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ABSTRACT 
Optical manipulation of micro/nanoscale objects is of importance in life sciences, colloidal science, and nanotechnology. 
Optothermal tweezers exhibit superior manipulation capability at low optical intensity. However, our implicit understanding of the 
working mechanism has limited the further applications and innovations of optothermal tweezers. Herein, we present an atomistic 
view of opto-thermo-electro-mechanic coupling in optothermal tweezers, which enables us to rationally design the tweezers for 
optimum performance in targeted applications. Specifically, we have revealed that the non-uniform temperature distribution 
induces water polarization and charge separation, which creates the thermoelectric field dominating the optothermal trapping. We 
further design experiments to systematically verify our atomistic simulations. Guided by our new model, we develop new types of 
optothermal tweezers of high performance using low-concentrated electrolytes. Moreover, we demonstrate the use of new 
tweezers in opto-thermophoretic separation of colloidal particles of the same size based on the difference in their surface charge, 
which has been challenging for conventional optical tweezers. With the atomistic understanding that enables the performance 
optimization and function expansion, optothermal tweezers will further their impacts. 
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1 Introduction 
Contact-free manipulation of low-dimensional objects ranging 
from microscale to nanoscale plays an increasingly important 
role in biology, microfluidics, and colloidal science [1–4]. 
Optical tweezers have become one of the most versatile tools 
in the manipulation of tiny objects with different sizes, shapes, and 
materials [5–7]. However, the generation of optical gradient 
force relies on rigorous optics to create a tightly focused 
high-power laser beam, causing potential damage to fragile 
biological samples [8, 9]. Utilizing the enhanced gradient force 
in the vicinity of metallic nanoantennas, plasmonic tweezers 
were developed to trap nanoparticles at reduced laser power [10]. 
However, the inability of dynamic manipulation in plasmonic 
tweezers hinders their further applications [11]. To overcome 
these limitations, we have recently developed optothermal 
tweezers, i.e. opto-thermophoretic tweezers in non-electrolyte 
solvent and opto-thermoelectric tweezers in electrolyte solvent 
[12]. Taking advantages of the high-efficiency photon-to-phonon 
conversion and the directed particle migration along the 
temperature gradient, low-power (< 0.1 mW/μm2) and dynamic 
optical manipulation of particles of different materials and 
sizes have been successfully demonstrated [13–16]. Beyond 
optical trapping, optothermal tweezers have proven to be a 
versatile tool in all-optical assembly [17] and printing [18] of 

nanoparticles, and have been exploited for a variety of 
applications such as digital manufacturing [19] and chiral 
sensing [20]. Despite the alluring perspective of optothermal 
tweezers, current theories on thermophoresis are limited or 
even contradictory in understanding the working principle of 
optothermal tweezers. For instance, in opto-thermophoretic 
tweezers, thermophoresis of colloids is attributed to the particle– 
solvent interactions altered by thermal expansion of solvent 
[21, 22]. Hydrophilic particles prefer to stay in the cold region 
where water density is higher, while hydrophobic particles stay 
in the hot region where water density is lower [22]. Nevertheless, 
Putnam pointed out that electric-double-layer-induced enthalpy 
change dominates the thermophoresis of colloids [23, 24]. In 
opto-thermoelectric tweezers, charge separation has proven 
critical to the thermoelectric response of the electrolyte solution 
[25, 26] and the thermal diffusion of the particles [27, 28]. 
However, most of the existing theoretical models oversimplify 
the contribution of charge separation, owing to a paucity of 
effective methods to study the charge separation at the atomistic 
level [29–32]. Recent experiments have revealed that the 
trapping force in optothermal tweezers is sensitive to a variety 
of parameters such as substrate, the surface charge of trapped 
objects, solute composition and environmental temperature, 
making it challenging to design optothermal tweezers of optimum 
performance for any targeted applications [14, 24, 33, 34].  
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Herein, we elaborate on the underlying mechanism of 
optothermal tweezers at the atomistic level by comprehensively 
studying the thermal response of ions and solvent molecules, 
and the resulted contribution to optothermal trapping forces. 
Our molecular dynamics (MD) simulations reveal that the 
thermoelectric field, which is induced by charge separation and 
water polarization, dominates the thermophoretic migration of 
the particles. This atomistic view is verified in our systematically 
designed experiments on opto-thermophoretic trapping of 
charged particles. Inspired by new sights provided by our 
atomistic model, we propose a general design guideline for 
optothermal tweezers. As a proof-of-concept, we optimize 
optothermal tweezers based on precise selection of salt and 
polymer solutions. Interestingly, high-performance optothermal 
tweezers can be achieved by choosing a proper electrolyte of 
extremely low concentration. Furthermore, we successfully 
achieve optical sorting of particles with different surface 
charges. Our fundamental understanding and design rule at 
atomic scale will lead to the further development and 
applications of optothermal tweezers in various areas such as 
nanoscience, colloidal sciences, and life sciences.  

