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Understanding the properties and ex-
tending the handling strategies for
plasmonic structures of different size

and shape is nowadays of primary impor-
tance for basic and applied research as well
as formodern technology.1 Electronics, photo-
nics, catalysis, andbiomedicine are among the
most relevant research fields in which metal
colloids as well as ordered nanoparticle arrays
are employed either macroscopically or at
the nanometer scale.2 Because of such an
increasing request, researchers are continu-
ously stimulated to find new solutions and
develop original strategies for the produc-
tion, isolation, and control of such intriguing
nano-objects.3-8 Moreover aggregation
among metal particles in colloidal systems
offers the opportunity to study fundamental
aspects in surface-enhanced Raman spectros-
copy (SERS)9,10 and in plasmonics2 since
rough or fractal surfaces give a strong cou-
pling of the single particle induced electric
field, generating the so-called “hot spots”.9-11

Thepossibility to isolate individual aggregates
gives the opportunity to perform the analysis
or the amplification on clusters of specific
selected optical and electric properties.
Optical tweezers12 (OT), tools for the trap-

ping and manipulation of micro-13,14 and
nanoparticles,15-20 have led to a real optical
revolution14 in physics, chemistry, material
sciences, and biology. When used as a force
transducer, OT can measure forces at the
femtonewton;15,17 their recent integration
with Raman spectroscopy (Raman tweezers)
allowed for ultrasensitive chemical-physi-
cal analysis of trapped particles.21,22 OT
have been used to hold and manipulate
individual metal nanoparticles since the
pioneering work of Svoboda and Block.23

Light forces scale with particle volume,15,23

hence manipulating nanoparticles with op-
tical tweezers is generally difficult, because
Brownian motion can easily overwhelm the
trapping forces. On the other hand the
occurrence of plasmon resonances in metal
nanoparticles is the key for enhancing light
forces that can stably hold particles as small
as 10-20 nm in size.24-36 Indeed plasmon-
enhanced forces and torques have been
used to trap and align nanorods19,26,28 and
bipyramids32 for all-optical patterning of
surfaces.33 Moreover, both trapping and
repulsive optical forces have been shown
to operate on metal nanoparticles depend-
ing on size34 and detuning,35 demonstrat-
ing the crucial role played by the plasmon
resonance in these systems. However only a
specific size range has been shown to be
trappable in optical tweezers because sphe-
rical particles with a size larger than 250 nm
have increased absorption that pushes them
out of the confining light field.24,29,30 Metal
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ABSTRACT We show how light forces can be used to trap gold nanoaggregates of selected

structure and optical properties obtained by laser ablation in liquid. We measure the optical trapping

forces on nanoaggregates with an average size range 20-750 nm, revealing how the plasmon-

enhanced fields play a crucial role in the trapping of metal clusters featuring different extinction

properties. Force constants of the order of 10 pN/nmW are detected, the highest measured on a

metal nanostructure. Finally, by extending the transition matrix formalism of light scattering theory

to the optical trapping of metal nanoaggregates, we show how the plasmon resonances and the

fractal structure arising from aggregation are responsible for the increased forces and wider trapping

size range with respect to individual metal nanoparticles.

KEYWORDS: plasmon-enhanced optical trapping • gold nanoaggregates • laser
ablation synthesis • optical trapping theory
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aggregates have been qualitatively shown to be influ-
enced by optical forces,19,37,38 but this has been de-
monstrated close to a surface where radiation pressure
is neglected and in extreme experimental conditions in
the presence of laser-induced heating.37,38

Here we measure optical forces on functionalized
gold nanoaggregates with controlled extinction proper-
ties and different average radii in the 20-750 nm range,
obtained by laser ablation in liquid, showing howoptical
trapping efficiencies are enhanced 50 timeswith respect
to forcesmeasured on individual gold spherical particles.
We also develop a full electromagnetic theory of optical
trapping ofmetal nanoaggregates, showing how aggre-
gation yields increased forces and wider trapping size
range with respect to individual metal nanoparticles.

