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Abstract

Controlled manipulation of nanoscale objects in fluids is relevant to both fundamental studies and technological advances in
nanotechnology. While standard techniques of nanomanipulation, such as optical and plasmonic tweezers have limitations in
simultaneous trapping and transport of nanoscale cargo, magnetically driven plasmonic nanorobots under optical illumination
provide a promising solution. These so called mobile nanotweezers (MNT) use strongly localized electromagnetic field near
plasmonic nanostructures to trap objects with high efficiency and can simultaneously be driven by magnetic fields to selectively
trap, transport and release colloidal cargo. Upon illumination, apart from strong optical gradient forces due to local electric field
enhancement, additional fluidic forces arise due to the heat generated by absorption of light. Here, we present a method to
understand and engineer thermally induced fluidic forces in mobile nanotweezers. The temperature enhancement and associated
thermofluidic forces are studied as a function of MNT geometry. We also discuss illumination at wavelengths slightly detuned
from plasmon resonance frequency, which produces sufficient field enhancement with negligible generation of heat, and there-
fore much reduced thermophoretic and convective forces. This allowed us to engineer thermoplasmonic forces in MNTs for
enhanced trapping performance and diverse applications.
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1 Introduction towards developing artificial micro/nanorobots [1] to capture,

transport and release cargo in fluidic environments [2—-5].

The ability to selectively trap and precisely manipulate arbi-
trary microscopic entities is one of the holy grails for small
scale robotics. Manipulation of nanoscale cargo in fluidic en-
vironments is especially challenging due to the randomizing
Brownian motion of colloidal particles, for which new tech-
niques for trapping and transporting nanostructures need to be
developed. In recent years several attempts have been made
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Crucially, the microbots can be driven quickly and with sig-
nificantly good control overcoming random Brownian fluctu-
ations. However, the method of cargo capture and release in
most micromotors rely on chemical functionalization [6] and/
or have magnetic elements [7] in both motor and the cargo,
necessitating a high degree of chemical specificity in their
interaction. A more general effort was made using magneti-
cally actuated rods and doublets where the vortex flow asso-
ciated with magnetic propulsion acts as fluidic tweezers to trap
as well as transport colloidal cargoes in a non-invasive manner
[2, 8-10]. However, fluidic micromanipulation becomes im-
practical as the size of the object reduces to sub-micron di-
mensions, which is also true for other conventional techniques
such as optical tweezers [11] that suffers from diffraction lim-
itation. Acoustic tweezers are also restricted by the diffraction
limit, which implies the minimum size of the trapped particle
will be comparable to or slightly less than the acoustic wave-
length. For sub-micron colloids in water-like media, this ne-
cessitates very high acoustic frequencies [12]. In addition, the
strength with which an object immersed in a fluid can be
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trapped by an external force typically reduces with its volume,
which becomes impractical as the size of the object reduces to
sub-micron dimensions. Also, thermal fluctuations due to ran-
dom collisions with the solvent molecules have strong ran-
domizing effects as objects become smaller.

In this respect, strongly confined optical fields around plas-
monic nanostructures under optical illumination can provide a
promising alternative [13, 14]. Plasmonic tweezers can trap
and manipulate objects as small as few nanometers with low
optical power [15, 16]. However, the confining trapping po-
tential is short ranged, typically within few tens of nanometers
from the plasmonic nanoantenna, the can only trap particles in
their vicinity. As a result, plasmonic manipulation is slow and
their performance is limited by diffusion of colloids.
Additionally, the plasmonic nanoantennas are fabricated on a
nanopatterned substrate which defines the locations where
colloids can be trapped. This in turn implies plasmonic twee-
zers are inefficient in transporting and arbitrary controlling the
trapped objects unlike the fluidic tweezers.

