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Opto-Thermophoretic Tweezers
and Assembly
Opto-thermophoretic manipulation is an emerging field, which exploits the thermopho-
retic migration of particles and colloidal species under a light-controlled temperature
gradient field. The entropically favorable photon–phonon conversion and widely applica-
ble heat-directed migration make it promising for low-power manipulation of variable
particles in different fluidic environments. By exploiting an optothermal substrate, versa-
tile opto-thermophoretic manipulation of colloidal particles and biological objects can
be achieved via optical heating. In this paper, we summarize the working principles, con-
cepts, and applications of the recently developed opto-thermophoretic techniques. Opto-
thermophoretic trapping, tweezing, assembly, and printing of colloidal particles and bio-
logical objects are discussed thoroughly. With their low-power operation, simple optics,
and diverse functionalities, opto-thermophoretic manipulation techniques will offer great
opportunities in materials science, nanomanufacturing, life sciences, colloidal science,
and nanomedicine. [DOI: 10.1115/1.4041615]

1 Introduction

Optical tweezers, which use optical gradient forces to directly
trap colloidal particles at the focused laser beam center, were first
proposed by Ashkin in 1970 [1]. Since then, optical tweezers have
been extensively applied for trapping and manipulating dielectric
particles, plasmonic particles, cells, viruses, and bacteria [2–5].
The development of optical manipulation technology provides an
ideal platform to investigate and advance nanotechnological appli-
cations in various fields, such as colloidal bonding and interac-
tions, drug deliveries, cells and biomolecules, functional
nanodevices, and nanomedicines [6–10]. Despite this far-reaching
progress, accurate manipulation of nanometer-sized particles is
difficult due to the diffraction limit [2,11]. Additionally, the use of
high optical power (102–103 mW) could damage nanoparticles
and biological cells [12,13].

To overcome these limitations, various strategies were pro-
posed. Plasmonic tweezers exploit the localized surface plasmon
resonances of metallic nanostructures for near-field trapping
[14–17]. The plasmon-enhanced optical forces significantly
reduce the required operational power of plasmonic tweezers
[18,19]. Additionally, the localized plasmonic hot spots favor the
trapping of nanoparticles and molecules beyond the diffraction
limits [20]. However, the localized and near-field nature of plas-
monic tweezers limits its capability to dynamically manipulate a
given sample [21]. An alternative approach to trapping is to har-
ness indirect optomechanical coupling under a light-controlled
electric field or temperature field. For instance, optoelectronic
tweezers use light to create virtual electrodes and utilize dielectro-
phoretic forces to manipulate particles under a nonuniform
electric field [22,23]. Integrated with a floating electrode, photo-
transistors, and microfluidics, optoelectronic tweezers have
advanced many applications in dynamic cell and particle
manipulation [24–26].

Opto-thermophoretic manipulation creates a temperature gradi-
ent field through optical heating, exploiting the thermophoretic

migration of particles under a temperature field [27,28]. The
entropically favorable photon–phonon conversion enables the
generation of a strong temperature gradient with low-power opti-
cal heating [29]. Furthermore, the universally applicable thermo-
phoretic motion allows for the manipulation of various particles in
diverse colloidal systems. This review summarizes recent progress
in opto-thermophoretic tweezers and assembly as well as their
applications. We first discuss the underlying mechanisms involved
in opto-thermophoretic manipulation. Then, we introduce opto-
thermophoretic trapping of nano-objects in localized temperature
gradients based on thermophoretic migration. Next, we compare
the different mechanisms of two opto-thermophoretic tweezers.
Entropy-driven thermophoretic tweezers utilize entropy-driven
forces created by a permittivity gradient at the particle-solvent
interface, and opto-thermoelectric nanotweezers (OTENT)
harness the thermophoresis-induced thermoelectric field to
manipulate small nanoparticles. Finally, we review the opto-
thermophoretic assembly and construction of diverse colloidal
matter structures based on opto-thermoelectric tweezers and
depletion attraction.

2 Working Mechanisms

Managing particle movements under a laser-generated tempera-
ture field is crucial to opto-thermophoretic manipulation. A pleth-
ora of experiments have shown the directed thermophoretic
migration of particles toward the cold or the hot regions [30–34].
However, thermal gradient induced particle motion is quite com-
plicated, requiring thorough consideration of multiple mecha-
nisms and numerous factors such as interfacial properties,
temperature, salinity, particle–particle interaction, and solvent
compositions [31,35–39]. In this section, we introduce and briefly
discuss the main mechanisms involved in opto-thermophoretic
tweezers and assembly, including thermophoresis, depletion, and
thermoelectricity.

