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NANOROBOTS

Mobile nanotweezers for active colloidal manipulation
Souvik Ghosh' and Ambarish Ghosh"*3#

An important goal in nanotechnology is to control and manipulate submicrometer objects in fluidic environments,
for which optical traps based on strongly localized electromagnetic fields around plasmonic nanostructures can
provide a promising solution. Conventional plasmonics based trapping occurs at predefined spots on the surface
of a nanopatterned substrate and is severely speed-limited by the diffusion of colloidal objects into the trapping
volume. As we demonstrate, these limitations can be overcome by integrating plasmonic nanostructures with
magnetically driven helical microrobots and maneuvering the resultant mobile nanotweezers (MNTs) under optical
illumination. These nanotweezers can be remotely maneuvered within the bulk fluid and temporarily stamped
onto the microfluidic chamber surface. The working range of these MNTs matches that of state-of-the-art plas-
monic tweezers and allows selective pickup, transport, release, and positioning of submicrometer objects with
great speed and accuracy. The MNTSs can be used in standard microfluidic chambers to manipulate one or many
nano-objects in three dimensions and are applicable to a variety of materials, including bacteria and fluorescent
nanodiamonds. MNTs may allow previously unknown capabilities in optical nanomanipulation by combining the
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strengths of two recent advances in nanotechnology.

INTRODUCTION

Controlled manipulation of nanoscale objects suspended in fluidic
medium is one of the defining goals of modern nanotechnology (I).
The standard approach is to trap particles using optical (2), acoustic
(3), magnetic (4), electric (5), or flow fields (6), resulting in numerous
breakthroughs in biophysics and microfluidics. However, the trap-
ping force decreases with the size of the object, rendering traditional
methods inefficient when object sizes are reduced to submicrometer
dimensions. Plasmonic tweezers (7, 8), which rely on localized elec-
tromagnetic fields near metallic nanostructures, offer an alternative
by generating strong trapping forces at low levels of optical illumina-
tion and have been used to trap and manipulate particles as small as
tens of nanometers (9).

Despite plasmonic tweezers offering superior performance (10, 11)
in reducing both the size of the trapped object and the required illumi-
nation intensity, there are critical disadvantages associated with this
otherwise promising technique of optical manipulation. The enhanced
electromagnetic field gradient around a plasmonic nanostructure is lo-
calized within a small region, typically a fraction of the optical wave-
length. Accordingly, trapping relies on the probability of a particle
diffusing into a small volume, which is an inefficient process in the ab-
sence of other forces (12). An additional difficulty arises in maneuver-
ing trapped particles across the microfluidic chamber, which requires
large-area nanopatterning of the substrate.

An alternate strategy for manipulation of nanomaterials has been
developed in recent years using microrobots (13). These are micro- to
nanosized motile particles driven by chemical reactions (14, 15) or
externally applied magnetic fields (16-18), which have been used (19, 20)
to capture, transport, and release the cargo in lab-on-chip applications.
Crucially, the microrobots can be driven quickly and with precise con-
trol, overcoming random Brownian fluctuations. Unfortunately, their
methods of cargo capture and release rely on chemical functionaliza-
tion (21) and/or having magnetic elements (22) in both the microrobot
and the cargo, which necessitates a high degree of specificity in their
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interaction. Alternate efforts, for example, using vortex flow (6, 23-25)
of magnetic rods, restrict the minimum size of the cargo to 1 um. Use
of optical fields for capturing and releasing the cargo would provide a
more general approach applicable to a wide variety of materials. As
we demonstrate here, this is possible by combining plasmonic tweezers
with microrobots, resulting in mobile nanotweezers (MNTs) whose
performance combines the best of both worlds: capturing, maneuver-
ing, and positioning submicrometer objects of various materials at low
illumination intensities, high speeds, and with great control.

