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ABSTRACT

We report a quantitative analysis of the forces acting on optically trapped single gold nanorods. Individual nanorods with diameters between
8 and 44 nm and aspect ratios between 1.7 and 5.6 were stably trapped in three dimensions using a laser wavelength exceeding their plasmon
resonance wavelengths. The interaction between the electromagnetic field of an optical trap and a single gold nanorod correlated with particle
polarizability, which is a function of both particle volume and aspect ratio.

Gold nanoparticles are promising tools for optical applica-
tions in materials science and the life sciences due to their
unusual optical properties which are caused by localized
surface plasmon resonances.'> At the plasmon resonance
wavelength, collective oscillations of the conduction electrons
lead to enhanced light absorption and scattering, so that
particles down to a few nanometers in size can be detected
with dark-field® and luminescence microscopy.* Varying the
size and shape of the particles tunes the plasmon resonances
over a wide range of wavelengths.’

In principle, gold nanoparticles can serve as substitutes
for fluorescent marker molecules and quantum dots in
biological experiments, an application that has attracted
substantial interest in recent years. Big advantages of gold
nanoparticles are their polarized light emission (for nano-
rods),% an enhanced fluorescence signal compared to single
molecules,* and that they neither blink nor bleach.” In
particular, rod-shaped gold nanoparticles are highly interest-
ing candidates for luminescence and scattering studies as they
show a suppressed interband damping® and can serve as
orientation sensors due to their strong light polarization.®
Using two-photon luminescence microscopy, gold nanorods
have already been employed for in vitro and in vivo
experiments® and for labeling cancer cells.” A further
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advantage of their usage in biological experiments is that
gold nanorods are easily taken up by mammalian cells!® and
methods for a controlled functionalization of their surface
have been developed.'!

With optical tweezers, colloidal particles can be trapped
in the focus of a laser beam and the optical forces acting on
the particles can be measured with subpiconewton preci-
sion.!? Typical optical tweezers probes are microscopic
dielectric particles, such as latex microspheres, whose three-
dimensional motion is strongly confined in an optical trap.
It is also possible to trap nanometer-sized metallic particles,
which are of particular interest for biological single molecule
experiments, where a small probe size is imperative. Due to
their strong polarizability compared to dielectric particles,
metallic nanoparticles are ideal probes for optical tweezers
experiments.'3 Gold spheres down to 18 nm in diameter'*
and silver spheres down to 20 nm in diameter'® have been
successfully trapped in three dimensions. First experiments
have shown that it is also possible to confine the motion of
individual gold nanorods with optical tweezers.'®!” However,
quantitative information on how an individual gold nanorod
interacts with the electromagnetic field in an optical trap and
how the optical forces depend on the size and aspect ratio
of the nanorod has not been reported previously.

In this Letter we present quantitative information on the
interaction between individual gold nanorods and the elec-



Table 1. Overview of Gold Nanorod Samples Used for
Optical Trapping

diameter length aspect A volume
(nm) (nm) ratio (nm) (nm?3) sample

83+1 41.2+ 8.3 5.0 876 2080 A

84+1 47.3 +8.3 5.6 963 2466 B
131+£22 227+5 1.7 750 2471 C
12.1+£25 35.7+8.7 3.0 782 3641 D
10.7+£16 519+76 4.9 909 4346 E
128 +25 415+55 3.2 732 4791 F
13.8+16 55.0+7.38 4.0 799 7538 G
133+19 593+11.2 4.5 899 7623 H
131+18 63.8+10.4 4.9 871 8011 I
215+59 466162 2.2 643 14244 J
194 +25 56.9+4.7 2.9 696 14908 K
244+45 579+73 2.4 648 23271 L
271+4.3 599465 2.2 644 29340 M
30.1+4.7 569+5.0 1.9 608 33349 N
365+54 64.2+13.3 1.8 614 54445 0}
373+5.0 638+74 1.7 602 56129 P
36.8+7.9 694+8.1 1.9 611 60768 Q
441+65 851473 1.9 632 107533 R

