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ABSTRACT Brownian motion is driven by thermal fluctuations and becoming more

efficient for decreasing size and elevated temperatures. Here, we show that despite the
increased fluctuations local temperature fields can be used to localize and control single
nano-objects in solution. By creating strong local temperature gradients in a liquid using
optically heated gold nanostructures, we are able to trap single colloidal particles. The
trapping is thermophoretic in nature, and thus no restoring body force is involved. The
simplicity of the setup allows for an easy integration and scalability to large arrays of traps.
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anipulating the motion of single

nano-objects in solution has be-

come an important demand in
modern soft-matter sciences, e.g., to study
their long-time behavior without mechan-
ical immobilization. The most successful
tool is the optical tweezer," which has been
developed into a powerful technique in
biological sciences over the years.>* How-
ever, optical tweezing is limited to the
manipulation of mesoscopic systems. Such
limitations led to the development of multi-
ple new approaches to manipulate the
motion of nano-objects. Within the past
decade, techniques such as plasmon-based
nano-optical tweezers*> and the anti-
Brownian electrokinetic trap (ABEL)® have
been proposed. The ABEL trap is capable of
localizing even single molecules utilizing
electric fields and an optical feedback.”®
More recently a new variant of the Paul trap
has been demonstrated to work in liquids
confining small objects to a tiny volume.’
Both the ABEL and the Paul trap use rigid
metal nanostructures to generate electric
fields introducing topographic constraints
for wiring and contacts to the system.
Hence, an extension of the techniques for
a free manipulation of particles in solution
that goes beyond trapping is not easily
possible.

Here, we present a method that employs
highly localized temperature fields gener-
ated by plasmonic nanostructures to confine
and manipulate individual nano-objects in

BRAUN AND CICHOS

solution. While it is counterintuitive that
elevated temperatures, which increase the
strength of Brownian fluctuations, should
help to eliminate Brownian motion, we
show that the well-known Ludwig—Soret
effect’® provides an efficient mechanism
to trap and steer single nano-objects. Ther-
mophoretic trapping of small molecules
exhibiting a small Soret coefficient, such as
DNA or RNA and colloids involving tempera-
ture gradients and heat-induced convection
flows, has been demonstrated before,''~'8
but was limited to large ensembles of mol-
ecules and colloids only. This report extends
the thermophoretic trapping to single nano-
objects in solution and exemplifies the ma-
nipulation of these objects in a single trap.
The required metal nanostructures are pre-
pared by microsphere lithography (see
Materials and Methods section) and provide
scalability to large arrays of traps, which
could then lead to a controlled assembly
of single nano-objects in solution and a
multitude of new studies focusing on the
interactions of even single molecules.

The Ludwig—Soret effect is based on a
temperature gradient along the surface of a
nano-object that leads to an interfacial fluid
flow, which in turn moves the nano-object
through the solution without a body force
acting.'® The resulting drift velocity of the
nano-object, v; = —D{VT, is proportional to
the temperature gradient, VT, and the ther-
modiffusion coefficient, Dy, which yields the
mobility of the particle in the temperature
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Figure 1. (a) Scanning electron microscopy (SEM) micrograph of a 50 nm gold film on top of 5 um polystyrene (PS) beads and a
cover-slide. (b) SEM micrograph of a hexagonal microarray of single gold islands. (c) Sketch of a closed gold structure sample
consisting of a 5 um diameter hole in a gold film. (d) Same as in (c) for an open gold structure sample that is composed of
triangular gold pads (edge length about 1.5 um) in a hexagonal lattice on a glass substrate.

gradient and comprises a number of different contri-
butions to thermophoresis.>*?' Typically, one of the
strongest contributions comes from a temperature-
induced distortion of the counterion cloud around the
nano-object, which causes the object to move from the
hot to the cold. The so-called Soret coefficient com-
pares the thermodiffusivity to the isothermal diffusiv-
ity, St = D¢/D. As the thermodiffusion coefficient, the
Soret coefficient Sy is positive for a motion against
and negative for a motion along the direction of the
temperature gradient. The Soret coefficient is typically
on the order of St~ 0.01 — 10 K" depending on the
object size and a variety of other properties, e.g., the
salinity of the solution and the temperature.?® 2
Hence, diffusion and thermodiffusion are of compar-
able strength and, thus, well suited to manipulate
colloids or molecules in solution.