RESULTS

The microrobots chosen here are based on ferromagnetic, helical
nanostructures (16) that can be maneuvered by a rotating, homoge-
neous magnetic field (Fig. 1A). Their motion resembles the way var-
ious microorganisms translate by rotating helical flagella (26) and offers
higher efficiency than maneuvering objects using magnetic field gra-
dients. The spherical head attached to the helical shape is not neces-
sary to achieve controlled motion but is rather related to the chosen
method of fabrication (more experimental details are in the Supplemen-
tary Materials). A small, rotating magnetic field causes the permanent
magnetic moment of the ferromagnetic MNT to rotate synchronously
with the field, resulting in a rotation and therefore translation of the
nanohelix (like a corkscrew). The direction of motion could be con-
trolled in three dimensions by varying the plane and sense of the ro-
tating field using a triaxial Helmholtz coil. The speed of the helix was
proportional to the frequency (Qg) of the rotating magnetic field and
the hydrodynamic pitch of the helix, provided that the applied mag-
netic torque was greater than the drag from the surrounding fluid. To
impart plasmonic properties, we integrated silver nanostructures with
the helices, which resulted in a strongly localized electric field upon
optical illumination. We experimented with various MNT designs
and report on two main strategies, shown as MNT-D1 and MNT-D2
(Fig. 1B). The key difference between the designs was in the way the
plasmonic material was integrated: MNT-D1 contained Ag islands
throughout the surface of the helix, whereas the number of Ag ele-
ments was significantly lower in MNT-D2. This resulted in stronger
thermoplasmonic effects with D1, which greatly influenced the trap-
ping process.
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Fig. 1. Mobile nanotweezer.
(A) Integration of plasmonic
nanoparticles with magnet-
ically actuated helical mi-
crorobots. The magnetized
helical nanostructure can
be propelled with small
(approximately a few tens
of gauss) rotating magnetic
fields, whereas the Ag islands
upon optical illumination
generate strongly localized
electricfields thatcanbeused
to trap small particles. The
shape is crucial to couple
magnetically induced ro-
tation of the helix withtrans-
lation. (B) Schematicsof
MNT-D1andMNT-D2. Both
designs contained iron as
the magnetic element in-
tegrated with the helical
structure. Whereas D1 con-
tained small plasmonic
(silver) nanoparticles dis-
tributed across its surface,
alternating layers of silver
(plasmonic) and iron (mag-
netic) were incorporated
within the structure of D2.
(C) Demonstration of trap-
ping, transporting, and re-
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leasing colloidal beads with diameters of 1 and 2 um over 22 um (from movie S1). The illumination intensity was 18 kW/cm?, and the beads were transported at 1.8 um/s.
(D) Manipulating a collection of 500-nm silica beads at an intensity of 30 kW/cm? to trace out the letter “N.” Initially, the entire aggregate of particles was trapped, trans-
ported, and released. The collection was trapped again and maneuvered in a different path. The beads were released on the way as the optical intensity was reduced en

route. Last, the MNT was driven out of the field of view.

The MNTs were fabricated in large numbers with a yield of greater
than 10® cm™ of the substrate and could be released by sonicating the
substrate in a fluid. The experimental setup has a defocused optical
beam and a triaxial Helmholtz coil built around a standard micro-
fluidic device made of glass (fig. S1). The fluidic chamber contains a
suspension of MNTs and cargo in the form of colloidal particles. An
example of plasmonic trapping of a colloidal bead, and subsequent
transport and release, is shown in Fig. 1C and movie S1. The MNTs
were driven close to the colloidal particle of interest, and this could
be done either in the presence or absence of any illumination. Above
a threshold optical power, the beads could get trapped by the MNT,
and subsequently, the MNT-bead system could be magnetically steered
to the desired location. To release the bead, we reduced the illumina-
tion intensity below the threshold value, which depended on the size of
the bead and the speed of the MNT-bead system. Our approach cir-
cumvents two major disadvantages of optical manipulation with stan-
dard plasmonic tweezers: (i) The MNT could be driven toward the
particle of interest rather than waiting for it to diffuse into the trap, and
(ii) the tasks could be carried out in standard microfluidic chambers
that do not require specialized nanopatterned features.