2.1 Thermophoresis

2.1.1 Basic Description. Thermophoresis, also termed the
Soret effect, thermodiffusion, or thermal diffusion, acts as a gen-
eralized force on particles and drives them to cold or hot regions
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under a thermal gradient [40]. The drift velocity of particles is
given by

u ¼ �DTrT (1)

where DT is the thermophoretic mobility and rT is the tempera-
ture gradient. In dilute suspensions, the mass flow J can be defined
as J¼�Drc� cDTrT, where c is the particle concentration and
D is the Brownian diffusion coefficient. A steady-state concentra-
tion gradient profile is given by Parola and Piazza [30]

rc ¼ �cSTrT (2)

here, ST¼DT/D is called the Soret coefficient. Since D varies sig-
nificantly for different components, ST is regarded as a more gen-
eral description for thermophoresis. ST> 0 occurs for
“thermophobic” particles that move to lower temperatures, while
ST< 0 when the particles move to higher temperatures, corre-
sponding to thermophilic behavior (Fig. 1(a)).

2.1.2 Experimental Methods. The development of reliable
and sensitive optical probing techniques has enabled the extensive
experimental studies of particle thermophoresis. One simple but
powerful method is called “beam deflection” [41]. When the
refractivity of a particle does not exactly match that of a solvent, a
refractive index gradient rn is created associated with particle
concentration gradient rc. A laser beam propagating along the
optically inhomogeneous medium with a temperature gradient
undergoes two angular deflections. First, the propagated beam
experiences a rapid change (Dh)th, due to the temperature-induced
solvent refractivity change, which is then followed by a much
slower deflection change Dhs(t), due to the buildup of particle con-
centration gradient caused by thermophoresis. By analyzing angu-
lar deflections and comparing with optical effects on the pure
solvent, one can easily obtain the Soret coefficient ST.

Thermal lensing exploits the self-effect on beam propagation
when a focused laser beam increases the temperature of an
absorbing medium, generating a locally inhomogeneous
refractive-index profile [42–44]. This radial refractivity gradient
acts as a negative lens, which increases the divergence of the laser
beam. Meanwhile, the laser-induced temperature gradient drives
thermophoretic motion, building up a particle concentration gradi-
ent within the heated region, which acts as an additional lenslike
element. Similar to beam deflection, “thermal” and thermopho-
retic lensing effects take place on separated timescales, which can
be differentiated and further analyzed to evaluate the Soret coeffi-
cient. Thermal lensing yields a comparable accuracy to the beam
deflection method and is more appropriate for suspensions with
high viscosity or larger particle size.

Another all-optical technique uses fluorescent-dyed particles,
which allows the laser-induced particle concentration profile to be
monitored through the detection of spatial and time dependences
of their fluorescent intensities [45]. The key advantage of this flu-
orescence detection method is that it allows the thermophoretic
motion of single colloidal particle to be visualized as long as indi-
vidual particle emission is resolved. Recently, total internal reflec-
tion microscopy based on single particle evanescent light
scattering has also been used to study thermophoresis and directly
measure thermophoretic forces [46].

2.1.3 Surface Chemistry Dependency. Thermophoresis is a
nonequilibrium effect induced by a thermal gradient and depends
on interfacial, particle, and solvent properties. In the last two dec-
ades, numerous efforts have been made to investigate thermopho-
resis of particles and to develop theoretical models of the Soret
coefficient. Morozov studied thermal diffusion in disperse systems
and reported that the sign of Soret coefficient depends on electro-
static surface potential and Debye length [35]. This dependence
was further studied by Piazza and Guarino who found that the
Soret coefficient is strongly related to the solution ionic strength
and the Debye length in sodium dodecyl sulfate (SDS) micellar
solution [47]. This strict relation between thermophoresis and the
particle–solvent interactions has been further supported in meas-
urements of a mixture of SDS and dodecylmaltoside [48]. Dhont
developed a microscopic approach to describe the thermodiffusion
of interacting colloids, where sign changes of the Soret coefficient
can be expected on variation of concentration and temperature
[49,50]. Parola and Piazza proposed to solve the time-dependent
density profile of noninteracting spherical colloids under a force
density f using the Smoluchowski equation [30]. The net force f
due to the presence of a thermal gradient can then be calculated
based on hydrodynamic equations and momentum conservation.