Within this report we employ plasmonic gold nano-
structures as optically controlled heat sources. The
plasmon resonance of the metal structures thereby
allows an efficient conversion of optical energy into
heat. Accordingly, localized temperature gradients of a
few 10 K per micrometer are easily generated. An
appropriate arrangement of these plasmonic heat
sources then provides an optically controlled thermo-
phoretic drift velocity field, allowing for the confine-
ment and manipulation of single nano-objects.

To demonstrate the capabilities of plasmonic struc-
tures for heat-controlled nanomanipulation, we have
chosen two different gold microstructures. These
structures resemble a circular hole in a thin gold film

BRAUN AND CICHOS

of 50 nm thickness on a substrate and a periodical
structure consisting of single gold pads in a hexagonal
array as obtained from colloidal sphere lithography
(Figure 1; see Materials and Methods for details). Both
gold structures can be heated with either an expanded
or a focused laser beam. The expanded laser beam
allows for a continuous heating of the entire gold
structure, while the focused laser provides a local
heating, which can be dynamically changed.

The heat generated in the gold structure is released
to the liquid and the glass substrate in the local
environment. Since the sample represents a large heat
bath at ambient temperature Ty as compared to the
small structures, a steady-state temperature profile,
AT(r), appears in the liquid above the gold structure.
We have calculated the corresponding temperature
profiles for a specific trap diameter by finite element
simulations directly at the gold structure as well as
300 nm above it (see the Supporting Information (SI)
for details). The relative temperature profiles depicted
in Figure 2 are completely defined by the temperature
rise at either the gold surface, ATy, or the trap center,
ATcenter- The main difference of the two structures is in
their depth, ATp, — ATcenter- FOr example, the tem-
perature rise in the center of the hole structure is about
83% of ATx,, while it is only about 37% for the patchy
structure. Thus, considerably lower temperatures can
be achieved in the trapping region, which might be of
advantage for the trapping of temperature sensitive
objects such as DNA or other biologically relevant
objects. Further, larger temperature gradients result
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Figure 2. Simulated temperature profiles (a) within the closed gold structure sample laterally through the gold structure.
(b) Lateral line profiles along the temperature field (black) and the corresponding temperature gradients (gray) through and
300 nm above the gold structure (dashed). The temperature was normalized to the temperature increase of the gold
structure, ATp,. Analogous plots for the open gold structure in (c) and (d).

from the localized heat patches (Figure 2c blue line).
However, this is only valid for the temperature profiles
along a direction connecting two gold pads. Within the
gaps between the gold patches along the circumfer-
ence, the temperature is only 8% higher than in the trap
center (Figure 2¢, red line). For both gold structures,
the center temperature rise, ATcenterr decreases with
increasing trap diameter, as shown in the Supporting
Information. Considering only the central region of the
temperature profile reveals a parabolic shape (eq 1).

(08
ATharm(r) = E"Z + ATcenter (1)

This parabolic temperature profile is defined by the
curvature o, which defines the stiffness of the trap, and
AT center» Which refers to the temperature increment at
the center of the structure as compared to the ambient
temperature, T,

RESULTS AND DISCUSSION

Trapping of Single Polystyrene Spheres in a Closed Gold
Structure. The confinement of a single 200 nm poly-
styrene (PS) nanoparticle in the closed gold structure
heated with an expanded laser is readily observed from
the single-particle positional distribution in Figure 3a.
At low heating power Pyea the particle positions are
distributed over the whole circular region. By raising
the heating power the particle is increasingly confined
to the center of the trap. The spatial distribution of
trajectory points is well represented by a Gaussian
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distribution, and the radial distribution therefore fol-
lows a Rayleigh distribution (Figure 3b). The width of
this radial distribution function shrinks with increasing
heating power, as displayed in Figure 3c, with the
particle being confined to an area with 1—2 um radius.