Although we limited these experiments to an area of around
1000 um?, in principle, we could maneuver the MNTSs, and sub-
sequently trap and release the cargo, anywhere across a microfluidic
device of 2 cm x 2 cm. The trapping efficiency of the MNT's matches
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the efficiency of state-of-the-art plasmonic tweezers, where beads
as small as 150 nm under an illumination intensity of 30 kW/cm?
were maneuvered at 0.7 um/s (movie S2).

In Fig. 1D, we demonstrate the high spatiotemporal control with
which the MNTs could manipulate colloidal particles. A collection of
500-nm silica beads was trapped, transported, and subsequently re-
leased in a different spot. The beads were then trapped again, and the
MNT was propelled to another location with a reduced optical inten-
sity, thereby releasing the trapped particles en route. Last, the MNT
was driven away from the field of view, completing a trajectory along
the letter “N” (movie S3). Previous methods of collective transport
were limited to either irreversible chemical interaction (27) or larger
cargo sizes (23).

The mechanism of optical trapping for the two MNT designs is
shown schematically in Fig. 2A. For both designs, strong, near fields
very close (<100) to the MNTs aided the trapping process. The laser
wavelength (447 nm) was close to the maximum optical absorption
of MNT-D1 (see fig. S3), which caused substantial heating of the
MNT. This gave rise to convective flow (28) and thermophoretic
forces (29) on colloids close to MNT-D1, where the thermal gradient
(VT) was high. The direction of thermophoretic force depends on
the sign of the Soret coefficient (St) of the trapped colloid (30) and
therefore could either aid or hinder the trapping process. Using
numerical simulations, we estimated the temperature rise (Fig. 2B)
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and the resultant convective flow (Fig. 2C) for MNT-D1 to be as
high as 70°C and 0.2 um/s, respectively (see fig. S13). The strong
convective flow arose from heating many closely placed plasmonic
particles on the entire half surface of MNT-D1, as opposed to heating
isolated nanostructures in traditional plasmonic tweezer experiments.
Under similar experimental conditions, we measured the convective
flow velocity to be ~0.3 to 0.4 um/s around 10 um away from the
MNT, which matches with and therefore validates the overall
numerical approach. Although the convective velocity was higher
closer to the MNT, the thermal gradient was also high close to the MNT;
therefore, the dominant force acting on the colloids was thermophoretic
in origin. Additional experiments elucidating the thermophoretic forces
close to MNT-D1 are shown in the Supplementary Materials (see fig. S5).
In comparison, the amount of plasmonic material was far less in MNT-D2,
which showed weaker thermoplasmonic effects.

In Fig. 2D, we compare the relative performance of the two de-
signs and beads of diverse sizes [MNT-D1I, silica; MNT-D2, silica and
polystyrene (PS)]. The minimum intensity (Imin) to trap a bead with
a stationary MNT reduced as the bead size was increased. Enhanced
heating and corresponding thermophoretic attraction in design D1
allowed silica beads to be trapped at slightly lower laser powers com-
pared with design D2. The magnitudes of Iy, for silica and PS beads
were almost the same for D2, which proved that any heating was neg-
ligible. In Fig. 2E, we plot the maximum frequency (2max) at which
an MNT-bead system can be rotated for a fixed illumination inten-
sity of 22 kW/cm® Experiments with MNT-D1 showed that for Qg <
Qpnax the silica beads were strongly pushed onto the rotating helix,
whereas for MNT-D2, the beads (PS and silica) rotated synchronously.
This difference was due to the strong thermophoretic force present
only with MNT-D1. The measurement of 2, allowed us to estimate the
effective trapping force to be more than 30 fN for both MNT designs at
22 kW/cm? (see fig. $14). This is much larger than the Brownian force
(31) on a suspended colloid, which, for a silica bead of radius r = 150
nm, is given by Fg = kgT/r, which is ~7 fN. Also important is the force
from the radiation pressure (32) on the colloids, which can be esti-
mated to be around 7 {N for a 1-um silica bead under 22 kW/cm?.
However, the effect of radiation pressure can be nullified by splitting

