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ABSTRACT: Liquid thermoelectricity describes the redistribution of ions in an electrolytic
solution under the influence of temperature gradients, which leads to the formation of electric
fields. The thermoelectric field is effective in driving the thermophoretic migration of charged
colloidal particles for versatile manipulation. However, traditional macroscopic thermo-
electric fields are not suitable for particle manipulations at high spatial resolution. Inspired by
optical tweezers and relevant optical manipulation techniques, we employ laser interaction
with light-absorbing nanostructures to achieve subtle heat management on the micro- and
nanoscales. The resulting thermoelectric fields are exploited to develop new optical
technologies, leading to a research field known as liquid optothermoelectrics. This Invited
Feature Article highlights our recent works on advancing fundamentals, technologies, and
applications of optothermoelectrics in colloidal solutions. The effects of light irradiation,
substrates, electrolytes, and particles on the optothermoelectric manipulations of colloidal
particles along with their theoretical limitations are discussed in detail. Our optothermo-
electric technologies with the versatile capabilities of trapping, manipulating, and pulling colloidal particles at low optical power are
finding applications in microswimmers and nanoscience. With its intricate interfacial processes and tremendous technological
promise, optothermoelectrics in colloidal solutions will remain relevant for the foreseeable future.

■ INTRODUCTION

When a colloidal system is subject to a temperature gradient, the
suspended colloidal particles migrate directionally because of
thermophoresis. In the past two decades, several studies have
revealed that colloidal particles can drift toward the cold region
or hot region depending on the electrolyte composition.1−3 The
electrolyte-dependent thermophobicity and thermophilicity of
colloidal particles are attributed to thermoelectricity, namely,
the Seebeck effect or thermoelectric effect, in the electrolyte
solution.4−7 Briefly, ions with different Soret coefficients under a
temperature gradient drift differently and experience spatial
separation in the electrolyte solution, which leads to a steady
thermoelectric field that can influence the thermophoretic
motion of the suspended charged particles. As thermoelectricity
is widely applicable to diverse charged particles and can be tuned
as a function of the electrolyte composition,2 ionic strength,8

temperature,9,10 particle−solvent interface,11 colloidal size,12

and particle concentration,13,14 the principles of thermo-
electricity have been exploited here to achieve versatile
manipulations of colloidal particles.
To manipulate colloidal particles based on the thermoelectric

effect with high spatial resolution, the localized temperature
gradient field in the vicinity of the particles needs to be
controllable. Inspired by the precise manipulation of colloidal
particles via optical tweezers and other relevant optical
techniques,15−18 we couple the optothermal effect and the
resultant thermoelectric field to achieve optothermoelectric
manipulations at the micro- and nanoscales. Through engineer-

ing the shape, size, and composition of solid-state substrates or
colloidal particles, along with the wavelength and intensity of
incident light, we can precisely tune the temperature profiles and
the resultant thermoelectric fields for versatile particle
manipulations.19−21 It has been demonstrated that colloidal
particles can be precisely manipulated in a low-power manner
via the optothermoelectric fields that are optically generated
either by the optothermal substrates or particles themselves,
which are supported by theoretical works on the mechanism of
optothermoelectromechanical coupling for colloidal par-
ticles.6,22−24 Thus far, a series of optothermoelectric techniques
have been developed to provide versatile particle manipu-
lations.25−27 Such optothermoelectric tweezers have expanded
the tool box for manipulating colloidal particles at the micro- or
nanoscale, which also includes tweezers based on diffusiopho-
resis,28−30 electric tweezers,31−33 acoustic tweezers,34,35 optical
tweezers,15,36,37 optoelectronic tweezers,17 and other optofluidic
techniques.38,39 Impressively, taking advantage of entropically
favorable photon−phonon conversion and universally appli-
cable thermophoretic migration, optothermoelectric tweezers
can manipulate colloidal particles of various materials, shapes,

Received: November 2, 2020
Revised: December 16, 2020
Published: January 7, 2021

Invited Feature Articlepubs.acs.org/Langmuir

© 2021 American Chemical Society
1315

https://dx.doi.org/10.1021/acs.langmuir.0c03182
Langmuir 2021, 37, 1315−1336

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
T

E
X

A
S 

A
T

 A
U

ST
IN

 o
n 

Ju
ne

 1
9,

 2
02

1 
at

 1
5:

12
:3

6 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhihan+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pavana+Siddhartha+Kollipara"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongru+Ding"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Agatian+Pughazhendi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuebing+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.langmuir.0c03182&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03182?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03182?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03182?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03182?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/langd5/37/4?ref=pdf
https://pubs.acs.org/toc/langd5/37/4?ref=pdf
https://pubs.acs.org/toc/langd5/37/4?ref=pdf
https://pubs.acs.org/toc/langd5/37/4?ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c03182?ref=pdf
https://pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org/Langmuir?ref=pdf


and sizes at single-particle resolution with low power and simple
optics.40−44 By exploiting self-generated optothermoelectric
fields of light-absorbing particles such as amorphous silicon (a-
Si) beads and Janus particles, we have extended optothermo-
electric trapping to optical pulling and microswimmers.45,46

This Invited Feature Article focuses on the fundamentals and
applications of optothermoelectric phenomena in colloidal
solutions. We start with an introduction on the fundamentals of
optothermoelectrics, including the optothermal effect and
thermoelectric effect. Next, we discuss a series of optothermo-
electric technologies and their applications with a focus on our
recent progress. We conclude the article with an outlook on the
future development of optothermoelectrics in colloidal
solutions.

■ FUNDAMENTALS OF OPTOTHERMOELECTRICS
The optothermoelectric phenomenon involves two character-
istic energy-conversion processes (i.e., light to heat and heat to
electric potential), which are known as the optothermal effect
and the thermoelectric effect, respectively. In this section, we
introduce the main mechanisms of these two effects and briefly
discuss how they interact with the suspended colloidal particles.

■ OPTOTHERMAL EFFECT
Optothermal management at themicroscale and nanoscale plays
a significant role in the optothermoelectric manipulation of
colloidal particles at high spatial resolution. One of the most
effective optical approaches toward localized temperature
gradients for single-particle manipulation is the plasmonic
thermal effect, which is commonly achieved through resonant
laser irradiation of metallic nanostructures.21 The heating of
metallic nanostructures stems from the coupling between their
localized surface plasmons and the external electromagnetic
waves, which reaches its maximum energy conversion frequency
at the localized surface plasmon resonance. Furthermore, the
coupling amplifies the frequency of collisions between the
conductive electrons and lattice atoms, transforming the laser
incidence into heat. This process leads to the creation of a heat
flux and the corresponding temperature gradient field in the
vicinity of the irradiated metallic nanostructures, which is
described by19,21

ρ τ∂
∂

− ∇·[ ∇ ] =r
rC

T
t

T Q
( )

( )P (1)

where ρ, CP, and τ are the density, specific heat capacity at
constant pressure, and thermal conductivity of the correspond-
ing domains, respectively. Q is the volumetric heat generation
density which represents a source term that stems from the
optical heating of the nanostructures. In other words, Q is
nonzero for all plasmonic nanostructures that absorb the laser
power (and convert it to heat) and zero for other nonabsorbing
media. The first term in eq 1 represents the unsteady term,
which measures the rate of temperature change as a function of
time. The second term shows the distribution of temperature
within the medium. Within plasmonic nanostructures, the
metallic components usually have high thermal conductivities,
resulting in a uniform temperature, while the solution
surrounding the nanostructures usually has a low thermal
conductivity, resulting in a nonzero temperature gradient. For an
array of discrete plasmonic nanostructures, the temperature
within individual nanostructures will be uniform due to the high
thermal conductivity. However, there exists a temperature

gradient across multiple nanostructures due to the nonuniform
irradiation of a laser beam on the array and the low thermal
conductivity between nanostructures. For continuous-wave
illumination, the time to reach a steady state of temperature
fields is within the nanosecond regime, and eq 1 can be
simplified to ∇·[τ∇T(r)] = −Q.
Energy termQ can be described by heat power density q via47

∭=Q q Vd
(2)

where = · *q Re J E( )1
2

with J and E being the electronic current

density and electric field inside the metallic nanostructure.Q can
also be expressed in terms of the incident intensity of light as48

σ=Q Iabs (3)

where σabs is the absorption cross section of the metallic
nanostructure. For spherical nanostructures, the explicit
expression of σabs can be deduced on the basis of analytical
methods (e.g., Mie theory).49 For complex nanostructures, it is
suitable to perform full-scale numerical simulations to obtain
σabs, energy term Q, and the temperature distribution.50

Immobilized Light-Absorbing Substrates. For efficient
heat generation and the retention of high temperature and its
gradient, the nanostructures as light-to-heat converters must
possess a high optothermal conversion efficiency and low
thermal conductivity simultaneously.40,43,45,46 A gold-based
thermoplasmonic substrate is a viable candidate due to its ease
of fabrication and atmospheric stability. One representative
example is the gold nanoislands (AuNIs), which are fabricated
by thermally annealing thin films of Au on glass substrates to
obtain isolated Au nanoparticles.51 Their surface plasmon
resonance wavelength could be tuned using several parameters
such as the annealing temperature, rate of annealing, and
thickness of the original Au films to obtain the optimized
optothermal conversion efficiency at any required laser
wavelength. For the AuNIs with their irregular sizes and shapes,
the electromagnetic- and temperature-field distributions at the
AuNIs were attained by simulations based on scanning electron
micrographs and the experimentally measured light absorption
efficiency (Figure 1a).51,52