Therefore, a common issue for both microrobots and plas-
monic tweezers is the inability to trap and manuever individ-
ual nano-objects throughout the fluidic volume. This long-
standing limitation has been recently overcome by integrating
plasmonics with magnetically driven nanoswimmers [17, 18],
such as to develop a remotely steerable Mobile Nanotweezer
(MNT) [19]. The resultant mobile nanotweezers can be mag-
netically driven close to any target object suspended in a lig-
uid, which can subsequently be captured by shining appropri-
ate optical illumination. The trapped object can be manuvered
to a different location and then released by reducing the illu-
mination. This idea is shown schematically in Fig. 1a.

2 Motivation

The trapping mechanism in MNTs will always be aided by
plasmonic gradient force whose origin is purely electromagnetic
in nature. In addition, there may be contribution from heating
induced by plasmon-enhanced optical absorption [20]. To ex-
plore both plasmonic and thermoplasmonics routes for colloidal
manipulation, we have experimented with various MNT geom-
etries. Here, we describe the thermoplasmonic-MNT (T-MNT)
design, where small Ag islands are distributed throughout the
surface of the helix as shown in Fig. 1b. Due to the effect of
collective absorption from Ag nanoparticles, the T-MNTs show
strong thermofluidic effects around them, which influenced the
trapping process. We have studied the thermal [21] effects of T-
MNTs on the surrounding liquid and investigated a few possi-
bilities to control it. The paper is organised as follows. A brief
introduction to plasmonic trapping mechanism and associated
thermoplasmonics effects in MNTs are presented. Next, in the
Methods section, we describe fabrication, actuation of the T-
MNTs and present the experimental setup. Finally, in the
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Results section, we demonstrate thermoplamonic effects in the
trapping process and various ways to control it.

2.1 Plasmonic nanomanipulation

When light is shined on to an object, it causes a displacement
of the electron cloud, which results in a net dipole moment in
the system. For sizes much smaller than the wavelength of
incident light (a < \), a particle can be considered a point
dipole with a dipole moment =«E, where the induced dipolar
polarizability o determines the strength of interaction with the
incident optical field. When such a dipole or collection of
dipoles is exposed to an external electromagnetic field, it ex-
periences a force given by,

F=(p-V)E+p xB

The first term originates from the inhomogeneous electric
field and the second term is due to well-known Lorentz force.
There is another contribution to the net force due to inhomo-
geneous magnetic field, which is negligibly small compared to
the other two terms. For a given monochromatic electromag-
netic wave with angular frequency w and corresponding fields
E(r,H)= E(r)e ™" and B(r, 1) = B(r)e ™' the average mechani-
cal force on the dipole is found to be

(F) = S-V(JE@)P ) +wa' (E(r) x B(r))

where o and o are real and imaginary part of complex polar-
izability, respectively. The first term is called optical gradient
force, which originates from field inhomogeneities and is pro-
portional to the electric field intensity gradient. For a particle
with a refractive index higher than the surrounding medium,
the optical gradient force acts as an attraction which brings
particles to the region of highest optical intensity. The second
term corresponds to the scattering force, which is related to the
imaginary part of the polarizability, is proportional to the local
intensity and repulsive in nature.

2.2 Optothermal effects

In addition to the optical gradient force arising due to confined
electromagnetic fields, there are also thermal-induced forces
[22] present in the system which can play a crucial role in the
trapping mechanism [23]. In any plasmonic system, resonant
optical excitation induces both electromagnetic field enhance-
ment and heat due to optical absorption [24, 25]. The gener-
ated heat increases the temperature of the plasmonic structure
which initiates thermophoretic [26] and convective flow [27]
in the surrounding fluid as described in Fig. 2.

Natural convection is a mechanism in which fluid flow is
generated by local density changes in the fluid when subjected
to heating. Due to the temperature increase that takes place
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Fig. 1 Thermoplasmonic mobile nanotweezer. a Schematic of
manipulation with a thermoplasmonic MNT (T-MNT). Trapping and
releasing of the cargo can be controlled by turning the illumination on
and off, while the MNT is maneuvered by external magnetic fields. b
Schematic of T-MNT design, showing plasmonic (Ag) and magnetic (Fe)

within the fluid around a metallic nanostructure, the fluid den-
sity reduces resulting in upward motion due to buoyancy. The
surrounding relatively cooler fluid then moves in, which is
subseuqnelty heated and moves upwards. This forms a con-
vection current that can drive tracer particles suspended in a
fluid towards the heated region [27]. Note convective flow can
be strongly affected by geometry, especially height of the
microfluidic device.