Fig. 2. Trapping mech- A
anism and differences
between the designs.
(A) Schematic of the dif-
ferent forces acting on
MNT-D1and MNT-D2 show-
ing length scales at which
the forces dominate. The
electromagnetic near field
generates trapping forces |
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the incident beam into two equal counter-propagating components
(33, 34) and subsequently illuminating the chamber from both top and
bottom.

To summarize these observations, MNT-D1 showed strong
thermoplasmonic effects, was preferable for materials with positive
St, and offered higher manipulation speeds. On the other hand,
the trapping mechanism in MNT-D2 was primarily electromagnetic
in nature with minimal thermal effects and was therefore applicable
to colloidal particles of any S, although with reduced propulsion
speeds (<1 um/s).

The dependence of trapping efficiency on optical power and rota-
tion speed provided a unique application possibility that does not exist
with plasmonic tweezers or microrobots individually but is made pos-
sible because of the confluence of the two independent manipulation
techniques. Figure 3A shows a size-based sorting scheme. Two beads
of unequal sizes are trapped on an MNT. The smaller bead could be
released by reducing the illumination intensity, and the MNT could
thereby selectively transport the larger bead (Fig. 3B and movie S4).
Alternately, by choosing an appropriate rotation frequency, the larger
bead can be released because it experiences higher drag and is there-
fore ejected at a lower speed (movie S5). This is in accordance with the
size dependence of .« shown in Fig. 2E. The smaller bead can then
be carried to a different location, as shown in Fig. 3C. The limitations
of current technologies for microfluidic sorting would allow either the
largest or the smallest species to be transported, whereas the MNTs
could be used to trap and transport the cargo of varying sizes by com-
bining manipulation techniques.

We used MNTs to maneuver a wide variety of colloidal materials
beyond standard silica and PS beads. As shown in Fig. 4A, a biolog-
ical material (submicrometer-size Staphylococcus aureus bacteria)
was trapped and transported and then subsequently released by turning
the illumination off (movie S6). The typical illumination intensities
used in our experiments were almost two orders of magnitude lower
than the optical intensity (~1800 kW/cm?) that can damage living
bacteria (35). In certain cases, by choosing materials with appropriate
surface properties, it was possible to attach the colloidal cargo perma-
nently, such as with fluorescent nanodiamonds, which are promising
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ble within a few micrometers from the MNT-D1, whereas the convective flow can exist up to 100 um away. (B) Calculated temperature and (C) convective flow velocity as
function of distance from the MNT. (D) Minimum illumination intensity to trap as a function of bead size and material (PS and silica) for the two designs. (E) Maximum angular
frequency of the MNT-bead system as a function of bead size for a fixed intensity (22 kW/cm?). Error bars represent SD.
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candidates for cutting-edge biomedical (36) and electronic (37) applica-
tions. As shown in Fig. 4B, the carboxyl-functionalized nanodiamonds
(average diameter, 120 nm; Sigma-Aldrich), which have affinity to
noble metals (38, 39), were optically trapped by the MNT and there-
after were permanently attached to the MNT surface. Once attached,
the MNT-nanodiamond system was maneuvered in three dimensions
(movie S7), and the nanodiamonds remained attached to the MNT
even when the illumination was reduced to zero. We have also per-
formed experiments with nonfunctionalized nanodiamonds (shown
in fig. S8) showing cargo release by lowering the optical intensity,
similar to the colloidal beads and bacteria described before. Our
technique permits accurate positioning of the MNT-cargo complex
at specific locations on a substrate, which can be useful in realizing
many applications envisioned with nanodiamonds (40).
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Cargo 1 released Cargo 2 released