To increase the site specificity of the light-induced temper-
ature gradient field with a narrow spatial distribution, which is
required for higher-resolution particle manipulation, rationally
designed plasmonic nanostructures with well-confined electro-
magnetic hotspots can be employed for photon−phonon
conversion within small areas beyond the diffraction limit of
light. For example, Au nanorods (AuNRs) on glass slides were
utilized as light-absorbing substrates for the optical generation of
well-defined temperature gradients within nanoscale regimes of
the colloidal solutions surrounding the AuNRs (Figure 1b).40

Moreover, the selective activation of the specific plasmon
resonance of an AuNR, namely, transversal and longitudinal
resonances, could be achieved through aligning the polarization
of incident light perpendicular and parallel to the long axis of the
nanorod, respectively. The wavelengths of these two resonances
can be tuned by the aspect ratio and size of the nanorod. For
example, the maximal light absorption was attained when the
incident laser wavelength was at the longitudinal resonance
wavelength and its electric field was parallel to the long axis of
the nanorod. It is worth noting that the angle between the
electric field vector of incident light and the long axis of rods
plays an essential role in the efficiency of photon−phonon
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conversion.53 Therefore, by optimizing the polarization of
incident light relative to the AuNR orientation, one can change
the trapping stiffness of colloidal particles by the optothermo-
electric field around the nanorod.40

Suspended Light-Absorbing Particles. Photon−phonon
conversion can also be achieved in the light-absorbing particles
suspended in solvents, which can generate the optothermo-
electric field around the particles under certain conditions. One
representative example is the Janus particles that are made of
polystyrene (PS) or silica beads with half-coated Au caps (Figure
1c). Bickel et al. investigated the temperature field of heated
Janus particles with different thicknesses of Au caps.54 Let us
consider a Janus particle with radius a, thermal conductivity τin
for the pristine part, and thermal conductivity τc for the metallic
cap of thickness d that is dispersed in solution with thermal
conductivity τout. Since thermal conductivities τin and τout meet
τin = τout = τ≪ τc for most cases, the temperature distribution of
the Janus particle can be divided into two typical conditions:

(1) τcd≪ τa: the temperature field distorted by the metallic
cap is neglected.55 The temperature difference across the
sides of the Janus particle is expressed asΔ =

τ τ
ϵ
+T Ia3

2( )out in
,

where ϵ is the absorption efficiency of the metallic cap and
I is the laser intensity.

(2) τcd≫ τa: the metallic cap is assumed to have a constant
temperature, and the temperature field is given as T(a, θ)
= T0 + ΔT.54
The self-generated temperature gradient of the Janus
particle along with its asymmetry can induce the motion

effects of the particle such as swimming and rotation
under laser illumination.46

Some pristine dielectric micro- or nanoparticles such as a-Si
beads can also have a high optothermal conversion efficiency
with low thermal conductivity.56 Unlike Janus particles whose
temperature field direction is determined geometrically, the
direction of the temperature gradient for optically heated a-Si
beads depends only on the incident direction of light (Figure
1d).57 Therefore, the direction of resultant thermoelectric fields
can be manipulated by the incident light. The a-Si beads cannot
be manipulated only by their self-generated optothermoelectric
field but also can serve as mobile optothermal substrates to trap
and transport other colloidal particles.45

■ THERMOELECTRIC EFFECT
The thermoelectric effect describes the establishment of an
electric potential under a temperature gradient. In this section,
we will start with a brief introduction to thermophoresis, which
is at the core of the thermoelectric effect in electrolyte solutions.
Next, we summarize the basics of the thermoelectric effect in
electrolyte solutions. Readers are referred to an excellent review
article by Würger for more details.5 Finally, we discuss recent
progress in elucidating how the thermoelectric field and its
interplay with colloidal particles depend on the solvent
properties, solute properties, and temperature.

Thermophoresis. Thermophoresis (also known as thermo-
diffusion, thermal diffusion, or the Soret effect) describes the
directed motion of suspended particles, molecules, droplets, or
micelles in a complex fluid under a temperature gradient of
∇T.59 The drift velocity is given by

= − ∇D Tu T (4)

where DT represents the thermophoretic mobility or thermal
diffusion coefficient. When a dilute fluid reaches a steady state
under a temperature gradient, the concentration gradient of
suspended objects is expressed as∇c =−cST∇T.11 ST = DT/D is
called the Soret coefficient, with D being the Einstein coefficient
or Brownian diffusion coefficient. Accordingly, under a temper-
ature gradient, solute particles that move toward the cold region
(ST > 0) are termed thermophobic particles, while solute
particles that move toward the hot region (ST < 0) are called
thermophilic particles.

Fundamentals of the Thermoelectric Effect in a Basic
Version. It has been observed that the sign of DT can be altered
by changing the ambient temperature or salinity of colloidal
solutions.1,2 For example, the Soret coefficients of lysozyme
proteins,60,61 polystyrene beads,1,11,61,62 micelles,62 DNAs,63

and Ludox particles in solutions64 exhibited similar temperature
dependences.60 At low ambient temperatures, these solutes were
thermophilic under a temperature gradient field, resulting in
movement toward the hot region. As the temperature exceeded a
critical temperature T*, the sign of DT was reversed, leading to
thermophobic behavior. In another example, theDT of PS beads
in a buffered electrolyte solution changed from negative to
positive values upon addition of a salt such as NaCl or LiCl to
the solution.2 The change was attributed to the fact that the
differential movement of ions in these salt solutions generated a
thermoelectric field, which interacted with the PS beads. This
indicates that the thermoelectric effect can play a critical role in
the thermophoretic motion of solutes in electrolyte solutions.
When a temperature gradient is applied to an electrolyte

solution, the anions and cations can drift along the thermal

Figure 1. Optothermal effects at representative nanostructures. (a)
Simulated electric field of laser-illuminated AuNIs overlaid with their
scanning electron micrograph. Adapted with permission from ref 58.
Copyright 2017 American Chemical Society. (b) Simulated temper-
ature profile of AuNRs upon illumination with a 780 nm laser beam
with a power density of 0.6 mW·μm−2. The scale bar is 1 μm. Adapted
with permission from ref 40. Copyright 2018 American Chemical
Society. (c) Simulated temperature profile of a 2.7 μm PS/Au Janus
particle under off-centered 532 nm laser illumination with the power set
at 2 mW. Adapted with permission from ref 46. Copyright 2020
Springer Nature. (d) Simulated temperature distribution of a 700 nm Si
particle on a heating laser with an optical power of 60 μW and a beam
with a diameter of 2 μm at the focal plane. Adapted with permission
from ref 45. Copyright 2020 Springer Nature.
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gradient with different speeds or even in opposite directions,
which is determined by their size and solvent energy (Figure
2a,b).65 Considering an electrolyte with monovalent ions of
charge qi = Zie (Zi = ±1) and densities ni, the thermophoretic
motions of different ions lead to ion currents, each of which can
be given by5,65−67

= − ∇ +
*

∇ − ∞i

k
jjjjjj

y

{
zzzzzzD n n

Q

k T
T n

q

k T
J

E
i i i i

i
i

i

B
2

B (5)

whereDi is the diffusion coefficient defined asDi = kBT/6πηai (ai
is the radius of the ion and η is the viscosity of the surrounding
medium), Qi* is the ionic heat of transport, E∞ is the net
electrical field (any external electric field along with the
thermoelectric field), and kB is the Boltzmann constant. The
three diffusion terms depend on a concentration gradient
(osmosis), a thermal gradient (thermophoresis), and an electric
field (electrophoresis), respectively.
When the ionic redistribution reaches a steady state for a

closed system with solid boundaries and without external forces
acting on the ions, the ion currents vanish: Ji = 0 (Figure 2c).
Since different ions commonly have different Soret coefficients,
cations and anions have diverse concentration profiles, which
leads to a corresponding charge density ρ∞ = ∑i qini that is
proven to be negligible in the system for temperature gradients
of up to 1−10 K/μm.65,66 Under the higher temperature
gradients, ions physically separate as observed from molecular
dynamics (MD) simulations.68,69 The salinity gradient is given
by5

α
∇

= − ∇n
n

T
T

0

0 (6)

where n0, namely, the salinity, is defined as = ∑n ni i0
1
2

. α is the

reduced Soret coefficient of the electrolyte solution, which is
expressed as

∑α α α= =
*n

n

Q

k T
,

2i
i

i
i

i

0 B (7)

In addition, the Soret coefficient, ST, can be correlated with the
reduced Soret coefficient αi through ST =∑iαi/T. Furthermore,
considering∑iJi = 0 and ρ∞ =∑iqini = 0, the thermoelectric field
ETE can be obtained:70,71

δα= ∇ =
∇

=
∇ ∑

∑
S T

k T
e

k T T
e

Z n S

Z n
E i i i Ti

i i i
TE

B B
2

(8)

where S is the Seebeck coefficient and Zi is the charge number
with Zi = ±1 for positive and negative monovalent ions. The
dimensionless coefficient δα is expressed as

∑δα α= Z
n
ni

i i
i

0 (9)