On the otherhand, thermophoresis is a phenomenon where
particle motion in a fluid is induced by thermal gradients [22].
When a colloidal suspension is placed in a temperature gradi-
ent, the dispersed particles exhibits a steady drift velocity
vr= —D7VT, where Dy is thermophoretic mobility. In dilute

T-MNT

particles. The helix is made of a dielectric (silica), and the head corre-
sponds to a polystyrene bead on which the helix is grown using glancing
angle deposition (GLAD). ¢ SEM image of a T-MNT having plasmonic
Ag particles all around its body.

suspensions, the mass flow J can be written as J= =DV ¢ —
STV T, where c is the particle concentration, D is Brownian
diffusion coefficient and S; = % is called the Soret coeffi-
cient. Depending on the sign of S7; the particles move either at
the cold or the hot side. Like any other “phoretic” effects
thermophoresis is fundamentally based on the inhomogeneity
brought in by the temperature gradient in the thin layer that
physically constitutes the interface between particle and sol-
vent [26]. The interfacial tension gradients parallel to V7 lead
to anisotropic pressure distribution very close to the particle
surface, so that the particle “pulls itself” in the direction of
decreasing interfacial free energy. Various system parameters
such as of the size of the colloid, solvent temperature, ionic
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Fig. 2 Schematic illustration of thermal effects associated with plasmonic manipulation with typical length scales (in m) shown below

concentration, surface chemistry etc., can affect the
thermophoretic mobility and therefore the direction and mag-
nitude of thermophoretic motion [28, 29].

Typically, these thermal forces have longer spatial ranges un-
like plasmonic trapping force, which only extend upto a small
fraction of the wavelength from the plasmonic particle. The
thermophoretic forces exist along a strong temperature gradient
(VT(2)) present within a few micrometres from the heated object,
whereas convection can be present at even longer distances. The
nature of thermophoretic forces F7;(z) = — kzl(2)S7V T(z) de-
pends on the sign of the Soret coefficient (S7) of the trapped
object and therefore could either aid or hinder the trapping pro-
cess. For example, a material with negative Soret coefficient
such as silica experiences attractive force to the hot region,
whereas a material with positive Soret coefficient such as poly-
styrene (PS) will get repelled. By carefully tailoring properties of
the experimental system, it is possible to tune the sign of the
Soret coefficient which enables trapping of various types of col-
loids as reported by Lin ef al [30]. Depending on the details of
the convective and thermophoretic forces, the opto-
thermophoretic tweezers can trap nanoscale particles with less
optical power than traditional plasmonic tweezers [31]. These
findings have motivated us to investigate the various possibilities
to tune the thermal effects and control the trapping behaviour in
thermoplasmonic mobile nanotweezers (T-MNT).

3 Materials and methods

3.1 Fabrication of T-MNT

In this section, we will be discussing the wafer-scale fabrica-
tion of the magnetic nanoswimmers and the attachment of
plasmonic nanostructures to it.

@ Springer

The fabrication of nanoswimmers starts with the formation
of'a seed layer on top of a flat substrate. We used a Langmuir-
Blodgett Trough (Apex Instruments, Kolkata) to deposit a
monolayer of colloidal beads (made of Polystyrene) on a sub-
strate, which is depicted as a sphere in the schematic of Fig. 3.
The resultant colloidal monolayer was fairly defect-free and
was deposited throughout the entire Si wafer and could be
directly used as the seed layer for GLAD. However, in order
to avoid the chance of formation of connected networks [32]
during the growth of microstructures, beads were often etched
by air plasma ashing (Harrick Plasma cleaner) method.