2.1.4 Size Dependency. Duhr and Braun showed that thermo-
phoresis can be described with a local thermodynamic equilibrium
at moderate temperature gradients [51]. By equating the local
Boltzmann law dc/c¼�dG/kT with Eq. (2), the Soret coefficient
ST is connected with Gibbs free energy G. By applying the ther-
modynamic relation, the Soret coefficient can be expressed with
the entropy of the particle–solvent system S according to
ST¼�S/kT at a constant pressure [33]. The entropy S scales line-
arly with particle surface area; thus, the Soret coefficient ST

increases linearly over particle surface, that is ST / a2 (a is the
particle radius). Since D / a�1, thermophoretic mobility DT

scales with particle radius as DT / a. However, this result was
questioned by a number of other reported results [37,38,52],
where thermophoretic mobility had no correlation with particle
size. Piazza and coworkers performed experiments on colloidal
particles with standardized particle–solvent interface and
observed a similar DT for all particle sizes [52]. Similarly, the
thermophoretic mobility of high polymers is independent of the
molecular weight [53].

2.1.5 Temperature Dependency. Temperature also plays an
important role on the Soret coefficient. A sign reversal of ST has
been reported by decreasing temperature, leading to a change
from “thermophobic” to “thermophilic” behavior [33,37,41]. The
temperature dependence of ST(T) is generally well described by
an empirical fitting function proposed by Iacopini and Piazza [41]

ST Tð Þ ¼ S1T 1� exp
T� � T

T0

� �� �
(3)

where S1T represents the high-temperature limit, T* is the critical
temperature where ST changes sign, and T0 represents the strength
of the temperature effects.

2.1.6 Discussion. Rigorous experimental tests have been per-
formed to study thermophoresis of various suspension systems,

Fig. 1 Schematic illustration for (a) thermophoresis, (b) depletion, and (c) thermoelectricity

040801-2 / Vol. 6, DECEMBER 2018 Transactions of the ASME



including latex particles [52], polymers [53], surfactant aggregates
[47], and biological molecules [41,45]. Several successful
approaches have been developed to understand the Soret effect of
particles, such as temperature and size dependencies [41,52]. Due
to the large variations for each system, theoretical models have
been mostly developed from specific colloidal systems, and gen-
eral models of particle thermophoresis in liquids are still lacking.
One essential difficulty is to find a universal method to describe
the particle–solvent interfacial properties. Additionally, no real
external field is present for thermophoresis, which makes it chal-
lenging to calculate the force exerted on the particles.

Fundamental investigation of thermophoresis has facilitated the
practical applications in many fields. Soret migration offers a non-
invasive way to manipulate molecules with a thermal gradient.
Braun et al. achieved trapping of DNA through thermophoresis
and convection with more than 1000-fold enhanced concentra-
tions [54]. Weinert et al. reported an optical conveyor belt using a
bidirectional flow and a thermophoretic drift to transport and trap
small molecules at a single spot [55]. Recently, Zhang et al.
achieved the size-dependent molecular translocation based on
size-dependent thermophoresis of DNA molecules [56]. Besides
molecule manipulation, thermophoresis has further been used as a
powerful tool to quantify biomolecular interactions, known as
MicroScale Thermophoresis [57]. MicroScale Thermophoresis
has emerged as a revolutionary technique to monitor the directed
movement of fluorescent molecules under microscopic tempera-
ture gradients to analyze a variety of biomolecular interactions,
ranging from oligonucleotide interactions, protein–DNA interac-
tions, and protein–protein interactions [58].

2.2 Depletion Forces. Depletion forces arise from the ther-
mophoretic migration in hybrid colloidal systems. In a
colloid–polymer mixture, in which the particle size is larger than
the polymer gyration radius R, the polymers migrate more quickly
than particles traveling from the hot to the cold region, forming a
concentration gradient, rc. Subsequently, the entropic repulsion
pushes the particle to lower polymer concentration, i.e., the hot
region (Fig. 1(b)), with a velocity opposite to rc [59]

u ¼ � kBTR2

3g
rc (4)

where kB is the Boltzmann constant and g is the solvent viscosity.
From Eq. (4), both the concentration and size of the polymer will
strongly affect the strength of depletion force. Jiang et al.
achieved the trapping of the colloids (beads and DNA molecules)
in polyethylene glycol solution by harnessing depletion forces,
and the trapped colloid density increased with the polymer
concentration [59].

Depletion forces have been widely used to transport, trap, and
assemble colloidal particles [60–62]. In addition to polymer mole-
cules, other components such as nanoparticles, micelles, and
vesicles can also act as the depletants to control the migration of
colloidal particles [63]. For instance, Deng et al. demonstrated the
assembly of microspheres (silica or polystyrene beads) into three-
dimensional crystals by depletion force produced by magnetic
Fe3O4 nanoparticles [64]. The Fe3O4 nanoparticles were quickly
drawn away from the laser spot through both thermophoresis and
optical force, generating a nonequilibrium depletion force, which
drove the microspheres to the laser spot to form a hexagonal lat-
tice with negligible defects. The tight binding of microspheres
makes thermophoretic depletion a low-cost and fast fabrication
technique for high-quality three-dimensional (3D) colloidal pho-
tonic crystals.