tromagnetic field of an optical trap. In particular, we
determine the stiffness of the optical trap holding the nanorod
in the trap for all three dimensions. This trapping stiffness
follows a significantly different scaling compared to that
observed for spherical gold and silver nanoparticles.'*!> In
contrast to previous studies on the trapping of gold nanorods,
we were able to monitor the position of a single gold nanorod
in the trap by recording the forward-scattered light of the
particle with a quadrant photodiode so that the three-
dimensional position signal of a nanorod in the trap could
be followed and analyzed. Previously, only individual gold
nanorods with a long axis of 48 nm were individually
optically trapped.'®!” We significantly expanded this range
and trapped rods with lengths between 41 and 85 nm and
widths between 8 and 44 nm. The particles with a diameter
of 8 nm are the thinnest gold particles ever reported in optical
trapping experiments. We demonstrate that the gradient
forces holding the gold nanorods in the optical trap correlate
with particle polarizability, which is a function of both
particle volume and aspect ratio. We calculated the polar-
izabilities of the rod-shaped particles by employing the
discrete dipole approximation (DDA) and compared them
to our experimental results for the trapping stiffness.

All gold nanorod samples were prepared using the seeded
growth method.'® Small gold seeds were produced by
reducing 10 mL of 0.5 mM hydrochloric acid (HAuCly,
Sigma) with 600 uL of ice-cold 0.1 M sodium borhydride
(NaBH4, Sigma-Aldrich), a strong reducing agent, in the
presence of 0.1 M cetyltrimethylammonium bromide (CTAB,
Sigma). A growth solution was prepared by mixing 5 mL
of 1 mM HAuCly; and 5 mL of 0.2 M aqueous CTAB
solution. A small amount of 0.04 M silver nitrate (AgNOs,
Sigma-Aldrich) was added (typically in the range of 5—20
uL), followed by 70 uL of 0.0788 M ascorbic acid (Sigma-
Aldrich). Finally, a small amount of preformed seed solution
(typically 12 uL) was used to induce the growth of gold
nanorods. For all preparations, deionized water (18 M) was
used. To achieve different sizes of the gold nanorods, the
ratios between HAuCl,, AgNO;, and seed solution were
adjusted.
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Figure 1. Transmission electron microscopy image of gold nanorods
(A). Width (B) and length (C) distributions for the particles.

Using transmission electron microscopy (Philips CM-12
(120 kV) and Philips EM-420 (120 kV)), we determined the
distributions of particle sizes in a particular sample. Histo-
grams of length, width, and aspect ratio distribution were
obtained by measuring the size of at least 100 particles per
nanorod sample. A variety of samples was prepared, ranging
from a length of 41.2 4 8.3 nm (mean =+ standard deviation)
and a width of 8.3 £ 1 nm for the smallest particles to a
length of 85.1 £ 7.3 nm and a width of 44.1 &+ 6.5 nm for
the largest particles. The aspect ratio of the particles was
between 1.7 and 5.6. The average plasmon resonance
wavelength was determined from optical ensemble extinction
spectra and we found values between 602 and 963 nm. A
summary of the properties of the particles used in this study
is given in Table 1, and an example of a transmission electron
micrograph of a particle sample is presented in Figure 1.
Transmission electron micrographs and size distributions for
the other samples are shown in Figure S1 (Supporting
Information).

In order to prevent aggregation, we coated the particles
with linear poly(ethylene glycol) (PEG) molecules by im-
mersion in a 10 mM aqueous solution of O-[2-(3-mercapto-
propionylamino)ethyl]-O'-methylpolyethylene glycol 5000
(Fluka 11124). To reduce the risk of trapping several particles
simultaneously, the particles were further diluted in deionized
water. A small fluid chamber (50 mm x 25 mm x 0.1 mm)
consisting of two glass slides separated by Parafilm stripes
and sealed with silicone grease served as sample chamber.

