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ABSTRACT Optical trapping using focused laser beams (laser tweezers) has been proven to be
extremely useful for contactless manipulation of a variety of small objects, including biological
cells, organelles within cells, and a wide range of other dielectric micro- and nano-objects. Colloidal
metal nanoparticles have drawn increasing attention in the field of optical trapping because of
their unique interactions with electromagnetic radiation, caused by surface plasmon resonance
effects, enabling a large number of nano-optical applications of high current interest. Here we try
to give a comprehensive overview of the field of laser trapping and manipulation of metal
nanoparticles based on results reported in the recent literature. We also discuss and describe the
fundamentals of optical forces in the context of plasmonic nanoparticles, including effects of
polarization, optical angular momentum, and laser heating effects, as well as the various

techniques that have been used to trap and manipulate metal nanoparticles. We conclude by
suggesting possible directions for future research.
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e concept of optical trapping dates
back to 1970 when Arthur Ashkin
demonstrated that micron-sized di-

electric particles could be accelerated
and trapped in stable optical potentials
produced by counter-propagating laser
beams.! Subsequently, a single tightly
focused laser beam, now known as laser
tweezers, was used to trap dielectric micro-
particles, thus demonstrating that the
so-called optical gradient force, under cer-
tain circumstances, can overcome the radia-
tion pressure and lead to a stable optical trap
in three dimensions (3D). Laser tweezers and
related optical trapping techniques have since
been extensively studied and developed as
powerful tools for manipulation of particles
and for quantitative measurements of forces,
positions, and torques in a broad range of
multidisciplinary sciences ranging from atom-
ic physics to cell biology. For relevant reviews,
see references 3—7.

Common sense might suggest that it is
impossible to trap a metallic object using
laser tweezers since the refraction that is
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the basis for optical trapping of dielectric
particles in the simplified ray-optics descrip-
tion of optical forces is absent: light is
reflected back at the metal surface, which
leads to a large radiation pressure, but the
reflected light cannot generate an optical
gradient force in the way that the refracted
light in dielectric particles does. However, in
1994, Svoboda and Block experimentally
demonstrated that this picture is misleading
when one considers particles that are much
smaller than the incident laser wavelength:
subwavelength metal particles can indeed
be stably trapped in 3D, and the trapping
forces can even be substantially enhanced
compared to dielectric particles of the same
size® This finding spurred an increasing
interest in optical forces and laser manipu-
lation of metal nanoparticles, an interest
that has accelerated recently because of
rapid developments in colloid synthesis
methods, plasmonics, and nano-optics.
The interaction between light and metal
nanoparticles is dominated by the cou-
pling between the electric component of
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the electromagnetic field and collective resonant
oscillations of the metal conduction electrons known
as localized surface plasmons (LSPs).” In the visible and
near-infrared wavelength range, gold and silver nano-
particles show the strongest LSPs by far, but many
other metals also exhibit pronounced plasmonic ef-
fects. The number of distinct LSPs that a particle
supports, their resonance wavelength, charge displa-
cement character, and damping characteristics, can be
precisely tuned via the particle properties, in particular,
by selecting the particle shape, size, and composition,
but also via interparticle interactions and through the
refractive index of the surrounding medium. lllumina-
tion of plasmonic nanoparticles with light in resonance
with a LSP may lead to strongly enhanced light absorp-
tion (therefore effective light-to-heat conversion) and
intense elastic (Rayleigh) light scattering, which to-
gether determine the color of the particle. Moreover,
plasmon excitation induces strongly amplified optical
near-fields near the metal surface, which means that
plasmonic nanoparticles can be used as antennas that
effectively couple in or out light to or from molecules,
quantum dots, or other nanoscale objects.'®~'2

The peculiar optical properties of metal nanoparti-
cles are a key ingredient in a variety of emergent
nanoscience applications of great contemporary inter-
est, including but not limited to a novel solar light-
harvesting systems,'*~'® a range of molecular analysis
and sensing methods,'®'” exotic metamaterials,'® and
new nanophotonics solutions.'®?® These properties
are also what make metal nanoparticles interesting
from the point of view of optical forces and manipula-
tion. The early work of Ashkin suggested that optical
forces could be enhanced by tuning the laser wave-
length to specific optical transitions, thereby enabling
laser trapping of atoms and molecules.® Similarly, the
large and highly wavelength-dependent polarizability
of a resonant metal particle can strongly enhance the
optical force generated by a laser beam and even
change the direction of the force. However, the large
scattering and absorption cross sections associated
with LSP excitation also lead to a large radiation
pressure and to particle heating. These and related
effects are of fundamental interest but can also lead to
many captivating new applications.

This review aims to give a comprehensive summary
of laser tweezers and manipulation studies of plasmo-
nic nanoparticles in solution. We focus on metal col-
loids because almost all experimental studies in the
field to date deal with colloids and because the rapid
advances in colloid chemistry over the past decade(s)
have resulted in the development of a wide range of
exotic metal nanostructures (see, for example, ref 21 for
a comprehensive review), including nanowires, nano-
rods, core—shell particles, nanoprisms, nanocubes, etc.,
of which only a few have so far been explored in the
context of optical forces and laser manipulation.?2~%°
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VOCABULARY: laser tweezers — an optical means to
trap and manipulate micro/nanoscale objects using a
highly focused laser beam; optical force — a force induced
by light via interaction with matter, specifically, through
exchange and conservation of photon momentum; colloi-
dal metal nanoparticles — chemically synthesized metal-
lic nanoparticles, typically encapsulated by ions and stably
suspended in solution due to electrostatic repulsion; sur-
face plasmons — collective oscillations of conduction
electrons in metal surface or metal nanostructure; optical
manipulation — the mechanical manipulation of particles
by light, such as trapping, movement, fixation, and rota-
tion, using optical forces and optical torques

This paper represents a complementary review to several
excellent recent ones on optical manipulation of nano-
structures, in particular, the work of Dienerowitz et al.’
Marago et al,”® and Bendix et al,”’ who summarized
results from a wide range of topics, and Urban et al.,”® who
described some fundamentals and applications of optical
manipulation of plasmonic nanoparticles with an empha-
sis on work performed in the Feldmann group. Marago
et al*® also summarized important work on “plasmonics
tweezers”, that is, surface-supported plasmonic nano-
structures used to enhance gradient forces for optical
trapping of small objects in two dimensions (2D).%

We start by a description and discussion of the
fundamentals of optical forces and torques (illustrated
in Figure 1) based on the point dipole approximation as
well as more realistic electrodynamics simulations. We
continue with a brief summary of how to measure and
characterize these forces in practice and then describe
some of the laser tweezers techniques that have been
used to trap colloidal metal nanoparticles in solution.
The remaining part of the paper focuses on a few
selected topics that we believe are of high current
interest, including optical rotation experiments, optical
aggregation, and applications in surface-enhanced
Raman scattering (SERS), optical manipulation of metal
colloids as a means for nanoscale lithography, and
applications based on laser heating of optically trapped
nanoparticles. We conclude by suggesting some possi-
ble avenues for further investigations.

