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ABSTRACT: Progress in optical manipulation has stimulated remarkable advances in a
wide range of fields, including materials science, robotics, medical engineering, and n

nanotechnology. This Review focuses on an emerging class of optical manipulation
techniques, termed heat-mediated optical manipulation. In comparison to conventional
optical tweezers that rely on a tightly focused laser beam to trap objects, heat-mediated
optical manipulation techniques exploit tailorable optothermo—matter interactions and rich

mass transport dynamics to enable versatile control of matter of various compositions, . |
shapes, and sizes. In addition to conventional tweezing, more distinct manipulation modes, -
including optothermal pulling, nudging, rotating, swimming, oscillating, and walking, have / J

been demonstrated to enhance the functionalities using simple and low-power optics. We

start with an introduction to basic physics involved in heat-mediated optical manipulation,

highlighting major working mechanisms underpinning a variety of manipulation techniques. Next, we categorize the heat-mediated
optical manipulation techniques based on different working mechanisms and discuss working modes, capabilities, and applications
for each technique. We conclude this Review with our outlook on current challenges and future opportunities in this rapidly evolving
field of heat-mediated optical manipulation.
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1. INTRODUCTION

Precise manipulation of nanomaterials is instrumental in
nanofabrication," ™ robotics,”® material characterization,®”®
and fundamental sciences.”'’ Many approaches have been
proposed for this purpose. For instance, optical tweezers exploit
optical gradient forces from a tightly focused laser beam to trap
small objects.'"”'” Alternatively, directed migration in a
temperature or concentration gradient field, also known as
thermophoresis or diffusiophoresis, is widely applied for the
concentration of nanoparticles and biomolecules.'”'* Electro-
phoretic and dielectrophoretic forces are also commonly used to
trap or separate different objects in an external electrical
field.”"~"” In addition, efficient manipulation of micro/nano-
objects has been demonstrated with magnetic'® and acoustic
fields."”** Among them, optical approaches are highly attractive
due to their remote and noncontact operation, single-particle
resolution, and high manipulation precision. Proposed by
Ashkin in 1970,"" optical tweezers have been extensively applied
in broad fields and were awarded the Nobel Prize in Physics in
2018 for their applications in the study of biological systems.”!
However, conventional optical tweezers suffer from high
operational power, the optical diffraction limit, and the
requirement of a difference in refractive indexes of the solution
and target objects.”> To enhance the versatility of optical
manipulation, structured light with tailorable optical intensity,
phase, and polarization has been extensively applied.”*~** In
addition to the gradient forces, optical torques,”*™>* optical
pulling forces,” " and optical binding forces®~>* are realized
with structured light for optical rotation,” ™" particle trans-
port,>*~** and colloidal self-assembly.*' ~**

Recent efforts have shown that multiple forces or fields can be
coupled to develop hybrid manipulation methods with addi-
tional flexibility and advantages over the techniques based on
single forces. For example, the integration of optical tweezers
and dielectrophoresis leads to the invention of optoelectronic
tweezers, which can overcome both the high operating power in
optical tweezers” " and the requirement of sophisticated
electrical circuits in dielectrophoretic manipulation*® to achieve
on-demand manipulation of objects with low optical power.*”>°
In another example, optofluidics, i.e., the integration of optics
and fluidics, has demonstrated faster delivery and more stable
trapping of target analytes at the sensing/imaging locations
compared with conventional fluidic platforms, which can
remarkably enhance the analytical capabilities.”' =
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thermal migration of objects were discovered. In 1856, Ludwig
reported thermophoresis in liquid mixtures, while Tyndall
independently observed thermophoresis in gas mixtures in
1870.>* In 1877, Tore described the movement of carbon
particles in the direction of light, which was marked as the first
observation of photophoresis.”> Subsequently, more thermal
effects, including thermally induced diffusiophoresis, natural
convection, and Marangoni convection, were discovered.
Recently, various heat-mediated optical manipulation techni-
ques have been proposed and developed via the integration of
optics and thermal physics.”® Here, we refer to “heat-mediated
optical manipulation” as a category of optical manipulation
techniques that are enabled by the synergy of optics (including
optical forces, optical heating, and optical cooling) and
temperature-gradient-induced mass transfer. Owing to the
entropically favorable photon—phonon conversion and tailor-
able thermal management, the desired temperature field can be
readily created and dynamically controlled with low optical
intensity and simple setups.”’ ">’ By exploiting the various
thermal forces and motions such as thermophoresis, photo-
phoresis, and convective flows in the light-controlled temper-
ature field, researchers have achieved versatile manipulation of
various objects with diverse materials, shapes, and sizes (ranging
from nanoscale to macroscale) in different environmental
media.®”®" With tunable manipulation modes, including
trapping, nudging, pulling, and rotating, many applications are
proposed to advance the fields of nanofabrication, nano-
medicine, chemical and biological sensing, robotics, and
fundamental investigation of physics, chemistry, and biology.

This Review provides a comprehensive overview of heat-
mediated optical manipulation (Figure 1). We introduce the
fundamentals of opto-thermomechanics involved in the
manipulation processes, including optothermal conversion,
thermophoresis, diffusiophoresis, photophoresis, optothermal
flows, and optothermal deformation. We further discuss the
design rationales and capabilities of different heat-mediated
optical manipulation techniques based on their distinct
mechanisms and highlight their implementations in architected
nanomaterials and artificial robotics. Finally, we present our
perspectives on the merits, challenges, and future directions of
heat-mediated optical manipulation.

2. PHYSICAL MECHANISMS

In this section, we briefly introduce major physical mechanisms
involved in heat-mediated optical manipulation techniques. We
start with the basic principles of optical heating and cooling.
Then, different optothermo—matter coupling phenomena,
including thermophoresis, diffusiophoresis, thermoelectricity,
optothermal convection flows (i.e., natural convection, opto-
thermally induced Marangoni convection, and electrothermo-
plasmonic flow), and optothermal shape deformation, are
discussed.

2.1. Optical Heating and Cooling

2.1.1. Optical Heating. Most materials, including metals,
polymers, and ceramics, can absorb light at certain wavelengths
under ambient conditions. The absorbed photon energy leads to
the excitation of electrons, and the subsequent nonradiative
decay of the excited electrons converts the energy to heat.
Common photothermal materials include (1) metals such as
gold (Au)®* and chromium (Cr);"* (2) carbon-based materials
such as reduced graphene oxide (rGO),** carbon nanotubes
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Figure 1. Overview of heat-mediated optical manipulation. Efficient photothermal conversion leading to optical cooling or heating and diverse
optothermo—matter coupling depending on the light source, medium, object, and substrate underpinning the versatile heat-mediated optical
manipulation (e.g, trapping, nudging, rotating, pulling, oscillating, and walking). A variety of working mechanisms, including diffusiophoresis,
photophoresis, thermophoresis, thermoelectricity, optothermal flows, and optothermal deformation, have been proposed for heat-mediated optical
manipulation, leading to its applications in various fields such as colloid nanofabrication, chemical and biological sensing, material synthesis and
characterization, robotics, fundamental sciences, and cargo and drug delivery.

(CNTs),** and graphene nanoplatelets;** (3) organic materials
such as polydopamine (PDA)® and azobenzene;*” and (4)
other materials such as amorphous silicon,®® titanium oxide®’
and nitride,”° lead sulfide,”" and light-absorbing liquids.72
Metals are most extensively used for optical heating via visible
or near-infrared (NIR) laser irradiation, which is also known as
plasmonic heating. Specifically, localized surface plasmons of
metallic nanostructures can be excited upon light illumination,
which increases the frequency of collisions between the
conductive electrons and lattice atoms and promotes photon—
phonon conversion. Consequently, a temperature gradient field
is built around the illuminated region of the metallic

C 57,59
nanostructure, which is given by””

)y evr(r)] = 4

ot (1)
where p, Cp, and 7 are the density, specific heat capacity at
constant pressure, and thermal conductivity of the irradiated
region, respectively; t is the irradiation time; and g is the
volumetric heat-generation density that stems from the optical
heating of the nanostructures. When the plasmonic heating
reaches a steady state, the temperature gradient field is given

by73

pCp

1
V:[zVT(r)] = —q = ——Re(J-E*
(FVT()] = -4 = =3 Re(J-E") "
where J and E are the electronic current density and electric field
inside the metallic nanostructure, respectively. More details on
plasmonic heating can be found in refs 59, 74, and 75.
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Nanostructured photothermal materials are commonly used
to sustain a strong temperature gradient field via optical heating
for enhanced manipulation. For instance, a bulk Au thin film is
usually less effective due to its high thermal conductivity, which
makes it difficult to obtain a steady and strong temperature
gradient field. Instead, many Au nanostructures are designed to
improve the localized heating for the establishment of a desired
temperature field, including Au nanoparticle linear arrays,”® Au
nanoparticle random arrays,”’ Au nanorod arrays,’> Au
nanohole arrays,”® and Au nanopyramidal dimer arrays.”’
Moreover, some anisotropic nanostructures (e.g., Au nanorod
arrays) can respond differently to the polarization of the incident
light, providing an extra degree of freedom to modulate the
temperature gradient fields for versatile optical manipulation.®”
Photothermal materials can serve as the substrate and heating
source for heat-mediated optical manipulation of target objects.
Alternatively, the manipulated objects can be doped or coated
with light-absorbing materials to serve as self-heating sources for
heat-mediated optical manipulation.*’

2.1.2. Optical Cooling. In addition to heat generation via
photon—phonon conversion, light-induced heat dissipation has
been demonstrated for solid-state materials, i.e., optical cooling
or laser refrigeration.®""** Optical cooling of a solid crystal can be
realized by anti-Stokes fluorescence. Briefly, the incident
photons excite electrons from the ground state to the excited
state. The excited electrons absorb lattice phonons and
spontaneously emit new photons with a larger energy than
that of the incident photons, which takes away thermal energy
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Figure 2. Schematics of physical mechanisms for heat-mediated optical manipulation: (a) thermophoresis, (b) thermoelectricity, (c) heat-mediated
diffusiophoresis, (d) photophoresis (AT force), (e) natural convection, (f) heat-mediated Marangoni convection, (g) electrothermoplasmonic flow,

and (h) optothermal shape deformation.

from the crystal lattice and leads to its internal cooling.”” More
details about optical cooling can be found in refs 82—85.

Optical cooling was predicted by Pringsheim in 1929°° and
experimentally demonstrated by Epstein et al. in 1995 using
ytterbium (Yb)-doped fluorozirconate glass.*” Since then, laser
refrigeration of ytterbium-doped crystals has been extensively
investigated,”* "> and the record shows optical cooling of
ytterbium-doped yttrium lithium fluoride (YLiF,) crystals to
~91 K from room temperature.”” In addition, Xiong and co-
workers demonstrated laser cooling of a cadmium sulfide
semiconductor”® and organic—inorganic lead halide perov-
skites”® based on anti-Stokes fluorescence. Recently, Pauzauskie
and co-workers demonstrated laser refrigeration of ytterbium-
doped nanocrystals in liquid media.”®”” Similar to optical
heating, the local cooling of crystals in solutions can also be
harnessed to facilitate optical manipulation of micro- or
nanoscale objects.”

2.2. Thermophoresis

Thermophoresis, also known as thermodiffusion, thermal
diftusion, or the Ludwig—Soret effect, is one typical type of
phoretic motion.”””'** Tt describes the thermally directed
migration of colloidal species in the fluidic environments under a
temperature gradient field (Figure 2a). When a particle is in a
thermal gradient field, excess hydrostatic pressure occurs within
a thin layer at the particle/solvent interface, i.e., electrical double
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layers, which leads to an anisotropic pressure tensor in the
vicinity of the particle surface. Accordingly, the particle moves
toward the direction of decreasing the interfacial free energy.'**
In general, the drift velocity u for a particle is given by

u=-D;VT (3)
where Dr is the thermophoretic mobility and VT is the
temperature gradient. For a diluted suspension, the mass flow J is
expressed as | = —DV¢ — ¢D;VT, where D is the Brownian
diffusion coefficient and c is the particle concentration. At the
steady state (J = 0), Vc is given by’

\Y Dy VT SVT
cC=—CcC— = —C
D T (4)

where S; = Dy/D is the Soret coefficient. Because different
colloidal species have Brownian diffusion coefficients D with
differences up to several orders of magnitude, the Soret
coefficient S provides a more general description of
thermophoretic migration. When St > 0, suspended particles
are thermophobic and move from the hot region to the cold
region; otherwise, particles are thermophilic and move from the
cold region to the hot region with Sy < 0. In general, most
colloidal particles are thermophobic under ambient condi-
tions.'’> The magnitude of St also indicates the scale of the
particle concentration gradient in a temperature field.

https://doi.org/10.1021/acs.chemrev.1c00626
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Thermophoresis in liquids is complex, and a general physical
model is still missing. The Soret coefficient St has been found to
be synergistically determined by a number of parameters,
including the particle/solvent interfacial properties,'*>'*°
environmental temperature,'*”'"” size of the particle,"” and
hydrodynamic boundary effects.'””"' For example, Piazza and
co-workers found that the Soret coeflicient was a function of the
solution ionic strength and the Debye length in sodium dodecyl
sulfate (SDS) micellar solution or a mixture of SDS and
dodecylmaltoside.””"'"" Putnam et al. revealed the pH-depend-
ence of the Sy of suspended polystyrene (PS) latex colloids.'"
In addition, the sign of S1, namely, the moving direction of the
colloidal particles under a temperature gradient, can be reversed
by changing the environmental temperature, which has been
experimentally validated in different colloids, includin%
lysozyme proteins,' °”'"? PS beads,""'™"'* micelles,"'
DNAs,'"® and Ludox particles.''® More detailed and compre-
hensive discussion on thermophoresis can be found in a review
by Piazza and Parola.'””

2.3. Thermoelectricity

Thermophoretic migration can be regulated by adding ions into
colloidal particle suspensions''” through the establishment of
thermoelectric fields."'® In brief, depending on their Soret
coefficients," " different ions migrate at different velocities and
directions under a temperature gradient via thermophoresis,
leading to a spatial separation of ion species with opposite
charges. Consequently, when the ionic redistribution reaches a
steady state in a closed system, a thermoelectric field Ey is
estal:gig.hed, which is also termed the Seebeck effect (Figure
2b),

ko, TVT -Z,'niS i
Ep=SVT = B—LZT
e X7z

()

where S is the Seebeck coefficient, T is the environmental
temperature, i indicates the ionic species, kg is the Boltzmann
constant, e is the elementary charge, and Z,, n;, and Sy, represent
the charge number (Z +1 for positive and negative
monovalent ions), the concentration, and the Soret coefficient
of i species, respectively.

Considering the Seebeck effect, Wiirger pro}l)osed a general
empirical fitting expression for thermophoresis, '*'*"

_ e
B 3nT

e
n

S
(6)

where { is the surface potential of the particle and € and # are the
permittivity and viscosity of the solution, respectively. The first
term corresponds to the thermo-osmotic flow,"**"** which is
always positive. The second term is related to the thermoelectric
field and the surface charge of the suspended particle, which can
be either positive or negative. Many works have reported the
reversible thermal migration of micron-sized particles by altering
the concentration of different ions such as H* and OH™
ions,' ' THPH7I2 By controlling the types of ions and the
surface charge of the particles, one can achieve on-demand
trapping or propelling of colloidal particles under a light-
directed thermoelectric field. Interestingly, thermoelectric fields
can also arise from the polarization of pure solvent (e.g., water)
under the temperature field."**~"*” In addition, the thermo-
electric effect can be controlled by other factors, including
temperature,'>*'*” particle—solvent interface,''* colloidal
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. 130 . 131,132
size, ”" and particle concentration,

detail in refs 118 and 133.
2.4. Diffusiophoresis

which is discussed in

Diffusiophoresis describes the transport of colloidal particles
under a concentration gradient of the solute (Figure 2c), which
is induced by the slip velocity at the particle—liquid interface."*?
This phenomenon was first discovered by Derjaguin et al. in
1947."** It can be observed in both electrolyte'*>'* and
nonelectrolyte solutions.'”” The former stems from a synergistic
effect of local electric and pressure fields in the electric double
layer of suspended colloids, and the latter is only driven by the
pressure field. Specifically, diffusiophoresis in the electrolyte can
be interpreted as the combination of thermoelectricity (see
section 2.3) and a pressure gradient resulting from the tangential
concentration gradient within the electric double layer. Note
that diffusiophoresis in nonelectrolyte solutions also stems from
the pressure gradient; however, this pressure gradient mainly
originates from the steric repulsion'*® or van der Waals
attraction.'*”'** As summarized by Kumar and co-workers,"*!
diffusiophoresis is influenced by three factors: (1) the
concentration gradient of the solute, (2) the zeta potential of
the colloids, and (3) the difference in Brownian diffusion
coefficients (D) of the electrolytes. The establishment of
molecular solute concentration gradients (i.e., Vc) can be
achieved in different ways, including molecular exclusion,
chemical reaction, and solubility variation. In heat-mediated
optical manipulation, the concentration gradient of molecules is
mainly ascribed to the temperature-dependent solubility or
thermal migration under a temperature gradient.

Depletion attraction is a typical type of diffusiophoretic
force,"** which is generated from the concentration gradient of
suspended small molecules in the colloid—molecule mixture.
The small molecules can also be replaced by nonadsorbing
polymers, micelles, or nanoparticles to provide depletion
forces."#'*>'** Depletion attraction is widely exploited in
heat-mediated optical manipulation to offer interparticle and
particle—substrate bonding forces for the controlled optical
assembly and printing of colloidal particles onto the
substrates.'*'*° Specifically, under a temperature gradient,
different components possess different drift velocities based on
their thermophoretic mobilities. Because small molecules
commonly have a larger Brownian diffusion coefficient D, they
migrate faster than colloidal particles, which induces a steady
concentration gradient parallel to the temperature gradient. This
concentration gradient of small molecules exerts osmotic
pressure to drive suspended colloids toward the molecule-
depleted region by the depletion force.

2.5. Photophoresis

Photophoresis describes the directed movement of light-
absorbing particles suspended in a fluid (mostly in the gas),
which is attributed to the momentum transfer between the
particle and the surrounding molecules (Figure 2d). Photo-
phoresis can be induced by the temperature difference (AT) or
the thermal accommodation coefficient difference (Aa) of the
particle.ss’147 Here, the thermal accommodation coefficient a =
(T - Ty)/(T, — Tp), where T,, T, and T, are the temperatures
of the particle, the incident molecules, and the leaving
surrounding molecules during the molecule—particle collision,
respectively.'**

For the first type of photophoretic force, T is a variable while
is a constant (denoted as AT photophoretic force). When an
illuminated light-absorbing particle has a higher temperature at

https://doi.org/10.1021/acs.chemrev.1c00626
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one side than the other side along the direction of light
propagation, the ambient molecules around the hot side will
absorb greater energy and exert a larger force on the particle than
the cold side, leading to a net photophoretic force toward the
cold side."*” Depending on the temperature distribution around
the particle, photophoretic forces can either push or pull the
particle along the light-propagation direction, corresponding to
positive or negative photophoresis, respectively.

For the second type of photophoretic force, T is a constant
around the particle as the particle is homogeneously heated,
while @ is a variable (denoted as Aa photophoretic force). The
Ao photophoretic force points from the higher-a side to the
lower-a side and is highly related to the surface properties of the
particle. Therefore, owing to the different surface properties and
compositions of the particles, Aa results in net momentum
transfer between the particle and the surrounding molecules,
enabling directional motions of the particle in gas. Note that the
moving direction under the Aa photophoretic force can be
complicated due to the highly variable surface properties of the
objects.