Single-beam optical tweezers were implemented with a
Nd:YVO, laser (10 W Spectra Physics Millennia, A = 1064
nm, TEMy) in an inverted microscope (Leica DMIRB HC)."”
A quadrant photodiode (S5981, Hamamatsu) recorded the
forward-scattered light of the trapped particles for ap-
proximately 3 s and the signal was further processed using
custom-made Labview programs. Figure 2 shows a sketch
of the optical tweezers setup. In all experiments we used an
oil immersion objective from Leica (HCX PL Apo, 63x,
NA = 1.32, 0, 0.17) in combination with an immersion oil
of refractive index n = 1.54 (Cargille, refractive index liquids
set A). This immersion oil was chosen in order to minimize
spherical aberrations and enhance trapping efficiency at the
trapping plane 5 um above the lower surface.”® There, also
the influence of the bottom glass surface due to hydrody-
namic friction can be neglected for nanometer sized particles
and consequently all our experiments were performed at this
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Figure 2. Tllustration of the optical tweezers, the detection system,
and the gold nanorod in the trap. E is the electric field vector of
the laser, P is the direction of polarization.

trapping depth. For detection of the nanorod position along
the direction of the propagating laser light, the opening of
the condenser was optimized?' and for the lateral measure-
ments the condenser was fully open. For the data analysis,
we assumed a linear relation between the photodiode signal
and the position of the nanorod. This is valid, as long as the
particle does not change alignment or tilt.?> Depending on
the size of the particle, laser powers between 60 and 230
mW (measured at the sample) were used for trapping. The
exact choice of laser power was based on a consideration of
using as little power as possible, yet having stable trapping
of the particle for at least 10 min.

The total force on a single gold nanorod in an optical trap
is composed of three different contributions: the gradient
force, the absorption force, and the scattering force. The
gradient force stabilizes and confines the position of the
particle in the optical trap, whereas both the absorption and
scattering force counteract a stable trapping and tend to push
the particle out of the optical trap. Three-dimensional stable
trapping is only possible if the gradient force exceeds the
sum of absorption and scattering forces. The three forces
depend on the electrical field squared, E2 (which is propor-
tional to the intensity), the absorption cross section, Cyps, the
scattering cross section, Cyq, and the Poynting vector, 3',

and are given as:?3?*
- 1 -
F g = 50 (@) MED (1)
- n
Fabs = ZET [Cabs (2)
- no
Fscat = ;ET [Cscal (3)

Here, a(w) = o'(w) + ia" (w) is the complex polarizability
of the particle, n is the refractive index of the medium (n =
1.33), and c refers to the speed of light. C,p; and Cy., are
related to the polarizability by

4

ky )
Cscat = _2|(l(w)I (4)
6re,
and
ky
Cppe = (@) (5)

0
where k, = 2zn/A denotes the wave vector.?
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Figure 3. Power spectra for gold nanorods with length 85.1 &+ 7.3
nm and width 44.1 & 6.5 nm (green) and length 41.2 £ 8.3 nm
and width 8.3 £ 1 nm (purple) at a laser power of 115 mW at the
sample. The fits to the data are given by the full lines. Black circles
show the power spectrum for an empty trap.

In each translational direction, x, y, or z, the intensity
distribution in the laser focus is approximately Gaussian, so
that the trapping potential is harmonic and the gradient force
can be expressed by Hooke’s law, for example, F(x) = —k(x
— Xp) in the x direction. «, is the spring constant of the
trapping potential in the x direction, x is the position of the
particle, and x, is the equilibrium position of the particle.
The Brownian motion of the particle is well-described by
the Langevin equation, mi = —kx — yx + 7 (t,T), where
y 1is the friction coefficient and 7 (¢,T) is a time and
temperature dependent white noise term stemming from
random collisions of the object with surrounding molecules.
By Fourier transformation of the Langevin equation, a
Lorentzian power spectrum is obtained.