THEORETICAL BACKGROUND

General Considerations. The force exerted on an object
held in optical tweezers is ultimately due to conserva-
tion of the linear and angular momentum carried by
the photons that the object absorbs or scatters from
the incident light field. This notion is captured in the
most general method for calculating optical forces,
that is, by integrating the momentum flow, described
by Maxwell's stress tensor, T, over an arbitrary surface A
enclosing the particle according to

F = 75 ]f (T)ndA M
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Figure 1. Illustration of important forces that influence the
movement of metal colloids in a focused laser beam. The
light exerts force through polarization and wavelength-
dependent transfer of linear and/or angular photon
momentum, resulting in optical gradient forces (purple
arrow), radiation pressure (scattering + absorption forces,
green arrow), and optical torques (rotation and spinning,
rotational arrows). Optical forces can also be induced
between particles through mutually scattered fields (red
arrows). Light absorption leads to a temperature rise of the
particle and the liquid surrounding it. This can in turn
increase the amplitude of stochastic thermal forces, caus-
ing increased Brownian motion, and results in a decrease
in the viscosity of the liquid, thereby decreasing friction
and drag forces.

Here, the brackets denote a time average, n is a surface
normal, and T can be calculated from the total electric
and magnetic fields at the surface A. The stress tensor
formalism is well-adapted to computational electro-
magnetic approaches, based on, for example, Mie
theory or finite difference time domain simulations,
and it is the method of choice for obtaining accurate
quantitative estimates of optical forces. However, the
physical background of optical trapping may be under-
stood qualitatively from simplifying approximations,
one or the other being more appropriate depending
on the particle material (dielectric or metallic) and the
particle size compared to the wavelength of the trap-
ping light.*> The ray-optics description of optical forces
is based on the picture that light rays are refracted
inside dielectric particles that are substantially larger
than the wavelength. The refracted rays redirect the
photon momentum, resulting in recoil that draws the
particle toward the higher photon flux near the laser
focus.3® Unfortunately, this simple picture is not easily
adapted to metal nanoparticles, which are subwave-
length and strongly scatter and absorb the incident
light. Instead, it is customary to use the so-called point
dipole approximation, that is, to treat the particle as a
point-like polarizable object that is acted upon by the
incident field through the Lorentz force. Below, we
briefly outline this approach and then use it to interpret
full electrodynamics calculations of spherical gold
particles residing in a focused laser field. We use SI
units throughout.
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Point Dipole Approximation. We assume that the parti-
cle is completely characterized by its electric dipole
polarizability tensor o.. The polarizability is determined
by the particle shape and volume V, by the frequency-
dependent dielectric response &(w) of the material of
which the particle is made, and by the refractive index
np, of the surrounding medium. The incident electric
field, E, polarizes the particle in proportion to its
polarizability and the resulting oscillating-induced di-
pole moment p = n,,20E is in turn acted upon by the
field through the Lorentz force, causing the particle to
move and/or rotate. In the simple case of a plane wave,
this analysis leads to the conclusion that the optical
force can be decomposed into two distinct compo-
nents, the gradient force and the radiation pressure
(or scattering—absorption) force. If we further assume
that the particle has a spherical shape and therefore an
isotropic (scalar) polarizability a, the force components
take the form

1 m
Fgraa(r) = 2—80Re{a}VI(r); Fplr) = nToeXKS(r)) (2)

Here I(r) is the laser intensity at position r, c is the speed
of light in vacuum, S(r) is the Poynting vector, brackets
() denote time averaging, and for sufficiently small
particles that scatter light in a dipole pattern, the
particle extinction cross section Gey; = Gaps + Oscat SEtS
the radiation pressure. The absorption and scattering
cross sections that contribute to the extinction cross
section are determined through the polarizability by
Oscat = —m‘a|2; Oabs = %Im{a} 3)
Cé&p
In the case of a small spherical particle, the polariz-
ability can be expressed as a(w) = 3Vey x (e(w) —
nm2/(e(w) + 2n,,2), where Vis the particle volume, &(w)
the dielectric function of the nanoparticle material, and
ny, the refractive index of the surrounding medium.
The gradient force, which has a component in both the
axial and lateral directions in an optical trap, is respon-
sible for confining the particle into the trap. It is
typically directed toward the high-intensity region.
For a plasmonic particle, however, the change in phase
of the dipole oscillation with respect to the incident
field around the LSP resonance may result in a change
of sign of the polarizability, such that the gradient force
is attractive and highly enhanced on the low-frequency
(red) side of the resonance but repulsive on the high-
frequency (blue) side.3' 3> Hence, the strength and
direction of the gradient force depends in a crucial way
on the spectral position of the LSP with respect to the
trapping laser wavelength. The radiation pressure, on
the other hand, always propels the particles in the
direction of the light energy flux, that is, in the direction
of the Poynting vector. It is worth noting that an
additional term contributing to the scattering force,
arising from the curl of the spin angular momentum in
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Figure 2. Results of electrodynamics calculations of optical forces acting on spherical gold particles in a focused laser beam
with an intensity of 10 mW. (a) Calculated lateral optical potential at room temperature for gold nanoparticles of different
radii R as a function of incident photon energy. The particle is located in water at the origin of the coordinate system, defined
in the inset, and the field mimics an unpolarized laser beam focused by an NA = 0.7 objective. The arrows indicate some
commonly employed laser wavelengths. (b) Axial optical forces acting on gold nanoparticles with radii R = 20 and 50 nm for
two laser wavelengths, 1064 and 633 nm (note the different scale factors for the different cases). The inset shows the

calculated beam profile.

a light field with nonuniform helicity, has been theore-
tically predicted.3**” Although the implications of this
“curl force” are not yet completely clear, it can probably
be safely neglected in the case of conventional trap-
ping schemes.