It has been reported that the time for the formation of
thermoelectric fields via heating a single particle is on the time
scale of the thermal diffusion of salt ions over one Debye length,
which is on the order of microseconds and can be negligible
during the colloidal analysis.6 Meanwhile, a steady concen-
tration profile of salt solutions under a one-dimensional
temperature gradient, where the finite temperature difference
is set across a width w, can be achieved on a time scale of τ≅ w2/
(π2D), where D is the Brownian diffusion coefficient.72 For a
typical laser heating scenario, w can be treated as 1 μm, and the
obtained time scale is on the order of microseconds.
After obtaining a common expression for the thermoelectric

field, let us consider how solutes such as colloidal particles are

Figure 2. Schematic of the formation of a thermoelectric field in a closed colloidal system under a one-dimensional constant temperature gradient. (a)
Original state without a temperature gradient. (b) Onset of ionic redistribution under ∇T. The drift velocity of cations (vcation) is larger than that of
anions (vanion) in this schematic. The relationship between vcation and vanion can change with the type of cations and anions. (c) Steady state of the
thermoelectric field. ∇T, ETE, and u represent the external temperature gradient, thermoelectric field, and particle velocity, respectively. The particle
with radius of a is positively charged. Circles with positive and negative signs indicate ions with positive and negative charges. (d)Magnified view of the
particle surface when the particle radius a is significantly larger than the Debye length λ (i.e., the distance between the dashed line and the particle
surface; the distance to the real case is much smaller than that shown here). The z axis is defined to be perpendicular to the particle surface.
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transported in electrolyte solutions under temperature gra-
dients.73 The relevant microfluid is usually described on the
basis of the Navier−Stokes’ equation

η∇ = ∇ −v P f2 (10)

where η is the viscosity of the fluid, P is the hydrostatic pressure,
and f is the force density on the fluid applied by a neighboring
suspended particle. Considering a suspended particle with
radius a that is significantly larger than the Debye length (Figure
2d), the boundary-layer approximation is valid, for which the
particle surface can be regarded to be flat during force analysis.74

Thus, the velocity perpendicular to the particle is zero vz = 0,
while the velocity parallel to the surface vB and the transport
velocity of a suspended particle u are given by5,74

∫η
= − = − ̅

i
k
jjj

y
{
zzzv z z f

P
x

vu
1

d
d
d

,
2
3

B

xB
0

B
(11)

where B is upper limit of the range of the force field, f x is the
parallel component of force density exerted on the particle, and
v̅B is the boundary velocity of the particle.
In order to solve the integral of vB in eq 11 and attain the

transport velocity u and the Soret coefficient DT, the force
density f can be further given by a charge term and a dielectric
term2,75

ρ ρ εψ= ̅ − ∇ − ∇f E E
1
20

2
(12)

where ρ is the charge density (E̅0 is the macroscopic (external)
electric field, ψ represents the electrostatic potential, −∇ψ is
interpreted as the localized electric field due to ionic
redistribution within the Debye layer, E is the electric field of
the charged particle, and ∇ε is the gradient of the medium’s
permittivity. In addition, the hydrostatic pressure P increases
due to the excess ion density in the electric double layer around
the charged suspended particle.76 The excess ion densities of
different ions are given by δ = −ψ−n n e( 1)i i

Z e k T/i B based on the
Poisson−Boltzmann theory, by which the local charge density is
given as ρ =−2en0 sinh(eψ/kBT) while the excess ion density n is
demonstrated to be n = 2n0 (cosh(eψ/kBT) − 1), where n0 is
bulk salinity.2 Since P = P0 + nkBT, where P0 is the hydrostatic
pressure far away from the particle, the gradient of the
hydrostatic pressure, along with interdependencies of n and T,
is5

ρ ψ ρψ∇ = − ∇ + + ∇ +
∇

P nk T
T

T
nk T

n
n

( )B B
0

0 (13)

When the permittivity of the solvent is significantly larger than
that of the particle (εsolvent≫ εparticle) and the thermal
conductivity of the solvent is approximately equal to that of
the particle (τsolvent ≈ τparticle, for which most particle materials
satisfy except for metals), the transport velocity can be deduced
by combining eqs 11−135

ε ζ ζ
η

εζ
η

ε
ε

εζ
η

= −
− ∇ + ∇ +

∇
+

i
k
jjjjj

y
{
zzzzz

T
T

n
n

u E
( 3 )

3 3

2
T

2
T

2
0

0
0

(14)

where ε, η, and n0 are the permittivity, viscosity, and salinity of
the solvent, respectively. Meanwhile, the surface potential ζ can

be given as ζ πσ λ= larcsinh(2 )k T2
e B
B where σ is the number

density of element charges, lB is the Bjerrum length (lB = e2/
4πεkBT0), and λ is the Debye length; ζT is a defined parameter

that is related to ζ and T (ζ = ζ( ) 2 ln coshk T
e k TT

2 2 2 e
4

B

B
). When

eqs 4 and 14 were combined, a general expression for the
thermophoretic mobility is given by5

ε
η

ζ ζψ ζ α τ= + − − +i
k
jjjj

i
k
jjj

y
{
zzz
y
{
zzzzD

T 3
1

3T

2

0 T
2

(15)

where α is defined by eq 7 and corresponds to the salinity
gradient and τ is related to the permittivity gradient that is

defined as τ= −ε
ε

∇ ∇ T
T
.77 For weakly charged particles (eψ≪

kBT), ζT can be equal to ζ1
2

based on the DebyeHückel

approximation.5,78 However, for highly charged particles, the
Debye−Hückel approximation ceases to be valid, and ζT

2 is
negligible.79 The thermophoretic mobility is then transformed
to70

ε
η

ζ ζψ εζ
η

εζ
η

= + = −
i
k
jjjj
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(16)

The first term is related to the thermo-osmotic flow,80,81 which is
always positive and drives the suspended particle to the cold
region. On the contrary, the second term related to the electric
field can take both signs. Overall, the Soret coefficient of solutes
in electrolyte solutions can be either positive or negative, which
implies that the suspended particles can migrate to the cold or
the hot region depending on the solvents’ and particles’
properties.
It is worth noting that although the above discussion gives us a

basic picture of the thermoelectricity it was derived on the basis
of a single colloidal sphere in a dilute electrolyte solution with a
one-dimensional constant temperature gradient. Several other
parameters, including the solvent properties, solute properties,
collective effects, and temperature profile distortion, can
influence the thermoelectric effect, which will be discussed
more thoroughly in the next subsections.

Dependence of the Thermoelectric Effect on Solvent
Properties. It has been established that the electrolyte
composition affects the thermophoretic mobility DT of charged
colloidal particles.1 As shown in Table 1,2 the negatively charged

PS beads in a cyclohexyl-3-aminopropanesulfonic acid-buffered
electrolyte solution (pH 10.5) originally drifted toward the
warm region due to the large α (i.e., reduced Soret coefficient) of
OH− ions. However, the effect of OH− ions on the Seebeck

coefficient δα=S k
e
B was weakened by the addition of NaCl or

LiCl that contained Na+/Li+/Cl− ions with small α. The
addition of these ions caused a reversal in theDT of the PS beads
and drove the beads toward the cold region. In addition, the α
values of H+ and OH− ions are significantly higher than those of
the other ions, which indicates that the pH value and protonated
buffers play a key role in the thermoelectric effect.1,2,61,62,82 On

Table 1. Heat of Transport Qi*
84 and Reduced Soret

Coefficient αi of Six Ions in Dilute Systems at Room
Temperaturea

ion H+ Li+ K+ Na+ OH− Cl−

Qi*(kJ/M) 13.3 0.53 2.59 3.46 17.2 0.53
αi 2.7 0.1 0.5 0.7 3.4 0.1

aAdapted with permission from ref 2. Copyright 2008 American
Physical Society.
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the basis of this understanding, Vigolo et al. exploited a
microfluidic device with an applied external temperature
gradient to prove that 477 nm PS beads exhibited different
drift directions upon changing the electrolyte from NaOH to
NaCl.72 Eslahian et al. further demonstrated the change in Soret
coefficients of 215 nm PS beads in ternary electrolyte
NaOHxCl(1−x) (Figure 3a).

4 Furthermore, it was observed that
sodium dodecyl sulfate (SDS) micelles altered the sign of ST in a
NaCl1−xOHx solution upon varying the proportion of OH

− ions
(Figure 3b).3

Recently, Ding et al. have performed MD simulations to
explore the Soret coefficient ST of different ions on the atomic
scale.24 The simulations revealed that different ions showed
distinctive steady-state distributions under extremely high
temperature gradients of 1−10 K/nm, a prerequisite for MD
simulations (Figure 3c). The atomic distributions were used to
calculate their ST values based on equation = −S x x T1/ (d /d )T ,
where x is the molar fraction of the solute. As shown in Figure
3d, ΔST (ΔST = ST(cation) − ST(anion)) values of different
electrolyte solutions also have diverse ion strength depend-

ences,67 which can be explained by the effective Soret coefficient
of an ion:65

= * + Δ = * −
∑ *
∑

S S S S
Z Z C S

C
i i i i

i
T T T

coupling
T

T

(17)

where ST* is the intrinsic ionic Soret coefficient, ΔSTcoupling is the
Soret coefficient change due to charge coupling, and Zi and Ci
are the sign and concentration of ion i, respectively. Since
ST*(Na

+) > ST*(Cl
−), ΔSTcoupling is negative and its magnitude

increases when the ionic concentration increases. Thus, a
monotonic decrease in ΔST with respect to NaCl is obtained.
For cetyltrimethylammonium chloride (CTAC) solutions, the
decrease in ΔST is attributed to the same reason as for NaCl,
while the increase in ΔST above 75 mM stems from the fast
increase in ST(CTA