RESULTS AND DISCUSSION
Gold Nanoaggregates with Controlled Extinction. Plasmo-

nic nanostructures with controlled extinction proper-
ties have been obtained via a three step procedure (see
Methods). In the first step, gold nanoparticles (AuNPs)
with an average diameter of 35 nm were produced in
water by laser ablation synthesis in solution (LASiS), ac-
cording to the protocol39,40 sketched in Figure 1a, con-
sisting in the laser ablation (1064 nm, 9 ns, 10 Hz laser
pulses) of a pure gold target (99.99%) dipped in a solu-
tion of bidistilled water.39 LASiS is a “green” method
that does not require any chemicals or other stabilizing

agents because so obtained AuNPs have a negative
surface charge due to partial surface oxidation (about
5% of surface atoms) and form a colloidal system inde-
finitely stable in time.41 In the second step, we added
variable amounts of pyridine to three different AuNPs
solutions to promote particles aggregation (Figure 1a).
Pyridine is known to bind gold surface through the
nitrogen lone-pair electrons, promoting particles ag-
gregation.42,43 The stability of the colloidal system is
dependent on the pyridine concentration, with larger
amounts of pyridine corresponding to larger particle
aggregation.42,43 In the third step, the aggregation
process was frozen by adding bovine serum albumin
(BSA) to the AuNPs aggregates (AuNPAs in the follow-
ing) 30 min after pyridine addition, exploiting the high
conjugation ability of BSA for AuNPs obtained by LASiS.39

UV-visible spectra (Figure 1b) of the four AuNP solutions
show that a sharp absorption band at 525 nm is ob-
served for nonaggregated spherical AuNPs (sample 1)
and that a second red-shiftedbandappears in samples 2,
3 and 4, that is a clear indication that particles aggrega-
tion took place.9 UV-vis spectra show that aggregation
was larger for larger amounts of pyridine added to
AuNPs, since a larger red shift and a larger optical density
of the second plasmon resonance band are observed
going from sample 2 to sample 4. Therefore, controlling
particles aggregation is a simple way to control the plas-
monic properties of such gold nanostructures. We have

Figure 1. (a) Sketch of the three step procedure for the preparation of AuNPAs: (I) LASiS; (II) aggregation with pyridine; (III)
stabilization with BSA. (b) Extinction spectra for the different samples of gold nanoaggregates obtained by laser ablation in
water and after the three-step procedure described in panel a. Sample 1 (black line) is composed of individual nanoparticles
with no aggregation. Sample 2 (red line), sample 3 (green line), and sample 4 (blue line) are obtained by adding increasing
amounts of pyridine to AuNPs solutions. Note that each spectrum in the graph has been offset from the origin of the y-axis to
make the plots more visible. (c-f) TEM images taken for nonaggregated AuNPs (c, sample 1) and for AuNPAs with different
aggregation levels (d, sample 2; e, sample 3; f, sample 4), corresponding to different average sizes of aggregates.
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used transmission electron microscopy (TEM) for inves-
tigating the structure of theAuNPAs in samples 1-4. The
analysis of more than 60 TEM images shows spherical
nanoparticles with average size of about 35( 10 nmbe-
fore aggregation (sample 1), and fractal structures with
average size of 90( 30, 250( 50, and 750( 250 nm for
the aggregated samples 2, 3, and 4, respectively. The
uncertainty on these values represents the standard
deviation from the measured average size. Representa-
tive TEM images of the four samples are reported in
Figure 1c-f. The fractal structure of the clusters is typical
of diffusion limited aggregation (DLA) processes.44

Optical Trapping. Optical trapping is obtained in an
experimental setupwith an inverted configuration,17,19

that is, the trapping laser propagates upward (Figure 2a
and Methods). The light from a near-infrared laser
diode (830 nm) is focused by an oil immersion micro-
scope objective with a high numerical aperture (NA =
1.3) in a sample chamber. The available maximum
power at the sample is about 32 mW, but during force
measurements of optically trapped AuNPAs it was
limited to 15 mW. In fact, when using maximum power
we observed strong heating36 and bubbling37 while
trapping large (micro) aggregates from samples 3 and
4 (see video in Supporting Information). In Figure 3a-d
we show an image sequence of a bubble growth soon
after amicroaggregate from sample 3 is drawn into the
trap; the bubble growth lasts a few seconds, until the
bubble reaches a size of about 5-6 μmand the growth
stops. In sample 4 we observed growth of larger

bubbles (20-30 μm) indicating a larger heating of
the water surrounding the aggregates (Figure.3e,f).