Example of Electrodynamics Calculations. Figure 2 shows
results of electrodynamics calculations of optical forces
acting on gold particles of radii R = 20, 30, 50, and
75 nm residing in a focused laser beam as a function of
photon energy. The calculations are based on an
angular spectrum representation, containing only the
propagating components, of a focused laser beam.3®
Hence, unlike the fields obtained from the so-called
paraxial approximation, the fields impinging on the
nanoparticle in this case are exact solutions of
Maxwell's equations and can be projected onto vector
spherical harmonics and expanded in terms of electric
and magnetic multipole fields at the nanoparticle
surface.>® The projection is carried out by a numerical
integration here. The force on the particle can then be
calculated within the framework of Mie theory, with
the aid of the Wigner—Eckart theorem.***! We stress
that these calculations take into account retardation
effects and multipolar excitations that become more
and more important with increasing particle size and
that are not captured by the point dipole model, which
is strictly only valid for particles of sizes much smaller
than the laser wavelength. Figure 2a presents results
related to the lateral component of the gradient force
(i.e., perpendicular to the light propagation direction).
The 3D optical force field acting on the particle is not
conservative, but by constraining the motion of the
particle to one dimension (in this case the x-axis), we
can introduce an optical potential energy defined as
the work done by the optical force when the particle is
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brought from the origin to a distant point where the
field vanishes. The figure shows the depth of the
potential well (expressed in units of kgT at room
temperature) at the center of the focal plane of a
Gaussian beam with a divergence that is set to mimic
that produced by a microscope objective with numer-
ical aperture NA = 0.7, which the authors have used in
several experiments.>>*>~* |n water, this NA cor-
responds to a beam of convergence angle 6 equal to
31.8° that is, NA = nyater Sin(0) = 0.7. The excitation
configuration and the calculated beam profile are
shown in the insets of Figure 2a,b, respectively. The
laser power is set to 10 mW, and commonly used laser
lines are indicated by arrows.

The plasmonic responses of the gold particles are

VOL.9 = NO.4 = 3453-3469 = 2015 A@i@

manifested as deep minima in the potential energy
curves at the positions of the corresponding LSP
resonances. The potential well deepens as the particle
volume increases, in accordance with expectations
from the point dipole model, while the red shift and
broadening are due to finite size effects that are not
taken into account in this first approximation. For the
larger particles, one can also clearly see an antibinding
effect at higher photon energies, signaling the afore-
mentioned sign change of the particle dipole polariz-
ability and the repulsive nature of the gradient force for
photon energies slightly larger than the LSP resonance.
For stable trapping in 3D, one also has to consider the
forces along the optical axis, including both the gra-
dient force and the radiation pressure. Figure 2b shows
the net axial forces at different positions along the
z-axis for particles of radii 20 and 50 nm for the 633 and
1064 nm laser lines, respectively. For the 1064 nm case,
the force experienced by the 20 nm particle (red solid
curve) is nearly antisymmetric around z = 0. In this case,
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Figure 3. (a) Absorption cross sections of gold nanoparticles with radii of 20, 50, 100, and 200 nm (note the different scales for
R =20 nm) calculated from Mie theory. (b) Temperature increment of a gold nanoparticle at the focus of a 10 mW laser beam
focused by an NA = 0.7 objective in water calculated by balancing the laser heating power and the power lost by heat
conduction through the surrounding water. The arrows indicate some commonly employed laser lines.

the gradient force dominates over the radiation pres-
sure, and there is an equilibrium position at z~ 1 um
(highlighted by the red circle). Note that the equilibri-
um position is highly dependent on the NA of the
objective and can be closer to the focal plane if the NA
is higher. The larger R = 50 nm particle (blue solid
curve) can also be trapped (at near z = 3.5 um, blue
square). However, for the 633 nm case, it is difficult to
trap any particle because the laser frequency almost
coincides with the LSP resonance, yielding a large
polarizability a and consequently a higher radiation
pressure. Also the o* prefactor in eq 3 contributes to
the rapid increase in radiation pressure with increasing
photon energy. Several equilibrium positions due to
multiple intensity maxima caused by diffraction effects
are seen (for example, the one marked by the red
triangle), but the corresponding restoring forces are
weak and the trap is therefore unstable against thermal
fluctuations in the axial direction. Note that the trends
with wavelength and particle size seen in Figure 2 will
be similar for other beam convergence angles, for
example, corresponding to high NA immersion objec-
tives, although the exact potential depths and force
components will be different.

Heating Effects. Since metal nanoparticles have a
large absorption cross section, heating can be pro-
nounced and greatly affect the trapping stability by
increasing Brownian thermal motion. This effect is
theoretically considered in Figure 3. Figure 3a shows
the calculated absorption cross section of gold nano-
particles with radii of 20, 50, 100, and 200 nm in water
as a function of incident photon energy. We limit the
attention to photon energies lower than the onset of
interband transitions in gold, where the absorption
cross section only varies weakly with photon energy up
to the point where interband transitions set in and a
sharp rise in absorption occurs. The inset in Figure 3a
shows the resonance of a R = 20 nm particle. Small
peaks are still observable at low photon energies for
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particles of radius R > 50 nm due to resonance effects.
In Figure 3b, the temperature elevation compared to
the room temperature is calculated for the same par-
ticles as in Figure 3a. Again, the laser power is 10 mW,
and an objective of NA = 0.7 is used. The calculations
assume homogeneous heating of the particle and a
balance between the power absorbed by the particle
and the power lost due to heat conduction through the
water, which yields the temperature increment AT =
Pabs/(47RK), where P,y is the absorbed power, R the
particle radius, and « the thermal conductivity of
water.*> We see that the temperature increase is sig-
nificant, particularly for the 633 nm laser case. It should
be pointed out that, while it is likely that water close to
the particle may be superheated, the highest tempera-
tures reached here are not realistic. Nevertheless, even
for the NIR laser lines commonly used for optical
trapping, the heating effect should be considered with
care in the explanation of experimental phenomena.
Relevant experimental demonstrations will be dis-
cussed in the last section in this review.

Optical Torques. Photons can carry both intrinsic (spin)
angular momentum, related to the circular polarization
of the light, and, in the case of laser beams with a more
complicated internal structure, also orbital angular mo-
mentum. Spin angular momentum can be transferred to
mechanical angular momentum of an object, either by
absorption of the photon or by scattering events that
change the photon angular momentum. Such scatter-
ing events occur in the case where the particle is
birefringent or has an anisotropic polarizability, as is
the case for essentially any nonspherical particle. For
example, nanorods, in general, have higher polarizabil-
ity in the direction of the long axis than along the short
axis. The time-averaged optical potential energy of the
particle may then be written

n? .
U= —{(pE)y= — 7’“2Re{a;,-}|£,-|2, i=xyz 4
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assuming a diagonal polarizability tensor, where p is the
induced dipole moment.

Equation 4 shows that the optical potential de-
pends on the direction of the electric field with respect
to the particle orientation. For low photon energies, the
potential energy is normally minimized when the
particle's long axis is aligned with the electric field. At
higher photon energies, other alignments are possible
depending on the exact frequency dependence of the
different elements of a. In general, the time-averaged
torque 7 that can be expressed by

7 = (p xE) (5)

acts on the particle. If a linearly polarized electric field
of amplitude E, aligned with the x-axis, acts on an
elongated particle that is oriented with its long axis in
the xy plane, forming an angle  with the x-axis (and
the electric field), the torque on the particle is

2
T = 2"7’“Re[a“ — ozl]sinZ,B\E\2 (6)
which tends to align the particle orientation with the
field (for sufficiently low photon energies). Here Z is the
Z unit vector and oy and a, are the polarizabilities
parallel and perpendicular to the long axis of the
particle, respectively. However, eq 5 also encompasses
other situations. For example, for a circularly polarized
field of angular frequency w, E = E(x cos wt + y sin wt)/
V2, incident on an isotropic particle with polarizability
a, we get

2
T = 2"7'“|m[o¢]|5|2 )
which corresponds to an angular momentum equal
to A being transferred to the particle, setting it into
rotational motion around the z-axis, for each photon
absorbed (as Im[a] describes the absorption by the
particle). As will be discussed below, the optical torque
opens the possibility of controlling nanoparticle orien-
tation and rotation. On one hand, a slow change of the
field direction can be used to manipulate the orien-
tation of a particle, in accordance with eq 6. On the
other hand, the intrinsic angular momentum carried
by circularly polarized light can also be used to set a
nanoparticle into rotation as a consequence of eq 7.