2  Thermophoretic trapping and repelling of 
charged polystyrene beads 
Figure 1(a) illustrates the general concept of optothermal 
tweezers. A plasmonic substrate comprised of Au nanoislands 
(AuNIs, see Methods for the substrate fabrication) is irradiated by 
a focused 532 nm laser beam to excite localized surface plasmon 
for light-to-heat conversion. An appropriate temperature 
gradient (~ 10 K/μm) is generated via a low optical power of 
0.06 mW/μm2. Micro-/nanoparticles are trapped by a temperature 
gradient and confined at the laser spot. Successive optical 
images of an example of light-directed trapping process are 
shown in Fig. 1(b). A 2 μm polystyrene (PS) bead travels 10 μm 

in around 9 s and gets trapped at the laser spot. The drift velocity 
increases rapidly when the particle approaches the laser spot 
because of the non-uniform temperature gradient, and the 
velocity decreases to zero at the trapping position (Fig. 1(c)). 

In order to understand the effect of solvent on the trapping 
force in the above-mentioned opto-thermophoretic trap, we 
examined the trapping behavior of PS beads with different 
surface charges in three different solutions: deionized (DI) water, 
sodium chloride (NaCl) (inorganic electrolyte) and cetyltrimeth-
ylammonium chloride (CTAC) (organic electrolyte) solutions, 
respectively. 2 μm PS beads with carboxyl (negatively charged) 
or aliphatic amine (positively charged) functional groups are 
selected as illustrative examples. As shown in Fig. 1(d), in DI 
water, negatively charged PS beads are trapped at the laser 
spot, while the positive beads are repelled. In contrast, negatively 
charged PS beads get repelled in NaCl solution, while positively 
charged particles get trapped. More interestingly, both PS 
beads are trapped at the laser spot in CTAC solution (see 
Movies ESM1–ESM6 for the real-time trapping behavior). We 
further quantified the mean drift velocity using the mean drift 
velocities measured when particles travel 10 μm towards/from 
the laser spot (Fig. 1(e)). Among them, CTAC solution exhibits 
the maximum mean drift velocity while NaCl solution shows the 
minimum one. From these trapping phenomena, we anticipate 
that the electrostatic force is critical in both opto-thermophoretic 
trapping (in water) and opto-thermoelectric trapping (in 
electrolyte solution). 

3  Atomistic models of thermo-electro-mecha-
nics in optothermal tweezers 
In this section, based on the experiments (Figs. 1(d) and 1(e)) 
and MD simulations, we propose two models to explain the 
thermo-electro-mechanics in opto-thermophoretic and opto- 
thermoelectric trapping, respectively. For opto-thermophoretic 

 
Figure 1  Opto-thermal manipulation of nanoparticles. (a) Schematic illustration of particle trapping. (b) Successive optical images of a representative
trapping process (the cross marks the position of laser beam). (c) Position of PS beads versus time and drift velocity versus position profiles. The
corresponding SD is indicated by shaded areas (the average values are obtained by processing eight individual videos). (d) Trapping or repelling of charged 
PS beads in water, NaCl and CTAC solution. Positively and negatively charged beads are repelled and trapped in water, respectively. A totally opposite
phenomenon can be observed in NaCl solution. In CTAC solution, both beads are trapped. (e) Mean drift velocity in three liquids (negative velocity
corresponds to repelling velocity). 
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tweezers, the trapping of PS beads is mainly determined by 
the sign of surface charge on the particles. Experiments on 
charged silicon and silica particles further verified this hypothesis 
(Movies ESM7 and ESM9). Intuitively, electrokinetic interactions 
between the particles and the solvent (i.e. water) play important 
role in determining the trapping capability. Owing to the strong 
electronegativity difference of oxygen and hydrogen, partial 
charges exist on individual atoms in a neutral water molecule 
(Fig. 2(a)). Unidirectional alignment of the polarized water under 
an external field results in an electric field [35]. Specifically, 
water molecule rotates and translates until the dipole moment 
aligns with the temperature gradient, as shown in Fig. 2(a). 
Such an arrangement of water molecules develops a thermoelectric 
(TE) field towards the cold region (blue arrows in Fig. 2(b)). 
Herein, we define TE field pointing towards the hot region as 
positive and TE field pointing away from the hot region as 
negative. Negative PS beads experience the negative TE field 
in water and travel from cold to hot and finally get trapped at 
the laser spot, while positive PS beads are repelled from the 
laser hotspot. This electric effect is similar to the mechanism 
of particle drift in optoelectronic tweezers [36, 37]. Since the 
two functional groups on PS beads are hydrophilic in nature, 
our observation is different from previously reported viewpoints 
that all hydrophilic particles are thermophobic [21, 22]. Further 
discussion on the effect of surface properties of particles will 
be shown in the next section. 