The steady-state position distribution can be under-
stood from the balance of thermodiffusion pushing the
particle inward and diffusion spreading the particle
positions in space.”®> The sum of both probability
density current densities, jp = —DVps(r) and jip =
—ps(r)D+(r)VT(r), is then zero and yields an exponential
probability density distribution ps(r) for finding the
particle at a certain position r assuming a constant
thermodiffusion coefficient Dy (eq 2).

ps(r) = po exp( —STAT(r) )]

Inserting the parabolic temperature profile of eq 1
readily unveils a Rayleigh distribution for the radial
distribution (see SI).

ped(r) = Srar exp(f STTOL r2) 3)

The width o of the position distribution is given by
0 = 1/(5:0) /2. Therefore, the Soret coefficient and the
curvature a of the temperature field define the
strength of the confinement. In general the Soret
coefficient depends on the system and in particular
on the interaction of the nano-object with the sur-
rounding liquid.2%>2" While it also may depend on the
temperature, we assume that this variation is small
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Figure 3. (a) Heating power dependent position distribution histograms of a trapped 200 nm PS sphere. (b) Correspond-
ing radial position distribution fitted with eq 3. R’ represents the distance to the center of the trap (see also Figure 4b). (c)
Width (o) of the positions distribution (squares). The fit corresponds to the theoretical dependence of « Pid2, Curvature
of the temperature field o (circles) with linear fit. (d) Temperature distribution (red squares) calculated from the position
distribution of the particle within the trap (30 mW, gray and in arbitrary units) compared to the simulated tempera-

ture field as in Figure 2b with a temperature offset in the center of the trap of AT cnter = 13.7 K and a Soret coefficient of

Sr=3.56 K.

within the given temperature range. The confinement
of the particle distribution is therefore controlled by
the curvature a, which thus is the relevant parameter
for the stiffness of the trap. The curvature o varies
linearly with the temperature rise at the gold structure,
AT, Which on the other hand depends on the
absorbed laser power, ot o< ATpy o Ppear. COnse-
quently, the confinement should depend on the
inverse square root of the heating power, Phosd
(see Sl). This dependence is well reflected in our
measurement data in Figure 3c. It implies that
nano-objects with different Soret coefficients show
the same spatial confinement if the heating power is
scaled according to StPhear = CONSt.
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The similarity of eq 3 to a Boltzmann distribution
has been recognized and analyzed before.'® Here, we
just infer that this similarity allows a comparison with
other trapping methods. This comparison yields an
equivalent potential energy, AU(r), that would be
required to confine the particle with a body force, e.
g., the gradient force of an optical tweezer. Its ratio with
the thermal energy kgTy, is given by eq 4.

AU(r)

= StAT
keTo STAT(r)

(4)

The depth of this potential AU scales with the tem-
perature difference between gold and the center of the
trap. It changes linearly with the heating power as well
NO.12 = 11200-11208 =
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Figure 4. (a) Heating power dependent mean diffusion coefficient of the 200 nm PS particle within the trap. A relation
between laser heating power and average temperature rise within the trap was found by fitting the measured diffusion
coefficients assuming a Stokes—Einstein relation with a VFTH temperature dependence for the medium's viscosity (black
curve). (b) In the stepsize analysis each step R(t + 7) — R(t) of the particle is projected in radial (eg) and tangential (ey)
directions, where R(t + 7) and R(t) are the positions of the particle in two sequencing frames with a frame time 7 = 0.01 s. (c)
Histogram of step sizes in radial (black) and tangential (red) directions for the 30 mW heating power trajectory. (d) Average
thermophoretic drift velocity within the trap for increasing power of the wide-field laser beam again in radial (black) and
tangential (red) directions. (e) Dependence of the radial thermophoretic drift on the distance to the center of the trap and
heating power. (f) Comparison between the measured radial thermophoretic drift velocity (30 mW heating power, red
squares) and the drift expected from the simulated temperature field in the plane of the gold structure (black) and 300 nm

above (black dashed) with a Soret coefficient of Sy = 3.56 K.

and is also directly proportional to the Soret coefficient.
The linear power dependence is equivalent to the
power dependence of an optical tweezer for example.
However, as the Soret coefficient scales linearly with
the radius for colloidal particles,? thermophoretic
trapping may turn out to be useful for very small
particles as well. Inserting typical values of ATp, —
AT center = 10 K for a Soret coefficient of Sy =1 K", we
obtain an equivalent trapping potential of 10kgT. Be-
sides the depth of this equivalent potential, we may
also obtain a trapping stiffness k. Using a harmonic
potential AU = kr?/2 yields k = aStkgTo, which is on the
order of fN/m and thus much lower than the typical
stiffness of an optical tweezer.>*

Equation 2 may also be used to determine the tem-
perature profile in the trap, as shown in Figure 3d. This
requires prior knowledge of the minimum temperature
increment, ATcenters iN the center of the trap and the
Soret coefficient, St. Both parameters can be deter-
mined studying the particle dynamics, i.e., the diffusion
coefficient D and the drift velocity vy. The drift velocity
and diffusion coefficient determine the step size dis-
tribution of the particle in the trap. This step size
distribution is the probability density distribution,
pa(R(t + 7),R(t)), of finding a particle at time t + T at a
position R(t + 7) if it has been at position R(t) at time t.
It is described by the advection-diffusion propagator®
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exhibiting a Gaussian shape (eq 5).