Interparticle Forces. When studying colloidal solu-
tions using laser tweezers, it is not unusual to find that
several particles get caught in the optical trap by
accident, in particular, when the colloid density is high.
Though this is often a problem, it also leaves room for
interesting studies of forces and interactions between
particles in solution. There have so far only been a few
experimental studies concerning metal colloids,***%4¢
but several theoretical investigations of such effects
have been reported in the literature.3*"4 =57 For
example, Li et al.*® studied the optical forces between
two spherical metal particles, one caught in a Gaussian
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laser trap and the other stuck on a surface, and found
that both attractive and repulsive interactions could
occur depending on the particles' plasmon reso-
nances, the illumination wavelength, and the distance
between the laser focus and the position of the
immobilized particle. Similarly, Nome et al.* reported
that the optical forces within gold bipyramidal nano-
particle dimers change from attractive to repulsive,
depending on the dimer configuration being side-
by-side, head-to-tail, or face-on, while Miljkovi¢ et al.*’
discussed under which circumstances optical forces
can resultin a stable equilibrium distance between two
particles. The latter report also points out that the
method for calculating interparticle forces has to be
chosen with care and that simplified force models may
lead to serious errors, in particular, in the case of
strongly interacting particles.*’ In general, in eq 1,
the effects of all contributions to the electromagnetic
field, incident as well as scattered, should be used to
calculate the forces on each of the particles in an
assembly. However, as in the single-particle case, much
can be learned from viewing the mutual forces as the
result of electric dipoles either attracting or repelling
each other.

For large interparticle distances, where the induced
dipolar far-fields dominate, optical binding may occur.
The particles will then tend to localize in potential wells
created by the interference of the incident electro-
magnetic field and the light scattered by the surround-
ing particles.>®>° At shorter particle—particle distances,
the optical force can be either attractive or repulsive
depending on how the particles are arranged relative
to the directions of light propagation and light polar-
ization. Figure 4 shows in a schematic way how the
particles in a heterodimer interact. With an incident
field aligned with the dimer axis at low frequencies,
one gets two dipoles lined up attracting each other
(opposite charges are induced on the different parti-
cles near each other). Once the frequency is increased
beyond the resonance of the larger particle and below
that of the smaller one, its response will lag behind the
external field, now producing two dipoles out of phase
with each other that instead repel each other. For even
higher frequencies than the resonance of the smaller
particle, both dipoles will lag behind the field and again
attract each other. On the other hand, for an incident
field that is perpendicular to the dimer axis (bottom
row of the figure), the resulting orientation of the
dipoles instead leads to the opposite sequence of
forces, repulsive—attractive—repulsive.

EXPERIMENTAL STUDIES

Trapping of Metal Colloids in 3D by Focused Gaussian Beams.
A single Gaussian laser beam focused by a microscope
objective constitutes the classical laser tweezer setup
and provides by far the simplest and most common
means for optical trapping and manipulation of a large
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Figure 4. Schematic illustration of the optical forces be-
tween two spherical particles in a heterodimer based on a
simplified dipole—dipole coupling analysis. The solid and
dashed lines indicate the real part of the particle polariz-
ability versus photon energy for the large and the small
particle, respectively. The interaction can be either attrac-
tive or repulsive depending on whether the incident polar-
ization is parallel or perpendicular to the dimer axis and
depending on whether the photon energy is higher, lower,
or between the two plasmon resonance energies. Reprinted
from ref 41. Copyright 2010 American Chemical Society.

variety of objects. Trapping of metal particles in 3D
requires a particularly deep optical potential well that
can compensate for plasmon-enhanced radiation pres-
sure and increased Brownian motion due to particle
heating.*® It then becomes crucial to minimize optical
aberrations in order to achieve a well-defined focal
spot and to maximize gradient forces by using high NA
immersion optics.

Spherical aberration is the most serious objective
aberration when it comes to focusing of monochro-
matic beams and can in some cases even cause off-axis
particle localization in the optical trap.®® However,
Gaussian beams can be made nearly aberration free
by adjusting the tube length of the microscope such
that the effect of the refractive index mismatch be-
tween the immersion medium and the specimen is
compensated for.®' Hajizadeh et al. investigated trap-
ping of gold colloids in water using an oil immersion
objective and showed that this aberration correction
technique allows for stable 3D trapping of particles
with diameters down to 9.5 nm, the smallest reported
to date.®® The first demonstration of trapping of silver
nanoparticles in 3D was also achieved using oil immer-
sion optics: by optimizing the refractive index of the
immersion oil and by choosing an appropriate focal
depth, particles with diameters ranging from 20 to
275 nm could be successfully trapped.®*5* Spherical
aberrations are also effectively suppressed by using
water immersion objectives, as demonstrated in ref 22,
where gold nanoparticles with diameters down to
18 nm were trapped in 3D. The same report also showed
that a slight overfilling of the objective's back-aperture
by the laser beam dramatically improved the trapping
efficiency. An interesting complementary approach to
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improve trapping stability is to compensate the Brow-
nian motion of the trapped particle using active feed-
back control of the laser power in response to the
particle's position in the trap.®>°® Balijepalli et al.
showed that this technique could increase the resi-
dence time of a 100 nm gold particle in the trap by up
to 26 times.®®

Quantifying Trap Strengths. As discussed above, a sub-
wavelength particle trapped in a focused laser field
experiences a restoring gradient force that can be
described in terms of a parabolic optical potential well
to afirst approximation. The rule of thumb for stable 3D
trapping is that the potential depth should be on the
order 10 kgT or more.” The strength of the particle's
confinement to the trap is usually characterized
through the trap stiffness «, corresponding to the
spring constant in Hooke's law. The trap stiffness can,
for example, be determined by a measurement of
the thermal position fluctuations x(t) of the particle
according to

K = Zﬂfo’y (8)

where fy is the roll-off frequency of the power spectrum
of x(t) and v is the viscous drag coefficient, which can
be estimated from the particle geometry and the
viscosity of the medium. For a Gaussian trapping beam,
the forces are typically on the order of piconewtons for
milliwatt laser powers. The position fluctuations can
also be used for a more precise determination of the
shape of the optical potential well;?? see ref 68 for a
computational toolbox for optical tweezers.