Due to their small size and rapid thermal motion, gold
nanorods are not visible in a bright-field microscope. To
determine whether or not a gold nanorod was optically
trapped, we performed an online power spectral analysis of
the photodiode signal. As is clear from Figure 3, the signal
from an empty trap is significantly different from that of a
rod in the trap. Figure 3 shows power spectra of the
experimentally obtained time series of the largest and
smallest trapped gold nanorod as well as that of an empty
trap. Full lines are fits of Lorentzian functions to the data.
In the fits we accounted for aliasing as well as for the filtering
effect of the quadrant photodiode.?®~?® From the fitted value
of the corner frequency, f. = «/2my, k follows provided that
y is known.

To find y in a particular direction for a particle of a certain
size and nonspherical shape, it is necessary to know how
the particle aligns with respect to that direction. In general,
the orientation of asymmetric particles in an optical trap is
a complicated issue. Depending on the size and shape of
the particles, both an orientation along and perpendicular to
the electric field is possible. Singer et al.”® have shown that
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Figure 4. Three position histograms and their Gaussian fits showing
subsequent parts of an experiment where particles (length, 85.1 £
7.3 nm; width, 44.1 £ 6.5 nm) are diffusing into the trap. In the
beginning of the experiments (yellow histogram) the standard
deviation of positions is significantly smaller than in the middle
(red histogram) and the end (blue histogram) of the experiment.

particles large compared to the beam waist tend to align along
the direction of the propagating laser light, whereas smaller
particles align along the E-field orthogonal to the propagation
direction of the laser light. In accordance with this are also
the results reported by La Porta and Wang,*® where quartz
particles have been shown to rotate in a controlled fashion
in an optical trap following the direction of a rotating E-field.
Recently, it has been shown that gold nanorods with a long
axis of 48 nm also align with the electric field of the laser.'®
Because our particles are small compared to the diameter of
the laser focus, which is about 1 um, they are probably
polarized along their long axis and oriented with the electric
field of the trapping laser. Due to the plasmon resonances
the long axis polarizability is much higher than the one for
the short axis, so that an orientation along this axis is
energetically more favorable. Thus, we assume the particles
to be aligned with their long axis along the y axis, which is
the direction of polarization in our setup. Figure 2 shows a
sketch of the assumed orientation of a trapped nanorod.

The gold nanorods have the shape of a cylinder that is
capped with two half-spheres (see Figure 1A), also called a
spherocylinder. To calculate the values of the drag coef-
ficient, y, in the direction of the long axis and orthogonal to
it, we used the drag coefficients for cylindrical particles,
which is a good approximation for spherocylinders,?+3? and
neglected the PEG coating.

To load the optical trap with one gold nanorod, we waited
until a particle diffused into the laser focus. It typically took
2—15 min before a particle entered the trap. The particles
performed Brownian motion in the harmonic potential
exerted by the optical trap. The distributions of particle
positions are Gaussian, and their standard deviation increases
stepwise with the number of particles in the trap.'*!> Figure
4 shows position distributions from three different time
intervals from the same experiment. The most narrow
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Figure 5. Results from the optical trapping experiments. Force
constants of the particles in the optical trap were normalized to the
laser power at the sample. The data are shown as a function of
particle radius for the x direction (black), the y direction (red), and
the z direction (blue). The slopes of the linear fits are 1.32 £ 0.18
for k., 1.30 & 0.10 for ky, and 1.26 & 0.33 for k.. Error bars
correspond to standard deviations in the mean.