2.3 Thermoelectricity. Under a temperature gradient, the
spatial redistribution of the cations and the anions ions in an elec-
trolyte solution generates a thermoelectric field [65]. Depending
on their ionic radius and solvation energy, positive and negative

ions migrate at different rates and directions under thermophore-
sis, causing accumulations at different regions. This spatial sepa-
ration results in a thermoelectric field in a steady-state, and
charged colloidal particles drift to either the hot or the cold
regions, depending on the sign of its charge (Fig. 1(c)).

The presence of a thermoelectric field has strong effects on the
thermophoretic motion of colloidal particles. By measuring the
effective thermodiffusion coefficient DT (or Soret coefficient ST) in
electrolyte solutions, thermoelectric effects of different electrolyte
systems have been extensively investigated. Putnam and Cahill
measured the thermodiffusion coefficient DT of charged polystyrene
spheres in high-concentration salt solution, where DT for charged
latex spheres could be controlled from �0.9� 10�7 cm2 s�1 K�1 to
�1.5� 10�7 cm2 s�1 K�1 by changing the ionic species in solution
[66]. W€urger later studied the transport of charged colloid in the
presence of strongly mobile ionic species and showed that the col-
loid thermophoresis was strongly affected by electrolyte Soret and
Seebeck effects [67]

DT ¼
ne2

12geT
1þ aþ sð Þr2k2 � da

3rk
plB

� �
(5)

Here, n¼ 3js/(2js þjp) accounts for the thermal conductivity
ratio of solvent (js) and particle (jp), e is the elemental charge, e
is the solvent permittivity, k is the Debye length, r is the surface
charge density, s¼�@lne /@lnT, lB is the Bjerrum length, a and
da represent the reduced Soret and Seebeck coefficient of the elec-
trolyte solution, respectively. In the absence of electrolyte, Soret
and Seebeck effects (a¼ 0¼ da), DT> 0, and Eq. (5) agrees with
previous results [30,35,47]. For a sufficiently negative Soret coef-
ficient a, a sign reversal occurs, i.e., DT< 0. These results were
further confirmed by Eslahian et al., who found that the Soret
coefficient of charged polystyrene particles in electrolyte solution
was determined by charge effects, and showed a strong specific-
ion effect [39]. Braun and coworkers later quantified the thermo-
electric effect in general salt solutions as [32]

ET ¼
kBTrT

e

P
iZiniSTiP

iZ
2
i ni

(6)

where ET is the thermally generated electric field, i represents the
ionic species, and Zi, ni, and STi are the charge number, the con-
centration, and the Soret coefficient of ionic species i, respec-
tively. The direction of thermophoretic motion of charged colloid
can be controlled by the addition of electrolytes, providing the
opportunity for particle manipulation in microfluidic systems.

3 Opto-Thermophoretic Manipulation and

Manufacturing

In Sec. 2, we discussed thermophoresis and the related deple-
tion and thermoelectric effects, and additionally presented the
thermophoretic trapping of molecules and particles [33,54,62,64].
In this section, we illustrate the thermophoretic trapping of single
nano-objects in a dynamic temperature field. Opto-thermophoretic
tweezers based on thermophoresis and thermoelectric effects were
further developed for low-power manipulation of single nanopar-
ticles. By harnessing the depletion forces, assembly and printing
of arbitrary micro/nanostructures were achieved using colloidal
particles as building blocks.

3.1 Thermophoretic Trapping of Nano-Objects. The ther-
mophoretic trapping introduced in Sec. 2.1 is limited to large
ensembles of colloids and molecules. Cichos and coworkers first
utilized plasmonic nanostructures to produce localized tempera-
ture fields to confine individual nano-objects in solution [68]. As
shown in Fig. 2(a), an expanded laser beam heats a closed gold
nanohole structure, resulting in a “hot wall,” which confines the
particle to the center of the trap. The confinement is directly
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related to the Soret coefficient and can be enhanced by increasing
the heating power. Besides closed gold nanohole structures, trap-
ping can be achieved with an open patchy gold structure using a
dynamic focused heating laser (Fig. 2(b)). Due to a more localized
temperature field at the patches, the local temperature gradient is
increased, resulting in a stable trap for nanoparticles (Fig. 2(c)).
This dynamic heating strategy can also be used for closed gold
structures, giving rise to a much larger temperature gradient and
enhancing trapping stability significantly [69]. While steering the
particle to the trap center, the heating laser rotation also causes a
weak tangential drift velocity that pushes the particle away from
the trap. This tangential component is due to the finite rotation
speed of laser beam and can be significantly eliminated by
increasing the rotation frequency [68,69].