As already stated, the enhanced polarizability of
metallic particles compared to dielectric particles of
the same size can lead to stronger optical forces and
therefore an enhanced trap stiffness. This was first
demonstrated by Svoboda and Block® for R = 18 nm
gold nanoparticles and subsequently in ref 69 by
comparing R = 50 nm gold particles to polystyrene
beads of the same size. Both studies suggested about
6—7-fold enhancement, depending on how the stiff-
ness was determined. There have been several studies
of how the trapping properties of metal nanoparticles
depend on particle size.>*®>”° Figure 5 gives an ex-
ample of trap stiffness versus particle radius for a
1064 nm 3D laser tweezer.?? The point dipole approx-
imation indicates that the trapping strength is pro-
portional to R®, reflecting the volume dependence of
the dipole polarizability, but for particles with radii larger
than the skin depth (which is about 23 nm for gold at
the trapping wavelength 1064 nm??), one may expect
a weaker R? dependence due to the partial polarization
of the particle. However, the trap strength increases
more slowly than expected, as can be seen from
Figure 5. This was explained as a result of an increasing
scattering component of the radiation pressure, which
results in larger particles being pushed further from the
focus, thus leading to smaller trap stiffness in both axial
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Figure 5. Trap stiffness normalized to trapping laser power versus gold particle radius, R, in directions parallel (a) and
perpendicular (b) to the laser propagation direction. The red and green lines indicate R* and R* dependencies, respectively.
The top and bottom insets in (a) represent the position distribution of the particle and the power spectrum for a R = 35 nm
particle, respectively. The blue circles and black squares in (b) correspond to measurements with water and oil immersion
objectives, respectively, demonstrating the superior spherical aberration corrections in the former case. Reproduced from

ref 22. Copyright 2005 American Chemical Society.

and transverse directions.”? The trap stiffness experi-
enced by nanorods is not expected to scale simply with
volume even for small particles since the polarizability
is anisotropic and also depends on the aspect ratio of
the rod.”’

Alignement and Rotation of Plasmonic Nanostructures. As
outlined in the theory section, anisotropic particles
tend to align in a linearly polarized trap such that the
total potential energy is minimized. For an elongated
particle, this typically implies that the long axis of the
particle will point along the polarization vector.?>3>7!
The same effect occurs for a particle dimer, for which
the polarizability tensor has the same symmetry as that
of a nanorod/elongated nanoparticle.** Metal nano-
wires, on the other hand, have been shown to align
perpendicularly to the polarization, indicating that
the polarizability component perpendicular to the
wire is larger than the parallel component in this case
(cf. eq 6).>72 Nanorods have been predicted to align
perpendicularly to the polarization when the trapping
wavelength is shorter than the longitudinal plasmon
resonance for the same reason.”

Ruijgrok et al.”* estimated the torque experienced
by gold nanorods with a length of 100 nm and an
aspect ratio of ~2.4 trapped in 3D using linear polar-
ized laser tweezers (A = 1064 nm, P = 80 mW) to ~100
pN-nm. The measurement was based on the time-
averaged distribution of the nanorod orientation de-
duced from white-light scattering spectra and an
autocorrelation analysis of rotational Brownian fluctua-
tions observed in the polarized scattered intensity. The
tendency to align has also been verified by measure-
ments of two-photon fluorescence emitted by freely
diffusing nanorods, as shown in Figure 6a>3> The
intensity autocorrelation function exhibits a distinct
shoulder at short times due to free rotational diffusion,
but this component decreases in amplitude when the
intensity of the linearly polarized laser beam (4 =850 nm)
is increased, signaling alignment along the polarization
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direction (dotted curves). The alignment effect has also
been verified directly by monitoring dark-field scatter-
ing spectra of nanorods trapped in 2D, as shown in
Figure 6b.%® The intensity of the longitudinal LSP peak
is maximized when the laser (1 = 830 nm) polarization
is parallel to the white light excitation polarization and
vanishes if the polarizations are perpendicular. The
perpendicular alignment of a silver nanowire to the
laser (1 = 830 nm) polarization is shown in Figure 6c.
From panel | to lll, it is clear that the nanowire follows
the linear polarization of the trapping laser as it is
turning. It is also possible to use the alignment effect to
spin the wire by rotating the polarization at high speed.
The direction of the wire will then tend to lag behind
the polarization direction due to the viscous drag force,
and the nanowire will tend to slip if the polarization
rotation is fast enough.? The lag in rotation has been
suggested as a probe of the viscosity of the immersion
medium.”

Direct transfer of torque from circularly polarized
light (cf. eq 7) obviously provides a much more con-
venient method to spin particles than mechanical
rotation of a polarizer. The particle rotation is in this
case a direct consequence of conservation of photon
spin angular momentum (SAM); whereas dielectric
non-absorbing particles need to be birefringent for
this to occur, SAM transfer to metal colloids is domi-
nated by absorption.?>*>’%”” Figure 7a illustrates that
this method can be used to spin large gold colloids
(average radius ~200 nm) about their own axes with
frequencies on the order of 3 kHz or more, the highest
reported to date for particles in water.** The particles
were trapped in 2D, using a1 =830 nm laser beam with
a power of ~10—50 mW at the sample, and the
spinning was revealed by measuring the intensity
autocorrelation of light scattered from the trapped
particle: the correlation function exhibits a periodic
oscillation when the particle spins due to SAM transfer
from circularly polarized light, whereas it decays
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Figure 6. (a) Alignment of gold nanorods in the presence of a linearly polarized laser field is revealed by the decrease in
the rotational diffusion component of the two-photon luminescence intensity autocorrelation signal of the nanorod.
Reprinted with permission from ref 35. Copyright 2006 Optical Society of America. (b) Scattering spectra measured
using polarized white light (white arrow) versus trapping laser polarization (red arrow) show that silver nanorods align
parallel to the electric field orientation of the trapping light. (c) Silver nanowires instead align perpendicular to the laser
polarization (red arrow) and can be rotated by turning the laser polarization. Reprinted from ref 25. Copyright 2010 American

Chemical Society.
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Figure 7. (a) Spinning of a trapped gold nanoparticle using a circularly polarized laser beam. Reproduced from ref 45.
Copyright 2013 American Chemical Society. (b) Gammadion-shaped gold nanostructure (left panel) was used as a nanoscale
plasmonic motor to rotate a microdisk that was ~4000 times larger than the gammadion itself (right panel). Reproduced with
permission from ref 81. Copyright 2010 Macmillan Publishers Ltd.

monotonously for linearly polarized light. Compari-
sons with theory indicated that the high spinning
frequencies observed experimentally were partly
due to particle heating and a corresponding decrease
of the viscous torque by the water surrounding the
particles.