In our optical setup the same objective allows the
imaging of the trapped nano- and microparticles onto
a CCD camera. Figure 2 panels c and d show images of
AuNPAs from sample 2 and sample 4, respectively,
optically trapped at low power. In Figure 2c the size of
the nanoaggregate is smaller than the diffraction limit
of the imaging system. In Figure 2d the aggregate is
aligned with the propagation axis18,45 having a longitudi-
nal extent at the micrometer scale (about 2 μm). This is
revealedwhen the laser is switched off (Figure 2e) and the
same aggregate is untrapped and free floating away from
the trap.Moreovercontinuous rotation in theoptical trap is
observed for AuNPAs with a strong asymmetric morpho-
logy19 (see video in Supporting Information). The rotation
is a consequence of the particle shape; that is, anisotropic
scattering causes rotation about the laser propagation
direction46 (the so-called “windmill effect”).

We perform radiation force measurements always
with no rotation driven on the trapped particle. The dis-
tance from the coverslip is kept much larger than the
particle average size, in the range 4-14 μm, where
stable trapping is always ensured and the hydrody-
namic perturbation of the bottom surface is negligible.
Forces on trapped AuNPAs are measured through
particle tracking (see Methods) and Brownian motion
analysis15,47 of the signals Sx, Sy, Sz from a quadrant
photodiode (QPD) proportional to the trapped particle's
displacements in the three spatial directions (x, y, z)

Figure 2. (a) Sketch of the optical trapping setup. ANIR laser beam is focused by a 1.3 NAoil immersionmicroscope objective.
Particles trapped in a water dispersion were AuNPAs produced by LASiS. The scattered light from the trapped particle is
detected by a QPD through a collection optics yielding electrical signals proportional to the particle displacements. (b)
Tracking signals as acquired from the QPD for a trapped AuNP from sample 1 (black trace), a trapped AuNPA from sample 2
(red trace), sample 3 (green trace), and sample 4 (blue trace). (c-e) CCD images of optically trappedAuNPAs from sample 2 (c)
and sample 4 (d). In panel c the size of the nanoaggregate is smaller than the diffraction limit of the imaging system. In panel d
the nanoaggregate is aligned with the propagation axis having an extent of about 2 μm. This is revealed when the laser is
switched off (e) and the same aggregate is untrapped and free floating away from the trap.
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defined by the trapping potential. Figure 2b shows some
representative particle tracking signals for trapped AuN-
PAs in the different samples. An increase in the dimension
of the trapped AuNPAs results in a larger amplitude of the
recorded fluctuating signals. Moreover we ensure that
only one particle is trapped during each measurement
by looking simultaneously at the CCD camera images and
at the tracking signals. If an additional particle would fall in
the trap during an experiment this would be clearly visible
on both the CCD camera and on the interferometric
pattern of the tracking signals shown in Figure 2b.

The starting point of force sensing with optical
tweezers is the Langevin equation in the confining har-
monic potential15,17 V(x) =

P1/2kixi
2, with ki being the

spring constants. For a trapped particle with an hydro-
dynamic radius r this can be written as

Dtxi(t) ¼ -ωixi(t)þ ξi(t), i ¼ x, y, z (1)

Where the relaxation frequency ωi = ki/γ is related to
the force constants and hydrodynamic (viscous) damp-
ing γ = 6πηr (Stokes' law), η being the dynamic vis-
cosity of water. The terms ξi(t) describe random un-
correlated fluctuations with zero mean Æξi(t)æ = 0 and
Æξi(t) ξj(t þ τ)æ = 2D 3 δ(τ)δij, where the angled brackets
indicate a time-averaged quantity and D = kBT/γ is the
diffusion constant (Einstein's relation) dependent on
temperature T and damping.15 To get the spring con-
stants from experimental particle tracking signals, we
use a time domain analysis17,19 of the thermal fluctua-
tions in the trap by looking at their autocorrelation

functions15 Cii(τ) = Æxi(t) xi(tþ τ)æ. Thismethod has been
shown to be very successful for accurate measure-
ments of optical forces48 and torques,17,49 hydrody-
namic interactions,50 and optically induced rotations.19