The monolayer of PS beads acts as the template for the
fabrication of the helical structures using GLAD [33], where
the substrate was kept at an extreme angle (85°) with respect
to the source of evaporated material. i.e. silica. During evap-
oration, the substrate was rotated slowly at one revolution per
hour per um of deposited silica, resulting in the formation of a
helical nanostructure. Our fabrication method is highly scal-
able with yield of about 10 [8] helical nanostructures per cm®
of substrate The MNT fabrication steps are summarized in
Fig. 3.

For magnetic actuation, the nanohelices are supposed to
have permanent magnetic moments, for which we must
integrate a ferromagnetic material (here Fe) to these mi-
crostructures. We have the flexibility to add the magnetic
material at any desired spot of the helical nanostructure
during its fabrication. To incorporate magnetic properties,
prior to silica deposition, the seeded substrate was kept
stationary and we deposited 5 nm of Ag, followed by
60 nm of Fe and another 5 nm of Ag. Here, Ag primarily
served as an adhesion promoter between the ferromagnetic
and the dielectric part.

In order to impart plasmonic properties, the silica heli-
ces grown on polystyrene beads were first taken out from
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Fig. 3 Fabrication steps of T-MNT

wafer into water by sonication and the solution was then
put onto a piranha cleaned Si wafer, so that the
nanohelices were laid down. This is achieved by sonicat-
ing the standing helices in water and then spreading the
solution on the Si wafer. On drying up the solution, the
helices remain laid down on the wafer with random orien-
tations. We then deposited a thin film (4 nm) of Ag on the
MNT film followed by annealing at 300 °C for 1 min, such
as to de-wet the film to form Ag nano-islands. This result-
ed in a large number of plasmonic nanoparticles all around
the MNT, resulting in maximum absorption around wave-
length 450 nm.

3.2 Experimental methodology

The experiments with the MNTs were mostly carried out
by dispersing them in a homemade microfluidic cell. The
substrate containing the MNTs was sonicated in deion-
ized water for few seconds, such that the MNTs were
detached from the wafer and got dispersed in fluid.
Subsequently we prepared a fluidic suspension contain-
ing both MNTs and the colloidal particles (that were to
be manipulated). A specific volume of the solution was
then put in between two glass coverslips, depending on
the desired thickness of the microfluidic cell. The MNTs
typically stabilized close to the bottom wall of the cham-
ber. All the experiments were carried out in deionized
water at 25 °C. A defocused laser beam of variable pow-
er in mW range, was used to illuminate an approximate
area between 100 and 1000 pm?. The experimental setup
is shown in Fig. 4.

Laid down

Substrate rotation

3.3 Actuation of T-MNT

The actuation principle of nanopropellers was based on the in-
herent coupling of translational and rotational degrees of free-
dom in helical geometries. The rotating magnetic field B ap-
plied a magnetic torque 7 = M x B to the helix having a
permanent magnetic moment M. The applied B field caused
the permanent magnetic moment of the ferromagnetic MNT to
rotate synchronously with the field, resulting in rotation and
therefore translation (like a corkscrew) of the nanohelix along
the direction governed by the sense of rotation of the applied
field and handedness of the helix [34]. The direction of motion
could be controlled in three dimensions by varying the plane and
sense of the rotating field using a triaxial Helmholtz coil. The
speed of the helix was proportional to the frequency ({23) of the
rotating magnetic field and the hydrodynamic pitch of the helix,
provided the applied magnetic torque was higher than the drag
from the surrounding fluid [35]. The magnetic setup consisted of
three pairs of magnetic coils connected to three current ampli-
fiers. These amplifiers generated sinusoidally varying currents
(frequency §2) which in turn were controlled by a voltage from
a DAQ device. Considering X-Y plane to be the imaging plane
of the MNT-bead system, the currents feeding into the X- and Y-
coils were in-phase sinusoids generating magnetic fields B, = B,