+). Specifically, since larger polymer
molecules tend to have higher ST, an increase in the
concentration leads to a larger size of CTA+ micelles, which
promotes ST(CTA

+) and further increases ΔST. The thermo-
electric field can also arise from the polarization of water

Figure 3. Dependence of the Soret effect of colloidal particles on electrolyte ions. (a) Soret coefficient of 215 nm PS beads in ternary electrolyte
NaOHxCl(1−x). The square and circle data were measured at 26 and 41 °C, respectively. The solid line was calculated on the basis of

τ α εζ= + + −π εζ( )S ST(1 )a
k TT
6

12B
2

2
. Adapted with permission from ref 4. Copyright 2014 Royal Society and Chemistry. (b) The Soret coefficient of

SDSmicelles in a NaCl1−xOHx solution changed as a function of the molar fraction x of NaOH. Four curves correspond to four different ion strengths.
Adapted with permission from ref 3. Copyright 2010 American Chemical Society. (c) Molecular dynamics simulations show the ion distribution of
CTAC and NaCl at steady state (concentration = 1 M). The blue dotted line represents the temperature profile. (d) Soret coefficient difference
between cations and anions of CTAC and NaCl. Adapted with permission from ref 24. Copyright 2020 Springer. (e) Water-polarization-induced, ion-
separation-induced, and total electric fields of 1 M·kg−1 KCl (left), NaCl (middle), and NaF (right) aqueous solutions under a temperature gradient
like that in (c). Adapted with permission from ref 69. Copyright 2018 American Chemical Society.
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molecules in solutions. Relevant studies based on MD
simulations revealed that both water polarization and charge
separation play a significant role in the formation of thermo-
electric fields (Etot = Eions + Ewater) in aqueous solutions under
temperature gradients.68,69,83 The simulation results showed
that water polarization induces diverse thermoelectric fields in
different salt solutions (Figure 3e), implying the existence of
intricate water−ion coupling mechanisms. By comparing the
simulated results of Seebeck coefficients with the values

obtained from the equation =
* − *
+ −S

Q Q

eT

( )

2
, where Q+* and Q−*

are the ionic heat of transport, one concludes that this equation
is suitable only for dilute solutions, noting that this equationmay
be invalid for concentrated solutions due to the lack of
consideration of ion−ion interactions.69

It is important to mention that the dissolved electrolyte can
also be exploited to change the surface charge of suspended
colloidal particles. For example, CTAC can be attached to a
particle to form a positively charged surface regardless of its
original surface charge.43 This surface charge modification can
significantly change the thermophoretic mobility of the particle
under a temperature gradient.
Dependence of the Thermoelectric Effect on Particle

Properties. Our simplified discussion on the basics of the
thermoelectric effect in Section 4 is based on dilute pristine
spherical particles that have a radius significantly larger than the
Debye length (a ≫ λ). Herein, we briefly discuss how the
particle size, particle concentration (which is relevant to

collective effects), and particle composition (e.g., Janus
particles) influence the thermoelectric effect.

Particle Size. In Section 4, the drift velocity and
thermophoretic mobility DT of particles with a ≫ λ are given
by eqs 14 and 15 based on the boundary layer approximation.
However, extremely weak electrolyte solutions or small particles
(e.g., molecular ions) can lead to the opposite situation, where a
≪ λ and the Hückel limit should be applied. Morthomas et al.
compared these two conditions quantitatively:12

ε
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It is observed that the components are similar in both cases, but a
factor of 3/2 is added to the Seebeck effect term of eq 19
compared with eq 18. This is due to the permittivity variation
around the particle with a ≫ λ, where ET,∥ is enhanced by the
permittivity contrast via 3εliquid/(2εliquid + εparticle) ≈ 3/2 due to
common εliquid ≫ εparticle.

12 However, the permittivity difference
along with the thermal conductivity discontinuity is neglected
for the a ≪ λ condition, which loses the factor of 3/2.

12

Moreover, the thermophoretic mobility DT of large particles
has been found (a≫ λ is independent of the particle size a, while
the DT of particles with a≪ λ is dependent on the particle size
(Figure 4a)).2,11,74 This result stems from the surface potential

Figure 4. (a) Thermophoretic mobility of Triton-coated PS particles with different sizes and temperatures (ionic strength = 10 mM). Adapted with
permission from ref 11. Copyright 2008 American Physical Society. (b) Volume fraction (or concentration) dependence ofDT of 70 nm silica beads in
a sulfo-rhodamine B solution (30 μM/L). The point data are from ref 87, and the curves are calculated on the basis of eq 21. Adapted with permission
from ref 13. Copyright 2011 American Physical Society. (c) Schematic represents the motion of Janus particles in different electrolyte solutions. vth−os
and vth−el are the thermo-osmotic and thermoelectric velocities, respectively.Q represents the heat of transport of different ions. (d) Axial displacement
of optically trapped Janus particles in different electrolyte solutions as a function of laser power. Adapted with permission from ref 93. Copyright 2016
Wiley-VCH.
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based on theDebyeHückel approximation,ζ = σ
ε

λ
λ+

e a
a

, which

can be simplified to ζ = aeσ/ε and ζ = λeσ/ε when a≪ λ and a
≫ λ, respectively. Accordingly, eq 18 is transformed into a linear
relationship between DT and the particle radius when a ≪ λ,
while DT is related to the Debye length rather than the particle
size if a≫ λ. Furthermore, the interfacial properties of colloidal
particles can also deviate from the relationship between DT and
particle size. The size independence ofDT for a≫ λ ceases to be
valid when the colloidal particles have nonwetting surfaces,
where the slip boundary condition (i.e., hydrodynamic slippage)
takes effect at the liquid−particle interfaces.85
Particle Concentration. Several studies have validated that

when the solute concentration increases, the interaction among
suspended particles could lead to collective effects and influence
the electrolyte Seebeck effect and related parameters (e.g., E0,
DT, and ST).

3,8,13,14,86−90 Majee et al. have developed a
theoretical framework for the collective effects of charged
colloids to explain the experimental findings (Figure 4b).13

Considering negatively charged particles with a concentration n
in an electrolyte solution of ion strength n0 under a one-
dimensional constant temperature gradient, the thermoelectric
field and thermophoretic mobility are given as13

ϕ α α ϕ μ
ϕ ϕξ

= −
+ − −

+ +
∇+ − T D k T
e

E
2(1 ) 2 /

20
T B

(20)

ξ
=

+ ϕ
ϕ+

D
D

1
T

T
0

2 (21)

where μT is the thermodiffusive mobility solely related to the
phoretic transport velocity. ϕ and ξ are two parameters defined

as ϕ = ̅Zn
n0

and ξ = μ| |k T
e D
B , where Z and n̅ are the valency and

average concentration of solutes and μ is the colloidal
electrophoretic mobility. For dilute solutions where ϕ → 0,
the eq 20 is simplified to eq 8, indicating no collective effects in
dilute particle solutions. Moreover, the collective effects proceed
where ϕξ ≈ 11

2
. Since the value of ϕ is usually ∼0.1, ξ is

estimated to be ∼20 for suspended particles with collective

effects. The ξ of particle sizes between 10 and 103 nm is generally
in the range of 10 to 103, meaning that the collective effects are
widely applicable to various concentrated colloidal systems.

Particle Composition. We highlight Janus particles as an
example of the dependence of the thermoelectric effect on
particle composition. Janus particles are a particular classi-
fication of solutes with two or more different physical properties
on single particles. The most widely studied Janus particles are
dielectric beads with half-coated metallic caps.55 These particles
have heterogeneous light absorptivity, permittivity, and thermal
conductivity. Thus, the electrolyte Seebeck effect is supposed to
be modified for Janus particles.22,91,92

Upon light illumination, a temperature gradient is formed
around the Janus particle, directed from the metallic cap to the
dielectric part. A thermoelectric field is then established by the
ionic redistribution along the thermal gradient. Ly et al. found
that although the electric fields close to the surface of the
metallic cap and counterpart were quite different due to
distinctive electrical conductivity, the slip velocity remained the
same for both sides of the particle.22 Specifically, since there is a
polarization charge existing on the metallic cap, the parallel
electric field is given as E∥ (z) = S∇∥TS(1 − e−z/λ) for the
conductive surface. Correspondingly, the electric field of the
counterpart (i.e., a charged dielectric surface) is given as E∥(z) =
S∇∥TS − ∇∥φσI, where the second term is usually negligible.
However, the slip velocity is identical across the Janus particle
regardless of the materials22,92 and is given as u = −⟨(1 − nn)·
vB⟩ (vB is given in eq 11). Additionally, the temperature gradient
from the thermal conductivity contrast of different materials can
be neglected when the thickness of the metallic cap is less than
10 nm,54 which is suitable for most recent experiments.
Simoncelli et al. have exploited the thermoelectric effect to
tune the motion of Janus particles experimentally.93 By
alternating the salt types, NaCl, LiCl, and NaOH, the sign and
amplitude of the drift velocity were altered due to the variation
of the thermoelectric effect (Figure 4c). Accordingly, the axial
displacement of optically trapped Janus particles could be
changed by switching the salt type (Figure 4d). However, the
data do not provide a conclusive explanation of the thermo-
electric field driven along the metallic cap.

Figure 5.Temperature influence on the electrolyte Soret effect. (a) Relationship betweenΔST(T) = |ST(T)− ST
∞| and the temperature of the lysozyme.