Cichos and coworkers further combined the thermophoretic
trap with a feedback mechanism to extend the trapping

capabilities [70]. The trap consists of a closed gold structure with
a dynamic heating laser (Fig. 2(d)). The feedback system is real-
ized by analyzing the position of nano-object in the charge-
coupled device image and steering the laser beam at the edge of
the gold structure with the assistance of an acousto-optical deflec-
tor. In contrast to the steady-state, the feedback controlled trap
shows a much larger temperature gradient (Fig. 2(e)). The width
of the Gaussian position distribution in the feedback mode
decreased by a factor of 3.5 when compared to the static heating
(see insets in Fig. 2(e)), and the trapping stiffness increased by a
factor of 12. In addition to trapping particles at the center of the
trapping region, offset target, multiple point-like targets, ring-like
target, and expanded area target were demonstrated (Fig. 2(f)),
showing the versatility of the trapping scheme. The performance
of the feedback-controlled thermophoretic trap further enables the
trapping of single molecules, such as k-DNA molecules.

Fig. 2 Thermophoretic trapping of nano-objects by dynamic temperature fields. Thermopho-
retic trap with (a) a closed gold structure and (b) an open gold structure with dynamic heating.
(c) Trajectory points of a 200 nm PS sphere trapped within the open gold structure. (d) Calcu-
lated temperature map of the relative rise generated by a focused laser beam at the rim of the
closed gold structure. (e) Calculated relative temperature rise profile (scaled) in the thermo-
phoretic trap at a steady-state (dashed line) and by feedback controlled heating (solid line).
The insets show the probability densities of finding a 200 nm polystyrene particle inside the
trapping region for a steady-state temperature profile (top) and feedback controlled trapping
(bottom) with the same heating power. (f) Examples of different effective trapping potential
landscapes generated by different feedback rules. (a)–(c) Reproduced with permission from
Braun and Cichos [68], Copyright 2013 by American Chemical Society. (d)–(f) Reproduced
with permission from Braun et al. [70], Copyright 2015 by American Chemical Society.
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3.2 Opto-Thermophoretic Tweezers

3.2.1 Entropy-Driven Thermophoretic Tweezers. Thermopho-
retic trapping using dynamic temperature fields shows the possi-
bility to manipulate single and even multiple macromolecules or
particles with well-defined temperature gradients. However, the
trapping is limited to an ultrathin water film (< 1 lm) and lacks
the capability for dynamic manipulation of particles. Lin et al.
proposed the thermophoretic tweezers based on entropic responses
and permittivity gradients at the particle–solvent interface under
an optically generated thermal gradient [71]. The temperature gra-
dient is generated by laser heating of a thermoplasmonic substrate
composed of quasi-continuous gold nanoparticles [72–74]. The
thermophoretic mobility of the colloidal particle is given by Put-
nam et al. [37]

DT ¼ �
e

2gT

2js

2js þ jp

1þ @lne
@lnT

� �
(7)

where js and jp are the thermal conductivities of solvent and par-
ticle, respectively. At room temperature, s¼ @lne /@lnT¼�1.4 in
bulk water, resulting in a positive DT, and thus it is a

thermophobic particle. However, in the electric double layer, the
permittivity is quite different from the value of bulk water. For
charged particles, the polarized water molecules are confined in
the electric double layer at the particle surface. The first layer
shows a specific orientation due to electrostatic interaction, and
the second layer has a loosely oriented structure. The permittivity
of these structured water molecules is smaller than that of bulk
water, leading to an abnormal permittivity gradient with a positive
s value under thermal perturbation. Therefore, a negative DT is
obtained and the particle drifts from cold to hot regions for trap-
ping via optical heating (Fig. 3(a)). Thermophoretic tweezers fur-
ther showed the versatilities for parallel trapping of polystyrene
beads with different sizes into various patterns (Fig. 3(b)).

Peng et al. recently studied opto-thermophoretic trapping of
colloidal particles in various nonionic liquids and reveal that the
nonionic driving force originates from a layered structure of sol-
vent molecules at the particle–solvent interface [75]. Molecular
dynamics simulations were carried out to validate the mechanism
at the molecular level. The trapping efficiency can be enhanced by
engineering the particle–solvent interfacial properties, such as the
particle hydrophilicity, particle surface charge, and the ionic
strength of the solvent.