cos({25t) cos(cx) and By, = By, cos({25t) sin(cv). The current applied
to the Z-coil pair was phase-shifted by7/2, generating a field of
B, =By sin({25t) . This resulted in a net field of By, which rotated
in a plane perpendicular to the X-Y plane. The angle « was an
experimental parameter that could be used to control the direc-
tion of the plane of the rotating field and therefore, the direction
of the MNT in the X-Y plane.
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Fig. 4 Experimental setup. Light
from a 447 nm diode laser going
through mirrors (M1 and M2),
beam expander (BE), a beam
splitter (BS), bandpass filter (BF)
and lens (L) was transmitted
through microscope objective il-
luminating a microfluidic cham-
ber containing the MNTs and
colloidal beads. It was also possi-
ble to couple the laser illumina-
tion from above, which is not
shown here. The MNTs and the
beads were imaged in a CMOS
camera with bright field illumi-
nation from a Tungsten-Halogen
lamp (marked in yellow). The tri-
axial Helmholtz coil was built
around the microfluidic chamber
and was used to generate the
magnetic fields.

Laser, 447 nm

4 Results
4.1 Temperature evolution in MNT system

To theoretically estimate the increased temperature at the sur-
face of the MNTSs, we find the absorbed thermal power density
inside the metallic nanostructures, which can be written as,

Or) = 3 Rel.°(r) - E(r)]

where J(r) is complex amplitude of electronic current density
inside Ag nanostructure, written as J(r) =iwP and
P(r)=e(w)E(r). In principle, an estimation of electric field
E(r) can be obtained by solving the time-independent
Helmbholtz equation.

V x (V x E)—kje(w)E = 0

An exact calculation is computationally impractical consid-
ering the exact number of plasmonic particles and their ar-
rangement around the helix vary across different MNTs.
Instead, we could measure the average particle size and edge
to edge distance among the particles which were found out to
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be 30 nm and 5 nm respectively. The effective temperature
increases due to collective heating of all nanoparticles can be
estimated considering a periodic rectangular plasmonic array
of finite size (length a, width b, periodicity p = 35 nm) using
[36]

AT — P @/2 /2 dxdy
= a2
Ak / /sz—i—yz

where p, = ";%‘I is heat source density, & is the average ther-

mal conductivity of water (0.6 Wm 'K ) and glass (1.3
Wm 'K™"), and [ is incident light intensity. The temperature
distribution in MNT and its outside is governed by

V- [kVT(r)] + pC, “;—f =0 (r)

where k is thermal conductivity (W m™' K™"), p is mass den-
sity (kg m ) and C, is thermal heat capacity (J kg 'K™).
The resulting temperature can be assumed to be uniform
over the metallic region due to large contrast of thermal dif-
fusivity D in metal (D~10"* m%/s) and surrounding water me-

dium (D~10"" m?/s). As (ﬁ )sﬂver >> (ﬁ )Waten absorbed
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heat diffuses faster inside metallic particle than surrounding
dielectric environment and accumulates at the boundary be-
fore it diffuses into water. So, it can be assumed that the MNT-
water interface maintains a uniform temperature under con-
stant illumination. The timescale above which the uniform
temperature approximation (UTA) is valid is given by.

where R is typical experimental length scale and D is ther-
mal diffusivity (m [2]s"). As a consequence, for CW illumi-
nation we can consider steady-state heat equation to find out

temperature distribution in water.
V- [KVT(r)] = 0 (1)

The simulated results are of similar magnitude as previous
theoretical and experimental measurements, as reported by
other groups in similar nanoplasmonic systems [36].

4.2 Thermoplasmonic trapping of silica

In our simulation, we consider three different-sized MNTs and
estimated their surface temperature at a fixed intensity of
30 kW/ecm?. As shown in Fig. Sa, the estimated rise in tem-
perature increases linearly with the size of MNT which is
essentially due to increase in number of hotspots. The pro-
nounced heating subsequently results in thermophoretic ef-
fects gettings enhanced as temperature rises. In the same
Fig. 5a, we have plotted thermophoretic interaction radius
for three different sizes of MNT, defined as the maximum
distance where the thermal gradient is strong enough to attract
particles (here, 500 nm silica particle). The thermophoretic
effect strongly decreases as the distance between MNT and
particle increases. Hence upto a certain distance,
thermophoretic force on silica particles can overcome
Brownian diffusion, such as to drive the particles close to

a 140 : : : 8
120 - =
1 L6 5
o 3
X =
= o
- 100- ®
4 5
©
o
80 Q
=
L2
60 : ; .
1 3 5