2.6. Natural Convection

Natural convection describes a type of fluidic flow resulting from
the density gradient (i.e, Ap) of the fluid. Commonly, the
density gradient of the fluid can be controlled by local heating,
where the fluid’s density decreases as the temperature rises.
When the heated fluid with a lower density moves upward due to
Archimedes’ force, the neighboring denser (colder) fluid flows
toward the heating source due to fluid continuity. The fluid at
the heating region continues to be heated and moves upward,
leading to a convective flow (Figure 2e). It is worth noting that,
unlike the aforementioned phoretic motions driven by the
particle—liquid interfacial forces, natural convection can occur
solely within the fluid regardless of the suspended objects.

Donner et al. have conducted comprehensive studies on the
natural convection induced by plasmonic heating."*’ For
nanoscale heating sources, the natural convection is usually
too weak for efficient manipulation of nanoscale objects. For
example, for a Au disc with a size below 200 nm, the fluid
velocity seldom exceeds 10 nm/s, even if the temperature
reaches the boiling point."*" Thus, arrays of light-absorbing
nanostructures have been widely used to enhance natural
convection.”’ In addition, the height of the microchannel or
fluid chamber plays a vital role as a smaller height can suppress
the vertical temperature gradient and thus weaken the natural
convection."*” Furthermore, Roxworthy et al. have distin-
guished between Rayleigh—Bénard convection and thermoplas-
monic convection under the scope of natural convection."'
Both have radially symmetric toroidal flow patterns. Rayleigh—
Bénard convection stems from an instability in a channel with a
uniformly heated bottom surface, which requires a large
temperature increment across the whole fluid cell to induce
the instability and a Rayleigh number larger than ~1700.">* In
contrast, thermoplasmonic convection is generated by spatially
nonuniform heating of plasmonic nanostructures, which is
irrelevant with instability and only requires a Rayleigh number
larger than 0.

2.7. Marangoni Convection

Marangoni convection describes the mass transfer at the fluid—
fluid interface due to a gradient of surface tension, which is
mainly induced by the stress discontinuity at the interface of two
fluids. Marangoni convection can stem from both the
concentration gradient and the thermal gradient, where the
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latter is also termed thermocapillary convection.'>® The
temperature-dependent Marangoni convection is typically
described by">*
Ou

s n N kTVTS (7)
where 7 is the shear stress at the interface, # is the dynamic fluid
viscosity, u, and N are the tangential velocity and normal vector
to the surface, respectively, ky is the temperature coefficient of
the surface tension, and VTj is the temperature gradient at the
surface. In brief, when a fluid—fluid interface (typically liquid—
gas interface) is heated, the interface with a higher temperature
possesses a lower surface tension. As the fluid is directed toward
the region of higher surface tension, the Marangoni convective
flow will move along the temperature gradient near the interface.
Due to the fluid continuity, the overall Marangoni convection
behaves as a type of recirculation flow (Figure 2f), which can be
exploited to manipulate objects with various materials, sizes, and

shapes.
2.8. Electrothermoplasmonic Flow

The electrothermoplasmonic (ETP) flow represents the
directed motion of asymmetrically heated fluid triggered by
the electrical body force. When a laser beam illuminates a
plasmonic nanostructure, a highly localized heating of fluid is
generated surrounding the plasmonic hotspot, which leads to
local gradients in the fluid’s permittivity (Ve) and electrical
conductivity (Vo). By applying an alternating current (ac)
electric field, the electric body force of the fluid leads to a drag
force to transport the suspended particles toward the hotspot
(Figure 2g). The time-averaged electrical body force per unit
volume is expressed as'>”

1 (a—1b)

Fo.) = —¢|l—2 2 _
(Ferp) = ¢ 1 + (we/o)?

1
(VT-E)E — —alEP*VT
2 2

(8)

where a = (1/¢)(0e/0T), b = (1/6)(06/0T), € and & are the
fluid’s permittivity and electrical conductivity, respectively, E is
the applied electric field, and @ is the frequency of the ac electric
field. The velocity of the ETP flow can be easily tuned by the
frequency and amplitude of the ac electric field.

2.9. Optothermal Shape Deformation

Light-driven shape deformation can be divided into optothermal
and optomechanical shape deformation. Optomechanical shape
deformation is mainly attributed to the photoisomeriza-
tion'*°~'%* and photodimerization'*'** of certain molecules.
For instance, the isomerization from trans to cis isomer of
diacrylate azobenzene derivatives leads to the geometrical
change, which can induce the strain gradient in liquid crystals
and actuates their bending behavior.'®> The mechanisms of
optothermally induced shape deformation (Figure 2h) are
typically classified into four categories:'®™'* (1) volume
expansion (as in polydimethylsiloxane (PDMS)); (2) phase
transition (as in liquid crystals, shape memory polymers/alloys,
and melting polymers); (3) molecular sorption/desorption (as
in poly(N-isopropylacrylamide)); and (4) surface acoustic
waves (as in Au nanowires). In general, inhomogeneous
temperature fields along the objects are demanded, which can
be fulfilled by (1) asymmetric coating or doping of light-
absorbing materials and (2) spatial or temporal modulation of
incident light. Optothermal shape deformation leads to the
storage and release of strain energy, which can be exploited for
the versatile manipulation of objects.
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Figure 3. Optothermophoretic swimmers. (a) Schematic showing the working mechanism of optothermophoretic swimmers based on self-
thermophoresis. v, is the thermophoretic velocity of the swimmer. (b) Time-revolved optical images of 80 nm Janus swimmers triggered by the NIR
laser. The inset shows the schematic of the Janus swimmers. Adapted with permission from ref 184. Copyright 2016 American Chemical Society. (c)
Schematic showing the working principle of directional control of self-thermophoretic swimmers. 8 is the acceptance angle for directional target
delivery. Adapted with permission from ref 179. Copyright 2014 American Chemical Society. (d) Energy-dispersive X-ray spectroscopy (EDX)
mapping of the tubular rocket with Au nanoshells. The inset shows the corresponding scanning electron micrograph. Scale bars: 2 ym. (e) Simulated
steady-state temperature distribution of the rocket under laser illumination. (f) Schematic (top) and time-lapsed optical images showing the
thermophoretic motions of the rocket. Scale bars: 20 ym. Adapted with permission from ref 180. Copyright 2016 Wiley-VCH. (g) Schematic of the
pair interaction rule used to keep active particles (i.e., swimmers) at a constant interparticle distance. ;; and r,, represent the real-time distance and
prescribed separation distance between two particles, respectively. Scale bar: 7 ym. (h) Simulations and experimental demonstrations of different
structures arising from the interacting active particles based on the pair interaction rule. Adapted with permission from ref 10. Copyright 2018 Springer
Nature.

3. OPTICAL MANIPULATION BASED ON thermophoretic repelling force to achieve trapping and light-

THERMOPHORESIS directed swimming. Interestingly, some objects also show a
negative D to be trapped by laser heating through engineering
the solvent—object interfaces. Along with the advantages of low-
power and simple optics, optothermophoretic manipulation is

When a temperature gradient is established in a solution upon
laser irradiation, the suspended objects influenced by the

temperature gradients can undergo directed thermophoretic ) . 3
L . . . applicable to a wide range of objects.
migration toward either the hot region or the cold region

depending on the signs of thermophoretic mobilities Dy (or 3.1. Optothermophoretic Swimmers

Soret coefficient St). Because most objects, including synthetic Artificial swimmers, which mimic the swimming behaviors of
particles, live cells, and vesicles, have a positive Dy, they are microorganisms in nature, represent a series of automotive
intrinsically repelled by optical heating or trapped by optical devices that self-propel in liquid media, which are finding
cooling. Through rational design and control of the heating laser applications in biomedical engineering, sensing, and environ-
beam, the target objects can be manipulated by the mental remediation.'®~"”* Light-fueled swimmers are attractive

3128 https://doi.org/10.1021/acs.chemrev.1c00626
Chem. Rev. 2022, 122, 3122-3179


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00626?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00626?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00626?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00626?fig=fig3&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00626?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

a

>
c

“Blood vessel

»
“Rocket

Blood vessel

0 Normalized PA Amplitude 1

—
PSS/PAH/Fe;0,
Silica PEM@Silica
Sputter
¢ Au NPs
< L Au
V

Janus particles

C

Motion- ¥
Potentiated .
PTT & A Biofil
Chemotherap p

Skin

o = O
—  —
1

PS@PDA

°

()

.; ;;% o d o 4“
O nao 0B i

Catheter surface
O sidi®ia
O 32&%‘.’-‘,

EPS

Janus particles
+blood
S wound cure

Skin

Figure 4. Optothermophoretic swimmers for biological applications. (a) Top and side views of the EDX mapping of the Au-coated microrockets. (b)
Optical image (left) and corresponding photoacoustic image (right) showing the tracking of the microrocket beneath a mouse ear. Adapted with
permission from ref 203. Copyright 2020 Springer Nature. (c) Schematic showing the working principle of combined photothermal therapy and
chemotherapy with the help of mesoporous Au-silica half-shell swimmers. HSMV and PTT represent half-shell motors and photothermal therapy,
respectively. Adapted with permission from ref 204. Copyright 2020 American Chemical Society. (d) Schematic showing the swimming particle
synthesis (left) and tissue welding process (right) assisted by NIR laser and magnetic fields. LbL, layer-by-layer assembly. Adapted with permission

from ref 207. Copyright 2016 Wiley-VCH.

because they can be made of various materials and can be
remotely controlled with simple experimental setups.”*'”*~'7°
Moreover, the inherent optical heating effects in optothermal
swimmers can facilitate photothermal therapy in disease
theranostics.'”

Optothermophoretic swimmers have been developed based
on the thermophobic nature of target objects. Specifically, the
light-directed motion of swimming objects in a solution is fueled
by laser heating, which is usually termed self-thermophoresis.'”®
To function as an optothermophoretic swimmer, an object
should have an asymmetric optothermal response to build a local
temperature gradient under light irradiation. Three approaches
have been developed to achieve this goal: (1) swimmers have
symmetric shapes with asymmetric absorptivity (e.g., Janus
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particles'””); (2) swimmers have asymmetric shapes with a
uniform decoration of light-absorbing materials (e.g., tubular
rockets'®’); and (3) homogeneous swimmers under%o tempo-
rally and/or spatially nonuniform laser illumination.'*"*"'*

In the first approach, Janus particles, which usually consist of a
low-light-absorption core particle (e.g, silica or PS) with a
partial coating of high-light-absorption materials (e.g.,
Au)' 71837185 6r two interconnected individual parts with
different light absorptions (e.g., Au spheres attached with DNA

. .\186—188 ; . . .
origami) , have been widely investigated. Typically, when
a laser beam uniformly irradiates a Janus particle, a temperature
gradient is built surrounding the particle (Figure 3a). The
resultant thermo-osmotic fluid flow drives the Janus particle to

o 123,178,189
move along the temperature gradient. Recently,
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Heidari et al. demonstrated that the velocity of phoretic
swimmers could be controlled by the thermo-osmotic flow near
the substrate/water interface, which could be tuned via the
functionalization of the substrate.'”’ While most self-thermo-
phoretic swimmers are thermophobic and swim from the hot
region to the cold region, they can be engineered to be
thermophilic by introducing a thermoelectric field.'””"'>'!

Optothermophoretic swimmers can achieve macroscopic
directional movements with extremely high swimming speeds.
Xuan et al. developed self-thermophoretic Janus Au-silica
particles with different diameters of 50, 70, and 120 nm. 5192
When the Janus particles were irradiated by the NIR
femtosecond laser beam, self-propulsion of the particles was
triggered based on self-thermophoresis. Directional propulsion
of the Janus particles was realized with a rapid swimming
velocity up to 950 body lengths/s (Figure 3b). More
interestingly, the Janus swimmers modified with a macrophage
cell membrane could actively seek cancer cells and percolate cell
membranes under NIR light illumination, which paved the way
for light-controlled drug delivery.'”*

Because Janus swimmers can only maintain the directional
movement in a short time scale due to the rotational Brownian
motion,'”® adaptive control strategies were proposed to navigate
swimmers to achieve continuous directional swim-
ming.' ! 7?1#3 19319 Bor instance, Bregulla et al. developed a
feedback-control method to achieve the directed propulsion and
precise transport of Janus particles to a target position.'”” This
method consisted of three steps: (1) when the heating laser was
off, the orientation of the Janus particle changed randomly due
to the rotational Brownian motion; (2) when the orientation
was toward the target under an acceptance angle range, the laser
was switched on to trigger the propulsion; and (3) once the
particle lost the track to the target, the laser beam was turned off
and the loop was returned to step 1 (Figure 3c). Alternatively,
Ilic et al. developed dual-wavelength optothermophoretic
swimmers featuring two absorbing caps composed of different
materials (i.e., Au and titanium nitride) that could absorb laser
beams of different wavelengths for self-propulsion.”’ By
switching two laser beams based on the predesigned algorithms,
the swimmers were delivered to the target positions without the
need for real-time imaging and feedback control. In addition to
single swimmers, collective behaviors of optothermophoretic
Janus particles were also studied,'”*™""” facilitating the develop-
ment of autonomous manipulation of multiswimmers and even
swarm intelligence.

Alternatively, a temperature gradient required for optother-
mophoretic swimmers can also be created by laser heating of
colloidal particles with asymmetric shapes.'*>'”® He and co-
workers developed polymeric tubular rockets with Au nano-
shells (Figure 3d), which could self-propel in the solution or cell
culture media via optothermophoresis.'®” The temperature
distribution of the tubular rockets is shown in Figure 3e,
indicating a higher temperature increment at the small front
opening than that of the large rear opening. In addition, the
temperature inside the tube was much higher than that outside
the tube. By controlling the on/off state of the incident laser, a
rocket with a body length of ~10—12 um could swim in the
direction toward the small opening at a speed of up to 160 pm
s™' (Figure 3f). Similarly, Kim et al. developed a head—tail
structure with asymmetric light absorption to achieve self-
thermophoretic rotational motions."””

In an example of the third type of self-thermophoretic
swimmers, swimming was realized with uniformly Au-coated
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melamine resin microspheres through temporally asymmetric
laser heating.'’ The homogeneously decorated particles were
thermophobic, and their propulsion direction was the vector
from the laser-heated circumferential spot to the particle center.
By parallelly changing the positions of laser beams to push the
particles according to the real-time optical images, multiple
microswimmers were successfully localized to the predesigned
positions. The real-time tracking feedback loop was then
employed to investigate the information flows among the active
swimming particles by pairwise control. The control system
dynamically steered the position of each particle to keep the
distance between two neighboring particles at a constant value
Teq (Figure 3g). Two or three active particles could form
structures where all average interparticle distances were equal to
7eq When the number of particles exceeded three, the formed
structures could not have identical interparticle distances due to
the structural confinement in two dimensions (Figure 3h). The
underlying mechanism of the symmetric self-thermophoretic
swimmers has been further illustrated.”*° Moreover, the study of
swimmers integrated with machine learning could shed light on
the understanding of adaptive and collective behaviors of
microsystems.zm’2 ?

Self-propelled optothermophoretic swimmers have been
widely explored for biomedical applications due to their remote
and chemical-free control, high-speed motion, and inherent
heating for photothermal therapy. In addition, an NIR laser is
usually used to drive thermophoretic swimmers to avoid
photodamages to the biological tissues. Li et al. exploited
tubular rockets for in vivo transportation with high speeds (~2.8
mm s~') and real-time tracking at high resolution (~3.2 um).>%
To achieve fast swimming in the highly viscous blood,
microscale rockets with three tubes were designed (Figure 4a)
that showed a much higher speed than those of microrod and
single-channel tubular rockets due to the increasing quantity of
the propulsion channel and the light-excitation interfacial area.
This microrocket could also be applied underneath a shallow
tissue (less than ~1 mm), such as the ear of an anesthetized
mouse, where it could be tracked via photoacoustic imaging
(Figure 4b). Cui et al. exploited mesoporous Au-silica half-shell
swimmers for in vivo photothermal therapy and chemotherapy
in a biofilm (Figure 4¢).”** The mesoporous structure facilitated
the loading of vancomycin, while the Au-coating enabled self-
thermophoresis upon NIR laser irradiation. The experimental
results showed that this microswimmer could penetrate quickly
into the biofilm and release the encapsulated vancomycin
without damaging healthy tissue due to the localized temper-
ature rise (~45 °C). Because of their strong optothermal
response, optothermophoretic swimmers assisting photother-
mal tumor therapy was also proposed.”*>*°® In addition, He et
al. utilized Janus-particle-based swimmers composed of
polyelectrolyte multilayers and superparamagnetic iron oxide
nanoparticles for laser-assisted tissue welding.”"” The Janus
particles could self-propel into the wound guided by
thermophoresis and an external magnetic field (Figure 4d).
The Janus particles with active navigation are promising for
tissue welding, especially when the bleeding of wounds is too
strong, because the light-powered Janus particles can move with
speeds up to hundreds of micrometers per second to rival the

bleeding flow.
3.2. Optothermophoretic Tweezers
Apart from the optothermophoretic swimmers that are nudged

away from the heating laser beams, the target objects can also be
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Figure S. Optothermophoretic trapping of thermophobic objects. (a) Schematic and (b) trajectory points showing the thermophoretic trapping of a
200 nm PS bead under a rotating laser beam. Adapted with permission from ref 208. Copyright 2013 American Chemical Society. (c) Different
trapping modes based on different feedback-control rules of the heating laser. The top row represents the probability density distribution of trapped
particles, and the bottom one shows the corresponding temperature rise. Adapted with permission from ref 210. Copyright 2015 American Chemical

Society.

trapped and dynamically controlled under the light-induced
temperature fields, leading to the realization of thermophoretic
tweezers. Two different approaches have been proposed: (1)
establishing a ring-shaped temperature field where the inner
region is cold to trap thermophobic objects; and (2) trapping
objects with interfacial-entropy-driven negative Dy at the laser-
heating spot.

For the first approach, Cichos and co-workers developed a
thermophoretic trapping platform for thermophobic objects
through dynamic laser heating of ringlike arrays of plasmonic
nanostructures as substrates.”’*™'! In brief, because thermo-
phobic objects were repelled away from the laser-heating spot
(Figure 5a), they could be confined inside a plasmonic ringlike
nanostructure by rotating the heating laser at certain frequencies
(Figure 5b).”°® A single amyloid fibril was also successfully
trapped based on this method to study the growth, secondary
nucleation, or fibril breakup.”'* Apart from trapping the objects
at the center of ringlike nanostructures, different trapping modes
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were realized by controlling the temperature gradient fields
based on the feedback control of the heating laser.”'* Through
tracking the position of target particles by real-time imaging, one
could direct the laser beam on certain parts of the heating
nanostructure via a two-dimensional (2D) acousto-optic
deflector, enabling offset, double-well, and ring-shape thermo-
phoretic trapping of 200 nm colloids (Figure Sc). Additionally,
Nedev et al. demonstrated thermophoresis-assisted three-
dimensional (3D) optical trapping of Janus particles via the
synergy of thermophoretic force, optical gradient force, and
optical scattering force.”"?