IR(t +7) — R(t)+vrz|°
pd(R(t +7), R(t)) < exp ( 4Dt

5)

The width of this Gaussian distribution is purely deter-

mined by the diffusion coefficient D, while its center is
shifted according to the direction and the magnitude
of the velocity v1. Equation 5 is valid only for short
time lags T or small displacements over which vy can be
assumed to be approximately constant. For an inverse

frame rate 7 = (100 Hz)~' drift velocities of about

vr =5 um/s lead to displacements of about 50 nm, which
is sufficiently small to carry out the above analysis.
Figure 3b displays an example radial and tangential
distribution. Analyzing these distributions we find that
the diffusion coefficient increases with the heating
power from 0.75 um?/s at Phear = 5 MW to 1.08 um?/s
at Pheat = 30 mW. Since this heating power dependence
is due to the increased temperature in the trap, we can
extract an average temperature rise of AT,,g/Pheat =
0.53 K/mW by assuming a Stokes—Einstein relation with
a Vogel Fulcher (VFTH) temperature dependence for the
mediums viscosity®® (see SI). The temperature is aver-
aged according to the distribution of particle positions.
Since the particle is located mostly in the center,
the average temperature, AT,,g, differs from the local
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temperature minimum, ATcenter, ONly by about 1.1%.
We can therefore assume that ATcenter & AT,yg. Con-
sidering an average temperature rise of 16 K at a
heating power of 30 mW, we estimate the temperature
increase at the surface of the gold structure to be about
19 K. The confinement is therefore achieved with a
temperature difference of about 3 K at the highest
used heating power, as seen from Figure 3d.

The key ingredient for the trapping of the particle is
the thermophoretic drift velocity induced by the tem-
perature gradient. The drift velocity field can be ex-
tracted from the displacement of the center of the
Gaussian distribution as shown in Figure 4b. To do so,
we employ the trap symmetry and project the displa-
cements to the radial (eg) and tangential (ey) direction
(Figure 4c). Calculating the velocity components using
the inverse frame rate 7 unveils a zero tangential and a
negative radial drift velocity (see Figure 4d). This
negative radial velocity pushes the particle toward
the center of the trap. Its magnitude increases linearly
with the incident heating power as the temperature
gradient is linearly increasing with the heating power.
For the highest heating power of 30 mW an average
thermophoretic drift velocity of 1.7 um/s is found,
which again represents an average over the spatial
distribution of the particle in the trap. The negative
velocity is a consequence of a positive Soret or thermo-
diffusion coefficient. In this case the thermophoretic
drift velocity field is convergent with a sink in the
center of the trap. In the case of a negative Soret
coefficient, the drift velocity field would have a source
in the center of the trap, which yields only a metastable
trapping.

More detailed information on the radial depen-
dence of the drift velocity in the trap can be obtained
by restricting eq 5 to starting points at a certain
distance range R’ < R(t) < R' + dR’ from the trap center.
Figure 4e depicts the radial component of the thermo-
phoretic velocity as a function of the distance R’ from
the trapping center for increasing heating power. The
drift velocity is strongest in the outer regions of the
trap near the gold structure. Here, the temperature
gradient is strongest and radial velocities up to 8 um/s
are measured. Toward the center the temperature
gradient and the radial thermophoretic drift disappear
almost linearly as the gradient varies linearly due to
the parabolic temperature profile. The tangential drift
velocity is zero within errors at all distances from the
trapping center and at all heating powers.