The upper-right inset indicates the solubility of lysozyme solutions at pH 4.65 in equilibrium with tetragonal crystals.97 The lower left-inset shows the
jointed plot of the main set, and the upper-right inset is in a common T range. Different symbols indicate that experiments were performed in the
presence of 2 (●), 3 (■), 4 (○), and 5% (□) added NaCl. Adapted with permission from ref 60. Copyright 2003 IOPscience. (b) Temperature
dependence of the Soret coefficient of PS beads in NaCl solutions arising from the Seebeck coefficient, S, and the reduced Soret coefficient, α. Adapted
with permission from ref 4. Copyright 2014 The Royal Society of Chemistry. (c) Temperature dependence of the Soret coefficient of suspended
magnetic colloids. The solid curve is calculated by modifying eq 23: ST = ST

CM + ST
EL; the dashed curve is calculated on the basis of eq 22. Adapted with

permission from ref 10. Copyright 2015 American Physical Society.
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Dependence of the Thermoelectric Effect on Temper-
ature. Soret effects of various solutes have similar temperature
dependences, which can be well described by an equation
proposed by Piazza and colleagues60

= − * −∞
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Ç

ÅÅÅÅÅÅÅÅÅÅ
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( ) 1 expT T
0 (22)

where ST
∞,T*, andT0 represent the high-temperature limit of the

Soret coefficient, the critical temperature, and the strength of the
temperature effects, respectively. However, the underlying
mechanism for this empirical formula is still unclear. Before eq
22 was proposed, some studies revealed that the coefficients α of
some salts such as NaCl and KCl were proportional to
temperature.94,95 Subsequently, the relationship between
coefficient δα and T for charged PS beads in the NaCl solution
was fitted to the expression δα = + −T T( ) 0.8 ( 298 K)0.025

K
,

where K represents kelvin.9 An additional consideration of
temperature-dependent viscosity η(T) showed no significant
difference from the linear relation.

Iacopini et al. have demonstrated that the temperature
dependence of the Soret coefficient of lysozyme proteins is
mainly attributed to nonionic interaction rather than the
electrostatic forces (i.e., ionic effects).60 The Soret coefficient
difference ΔST(T) = |ST(T) − ST

∞| of proteins was measured
under different salinity I, temperature T and protein solubility
csat (Figure 5a). The results show that ΔST(T) and csat are
significantly changed by T and fully correlated with each other
under different I values, implying that the Soret coefficient of
lysozyme proteins is weakly influenced by electrostatic forces
but strongly dependent on their solubility, which could originate
from hydrophobic interactions with water. Conversely, Eslahian
et al. proposed that the Soret effect of PS beads is different from
the dominant nonionic interaction of lysozyme proteins60 by
suggesting that the Soret effect can mainly be determined by the
specific-ion effect, which is especially relevant to the
diffusiophoresis in the salt gradient and the electrolyte Seebeck
effect.4 The Soret coefficient, ST, of charged PS beads in NaCl
solutions is temperature-dependent and mainly determined by
the Seebeck coefficient, S, and the reduced Soret coefficient, α
(Figure 5b). It is worth noting that the ST of the charged PS

Figure 6. Electrolyte Seebeck effect under different temperature profiles. (a) One-dimensional temperature field distorted by a PS bead. The inset
shows the thermoelectric field of a constant-temperature gradient. (b) Ratio of the effective tangential electric component ET,∥ and bulk thermoelectric
field E0 at the PS bead. (c) Schematic shows the temperature profile when a single PS particle is on a thermoplasmonic substrate at the interface of water
and glass upon laser illumination. Black arrows indicate temperature gradient vectors, and a white arrow indicates the laser propagation direction. The
scale bar is 1 μm. (d) Thermoelectric force and trapping potential acting on the PS bead as a function of position. Adapted with permission from ref 23.
Copyright 2019 American Chemical Society. (e) Thermoelectric field (upper) and charge density (lower) as a function of distance r and different
Debye lengths with particle radius a = 1 μm. The inset shows the ionic distribution induced by a heated particle. Adapted with permission from ref 6.
Copyright 2012 American Physical Society. (f) Schematic of a localized heated volume in an electrolyte solution irradiated by a focused laser beam. (g)
Thermoelectric field (upper) and charge density (lower) as a function of r/a. The solid curve is calculated by a Gaussian heating profile, and the dashed
line indicates the electric field based on a point charge. Adapted with permission from ref 70. Copyright 2013 The Royal Society of Chemistry.
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beads immersed in a NaOH solution is temperature-
independent. This further validates the claim that the charge
effect plays an essential role in the temperature dependence of
the ST with respect to the PS beads.
Moreover, Reichl et al. combined four molecular mechanisms

to analyze the Soret effect on DNA and RNA71

= + + +S S S S T1/T T
CM

T
EL

T
NI

(23)

where ST
CM is the double-layer capacity model from local electric

fields,96 ST
EL is for the global electric field that is derived on the

basis of eq 8, ST
NI is from eq 22, which describes the temperature

dependence of nonionic contributions, and the last term is due
to the temperature dependence of the diffusion coefficient. On
the basis of this model, Sehnem et al. was able to fit the
experimentally obtained ST of magnetic colloids versus temper-
ature with high accuracy, leading to the conclusion that the
temperature dependence of ST was caused by the electrolyte
Seebeck effect and the double-layer energy (Figure 5c).10

However, in the present stage, the underlying mechanism of ST’s
temperature dependence is still elusive, requiring more experi-
ments and theories to elaborate it further.
All of our discussions and inferences about the theories of

thermoelectric fields have assumed that the temperature
gradient is constant and unidirectional in solutions made of
monovalent electrolyte ions. This assumption needs to be
modified for practical applicability. Mainly, applications
involving asymmetric heating sources such as laser-based or
point-probe-based heating to exactly determine and evaluate the
particle’s response to thermal gradients cannot be based on the
previously mentioned assumption. Kollipara et al. have
proposed a new framework for estimating the thermoelectric
fields in colloidal suspensions by including a laser-based
Gaussian heating source and a particle-induced temperature
gradient distortion in the thermoelectric force analysis.23

Specifically, for a PS particle in the CTAC solution, the
temperature gradient around the particle must differ from the
default gradient (in the absence of the particle) due to the
difference in thermal conductivities between the solute and
solvent (Figure 6a). Accordingly, eq 8 for the thermoelectric
field under a constant external thermal gradient should be

changed to = + −∇
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, where ST1

and ST2
are the Soret coefficients of the CTA+ micelle and

chloride ion, respectively; Nagg is the number of ions forming a
CTA+ micelle aggregate; and Z1 is the effective charge on the
micelle. The net thermoelectric force is contributed by the
tangential component of the thermoelectric field: Fthermoelectric =
∫ σET,∥ dA (Figure 6b). Simulations were then performed for a
real case of optothermoelectric trapping,43 where a PS bead was
placed around a thermal gradient region that was generated by
laser heating on a plasmonic substrate, which was not uniform
across the particle (Figure 6c). The force calculation showed
that the thermoelectric potential well was ∼400kBT deep for a 1
μmPS bead with a laser power of 0.135mW, and this value was 2
to 3 orders of magnitude higher than that of optical tweezers
(Figure 6d).
Würger and co-workers first revealed that the expression of

thermoelectric fields and thermocharge should be related to the
distance r from the particle center, the Debye length λ, and the
particle radius a if the thermal gradient originates from a heated
particle.6 On the basis of eq 5 and∇T = −δTa/r2 for a nonionic
sphere, a radial thermoelectric field is given by6
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As shown in Figure 6e, for a given a, the electric field
differentiates on the length scale of the Debye length but is
convergent to S∇Twhen r≫ λ. The charge density ρ varies with
a similar distance trend. It is worth noting that a sphere with
chargeQP introduces an additional electric field EP =QPe

−(r−a)/λ/
(4πελr). Accordingly, this heated-particle-induced Seebeck
effect can be utilized to separate carbon nanotubes of different
sizes by applying an external electric field Eext due to the drift
velocity being related to the radius of the nanotubes.
A subsequent work was developed by Majee and Würger to

further discuss the electrolyte Seebeck effect with a three-
dimensional temperature field induced by a focused laser beam
(Figure 6f).70 A complete expression of the thermoelectric field
is given as
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where a is the radius of the heated spot and r is the distance from
the center of the heated spot. Because the Debye length is
defined as λ = (εkBT0/2e

2n0)
1/2, when λ/a is approximately less

than 0.3, the thermoelectric field can be regarded as being
converged to S∇T. However, for a micrometer-sized hotspot in
a very weak electrolyte, λ is of the same order of magnitude of a,
which makes the thermoelectric field vary strictly on the basis of
eq 25 (Figure 6g). In addition, it is interesting to find that the
thermoelectric field can be built in confined but highly charged
geometry (e.g., narrow, highly charged channels) even when
based on the ion species with identical thermophoretic mobility,
implying that the geometry of the container can also influence
the formation of thermoelectric fields.98

■ OPTOTHERMOELECTRIC TECHNOLOGIES AND
APPLICATIONS

Progress in the fundamental understanding and control of
optothermoelectric effects in colloidal solutions has inspired
technological developments. By rationally designing the optical
fields, thermal fields, and electrolyte solutions through
innovations in materials, optics, and colloidal chemistry, a series
of optothermoelectric techniques has been developed for
applications in a wide range of fields. Herein, we focus on our
recent developments of optothermoelectric trapping, manipu-
lation, pulling, and microswimmers along with their applications
in nanofabrication and fundamental studies in nanoscience.