Fig. 3 Entropy-driven thermophoretic tweezers for manipulation of particles and biological cells. (a) Schematic showing the
working principle of the thermophoretic tweezers. (b) Parallel trapping of colloidal particles of different sizes. (c) Schematic
illustration of the working mechanisms for thermophoretic trapping of biological cells. (d) Reversible distance control
between a pair of yeast cells. (e) Rotation of 1D assembly of three yeast cells. (a) and (b) Reproduced with permission from Lin
et al. [71], Copyright 2017 by The Royal Society of Chemistry. (c)–(e) Reproduced with permission from Lin et al. [76], Copy-
right 2017 by American Chemical Society.
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Besides colloidal particles, manipulation of biological cells
with entropy-driven thermophoretic tweezers has been realized
[76]. The phosphate groups in the lipid bilayer provide negative
charges on the cell membrane and induce an electric field E to
drive the water molecules toward the membrane to form the elec-
tric double layer structure. The permittivity gradient under a tem-
perature gradient is consistent with the case of charged particle,
yielding a negative DT and trapping cells at the hot laser spot
(Fig. 3(c)). By integrating the tweezers with a digital micromirror
device, versatile manipulation of cells can be achieved. The
cell–cell distance can be reversibly controlled at a resolution of
100 nm to tune the intercellular interaction (Fig. 3(d)). Precise
rotation of 1D cell assembly was also demonstrated to control the
orientation at an angular resolution of one degree (Fig. 3(e)). Inde-
pendent rotation of single or multiple yeast cells can be easily
achieved as well. In addition to yeast cells, thermophoretic tweez-
ers can be applied for trapping, alignment, and orientation control
of highly anisotropic Escherichia coli cells.

3.2.2 Opto-Thermoelectric Nanotweezers. Recently, Zheng
and coworkers developed the OTENT to capture and manipulate

metal nanoparticles at single-particle resolution [77]. A cationic
surfactant, cetyltrimethylammonium chloride (CTAC), is added
into the solution to enable opto-thermoelectric tweezing. CTAC
surfactant coats the particle surface and forms a molecular double
layer, leading to a hydrophilic, positively charged surface
(Fig. 4(a)). Simultaneously, CTAC molecules self-assemble into
positive micellar ions above the critical micelle concentration
(0.13–0.16 mM) (Fig. 4(b)). When a laser beam is directed to a
thermoplasmonic substrate, a temperature gradient is generated.
Both the CTAC micelles and negative Cl� migrate from the hot to
the cold region by thermophoresis, drifting away from the laser
spot. Since ST (micelle)> ST (Cl�), a thermoelectric field pointing
toward the laser beam is built due to the spatial separation of
CTAC micelles and Cl� ions, driving the positively charged parti-
cle to be trapped by the laser beam (Fig. 4(c)). OTENT can trap
nanosized metal particles with high trapping stiffness and an
extremely low optical power (0.05–0.4 mW lm�2) that is 2–3
orders of magnitude lower than optical tweezers. The trapping
capability can be further optimized by tuning the CTAC concen-
tration, which influences the micelle thermophoresis. Integration
of a digital micromirror device allows the trapping and

Fig. 4 Opto-thermoelectric nanotweezers. (a) Modification of a metal nanoparticle by CTAC adsorption. (b) Schematic view of
CTAC micelles and Cl2 ions. (c) Schematic illustration of working principle of the tweezers. (d) Parallel trapping of six 150 nm
gold nanotriangles (AuNTs). (e) In situ dark-field optical spectroscopy of trapped single metal nanoparticles along with simu-
lated spectra. Reproduced with permission from Lin et al. [77], Copyright 2018 by Springer Nature.
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manipulation of multiple metal nanoparticles in parallel using
OTENT (Fig. 4(d)). Incorporated with a high-performance spec-
trometer, OTENT also provides the possibility of detecting the
intrinsic scattering spectra from the trapped metal particles.
Through in situ dark-field scattering spectroscopy, the material,
size, and shape of metal nanoparticles can be identified
(Fig. 4(e)).

Opto-thermophoretic tweezers display the potential to trap wide
ranges of colloidal particles and biological cells with a signifi-
cantly reduced optical intensity compared with optical tweezers.
The size limit of metal particles that can be trapped is down to
20 nm. The trapping force arises from optical heating of a thermo-
plasmonic substrate, which can relax the rigorous optical require-
ments of optical tweezers. Opto-thermophoretic tweezers further
demonstrate versatile particle manipulation capabilities, including
parallel trapping, dynamic manipulation, and orientation control.