We present (Fig. 5) two schemes to demonstrate how MNT's can
be used for nanoscale assembly and how they offer greater speed and
versatility compared with existing techniques. In the first scheme
(Fig. 5A), we compare the passive diffusion of a colloidal cargo into
a trap with the case where the cargo is actively loaded into the trap by
the MNT. Assuming the initial distance of the cargo from the trap to
be L, the improvement in loading time is vL/D, where v is the speed of
the MNT and D is the diffusion constant of the cargo. A demonstration
with an optical trap and two colloidal particles located about 50 pm
away from the trap is shown in Fig. 5B. The MNT selectively carried
one of the particles and subsequently loaded the trap, whereas the other
particle remained at approximately the same position. The total time
taken was 40 s, which demonstrates an improvement by a factor of 130
in comparison to passive diffusion. In Fig. 5C, the MNT is shown to load
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Fig. 3. Size-selective transport by varying optical intensity and speed. (A) Two ways to transport beads selected by size. By reducing the power, the smaller bead can
be released, whereas increasing the frequency would release the larger bead. (B) Selectively transporting a 2-um silica bead (1 um released) using an optical intensity of
12 kW/cm?. (C) Selectively transporting a 500-nm PS bead and releasing a 1-um bead by maneuvering the MNT at 1 Hz.
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an optical illumination of 50 kW/cm? and subsequently manipulated.
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Fig. 5. Schemes of nanoscale assembly. Scheme 1: MNTs for accurate and fast loading of cargo into existing traps. (A) Time required by MNT in bringing cargo to a trap
(dashed line) compared with passive diffusion (solid lines for different cargo sizes) from varying distances. We assume that the MNT-cargo complex is moving at 2 um/s.
(B and C) MNT loading a conventional optical trap (B) and a plasmonic trap (C). Scheme 2: (D) Schematic of optomechanically controlled positioning of the MNT.
(E) Static and dynamic nanotweezing, with pinning-unpinning of the MNT on the chamber surface controlled by radiation pressure and magnetic fields. (F) Histogram of
fluctuations for an untrapped bead (without laser illumination), along with beads trapped on MNT suspended in a fluid and on MNT pinned to a substrate.

a plasmonic trap; here, an optically printed MNT. Standard plasmonic
tweezers are speed-limited by the slow, random diffusion of the cargo.
Previous efforts to improve speeds of standard plasmonic tweezers
either required invasive optical fibers with limited range of motion
(<15 pm) (41) or the application of modulated electric fields within
a customized microfluidic chamber (12). The solution provided here
greatly speeds up the trapping process without compromising the gen-
erality of plasmonic tweezers as applied to a wide variety of mate-
rials and fluids (42).

An alternate scheme to accurately position nano-objects, demonstrat-
ing the versatility of MNTS, is shown in Fig. 5D, where an MNT can be
made static by optically pushing and therefore “printing” (43) it onto
the substrate (movie S8). This was done by adding an illumination of
250 kW/cm? from the top of the chamber, where the strong radiation
pressure pushes and binds the MNT onto the substrate. Crucially, the
MNTs could later be released from the substrate by reducing the optical
power and momentarily applying a high magnetic field (~200 G) in slow
(~1 Hz) rotating configuration. By pinning and unpinning the MNT
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using optical and magnetic fields, we could attach a plasmonic tweezer
to any spot on the chamber without requiring prior nanopatterning.
Additionally, the pinning-unpinning manipulations could be carried out
even with the cargo trapped on the MNT, as shown in Fig. 5E.