MNT length (um)

the heated MNT surface. Similar observations can be made
from Fig. 5b, where the temperature gradient increases in spa-
tial extent as well as in magnitude with respect to MNT size.
Here, we have marked (with black arrow) the interaction ra-
dius value in the graph for respective MNTs. Interestingly, all
of them remains nearly close to a temperature gradient of
around —0.4 x 10" K/m. This value indicates the minimum
temperature gradient required to pull 500 nm silica particle
with thermophoretic attraction, which is independent of
MNT size. The magnitude of the temperature gradient can in
principle be related to the Soret coefficient of the 500 nm silica
beads, which is unfortunately not available. Experimentally,
thermophoretic trapping of a collection of 500 nm silica par-
ticles, which is thermophilic i.e. negative Soret coefficient. by
a 5 um long MNT is showed in Fig. 6a (also see movie M1),
where the colloids can be brought from a distance of around ~
7 um, by turning the light on and then released by turning the
light off. This analysis suggests that it is possible to control the
spatial range of thermophoretic attraction by choosing the
right combination of geometrical parameters and incident op-
tical power.

To further validate this argument, we have experimentally
measured the variation of total trapping force combining plas-
monic and thermophoretic contributions for 2 pm silica beads
using escape velocity measurement technique [14, 37]. We
made a microfluidic chamber with an inlet and outlet on a
glass slide where the T-MNTs could be held static by laying
them down on the surface. A colloidal suspension of silica
beads was then injected into the chamber using a syringe
pump whose flow rate could be controlled externally. The
2 um silica beads settled down close to the bottom surface
of'the microfluidic chamber. Once a particle got trapped on the
T-MNT surface, the flow velocity was slowly increased until
the trapped particles got ejected out of the trap. The laser
illumination was kept constant for each measurement. The

b
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Fig. 5 Temperature evolution in MNTs. a Calculated temperature rise and interaction radius (defined later) as a function of MNT length. b Calculated
temperature gradient plotted as a function of distance from MNT surface for three sizes of MNT. The arrows correspond to positions 2.4, 4.4 and 6.7.
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Fig.6 a Thermophoretic trapping of a collection of 500 nm silica particle with 5 um MNT at 30 kW/cm? light intensity. The untrapped silica beads can
be seen as black dots in the frames where the illumination is turned off. b Escape velocity of 2 um silica beads as a function of laser intensity

flow velocity was measured by tracking the motion of a tracer
particle which is visible in the same plane as the stuck T-MNT
in MATLAB.

At the escape velocity, the effective trapping force is con-
sidered to be equal to the viscous drag force described by the
modified Stokes law, F;,;= K - 6mnav,,. where 7 is liquid vis-
cosity, a is the bead radius, v, is the escape speed of the
trapped bead and K is dimensionless correction coefficient,
which can depend on the details of the fluid flow profile.
The linear scaling of escape velocity with the incident laser
power as shown in Fig. 6b indicates a similar trend in increase
of total trapping force. This confirms the evolution of en-
hanced positive thermophoretic effect with increase in T-
MNT temperature that aids trapping and as a result increases
the speed of operation. This is contrary to what we have seen
for polystyrene particles which are thermophobic in nature
and therefore could not be trapped by T-MNT at higher optical
power levels [19].

Note, the colloids are trapped at the surface of a nanohelix,
which is suspended in a fluid and therefore subject to
Brownian motion. As a result, there are two modes of position
fluctuations: fluctuation of the nanohelix and fluctuation of
the nanoparticles trapped on the nanohelix. The mean squared
displacement of the nanohelix was measured in a previous
experiment from our group and the values of translational
diffusion coefficients for a similar geometry was found out
to be ~ 0.5 um?s ' which is greater than the nanoparticles
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under confinement [38]. We have also observed higher posi-
tion fluctuation of MNT-bead system in free-space than when
it was pinned to a substrate [19]. So, the positioning error
ultimately depends only on the fluctuation of the nanohelix
itself as observed in previous literature as well [39].