histogram stems from the initial part of the time series, when
only a single rod was in the trap. As additional rods entered
the trap, the histogram broadened. Hence, the standard
deviation of a particular time series is a measure of how
many particles are in the trap. All results reported in this
Letter are from the observation of single rods in the trap.
While nanoscopic metallic particles are trapped, heating
of the trapped object could become an issue.’* Heating can
decrease trapping stability or lead to bubble formation. Yet,
heating of gold nanoparticles in optical traps has not been
directly experimentally measured and reported. In our
experiments, bubble formation or other signs of heating were
never observed; hence the temperature in the water sur-
rounding the gold nanoparticle is not as high as that predicted
in ref.* This is probably due to two reasons: first, by
compensating the spherical aberrations?® we created an
extremely efficient optical trap and used comparatively low
laser powers. Second, the trapping wavelength was tuned to
the long-wavelength side of the plasmon resonances of all
particles, where the absorption cross section of the gold
nanoparticles is significantly smaller than that at the reso-
nance wavelength.? If trapping is done by a laser wavelength
close to the resonance wavelength, the gradient force can
no longer overcome the scattering and absorption forces.'
However, particles can then be trapped by making use of
their scattering with a Laguerre—Gaussian beam profile.?
Figure 5 shows experimental results for the trapping
constants normalized by the laser power at the sample in
X, v, and z directions as a function of smallest particle radius,
r, in a double-logarithmic representation. z is the direction
along the propagating laser light, y is the polarization
direction, and x is orthogonal to both y and z (see definition
of coordinate system in Figure 2). The spring constants in
the x and y directions are similar, and the z direction is
somewhat weaker. Overall, the absolute magnitude of the
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spring constants is in the same range as those observed for
trapping metallic spherical particles.'*!> The plots reveal that
the scaling relation between trapping constant and particle
radius is significantly different from that known for spherical
nanoparticles: for spherical metallic nanoparticles with radius
smaller than the skin depth, the trapping constant is
proportional to particle volume, and thus proportional to the
polarizability according to the Clausius—Mossotti rela-
tion.'*!3 Thus, the slope of trapping constant versus particle
radius in a double-logarithmic plot is 3 for small spherical
metallic particles. Our results show a significantly slower
increase with particle radius, namely, a slope of 1.3 even
for the smallest observed gold nanorods in all three direc-
tions. The volume of a spherocylinder as a function of
particle length, /, and radius, r, is given by V(l,r) = (I —
2r)r’m + 4/3r37; hence, volume scales with the square of
particle radius, r?, for very long particles, and with r3 for
particles with small aspect ratio. Thus, trapping constant is
not simply explained by only taking into account the particle
volume. In other words, the strength of the interaction
between the gold nanorod and the electromagnetic field in
the optical trap, which is measured by trapping stiffness, does
not scale directly with volume.

In Figure 6A the experimentally measured values for
trapping constants in the x direction are shown as a function
of particle volume. Clearly, the trapping constants increase
with particle volume, but not by a simple linear relation, as
observed for spherical gold and silver particles.'*!> For
comparison, the dashed line has a slope of 1 and represents
the dependence on volume as it would be expected for
spherical particles.

The observed interaction between a gold nanorod and the
electromagnetic field can be understood in terms of particle
polarizability, as the gradient force depends linearly on the
real part of the particle polarizability, a'(w) (eq 1). For rod-
shaped particles, the polarizabilities for both the long and
the short axis are a function not only of particle volume but
also of aspect ratio. We estimated o'(w) by calculating the
absorption and scattering cross sections of the particle using
the discrete dipole approximation (DDA), where a particle
is approximated by a set of discrete dipoles. The resulting
cross sections were resubstituted into eqs 4 and 5. DDA
simulations were performed for plane wave excitation with
a wavelength of 1064 nm with the freely available software
ADDA3*3 using spherocylinders as particle shape and water
as surrounding medium. For the dielectric function, we used
bulk values for gold given in Johnson and Christy.® We
calculated the polarizability both for a rod aligned with the
E-field (denoted long axis in Figure 6) and with the
propagation direction of the laser light (short axis).