If a structure is optically large and at the same time
highly asymmetric, it is possible to induce rotation
through anisotropic radiation pressure even if the
polarization is linear, the so-called optical windmill
effect. This was argued to be an important cause of
rotation for micron-sized gold nanorods and nano-
particle aggregates.”® 8% Itis possible that the windmill
effect is also the main mechanism behind the rota-
tion of lithographically prepared gammadion-shaped
plasmonic particles reported in ref 81. These structures
were used to rotate dielectric microdisks 4000 times
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larger than the particle itself, albeit with rather low
rotation frequencies of the order of hertz (Figure 7b).

Trapping and Manipulation of Metal Colloids Using Uncon-
ventional Laser Fields. Higher order Laguerre—Gaussian
(LG) laser modes provide many possibilities for trap-
ping and manipulation experiments that are impossi-
ble using conventional laser tweezers. An LG mode
constitutes an optical vortex with an annular intensity
distribution and incorporates an azimuthal phase
structure of €'?, where ¢ is the azimuthal angle and
l'is an integer describing the mode index (also known
as the charge or quantum number of the mode) 2% The
intensity distributions corresponding to different LG
modes are shown in Figure 8a. Whether a particle will
be trapped into the bright rings or confined to the dark
regions depends on the sign of the particle polar-
izability, which determines whether the gradient
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Figure 8. (a) Simulated intensity distribution of different Laguerre—Gaussian (LG) modes with p and / being the radial index
and the charge number, respectively. (b) Spatial data points for the movement of a gold nanoparticle confined to a LG beam
with charge index | = 2 with blue-detuned laser wavelength with respect to the LSP. The particle preferentially resides in the
dark region of the beam. Reprinted with permission from ref 83. Copyright 2008 Optical Society of America. (c) lllustration of
the rotation of a silver nanowire by the orbital angular momentum of a LG beam. The dark-field image is shown in the inset.
Reprinted from ref 90. Copyright 2013 American Chemical Society.

forces are repulsive or attractive, and on the relative
magnitudes of the scattering and gradient forces.8384
An interesting example of trapping with an annular
field was given by Dienerowitz et al.2®> Gold nanopar-
ticles with diameters of 100 and 250 nm were trapped
by using a laser wavelength on the blue side of the LSP,
that is, where gradient forces are expected to be
repulsive due to the sign change of the polarizability.
The particles were indeed confined into the dark core
of the beam, as illustrated in Figure 8b. This methodol-
ogy is interesting because it may provide a means for
manipulation of plasmonic particles with negligible
laser absorption and heating. Another example of
trapping with an annular beam was given in ref 85, in
which a silver nanowire was trapped in 3D by using a
so-called Fourier-transformed Bessel beam, which has
an extended focus depth, in combination with its back-
reflection from a mirror to compensate for the radia-
tion pressure. It has also been argued that radially
polarized beams with an annular intensity distribution
could facilitate 3D trapping of metal particles.®® How-
ever, this claim was recently disputed based on the
omission of the aforementioned curl force in the
calculation.®” Further theoretical and experimental
investigations of how different force components con-
tribute in annular beams are clearly wanted 2%

An important property of a LG beam is that it carries
orbital angular momentum (OAM) of /i per photon
that can be transferred to a trapped particle by absorp-
tion and scattering. OAM is distinct from the SAM of
circularly polarized light, but it can also set particles
into rotational motion. The particles will rotate around
their own axis if they are significantly larger than the
diameter of the annular intensity distribution of the LG
beam.””*%°' Figure 8c shows an example of this effect
from a study by Yan et al.®® on ~10 um long silver
nanowires. Smaller particles will instead rotate in an
orbit around the optical axis.2>°2

Colloidal metal particles can also be trapped using
pulsed laser fields. Jiang et al.”> used 100 fs near-infrared
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pulses in a standard single-beam optical tweezers setup
to trap gold particles (R = 30 nm) in 2D. For high laser
powers, it was found that a single particle could jump
between two equivalent sites aligned along the linear
laser polarization. The phenomenon was interpreted in
terms of a nonlinear-induced polarization of the nanopar-
ticle, which resulted in a split of the optical potential well.

We should finally note that it is also possible to
trap metal nanoparticles using evanescent near-fields,
for example, produced by dielectric or plasmonic
waveguides®*~%” or in the gaps in plasmonic dimer
nanoantennas.”®?° However, the particles will then be
confined to the surface of the structure, where the
near-fields are strongest. An interesting development
of this approach was recently reported by Berthelot
etal.,'® who used a dimer antenna attached to the end
of an optical fiber for 3D optical manipulation of small
dielectric particles in solution.

Dimerization and Aggregation of Metal Colloids Using Optical
Forces. As outlined before, the optical interaction
between nanoparticles subject to intense laser illumi-
nation can lead to both attractive and repulsive inter-
particle forces. If a spatially extended laser field
illuminates particles that are free to move in one or
two dimensions, the particles tend to organize in a
lattice with a lattice constant given by the illumination
wavelength.”®* This kind of “optical binding” phe-
nomenon is due to interference between the far-field
components of the dipolar fields scattered by the
particles and therefore highly sensitive to the particles
scattering efficiency. Demergis and Florian took ad-
vantage of the high scattering cross section of large
gold particles (R =100 nm) in a study of optical binding
in water using a standing wave optical line trap.'®! The
particles could be organized in pairs with well-defined
interparticle separation given by multiples of the trap-
ping wavelength in water (A = 1064/1.33 nm), and
smaller particles (R = 50 nm) could be stably trapped
between the larger particles. The authors concluded
that the interparticle optical forces could be more than
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20 times stronger than the gradient forces exerted by
the line trap.

If several colloidal metal particles are instead
trapped by a focused laser beam, the near-field com-
ponents of the optical interparticle force will dominate.
This typically results in particles forming dense lines
directed along the incident polarization direction,
although other particle arrangements are, in principle,
also possible depending on the relation between
the incident wavelength and the particle plasmon
resonances.*’ The average interparticle distances will
depend on the strength of the optical interaction, the
thermal movement of the particles, as well as on the
colloid interaction “in the dark”, as specified by the
Coulomb repulsion between the particles surface
charges and the van der Waals attraction.'®

The techniques available for single-particle optical
force measurements are not easily adapted to studies
of interacting particles. Indirect experimental evidence
for near-field interparticle forces primarily comes from
measurements of changes in spectroscopic prop-
erties,244274446103.104 T\ 5 spherical metal nanoparti-
cles that are coupled into a pair due to the near-field
optical forces will exhibit a scattering spectrum similar
to a single nanorod. In particular, the pair will exhibit a
plasmon mode that is red-shifted compared to the
single-particle plasmon, and the degree of red shift
will sensitively depend on the interparticle separa-
tion.'>1% Tong et al.** utilized this “plasmon ruler”
methodology to probe the interaction within pairs of
colloidal gold particles (R = 40 nm) trapped in 2D by a
single focused laser beam (1 = 830 nm). The electro-
static repulsion between the particles could be con-
trolled through screening of the surface charges by
adding different amounts of salt to the colloid solution.
As shown in Figure 9, increasing salt concentration led
to a split of the plasmon band and a progressively
stronger red shift of the plasmon polarized parallel to
the dimer axis, signaling a decreased particle separa-
tion. A comparison between the experimental red shift
and theory indicated that the equilibrium surface
separation was ~9 nm for the highest salt concentra-
tion (20 mM), and that the corresponding depth of the
potential well was on the order ~5 kgT. The pair
formation was shown to be reversible for salt con-
centrations up to 20 mM; that is, the pair broke up and
the particles escaped into solution if the laser was
blocked, while higher salt contents led to irreversible
aggregation.