From eq 1 autocorrelations obey first order uncoupled
differential equations with the lag time τ, that can be
easily integrated giving exponential decays with re-
laxation frequencies ωi and zero point value Cii(0) =
kBT/γωi. Typical autocorrelation analysis of the tracking
signals for a trapped AuNPA from sample 2 is shown in
Figure 4. By fitting these data with an exponential de-
cay we get the relaxation rates ωx= (5010 ( 70) s-1,
ωy= (6500 ( 100) s-1, ωz = (620 ( 5) s-1. We now
calculate the hydrodynamic damping coefficient from
the Stokes' law by approximating the nanoaggregate
hydrodynamic radius to the average radius r = 45( 15
nm obtained from several TEM images of AuNPAs in
sample 2. Thus γ = (0.77 ( 0.25) fN 3 s/μm and the cor-
responding spring constants for this specific data are
kx = (3.9 ( 1.3) pN/μm, ky = (5.0 ( 1.7) pN/μm, kz =
(0.48 ( 0.15) pN/μm. The error on these values takes
into account the approximation and deviation on the
size of the aggregate coming from TEM analysis that
propagates through the damping coefficient. Despite
that the spherical approximation might seem too ex-
treme for the larger and more asymmetric aggregates,
we note that even a factor of 5 in the asymmetry (esti-
mated as the ratio of longer to shorter axis of the aggre-
gate) only changes the hydrodynamic damping by
only 10%.17,51 Thus we followed the same procedure

Figure 3. Heating of trapped large AuNPAs from samples 3 and 4 at high laser power (32mW at the sample) and consequent
bubbling. We trap few micrometers away from the coverslip surface and as soon as the bubble is formed the suspension
collapses and the bubble grows on the surface. The heating around the aggregate increases further because of the change of
the surrounding fluid andmakes the bubble to grow even further up to a scale of tens ofmicrometers. (a-d) Image sequence
of bubble formation and growth around a trapped aggregate from sample 3. (e) A bubble formed around a large AuNPA in
sample 4 draws other AuNPs in the region on thewater-vapor interface. (f) Optical trapping of these particles at the interface
yields laser heating that generates secondary bubbles (dashed circles).
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for all our samples and studied the general behavior of
the radiation force with the increase of aggregation.
We trapped and analyzed 10 different aggregates for
each sample and averaged the resulting relaxation
frequencies and spring constants. The trapped aggre-
gates where selected randomly to measure the aver-
age optical force on each sample and to ensure that no
bias would affect our measurements. The results are
shown in Figure 5. In Figure 5a we plot the autocorrela-
tion decay rates as a function of the lower energy
plasmon resonance wavelength measured from ex-
tinction (Figure 1b). The uncertainty on the relaxation
rates represents the standard deviation on the mea-
surements for each sample. We then show in Figure 5
panels b, c, and d the force constants normalized to
power ki/P, that is, a measure of the optical trapping
efficiency, as a function of the average radius of the
AuNPAs for each sample. Both decay rates and spring
constants along the optical (z-)axis are lower than the
ones in the transverse plane and the spring constants

along the polarization (x-)axis are lower than the ones
along the y-direction, as we expect because of the
focusing properties of a linearly polarized laser beamat
the diffraction limit.18,30 The measured force constants
for the aggregates (red, green, blue data) are between
50 and 1000 times larger than the values measured for
their constituents spherical AuNPs in sample 1 (black
data). Moreover for AuNPAs in sample 4 with an ave-
rage size of about 750 nm we measured force con-
stants as high as 10 pN/nmW, a value 50 times larger
than themaximum value reported in experiments with
the largest (r = 127 nm) gold spherical particles24,29,30