Optothermophoretic trapping and tweezing can also be
achieved by exploiting the negative thermophoretic mobilities of
colloidal particles and cells under certain conditions. Accord-
ingly, upon laser heating, direct optothermophoretic trapping”"*
and assembly’”*"* of colloids and cells can be achieved without
the need for additional feedback control. Lin et al. developed
optothermophoretic tweezers to trap charged particles at the
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Figure 6. Optothermophoretic tweezers. (a) Schematic showing the working principle of entropy-driven optothermophoretic tweezers. (b) Optical
images of parallel trapping of PS beads with different sizes. Scale bar: 10 m. Adapted with permission from ref 214. Copyright 2017 The Royal Society
of Chemistry. (c) Optical setup integrated with a DMD for the versatile manipulation of colloidal particles or biological cells. (d) Parallel trapping and
dynamic manipulation of yeast cells. Scale bar: 10 ym. Adapted with permission from ref 221. Copyright 2017 American Chemical Society.
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Figure 7. Optothermophoretic manipulation at the macroscopic scale. (a) Time-elapsed optical images showing the macroscopic motion of a vial that
contains a concentrated solution of lead sulfide nanoparticles in cyclohexane. The image is a superposition of 10 snapshots of the vial position, in which
different colors represent different photographing moments. (b) Schematic showing the optothermophoretic mechanism underlying the vial’s motion.
Adapted with permission from ref 71. Copyright 2020 Springer Nature.
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particle would migrate from the cold to the hot region to be
trapped at the laser beam by optical heating.

To achieve dynamic manipulation of objects, a thermoplas-
monic substrate composed of quasi-continuous Au nanoislands
(AuNIs)"*'® is used to generate spatially continuous
hotspots.”'’~*'? The trapped objects could be manipulated to
any location by arbitrarily scanning the heating laser or moving
the sample stage. The versatilities of optothermophoretic
tweezers were demonstrated by parallelly manipulating and
patterning PS beads of different sizes into diverse patterns
(Figure 6b). Peng et al. further investigated the working
principle of optothermophoretic tweezers in various nonionic
liquids at the molecular level.”** The results showed that the
driving forces were derived from a layered structure of solvent
molecules at the particle—solvent interface, and the trapping
stability of the particles could be improved by engineering the
particle hydrophilicity, particle surface charge, solvent type, and
ionic strength on the layered interfacial structures.

Additionally, optothermophoretic tweezers were exploited to
manipulate biological cells with negative surface charges due to
the existence of phospholipid bilayers.”*" A digital micromirror
device (DMD) was integrated into the optical setup to achieve
versatile manipulation of biological cells (Figure 6¢). Figure 6d
shows the parallel trapping of yeast cells into a “NANO” pattern
and the dynamic transformation of cell assemblies from a “Y”
pattern to a “T” pattern. Besides biological cells, lipid vesicles
with similar phospholipid bilayers were also manipulated by
optothermophoretic tweezers.”*” Compared with conventional
optical tweezers, the optothermophoretic tweezers do not rely
on the refractive index contrast between trapped objects and the
environment. In addition, they require a much lower operation
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power (2—3 orders of magnitude lower) and less rigorous
optical setups than optical tweezers.

Optothermophoretic manipulation has also been realized at
the macroscopic scale. Kavokine et al. demonstrated a
centimeter-scale motion of a vial triggered by collective
optothermophoretic trapping of nanoparticles (Figure 7a).”!
When a laser beam irradiated a vial containing high-
concentration lead sulfide nanoparticles, the irradiated particles
absorbed the incident light and served as the heating sources. In
the meantime, other particles got trapped in the laser-heating
region via thermophoresis. As the local concentration of
nanoparticles increased up to a point beyond Jean’s instability,
the collective motion of the particles was induced, endowing
sufficient momentum to push the vial away from the laser
(Figure 7b). This work revealed the potential applications of
heat-mediated optical manipulation in the macroscopic world.

3.3. Opto-Refrigerative Tweezers

Taking advantage of the common thermophobic nature, Li et al.
developed opto-refrigerative tweezers (ORT) to trap and
manipulate nano-objects at the laser-generated cold region via
the optical refrigeration and thermophoresis synergy (Figure
8a).”® A quasi-continuous layer of Yb-doped YLiF, nanocrystals
was used as the substrate, where localized laser cooling could be
achieved under the irradiation of a 1 020 nm laser (Figure 8b).
Nanoparticles with a positive Soret coefficient could be trapped
at the laser spot by thermophoretic forces and dynamically
transported along the substrate. On the basis of a temperature
gradient field, ORT permitted long-range trapping of nano-
particles with a weakly focused laser beam, which could reduce
the photon degradation of target objects. In addition, the
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Figure 9. Opto-thermoelectric tweezers. (a) Schematic showing the surface modification of particles by CTAC. (b) Schematic of CTAC micelles and
Cl ions. (c) Schematic showing the working principle of OTENT. (d) Parallel trapping of six 100 nm silver nanospheres into a circular pattern (top)
and six 140 nm gold nanotriangles into a triangular pattern (bottom). Scale bars: S ym. Adapted with permission from ref 224. Copyright 2018
Springer Nature. (e) Schematic of OTENT based on Au nanoantennas to trap a single nanoparticle (NP). (f) Successive dark-field optical images
showing the polarization-controlled linear transport and circular transport of metal nanoparticles on Au nanorod arrays. Scale bar: 500 nm. Adapted
with permission from ref 62. Copyright 2018 American Chemical Society.

trapping of objects by ORT in the low-temperature region could
avoid potential photothermal damages. Thus, ORT present a
noninvasive optical manipulation tool for fragile nanoparticles
and biomolecules. As a demonstration, a fluorescent nano-
particle trapped by ORT showed enhanced stability compared
to that by optical tweezers due to the suppression of both
photobleaching and thermal bleaching (Figure 8c and d).

4. OPTO-THERMOELECTRIC MANIPULATION

Upon laser heating in electrolyte solutions, the thermophoretic
migration of cations and anions leads to the ionic spatial
redistribution to establish thermoelectric fields.""® The opto-
thermoelectric fields have been widely exploited to trap and
manipulate a variety of charged colloidal particles. With a
rational design of electrolyte solutions and particle surface
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charges, opto-thermoelectric approaches can achieve on-
demand manipulation of objects with a wide range of materials,
shapes, and sizes. By further exploiting the depletion attraction
at the particle—particle and particle—substrate interfaces, opto-
thermoelectric assembly and printing of colloidal matter, which
provide versatile tools for bottom-up nanofabrication, have been
demonstrated. Furthermore, the concept of opto-thermoelectric
microswimmers has been developed to actively control the
rotating and swimming states of Janus particles for effective
target delivery.

4.1. Opto-thermoelectric Tweezers
Thermoelectric fields have been widely employed to manipulate

charged molecules,"*° colloidal particles,""” and micelles.”** Lin
et al. developed opto-thermoelectric nanotweezers (OTENT)

https://doi.org/10.1021/acs.chemrev.1c00626
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to achieve trapping and manipulation of diverse colloids.”**

Optothermal substrates (e.g., AuNIs and Au nanorod arrays)
were used as the heating sources, which facilitated the
generation of a temperature gradient under laser illumination.
A cationic surfactant, cetyltrimethylammonium chloride
(CTAC), was used to modify all suspended particles with a
positive surface charge (Figure 9a). Interestingly, CTAC
molecules above the critical micelle concentration (0.13—0.16
mM) in solutions self-assembled into positive micelles (Figure
9b). The CTAC micelles and Cl™ ions served as two counterions
to create a thermoelectric field in OTENT.**® Specifically, under
a laser-generated temperature gradient, both CTAC micelles
and CI” ions migrated from the hot to the cold region, i.e.,
moving away from the laser beam. Because Sy (micelle) > S
(CI7), positive CTAC micelles moved faster and further than
CI” ions, leading to a thermoelectric field pointing toward the
laser beam because of their spatial separation.”*® Consequently,
the positively charged objects could be trapped at the laser spot
with thermoelectric forces (Figure 9¢). It should be noted that
CTAC can be replaced by biocompatible surfactants such as
poly(diallyl dimethylammonium chloride) for biological
applications.”** OTENT can be applied to manipulate colloidal
particles with a wide range of materials, sizes, and shapes at the
single-particle resolution with a low optical power (0.05—0.4
mW-um™>) that is 2—3 orders of magnitude lower than that of
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optical tweezers.””” By integrating OTENT with a DMD, the
researchers demonstrated parallel manipulation of different
metal nanoparticles with a size down to ~100 nm (Figure 9d). In
addition to a single focused laser beam, Kotnala et al. used a
multiple-mode fiber to generate a large thermal speckle field
with a diameter over 100 pm for the large-scale opto-
thermoelectric trapping of multiple particles.””® Integrated
with a microfluidic system, this optothermal speckle field
demonstrated size-selective nanoparticle filtration by the
interplay of the Stokes drag force and the thermoelectric force.

To further improve the light-to-heat conversion and enhance
the thermal gradient for more precise opto-thermoelectric
trapping, Liu et al. exploited plasmonic nanoantennas as
optothermal nanoradiators to overcome the optical diffraction
limit in OTENT (Figure 9¢).°” Due to the anisotropic
optothermal response of the nanoantennas, the thermoelectric
field and the resultant trapping stiffness could be tuned by the
polarization of the laser beam, which enabled the directed
transport of nanoparticles on rationally designed nanoantenna
arrays. For instance, by fabricating a T-shape pattern and a
triangle-shaped pattern with gold nanorod antennas, linear and
circular transport of nanoparticles, respectively, was achieved by
altering the polarization of the laser beam (Figure 9f). Moreover,
the use of a femtosecond laser could further enhance its
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capability to trap single quantum dots with a size down to ~30
nm.

OTENT can be further extended as a 3D manipulation
technique. Kotnala et al. achieved opto-thermoelectric fiber
tweezers by transplanting the AuNIs substrate to a flexible fiber
platform integrated with a three-axis stage (Figure 10a).”*’
Because the core of the fiber and the laser beam were always
aligned, the thermoelectric field was fixed at the center of the
fiber tip, which could be dynamically shifted in 3D by moving
the three-axis stage. Two operation modes with different
incident directions of the laser beam (i.e., normal versus parallel
to the substrate) could be achieved (Figure 10b). Single-particle
delivery was demonstrated by trapping the nanoparticle at the
fiber tip and moving the fiber to a target vesicle with controllable
speed and spacing (Figure 10c). Alternatively, Lin et al. reported
the 3D opto-thermoelectric manipulation of light-absorbing
silicon nanoparticles (SiNPs) by exploiting the self-generated
thermoelectric field."*® Upon laser radiation, a temperature
gradient field was built on the SiNP because of the asymmetric
heating along the beam-propagation direction. Because the
illuminated pole was hotter than the rear pole, the spatial
redistribution of CTAC micelles and CI” ions led to a
thermoelectric field pointing against the beam-propagation
direction (Figure 10d). Considering the positively charged SiNP
adsorbed with CTAC molecules, the opto-thermoelectric force
would pull the SiNP against the beam direction (Figure 10e). As
shown in Figure 10f, a laser-coupled, tapered optical fiber with a
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low numerical aperture was used to demonstrate long-distance
opto-thermoelectric pulling. The pulling velocity of SiNPs could
be tuned by altering the laser-power intensity and the
concentration of CTAC. In addition, the synergy of the opto-
thermoelectric pulling force and the optical scattering force
acted as the out-of-plane restoring force to maintain the particle
in the trap. Accordingly, 3D manipulation of SiNPs was achieved
when moving the laser focal plane in the Z direction. The SINP
particle with the self-generated opto-thermoelectric field could
further function as an optothermal shuttle to trap and transport
nonlight-absorbing particles such as PS beads (Figure 10g).

4.2. Opto-thermoelectric Assembly

When two particles are trapped at the laser spot in the opto-
thermoelectric field, the CTAC micelles at the interparticle gap
will drift away via thermophoresis, resulting in a depletion
attraction force to bind two particles together (Figure
11a).2%**" This micelle-mediated colloidal bonding can be
maintained even after the temperature gradient is removed. By
trapping and placing single particles one by one, diverse colloidal
superstructures of arbitrary configurations were built with
various particles as the building blocks (Figure 11b). 3D
assembly of colloidal structures was also achieved by
incorporating an optical scattering force to push the particle to
the upper layer (Figure 1lc). In addition, the assembled
colloidal structures could be disassembled and then reassembled
into other configurations. As a demonstration, Lin et al

https://doi.org/10.1021/acs.chemrev.1c00626
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mimicked the configuration of chiral molecules and applied this
opto-thermoelectric assembly technique to build reconfigurable
chiral meta- molecules using colloidal particles as the meta-atoms
(Figure 11d).>** Discrete particles were successfully assembled
into different chiral structures and reassembled into their
opposite enantiomers (Figure 11e). The measured differential
scattering spectra under circularly polarized light illumination
presented multiple bisignate chiral modes with high-quality
factors. Moreover, the optical chirality of meta-molecules could
be tuned by both geometric and compositional asymmetries,
which provided a promising platform to investigate the origin of
chirality at a colloidal scale.”*’ Furthermore, the assembled
colloidal structures could be immobilized on substrates via the
depletion attraction at the particle—substrate interface.'*’
Alternatively, Peng et al. demonstrated the opto-thermoelectric
assembly of colloidal superstructures in a photocurable hydrogel
solution, where the assembled superstructures could be fixed on
the substrate via cross-linking of hydrogels.”**

4.3, Opto-thermoelectric Swimmers

Peng et al. exploited the opto-thermoelectric fields to activate
the rotation and directional navigation of Janus microswimmers
(Figure 12a).>*° Specifically, when a focused laser beam
illuminated a PS-Au Janus particle, an asymmetric temperature
profile and a resultant thermoelectric field were generated in the
CTAC solution (Figure 12b). The thermoelectric force always
pointed from the cold to the hot region, where the X component
attracted the particle to the beam center and the Y component
made the particle drift toward the Au-coated hemisphere
(Figure 12c). Therefore, the Janus particle could be stably
rotated around the laser beam by the synergy of the
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thermoelectric force F, the optical force Fy, and the Stokes
drag force F,; (Figure 12d). A rotation rate of ~40 rpm was
achieved with a laser power of 1.9 mW. Interestingly, the angle 8
between the PS/Au interface and the substrate remained close to
90° during the rotation. This self-alignment behavior of the
Janus particle could be explained by calculating the thermo-
electric torque as a function of angle 8, which showed that 6 =
(3/8)x or (5/8)m was more energetically favorable than the
other angles (Figure 12e). Meanwhile, the Janus particle could
be nudged by another defocused laser beam via self-
thermophoresis (see section 3.1). By switching the rotating
and nudging states of the Janus particle via a feedback-control
algorithm, the particle achieved eflicient target delivery in a fuel-
free fluid environment (Figure 12f).

5. OPTOTHERMAL DIFFUSIOPHORETIC
MANIPULATION

The key to the optothermal diffusiophoretic manipulation of
objects in solutions is the establishment of a concentration
gradient of solutes upon laser heating. Two approaches have
been proposed so far: (1) exploiting thermophoretic motion of
molecules to build a concentration gradient and (2) using a
binary critical mixture that can be thermally decomposed to
generate a local concentration gradient around the target
objects. The first approach is suitable for the concentration and
assembly of colloidal particles and biological objects at a large
scale, while the second one can be used to develop optothermal
microswimmers and microengines.
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Figure 13. Concentration and assembly of objects based on optothermally induced depletion force. (a) Fluorescence intensity of 100 nm PS beads
under laser heating in a solution with 0% PEG (left) or 5% PEG (right). Scale bar: 10 gm. (b) Temperature (green) and density (blue) of PEG as a
function of the distance from the laser beam center. Adapted with permission from ref 14. Copyright 2009 American Physical Society. (c) Schematic
showing the optical setup and working principle of DNA accumulation assisted by the concentration gradient of PEG molecules upon laser heating. (d)
Optical images showing the distribution of DNA (bright part) in 0%, 2.5%, and 5.0% PEG solutions, respectively. Scale bar: 35 ym. (e) Phase diagram
of depletion (red), ringlike localization (green), and accumulation (blue) of DNA molecules as a function of the DNA length and PEG volume fraction.
Adapted with permission from ref 237. Copyright 2012 National Academy of Sciences. (f) Schematic (left), scanning electron micrograph (middle),
and optical diffraction pattern (right) of the 3D colloidal photonic crystals formed in a mixture of 1.6 ym silica beads and 12 nm magnetic nanoparticles
under local laser illumination. Adapted with permission from ref 144. Copyright 2012 The Optical Society.

5.1. Optothermal Diffusiophoretic Concentration and
Assembly

Various objects, including colloidal particles,"*'** DNA/
RNA,”****" and biological cells,*®**° can be concentrated or
assembled with high throughput via the optothermally induced
depletion force. For instance, Jiang et al. demonstrated the
concentration of 100 nm PS beads at the laser-heating regionin a
polyethylene glycol (PEG) solution (Figure 13a).'* Under the
laser-generated temperature gradient, PEG molecules migrated
away from the laser beam to the cold region via thermophoresis,
which established a concentration gradient (Figure 13b) and
created a depletion force to drive suspended PS beads to the
laser-heating spot. This depletion-based trapping is applicable to
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various objects and is highly dependent on the size and
concentration of depletants. Maeda and co-workers carried out a
series of studies on the manipulation of biological materials via a
depletion force.”****’ Representatively, it was found that, upon
laser heating in a microchannel (Figure 13c), DNA molecules
could form different structures in PEG solutions (Figure 13d)
that were dependent on the DNA length and PEG volume
fraction (Figure 13e).236237 Ring-shaped structures of DNA
molecules were formed due to the balance between the attractive
depletion force and the repelling thermophoretic force. In
another example, Deng et al. assembled 1.6 um silica
microspheres into an ordered close-packed structure using 12
nm magnetic nanoparticles as the depletants (Figure 13f)."**
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Figure 14. Optothermal diffusiophoretic microswimmers in binary critical mixtures. (a) Schematic of the working mechanism of optothermal
diffusiophoretic microswimmers. (b) Phase diagram of the binary critical mixture of water—2,6-lutidine. The dark-colored region indicates the
demixing region of binary mixtures. (c) Experimental (solid line) and numerical (dashed line) intensity profiles. a and b represent the lengths of

positive and negative VI, respectively. v,

represents the velocity of the illuminated particle. (j) Particle trajectories under different VI. The inset shows

the back-and-forth motion of a particle of the framed region. Adapted with permission from ref 181. Copyright 2016 Springer Nature.