3.3 Opto-Thermophoretic Assembly and Printing. Light-
directed assembly of colloidal nanoparticles offers the possibility
to build nanostructures with emerging physical and chemical per-
formances. Lin et al. presented the reversible assembly of plas-
monic nanoparticles using plasmon-enhanced thermophoresis
at low optical power (Fig. 5(a)) [78]. When the laser is on, CTAþ-
modified metal nanoparticles migrate from the cold to the hot
region in the light-induced temperature-gradient field (Fig. 5(b)).
Once the nanoparticles are in close contact within the assembly,
the van der Waals attraction becomes strong enough to stabilize
the assembly. When the laser is off, the repulsive electrostatic
force between the positive CTAC molecules leads to the disas-
sembly process (Fig. 5(c)). Parallel manipulation of multiple parti-
cle assemblies can be achieved by using a spatial light modulator
to dynamically control the laser beam in an arbitrary manner
(Figs. 5(d) and 5(e)). This technique is applicable for a wide range
of plasmonic nanoparticles with different materials, sizes, and
shapes. Due to the strong interparticle plasmonic coupling, assem-
blies of metal nanoparticles are promising for in situ analysis of
target molecules using surface-enhanced Raman spectroscopy
(SERS). A detection limit of 1 lM for rhodamine 6G using the

100 nm AgNS assemblies was demonstrated (Fig. 5(f)). The SERS
sensitivity can be further enhanced by drying the nanoparticle
assemblies or using multiple nanoparticle assemblies.

Lin et al. further demonstrated the opto-thermophoretic assembly
of colloidal particles into arbitrary configurations (Fig. 6(a)) [79].
Colloidal particles of different sizes and materials serve as building
blocks. CTAC is added to enable the opto-thermoelectric trapping
and manipulation of these building blocks. Meanwhile, CTAC
micelles act as depletants, which are driven outside the interparticle
gap of two particles, generating a depletion attraction force to bind
the colloidal assembly. After the laser is turned off, the assembly
can be maintained if the van der Waals interaction and osmotic
pressure can overcome the electrostatic repulsive interaction
(Fig. 6(b)). Diverse colloidal superstructures composed of colloidal
particles with various materials, sizes, and shapes can be precisely
built using opto-thermophoretic assembly. Several examples includ-
ing one-dimensional hybrid chain, two-dimensional (2D) hybrid lat-
tice, 2D heptamer with anisotropic tips and various 3D structures
are presented in Fig. 6(c).

Peng et al. further demonstrated the opto-thermophoretic
assembly of diverse colloidal matter superstructures in photocura-
ble hydrogels. The assembled superstructures can be immobilized
and patterned on substrates through ultraviolet (UV) cross-linking
(Figs. 7(a) and 7(b)) [80]. The as-built colloidal structures remain
intact even after the samples are rinsed and dried, confirmed by
the corresponding scanning electron micrograph (Fig. 7(c)).

Finally, reconfigurable opto-thermoelectric printing of colloidal
particles via light-controlled thermoelectric fields was developed
[81]. In this method, NaCl is added to the solution to create the
thermoelectric field by the spatial separation of Naþ and Cl� ions
due to the different Soret coefficients (i.e., ST (Naþ)> ST (Cl�)).
The CTAC-functionalized PS spheres are initially trapped by the
thermoelectric forces (Fig. 8(a)). Then, the spheres are printed via
depletion attraction induced by the depletion of the CTAC
micelles at the particle–substrate interface due to the optical
power increase. The particle–substrate bonding is quite strong,
causing the printed pattern to remain even after the substrate is
rinsed and dried. Arbitrary patterns can be printed with

Fig. 5 Reversible assembly of plasmonic nanoparticles. (a) Schematic of the light-directed reversible assembly of AuNTs. (b)
Schematic illustration of the migration of a CTA1-modified AuNT from cold to hot region. (b) Schematic illustration of the
release or redispersion of an AuNT assembly due to electrostatic repulsive interaction. (d) Optical image of 25 AuNT assem-
blies in a 5 3 5 square array. (e) Dark-field optical image of 17 AuNT assemblies in an Au pattern. (f) SERS spectra recorded
from single AgNS assemblies for different concentrations of rhodamine 6G. Reproduced with permission from Lin et al. [78],
Copyright 2016 by American Chemical Society.
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opto-thermoelectric printing, and Fig. 8(b) is shown as an example
of a “TMI” pattern. By putting the laser beam back to the center
of printed particle, the CTAC micelles can be driven back within
the particle–substrate gap. The repulsive electrostatic force
between the CTAC micelles and the CTAC-coated particles
results in the releasing of particles. Reconfigurable printing is
achieved by selectively releasing and reprinting one of the printed
colloidal particles to realize the transformation from a “sad”-face
pattern into a “smiley”-face pattern (Figs. 8(c) and 8(d)).

Opto-thermophoretic assembly techniques provide a simple and
reliable way to construct colloidal superstructures with low optical
power. Diverse structures can be readily fabricated with various
colloidal particles with a wider range of materials, sizes, and
shapes as building blocks. The wide applicability of opto-
thermophoretic assembly makes it a useful tool for the fabrication
of functional colloidal nanomaterials and devices. Furthermore,
the precise control of colloidal assembly configuration and inter-
particle interaction allows for the tunability of coupling between
colloidal atoms and the functions of the assemblies.