(yellow region in Figure 5b-d).
Theory. Light forces are generatedby the scattering of

electromagnetic fields incident on a particle. For a
quantitative understanding of optical trapping we rely
upon the scattering theory of electromagnetic radia-
tion.52 The models traditionally used for calculating
optical forces are based on approximations which often
limit thediscussiononly to spherical particles. Instead, to
have some more indications on the role of aggregation
in plasmon-enhanced optical trapping, we calculate the
radiation force on gold nanoaggregates by extending
the full scattering theory in the framework of the transi-
tion matrix (T-matrix) approach18,53 (see Methods), re-
cently successfully used for accurate comparison with
experiments on spherical metal nanoparticles.30 The
T-matrix formalism is quite general, it applies to particles
of any shape and refractive index, and for any choice of
incident wavelength relative to particle size.52

In Figure 5 panels b-d we first compare the mea-
sured force constants with the theoretical values pre-
dicted for spherical AuNP at our trapping wavelength
(purple solid line), finding a very good agreement
between theory and experiments for data of sample
1. Thus we modeled AuNPAs as clusters of spherical
subunits. The dimensions of each subunit are chosen in
the range measured from TEM images and so that the
wavelength of the lower energy plasmon resonance
of the whole cluster is close to the measured value
(see Figure 6). The experimental aggregation process is
obtained through a coating with pyridines molecules,
for this reason in our models the single spheres are not
in mutual contact, but separated by a very small dis-
tance of about 0.5 nm. Moreover we used the optical
constants for gold measured by Johnson & Christy.54

The use of such constants in the modeling of aggre-
gates poses several critical issues due to the lack of
convergence in the multipole expansion.52 For this
reason, we introduced the longitudinal dielectric func-
tion, described by Lindhard,55 as reported and simpli-
fied by Pack.56 We investigated the optical properties
of several gold aggregates, built so to satisfy the
requirements described above. As an example, we
show in Figure 6a three different models of clusters
inspired to the TEM images of sample 2 AuNPAs. In
Figure 6b are reported the corresponding extinction

Figure 4. Normalized autocorrelation functions of the
tracking signals along the polarization x-axis (a), y-axis (b),
and propagation z-axis (c) for a gold nanoaggregate from
sample 2. The data are well fitted with an exponential
function with deacay ratesωx = (5010( 70) s-1,ωy = (6500
( 100) s-1, ωz = (620 ( 5) s-1. These values yield the force
constants of kx= (3.9(1.3), ky= (5.0(1.7), kz= (0.48(0.15)
pN/μm as explained in the text.
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cross sections (solid lines for cluster A, B, C) compared
to the experimental extinction spectrum (dashed line).
Note that the measured extinction is an ensemble aver-
age resulting from the different optical properties of the
AuNPAs in the sample, thus we would need to average
over all possible cluster configurations to have a match
with the measured UV-vis spectrum. The radiation force
constants are derived as the first derivatives of the force
with respect to position calculated at the equilibrium
position and orientation (see Methods). For the cluster
with the long wavelength plasmon resonance closest to
the experiment, cluster A in Figure 6 panel a, we obtain
kx=0.1, ky=0.16, and kz=0.03pN/nmW. These calculated
values (yellow stars in Figure 5) are in fair agreement with
the averaged experimental ones relative to sample 2 (red
data in Figure 5). Furthermore they are 10 times larger
than the force constants on the subunits composing the
cluster and 3 times larger than those exerted on a sphere
with the cluster equivalent volume. Thus the striking
increase in themeasured force constants with the growth
of theAuNPAscanbeunderstoodwith threemajoreffects
occurring when aggregation takes place. First of all, the
trappedparticle volume increases leading to a larger force
with respect to the individual spherical subunits.18,30,53

More important, the aggregation yields a long wave-
length plasmon resonance that shifts closer to the trap-

Figure 5. (a) Autocorrelation decay ratesωx (squares),ωy (circles), andωz (triangles) as a function of the plasmon resonancepeak
wavelength λp. Black symbols are related to the nonaggregated sample 1 with resonance at 520 nm, while red, green, and blue
are related to samples 2, 3, and 4, respectively, with higher aggregation and a longerwavelength plasmon peak. The vertical red
line identifies the trapping wavelength at 830 nm always red-shifted from resonance. The plotted values are averaged over
measurements on 10 different gold nanostructures in each sample. Error bars are the standard deviation over these measure-
ments. In panels b, c, and d we show the force constants kx (along the polarization axis), ky, and kz (along the propagation axis)
normalized to the power at the sample (15 mW). Particles in sample 4 with an average size of ∼750 nm are trapped with force
constants ashighas 10pN/nmW, the largest trappedparticle size for this sample. Error bars on the abscissas are the results of TEM
analysis (see text). Data arewellfittedwith a power law scaling, fromwhichwe can get a slopeR≈ 1.6 takenas the average of the
fittedexponents for the threedata sets. Thepurple solid line is the theory for spherical particles30optically trappedat 830nm. The
yellow regions are defined by the maximum trapping efficiency and radius obtained in experiments with gold spherical
particles.24,29 The yellow stars are the calculated values for the model cluster A shown in Figure 6a.