5.2. Optothermal Diffusiophoretic Swimmers

Diftusiophoretic swimmers based on catalytic reactions have
been widely investigated.”*" Recently, diffusiophoretic swim-
mers have also been realized in a chemical-fuel-free environment
by optothermally demixing a binary mixture around a Janus
particle (Figure 14a).”*"*** Unlike the catalytic swimmers that
consume chemical fuels such as hydrogen peroxide, optothermal
diffusiophoretic microswimmers based on local demixing are
fuel-free, and the mixing—demixing processes are reversible.
Bechinger and co-workers developed optothermal diffusiopho-
retic microswimmers in a binary critical mixture of water and
2,6-lutidine by laser-heating-driven asymmetric local demixing
at Janus particles."®" Upon laser illumination, a temperature
gradient field was generated in the proximity of a Janus particle.
Once the temperature around the absorbing coating exceeded
the critical temperature T, (307 K) of the binary mixture (Figure
14b), the solution in the vicinity of the coating separated into
two immiscible phases. The resultant localized concentration
gradient induced a tangential gradient of pressure at the particle
surface and led to the directional drifting of the Janus particle. It
is worth noting that the moving direction of the Janus particle
can be altered by modifying its local surface hydrophilicity”*" or
surface charge,”* as the Janus particle always swims toward the
region rich in 2,6-lutidine. The effect of thermophoresis has
been excluded via a control experiment with the same setup in
pure water, where directed motions were not observed.”*’

The optothermal diffusiophoretic microswimmer system has
served as a versatile platform to investigate phototaxis,'®"***
gravitaxis,”*> and various collective behaviors***™>*’ of self-
propelled colloidal particles. As for phototaxis, it has been found
that light gradient fields can better navigate the optothermal
diffusiophoretic swimmers.'®' Specifically, Janus particles under
amonotonic light intensity gradient VI can be reoriented against
the gradient due to the broken axial symmetry of the slip
velocity, which stems from the inhomogeneous heating of the
metallic cap. To overcome the rotational Brownian motion,
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periodic sawtooth-like light profiles were created to achieve
directional transport of the Janus particle over arbitrary
distances (Figure 14c). When the time to travel through each
light-intensity segment was less than its reorientation time 7,
the particle could achieve rectified motion over long distances
(Figure 14d). Furthermore, Lozano and Bechinger revealed that
the microswimmers could respond to light pulses phototacti-
cally, which moved either along or counter to the pulse with
respect to the pulse velocity and the particle’s size, shape, and
swimming velocity.244 For the study of gravitaxis, Ten Hagen et
al. exploited Janus structures with homogeneous mass density
but asymmetric shapes to achieve gravitactic swimming (both
upward and downward motions) in a binary mixture, revealing
that the swimming behaviors related to gravitational fields of
some motile microorganisms in nature could be purely
attributed to their asymmetric shapes.245 Moreover, collective
behaviors of self-propelled particles and living microorganisms
have also been studied based on microswimmers. For instance,
Lavergne et al. exploited the microswimmer system with
feedback rules to study the collective behaviors in living systems
in response to visual perception. It was revealed that the motility
change of individual objects as a function of an anisotropic and
long-range perception of the environment can lead to robust
group formation and cohesion.”**

5.3. Optothermal Diffusiophoretic Rotors

We define rotors as artificial particles or structures that can
stably rotate around certain axes.>>® Micro/nanoscale rotors can
be achieved via different stimuli, including acoustic,”’
electric,”>” magnetic,18 chemical,*** optical,254 and optothermal
fields,”*>**>~*>” which have shown promising agéplications in
robotics,”*%*%7 nanosurgery,260 and microfluidics.”®" Schmidt et
al. developed a microscopic rotor based on the optothermal
diffusiophoresis, which can achieve an extremely high rotation
speed.”” Briefly, a silica microsphere with randomly distributed
iron oxide inclusions was initially trapped by optical forces.
Because more heat was generated on the side closer to the laser
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beam, an asymmetric temperature profile was established
surrounding the particle. The resultant diffusiophoretic force
had an opposite direction to the optical force, driving the particle
away from the laser beam (Figure 15a). By tailoring the laser
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Figure 15. Optothermal diffusiophoretic rotors. (a) Schematic showing
the balance between optical force (red arrows) and diffusiophoretic
force (green arrows) on an optically trapped microsphere as a rotor in a
critical mixture. (b) Bright-field image of the trajectories of the
microsphere within 0.6 s (left) and velocity drift fields (white arrows)
with particle position probability distributions (the brighter color
indicates the higher probability density) (right). Adapted with
permission from ref 255. Copyright 2018 American Physical Society.
(c) Trajectories of an L-shaped rotor with an asymmetric gold coating.
The inset is the optical image of the rotor. The red circle and blue
squares indicate the initial particle position and the positions after
rotation for 1 min, respectively. Adapted with permission from ref 262.
Copyright 2013 American Physical Society.

power intensity, the particle could find an off-axis position,
where the diffusiophoretic force was balanced by the optical
force. Owing to small asymmetries in the composition of the
particle, a net diffusiophoretic force was also generated in the
tangential direction, which drove the particle to rotate around
the optical axis (Figure 15b). The rotation rate of this
microengine could reach 4600 rpm with high conversion
efficiency at a laser power of a few milliwatts. The efficiency of
this rotor can further be tuned by the laser power, the ambient
temperature, and the mixture criticality. Alternatively, opto-
thermal diffusiophoretic microrotors in the same critical mixture
were realized by designing an asymmetric L-shaped particle with
selective Au deposition (Figure 15¢).””

6. PHOTOPHORETIC MANIPULATION

Photophoretic manipulation describes the optical trapping and
manipulation of light-absorbing objects via photophoretic force,
which can be achieved in either gaseous or liquid media.
Photophoretic manipulation is applicable to objects with
variable materials, shapes, and sizes such as carbon
s.pheres.,263’264 clusters of carbon nanotubes,?®>*%° biolo6gical
smut spores,267 and millimeter-sized absorbing plates.2 A
traditional Gaussian laser beam can be exploited to achieve
photophoretic trapping.%g’zm To make the trapping more
stable, intensity minima of the light fields are usually demanded
because the light-absorbing particle tends to be transversally
repelled from the high-light-intensity region to the low-light-
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intensity region.””" Accordingly, various structured light
configurations have been progosed, including optical bottle
beams,*”**"* optical vortices, 7S doughnut beams,?”® speckle
fields,”””*”® and many others.”””**°

On the basis of the photophoretic force induced by the
temperature difference (i.e,, AT photophoretic force), Shvedov
et al. achieved meter-scale transportation of ~10 ym objects in a
gas medium by trapping the particle inside a vortex beam.'*’
Later, the same group reported the pulling and pushing of
predesigned Au-coated hollow glass spheres in the air by
toggling the doughnut polarized laser beam between azimuthal
polarization and radial polarization.””® When the particle was
stably confined in the intensity minimum of the doughnut beam,
its moving direction was primarily determined by the thickness
of the Au coating. Specifically, a thin-Au-coated hollow glass
sphere can be regarded as semitransparent with more light
absorbing at the nonillumination side, resulting in a pulling force
toward the laser source. However, a particle with a thick-Au-
coating layer is highly opaque with most of the incident light
being absorbed at the illumination side, so it is pushed along the
laser beam. Moreover, for the thin-Au-coated sphere, its moving
direction could be further manipulated by switching the
polarization of the beam to flip the light-absorption distribution
of the sphere (Figure 16a). Photophoretic trapping and
manipulation of particles in the air can lead to fascinating
applications. For instance, Smalley et al. demonstrated the
photophoretic manipulation of sin§le cellulose particles for a
volumetric display (Figure 16b).”®" The optical intensity was
spatially modulated via the combination of spherical and
astigmatic aberrations to enable photophoretic trapping sites.
Through scanning the trapped particles rapidly and illuminating
them with collinear red, green, and blue lasers (Figure 16¢c),
arbitrary and full-color 3D images that can be seen from all
angles were achieved.

One can further combine AT photophoretic forces and
optical forces to achieve particle manipulation. Lu et al. achieved
photophoretic pulling and pushing of a single Au plate on a
tapered fiber via the synergy of photophoretic and optical forces
(Figure 16d).”* The evanescent field outside of the fiber
became stronger as the plate got closer to the fiber tip because of
the decrease in the diameter of the fiber. Therefore, the
temperature of the front side of the Au plate was considerably
higher than that of the back side, resulting in a photophoretic
pulling of the plate toward the light source. When the Au plate
was pulled to the middle of the fiber, the photophoretic force
was negligible due to a small temperature difference while the
optical force became larger, which pushed the plate away from
the light source. The simulated total light-induced forces
showed that the Au plate could move back and forth on a
tapered fiber (Figure 16e), which was validated experimentally
(Figure 16f).

In addition, photophoretic force induced by the difference of
thermal accommodation coefficients (i.e., Aa photophoretic
force) can be synergized with the AT photophoretic force,
optical radiation force, and gravitation force to trigger
transversal rotation of micron-sized particles.”*»*** Yuan and
co-workers exploited the Aa photophoretic force to achieve 3D
manipulation of a microparticle composed of carbon black and
silica in pure liquid glycerol.”*>**® Thermal convection and
thermophoresis played an insignificant role in this specific
system due to the high thermal conductivity of the particles and
special thermodynamic properties of liquid glycerol (Péclet
number and Reynolds number <1 while Prandtl number >>1).
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Figure 16. Photophoretic manipulation. (a) Schematic showing the positive/negative photophoretic transportation controlled by the polarization
state of an incident laser beam. ] is an asymmetric parameter. Adapted with permission from ref 276. Copyright 2014 Springer Nature. (b) Schematic
showing the working principle of the volumetric display based on photophoretic trapping of single particles. (c) Optical image demonstrating the
projected image of a human configuration created by the volumetric display. Adapted with permission from ref 281. Copyright 2018 Springer Nature.
(d) Schematic showing photophoretic pulling (top) and pushing (bottom) of a hexagonal gold plate on a tapered fiber in ambient air. (e) Calculated
photophoretic force, optical force, and total light-induced force as a function of the distance along with the tapered fiber. (f) Optical images of a back-
and-forth moving gold plate on a tapered fiber in ambient air. Adapted with permission from ref 282. Copyright 2017 American Physical Society. (g)
Schematic and (h) optical images showing the photophoretic levitation of a millimeter-sized plate. Adapted with permission from ref 287. Copyright
2021 American Association for the Advancement of Science.

Recently, Bargatin and co-workers demonstrated photophoretic with carbon nanotubes (Figure 16g).”*” The coated carbon
levitation of millimeter-sized mylar films with one side coated nanotubes not only enhanced the light-absorption efficiency of
3141 https://doi.org/10.1021/acs.chemrev.1c00626
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Figure 17. Optical trapping assisted by natural convection. (a) Schematic of the natural-convection-assisted plasmonic nanoaperture tweezers. (b)
Optical images demonstrating the trap and release of a 200 nm fluorescent PS particle assisted by the natural convection flow. Scale bar: 25 ym.
Adapted with permission from ref 292. Copyright 2020 American Chemical Society. (c) Hybrid phase diagram of trapping 0.5 and 1.0 m PS particles
on Au bowtie nanoantenna arrays. (d) Optical images showing the trapping of 0.5 um PS particles and the rejection of 1.0 gm PS particles. The green
points indicate 0.5 ym PS particles (trapped), and the orange points indicate 1.0 yum PS particles, which were repelled due to the strong thermal
convection. Adapted with permission from ref 293. Copyright 2012 American Chemical Society.

the whole film but also increased the collision time between
incident gas molecules and the film, leading to a higher thermal
accommodation coefficient than that for the uncoated side. The
resultant Aa photophoretic force could levitate the thin film
with a load that was many times the weight of the film (Figure
16h).

7. OPTICAL MANIPULATION BASED ON NATURAL
CONVECTION

Natural convection is a type of flow attributed to the density
gradient of fluids, which can be achieved upon laser irradiation
on absorbing substrates, particles, or solvents. It usually has a
toroidal-shaped flow and manipulates suspended particles via
the Stokes drag force. However, the manipulation accuracy of
single objects by convective flow is relatively low. Natural
convection has been widely applied for the large-scale assembly
of colloidal particles, as in “optothermal assembly based on
natural convection”, and the rapid transport of objects toward
the plasmonic trapping sites due to its long working range,"*’ as
in “optical trapping assisted by natural convection”. In addition,
coordination of natural convection and thermophoresis in a
temperature gradient has also been exploited for on-demand
manipulation of target objects.”*® It is worth noting that both
thermoplasmonic convection (defined as the natural convection
induced by the optical heating in metallic nanostructures'*")
and Rayleigh—Bénard convection (defined as the natural
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convection stemming from the instability of a uniformly heated
bottom surface and a Rayleigh number exceeding a certain
threshold">”) can be exploited for the optical manipulation.
Without further declaration, the manipulation in the following
subsections is based on Rayleigh—Bénard convection.

7.1. Optical Trapping Assisted by Natural Convection

The toroidal-shaped natural convection flow can be directly
applied to manipulate single objects.”® For instance, Cong et al.
utilized a Au-coated microwell array for efficient optical trapping
and single-cell analysis.””” The optical heating not only triggered
the convective flow to facilitate 3D manipulation of a single
cancer cell but also provided a constant-temperature environ-
ment for a recombinase polymerase amplification reaction of
nucleic acid markers. Kumar et al. exploited natural convection
to achieve pitch-rotational motion of upconverting particles and
single cells.””" A hexagonal-shaped particle with a length of S ym
was rotated 180° within 1 s. The rotation rate could further be
tuned by the laser intensity and the thickness of the absorbing
layer.

In addition to its direct use in optical manipulation, natural
convection can also be applied to assist optical trapping and to
overcome the diffusion limit in optical tweezing techniques due
to its large working range. Kotnala et al. adopted the natural
convective flow to assist plasmonic trapping and sensing of
nanoparticles with an ultralow concentration (<2 X 107
particles-mL™") (Figure 17a).””> A multimode optical fiber
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Figure 18. Optothermal assembly and sorting based on natural convection. (a) Schematic showing the natural convection flows (with a unit of ms™")
due to the light absorption of suspended Au nanorods. The convective flow concentrated hydrogel microparticles at the center of the laser spot.
Adapted with permission from ref 300. Copyright 2017 Wiley-VCH. (b) Schematic showing the directed assembly and patterning of Au nanoparticles
on generic substrates based on natural convection. Au nanoparticles serve as the light-absorbing medium for the optothermal generation of natural
convection. Adapted with permission from ref 295. Copyright 2018 Wiley-VCH. (c) Two cross-sectional views of simulated velocity field induced by
light absorption of water solution and the resultant optical heating. (d) Schematic showing the sorting process based on the thermal convection. (e)
Optical images show the sorting of PS particles of different sizes. L is the displacement of the fiber tip. L represents the separation after the sorting.
Adapted with permission from ref 72. Copyright 2016 The Optical Society.

coupled with a 532 nm laser beam was utilized to illuminate a
large area of Au film with a plasmonic nanoaperture, generating
the thermal convective flow for rapid delivery of freely dispersed
particles. The delivered particles were then trapped at the
nanoaperture by a 1020 nm laser beam via plasmon-enhanced
optical forces (Figure 17b). Compared with diffusion-limited
trapping, this convection-assisted trapping could reduce the
average trapping time by up to 15-fold. In another work,
Roxworthy et al. exploited thermoplasmonic convection to assist
the plasmonic trapping and sorting based on Au bowtie
nanoantenna arrays.” > At a low laser power, when the optical
gradient force was larger than the drag force and scattering force,
particles could be trapped near the Au bowtie nanoantennas.
When the power increased, the strong convective flow could
draw in particles from well outside the laser focal spot and lead to
the trapping of multiple particles as a cluster. Because the
trapping behavior of different sized particles varied as a function
of bowtie number density and laser power, a hybrid phase
diagram for particle sorting could be obtained by overlapping
two individual trapping diagrams of different sized particles
(Figure 17c). As an example, particle sorting by selective
trapping of 0.5 pm versus 1 ym PS particles was demonstrated
(Figure 17d).

Along with optical trapping and rapid transport assisted by
natural convection, the light-induced temperature variation
along the convective flow can be exploited for advanced
applications. For example, Braun et al. exploited the temperature
variation and natural convective flow for DNA replication.””*
Because high- and low-temperature regions existed along the
convective cycle, DNA transported by the natural convection
flow could be exposed to different temperatures at a certain time,
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providing suitable environments for its melting and elongation
as required by a traditional polymerase chain reaction.

7.2. Optothermal Assembly Based on Natural Convection

Because the natural convective flow has a large working range in
solutions and is universally applicable to manipulating various
objects, it has been widely exploited for the larger-scale
optothermal assembly of colloidal structures.”*******° The
heating source for the optothermal assembly can be (1)
predesigned light-absorbing substrates,””*”” (2) mobile light-
absorbing particles,”® or (3) light-absorbing fluids.”***’

As an example of substrate-based optical heating, Shoji et al.
fabricated Au nanopyramidal dimer arrays via angular-resolved
nanosphere lithography to serve as a template for the
optothermal assembly of 2D hexagonal arrays of PS particles.””
Thermoplasmonic convection was induced via plasmonic
heating, facilitating the transport of PS particles toward the
plasmonic trapping sites. Lu et al. exploited one-dimensional
photonic crystals composed of Si;N, and SiO, to generate
thermal convection for particle assembly via total internal
reflection.””®

In addition to the predesigned optothermal substrates, the
natural convective flow can be generated by optical heating of
the suspended nanoparticles or the solvents.”® For instance,
Dinh et al. exploited the suspended Au nanorods as the heating
source to induce a thermoplasmonic convective flow for 3D
assembly of hydrogel microparticles (Figure 18a).*%" Similarly,
Jin et al. assembled Au nanoparticles on a glass substrate via self-
generated thermoplasmonic convective flows without chemical
ligands or substrate patterning (Figure 18b).””> The size of the
assembly can be controlled by the light intensity and the
illumination time. Alternatively, Liu et al. exploited a 1.48 ym
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Figure 19. Optical manipulation based on natural convection combined with thermophoresis. (a) Schematic showing the formation of ring-shaped
particle assemblies based on the interplay of thermophoresis and natural convection. Adapted with permission from ref 302. Copyright 2002 American
Physical Society. (b) Particle accumulation around the laser spot at an incident power of 0.8 mW (top) and 6 mW (bottom). Adapted with permission
from ref 68. Copyright 2015 The Optical Society. (c) Schematic showing the formation of supercrystals based on negative thermophoresis and natural
convection. (d) Simulated velocity field around the aggregation. Blue and red arrows correspond to the contribution of natural convection and
thermophoresis, respectively. Adapted with permission from ref 288. Copyright 2018 American Chemical Society. (e) Schematic showing the long-
range trapping mechanism based on natural convection, negative thermophoresis, and optical force. Adapted with permission from ref 307. Copyright
2015 The Optical Society. (f) Optical images showing the manipulation of assembled PS particles by moving the laser spot. BG, bare glass. Adapted

with permission from ref 77. Copyright 2015 Springer Nature.

fiber laser to heat water to induce natural convection (Figure
18c),” which led to a concentration of particles in the vicinity of
the fiber tip. By moving the fiber at a proper speed, they
separated the particles with different sizes based on their size-
dependent gravitational velocity (Figure 18d). As a demon-
stration, the sorting of 15 and 4S5 um PS particles was achieved
(Figure 18e).

Upon the generation of thermal natural convection flow,
thermophoresis of colloidal particles is unavoidable due to the
existence of temperature gradients. When the thermophoretic
force and the Stokes drag force induced by natural convective
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flow are comparable, both should be taken into consideration to
fully understand the motion of target objects. Because colloids
can be thermophobic or thermophilic depending on the sign of
the Soret coeflicients, the direction of thermophoretic forces and
thermal convection flows can be either the same or the opposite.

When particle assembly is induced by the synergy of natural
convection and positive thermophoresis (i.e., moving away from
the heating source), ring-shaped colloidal assemblies can be
obtained due to the counterbalance between thermophoretic
force and Stokes drag force induced by the natural convection
(Figure 19a).6%297301=30% Rlores-Flores et al. further demon-
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manipulation via optothermal bubbles. Adapted with permission from ref 318. Copyright 2014 The Royal Society of Chemistry. (b) Working principle
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microbubbles. Scale bar: 100 ym. Adapted with permission from ref 322. Copyright 2017 Springer Nature. (e) Schematic of a vehicle-like
microstructure or microrobot. It can move with full six degrees of freedom by controlling four trapping beams (red arrows). A heating laser beam (blue
arrow) propagates through the top hole to irradiate the deposited metallic layer on the hole wall for the generation of optothermal bubbles. (f) Optical
images show the loading and unloading of particles based on optothermally controlled Marangoni convection at the bubbles inside the hole of the
robot. Adapted with permission from ref 324. Copyright 2016 Springer Nature.

strated the transition from integral assembled structures to ring-
shaped ones by increasing the power of the incident laser
(Figure 19b).°% At low optical power (0.8 mW), natural
convection was dominant and thermophoresis became trivial,
leading to particle accumulation around the laser spot. When the
laser power increased to 6 mW, the thermophoretic force was
comparable with the Stokes drag force, repelling particles
outside the laser spot to form a ring-shaped structure. Similarly,
Weinert and Braun developed an optical conveyor through the
combination of a bidirectional thermal convective flow and
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lateral thermophoretic forces to realize the accumulation of 1.5
nm molecules.’”

