0.95  ϕPhotothermal þ 10.5° with r 2 ¼ 0.97. The
excellent correlation between the orientation angles obtained
by the two techniques validates that the orientation of single
Au NRs can be accurately determined by polarization-sensitive
photothermal imaging of the longitudinal SP even with a highN.A. objective. Note that the intercept of the linear fit is
10.5°, which is consistent with the systematic deviation discussed
already. Determining the orientation of single Au NRs by optical
means is very important for live cell imaging when electron microscopy cannot be used. Because of a modulation depth of unity,
it is furthermore possible to determine the orientation angle from
the measurement of only two orthogonally polarized intensities
I −I
I ∥ and I ⊥ by defining the polarization anisotropy P ¼ I ∥∥þI⊥⊥ , in
analogy to single molecule fluorescence polarization spectroscopy (14) (SI Text). This approach is significantly easier and
faster because only two images have to be measured.
With M ¼ 1, we measured one of the two extreme values of the
modulation depth by polarization-sensitive photothermal imaging. Next, we also tested if the other extreme value, i.e.,
M ¼ 0, can be detected for a single nanoparticle with randomly
orientated dipole absorptions. We therefore acquired polarized
photothermal images for 30-nm spherical Au nanoparticles embedded in a polyvinyl alcohol (PVA) film with 514-nm excitation.
The almost isotropic shape of a Au nanosphere results in a
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February 16, 2010 ∣

vol. 107 ∣

no. 7 ∣

2783

CHEMISTRY

Fig. 3. Polarization dependence of the photothermal intensity for the NRs
highlighted in Fig. 2. Note that the colors of the traces correspond to those of
the boxes. The insets show the photothermal signal of the individual particles
as a function of excitation polarization angle θ.

polarization-independent SP excitation. The photothermal traces
were nearly independent of the polarization angle leading to a
very small modulation depth close to zero. The distribution of
modulation depths shown in Fig. 5A peaks at about zero with
a mean value of hM 514 i ¼ 0.07  0.04 for 30 Au nanospheres
of 30 nm, confirming that polarization-sensitive photothermal
imaging is capable of measuring modulation depths over the
entire range from zero to one. Small deviations from M ¼ 0
are due to both an error in the fit as well as a slight anisotropy
in the nanoparticle shape.
Determining the orientation of Au NRs also from the transverse mode is significant because, unlike the longitudinal SP
resonance, the transverse SP resonance can be excited with
the same laser frequency independent of the NR aspect ratio
and refractive index of the surrounding environment. We therefore performed polarization-dependent photothermal imaging
with 514-nm excitation. The modulation depth of the transverse
SP absorption is expected to be nonzero but also smaller than one
for Au NRs because of the polarization-independent interband
transitions that overlap energetically with the transverse mode.
Using spatial modulation spectroscopy, a polarization contrast
ratio of 1.1 has been measured for the transverse SP resonance
from the extinction spectrum of single Au NR with a diameter of
∼20 nm (32). As expected from ensemble measurements (26),
they also found that the maximum of transverse SP extinction occurs at a polarization angle that is perpendicular to the longitudinal resonance. However, such a small polarization dependence
suggests that it is difficult to extract the NR orientations from the
transverse SP resonance. For NR diameters of ∼20 nm or
smaller, dark-field spectroscopy is not sensitive enough to record
the scattering of the transverse SP resonance (Fig. 1B). The high
sensitivity of photothermal imaging to visualize single metal