Figure 6. (a) Models of gold nanoaggregates as clusters of
spherical nanoparticlesbuilt starting fromtheTEM images from
our samples (for example, see Figure 1d). We calculate the
extinction cross-section (b) and compare it with the experi-
mental extinction, sample2 in this case.Note that themeasured
extinction is an average resulting from the different optical
properties of the aggregates in the ensemble. After amatching
between the model with the TEM and the long wavelength
plasmonic resonance, we calculate the radiation force finding
good agreement with the optical trapping measurements.
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ping wavelength (Figure 1b and Figure 5a). Thus, for
AuNPAs, this plasmon resonance drives the trapping
mechanism, enhancing further the efficiency. Finally, the
fractal structureofAuNPAs results in a reducedabsorption
with respect to a spherical particle of comparable size.
Hence radiation pressure, that limits the trapping range
for individual spherical particles,24,29,30 is reduced for
trapped AuNPAs contributing to the enhancement of
the trapping efficiency. The role of fractal structure is also
evidenced by checking the size scaling of the force
constants, that is, fitting the data in Figure 5b-d with a
power law rR. For individual spherical particles with radii
below 50 nm, volume scaling, that is, R = 3, has been
experimentally and theoretically demonstrated.24,29,30 For
larger spherical particles (up to the limit of r≈ 125 nm), a
regime where R ≈ 2, that is, a surface scaling, has also
been experimentally investigated,24,29 although a clear
theoretical understanding of this scaling law is still
missing.30 For the case of AuNPAs the force constants
are fitted (dashed blue lines in Figure 5b-d) by a scaling
withR≈ 1.6 indicating a role of themultiple scattering of
light within the fractal aggregates.

CONCLUSIONS

We have shown that gold nanoaggregates of con-
trolled size and properties can be stably trapped with
optical tweezers working in the near-infrared. Plas-
monic nanostructures made by AuNPs with selected
extinction properties and average radii in the 20-750
nm range were obtained by a two-step procedure
consisting in LASiS of AuNPs and their controlled
aggregation. The strong field-enhancement driven
by the nanoaggregates yields an increase in the
trapping efficiency by a factor of 50 higher than
previously reported for individual spherical gold na-
noparticles. Force constants of the order of 10 pN/
nmW were measured for the largest aggregates with
750 nm average radius. These larger trapping efficien-
cies and the wider particle size range open perspec-
tives for the use of gold nanoaggregates as improved
local Raman probes in liquid environment with a
three-dimensional position control at the nanometer
scale, as well as nanohandles for in vivomanipulation
of larger biological material.

METHODS
LASiS. Gold nanoparticles (AuNPs) in water were obtained

by laser ablation synthesis in solution (LASiS) with 1064 nm (9 ns)
laser pulses of a Q-switched Nd:YAG laser (Quantel YG981E)
focusedwith a lens (f=10 cm) on a gold (99.99%) plate placed at
the beam focus on the bottom of a cell containing bidistilled
water.39 We used pulses in the range of 10 J cm2 at 10 Hz repe-
tition rate for 30min. The concentration of AuNPswas evaluated
by fitting the UV-vis spectra with a Mie-Gans model.40

Controlled Aggregation. Concentrations of 0.01 μL/mL (sample
2), 0.05 μL/mL (sample 3) and 0.25 μL/mL (sample 4) of pyridine
(Sigma Aldrich) were added to 2 nM AuNPs solutions as ob-
tained by LASiS. All solutions were kept under vigorous stirring
during the addition. After 30 min, 0.1 mg/mL of BSA (Sigma
Aldrich) were added to the solutions of aggregated AuNPs and
to nonaggregated AuNPs. Excess pyridine and BSA were re-
moved by centrifugation.