In the case of negative thermophoresis (i.e,, moving toward
the heating source), enhanced optothermal assembly can be
achieved by the synergistic effects of thermal convection and
thermophoresis. For instance, Brasiliense et al. assembled silver
nanoparticles functionalized by dodecanethiols into 3D super-
crystals for potential surface-enhanced Raman scattering
spectroscopy (Figure 19¢).”*® It was found that the
thermoplasmonic convection dominated when the Ag nano-
particles were far away from the laser spot, while thermophoresis
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played a more important role when the particles were in the
vicinity of the laser spot (Figure 19d). Wu et al. also
demonstrated the large-scale optical assembly of PS particles
into needle-like structures in the radial direction with the
assistance of negative thermophoresis and thermal convec-
tion.*%°

Through the coordination of natural convective flow, negative
thermophoresis, and optical force, Ho and co-workers
demonstrated long-range and 3D optical trapping of PS beads
and Escherichia coli (E. coli) bacteria (Figure 19¢).*” The
convective flow was exploited to transport dispersed particles
toward the Au-coated fiber tip. Meanwhile, the thermophoretic
force along with the optical force counterbalanced with the drag
force from the lateral convection at the near field to achieve
particle trapping. Accordingly, the large-scale assembly of PS
particles on AuNI substrates was achieved via thermoplasmonic
convection, and the assembled structures could be moved by
translating the laser spot (Figure 191).””

8. OPTICAL MANIPULATION BASED ON
OPTOTHERMALLY INDUCED MARANGONI
CONVECTION

Marangoni convection describes a type of flow arising from the
surface tension gradient, which can be induced by ogtothermal
effects, concentration gradients of chemicals,>*®*73'% and
catalytic effects for the bubble generation.”’' ™*'* Several types
of optothermally induced Marangoni convection have been
exploited for heat-mediated optical manipulation. These include
convection at optically heated water—oil interfaces and liquid—
gas interfaces that are pre-existing in the systems, as well as the
convection at optothermally generated vapor bubbles. When a
focused laser beam irradiates light-absorbing particles or
continuous substrates,”>'* the local heating causes water
evaporation and nucleation of microbubbles at the solid—liquid
interface.”"**'® The surface tension gradient along a bubble
surface introduces Marangoni convection in solutions, which
can rapidly transport suspended objects. Marangoni convection
occurring at the planar fluid—fluid interface usually requires less
temperature increase and is more suitable for the manipulation
of macroscopic objects. In contrast, Marangoni convection
induced by localized optothermal bubbles can achieve precise
manipulation of the micro/nanoscale objects. Advantages of
Marangoni-convection-based optical manipulation include (1)
applicability to target objects of variable materials, sizes, and
shapes; and (2) strong forces (several orders of magnitude larger
than that induced by natural convection) for fast and large-scale
particle manipulation. We will discuss optical trapping,
assembly, swimming, and rotation based on Marangoni
convection.

8.1. Optothermal Trapping, Transport, and Accumulation
Based on Marangoni Convection

Marangoni convection at optically generated and controlled
optothermal bubbles has been exploited to trap and transport
colloidal particles and biological cells.’’’~>** Zhao et al.
reported the trapping of colloidal particles and biological cells
by the optothermal bubble with a balance among the drag force,
surface tension force, and pressure force derived from the
pressure difference between the gas and the liquid.”'® Non-
invasive manipulation was achieved via directly manipulating the
bubble as a shuttle for target objects (Figure 20a). Dai et al.
demonstrated 3D manipulation of hydrogel microstructures
with a size of >10 ym by generating and moving an optothermal
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bubble. With the bubble under the microstructures, researchers
could lift the microstructures for out-of-plane rotation and 3D
assembly (Figure 20b and ¢).”*>**' Apart from the single-bubble
manipulation, Ghosh et al. explored the convective flow arising
from two adjacent optothermal bubbles for versatile particle
manipulation. Self-assembly, sorting, and circular motions of
different colloidal particles have been demonstrated by
controlling the size and distance of two bubbles.”® Rahman et
al. exploited a spatial light modulator to split a laser beam for
independent generation and manipulation of multiple bubbles,
which were utilized for in-plane rotation and translation of
micro-objects (Figure 20d).”** Moreover, optothermal bubbles
were harnessed to drive the more complex and functional
objects like disk-shaped microrobots.**’ The bubble-driven
robots could push PS beads and yeast cells toward target
locations.

Because of their capabilities of long-range particle transport
and efficient particle trapping, optothermal microbubbles have
been incorporated into light-driven microrobots to achieve
contactless particle loading into and unloading out of the robots.
Villangca et al. developed a robot that could load and unload
suspended particles with an optothermally induced bubble
(Figure 20e).*>* When a microbubble was formed inside a hole
of the robot by laser irradiation, Marangoni convection would
drag the surrounding particles into the hole of the robot. The
trapped objects could be ejected out of the hole by slightly
shifting the heating laser beam across the robot body, which was
like the action of pumping a syringe (Figure 20f). Compared
with the tweezing techniques that trap objects at the laser beam
center, such as optical tweezers, optothermophoretic tweezers,
and opto-thermoelectric tweezers, optical tweezing assisted by
Marangoni convection can keep target objects away from the
laser beam to avoid potential photodamages and thermal
damages. However, in this case, the resolution of single-object
manipulation is commonly limited to the microscale.

Benefiting from the toroidal shape and high velocity of
Marangoni convective flow, optothermal bubbles have been
widely utilized for rapid accumulation of various objects, such as
PS beads,*>>3%¢ quantum dots,**” metal nanoparticles,"’zg_33’1
DNA,**? living cells,*** and bacteria,>****° and enhancing
optical printing, sensing, and chemical reaction. For instance,
Uwada et al. exploited the accumulation of glycine molecules
and temperature rise in the vicinity of an optothermal bubble to
produce glycine crystals.”*® Vélez-Cordero and Hernandez-
Cordero printed entangled arrays of multiwalled carbon
nanotubes at an optical fiber tip via a synergy of negative
thermophoresis and bubble-induced Marangoni convection.”*’
In addition, lida and co-workers achieved high-density assembly
of electric-producing bacteria with a high survival rate on a
honeycomb-like film via optothermal bubbles,”** which is
promising for the development of high-density microbial energy
conversion devices. The same group also investigated how
surfactants influenced bubble-assisted assembly.”* It was found
that the nonionic surfactant could reduce the bubble size and
decrease the convective velocity, which changed the assembly
pattern and increased the number of aggregated particles.

Recent years have also witnessed rapid progress in exploiting
bubble-based accumulation for sensing applications. Kang et al.
exploited optothermal microbubbles to simultaneously aggre-
gate silver nanodecahedra and target molecules to achieve high-
sensitivity detection of the molecules with surface-enhanced
Raman spectroscopy.”° Due to the quick accumulation of both
the signal-amplification silver nanodecahedra and the molecules
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Figure 21. Optical accumulation and printing of biomolecules based on optothermal bubbles for enhanced biosensing. (a) Schematic showing the
working mechanism of optothermal-bubble-assisted chiral sensing on the plasmonic moiré chiral metamaterials. (b) CD spectral shifts (A1) and
dissymmetry factors (AAZ) of p-glucose without or with bubble-assisted accumulation at different concentrations. (c) CD spectral shifts (A1) and
dissymmetry factors (AAA) of p-glucose and L-lactate mixtures of varying ratios with the bubble-enabled accumulation. Adapted with permission from
ref 341. Copyright 2021 American Chemical Society. (d) Schematic (left) and corresponding fluorescence (FL) intensity (right) showing the bubble-
enhanced surface capture and sensing of proteins. For each FL measurement, the bubble accumulation lasted for 1 min while the reference sample was
incubated for 30 min. Adapted with permission from ref 339. Copyright 2020 American Chemical Society.

assisted by optothermal microbubbles, the Raman signal could
be detected within S s with the significantly enhanced detection
sensitivity. Similarly, Zhao and co-workers used optothermal
microbubbles to assemble metal nanoparticles into nanogap-
rich superstructures and simultaneously concentrate analytes at
the nanogaps for active chemical sensing.”** With the goal of
enhancing sensing based on plasmonic nanoapertures, Kotnala
et al. adopted bubble-induced Marangoni convective flow to
enhance the trapping efficiency of analytes at the nano-
apertures.””” Recently, Liu et al. demonstrated bubble-mediated
accumulation and printing of chiral molecules on plasmonic
chiral metamaterials to enhance label-free chiral detection
(Figure 21a). As shown in parts b and c of Figure 21, the bubble
accumulation of molecules significantly enhanced the detection
limit and made it possible to detect various mixtures of chiral
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biomolecules. Furthermore, Kim et al. exploited a volatile and
water-immiscible component called perfluoropentane to dem-
onstrate the generation of microbubbles at a low temperature
(~36 °C at the laser beam center) for the fast accumulation and
sensing of proteins without any optothermal damage to the
biomolecules (Figure 21d).”*” The bubble-induced Marangoni
convective flow enhanced the capture efficiency of the proteins
by the sensing surface, leading to 1 order-of-magnitude
improvement in detection sensitivity and a 30-fold reduction
in detection time.

The potential optothermal damage during the vapor-bubble-
driven accumulation could also be alleviated by the shrinking
surface bubble deposition method. Moon et al. proposed such a
method for the low-temperature deposition of DNA-function-
alized Au nanoparticles.”*’ Vapor bubbles were created by short-
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Figure 22. Optical printing and synthesis of functional materials based on optothermal bubbles. (a) Schematic illustrating the mechanism of bubble
printing. (b) Simulated velocity distribution of a Marangoni convective flow around a 1 #m bubble. (c) Printing single PS particle with different sizes
(left) and patterning multiple particles into complex patterns (right). Adapted with permission from ref 217. Copyright 2016 American Chemical
Society. (d) Bubble-printed “Mona Lisa” pattern of red quantum dots with fluorescence lifetime mapping. Adapted with permission from ref 347.
Copyright 2017 American Chemical Society. (e) Scanning electron micrographs of rhodium—gold nanoalloys with 2 ym (left) and 4 ym (right)
interline spacing. (f) High-resolution transmission electron micrographs along with 2D energy-dispersive X-ray spectroscopic mapping of the
nanoalloys. Adapted with permission from ref 357. Copyright 2019 Cell Press.

time laser irradiation. Once the laser was turned off, suspended
particles were printed on the substrate along the bubble surfaces
during the bubble shrinkage without additional laser-induced
heat. Compared with the optothermal-bubble-assisted printing
under continuous irradiation, a stronger fluorescence signal of
the printed molecules was detected, validating the low-
temperature working manner.

Bubble-assisted Marangoni convection and accumulation can
also be applied for optothermal printing of nanomaterials on
solid-state substrates for device applications (Figure
22a).**7** It has been demonstrated that the toroidal
Marangoni convective flow induced by an optothermal bubble
can drag various nanomaterials, including PS beads,**® metallic
particles,33’1 carbon nanotubes,>* quantum dots,**” and soft
oxometalates,>*® toward the bubble—substrate interface and
immobilize them on the substrate via van der Waals interactions
(Figure 22b). The working principle is the same as that for
printing molecules on functional substrates for enhanced
spectroscopy and sensing.328‘330’339’349’350 Moreover, an ultra-
short lifetime (~100 ns) of the submicrometer vapor bubble*’
facilitates real-time movement of the bubble by scanning the
laser beam for continuous printing. Lin et al. demonstrated the
printing of single colloidal particles with different sizes and
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materials into arbitrary patterns on the substrate (Figure
22¢).”"” Taking advantage of the programmable control of
laser scanning, Bangalore Rajeeva et al. achieved continuous
bubble printing of semiconductor quantum dots with high
resolution (~650 nm) and high throughput (10* um-s~1).>Y
Complicated patterns such as the “Mona Lisa” image were
printed with submicron details (Figure 22d). A haptic printing
platform was further developed by integrating bubble printing
with a smartphone device for free-form patterning of quantum
dots.*>” To avoid the pinning of the microbubble in order to
realize continuous printing of more uniform and narrower
structures, Shpaisman and co-workers modulated the incident
laser to better control the construction and destruction of
microbubbles.**'

Beyond printing colloidal particles that have been synthesized
previously, bubble printing can be employed for one-step
synthesis and structuring of nanomaterials from precursor
solutions. For example, Ag rings and ZnO nanocrystals were
patterned on substrates via bubble-driven localized ion
accumulation and the resultant chemical reaction.”>”*>*
Conducting polymers (e.g., polypyrrole and polyaniline) were
in situ synthesized and patterned on a glass substrate via the fast
concentration of pyrrole and aniline by optothermal bub-
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bles.>>**° Moreover, the synergy of the instantaneous ion
saturation and the high temperature around the bubble permits
surfactant-free synthesis and simultaneous patterning of an

immiscible metallic naln021lloy.357’358 Linear patterning of
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rhodium—gold nanoalloys via bubble printing is shown in
Figure 22e.”>” High-resolution transmission electron micros-
copy and energy-dispersive X-ray spectroscopy were performed
to validate the formation of nanoalloys (Figure 22f).
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Rather than through the generation of optothermal bubbles,
Marangoni convective flow can also arise at a pre-existing gas—
liquid interface or solid—solid interface that is optically
heated.**®**° For instance, Winterer et al. heated the water
near the surface to generate a strong thermocapillary flow at the
air—solution interface (Figure 23a).”” Au nanoparticles were
levitated by the thermocapillary flow and then repelled away
from the laser spot at the interface due to the toroidal shape of
Marangoni flows (Figure 23b). The temperature increase of the
solution was only 1.75 K, which made it possible to apply it for
biological samples. In another example, Zhang et al. exploited a
ringlike laser pattern to establish a closed potential barrier
around target objects at the liquid—air interface for stable
trapping and manipulation at the interface (Figure 23c), which is
similar to the particle manipulation based on multiple
optothermal bubbles shown in Figure 20d.**° Wei and co-
workers further demonstrated particle manipulation inside solid
fibers based on laser-induced thermocapillary convection.*®!
When a functional material-core glass-cladding fiber was heated
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by alaser, the cladding and the core were locally liquidized when
a chain of in-fiber particles was formed due to the penetration
wave occurring on the interface (Figure 23d). Marangoni
convection was triggered at the heated cladding—core interface,
which drove the in-fiber particles to drift along the convective
flow (Figure 23e). This manipulation method is independent of
the materials, shapes, and sizes of particles and can be used for
the assembly of various functional particles inside fibers.
Marangoni convection can also be induced by optically
heating liquid droplets in other solvents, which has been used to
manipulate the liquid droplets.**>~*°° Baroud et al. applied the
heat-mediated optical manipulation technique in microfluidics
to achieve the formation, transport, fusion, and division of
microsized water-in-oil droplets.”*”**® The light absorption of
the water droplet was enhanced by adding additional dyes to the
droplet. When the droplet was asymmetrically heated by a laser
beam, Marangoni convection occurred at the water—oil
interface, generating a net force to push the droplet away from
the laser beam spot. Accordingly, uneven droplet division was
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Figure 26. Optothermal Marangoni swimmers. (a) Working principle and directional motion of optothermal Marangoni swimmers composed of a
PDMS block with one side coated with vertically aligned carbon nanotube forests. Adapted with permission from ref 377. Copyright 2009 American
Chemical Society. (b) Schematic showing the direct laser writing on the PI tape for the fabrication of optothermal Marangoni swimmers. (c) Origami
template, optical image, thermography image, and directed movement of a 3D origami froglike swimmer powered by focused sunlight. Adapted with
permission from ref 382. Copyright 2021 Wiley-VCH. (d) Schematics and optical images showing delivery, fixing, and disruption/release of the liquid
marble powered by NIR laser irradiation. Adapted with permission from ref 376. Copyright 2016 Wiley-VCH. (e) Schematic showing the dual-mode
propulsion of the optothermal-paper-based swimmer. (f) Schematic and trajectory showing directional control of the swimmer by manipulating the
laser beam position. Adapted with permission from ref 380. Copyright 2020 American Chemical Society. (g) Schematic and experimental
demonstration of an optothermal swimmer with 3D motion. Adapted with permission from ref 381. Copyright 2021 Wiley-VCH.

achieved inside the microfluidic channel by applying a heating
laser beam at the cross (Figure 24a). de Saint Vincent et al.
employed the optothermally induced Marangoni convection to
achieve the separation of pure water droplets and water—dye
droplets in terms of their difference in light absorption.**” As the
water—dye droplets were heated and repelled by the laser beam
due to Marangoni convection, they were separated from
nonabsorbing water droplets, enabling continuous sorting of
the droplets based on a microfluidic system (Figure 24b). In
addition, Kotz et al. exploited the optothermally induced
Marangoni effect to achieve the nud§ing of single water droplets
in decanol without microfluidics.”’” Recently, Nagelberg et al.
demonstrated the reorientation of Janus emulsion droplets
based on the optothermally induced Marangoni forces.*®® It is
worth noting that Marangoni convective flow is applicable to
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both nanoscale and macroscale objects due to its high velocity
and large working range.

Another interesting heat-mediated optical approach for the
assembly of Au nanoparticles (AuNPs) is enabled by structured-
light irradiation coupled with Marangoni convection. For
instance, Rodrigo et al. developed a ring-shaped optical field
with homogeneous intensity but tailored phase distribution
(Figure 25a)."" AuNPs were propelled around this 2D optical
trap, whose velocity was dependent on the optical phase gradient
(Figure 25b). When the incident light wavelength matched the
plasmonic resonance wavelength of AuNPs, the optical heating
of the nanoparticles triggered a strong Marangoni convection
flow at the liquid water/superheated water interface around the
heated particles. More surrounding AuNPs were then dragged
toward the heated particles and assembled into a quasi-stable
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group (Figure 25c). The size of the assembled group could be
controlled by dynamically switching the phase gradient
distribution of the incident light.

8.2. Optothermal Swimmers, Oscillators, and Rotors Based
on Marangoni Convection

Innovative designs that exploit optothermal Marangoni
convection have led to various microscopic and macroscopic
swimmers, oscillators, and rotors. Different optothermal
swimmers based on Marangoni convection at the fluid—fluid
interfaces have been developed, including microscale Janus
particles,””" millimeter-sized photothermal paper,®’” centi-
meter-sized polymers coated with light-absorbing films,””* PS-
particle-stabilized air bubbles,””* and millimeter-sized liquid
marbles.””*’® For some of the millimeter-sized or larger
swimmers, sunlight or filament lamps can work as the driving
light source without the need of a laser.

For example, Okawa et al. demonstrated a light-driven
Marangoni swimmer operating at the liquid—air interface
(Figure 26a).””” The swimmer was composed of a PDMS
block as the main body with vertically aligned carbon nanotube
forests as the light-absorbing film coated to one side of the block.
This design is quite flexible in terms of the swimmer size,
swimmer material, liquid, and light source. The size of the
swimmer could range from millimeters to tens of centimeters,
and the swimming velocity could reach up to 8 cm s™'. In
addition, the liquid could be water, isopropyl alcohol,
dimethylformamide, etc., and the light source could be either
laser or sunlight. Similarly, Liao et al. demonstrated centimeter-
sized PDMS swimmers coated with the aligned carbon nanotube
films.””* The swimming velocity reached up to 4.19 cm s7,
which could be tuned by the thickness and alignment direction
of the carbon nanotube films as well as the incident laser
wavelength.