■ OPTOTHERMOELECTRIC TRAPPING AND
MANIPULATION

The light-induced thermoelectric effect was proposed to achieve
the directional transport of colloidal particles,2 micelles,3

DNA,71 and so forth.6,60,61 However, the stable trapping of
targeted objects could not be achieved due to poor heat
management. Furthermore, because the direction of the
thermoelectric field was determined by the electrolyte solution,
optothermoelectric trapping was often limited to either
positively or negatively charged particles. Recently, Lin et al.
developed optothermoelectric tweezers (OTET) in colloidal
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solutions with added CTAC to trap and manipulate colloidal
particles of various compositions, sizes, and shapes at low optical
power and with simple optics, regardless of their original surface
charge properties.43 In OTET, all colloidal particles were
adsorbed by CTA+ ions to attain positively charged surfaces
(Figure 7a). Meanwhile, when the concentration of CTAC
exceeded its critical micellar concentration (0.13−0.16 mM),
the CTA+ ions self-assembled into micelles, and these micelles
acted as positive macroions (Figure 7b). When the colloidal
solution was on a thermoplasmonic substrate such as AuNIs on a
glass slide, which was then exposed to focused laser irradiation,
the AuNIs converted the laser incidence to localized radial
heating to trigger the ionic redistribution of CTA+ micelles and
Cl− ions. As the ST of the micelle was much higher than the ST of
the Cl− ion (∼10−2 K−1 and 7.18 × 10−4 K−1, respectively), a
thermoelectric field pointing to the hotspot (i.e., the maximal
laser intensity spot) was established on the basis of eq 8. The
positively charged colloidal particles were attracted and trapped
at the hotspot (Figure 7c). Since the thermoplasmonic substrate
was quasi-continuous, dynamic manipulation of the trapped
particles was achieved through movement of the laser beam.

Parallel manipulation of multiple single nanoparticles is shown
in Figure 7d, which was enabled by a digital micromirror device
(DMD) that generated multiple laser beams with simultaneous
control.
To overcome the diffraction limit of light and thus enhance

the spatial resolution of optothermoelectric trapping, rationally
designed plasmonic nanoantennas (i.e., AuNRs) instead of
AuNIs were implemented as optothermal nanoradiators to
achieve the low-power and deterministic manipulation of
nanoparticles at subwavelength resolutions.40 When an AuNR
is irradiated with a laser beam, a highly localized temperature
gradient field is formed around the Au nanorod and the resultant
thermoelectric field traps the positively charged nanoparticles in
the vicinity of the AuNR (Figure 7e). The nanoradiator-
mediated OTET can overcome the diffraction limit of light to
trap and manipulate nanoparticles with nanoscale accuracy.
Since the optothermoelectric trapping operates at low optical
power (0.08−1.2 mW/μm2), the optical scattering forces and
adverse thermal effects (e.g., natural convective flow) can be
significantly reduced, facilitating the stable trapping of different
nanoparticles beyond the diffraction limit of light.

Figure 7.Optothermoelectric trapping and manipulation of colloidal particles. (a) Colloidal particles are adsorbed by CTAC molecules to convert to
positively charged surfaces. (b) Positive micellar ions formed by the self-assembly of CTACmolecules (left) and anions offered by Cl− ions (right). (c)
Schematic of optothermoelectric trapping in the sequence: free dispersed particles and ions without optical heating (left), the thermophoretic motion
of ions under optical heating (middle), and steady ionic distribution with optical heating to generate a thermoelectric field to trap the positively charged
particles (right). (d) Sequential dark-field optical images show the parallel manipulation of six 100 nm silver spheres into a pattern. The scale bar is 5
μm. Adapted with permission from ref 43. Copyright 2018 Springer Nature. (e) Schematic shows optothermoelectric trapping of colloidal
nanoparticles on an Au nanorod in a CTAC solution. (f) Linear and circular transportation of 300 nm nanoparticles among different Au nanorods by
changing the polarization of the input laser. Adapted with permission from ref 40. Copyright 2018 American Chemical Society.
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Moreover, the light-generated thermoelectric field and thus
the trapping stiffness of this nanoantenna-mediated OTET can
be simply modulated by adjusting the polarization of the laser
beam. This is because the optical absorption and thus the
optothermal conversion efficiency of an anisotropic AuNR with
its transversal and longitudinal plasmon resonances at different
wavelengths depend upon the polarization of the incident laser
beam relative to the AuNR orientation. For example, when a
laser beam with a wavelength that matches the transverse
plasmon resonance wavelength of the AuNR is applied, the
resulting trapping stiffness is highest when the laser beam
polarization is perpendicular to the nanorod axis and lowest
when the polarization is along the nanorod axis. Accordingly,
rationally designed AuNR arrays are fabricated to achieve the
directed transport of nanoparticles with nanometer resolution
among different nanorods by simply changing the laser beam
polarization (Figure 7f). In another development, Kotnala et al.
exploited multimode fibers to develop optothermoelectric
speckle tweezers for large-scale optothermoelectric manipu-
lation.42,99 In their demonstration, the output of a multimode
fiber led to a speckle light pattern on the AuNI substrate, which
generated multiple thermoelectric hotspots to trap numerous
nanoparticles simultaneously.42 Moreover, particle filtration was
achieved via the synergistic effects of the optothermoelectric
force and the Stokes drag force in microfluidic devices.99

Compared with other optical manipulation techniques such as
optical tweezers,36 plasmonic tweezers,100 and optoelectronic
tweezers,17 optothermoelectric manipulations show advantages
with respect to their simple optical setup and their applicability
to a wide range of polymers, metals, semiconductors, and
dielectric nanostructures with different sizes and shapes owing
to universally applicable light-driven thermophoresis.

■ OPTOTHERMOELECTRIC PULLING

The thermoplasmonic substrate is an essential feature of
traditional OTET because it facilitates efficient photon−phonon
conversion and helps to form a highly localized thermoelectric
field. However, the temperature gradient stems from the hotspot
on the substrate, making OTET a two-dimensional trapping and
manipulation platform. One alternative method for three-
dimensional OTET is to transfer the optothermal substrate to
an optical fiber platform.42 As a result, the particles are trapped at
the fiber tip due to the thermoelectric field. Three-dimensional
particle manipulation is achieved by moving the three-
dimensional axis stage to control the position of the fiber tip.
By eliminating the need for optical components such as mirrors
and lenses, the optothermoelectric fiber tweezers could function
as nanopipettes for applications in biosensing and in nano-
particle−cell interaction studies.
Recently, Lin et al. have utilized the optothermoelectric field

that stemmed from a single light-absorbing particle to achieve
optothermoelectric pulling and three-dimensional manipulation
of the particle.45 When a Si particle in a CTAC solution was
irradiated with a focused laser beam, the illuminated half of the
particle absorbed more light than the other half, which led to an
asymmetric temperature field in the vicinity of the particle. The
resultant temperature gradient triggered the spatial redistrib-
ution of CTA+ micelles and Cl− ions, creating an electric field
pointing against the direction of beam propagation (Figure 8a).
Since the Si particle was positively charged by CTAC
adsorption, the optothermoelectric field could “pull” the particle
against the laser propagation direction. At a transition point,
where the optothermoelectric force was balanced by the optical
scattering force, a particle could be stably trapped, thereby
unlocking the three-dimensional manipulation capability of
light-absorbing particles through simply repositioning the focal

Figure 8. Optothermoelectric pulling and three-dimensional manipulation of colloidal particles. (a) Schematic of the temperature field, spatial ionic
distribution, and thermoelectric field generated by a light-absorbing Si particle. (b) Schematic and optical images show the three-dimensional transport
of a PS bead via a Si particle that serves as a mobile heating source for OTET. The scale bar is 5 μm. (c) Schematics and (d) optical images of the
optothermoelectric pulling of Si particles. (e) Pulling trajectories of 800 nm Si particles in a 1 mM CTAC solution at different optical densities.
Adapted with permission from ref 45. Copyright 2020 Springer Nature.
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plane of the laser beam. Additionally, the light-absorbing particle
could also serve as a mobile heating source for OTET to trap
other particles and transport them in three dimensions (Figure
8b). Moreover, when the light source was changed to a laser-
coupled tapered optical fiber with a low numerical aperture (NA
= 0.1), unconventional long-range trapping (i.e., optothermo-
electric pulling) was achieved, which could pull the Si particles
toward the laser source over a macroscopic distance (∼1 mm)
(Figure 8c−e). The self-generated optothermoelectric field on
light-absorbing particles provides a new method for the three-
dimensional and long-range optothermoelectric manipulation of
colloidal particles. Optothermoelectric pulling adds to the field
of photophoretic pulling,101−104 which requires simpler optics.