Samples Characterization. The solutions were characterized by
UV-vis spectroscopy with a Varian Cary 5 spectrometer and
transmission electron microscopy (TEM) at 300 kV with a JEOL
JEM 3010 microscope equipped with a Gatan Multiscan CCD
camera model 794. TEM samples were prepared by depositing
one drop of the solution on a copper grid covered with a holey
carbon film.

Optical Tweezers. Optical trapping is accomplished by tightly
focusing a laser beam through an oil immersion high numerical
aperture objective (Olympus, Uplan FLN 100X, NA = 1.3). We use
a 830 nm, 150mW laser diode (Sanyo DL-8032-01) as a radiation
source. The laser beam is circularized by a pair of anamorphic
prisms. A 1:4 telescope is used to enlarge the beam so as to
overfill the microscope objective back aperture and to yield a
diffraction limited spot of about 0.64 μm in its focal plane. The
optical setup is built in an inverted configuration that gives
more stability because it helps to counteract gravity with radia-
tion pressure for weak traps. Beam steering can be achieved
through a pair of orthogonally mounted, computer controlled
galvomirrors so that dynamic multiple traps and time-averaged
traps can be created via time-sharing of the trapping beam.57

Samples are placed in a small chamber with 75 μL volume
attached on the microscope stage. A CCD camera is used to
image the trapped particles. Image calibration is achieved by

optical trapping size-standard latex beads (Polysciences) and by
imaging a calibrated microscope microgrid.

Particle tracking. Particle tracking and force sensing are ob-
tained through back focal plane interferometry,47 where the
interference pattern from the scattered and unscattered light
by the trapped particle is collected onto a quadrant photodiode
(QPD) that in our setup is also oriented with the polarization
(x-)axis.17,19 When the particle is centered with the trap, each
quadrant generates equal photocurrents, while when the par-
ticle moves from the center, the outputs Qi from all quadrants
are changed. Combining these signals as pairwise sums it is
possible to generate signals Sx, Sy, Szproportional to the trapped
particle's displacements in the three directions (x, y, z) defined
by the trapping potential (e.g., Sx = [Q1 þ Q4] - [Q2 þ Q3] � x).
For each experiment the positional data were recorded with an
acquisition board (National Instruments) at a sampling rate of
50 kHz for 2 s (105 points per channel) using a custom-made
LabView program.

Theory. The starting point of our procedure is the formula-
tion by Richards andWolf58 of the field configuration in the focal
region of a high numerical aperture (fixed to be NA = 1.3 as in
our experiments) objective lens in absence of any particle. The
resulting field is the field incident on the particles, and the
radiation force exerted on any particle within the region is
calculated by resorting to linear and angular momentum con-
servation for the combined system of field and particles. We
adopt a geometry such that the coordinate systems Oxyz is
linked to the laboratory, and O0x0y0z0 is linked to the local frame
of reference with origin in the center of mass of the aggre-
gate.52,53 Thus the optical force and torque exerted on a particle
turn out to be18,30,53

FRad ¼ r2
Z
Ω
r̂ 3 ÆTMæ dΩ (2)

MRad ¼ - r3
Z
Ω
r̂ 3 ÆTMæ� r̂ dΩ (3)

where the integration is over the full solid angle, r is the radius of
a large sphere surrounding the particle center of mass, and ÆTMæ
is the time averaged Maxwell stress in the form of Minkowski.59

No inconvenience comes from this choice because the external
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medium is isotropic, thus

ÆTMæ ¼ 1
8π

Re n2EXE�þBXB�- 1
2
(n2jEj2 þ jBj2)I

� �
(4)

whereXdenotes dyadic product, I is the unit dyadic, and n is the
refractive index of the surrounding medium. When the incident
field is a polarized plane wave, the components of the radiation
force along the direction of the unit vector v̂ξ are given by53