The values of polarizability are plotted in Figure 6B as a
function of particle volume. In the plot, we have also added
the experimentally determined values for the trapping
constant. The results from the simulation show that polar-
izability is strongly enhanced for the long axis and that
plasmon resonances lead to a high dependence of the long-
axis-polarizability on aspect ratio. Interestingly, similar
deviations from a simple linear dependence are observed both
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Figure 6. Comparison of experiment and theory. (A) Force constant
k, as a function of particle volume. Error bars correspond to standard
deviations in the mean. The dashed blue line has slope 1 and is
drawn for comparison. (B) Polarizability values are results from
DDA calculations for alignment of the long axis of the rod with
the E-field (red crosses) and alignment of the short axis with the
E-field (black crosses). Error bars stem from the errors of the aspect
ratios in the sample distributions. These are negligible for the short
axis polarizability, as it is almost independent of aspect ratio. The
experimental data for k, are included in the graph (blue circles).

for the polarizability and for the experimental values of
trapping stiffness. This is particularly evident for particle
volumes larger than 10000 nm? and is consistent with an
orientation of the particle’s long axis with the E-field. In
contrast, if the short axis of the nanorod were aligned with
the E—ﬁeld, an almost linear relation between particle volume
and polarizability would be obtained, which is nearly
independent of aspect ratio. We did not observe this in our
experiments. For small particles, deviations from the sample
average start to play a big role both in experiment and
simulation, as indicated by the error bars for the calculated
polarization parallel to the long axis. This can explain the
discrepancies between simulation and experiment for small
particles. Our results support previous results that a trapped
nanorod is indeed aligned parallel to the E-field.'¢ Further-
more, the results show that the aspect ratio of the particles
has significant impact on the polarizability and hence also
on the trapping stiffness of the particles.

In an attempt to separate the volume dependence of the
particle polarizability from its dependence on aspect ratio,
we assumed that the particle polarizability can be cast as a
product of a volume-dependent and an aspect ratio-dependent
term
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i)l
Because the polarizability of spheres is known to depend
linearly on volume, and because the plasmon resonance
wavelength for gold nanorods is mainly determined by aspect
ratio and nearly independent of volume, it is reasonable to
assume (V) ~ V. The DDA calculations support this
assumption for the range of volumes and aspect ratios that
is relevant in our experiments (see Figure S2, Supporting
Information). The unknown function a,(//2r) can then be
obtained from ou(I/2r) = o' (V,I12r)/a,(V) ~ o' (V,I2r)/V.
Figure S3 (Supporting Information) shows the DDA calcula-
tions of o'/V as a function of aspect ratio. The experimentally
obtained trapping constants k,/V are also included. The DDA
calculations of the polarizability suggest that o(//2r) is an
exponential function of aspect ratio. However, the experi-
mentally obtained trapping constants do not correlate with
aspect ratio, and in particular for large aspect ratios,
deviations from the exponential fit are evident. This result
indicates that the general relation between aspect ratio,
volume, and polarizability is more complex than that
expressed in eq 6.

In summary, we performed a quantitative analysis of the
forces acting on individual optically trapped gold nanorods.
Individual gold nanorods with diameters down to 8 nm and
aspect ratios up to 5.6 were stably trapped for time spans
exceeding tens of minutes by a laser which was tuned to the
long-wavelength side of the plasmon resonances of the
particles. The optical forces on the gold nanorods were seen
to correlate with the polarizability and thus to depend both
on volume and on aspect ratio of the rods in a nontrivial
way. Our results show that gold nanorods can be used as
efficient optical handles in nanoscale experiments. Hence,
we anticipate our study to be a starting point for employing
gold nanorods as force sensors in future quantitative in vitro
and in vivo studies. Furthermore, with the force calibration
routines presented here, biofunctionalized gold nanorods can
be used as force transducers in single molecule experiments,
where through the gold nanorods forces as high as tens of
piconewtons can be transferred to the biological system. As
the nanorods align in the trap, they could also be used as
nanorotators, for example, by using a circularly polarized
trapping laser instead of a linearly polarized laser.’® By
combination optical tweezers with polarized-dark field mi-
croscopy,® it would then even be possible to follow orien-
tational changes of the particles in the trap and to use the
aspect ratio for fine-tuning the applied torque.
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the polarizability as a function of volume and divided by
volume as a function of aspect ratios. This material is
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