Last, we demonstrated the levels of localization achievable with the
MNTs (Fig. 5F). The histogram of position fluctuations of a 500-nm
bead trapped on a pinned and an unpinned MNT shows much higher

localization in comparison to an untrapped bead. The fluctuations of

the bead on the unpinned MNT arise because of thermal fluctuations
of the suspended helix, which in turn depend on the size of the MNT.
The bead on the pinned MNT was strongly localized, as would be ex-
pected in a standard plasmonic tweezer.

CONCLUSIONS

The class of optical nanomanipulators described here can be operated
remotely and noninvasively to trap, transport, release, and position the
cargo in fluidic environments. This was achieved by combining two
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technologies of current interest, plasmonically enhanced trapping in-
tegrated with artificial microrobots that can be externally controlled
with small magnetic fields. This technique is general enough to be
applicable to both thermophilic (silica) and thermophobic (PS) mate-
rials, despite their opposite response to thermal gradients. The MNT's
described can be mass-produced and thereafter integrated seamlessly in
standard lab-on-chip systems, such as to carry out colloidal manip-
ulation tasks, including biological materials and nanodiamonds. By using
different magnetic field configurations, it may be possible to maneuver
multiple MNTs autonomously (44) or along independent directions
(45), which may allow parallelizing the transport and sorting capabilities
demonstrated here. We envision the MNTs to be particularly useful
in applications pertaining to hybrid nanoscale assembly, because it
offers freedom and versatility that surpasses the capabilities of existing
nanomanipulation techniques.

MATERIALS AND METHODS

Fabrication and characterization of the MNTs

We used a Langmuir-Blodgett trough (Apex Instruments) to deposit
a monolayer of colloidal beads (made of PS) on a substrate, which is
depicted as a sphere in Fig. 1A. We incorporated different materials
in a layer-by-layer evaporation scheme on the individual beads using
glancing angle deposition, where the substrate was kept at an extreme
angle with respect to the source of evaporated material.

First, we describe the method followed to fabricate MNT-DI. Ini-
tially, the substrate was kept stationary, and we deposited a 5-nm layer
of Ag, followed by 60 nm of Fe and another 5 nm of Ag. This was fol-
lowed by growing a film of SiO, by rotating the substrate slowly at one
revolution per hour per micrometer of deposited silica, resulting in the
formation of a helical nanostructure. The role of Ag was twofold, serv-
ing both as an adhesion promoter between the ferromagnetic Fe and
the SiO; helix and as a plasmonic nanoantenna to couple the incident
light. To further enhance its plasmonic properties, we deposited a thin
film (5 nm) of Ag on the MNT film, followed by annealing at 300°C
for 1 min to dewet the film and form Ag nanoislands. This resulted in
many plasmonic nanoparticles around the helix, resulting in a maxi-
mum absorption wavelength of around 450 nm (see the Supplemen-
tary Materials).

To fabricate MNT-D2, we performed layer-by-layer deposition
of Ag and Fe (10 and 20 nm thick, respectively), with three layers
of Ag and two layers of Fe in between (fig. S9B). This was fol-
lowed by growing a film of SiO, where the substrate was rotated slowly
at one revolution per hour per micrometer of deposited silica,
resulting in the formation of a helical nanostructure. Our fabrica-
tion method is wafer-scale with a yield of about 10° MNT-D2 nano-
structures cm ™.,

Experimental setup and methodology

The experimental setup is shown in fig. S1. A triaxial Helmholtz
coil was built around an optical microscope to generate the rotating
magnetic field. The substrate containing the MNT's was sonicated in
deionized water, and subsequently, we prepared a fluidic suspen-
sion containing both MNTSs and the colloidal particles. The exper-
iments were carried out inside a microfluidic chamber of thickness
between 5 and 20 um made by sandwiching two glass slides, where
the MNTs typically stabilized close to the bottom wall of the chamber.
All the experiments were carried out in deionized water at 25°C. A de-
focused laser beam with a wavelength of 447 nm was used to illumi-
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nate an approximate area between 100 and 1000 um?. This resulted in
aradiation pressure (~50 fN at 20 kW/cm? for MNT-D2) that pushed
the MNT toward the chamber walls and was stabilized by electro-
static repulsion from the glass surface. Also relevant is the force due
to magnetic drive. Assuming translational diffusivity to be 0.5 um?/s
(46), the effective drag required to be overcome by the external mag-
netic drive is about 16 N for an MNT moving at 2 um/s. The available
magnetic force can be made larger by driving at higher speeds. We
previously defined the experimental methodology in Results (see also
Fig. 2).