Fig. 5. Photothermal imaging of nanospheres and NRs with 514-nm
excitation. (A) Comparison of modulation depth histograms for 30-nm
nanospheres in PVA film (Brown: n ¼ 1.5, hM514 i ¼ 0.07  0.04), 86-nm-long
NRs in water (Yellow: n ¼ 1.3, hM514 i ¼ 0.29  0.20), 73-nm-long NRs in water
(Green: n ¼ 1.3, hM514 i ¼ 0.29  0.21), and 73-nm-long NRs in oil (Blue:
n ¼ 1.5, hM514 i ¼ 0.42  0.22). Included is also the distribution measured
for 73-nm-long NRs in oil using an N:A: ¼ 0.7 objective (Red: n ¼ 1.5,
hM514 i ¼ 0.52  0.25). (B) Photothermal image of 73-nm-long Au NRs
recorded with circularly polarized excitation at 514 nm. (C) Polarization
dependence of the photothermal signal for the NRs highlighted by the
colored squares in (B). The closed (open) circles correspond to excitation
of the transverse (longitudinal) SP absorption. (D) Simulated modulation
depth as a function of the ratio k between transverse SP and interband
absorptions for objectives with N:A: ¼ 1.3 and water as the surrounding medium (Green), N:A: ¼ 1.3 and oil (Blue), and N:A: ¼ 0.7 and oil (Red). The open
circles indicate the experimentally determined mean modulation depths.
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nanoparticles smaller than 10 nm in diameter (6, 24, 34) and
the ability to determine the entire range of modulation depths
therefore makes this technique ideally suited to test the polarization dependence of the transverse SP absorption.
Fig. 5B shows a photothermal image of Au NRs on glass and
covered with water excited at 514 nm, which coincides with the
peak of the transverse SP mode (Fig. 1A). The high signal-tonoise ratio exceeding 500 confirms that photothermal imaging
can probe the transverse SP absorption of these Au NRs with
a high sensitivity. The photothermal polarization traces for the
two NRs marked by the colored squares in Fig. 5B are shown
in Fig. 5C for both 514-nm (closed symbols) and 675-nm (open
symbols) excitation. The traces are 90° out of phase in agreement
with orthogonal polarizations of the two SP modes. The modulation depth for the transverse SP absorption is much smaller with
M 514 ¼ 0.24 and 0.32 compared to M 675 ¼ 0.92 and 1.06 for the
NRs highlighted by the orange and magenta squares, respectively.
We obtained a mean modulation depth of hM 514 i ¼ 0.29  0.21
from 111 NRs (Fig. 5A). In addition, it is important to note that
for these conditions we had problems fitting some photothermal
polarization traces accurately to obtain M and especially ϕ because of the small polarization dependence of the transverse
SP resonance. This makes it difficult to determine the NR orientations with 514-nm excitation when using a high-N.A. objective.
In order to exclude that a spectral overlap from the tail of the
much more intense and orthogonally polarized longitudinal SP
absorption did not lead to a depolarization and hence smaller
measured modulation depth for the transverse SP mode, we
also measured polarization-dependent photothermal images of
longer Au NRs (25 × 86 nm) with 514-nm excitation. According
to the ensemble extinction spectra in aqueous solution, the transverse SP maxima were at 514 nm for both 25 × 73 nm and 25 ×
86 nm NRs, whereas the longitudinal SP maximum was redshifted from 700 to 750 nm for the longer NRs. However, we
found that the modulation depths of both NR samples for
514-nm excitation and with water as the partially surrounding
medium were nearly identical. The mean modulation depth
for the 25 × 86 nm NRs was hM 514 i ¼ 0.29  0.20 and the distribution is also given in Fig. 5A. It can be concluded from these
results that a contribution from the tail of the longitudinal
SP resonance can be ignored for 514-nm excitation.
Finally, we also examined the effect of a high-N.A. objective. It
is well known that the polarization at the focus of a high-N.A.
objective has changed from that of the incident beam by acquiring
polarization components that are perpendicular to the image
plane and the original polarization direction (42). In fact, this
depolarization can be used to determine the 3D orientation of
single chromophores because transition dipoles aligned perpendicular to the sample surface can also be excited (18). The transverse SP of the cylindrically shaped Au NRs can be approximated
as two dipole oscillations polarized perpendicular to each other,
i.e., SP oscillations parallel and perpendicular to the sample plane
as shown in the inset of Fig. 5D. Using a 514-nm heating beam
and a high-N.A. objective, both these oscillations were excited in
our experiments. However, the dipole absorption perpendicular
to the sample plane surface is independent of the excitation
polarization resulting in a smaller modulation depth. In addition
to the N.A., the cone of excitation light and hence the out-ofplane polarization components are also determined by the refraction of the laser light at the interface between the glass substrate
(n ¼ 1.5) and the medium covering the NRs. For example,
the smaller refractive index of water (n ¼ 1.3) compared to indexmatched oil (n ¼ 1.5) causes a larger illumination cone. We
indeed found that the out-of-plane polarization component
was responsible for the low modulation depth of the transverse
SP absorption and that it was possible to increase the modulation
depth by changing to a low-N.A. objective and a higher refractive
index of the medium covering the NRs. As shown in Fig. 5A, the
Chang et al.
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Fig. 6. Polarization dependence of the photothermal intensity for the same
Au NR using different excitation wavelengths, numerical apertures, and
media. (A) 675 nm, N:A: ¼ 1.3, n ¼ 1.3; (B) 514 nm, N:A: ¼ 1.3, n ¼ 1.3
(Red) and 514 nm, N:A: ¼ 0.7, n ¼ 1.5 (Blue).