■ OPTOTHERMOELECTRIC NANOFABRICATION

Optothermoelectric manipulation can be used to fabricate
arbitrary superstructures from colloidal particles as the building
blocks where depletion attraction is exploited as the primary
binding mechanism to create these structures (Figure
9a).41,44,105,106 Particle−molecule mixtures can exhibit deple-
tion interactions under a temperature gradient.107 In a solution,
both the electrolytic molecules and the colloidal particles have
directional thermophoretic motions under a temperature field.
Due to the difference in migration rates, a concentration

gradient is created once equilibrium is achieved. Consequently,
repulsion from the nonuniform distribution of molecules exerts
an osmotic pressure on the particles, driving the particles from
the cold to the hot region. Vesicles, micelles, and nanoparticles
can also serve as viable depletants to generate depletion forces
on the larger colloidal particles.108 Accordingly, when two
particles are trapped at the laser spot by OTET, the temperature
gradients induced by laser heating will drive the CTAC micelles
out of the interparticle area (Figure 9b). The depletion of the
micelles in the gap between particles leads to a depletion
attraction that can stably bond the two colloidal particles. The
strength of the bonding has been theoretically calculated, and it
illustrates a strong dependence on the CTAC concentration
(Figure 9c). Furthermore, the bonding between the particles can
still exist after the laser is turned off under the condition that the
balance among the van der Waals interaction, depletion
potential, and electrostatic repulsion produces an attractive
potential exceeding several kBT (Figure 9c).
As shown in Figure 9d,e, various superstructures can be

assembled using colloidal particles of a wide range of materials,
sizes, and shapes. In addition, optothermal assembly can also
achieve complex three-dimensional (Figure 9f) and large-scale
two-dimensional superstructures (Figure 9g). Its versatile, low-
power, and reliable assembly of colloidal particles makes

Figure 9. Optothermoelectric assembly of colloidal particles into superstructures. (a) Artistic view of the assembly process with the autonomous
delivery of colloidal particles and products. (b) Schematic of the formation of the depletion force between two particles. (c) Interaction potential
between two PS beads along with different CTAC concentrations (left) and the optical images of colloidal superstructures. (d) Hybrid assembly of PS
beads and anisotropic particles. (e) Hybrid superlattice composed of PS and silica beads of different sizes. (f) Three-dimensional assembly of PS beads.
(g) Large-scale assembly of PS beads. The scale bars are 5 μm in (d), (f), and (g) and 2 μm in (f). Adapted with permission from ref 44. Copyright 2017
American Association for the Advancement of Science.
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optothermoelectric tweezers a promising technology for the
rapid prototyping of colloidal materials and devices.
Moreover, the optothermoelectrically assembled colloidal

nanostructures can be immobilized on the solid-state substrates
for device applications by introducing the photocurable

hydrogel into the colloidal solutions.106 After the assembly
process, ultraviolet (UV) light is used to initiate the cross-linking
reaction of the hydrogel. The cured hydrogel entraps and
immobilizes the particles on the substrate (Figure 10a). The
hydrogel-based immobilizing method can be used to form

Figure 10. (a) Schematic of optothermoelectric trapping of a colloidal particle followed by its immobilization on the substrate in a photocurable
hydrogel solution. (b)Optical images and scanning electronmicrographs of immobilized colloidal superstructures. The scale bar is 5 μm. Adapted with
permission from ref 106. Copyright 2018 American Chemical Society. (c) Schematic of the optothermoelectric trapping and printing. (d) Optical
image of a printed TMI pattern of 1 μmPS spheres on the substrate. The scale bar is 10 μm. (e) Optical images of the reconfigurable printing from a sad
face to smiley face. The scale bar is 5 μm. Adapted with permission from ref 41. Copyright 2017 The Royal Society of Chemistry.

Table 2. Brief Comparison of Assembly Techniques for Colloidal Superstructures

techniques advantages limitations

optothermal assembly - no strict restrictions on sizes, materials, or shapes of particles - small-scale and low-throughput assembly
- high spatial precision of assembly beyond the diffraction limit of
light

- requirement of the heating source

- low operating power - tunable interparticle distances in the superstructures
- simple optical setup

optical assembly - high spatial precision of assembly with near-field optics - small-scale and low-thoroughput assembly
- versatile three-dimensional assembly - requirement of rigorous optical setup
- applicability to various environments (i.e., vacuum, gas, and liquid)

optoelectronic assembly - large-scale assembly - two-dimentional assembly
- simple optical setup - requirement of electrolytes
- low operating power - requirement of electrical components

electric assembly - large-scale and high-throughput assembly - requirement of particles and solvents with specific electric
properties

- simple experimental setup - Fair spatial precision of assembly
magnetic assembly - large-scale and high-throughput assembly - requirement of particles with a magnetic response

- fair spatial precision of assembly
- limited types of structures

acoustic assembly - no strict restrictions on materials and shapes of particles - difficulty in assembling small collodial particles
- large-scale and high-throughput assembly - fair spatial precision of assembly
- simple experimental setup

chemical assembly - high-throughput assembly - requirement of chemical modifications for particles or substrates
- stable superstructures

self-assembly - large-scale and high-throughput assembly - limited types of colloidal superstructures
- simple and cost-effective approach
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various highly stable colloidal patterns on the substrate (Figure
10b).
An alternative approach to immobilizing colloidal particles on

substrates is known as optothermoelectric printing, which is
based on the depletion attraction between the particle and the
substrate.41 Once a particle is trapped in an optothermoelectric
field, an increase in laser power will reduce the particle−
substrate gap, causing an increase in the depletion attraction
force between them to eventually push the particle toward the
substrate (Figure 10c). The osmotic pressure imbalance due to
the depletion of CTAC micelles generates a pinning force that
bonds the particle to the substrate because of increased van der
Waals interactions. When the laser is turned off, the interactions
remain strong enough to overcome the repulsive electrostatic
force, resulting in stable bonding between the particle and the
substrate. Arbitrary superstructures of colloidal particles can be
printed on the substrate by this method (Figure 10d).
Furthermore, by irradiating the printed particle with an even
higher-powered laser beam to allow the CTAC micelles to
undergo thermophoresis and reaccumulate at the particle−
substrate interface, the depletion binding force is weakened and
the particle can be released from its initial printed position. As
illustrated in Figure 10e, one of the printed particles was released
and then reprinted at a new target location, achieving
reconfigurable printing. A brief comparison among different
assembly techniques for colloidal superstructures, which
includes both optical methods109−112 and other commonly
applied methods, is shown in Table 2.

■ OPTOTHERMOELECTRIC MICROSWIMMERS
Taking advantage of their asymmetric optothermal response,
Janus particles have already been exploited as micro/nano-

swimmers based on self-thermophoresis,55,57,113 diffusiopho-
resis,30,54 and electrophoresis,114 which have inspired various
applications in cargo delivery, micro/nanorobots, environment
remediation, and so forth.115−118 Recently, Peng et al. have
exploited the thermoelectric effect and feedback control method
to develop a new version of dual-state microswimmers based on
Janus particles (Figure 11a).46 The Janus particles were PS
microspheres with half-coated metallic caps (i.e., Au) and were
dispersed in the CTAC solutions. When an expanded laser beam
irradiated the Janus particle, a temperature gradient was created
around the surface of the particle due to the different light
absorptivity between PS and Au halves. The temperature
gradient caused the ionic redistribution to obtain a thermo-
electric field pointing from the metallic cap to its counterpart
(PS half) for directional swimming of the Janus particle (Figure
11b). Once the swimming direction was disturbed by rotational
Brownian motion, the expanded laser beam was switched to a
focused laser beam of a different wavelength to induce the in-
plane rotation of the Janus particle through the synergistic effect
of thermoelectric, optical, and Stokes drag forces (Figure 11c).
The timing of the switch between the swimming and rotational
states was subtly controlled by a home-built feedback control
algorithm, by which the lost Janus particle could recover to the
predesigned path by a systematic swimming−rotation−
swimming loop (Figure 11d). As an example, a 5 μm Au/PS
Janus particle was delivered to a predesigned target over 110 μm
in 39 s (Figure 11e). Featuring two working states that can be
easily switched via the different laser inputs, the optothermo-
electric swimmers are complementary to other light-driven
microswimmers.119,120

Figure 11.Optothermoelectric microswimmers. (a) Schematic shows that a Janus particle swims and rotates alternatively along a predesigned path via
an optothermoelectric field. (b) Steady state of ionic distribution around a Janus particle under an expanded laser beam in a CTAC solution. The
resultant thermoelectric field drives the Janus particle to swim along the direction from the Au cap to the unmodified part. (c) Force analysis of a 2.7 μm
PS/Au Janus particle rotating around a focused green laser beam. Ft, Fo, and Fd are thermoelectric force, optical force, and Stokes drag force,
respectively. X and Y subscripts indicate the x and y axes. (d) Time-evolved dark-field optical images show one round of rotation and directional
swimming behaviors of a Janus particle based on feedback control. (e) Targeted delivery of a 5 μmPS/Au Janus particle to a 10 μmPS particle based on
feedback control. Rotation was triggered by a 532 nm laser beam, and swimming was achieved by a 660 nm laser beam. Adapted with permission from
ref 46. Copyright 2020 Springer Nature.
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■ OPTOTHERMOELECTRIC TECHNOLOGIES IN
NANOSCIENCE

With their versatile capabilities of manipulating nanoparticles of
various compositions, sizes, and shapes at low optical power and
with simple optics, optothermoelectric technologies are well
suited for investigating the fundamental phenomena at the
nanoscale. Herein, we highlight our recent work on studying
light−matter interactions at the nanoscale with optothermo-
electric tweezers.
In Situ Optical Spectroscopy for Colloidal Nano-

particles in Solutions. Optical scattering spectra of metal
nanoparticles can be used to study their size, composition,
morphology, and plasmonic coupling. However, it is challenging
to directly record the scattering spectra of metal nanoparticles in
solution due to their strong Brownian motion. Traditional

optical trapping of metal nanoparticles has critical requirements
for the laser wavelength, which may interfere with the optical
scattering measurement of the trapped nanoparticles. In
contrast, metal nanoparticles can be stably trapped via OTET
with variable working wavelengths for in situ optical scattering
measurements.43 As shown in Figure 12a,b, OTET has been
successfully applied to trapping metal nanoparticles of varying
geometric shapes and sizes for the in situ recording of their
scattering spectra in solutions. The operational laser wavelength
of OTET was chosen to avoid the overlap with the scattering
peaks of the nanoparticles. This in situ optical spectroscopy can
also be used to detect the optical coupling between metal
nanoparticles (Figure 12c).