The radial dependence of the drift velocity can be
compared to the predictions based on the tempera-
ture profile and the Soret coefficient. The local tem-
perature is completely determined by the simulated
relative temperature profile of Figure 2b and the
value of the center temperature, AT center, Which is well
approximated by the average temperature, AT,,g. The
Soret coefficient can then be determined by choosing
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a value for which experimental and predicted radial
drift velocity profiles match (v(r) = =DtV T = —5;DVT-
(). This comparison yields a best match for a Soret
coefficient of S; = 3.56 K" (see Figure 4f). This Soret
coefficient is about a factor of 3 larger as compared to
the results of Braibanti et al.?*> This increase can be
attributed to the confinement of the particles by the
two glass slides in the z-direction. The hydrodynamic
interaction with the glass surface increases the effec-
tive friction.?” For the free diffusion of the particles
we find that the diffusion coefficient is decreased by
a factor of 3 as compared to the expected Stokes—
Einstein value. The corresponding thermodiffusion
coefficient Dy, however, remains unchanged since
the involved interfacial flows are much more short
ranged.”® As the Soret coefficient is the ratio of ther-
modiffusion and diffusion coefficient, the decreased
diffusion coefficient leads to an increased Soret coeffi-
cient. Considering again the effective potential that
corresponds to the positional distribution of the par-
ticles in the hole trap, we find a potential depth of
10.7 kgT for an incident power of Ppeac = 30 mW under
wide-field illuminaton.

Trapping of Single Polystyrene Spheres in an Open Gold
Structure. Trapping can be achieved not onlyin a closed
gold structure as presented above. An open patchy
gold structure as displayed in Figure 2d may be used as
well. The major difference of this structure from the
closed one is that the temperature field is localized at
the patches. This further increases the local tempera-
ture gradient and decreases the average temperature
in the trap. For the study of particle motion in this
periodical gold structure sample, we introduce a dy-
namic heating with a focused laser. The laser spot is
steered to move along a circle with a diameter that
matches the gold structure as sketched in Figure 5a.
The rotation frequency is set to 19 Hz, which corre-
sponds to a velocity of the temperature field of about
315 um/s and thus is much faster than the thermo-
phoretic drift velocity. Hence, the particle feels a
steady-state temperature profile. Figure 5b displays
the trajectory of a single 200 nm PS sphere in an open
trap geometry and directly proves that single particles
can be trapped in these open structures as well.

The position distribution is Gaussian as for the
closed trap with a standard deviation of 0.60 um
(Figure 5b,c). The drift velocity is directed toward the
trap center as well but contains a weak tangential
component in the direction of the heating laser rota-
tion (Figure 5d). This tangential contribution is due to
the finite rotation speed of the heating laser. Especially
close to the heated hole structure, drift velocity com-
ponents appear that point radially away from the
heated patch, as the laser is heating only one patch
at a time. The particle is therefore pushed along
the tangential direction. This component decreases
with increasing rotation speed of the heating laser.
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Figure 5. (a) Sketch of the focused heating beam illuminating only one gold pad of an open structure at a time. (b) Trajectory
points of a 200 nm PS sphere trapped within an open gold structure at 5 mW heating power for a laser rotation frequency of
18.9 Hz (time color-coded, black to yellow). The wide-field laser illumination was kept at a power of 200 mW, only responsible
for the fluorescence excitation of the colloidal particle. (c) Radial position distribution of the particle within the trap for 18.9 Hz.
(d) Dependence of the radial (black) and tangential (red) thermophoretic drift on the laser rotation frequency. A positive
frequency corresponds to a clockwise rotation, whereas a negative frequency indicates a counter-clockwise rotation of the
laser beam. (e) Same as (c) but at a laser rotation frequency of 0.6 Hz.