Interestingly, many of these Marangoni swimmers with a
millimeter or larger-scale size can be fabricated on demand with
direct writing methods. For example, Sun and co-workers
developed a direct laser writing method for the facile fabrication
of optothermal Marangoni swimmers with different sizes and
s.hapes.*}’78 In addition to arbitrarily shaping the swimmers, the
laser writing could carbonize polymer materials to obtain light-
absorbing and superhydrophobic surfaces that promote
optothermal Marangoni convection for powering the swimmers.
Wang et al. reported laser-induced graphene (LIG) tape as stick-
on optothermal labels that work as light-driven actuators based
on the Marangoni effect. They applied direct laser writing to
prepare the graphene patterns on PI tapes (Figure 26b).””®
Furthermore, a 3D frog origami with LIG legs was fabricated
that underwent directional movement under irradiation with a
laser beam, a filament lamp, or sunlight (Figure 26c).

In addition, Fujii and co-workers demonstrated the
Marangoni-convection-driven directional movement of milli-
meter-sized liquid marbles at the water—air interface powered by
a heating laser.””**”° Liquid marbles were liquid drops stabilized
by solid powders such as polypyrrole and carbon black. Due to
the high light absorption and hydrophobicity, liquid marbles
could float and drift at the water—air interface under laser
irradiation. The liquid marbles could further be destabilized by
pH, isopropanol fumes, or successive laser ablation. As a proof-
of-concept demonstration of targeted delivery, a single liquid
marble was optically transported to a target location and
disrupted to release the inner materials (Figure 26d).
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Swimmers driven by optothermal Marangoni convection may
face a challenge when the optothermal Marangoni convection is
quenched due to the coexistence of the concentration-gradient-
induced Marangoni convection.””"*”” To improve the robust-
ness of optothermal Marangoni swimmers, additional operation
modes can be added. For example, Xiong and co-workers
developed dual-mode self-propelled swimmers.”*® At the low-
laser-power intensity, the optothermal-paper-based swimmer
moving at the water—air interface was powered by the
optothermal Marangoni effect. With a higher-laser-power
intensity, the swimmer could be fueled by the vapor due to
the enhanced localized heating (Figure 26e). The moving
direction could be well-controlled by the shape of the swimmer
and the irradiation position of the laser beam on the swimmer
(Figure 26f). Pan et al. developed multimode Marangoni
swimmers composed of thermal-stimuli-responsive hydrogels
and CuS nanoparticles. The Marangoni swimmers could switch
among three working modes, including floating, self-propelling,
and sinking, by sim3p1y adjusting the state of the incident laser
beam (Figure 26g).”*" In brief, the floating was attributed to the
optothermal buoyancy flow around the swimmer upon the laser
heating, while the sinking stemmed from the water absorption
and resultant density gain of the thermal-responsive hydrogel
due to the decreased temperature after the laser was turned off.

Opto-thermocapillary oscillators were demonstrated on a
liquid-drop surface via the synergy of optothermal Marangoni
propulsion and capillary repulsion (Figure 27a).”* A milli-
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Figure 27. Opto-thermocapillary oscillators. (a) Schematic showing
the working principle of the oscillation of a gel disc under laser
irradiation. (b) Top-view trajectories of the illuminated gel disc under
different laser intensities and droplet volumes. Adapted with permission
from ref 383. Copyright 2018 American Physical Society.

meter-sized gel disc embedded with Au nanoparticles was placed
atop a water droplet. Asymmetric thermal Marangoni forces
were induced due to the nonuniformities of the disc that pushed
the disc off the droplet apex. As the disc was propelled toward
the droplet perimeter, the capillary force acted like a spring and
restored the disc back to the apex, resulting in sustained
oscillatory motion. This oscillation could be adjusted by the light
intensity, droplet volume, and disc size (Figure 27b).

Several optothermal Marangoni rotors have been developed
through en%ineering the optothermal response of the rotating
objects.”***** For instance, Okawa et al. fabricated a millimeter-
sized, cross-shaped Marangoni rotor where the light-absorbing
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Figure 28. Optothermal Marangoni rotors. (a) Schematic and optical images showing the rotation of a cross-shaped Marangoni rotor with light-
absorbing material embedded on the clockwise face of each fin. Adapted with permission from ref 377. Copyright 2009 American Chemical Society.
(b) Simulation of the temperature distribution at the light-irradiated rotor. A, B, and C represent different intersection points, respectively, while a and
b are the outer and inner radii of the rotor, respectively. (c) Trajectories of the rotational rotor driven by laser beams with different powers. Adapted
with permission from ref 256. Copyright 2015 Springer Nature. (d) Clockwise (top) and counterclockwise (bottom) rotation of the cross-shaped rotor
at the liquid—air interface. Adapted with permission from ref 380. Copyright 2020 American Chemical Society.

film was attached to the clockwise face of each fin (Figure
28a).””” The rotor could rotate at rates up to 70 rpm under the
focused sunlight or NIR laser beam. Maggi et al. demonstrated
that a microsized gear with an asymmetric shape could achieve a
rotation rate of up to 300 rpm.>*® When the gear was uniformly
irradiated by light, an asymmetric temperature field was built
with the inner vertices being hotter than the outer ones (Figure
28b). Because the surface tension usually decreased with the rise
of temperature, the gear rotated with the long teeth edge
forward, i.e., clockwise (Figure 28c). Thermophoresis was
excluded as a driving force for the gear because it would require a
10° larger power density to achieve a similar rotation rate as that
for Marangoni convection.”®® Yang et al. demonstrated the
controllable rotation of cross-shaped Marangoni rotors by
dynamically changing the position of the focused light on the
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edges of the rotors (Figure 28d), whose rotation rate could reach
up to 40 rpm

9. OPTICAL MANIPULATION BASED ON
ELECTROTHERMOPLASMONIC FLOW

Compared with the natural convective flow upon the same laser
irradiation, an ETP flow possesses a notably higher velocity for
the rapid delivery of particles. The ETP flow can be generated by
the fluid’s permittivity and conductivity gradients under external
electric fields.”®'%*% 73 [t has been exploited for fast particle
transport in plasmonic trapping'>® and combmed with the
electro-osmotic flow for particle trapping’® and assembly.*®”
By combining the ETP flow with plasmonic nanotweezers,
Ndukaife et al. developed hybrid ETP nanotweezers for rapid
transport and versatile manipulation of single nano-objects

https://doi.org/10.1021/acs.chemrev.1c00626
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Figure 29. ETP-flow-assisted optothermal tweezers. (a) Schematic and working principle of hybrid ETP nanotweezers. (b) Schematic of the opto-
thermo-electrohydrodynamic tweezers. The inset demonstrates the forces acting on the particle. ACEO flow, ac electro-osmotic flow. (c) Trapping,
releasing, and immobilization of a single nanoparticle using hybrid ETP nanotweezers. (d) Sequential images showing the dynamic manipulation of a
single protein molecule. The red dots indicate the laser positions. (a, c) Adapted with permission from ref 155. Copyright 2016 Springer Nature. (b, d)
Adapted with permission from ref 78. Copyright 2020 Springer Nature.

(Figure 29a)."'>> The on/off states of the electric field and the
laser beam enabled different manipulation modes of the
nanotweezers. When both the ac field and the heating laser
were on, individual suspended particles were rapidly delivered to
the Au nanoantennas via the ETP flow and got trapped at the
plasmonic hotspots within 2 s. It is worth noting that the radial
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velocity of an ETP flow can reach 11.8 ym s™', which is 150
times higher than the velocity (i.e., 75 nm s™") without applying
the electric field. After a particle was trapped, the three following
manipulation modes were available:

(1) Trapping: Turn off the ac electric field and keep the laser
beam on.
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Figure 30. Optothermal actuators, motors, and robots based on thermal expansion. (a) Schematic (left) and optical images (right) showing the
directional motion of a cylindrical motor upon tilted laser irradiation. Adapted with permission from ref 402. Copyright 2014 Springer Nature. (b)
Schematic (top) and optical images (bottom) showing the self-sustained oscillation of a CNT/PDMS optothermal actuator via the self-shadowing
effect. Adapted with permission from ref 395. Copyright 2020 Wiley-VCH. (c) Schematic showing the composition of the silk PC/PDMS bimorph
structure and its tunable optothermal deformation. (d) Schematic (top) and optical images (bottom) showing the programmable deformation by
patterning the silk PCs on PDMS layers. The insets are the temperature profiles at the bimorph structures upon laser irradiation. Adapted with
permission from ref 80. Copyright 2021 Springer Nature. (e) Schematic (left) and optical images (right) showing the crawling of a titanate nanosheet/
AuNP/PNIPAM composite in a tube upon laser scanning. Adapted with permission from ref 396. Copyright 2018 Wiley-VCH.

(2) Releasing: Turn off both electric field and laser beam.

(3) Immobilizing: Temporarily switch the ac field to the
direct current (dc) field and then turn off both inputs (Figure
29¢).

The same research group further utilized plasmonic nanohole
arrays to achieve high-throughput ETP-flow-assisted assembly
of the particle ensembles.’®” The interparticle spacing of the
assembled particles could be reversibly tuned by the on/off state
and frequency of the ac field. Moreover, Ndukaife and co-
workers developed opto-thermo-electrohydrodynamic tweezers
(OTET) to manipulate sub-10 nm biological objects based on
the synergy of the ETP flow and the electro-osmotic flow
(Figure 29b).”
dynamic radius of 3.4 nm was trapped at several micrometers
away from the laser illumination through the balance between
the ETP flow and the ac electro-osmotic flow. The trapping of
single proteins at a position away from the laser beam could
effectively avoid photodamages and thermal damages. By
translating the laser beam or the microscopic stage, the trapped
protein could be dynamically manipulated to different positions
around the Au nanohole arrays (Figure 29d). Because the
intensity of the ETP flow and electro-osmotic flow could be
tuned by the frequency of the ac field, the distance between the
trapped object and the edge of the nanohole arrays as well as the
trapping stability could be tuned via altering the ac field
frequency, which could be used for sorting of nano-objects with

Bovine serum albumin protein with a hydro-

different sizes.
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10. OPTICAL MANIPULATION BASED ON
OPTOTHERMAL DEFORMATION

Optical manipulation of objects can also be achieved by
controlled optothermal deformation of the target objects or
substrates. On the basis of the controlled optothermal
deformation of the objects, researchers have developed a variety
of artificial systems that can move in various ways under external
stimuli, including crawling, walking, swimming, jumping,
oscillating, and gripping. Many light-absorbing materials,
including azobenzene, 7 AuNPs,** rGO, 63,390,391 CNTs, 64,392
graphene, and PDA,*® have been embedded into soft matrixes
to achieve efficient optothermal shape deformation and thus
light-driven active systems. The active systems are commonly at
the macroscale and operated in both air and liquid. In the
category of optothermal deformation of substrates, different
polymer or surfactant films are utilized for the reconfigurable
nudging and printing of various objects on solid substrates at
nanoscale accuracy. In this section, we categorize and discuss the
optical manipulation techniques exploiting optothermal defor-
mation based on different working mechanisms.

10.1. Thermal Expansion

10.1.1. Themal Expansion of Objects. Optothermal
actuators, motors, and robots based on thermal expans1on393 394
of the objects can be classified into two categories: (1) bimorph
structures with two parts of different coeficients of thermal
expansion (CTEs) and (2) hydrogels doped with nanosheets
that possess thermally induced electrostatic repulsion. For the
first type, the difference in the thermal-expansion mismatch can
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Figure 31. Out-of-plane optical manipulation on solid substrates. (a) Schematic showing the concept of opto-thermomechanical nanoprinting. (b)
Simulated temperature distribution and thermal expansion of the PDMS substrate under laser heating of a 100 nm AuNP. Scale bar: 500 nm. (c) Force
analysis for out-of-plane nudging. (d) Array (10 X 10) of 100 nm Au nanoparticles printed on a glass substrate. Scale bar: 1 ym. (e) Position errors in X
and Y direction of each Au particle in the 2D array. (f) Optical image of the printed “NANO” pattern. Scale bar: 1 gm. Adapted with permission from

ref 414. Copyright 2020 American Chemical Society.

lead to different motions such as oscillating,395 crawling,396 and

walking.*”” Polymers with large positive CTEs such as
PDMS,””® polypropylene,®””**° polyethylene,*" and polycar-
bonate®™” are chosen as the expansion layers, while the
counterparts are usually graphene, CNTs, and GO due to
their negative CTEs and high coefficients of hy§roscopic
expansion, which can contract upon laser irradiation.””> Zhang
et al. fabricated an optothermal actuator by coating CNTs on
polycarbonate membranes.*”” Assembly of the actuator
membranes into a cylinder with CNTs facing outward led to a
centimeter-sized motor, which would roll on a flat surface upon
tilted light illumination. The tilted illumination on the motor
caused the curvature of the cylinder to decrease on the light-
facing side due to the thermal expansion, which caused a change
to the center of mass of the motor and generated a torque that
drove the motor away from light at a speed of ~6 cm s~ (Figure
30a). Similarly, Hu et al. developed rolled rGO-CNT/PDMS
bimorph soft actuators with a pseudoshape-memory feature.***
Upon heating laser irradiation, the curled film would be flattened
due to the thermal expansion of PMDS, which recovered to the
rolled shape after the laser was turned off. This reversible shape
change enabled tanklike crawling of the actuator. Wu and co-
workers developed optothermal CNT/PDMS soft actuators
with a curled shape for jumping®®® and oscillating motions.*”®
The jumping behavior was attributed to the sudden release of
the light-fueled elastic energy. The self-sustained oscillation was
achieved under continuous illumination due to the self-
shadowing effect and time delay in the optothermal response
(Figure 30b). Deng et al. developed CNTs + paraffin wax/
polyimide bimorph soft actuators where the aligned direction of
CNTs could tune the phototropic or apheliotropic bending of
the actuators. Such actuation was driven by the optothermally
deformed paraffin wax that tended to expand perpendicularly to
the orientation of the aligned CN'Ts.**® Recently, Wang et al.
reported a controllable and tunable optothermal actuation based
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on bimorph structure composed of 3D silk photonic crystals
(PCs) doped with AuNPs and PDMS.*’ The optical bandgap
energy of the PC film was designed to match the optical
absorption energy of the AuNPs. With light irradiation from the
PDMS side, the PC film reflected more light to the suspended
AuNPs, inducing the much stronger light absorption and the
resultant larger macroscopic deformation due to the thermal
expansion (Figure 30c). Various deformation configurations
were achieved by selectively patterning the PDMS layers with
the PC films (Figure 30d).

Optically controlled thermal expansion coupled with electro-
static repulsion was also exploited for the actuation of soft
robots. Aida and co-workers designed anisotropic poly(N-
isopropylacrylamide) (PNIPAM) hydrogel actuators containing
magnetically oriented titanate nanosheets and AuNPs.*”® The
AuNPs enhanced optothermal conversion and thermal ex-
pansion of PNIPAM. Upon light illumination on the actuators,
the anisotropic electrostatic repulsion between the titanate
nanosheets in the hydrogel was synchronously modulated,
causing reversible expansion and contraction of the hydrogel
isovolumetrically along a direction orthogonal to the titanate
nanosheets. When the irradiation spot was moved along the
cylindrical actuator axis, the hydrogel held in a capillary
underwent earthworm-like peristaltic crawling due to quick
and sequential elongation/contraction events and moved
oppositely toward the laser scanning direction (Figure 30e).
Furthermore, Zhu et al. developed optothermal actuators based
on an electrically oriented nanosheet/AuNP/PNIPAM hydro-
gel, which made progress toward robots undergoing swift
locomotion in free space without geometric constraints.>”’
Isochoric-deformation-induced crawling and walking were
achieved on a solid substrate by spatial light stimuli.

10.1.2. Thermal Expansion of Solid Substrates.
Undesired capillary forces and Brownian motion can interfere
with optical manipulation of objects in solutions, limiting
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Copyright 2015 American Chemical Society.

precision in the object positioning and assembly. Additional
processes are often required to immobilize the suspended
objects being manipulated onto solid substrates to create
functional structures for device applications. Optical manipu-
lation of objects on solid substrates can be attractive for the
precise and reconfigurable assembly of functional struc-

407—-410

tures. However, it is not straightforward for light to
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overcome the strong van der Waals interactions at the object—
substrate interfaces to achieve versatile optical manipulation.*'!
Recent years have witnessed success in the development of both
in-plane and out-of-plane optothermal nudging for the optical
manipulation on solid substrates.”">~*'* Out-of-plane opto-
thermal nudging of colloidal particles can be achieved by the
thermal expansion of the solid substrate, which enables opto-
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thermomechanical nanoprinting with sub-100 nm accuracy
(Figure 31a).""¥*'* The target objects were first drop-casted and
naturally dried on a donor substrate composed of a thin film with
a large thermal expansion coefficient. For light-absorbing
particles (e.g, AuNPs), a transparent donor substrate like
PDMS can be used. If the particles are transparent to the laser
beam, an absorptive substrate should be exploited as the donor
substrate (e.g., indium-tin-oxide-coated polyethylene tereph-
thalate). As shown in Figure 31b, when a AuNP was heated by a
laser, the PDMS film was deformed to provide a strong thermal
expansion force (Fyg). Frg and optical axial force F, overcame
the van der Waals force (Fy) to transport the AuNP from the
PMDS film toward the receiver substrate (Figure 31c). A 10 X
10 array of AuNPs was fabricated via nudging the particles from
the donor substrate onto the receiver substrate (Figure 31d).
The scatter plot of the printing error indicates that 70% of the
nanoparticles were printed in sub-100 nm accuracy (Figure
31e). Furthermore, the printing of nanoparticles into a complex
“NANO” pattern was demonstrated (Figure 31f).

10.2. Phase Transition

10.2.1. Phase Transition of Objects. Upon optical
heating, some of the phase-transition materials such as liquid
crystals (LCs)*'**'® and shape-memory polymers/alloys
(SMPs/SMAs)*'7*'® can undergo shape changes. They have
been widely used in optothermally driven actuators and robots,
representing another type of optical manipulation based on
optothermal deformation. The elastic energy of LCs is related to
the orientational order of the mesogenic monomers, which is
highly relevant to the temperature. To enhance the optothermal
response of the LCs, one can increase their light absorptivity by
doping photosensitive components (e.g, azobenzene''’~**
and carbon nanotubes®”?) into the LCs. When the LCs are
heated by light, the reduced molecular order leads to
macroscopic deformation, which can be recovered by turning
off the light to cool the LCs down. Both liquid-crystal elastomers
(LCEs) and liquid-crystal networks (LCNs) have been used in
soft robotics to achieve such motions as oscillating, **>**#+*5
crawling,419’421’423 walkjng,426 and swimming.257’42 Similarly,
the SMAs/SMPs can undergo shape changes when optically
heated above the critical temperature that have also been widely
used for optothermal robots.””” For example, vanadium dioxide
(VO,) as a type of SMA can change its shape due to the
optothermally induced lattice change from monoclinic to rutile
structure.