4 Conclusion and Outlook

The directed migration of colloids under a temperature gradi-
ent, i.e., thermophoresis, has been demonstrated as a promising
strategy for trapping, concentrating, and transporting colloidal
particles and molecules. Thermophoresis has been widely studied
in numerous suspension systems, such as latex particles, poly-
mers, and biomolecules. However, the general principle is still
unclear. Future applications will surely benefit from further inves-
tigations of the underlying mechanisms of thermophoresis.

Opto-thermophoretic techniques, which exploit the photon–
phonon conversion through optical heating and heat-directed
particle migration, allow versatile and precise manipulation of
colloidal particles, molecules, and biological cells. Compared to
conventional optical tweezers, opto-thermophoretic tweezers fea-
ture simpler optics, lower optical power, and more applicability.
Opto-thermophoretic assemblies have shown the capability to fab-
ricate arbitrary superstructures with a wide range of colloidal par-
ticles. Furthermore, the ability to pattern colloidal structures on

substrates through either the photopolymerization of hydrogels or
the particle–substrate interactions makes it a powerful manufac-
turing technique for micro- and nano-scale functional devices.

The key of opto-thermophoretic manipulation is to manage
light-controlled temperature gradients. Future developments can
be realized based on effective substrate engineering and heating
optics optimization. In general, any optothermal-responsive mate-
rial, which can provide a localized temperature field, is suitably
applied for opto-thermophoretic manipulation. Thus, optothermal
substrates with high photon–phonon conversion efficiency and
low thermal conductivities are desired to further reduce the
required optical power and improve the optothermal manipulation
efficiency. In addition, the use of prepatterned substrates or near-
field optics will enable opto-thermophoretic trapping and manipu-
lation with nanoscale precision. Using a femtosecond laser as a
heating source would further limit both heat transfer and collec-
tive heating on the substrates, improving the temperature gradient
for opto-thermophoretic trapping. It is also interesting to design
complex particles such as Janus particles with controlled optical,
thermal, or electric responses at different regions. The opto-
thermophoretic manipulation of these particles could provide

Fig. 6 Opto-thermophoretic assembly of colloidal matter. (a) Schematic illustration of the assembly process. (b) Illustration
of interparticle bonding in assembled structure. (c) Diverse types of colloidal structures built by opto-thermophoretic assem-
bly. Reproduced with permission from Lin et al. [79], Copyright 2017 by American Association for the Advancement of
Science.

Fig. 7 Opto-thermophoretic construction of colloidal super-
structures in photocurable hydrogels. Schematic illustration of
(a) trapping of a colloidal particle in a thermoelectric field and
(b) immobilization of the trapped colloidal particle through UV
cross-linking. (c) Opto-thermophoretic patterning of 2D close-
packed superstructures. The bottom image shows the scanning
electron micrograph of the corresponding superstructure after
cross-linking of the hydrogel. Reproduced with permission
from Peng et al. [80], Copyright 2018 by American Chemical
Society.
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distinctive manipulation scenarios and functionalities. Finally, the
capability for noninvasive manipulation of biological cells and
molecules will bring revolutionary progress in life sciences, dis-
ease diagnostics, and nanomedicine.

In addition to manipulating the various species, one of the most
promising applications of optothermal techniques is the assembly
of functional colloidal structures and devices. The techniques
have advantages in their precise control of nanoparticle positions
and spatial arrangements on substrates with on-demand reconfi-
gurability, which is promising as a complementary method for on-
chip device fabrication. Examples include site-specific creation of
single or clusters of metal nanoparticles (or quantum dots) as
functional cavities (or emitters) on lithographically fabricated
photonic crystals. With their versatile assembly of the variable
colloidal nanoparticles, the optothermal techniques can also be
applied to fabricate a wide range of functional devices such as col-
loidal waveguides, sensors, and lasers from bottom up. For the
scalable manufacturing of functional materials and devices, one
should improve the throughput of current opto-thermophoretic
techniques. One of the most promising directions for the through-
put improvement is to use a digital micromirror device or a spatial
light modulator to multiply working laser beams for parallel oper-
ation of colloidal construction and to further exploit well-
developed microfluidics for continuous operation with automa-
tion. So far, opto-thermophoretic assembly has proved powerful
for the construction of 2D superstructures, while its ability to
build 3D assemblies is still limited. This limitation can be
addressed by using optical fibers coated with optothermal layers
to achieve arbitrary 3D manipulation. With its low-power, versa-
tile, and noninvasive operation, opto-thermophoretic assemblies
will serve as an emerging nanomanufacturing technique for
numerous applications in colloidal sciences, functional nanomate-
rials and devices, light–matter interaction, and life sciences.
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