Overall, the phenomenology observed for the patchy
structure with a dynamic heating is the same as for
the static heating scheme. Knowing the width of the
particle distribution and the shape of the average
temperature profile, we estimate an effective potential
depth of about 11.8 kgT from eqs 3 and 4 at an average
temperature rise in the center of the trap of AT,.g =
9 K (see Sl). As a result of the steeper temperature
gradients in the patchy structure, a more effective
trapping is achieved with lower heating powers. How-
ever, the main advantage of the dynamic heating scheme
in combination with a large array of open gold structures
(see Figure 1) is the scalability. A multitude of adjacent
traps thus becomes possible where single particles or
even single molecules can intentionally be released from
one trap and arbitrarily guided over the sample by an
appropriate heating. In combination with a dynamic
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heating even feedback schemes as employed for the
ABEL trap are possible, which will further improve the
trapping and manipulation efficiency in a single trap.
Beyond Trapping: Manipulating the Motion of PS Spheres.
The appearance of a tangential drift velocity compo-
nent as revealed in the previous paragraph demon-
strates that even more complex manipulations of
single nano-objects in a micrometer-sized trap are
possible. In the simplest case, the position distribution
of the particle may be modified in a way that the
particle is occupying not only the center of the trap. For
this purpose we decrease the angular velocity of the
heating beam to 0.6 Hz, such that the velocity of the
temperature field is comparable to the thermophoretic
drift. As a consequence, the tangential drift velo-
city component increases and the radial compo-
nent almost disappears. These results are depicted in
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Figure 5d, where the average thermophoretic drift
velocity components are shown for different heating
laser rotation frequencies. While at high frequencies a
radial drift velocity component dominates, it almost
completely disappears for low frequencies, and a
tangential drift velocity component determines the
particle motion in the direction of heating laser rota-
tion. Accordingly, the tangential velocity changes sign
when changing the laser rotation direction.

The consequence of this missing radial drift velocity
component is that the particle is not pushed to the
center of the trap. Therefore, the particle is located at
the rim of the trap, which becomes directly visible
in the radial particle distribution (see Figure 5e). The
particle now exhibits a circular motion within the
trapping region (see movie in Sl). This illustrates that
single particles can be steered in a liquid by applying
thermal gradients and paves the way for an all-optical
controlled nanofluidic tool for the free manipulation of
single or multiple particles where an adaptive heating

MATERIALS AND METHODS

Microsphere lithography is used to produce gold structures in
large arrays on glass cover-slides.?® By thermal evaporation a
cover-slide is coated with a 5 nm chromium layer to enhance
the adherence of the gold structure. Either single polystyrene
spheres or a close-packed monolayer of PS spheres of 5.3 um
diameter is prepared on top of the cover-slide. After that gold is
evaporated to form a layer of 50 nm thickness not only on top of
the PS spheres but also within the region between the spheres,
as can be seen in Figure 1a. The PS spheres are removed by
ultrasonification, and remaining beads are dissolved in a to-
luene bath. Either single holes in the gold film or large-scaled
hexagonal arrays of single gold islands (see Figure 1b) remain
on the glass-slide depending on the preparation of the PS
beads. The chromium film that is not covered by gold is
removed by Chromium Etch No. 1 (MicroChemicals GmbH).
For the experiments a second plain cover-slide is put on top to
confine a water film containing dye-doped PS beads of 200 nm
diameter. The height of the water film is adjusted to about
500 nm. Hence, the beads are not spatially confined to the
trapping region but are able to diffuse between the gold film
and the upper glass-slide. The trajectories of the beads are
recorded by their fluorescence in an optical microscopy setup. It
contains both a wide-field illumination (wow ~ 20 um) for
fluorescence excitation as well as for heating the gold structure
and a focused illumination of a second laser beam (wos ~
1.0 um) for the heating of a single specific gold island. The
focused beam can be steered laterally in the sample plane over
an area of 50 x 50 um? by an acusto-optic deflector (Brimrose).
Both laser beams are of 532 nm wavelength. The fluorescence is
collected by an Olympus objective lens (100x/NA1.3) and
imaged to an Andor Ixon EMCCD camera using a tube lens of
50 cm focal length. Data were acquired at a frame rate of 100 Hz
with a trajectory length of 500 s.
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will actively be controlled by a feedback on the parti-
cle's position.

CONCLUSION

We have demonstrated a new optically controlled
method to trap and manipulate single nano-objects in
solution. The method is based on the thermophoretic
motion in temperature gradients and involves no body
forces but only thermodynamic forces. Gold nano-
structures are used as microscopic heat sources gen-
erating strong temperature gradients. The structures
are shown to allow for a pure thermophoretic trapping
of 200 nm particles in a stationary heating mode. A
dynamic heating mode indicates the possibility to
guide single particles through a liquid film by time-
dependent artificial temperature landscapes that are
controlled all-optically. The proposed technique can
easily be integrated in lab-on-a-chip devices and ex-
tended to feedback-based trapping schemes, which
may push the limits down to single molecules.

temperature-dependent diffusion coefficient, the mean-
squared displacement of a trapped particle, and the experi-
mental setup. Three movies visualizing the different trapping
modes. This material is available free of charge via the Internet
at http://pubs.acs.org.
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