For instance, millimeter-sized LCEs could be modified with
azo dyes to achieve fast mechanical deformation (with a
relaxation time of ~60 ms) under laser irradiation.” On the
basis of the enhanced light-driven bending behaviors of the
modified LCEs, a primary optical swimmer was demonstrated
that operated on the controlled on/off states of the heating laser.
To enhance control of the shape and mechanical motion, Palagi
et al. induced local deformation of homogeneously azobenzene-
doped LCEs by encoding the incident light spatially and
temporally.”>” Upon visible laser irradiation, the strong light
absorption of azobenzene promoted the fast phase transition
and shape change of the LCEs. The modulated light irradiation
enabled the flat-curving deformation of the LCEs for their
directional swimming and rotation (Figures 32a and b). In a
series of publications, Zeng and co-workers and Priimagi and co-
workers studied the locomotion of LCE-/LCN-based opto-
thermal soft robots.”'”~*** As one example, they developed a
millimeter-sized LCE-based soft robot that could walk on paper,

3158

glass, and human fingers when powered by temporally
modulated incident light (Figure 32¢).**'

One can couple optothermal phase transitions with an
optomechanical effect to achieve more sophisticated shape
control and mechanical motion based on the LCs."** Priimagi
and co-workers developed reconfigurable LCN soft robots by
exploiting the synergy of optothermal and optomechanical
effects of the doped azobenzene molecules in the LCN.**® The
optomechanical effect, which corresponded to azobenzene
trans—cis isomerization, was triggered by ultraviolet (UV)
light, while the heating by a red light led to the optothermal
deformation of the doped LCN. Controlled motion of the LCN
soft robot was powered by irradiating it with UV light of
predesigned patterns for partial trans—cis isomerization and
then illuminating it with red light to achieve selective
macroscopic deformation. This spatial coding of deformation
could be erased by irradiating the robot with blue—green light
that induced the reversible cis—trans isomerization. To further
enhance the optothermal response, Lu et al. fabricated LCNs
doped with both Au nanorods and azobenzene molecules. For
such doped LCNs, plasmon-enhanced optothermal deformation
and optomechanical deformation could be activated via NIR and
UV irradiation, respectively.””” To achieve the optimum
performance in the different working environments, the
optothermal and optomechanical deformations of azobenzene-
doped LCNs could be finely tuned by using different types of
azobenzene molecules.”** For example, monoacrylate azoben-
zene acts as side-chain chromophores for the optothermal
deformation of LCNs, which is suitable for the actuation in
nonliquid environments. Diacrylate azobenzene works as cross-
linked chromophores for both optothermal and optomechanical
deformation, which can be applied in both liquid and nonliquid
environments.

Optothermal robots based on phase transition can also be
achieved in an aqueous environment with diverse working
modes, including crawling, jumping, and swimming.426 The
robots made of liquid-crystal gels (LCGs) were driven by the
shape deformation and the storage of elastic energy, which
microscopically stemmed from the decreased molecular align-
ment in the gels upon laser heating. Compared with LCEs and
LCNs, LCGs had a lower and sharper phase-transition
temperature with easier orientational control due to the highly
coupled thermomechanical response from their self-assembled
nanoscale composites.*’’ Crawling of millimeter-sized LCGs
was achieved by either the self-shadowing effect of laser
irradiation at a certain angle or scanning of the laser beam
along the LCGs (Figure 32d). The walking of LCGs was realized
on a ratchet surface upon periodic laser irradiation (Figure 32e).
In brief, laser illumination led to the bending of LCGs with an
anchoring point on the substrate. After the laser was turned off,
the stored elastic energy was released to push the LCGs forward.
Swimming of LCGs in the aqueous environment was achieved
by triggering the undulatory bending of the LCG films.

Various SMPs/SMAs have been applied in optothermal
actuators. For instance, Bai et al. fabricated metal-ion-doped
poly(vinyl alcohol) polyacrylic acid that exhibited NIR-driven
optothermal actuation.*”” Yang et al. designed a cis-1,4-
polybutadiene—polyethylene semicrystalline copolymer that
underwent optothermal bending, grasping, and walking.433 Liu
et al. achieved micron-sized optothermal actuators based on Cr/
VO, bimorph structures.””” Septilveda and co-workers demon-
strated CNT/VO, bimorph structures exhibiting light-driven
oscillation with amplitudes higher than those for VO,-based
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American Chemical Society.

actuators (Figure 32f)."****> This is because CN'Ts promoted
the light absorption and heat generation. In addition, CNTs of
different chiralities enabled wavelength-selective optothermal
actuation,***

10.2.2. Phase Transition of Solid Substrates. In-plane
optothermal nudging of colloidal particles on solid substrates
can be achieved by the synergy of heat-induced phase transition

of thin films and optical scattering forces, which enables
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reconfigurable nanofabrication directly on the solid substrates.
Fedoruk et al. demonstrated the optical nudging of single
AuNPs inside a poly(vinyl alcohol) (PVA) film by the
combination of laser heating and optical forces.”*® Upon laser
irradiation, plasmonic heating of AuNPs resulted in rapid
melting and thermal decomposition of the PVA film.
Simultaneously, the irradiated AuNP was pushed by optical
forces within the localized melting region. Note that this

https://doi.org/10.1021/acs.chemrev.1c00626
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manipulation process was irreversible because the PVA along
the AuNP traces was decomposed. Recently, Li et al. achieved
noninvasive and reversible optical nanomanipulation of colloidal
particles on solid substrates via optothermally gated photon
nudging (OPN).*"* The key to OPN is to introduce a thin
surfactant layer (e.g, CTAC) with a low phase-transition
temperature between target particles and a substrate to modify
the particle—substrate interactions (Figure 33a). Without laser
heating, the surfactant layer maintained the solid form and
immobilized particles by van der Waals forces. When a laser
beam irradiated the particle with a strong optothermal response,
abundant heat was generated to trigger a localized phase
transition of the surfactant layer from the solid phase to a quasi-
liquid structure around the particle. Thus, the van der Waals
friction between the particle and the substrate was considerably
reduced, and the particle could simultaneously be nudged away
from the laser beam by optical scattering force (Figure 33b). By
steering the laser beam or translating the substrate with a
motorized stage, particles could be manipulated to any target
position with nanoscale accuracy. The laser could be turned off
to immobilize the particles on the substrate where the surfactant
layer recovered to the solid form. OPN is applicable to
manipulating particles with a wide range of materials (e.g.,
metals, semiconductors, and dielectrics), sizes, and shapes. As a
demonstration, reconfigurable patterning of metal—dielectric
hybrid superstructures composed of one Au nanowire and two Si
nanoparticles was achieved (Figure 33c). It is worth noting that
the surfactant layer can be removed without destroying the
patterned superstructure after the manipulation process is
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complete. Recently, Li et al. further exploited the OPN
technique to assemble tunable dielectric chiral nanostructures
with a movable Si nanoparticle and a static Si nanowire, which
served as a platform for the study of light—matter interactions at
the chiral nanostructures (Figure 33d).*” In situ chiroptical
spectroscopy revealed that the optical chirality stemmed from
the handedness-dependent coupling between optical resonances
of the Si nanoparticle and the Si nanowire, which could be
altered in real time by manipulating the nanoparticle along the
nanowire (Figure 33e).

10.3. Water Sorption and Desorption

Materials with considerable hydrophilic groups, includin§
poly(N-isopropylacrylamide) (PNIPAM),*?%390438=44

PDA,***** elastin-like polypeptides,”" polyacrylate,**> and
cellulose,**° can change their shapes upon water sorption and
desorption. They usually desorb water molecules above the
critical solution temperature to undergo shape contraction and
reabsorb water after getting cooled to experience shape
contraction. Optothermally controlled water sorption and
desorption have been exploited for the development of light-
driven soft robots based on shape deformation.

By creating asymmetric shape deformation of the robots via
engineering the compositions, structures, and hght 111um1nat10n,
various operatlon modes such as oscillating, ™’ gripping,*’
crawhng, and sw1mm1ng3 ° have been achieved. Mu et al.
developed self-folding walking robots based on the optother-
mally induced water sorption and desorption of GO-PDA/rGO
composited papers."** Upon laser irradiation, the composited
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Science.

papers could bend because GO-PDA experienced a larger shape
deformation than rGO in response to the laser-heating-induced
water desorption. The walking of the robots was achieved by
selectively exposing the papers to the laser beam to facilitate
asymmetrically regional bending (Figure 34a). Gripping and
crawling were also achieved for the paper-based robots by
modulating the on/off state of the heating laser (Figure 34b).
Ma et al. reported a general strategy toward designing
macroscopically anisotropic polymer hydrogels that consisted
of patterned rGO in PNIPAM, which are promising for
optothermally induced 3D complex deformation based on
water sorption and desorption.””’ He and co-workers developed
centimeter-sized phototactic swimmers based on the temper-
ature-dependent water sorption and desorption of Au-nano-
particle-embedded PNIPAM hydrogels.”*” The mechanism of
the swimmer driven by a self-sustained hydrogel oscillator under
constant light irradiation was based on the self-shadowing-
enabled built-in feedback loop (Figure 34c). When the
illuminated side of the hydrogel exceeded the lower critical
solution temperature of PNIPAM (~32 °C), water desorption
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at this side led to the bending of the hydrogel to block the
incident light. The resultant temperature cooldown led to water
absorption by the hydrogel and its recovery to the original shape,
allowing the light to heat the hydrogel again. This optothermally
induced self-shadowing effect could activate the continuous
oscillation of the hydrogel, enabling the swimming of the
hydrogel robots under constant light irradiation (Figure 34d).
The same research group utilized a similar hydrogel system to
develop a synthetic phototropism, where the hydrogel could
achieve omnidirectional self-orientation toward the incident
light like a sunflower for more efficient solar-energy harvesting.®*
Exploiting the optothermally induced water sorption and
desorption of PNIPAM-coated AuNPs, Baumberg and co-
workers developed light-driven nanotransducers,**®
oscillators,*” and motile artificial chromatophores.
addition to polymers, other materials, including transition
metal dichalcogenides,”** nickel hydroxide—oxyhydroxide,**’
and 7-stacked carbon nitride films,**° were also applied for light-
driven dynamic systems based on their optothermally induced
water sorption and desorption.

nano-
447
In
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To further enhance heat-mediated optical manipulation based
on shape deformation, one can exploit the synergy of
optothermal expansion and water adsorption/desorption in
heterogeneous multilayer materials. For example, bimorph
structures featuring both thermal expansion and water
absorption/desorption were proposed to enhance the degree
of deformation and the response time."* Tai et al. fabricated a
CNT/poly(vinylidene fluoride) bilayer structure for fast-
responsive soft actuators due to simultaneous water desorption
from CNTs and thermal expansion from poly(vinylidene
fluoride).*" Yang and co-workers developed a bilayer soft
robot composed of GO-PDA-AuNPs and PDMS. GO-PDA-
AuNPs could respond to optical heating via water absorption/
desorption, while PDMS could undergo thermal expansion. The
bending amplitude and response speed of the bilayer structure
were improved up to 173% and 3.5-fold, respectively.**" Li et al.
fabricated optical actuators based on the three-layered structures
composed of a carbon black slurry as the thermal expansion
layer, a polyethylene terephthalate film as the passive layer, and a
waterborne acrylic adhesive as the water absorption/desorption
layer.** A shorter response time, a larger actuation amplitude,
and a faster actuation speed at a smaller temperature change
were obtained for the three-layered actuators compared with the
counterpart bilayer actuators.

10.4. Heat-Induced Surface Acoustic Waves

Shape deformation caused by optothermally induced surface
acoustic waves (SAWs) has been exploited for the directional
motion of metal nanostructures on solid substrates.*> For
instance, Linghu et al. demonstrated the crawling of Au
nanowires on a silica fiber (Figure 35a).'°® When a pulsed
1064 nm laser was channeled through the silica fiber, surface
plasmon polaritons were excited on the Au nanowire, which
generated abundant thermal energy at the front end of the
nanowire. The optical heating further caused the lattice
expansion of the nanowire and resulted in the formation of
SAWs. This lattice expansion increased the friction between the
nanowire and the microfiber due to the decrease in the
interfacial gap. As the nanowire began to contract, the center of
the nanowire would be pushed forward, leading to movement
along the light-propagation direction. The calculated position-
ing resolution of single-pulse actuation was 0.56 nm (Figure
35b). As a demonstration, a Au nanowire was successfully
transported on a C-shaped curved microfiber (Figure 35c). In
contrast, a 532 nm pulsed laser triggered the crawling of the
nanowire against the light-propagation direction. In this case, no
SAWs were excited, but abundant heat was still generated due to
the strong light absorption by the Au nanowire, which induced
thermal expansion at the back end of the nanowire and pulled
the nanowire toward the light source. Lu et al. demonstrated
light-induced SAW-driven rotation of Au nanoplates (thickness
=30 nm) around an optical fiber in a nonliquid environment
based on the local thermo-elastic expansion (Figure 35d).***
Upon pulsed laser irradiation, the local heating of the Au
nanoplate induced thermal expansion and formation of SAWs or
Lamb wave (Figure 35e). The resultant collective motion of the
surface Au atoms triggered the rotation of the nanoplate at a
rotation rate ranging from 1072 to 10 rpm. Both clockwise and
anticlockwise rotation could be achieved (Figure 35f).

11. CONCLUSIONS AND OUTLOOK

We have discussed a wide range of heat-mediated optical
manipulation techniques where optical heating is harnessed to
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enable new manipulation capabilities or enhance the existing
ones (Table 1). However, our coverage is not intended to be
exhaustive. In a broader sense, there are many other interesting
optothermal manipulation techniques with working mecha-
nisms and functions beyond what we have discussed. These
include laser cooling and trapping of atoms and molecules, an
exciting research field where thermal energy is optically released
from the target objects to enhance their trapping stability,”>>~*
optothermal-assisted coating™® or melting at nanoscale,*'***”
laser ablation,***~*** and optothermal manipulation of micro/
nanofluids® in such areas as optofluidics***~*** and solar steam
generation.”**”% In the area of optical rotors, rather than
powering the rotation, optical heating of particles was exploited
to reduce the viscosity of the surrounding fluids to improve the
rotation speed of the particle rotors.””'~*"* In addition, thermal
creep flow created at the inner wall of an optical fiber was
exploited for the optical manipulation of particles and living
cells.*”>*”° Hot vapor jet flows generated by optical heating have
enabled millimeter-sized swimmers at the liquid—air inter-
face.*’””*”® Luo and co-workers demonstrated ballistic optical
pushing and pulling of Au core—shell nanoparticles in water
based on optothermal nanobubbles.”’***" The nanobubbles
assisted the formation of the saddle singularity for negative
momentum against the laser Poynting vector and created a
virtually frictionless environment around the illuminated
particle based on the Leidenfrost effect for the ultrafast
movement (~336 000 ym s™*).

Conversion of light into heat is just one of many approaches
toward enriching or enhancing optical manipulation. A huge
range of optical manipulation techniques based on different
light-control and conversion methods or on light coupled with
other fields has been developed. For example, plasmonic
tweezers were proposed to overcome the diffraction limit of
light in conventional optical tweezers. Plasmonic tweezers
exploit the plasmon-enhanced concentration and enhancement
of light at the plasmonic nanostructures to trap nanometer-sized
objects with nanoscale accuracy.**"*** However, because
surface plasmons are confined within the vicinity of the
nanostructures, it is usually difficult to trap objects away from
the nanostructures and to achieve 3D dynamic manipulation.
One of the approaches to improving the plasmonic trapping
efficiency is to couple plasmonic tweezers with microfluidics,
which has developed into a field known as plasmofluidics.***~*5¢
Using project light patterns to form virtual electrodes on a
photosensitive substrate, optoelectronic tweezers manipulate
micro- and nanoscale objects based on dielectrophore-
sis. 07458 They combine the advantages of optical tweezers
and electrode-based dielectrophoresis to achieve arbitrary
manipulation of objects in 2D with simple and low-power
optics. Photocatalytic motors are fueled by light-driven catalytic
chemical reactions.'””**" With the capacity for organic pollutant
degradation that could be driven by sunlight, these motors are
promising for environmental remediation.”*" On the other
hand, a majority of photocatalytic motors require toxic chemical
fuels such as hydrogen peroxide with typical working wave-
lengths ranging from UV to visible light, limiting their biological
applications.

Each of these optical manipulation techniques has its
advantages and limits depending on the applications, which
makes it challenging to fairly compare the different techniques in
a comprehensive manner. Heat-mediated optical manipulation
is versatile in enabling remote and noncontact manipulation of
diverse objects with variable materials, shapes, and sizes using

https://doi.org/10.1021/acs.chemrev.1c00626
Chem. Rev. 2022, 122, 3122-3179


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00626?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

EVE

pubs.acs.org/CR

Chemical Reviews

€67 6T

L8T 'S8T

78T
18T ‘9Lt

9t

Y4

T+T ‘181

LET b1

0€T ‘STT
¥e
‘OFT 29

0T

€0¢
‘08T ‘6L1

86

17C ¥1¢

71T
‘012 ‘80T

sjox

s19299M3 [eondo 19130
j0 fousniys Surdden ajoword \(

BYEluald
0 JNOYIIP dIow A[PAIR[I a8 X

spalqo
srdossonew 105 a[qesrdde are \/
wnpaw snoased ur yrom \(

[erouad
ur 1y31] Jo uBrsap [erdads axmbar x

uonendruew s3uer-3uof asaryoe \/
wnipaw snoased ur yiom \/
sarnyxtwr dyads armbar x

uon
.Uu‘—:u uonejox m~n—m=0HuﬁOu w>mr~ \/

sarmyxtwr dyads armbar x

paads uonejor ydry ssassod \/
sarnyxtwr dyads armbar x

g ur yiom \/

amjeradurs) Sunfom moy aaey \/
Aoemdoe Mol aaey X

san[os [euonippe axmbar x

a8uex
Sunjrom a8re[ Afpaneppr asey \/

Tonuod Ydeqpasy wbﬂTMh X

sopour oM YHM
Suruunms [euondaIIp A3 \/

ndySnoryy moy ApAnear aaey X

uon
-njosax 323(qo-adurs je A[quiasse
s[qeanSyuodar jo ajqedes are \z

suor [euonippe axmbax x

1amod [euonerado mof aaey \/
§193(qo0 pazIsouEU 10§ JMOYIP e X
[01JU0D [EUONBIUSLIO ASES MOT[e \/