The optical printing of MNTs on the substrate was achieved in a
slightly different setup where we illuminated the chamber from the
top. When the strong radiation pressure was larger than the electro-
static repulsion of the bottom glass substrate, the MNT was immo-
bilized, which was achieved for optical illumination intensity larger
than 200 kW/cm®. A relatively large magnetic field (~200 G) that gen-
erated enough force (~ pN) to release the MNT adhered on the sub-
strate was applied.

Control experiments

We performed experiments with silica helices (i.e., no plasmonic ma-
terial) and colloidal beads under high laser intensities where we did not
observe any trapping. In addition, we checked the role of nonresonant
illumination at 1064 nm with MNT-D1, where heat generated and
therefore thermofluidic effects are expected to be reduced or absent,
and we did not observe any trapping up to a laser illumination inten-
sity of 20 kW/cm?,

Dynamics of the MNTs

Atlow frequencies, the MNTs showed precession dynamics (movie S5).
This could be understood from the dynamics of elongated objects
under external torque at low Reynolds numbers, which have been ad-
dressed extensively in a previous study from our group (47). The pre-
cessional motion arises because of balance between the applied magnetic
torque and the viscous drag experienced by the rotating helix at a cer-
tain dynamical configuration. In addition, the MNTs show Brownian
motion that has been investigated and successfully modeled in a pre-
vious paper (46).

SUPPLEMENTARY MATERIALS
robotics.sciencemag.org/cgi/content/full/3/14/eaaq0076/DC1

Fig. S1. Schematic of the experimental setup.

Fig. S2. Radial profile of the illumination intensity.

Fig. S3. Optical transmission data for MNT-D1 peaking around the laser wavelength of 447 nm.
Fig. S4. Interparticle spacing and size distribution for MNT-D1.

Fig. S5. Role of thermal effects.

Fig. S6. Histogram of position fluctuations for an untrapped bead.

Fig. S7. Minimum intensity required for trapping 1-um beads versus time.

Fig. S8. Trap and release of nonfunctionalized nanodiamond.

Fig. S9. Geometry used in our numerical model.

Fig. S10. Electric field intensity enhancement.

Fig. S11. Geometry for simulation.

Fig. S12. Convective velocity pattern and increased temperature distribution around MNT-D2.
Fig. $13. Convective velocity pattern and increased temperature distribution around MNT-D1.
Fig. S14. Experimental estimation of trapping force.

Fig. S15. Theoretical estimation of trapping force.

Movie S1. Demonstration of trapping and transport of silica beads of diameter 1 and 2 um
over a distance of 22 um using MNT-D1.

Movie S2. Demonstration of trapping and releasing of silica beads of diameter 150 nm using MNT-D1.
Movie S3. Demonstrating superior spatio-temporal control over particle manipulation by
tracing out the letter “N” with MNT-D1.

Movie S4. Size selective transport of 2 um Silica beads using MNT-D1.
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Movie S5. Size selective transport of 500 nm PS beads using MNT-D2.

Movie S6. Demonstration of trapping and releasing of sub-micron size bacteria
(Staphylococcus aureus) using MNT-D2.

Movie S7. Demonstration of trapping and 3D-transport of 120 nm fluorescent nanodiamonds
using MNT-D2.

Movie S8. Demonstration of pinning-depinning mechanism with MNT-D1.
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