There have been a number of reports on trapp-
ing laser illumination resulting in particle aggrega-
tion.>”1%7 =111 Formation of larger particle aggregates
in a trap leads to a plasmon red shift that tends to
increase with the number of particles in the aggregate.
If the trapping laser wavelength is to the red of
the single-particle resonance wavelength, which is
usually the case, aggregation may cause the collective
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Figure 9. Elastic scattering spectra (left) and images (right)
of optically trapped gold particle pairs versus salt concen-
tration. The incident white light polarization was either
parallel (red) or perpendicular (blue) to the laser tweezers'
polarization (~2 mW/um?, 1, = 830 nm). The polarization
dependence shows that the particle pair orients itself
parallel to the laser polarization, and the increasing red
shift shows that that the particle separation decreases for
higher salt concentrations. Reprinted from ref 44. Copyright
2011 American Chemical Society.

plasmon resonance to overlap with the laser wave-
length. This results in stronger gradient and interpar-
ticle optical forces but also increased absorption.
Ohlinger et al. found that the trapping stability of silver
particle aggregates increased with the number of
particles up to the point of spectral overlap, after which
particles were thermally ejected from the aggregate.*®
However, it is possible that other factors apart from
optical and thermal forces also play a role in the laser-
induced aggregation effect. For example, Zhang
et al.""? found that experimentally observed aggre-
gates were larger than the spot size of the Gaussian
trapping beam and argued that the laser-induced
heating could liberate capping ions from the surface
of the particles, thus reducing electrostatic repulsion
and promoting aggregation.

As mentioned above, nanoparticles tend to form
linear assemblies aligned along the trapping laser
polarization.”®%81°9113 |ida et al.' simulated particle
aggregation in an linearly polarized optical trap, taking
into account both optical and colloidal interactions.
Figure 10 shows the resulting particle positions ob-
tained for the cases when two or eight R = 20 nm
gold particles are released close to the near-IR laser
focus (o = 1064 nm). The figure shows that a dimer
aligned parallel to the laser polarization is formed in
the trap in the first case (Figure 10a), in agreement with
the experimental data shown in Figure 9, while an
elongated aggregate is formed in the second case
(Figure 10b) due to the interplay between the short-
range interparticle forces and the gradient force
caused by the confinement of the laser field.

Surface-Enhanced Raman Spectroscopy of Optically Trapped
Metal Colloids. The nanometric gaps and crevices that
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Figure 10. Simulation of Brownian motion and laser-induced aggregation of gold nanoparticles. The red and blue dots
indicate the initial and final positions of the particles, respectively. The white arrows indicate the laser polarization direction,
and the horizontal dashed white line indicates the focal plane. The trajectories of the particles are represented by the green
curves. Reproduced from ref 113. Copyright 2012 American Chemical Society.

result from optical aggregation of plasmonic nanopar-
ticles lead to large field enhancement and “hot spots”
suitable for optical-tweezers-based surface-enhanced
Raman scattering molecular spectroscopy.'?710%114115
Svedberg et al. reported on SERS from optically
trapped silver nanoparticles (R ~ 40 nm) functionalized
by a layer of thiophenol molecules, which acts as a
SERS probe and lowers the electrostatic repulsion
between particles to enable aggregation.*® Single
silver particles were optically manipulated to pair up
with immobilized particles, which resulted in an in-
crease of the SERS signal by a factor of 20 or more.**
The strong optical near-fields present in the gap
regions may also amplify SERS by actively pulling
molecules into the gaps through enhanced gradient
forces.>” Tanaka et al. investigated SERS and Rayleigh
scattering from silver nanoparticles (R ~ 15 nm)
trapped into globular and linear aggregates using
circularly and linearly polarized laser light, respec-
tively.'® It was found that pseudoisocyanine could
be detected down to a concentration of 10~ '* M in the
linear aggregates, and the authors argued that this
result demonstrated that the molecules were selec-
tively adsorbed to the corresponding gap hot spots by
optical forces.

The combination of optical manipulation, optical
aggregation, and SERS is also interesting for lab-on-
a-chip-based molecular sensing.'””''® An example is
shown in Figure 11.'% Optical aggregation was
induced by a 4o = 830 nm trapping beam focused at
the confluence of two microfluidic channels, one carry-
ing silver colloids and the other carrying a molecular
solution (Figure 11a). As a nanoparticle aggregate
grows with time, as indicated by the dark-field im-
ages (Figure 11b), so does the intensity of SERS from
thiolphenol molecules adsorbed on the particles
(Figure 11c). Similarly, Lin et al. demonstrated successful
SERS sensing based on colloid trapping in a photonic
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Figure 11. Optical tweezing and SERS in a microfluidics
device. (a) Schematic of the experimental setup. (b) Dark-
field images showing gradual optical aggregation of
trapped silver nanoparticles at the confluence of the colloid
and analyte flow channels. The vertical dashed lines and the
arrows indicate the edge of the microfluidic channel and the
direction of the flow, respectively. (c) Time sequence of
thiophenol SERS spectra measured on the optically induced
aggregate. Reproduced with permission from ref 107. Copy-
right 2009 The Royal Society of Chemistry.

crystal cavity integrated in a microfluidic device.''® The
advantage of these approaches to SERS sensing is that
it is easy to switch between different analyte solutions,
that the SERS substrate can be continuously renewed
through the colloid flow, and that the material con-
sumption is extremely small.