[onuod
[euonoaMp ur AFuA[[RYD dABY X

uonemndruewr

g pue siquedwosorq aasnyoe \/
y38usy

-aaem Teuonerado pajrua] aAey X

afewrep [eway enuajod proae \/

Auo yuans
SIUOT MO[ YIIM SJUIA[OS UT YIOM X

Surzoomy
STwreukp pue J[qels 10j MO[[e \/

[013U05 dTWEUAp YoP[ X
sfewep [ewray) [enuajod proae \/

suod pue soxd

sapnred [eprofjoo [re

SJUIIDYF20d
UONEPOWWIOIIE [EULISY) WLIOJIUNUOU Yim s3d3(qo

£yandiosqe mor ym s303(qo

Suneos Zuiqrosqe pue sadeys smpurwhse ym s3da(qo

syuau
-odwoo Jurqrosqe paynqusip A[wopuer yIm s133(qo

sapnted snuef

sapnred [eprofjoo [re

sapnated snuef

sapnred [eprofjoo [re

sapnred [eprofjoo [re

Ayandiosqe 1y3i snosusSowoy yam s393(qo

asuodsar Jurqrosqe-1y3r| sraurwAse yym s123(qo

L aantsod ym spdalqo

saoejms padreyd ym s303lqo

Lq aansod ym syoalqo

sp23(qo 181ey

pmbry

pmby 10 sed

sed

pmby

pmbry

pmbr

pmbr

pmbry

pmby

pmbr

pmby

pmby

pmbr

pmby

pmby

SJUAWUOT
-1aud uonendruew

Qjensqns

123lqo

193(qo

303(qo

REIG [

33(qo

arensqns

193(qo

syensqns
123lqo

I0 djensqns

123(qo

13(qo

arensqns

arensqns

ajensqns

$32IN0s Jeay

Guidden
eondo pasueyua 10§ $399(qo jo A1aatpap prdex

s193(qo jo syuaroy
-}20> UOHEPOWIUIOIDE [BULISY) UT IDUIIJIP

spa(qo
3O uonnqIysIp rnjerddud) ur AIUIIIP

Suneay
smawwdse £q sanbioy onaroydorsnyrp

wwuuo.«
[eondo pue sas10y snaroydorsngrp jo A3roudks

saInyxTwr Areurq
J0 uonsodwrosap £q syuarperd uonenuasuod

saynjos Arepuodas £q syuarpeid uonenuaduod

193[qo a3 Jo asuodsar [euriay
-03do smpswwifse >n~ PIRY 2130 wIay}

uonpene uona[dep £q Surpurq apnrediojur

uonesyIpow
a8reyp-aoepms pue suor jo uoneredas feneds

uoneuTwIn|[r
pawrwrerdord e Sunesy reondo suowrwdse

spaalqo jo uBisap
[emyonns a1y e Suneay [eondo suowudse

Surooo [eondo

Lq aanedau uaaup-£donus-feresrajur

saImy
-onnsoueu padeys-Suwr jo Suneay srwreudp

sopdpund Sunprom syads

WGMNQQE TOTDIIAUOD JeInjeu

Burdden Sund sisazoydojoyd
uone}oI
Guruwims
Aqurasse stsazoydorsnyip
uon
-ejo1 ‘Surrunims
Aquuasse
Surzoomy Aypupapowayy
Suruwims
Surzoomy sisaxoydowroyy
sapowr SWISTUBYDIW UOL)
uonendruewr -endruew [erousd

sanbruyda ], vonendruey reondQ pajerpa-1edy Jo Arewrwng T d[qe],

Chem. Rev. 2022, 122, 3122-3179

https://doi.org/10.1021/acs.chemrev.1c00626

3163


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00626?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

EVE

pubs.acs.org/CR

Chemical Reviews

Sev
Ttk ‘LST

It ‘C1¥

96€
‘S6€ ‘08

L8€

8L

08¢
LLE ‘9ST

8¢
‘08¢ ‘LLE

184
LyE

pee ‘L1t

19€—6S¢

1443
“tee ‘gie

70¢€ ‘00¢

S6¢

sjox

sed pue pmbr| yioq ur uonduny \/
nd

-ySnoxyy Mo APAIE[2I YIIM YIOM X
Aoemooe

wu go[-qns e Sururaned q¢ \/

pmbr ur ajerado o3 ynoyIp Are X
ssa201d uonEILIqEy J[E) ALY \/
Sp[aY JLIIII[P [eUIAIXd dxmbar x
Sueds apnaediajur ajqeuny aaey \/
SP[oY J11}d3d [euralxa axmbar x

jods 1ase]
o) woxy Aeme sayrs Jurddeny aaey \/

spalqo
wu O[-qns 10§ a[qeordde are \/
SP[oY J11123d [euralxs axmbar x
fpoppa mopy ydry aaey \/
uomsod
1y31] Jo [onuod Srureudp amnbax x

sjueRns Aq 9dURGINISIP YSU X
s393(qo srdodsomeuwr uo yrom \(
SjuEPRHNS Aq OURGINISIP YSU X
s3aalqo srdossomewr uo yrom \/
sjueldeyIns Aq 9dURGINISIP YSU X

s30a(qo ordodsomewr uo yrom \/

amjeradway ydry e sjerado x
spralqo JurBeuwrep Ajrewrrayy ysur X

sajensqns uo sp3(qo jo ur
-jud snonunuod jo ajqedes are \r

uondAIIp
Surow a1y [onu0d 03 JNOIYIp dre X

amjeradwa) mof 3e djerado \/

[e1ouad
ur w@ﬂ&tﬁ& 9[EdIS0IdTW I0J JIoM X

Aoemdoe
Surdden mo[ Apanepar aaey X

WpaW 343 Uo s3] puewap A
£oemdoe Moy daey X

stsazoydounratyy
m dzid1aufs 0y a[qe are \/

Aoemodoe >>O~ dAey X

ndySnoryy ySry yam
Sururayyed ajensqns-jo-aaxy 1o0aej \/

sapnred
s[8urs deny £pjos 03 d[qe Jou are X

suod pue soxd

samjonns Lrowsw-adeys 10 spesf1d pmbiy srdossoroew

sapued [eprofjoo (e

uorsndar 511e)so13da[d

parenpour A[ewrIay) yIm syeaysoueu yym padop
spSo1pAy 10 sg.1,) dmpurwhse yim s303(qo srdossorewr

wuﬁuﬁum& ﬁmmu_.u——ou :w

sapnred [eprofjoo [re
saponred [eprofjod e
sadeys our
“Jpuwds [euonelor yim s393[qo Surqrosqe [esuaydsuou
s3uneos sujewwAse Y sp3(qo

syusuodwod Jurqrosqe-1ydiy yam s1r3(qo

sapnredoueu sruowserd

sapnred [eprofjoo e

wuﬁu_uum& ﬁmmu_.u:ou :w

sapnred [eprofjoo [re

wuﬁuﬁ.—mm Teproy[oo e

sapnredoueu sruowserd

sp23(qo 181ey

pmbiy 10 sed

pmby nopm
ajensqns ﬁ:Ow uo

sed

pmby

pmbry

pmby

muw.w
-1o3ur pmbrj—e

Bl
-1a3ur pmbrj—e

Rl

-1o3ur pmby—ire

pmby

pmbr

ERIAREIY

pmby—pmby 10

pmbi—ire—pmy

pmbr

pmbr

pmbr

SJUAWUOT
-1aud uonendruew

33(qo

ajens
-qns 10 133(qo

33(qo

aensqns

Sjensqns

arensqns

193(qo
303(qo
13[qo
123lqo

Qjensqns

(397doxp
pmbry) 303(
-qO 10 wnipawr

Syensqns
wnrpawr
I0 djensqns

123lqo

$32IN0s Jeay

s123(qo
Jo uonsueny aseyd snosuaowoyur eia
uonewiojop adeys smpuwrwhse srdodsorew

sajensqns woly 210§ uorsuedxa-feuriayy
pue 2210 [eondo £q Swidpnu suejd-jo-yno

uorsuedxd [EULIAY) JLIJIUIUASE BIA
uonewioap adeys siaurwAse srdossoreur

30@ d1Hd e Eo_umﬁSEBuum uww.w

\SOA«
510WS0-01323[3 pue MOfj J.I 4 Y3 Jo A3rousks

Surdden sruowserd
pasueyud 10§ §193(qo Jo Araarpap prder

uoneUTwN|[Y
smpwwidse 3y 03 anp Suidpnu suyourusse

s3uneo> Suiqrosqe

smpurwdse ay) 03 anp Juidpnu srnourwsse

aoejrayur pmbr—ire a1y e Suidpnu

sapnredoueu
UMQOEmNMQ Pe3eay era uone[nuIndde jsey

a1qqnq rewrayioido ue £q uone[nwndde jsey

9dTjIajul pInj—pInyy
reued je uotsuay aoejns £q yrodsueny apnred

(s)°19qnq rewrapoydo £q Surdden

§$921IN0Ss MGQNOJ JeuIa)xe
%ﬁm UonE[NNIdE PadNpuI-UuoI}I3AU0d uwm.u

Suneay-jpes
\AQ UONE[NWNIIE PIdNPUI-UOTIIIAUOD Isey

sopdpund Sunprom syads

Suneyo
-s0 ‘Surwwims
Burmen Gunjem

Bunuud Buipnu

Suneqoso

Burmen Bunjem  uonewojop adeys

Ajquuasse
Surzoomy MO 41
uonejor
Buruwims
Aqurasse
uomdLA
Surzoomy -u0> ruoSuere
A[qurasse
sapowr SWISTUBYDIW UOL)
uonendruewr -endruew [erousd

panunuod ‘[ Jqe],

Chem. Rev. 2022, 122, 3122-3179

https://doi.org/10.1021/acs.chemrev.1c00626

3164


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00626?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

EVE

Table 1. continued

manipulation envi-

manipulation

general manipula-
tion mechanisms

refs

pros and cons

target objects

ronments

specific working principles heat sources

modes

fabrication process
\/ enable reconfigurable 2D pat-

X possess relatively complicated

412, 437

colloidal particles that interact strongly with light

on solid substrate
without liquid

object or sub-

in-plane nudging by local phase transition of

nudging, assem-

terning at nanoscale accuracy

strate

solid substrate and optical scattering forces

bly

X work with relatively low through-

put
\/ function in both liquid and gas

389, 443

macroscopic materials with considerable hydrophilic

gas or liquid

object

macroscopic asymmetric shape deformation

walking, swim-

groups

via asymmetric water sorption and de-

sorption of hydrogels

ming, oscillat-

ing
crawling, rotation

X require specific humidity in gas or

liquid medium for operation

168, 454

\/ work on nanosized particles

plasmonic objects

gas

object

lattice expansion and contraction (surface

X require pulsed laser with selective

acoustic wave) of objects

optical wavelengths
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low-power and simple optics. By rationally controlling the
temperature field and optothermo—matter coupling, one can
achieve various manipulation modes, including trapping,
nudging, rotating, pulling, oscillating, and walking, which
remarkably extends the capabilities of conventional optical
tweezers. For instance, it is challenging to trap metal
nanoparticles with conventional optical tweezers due to the
strong scattering force and heating effect. We have shown that
opto-thermoelectric tweezers can trap and manipulate various
metal nanoparticles with an ultralow optical power.”**
Optothermal tweezers can also overcome the challenge of
optical tweezers in trapping objects with a low refractive index in
contrast to the surrounding medium. It has been common for
heat-mediated optical manipulation exploiting photophore-
sis,287 Marangoni convection,377 and shape deformation*®* to
manipulate millimeter-sized or larger objects in various media,
which is challenging for conventional optical tweezers. With the
capability of rapidly transporting and assembling numerous
objects, heat-mediated optical manipulation exploiting natural,
Marangoni, and ETP convective flows features high throughput.
Because of the entropically favorable light-to-heat conversion,
heat-mediated optical manipulation techniques have less-
stringent requirements on the optical power, beam profile, and
polarization than conventional optical tweezers, opening a new
window of opportunities for the applications.

Up to now, heat-mediated optical manipulation techniques
have already shown promising applications in robotics, sensing,
manufacturing, and biomedical engineering. We conclude this
Review with our outlook for the future development of heat-
mediated optical manipulation for more applications.

11.1. Light Source

Optical heating or cooling is the basis in heat-mediated optical
manipulation. Many parameters of the light source, including
working wavelength, continuity, beam shape, coherence, phase,
and polarization, should be tailored to tune the temperature and
its gradient at substrates or target objects to achieve the desired
manipulations for the different applications.24 For example, to
operate noninvasive optothermal nudging in vivo, an NIR laser
beam is freferable due to its maximum depth of penetration in
tissue.'”> Compared with a continuous-wave laser, the use of a
pulsed laser as the heating source can constrain both heat
transfer and collective heating on the substrates, which can
enhance the temperature gradient for optothermal trapping of
small objects with higher stability and precision.”” In the
manipulation that relies on a synergy of the optical field and
temperature field, rational design of the light sources would
become more critical in facilitating the regulation of both optical
forces and optothermal forces.*'”

11.2. Heat Management

Because of their high optothermal conversion efficiency and
nanoscale heat management, plasmonic nanostructures such as
AuNIs, Au nanorods, and Au nanohole arrays have been
commonly employed as heating sources in heat-mediated
optical manipulation.”” There is still plenty of room for
enhanced heat generation and management through substrate
or object engineering. For example, plasmonic metasurfaces,
with the capability of programmable control position of the
electromagnetic hotspots to dynamically shape the temperature
gradient, are promising as the substrates or stick-on labels for
objects to improve the manipulation versatility. Mechanically
flexible optothermal substrates would provide an additional
degree of freedom for 3D manipulation. In addition, the

https://doi.org/10.1021/acs.chemrev.1c00626
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. . . . 489
potential use of nonmetallic materials such as silicon™ as

heating sources is promising for the development of multifunc-
tional integrated systems with the capabilities of analyte

. ) . . 339,341,490
concentrating, capturing, sorting, and sensing.

11.3. Manipulated Objects

Properties of target objects such as shape, size, and optothermal
response also play an essential role in heat-mediated optical
manipulation. For instance, in the same critical binary mixture, a
Janus particle composed of a silica sphere and a Au cap was
nudged through laser heating,”** while a silica microsphere with
randomly distributed absorbing inclusions underwent an in-
plane rotation.”>® Heat-mediated optical manipulation has
already been applied to control objects of variable sizes, shapes,
and compositions that range from molecules in living cells*”" to
artificial motors at a centimeter scale.””” In the future, we expect
to witness research on more diverse objects in heat-mediated
optical manipulation with the goals of improving the
fundamental understanding of the optothermo—matter coupling
and multiphysics and of broadening the functions and
applications of the manipulation techniques.*”*

11.4. Additional Fields

Synergistic integrations of optical heating with other fields,
including electric field,"® chemical field,*”>*** acoustic field,***
and fluid flow,”® have been demonstrated to improve the
functionality of optical manipulation. For instance, Wu et al.
exploited optical heating to accelerate the kinetics of a chemical
reaction at the catalytic microswimmers for faster motion at a
low concentration of chemical fuels.*” Xie et al. developed
optoacoustic tweezers exploiting optothermally generated and
acoustically activated surface bubbles for the manipulation of
synthetic particles and living cells.*”® Along this line, future
development of heat-mediated optical manipulation exploiting
additional fields could also benefit from tremendous progress in
magnetics and bioenergetics.153’499_50l For instance, a switch-
able magnetic field can be coupled into heat-mediated optical
manipulation through optical heating of ferromagnetic particles
to their Curie point to induce the change of their magnetic
property.’’ However, it should be noted that multifield coupling
will also pose additional challenges to the design and
implementation of the manipulation techniques.

11.5. Enhanced Capabilities

One should further improve the throughput and accuracy of the
heat-mediated optical manipulation for some of the applica-
tions.”">>”> Two approaches have proved to be effective in
improving the manipulation throughput: (1) optical generation
of large-area temperature gradient fields**® and (2) generation
of multiple laser beams for parallel manipulation of multiple
objects using a spatial light modulator,”** a digital micromirror
device,”*" or an acousto-optical deflector.'” These devices can
independently control multiple laser beams with programs and
software such as LabVIEW, MATLAB, and C++ for versatile
manipulation.’**°° By further integrating in situ optical
imaging and spectroscopy into the optical manipulation systems,
one can develop feedback-control algorithms to automatically
control multiple objects with high precision.””” With the
capability of decoding complex data and enabling rapid and
accurate analysis of optical spectra and images, machine learning
is expected to play an increasing role in improving the
robustness, automation, accuracy, and throughput of heat-
mediated optical manipulation.”***%
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Another exciting development will be exploiting the multi-
mode heat-mediated optical manipulation to accomplish more
complex tasks. For instance, as an initial demonstration along
this direction, one can switch between optothermal rotation and
nudging of a Janus particle in the same manipulation system by
simply changing the wavelength of the incident light, enabling a
microswimmer with well-controlled directional movement for
targeted delivery.”* In addition, controlling mutual interactions
and collective behaviors of active objects driven by heat-
mediated optical manipulation is promising for swarm
intelligence.'”*%>°

11.6. Applications

Heat-mediated optical manipulation is promising for a wide
range of applications. We discuss some of the applications in five
categories.

(1) Therapeutics. Driven by NIR light without any need for
chemical fuels, optothermal micro- and nanomotors are well-
suited for targeted drug delivery.'”” By harnessing optical
trapping and optothermal nudging, Maier et al. demonstrated
the light-controlled guiding and injection of plasmonic Janus
nanopens into living cells, revealing the potential of the
nanopens to work as nanocarriers for the spatially controlled
injection of genetic materials into cells for gene therapy.'*®
Photothermal cancer therapy can be achieved through trans-
porting optothermal motors to the target sites where abundant
heat is released for protein degradation and cancer cell apoptosis
upon an increase of the laser power.*”” To push forward the
therapeutic applications, more research is needed to improve the
drug-load capacity, penetration depth, and delivery accuracy of
the optothermal motors.

(2) Untethered micro/nanometric probes. Heat-mediated
optical manipulation of objects can be highly sensitive to a
change in the local environments surrounding the objects. For
example, any change of temperature, viscosity, or biomolecules
in the solvent surrounding an optothermal rotary motor can
impact its Brownian dynamics. Monitoring of the Brownian
dynamics of the untethered motor provides an effective way to
probe the local environmental parameters at the micro/
nanoscale.”*”*"" Such untethered small probes are promising
for in vivo biomedical applications, including early disease
diagnostics, and lab-on-a-chip devices.

(3) Nanomanufacturing. Some of the heat-mediated optical
manipulation techniques such as opto-thermoelectric assembly
and bubble printing proved powerful for bottom-up nano-
manufacturing. With the capability of arranging and bonding
colloidal particles with variable sizes, shapes, and compositions
as building blocks, optothermal assembly techniques have been
employed to construct various architected nanomaterials with
low optical power and simple experimental setup.”****>*'* For
its practical applications, the optothermal bottom-up nano-
manufacturing techniques need to make significant advance-
ments in 3D assembly and throughput.”**

(4) Fundamental study. Heat-mediated optical manipulation
can be developed into a versatile platform for fundamental
studies in various fields such as physics, chemistry, and biology.
For instance, reconfigurable chiral meta-molecules made by
optothermal assembly were employed to explore optical chirality
at the nanoscale and to better understand the origin of chirality
in atomic and molecular systems.””> An investigation on
optothermally active microparticles revealed the interparticle
interactions based on the information about other particle
positions. A study of the information flows among the active

https://doi.org/10.1021/acs.chemrev.1c00626
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particles that formed emerging structures could provide an
insight into the emergence of collective animal behaviors such as
crowds of people, flocks of birds, schools of fishes, and swarms of
bacteria.'” With the further development and applications of
heat-mediated optical manipulation, in combination with
progress in the in situ characterization tools,”'” we expect
many more reports on exciting scientific discoveries.

(5) Force spectroscopy. Conventional optical tweezers have
been widely exploited for the quantitative force measurement in
investigating different biological processes, such as cell adhesion,
segregation of DNA, and characterization of motor proteins.®
The development of novel force spectroscopy methods based on
heat-mediated optical tweezers is promising due to the lower
operational power, simpler optical setup, and less photodamage
compared with optical tweezers. However, the introduction of
heating into the system would pose additional challenges to the
measurement of temperature-sensitive properties, such as
enzymatic activity and fluidic viscosity.” In addition, the
calibration of force models can be difficult in the presence of
thermal fluctuation, thermophoresis, and convective flows. A
potential direction is to integrate machine learning and other
novel algorithms to establish well-calibrated force-measurement
models to account for the thermal forces in heat-mediated
optical tweezing techniques. Such an advancement will be
promising to improve the applicability and resolution®"” of light-
based force spectroscop272,4exploiting sub-10 nm objects”® or

light-absorbing particles.
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