orientation by exploiting the polarization dependence of the
transverse SP resonance is important because the transverse
mode is mostly insensitive to changes in the environment and
the NR aspect ratio compared to the longitudinal mode. Thus,
only a single excitation wavelength is necessary to probe the orientations of different NRs regardless of the NR size and medium
refractive index, which is particularly important for a laser-based
high-sensitivity detection method such as photothermal imaging.
Conclusions
We have demonstrated the polarization-dependent photothermal
imaging of Au NRs. The polarization dependence of the NRs has
been exploited to develop a unique absorption-based singleparticle method that allowed us to accurately determine the orientation of individual Au NRs by selectively exciting either of
two SP resonances. In particular, our results show that, by exciting
the transverse SP resonance when using a low-N.A. objective, the
NR orientation can be accurately probed, which is difficult with
conventional dark-field scattering spectroscopy and significant
because of the invariance of the transverse SP absorption with
respect to the NR aspect ratio. Correlated SEM imaging furthermore independently verified the Au NR orientations obtained
from the polarization dependent photothermal images. The combination of a nonphotobleaching and nonphotoblinking Au NR
vector probe with a high-sensitivity single-particle absorption
method brings together many of the desired properties of an
optical probe and hence promises to be highly effective for investigating the orientation and dynamics of macromolecules over
extended time periods even in highly scattering environments,
e.g., probing the local structure of liquid crystalline materials
including synthetic and biological membranes or the anisotropic
conformation and diffusion of proteins in living cells. In addition,
the much larger sensitivity of photothermal imaging compared to
dark-field scattering spectroscopy will make it possible to further
reduce the size of the Au NR probe, especially as synthetic methods become available that can produce Au NRs with diameters
<5 nm, and to significantly increase the data acquisition speed.
In particular, with the use of an electrooptic modulator it should
be possible to follow the orientation of a single Au NR on the few
millisecond time scale.
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modulation depths of the same Au NRs increased from hM 514 i ¼
0.29  0.21 to hM 514 i ¼ 0.42  0.22 when water was replaced
with oil. An additional increase to hM 514 i ¼ 0.52  0.25 was
achieved by changing to an objective with N:A: ¼ 0.7. It is worth
noting that a redshift of the transverse SP absorption away from
the interband transitions when changing from water to oil is expected to lead to a smaller modulation depth as the transverse SP
resonance is peaked at 514 nm in water (Fig. 1A). We observed
the opposite trend and therefore conclude that this effect can
only play a minor role.
Because the depolarization caused by the optical elements can
be calculated from the N.A. of the objective and the medium refractive index, we quantitatively modeled the modulation depths
of the transverse SP absorption (Fig. 5D). Assuming that only
unpolarized interband transitions and two perpendicular dipole
oscillations of the transverse SP contribute to the NR absorption
at 514 nm, we obtained the intrinsic degree of polarization of Au
NRs at the excitation wavelength. Defining the ratio of transverse
SP and interband absorptions as k, we can write the modulation
ðC1 −C2 Þk
depth as M ¼ ðC1 þC
, where C1 , C2 , C3 are the microscope
2 þ2C3 Þkþ2
correction factors (42). The derivation of this equation and how
the correction factors are related to the N.A. of the objective is
given in SI Text. Fig. 5D shows the simulated modulation depth as
a function of k for the three different experimental conditions of
objectives and surrounding media, i.e., N:A: ¼ 1.3 and n ¼ 1.3
(Green), N:A: ¼ 1.3 and n ¼ 1.5 in oil (Blue), and N:A: ¼ 0.7
and n ¼ 1.5 in oil (Red). Changing from oil to water as the surrounding medium for the low-N.A. objective causes only a very
minor decrease in the modulation depth which is important for
imaging biological samples. The open circles indicate the experimentally determined mean modulation depths from the histograms. The simulations then yield the corresponding k values
of 3.1, 3.1, and 2.7, which are in excellent agreement for the different experimental conditions. We can therefore conclude that
the transverse SP absorption is on average three times stronger
than the interband absorption at 514 nm for this Au NR sample,
where we assumed average modulation depths in these calculations. Despite the observed variation in modulations depths
(which is discussed in SI Text), the general trend clearly shows
that the choice of optical components is very important in these
polarization-dependent single-particle studies.
The effects of a high-N.A. objective and the refractive index
mismatch with the surrounding medium on the modulation depth
can be even better illustrated by comparing the photothermal
polarization traces for the same NR using different excitation
conditions. Fig. 6A shows the polarization trace of a Au NR
for 675-nm excitation covered with water using an N:A: ¼ 1.3 objective. Despite the large N.A., any excitation light that becomes
polarized perpendicular to the long NR axis (parallel and perpendicular to the sample plane) will not be absorbed by the NR as the
transverse SP mode absorbs at shorter wavelength than 675 nm.
We therefore obtained a modulation of unity (M 675 ¼ 1.03) and
the NR orientation of ϕ ¼ 155° agrees well with the angle measured by SEM (ϕ ¼ 160°). However, when the transverse SP
resonance of the same Au NR covered with water is excited at
514 nm using the same high-N.A. objective, out-of-plane polarized light is absorbed by the transverse mode independent of the
polarization angle yielding a small modulation depth of M 514 ¼
0.04 (Fig. 6B, red symbols). A smaller N.A. and a refractive indexmatched medium cause a smaller illumination cone and reduce
the component of excitation light with a polarization vector
perpendicular to the image plane. Therefore, measuring the
photothermal polarization trace for the same NR covered with
oil and using an N:A: ¼ 0.7 objective, yields a much a higher
modulation depth of M 514 ¼ 0.65 and better fit with an orientation angle of ϕ ¼ 58° in very good agreement with the one measured using 675-nm excitation, considering the 90° phase shift for
the two SP resonances. As discussed above, determining the NR