4.3 Non-resonant trapping of polystyrene

In this section, we consider the feasibility of trapping a
‘thermophobic’ (positive Soret coefficient) particle, here PS
bead, using the thermoplasmonic MNT, where the key design
idea is to reduce the thermal gradient while ensuring the opti-
cal gradient forces are high enough to trap the particles. We
measured the wavelength dependence of the absorption cross
section of the thermoplasmonic MNTs, as shown in Fig. 7a.
From the graph, it can be seen that maximum optical absorp-
tion happens around 450 nm and reduces significantly beyond
500 nm wavelength. Accordingly, we choose appropriate laser
wavelength (here 532 nm) for trapping PS particles where the
generated heat is negligible. At this illumination, there is a
slight reduction in optical near-field for 532 nm illumination
(see Fig. 7b) in comparison to the resonant wavelength of
450 nm.

However, it is still possible to trap PS particles using an oft-
resonant illumination with reduced heating as shown in a se-
quence of images in Fig. 8 (also see movie M2). In this case,
trapping happens only with electromagnetic gradient forces.

A=532nm

Fig. 7 a Optical absorption data for thermoplasmonic MNT peaking around 445 nm wavelength. A laser of wavelength 532 nm is used for off-resonant
excitation. b Electric field intensity enhancement for 30 nm Ag particles with 450 nm and 532 nm illumination
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Fig. 8 Trapping ofa 1 um PS bead using a non-resonant illumination of
532 nm wavelength. When the PS bead came close to the T-MNT surface,
the laser was switched on which trapped the particle, subsequently the T-

Similar observations have been reported previously with
0.1 um fluorescent PS beads assembling above Au
nanopyramids, where stable trapping could be achieved only
in a certain window of illumination intensity [40]. Note, the
optical absorption was negligibly small at off-resonant illumi-
nation (see Fig. 7a), which is why we could not observe any
convective flow in these experiments.

5 Conclusion

To summarize, we investigate the temperature rise and asso-
ciated thermoplasmonic forces near a mobile nanotweezers
under optical illumination, combining numerical simulations
and experimental investigations. We conclude that it is possi-
ble to control the temperature profile and therefore the thermal
gradient for a certain illumination power. Accordingly, it is
possible to modify thermophoretic forces while keeping the
plasmonic gradient forces unchanged. This additional thermal
induced force can be useful for trapping materials with nega-
tive Soret coefficient. In a similar context, for trapping mate-
rials with positive Soret coefficient that do not prefer hot sur-
faces, it is necessary to suppress the thermal effects which
have been achieved here using a non-resonant illumination.
These techniques to controllably tune plasmon induced
heating for thermoplasmonic MNTs can aid in designing and
developing efficient mobile nanotweezer applications [39,
41]. Although the experiments described here were carried
out in deionized water, the nanotweezers are driven by mag-
netic and optical forces and therefore can be operated in other
fluids as well, including various biofluids [42—44]. The dem-
onstrated technology will be useful for on-demand
thermophoretic sorting and collective transport. This may also

Release

MNT was rotated by applying the magnetic field. The trapped bead ro-
tated synchronously with the helix and was released by turning off the
laser

open the path for plasmofludic applications such as mixing,
sorting, sensing etc. using mobile nanotweezers [45, 46]. The
thermoplasmonics MNT may also be employed as mobile
nanosources of heat [21] that may be useful for various lab-
on-a-chip applications including dynamically controlled bub-
ble generation, photothermal therapy, nanochemistry, molec-
ular transport and many more. In addition, one can envision
MNTs to be driven in biological environments such as the
intracellular space [43, 47] or cellular surfaces [32, 42], where
controlled local sources of heat can trigger biochemical or
mechanical (e.g. viscosity [48]) changes on demand.
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