Chirality of Colloidal Metamolecules. Chirality repre-
sents the property of an object that is nonsuperimposable on its

Figure 12. Fundamental studies in nanophotonics enabled by optothermoelectric tweezers. Dark-field optical images, experimental and simulated
scattering spectra, and electric field profiles of (a) single Ag nanospheres with diameters of 70, 80, and 100 nm and (b) single Au nanotriangles with side
lengths of 60 and 140 nm. (c) Dark-field optical images and scattering spectra of a single Au nanosphere (top) and two coupled Au nanospheres
(bottom). Adapted with permission from ref 43. Copyright 2018 Springer Nature. (d) Schematic of the working principle of the reconfigurable chiral
meta-molecules based on OTET. (e) Schematics, optical images, and differential scattering spectra of each configuration during the assembly of chiral
meta-molecules. Adapted with permission from ref 123. Copyright 2019 Elsevier. (f) Schematic of the emission lifetimemeasurement for the quantum
dots optothermoelectrically trapped at the Au nanorod. (g) Fluorescence intensity and estimated number of quantum dots trapped on a single Au
nanorod as a function of time. (h) Fluorescence lifetimes of free and trapped quantum dots at different CTAC concentrations. Adapted with
permission from ref 40. Copyright 2018 American Chemical Society.
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mirror image, which shows handedness-dependent responses
under the irradiation of circularly polarized light.121,122 By
mimicking chiral molecules in chemistry, optical chiral meta-
molecules can be assembled via OTET using colloidal particles
as the meta-atoms.123 As shown in Figure 12d, colloidal particles
can be assembled into chiral meta-molecules with different
geometries and reassembled into their enantiomers due to
reversible micelle-mediated colloidal bonding. The differential
scattering spectra under circularly polarized irradiation shown in
Figure 12e indicate that both geometric and compositional
asymmetries can alter the optical chirality of meta-molecules. It
should be noted that the optical chirality can be partially
changed by alternating the location of certain colloidal
components in the meta-molecules, which can promote a
more comprehensive understanding of the origin of optical
chirality on the colloidal scale.
Lifetime Measurement for Single Quantum Dots at

Plasmonic Nanoantennas. OTET based on Au nano-
antennas has been exploited for the in situ characterization of
different quantum dots (QDs) at low operational power.40 With
the help of femtosecond laser heating to provide a much
stronger temperature gradient, optothermoelectric trapping of
QDs on AuNRs has been achieved far beyond the diffraction
limit of light (Figure 12f). By recording the two-photon
fluorescence signal from the trapped QDs, the number of
trapped QDs can be quantitatively estimated (Figure 12g).
Furthermore, the lifetime of trapped and untrapped QDs was
plotted and compared at various CTAC concentrations. Figure
12h shows that the lifetime of nontrapped QDs decreases with
CTAC concentration until reaching a constant mean lifetime of
10.5 ns while the mean lifetime of the trapped QDs continually
decreased as the CTAC concentration increased, which can be
attributed to the reduction of theQD−nanorod distance and the
resultant enhancement of the plasmon−exciton interaction.

■ CONCLUSIONS
Numerous works have been carried out to elucidate the
fundamental mechanisms of the formation of thermoelectric
fields in electrolyte solutions and their influence on the
migration of colloidal particles under unidirectional constant
temperature gradients. Recent research has provided further
theories on the interplay between thermoelectricity and
colloidal particles in terms of electrolyte properties, particle
properties, and temperature field profiles, which underpin newly
developed optothermoelectric technologies and their applica-
tions. Through tailoring the electrolyte composition, heating
substrate, light source, and particle property, the optothermo-
electric field has been exploited for versatile particle
manipulation with the advantages of low operational power,
simple optics, and applicability to various types of particles. Such
optothermoelectric manipulations have been proven to be
effective in the directed assembly of colloidal particles into
superstructures and fundamental studies in nanoscience. The
manipulation techniques are also on track to accelerate progress
in colloidal sciences and life sciences as well as lab-on-a-chip
devices synergizing fluidics, optics, thermal science, and
electronics at the micro/nanoscale. With the advancements in
fundamentals, technologies, and applications, liquid optother-
moelectrics is emerging as an exciting field. We conclude this
Invited Feature Article with our perspectives on the challenges
and opportunities in the field of liquid optothermoelectrics.
To better understand thermoelectricity in the more complex

colloidal systems, one should improve current models that were

based on monovalent electrolytes under a constant unidirec-
tional temperature gradient. For example, simply increasing the
complexity of electrolyte solutions could result in unknown
nonlinear effects between thermophoresis and the resultant
thermo-osmosis and thermo-electrophoresis. Such nontrivial
effects would make most of the existing models for electrolyte
thermoelectricity invalid. Moreover, current thermoelectric
theories for colloidal solutions assume that particles have
impenetrable surfaces and that no ions can diffuse across the
particle surfaces. However, this assumption is no longer valid for
colloidal solutions such as those with interacting biological cells
and nanoparticles as drug delivery systems. It was observed that
the relationship between the surface charge and zeta potential
for biological cells could deviate from Gouy−Chapmann theory
because of the porous cell membranes allowing ions to diffuse
across the cells.124 Thus, new theories that can take into account
the effects of penetrable surfaces of particles under thermo-
electric fields will be needed to guide the applications of
optothermoelectric technologies in nanobiomedicine and
cellular biology.
Much has remained unknown in the optothermoelectric

manipulations of colloidal particles. For instance, when using
micellar solutions to optothermoelectrically trap a particle based
on an immobilized light-absorbing substrate, the adsorbed
surfactant molecules on the particle and substrate may result in
an unconventional change in the electrical permittivity of the
solvent between the particle and substrate,125 which stems from
an undefined relationship between the polarizability of the
solvent and the thermoelectric field due to the surfactant
molecules in close proximity. The polarizability of the colloidal
particles could also significantly affect the optothermoelectric
manipulations, which has not been explored in full. In a study on
electrophoresis, the induced polarizability of a colloidal particle
was shown to depend on the magnitude of the electric current,
making it possible to change the particle’s migration direction by
controlling the current magnitude rather than the current
direction.126 Therefore, a better understanding of field-depend-
ent polarizability of particles could lead to a new dimension of
control for optothermoelectric manipulations, which will be
based on the incident laser power that determines the amplitude
of the optically generated thermoelectric field.
More research is needed to clarify the effects of interactions

among various solutes on the optothermoelectricity. It was
observed that macroions such as micelles experienced motion
that was independent of the motion of counterions under a
temperature gradient.12 In contrast, DNA-coated PS beads
might respond differently to the temperature gradient in the
presence of surfactants because the surfactants could change the
solvent−bead interaction and the zeta potential of the beads and
could cause DNA compaction on the PS beads.127 The DNA
compaction can also change the particle−solvent and particle−
substrate interactions. Therefore, it becomes necessary to
identify all relevant parameters among diverse particles,
macroions, counterions, and substrates and explore their
interrelationships that are relevant to thermoelectricity.
Improving the optothermoelectric technologies for a broader

range of applications will also require new innovations in
chemistry, materials, and optics. So far, CTAC has been widely
used in optothermoelectric manipulations because it can assist
the formation of thermoelectric fields and modify the surfaces of
suspended particles to be positively charged. However, CTAC is
lethal to most biological cells, which hinders the biological
applications of the optothermoelectric manipulations. Recently,
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Ding et al. have proved that poly(diallyldimethylammonium
chloride) (PDADMAC) can replace CTAC in the OTET to
enhance both the particle-trapping capability and biocompati-
bility.24 To further broaden the applicability of the optothermo-
electric manipulations, one may look more into biocompatible
electrolytes with ions having considerably different Soret
coefficients that can modify the surface charge of the particles.
As demonstrated by Janus particles as microswimmers46 and

plasmonic nanoantennas (i.e., AuNRs) as optothermal nano-
radiators,40 the rational design of the light-absorbing substrates
and particles is effective at enhancing the accuracy and versatility
of the optothermoelectric manipulations. It has been proven that
photonic crystals128 and metasurfaces18 can enhance photo-
thermal effects for particle manipulation with a lower opera-
tional power and a higher manipulation accuracy. We expect
more works on optothermoelectrics that employ designed
nanostructures such as photonic crystals, metasurfaces, and
metamaterials129,130 in immobilized light-absorbing substrates
with enhanced optical generation and the control of temperature
fields.21 Benefiting from advancements in colloidal chemistry,
one anticipates the exploration of a variety of suspended light-
absorbing particles131 to further the fundamental understanding
and applications of optothermoelectrics. These particles can be
modified with functional groups to enhance their applications in
drug delivery and biosensing.132−134
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(28) Buttinoni, I.; Volpe, G.; Kümmel, F.; Volpe, G.; Bechinger, C.
Active Brownian Motion Tunable by Light. J. Phys.: Condens. Matter
2012, 24 (28), 284129.
(29) Volpe, G.; Buttinoni, I.; Vogt, D.; Kümmerer, H.-J.; Bechinger, C.
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