Materials and Methods
Sample Preparation. Microscope cover glasses were cleaned by first sonicating
in acetone for 15 min, and then in methanol for 15 min, followed by O2 plasma cleaning for 1 min. After cleaning the slides, a pattern was created by
evaporating a 5-nm Ti layer followed by a 20-nm Au layer through an indexed copper TEM grid (Ted Pella, Inc.) placed on the cleaned glasses. This
pattern aided in locating the same particles in SEM and optical microscopy.
Gold nanospheres of 30-nm in diameter (part #10-A-100), 73-nm (part
#30-25-700), and 86-nm (part #30-25-750) long Au NRs were obtained from
Nanopartz. The colloidal solutions were diluted and sonicated for 3 min to
prevent particle aggregation. A drop of the diluted solution was then casted
onto the cleaned and patterned glass slides and allowed to dry. Water or
objective immersion oil were added on top of the sample. Water evaporation was prevented by adding a thin mylar spacer and second cover glass.
SEM characterization was carried out using a Quanta ESEM2 SEM (FEI) operated under low vacuum in a water vapor atmosphere at 30 kV.

laser (JSD Uniphase) was employed as a probe beam. The heating and probe
beams were carefully overlaid each time after changing the polarization of
the heating beam. Intensity modulation of the heating beam at 400 kHz was
carried out with an acoustooptic modulator (IntraAction). The laser beams
were directed into an inverted microscope (Zeiss) and focused on the sample
with a Fluar (oil immersion, 100x, N:A: ¼ 1.3) or a Plan-Apochromat (oil immersion, 63x, N:A: ¼ 0.7) objective. The photothermal signal was detected by
a 125 MHz photoreceiver (New Focus) and fed into a lock-in amplifier (Princeton Applied Research), which was connected to a surface probe microscope
controller (RHK Technology). Photothermal images were acquired using a 2D
piezoscanning stage (Physik Instrumente). Photothermal polarization traces
of multiple Au NRs were constructed from a series of 20 × 20-μm2 images
taken with different excitation polarizations using an automated particle
finding routine developed in Matlab.

Polarization-Sensitive Photothermal Imaging. Photothermal imaging requires
a combination of a time-modulated heating beam and a probe beam. In this
study, a 514 nm Arþ laser (Modu-Laser) was used as a heating beam for exciting the SP absorption of Au nanospheres and the transverse SP mode of Au
NRs. A 675-nm diode laser (Power Technology) was used as a heating beam
for the longitudinal SP absorption of Au NRs. The polarization of the heating
beams was controlled using half and quarter waveplates. A 633-nm He-Ne
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