Fradξ ¼ -
r2

16π
Re

Z
(̂r 3 v̂ξ)[n

2(jESj2 þ 2EI 3ES)þ (jBSj2

þ 2BI 3BS)] dΩ (5)

where EI and BI are the incident fields, while Es and Bs are the
fields scattered by the particle. In turn the radiation torque takes
on the form:

Mrad ¼ 1
8π

r3Re

Z
n2 r̂ 3 (EI þES)(EI þES)� r̂ dΩ (6)

Expanding the incident field in a series of vector spherical
harmonics with (known) amplitudes WI lm

p , the scattered field
can be expanded on the same basis with amplitudes Al0m0p0 .
The relation between the two amplitudes is given by Al0m0p0 =P

plmSl0m0 lm
p0p WI lm

p , where Sl0m0 lm
p0p is the T-matrix of the particle. The

elements of the T-matrix are calculated in a given frame of
reference through the inversion of the matrix of the linear
system obtained by imposing to the fields boundary conditions
across each spherical surface.44 Each element of the T-matrix
turns out to be independent both of the direction of propaga-
tion and of the polarization of the incident field. Thus they do
not change when the incident field is a superposition of plane
waves with different direction of propagation, that is, for the
description of a focused laser beam in the angular spectrum
representation.60

We modeled AuNPAs as clusters of spherical subunits,
whose dimensions are chosen so that the wavelength of their
longitudinal plasmon resonance corresponds to the experimen-
tal one. The TEM images suggest that the subunits have dif-
ferent radii, ranging from 5 up to 30 nm, thus we adopted this
range of dimensions in ourmodels. We calculate for each cluster
the radiation force Frad(R) and torque Mrad(R), the argument R
denoting the position of the center of mass of the aggregate.
The trapping occurs on the optical axis18,53 where all the com-
ponents of force and torque vanish with a negative derivative.
In the vicinity of the trapping point R0 = (0,0,z0) the components
of Frad(R) can be approximated by Fradx

(x,0,z0) = -kxx, Frady
(0,y,

z0)=-kyy, Fradz
(0,0,z)=-kz(z-z0). Where kx, ky, and kz are the

force constants. Thus we first determine the trapping position
and equilibrium orientation of the cluster, and then calculate
the force constants around this equilibrium state.

The number of subunits composing the cluster are limited
by the memory demand of the computing facilities. In fact the
calculation of the transition matrix for a N-sphere aggregate,
requires the inversion of a matrix of order d = 2N � lT(lT þ2),
where lT is the l-value at which the multipole expansion of the
electromagnetic fields is truncated.52 To ensure the numerical
stability of the results, that depends on the size of both the sub-
units and of the aggregate as awhole, we check each aggregate
for the existence of an l-value lM for which, if lT > lM, the extinc-
tion cross-section does not change. For the gold aggregates of
Figure 6with 5 subunits, this generally happened for an lMof the
order of 14. This value is related to the internal fields of the
subunits that include also the longitudinal field described by
Ruppin61 and dealt through the longitudinal dielectric function
of Lindhard,55 as corrected by Pack.56 The transition matrix then
contains (2240 � 2240) complex elements. Calculations of ex-
tinction cross sections, radiation force, and torque were per-
formed on a HP/Itanum 2 cluster, requiring about 2 h of CPU
time for every configuration with a memory demand of about
0.4 GByte. In contrast, for an aggregate with for example, 100
subunits that would represent an AuNPA in sample 3 or sample
4, we would expect an lM of the order of 140 to be required,
yielding ((4� 106)� (4� 106)) complex elements, which would
need about 1 PB of memory, far beyond any computer facility
capabilities.
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Supporting Information Available: Movie 1: A gold nanoag-
gregate with an asymmetric morphology is optically trapped.
Continuous rotation is observed as a consequence of the parti-
cle shape, that is, anisotropic scattering causes rotation about
the laser propagation direction (the so-called “windmill effect”).
Movie 2: When using the maximum power (32 mW on the
sample) we observed strong heating and bubbling when trap-
ping large (micro) aggregates. In the movie a bubble grows
soon after an aggregate from sample 3 is drawn into the trap,
the growth lasts few seconds, until the bubble reaches a size of
about 5-6 μm and the growth stops. This material is available
free of charge via the Internet at http://pubs.acs.org.
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