Surface Inmobilization and Sorting of Plasmonic Nanoparti-
ces Using Optical Forces. Optical manipulation can be
used to build complex surface-bound plasmonic nano-
structures with high precision.''”~'?! The basic idea is
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to move a metal colloid particle close enough to a
substrate, for example, by using the radiation pressure
force, where the attractive force between the substrate
and the particle dominates so that the particle will get
stuck. Some of the main advantages of the methodol-
ogy, compared to standard nanofabrication, are that
colloidal nanoparticles typically have much higher
crystal quality than particles made by lithographic
methods and that particles can be deposited in very
confined spaces, such as inside microfluidic devices.
The positional accuracy of the method will sensitively
depend on the balance between lateral gradient
forces, Brownian particle motion, and radiation pres-
sure, which in turn depends on particle properties,
laser power, and laser wavelength. Urban et al.'"®
demonstrated that single spherical gold particles
(R = 40 nm) could be “printed” with a precision of
~50 nm, that is, significantly better than the optical
diffraction limit, using a laser wavelength close to the
particle resonance (1o = 532 nm). The particles were
coated with a polyelectrolyte to create a positive sur-
face charge in order to avoid spontaneous adsorption
onto the substrate, and it was shown that an increase in
laser power decreased the positioning accuracy due to
the enhanced Brownian motion. Guffey and Scherer''”
showed that areas up to tens of square micrometers in
size could be patterned with gold particles, while
Nedev et al."'® utilized multiple beams created by a
spatial light modulator to imprint several particles
simultaneously onto a substrate. Recent developments
include the use of optical torques to align nanorods
before surface attachment'?' and the use of optical
aggregation to build large arrays of nanoparticles.'?°

Since the optical forces on metallic particles vary
dramatically with particle shape, size, and composition,
in particular, near resonance, interesting opportunities
for size/shape-selective optical sorting emerge.'**~'%*
Ploschner et al.'?* used size-dependent differences in
radiation pressure to separate out larger from smaller
gold particles in a colloid solution. The method was
based on using a total internal reflection objective
to launch two overlapping but counter-propagating
evanescent waves at different wavelengths (532 and
671 nm) close to the plasmon resonances of the
particles. A related methodology was recently used
to separate out and selectively deposit bipyramidal
gold nanoparticles based on plasmon-enhanced radia-
tion pressure effects.'**

Heating of Optically Trapped Metal Colloids. The particle
heating associated with optical trapping of metal
colloids is usually considered detrimental for practical
applications. However, several studies have shown that
heating can be controlled and in some cases even
taken advantage of.">7'** For example, Feldmann
and co-workers recently showed controlled hybridiza-
tion of DNA connecting pairs of gold particles trapped
off resonance,'?® and the same group demonstrated
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Figure 12. Estimating particle surface temperatures using a
lipid bilayer phase transition. (a) Optically trapped and
laser-heated gold nanoparticle above a lipid bilayer that
has melted in a region with a temperature above 33 °C,
indicated by T,,,. (b) Fluorescence intensity measured at the
vicinity of the trapped gold nanoparticle. (c) Estimated
surface temperature increase versus applied laser power
for different particle diameters d. The wavelength of the
trapping laser was 1064 nm. The dashed lines indicate
theoretical estimates. Reprinted from ref 125. Copyright
2010 American Chemical Society.

that optical manipulation of laser-heated gold particles
can be used for enhanced photochemistry'®® and
nanolithography of polymers based on curing or
milling processes.'®'"132

Temperature measurements at the nanoscale are
experimentally challenging. Nevertheless, a few at-
tempts to quantify laser-induced heating of optically
trapped metal colloids have been reported.'*'%¢
Bendix et al."*® used supported lipid bilayers loaded
with fluorescent molecules to probe the heat gener-
ated by gold particles trapped in 2D by a 1064 nm laser
tweezer (see Figure 12). The bilayer exhibits a gel-to-
liquid phase transition at 33 °C that results in the
decreased fluorescence intensity. With the tempera-
ture of the sample chamber set to 28 °C, a dark melted
area with a temperature exceeding 33 °C appeared
around a trapped particle for sufficiently high laser
powers (Figure 12a,b). The size of this area could be
used to estimate the corresponding temperature in-
crease at the particle surface for different particle radii,
as shown in Figure 12c. The authors found that the
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temperature increase scaled linearly with the applied
laser power but with heating rates increasing rapidly
with particle size, reflecting the increased absorption
cross section at near-infrared wavelengths (see
Figure 3a). A subsequent study of heating of 3D
trapped Au particles based on a similar methodology
obtained analogous results for particles with diameters
up to 100 nm."?® However, larger particles exhibited
reduced heating, probably because the radiation pres-
sure forced these particles away from the laser focus.
It should be pointed out that neither of these
studies'®*'%* nor the previously mentioned studies of
particle rotation® and enhanced surface chemistry'®’
found evidence for water vapor bubble formation
despite estimated particle surface temperatures far
above 100 °C. However, a very recent paper by Li
et al. reported bubble formation around single trapped
nanoparticles during the optical injection into cells.'*®

OUTLOOK

Twenty years have passed since the first experimen-
tal study of metal colloids using optical tweezers®
Although the number of published reports has in-
creased steadily, the field is still relatively unexplored
compared to many other areas of nano-optics. Hence,
there is plenty of room for further developments.

As should be clear from this review, the vast majority
of reported optical tweezing studies of metal colloids
deal with silver and, in particular, gold particles.
Although this is well-motivated from the point of view
of plasmonics and biophysics, there is no doubt about
many interesting avenues for exploring and utilizing
optical forces on metal colloids composed of or con-
taining other materials, for example, with catalytic,
magnetic, or light-harvesting properties. Likewise, only
a few of the vast number of currently available colloid
shapes, which range from relatively simple structures
like cubes and core—shell particles to complex geo-
metries like nanostars, have been investigated using
optical tweezers methodologies.

Our ability to predict optical forces, plasmonic prop-
erties, and laser heating effects has improved tremen-
dously over the past few years due to the development
of a number of sophisticated software solutions for
electromagnetics simulations. However, accurate cal-
culations for cases that involve nontrivial particle
shapes and laser fields remain a challenge. Continued
developments in computational electromagnetics will
likely improve this situation and may give possibilities
for detailed in silico experiments and optimization
algorithms, along with developing further qualitative
understanding and easy-to-use approximations for
optical forces.

Optical aggregation of Ag colloids has proven to be
highly efficient for generating SERS, but there are a
number of other molecular spectroscopies, including
surface-enhanced infrared absorption, surface-enhanced
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fluorescence, and various nonlinear processes, for
which the advantages offered by optical manipulation
remain untested. Biomolecular analysis based on refrac-
tive index changes near metal surfaces, so-called surface
plasmon resonance sensing, is a key application of
plasmonics but completely unexplored in the context
of optical tweezing of plasmonic nanoparticles.

Laser-induced heating of optically tweezed metal
colloids remains an Achilles heel for many applications,
in particular, in the life science area, but, as demon-
strated by several recent reports, also gives unique
possibilities for extremely localized delivery of thermal
energy. Both the molecular spectroscopy and laser
heating opportunities are probably best taken advan-
tage of in combination with applications that require
confined spaces or have limited physical access, such
as in bioassays based on microfluidics or in single-cell
experiments,'3%33

Last but not least, laser tweezing of metal colloids
offers immense opportunities for curiosity-driven re-
search in diverse areas of high current interest, includ-
ing photonic forces, in general, nano-optical and
colloid interactions, vapor formation and other phase
transitions, light-driven nanomachines, and other
opto-mechanical applications, nanoscale rheology,
and much more. It is simply great fun!
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