For opto-thermoelectric tweezers, the primary trapping 
force is the thermoelectric force stemming from the free ions 
in the solution. It is known that considerable voltage can be 
induced by introducing a temperature gradient within an 
electrolyte solution [38]. Accordingly, a charged particle should 
move along (or opposite) the direction of TE field. In electrolyte 
solutions, TE field originates from the heat induced separation 

of cations and anions, and is proportional to the difference in 
Soret coefficient (ST) of ions. To study the thermoelectric 
trapping capability of NaCl and CTAC solutions, we calculated 
ST of different cations and anions via MD simulations (simulation 
details are shown in Methods). A temperature gradient is 
applied along Z axis of electrolyte solutions (Fig. 2(c)) and the 
ionic distribution at steady state is recorded to evaluate ST of 
individual ions. The difference in ST of cations and anions is 
written as ΔST = |ST(cation) − ST(anion)|, as shown in Fig. 2(d). 
As shown in Fig. 2(e), the cations (with larger ST) diffuse farther 
away from the hot region than the anions, creating a positive 
TE field in the vicinity of the hot region. The insets of Fig. 2(c) 
show the spatial distribution of ions at steady state in CTAC 
and NaCl solutions. In NaCl solution, the ionic separation is 
almost invisible because of small ΔST. In contrast, the ionic 
separation is much more obvious in CTAC solution, while the 
CTAC molecules migrate to the cold region and the Cl− ions stay 
at the hot region, which is consist with our model. Although 
water polarization also exists in electrolyte solutions, our 
simulations reveal that the intensity of TEwater is smaller than 
that of TEions, with an opposite sign (Fig. S2 in the Electronic 
Supplementary Material (ESM)). Hence, the total TE field 
remains positive and the positively charged particle can be 
trapped at the hot region. 

To verify our models, TE field was calculated through the 
integration of charge density [26] 

( ) ( )
0

1 dE Z ρ Z Z
ε

= ò                  

( )N

1

δ i i

i

Z Z qρ
A=

-
=å                (1) 

where ε0 is vacuum permittivity and ρ(Z) is the charge density 

 
Figure 2  Atomistic view of optothermal tweezers. (a) Water molecule shows strong polarity: The charges of an oxygen atom and a hydrogen atom are 
roughly −0.8e and 0.4e, respectively. Water can be polarized by thermal gradient: Water molecules rotate and transport until oxygen and hydrogen atoms 
are aligned towards the cold and hot region, respectively. (b) The mechanism of opto-thermophoretic tweezers: Under a temperature gradient, water 
molecules are in a specific arrangement and generate an electric field toward cold region for negative particle trapping. In the region far away from the hot
substrate, water molecules are randomly oriented. (c) Temperature gradient (blue dots) and ionic distribution (NaCl and CTAC solutions) at steady state
obtained in MD simulations. Green, purple, cyan, pink and yellow spheres are chlorine, sodium, carbon, carbon (tail) and nitrogen (head) atoms,
respectively. (d) Difference in the effective ST between cations and anions (pink squares: CTAC, green dots: NaCl). (e) The mechanism of opto-thermoelectric 
tweezers: Under temperature gradient, cations diffuse father than anions. Such separation leads to an electric field toward the hot region for positive 
particle trapping. In the region far away from the hot substrate, water molecules and ions are in random order. Additionally, ions stay close with their
counterions. (f) TE fields of water, NaCl (1 M) and CTAC (1 M). The highlighted areas represent the hot (red) and cold (blue) regions.  
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at Z, A is the area of XY plane of simulation box, qi is the 
charge of oxygen or hydrogen atom for water polarization and 
ions for charge separation. The TE field profiles of three 
different solvents are shown in Fig. 2(f). Maximum electric 
field strength is observed in CTAC solution arising from the 
maximum value of ΔST(CTAC), while a minimum electric 
field strength is obtained in NaCl solution (inset of Fig. 2(f)). 
One should note that both charge separation and water 
polarization are taken into consideration for TECTAC and TENaCl 
in Fig. 2(f). The inhomogeneous electric field is induced by 
the proximity between hot and cold layers. We can see that the 
simulated TE fields in the three liquid systems can be verified by 
measured trapping velocities: Vtrapping(CTAC) > Vtrapping(water) > 
Vtrapping(NaCl), which proves that the dominant trapping 
force of optothermal tweezers (opto-thermophoretic tweezers 
and opto-thermoelectric tweezers) arises from the TE field. 
The drift motion of particles can be understood as the 
electrophoresis of particles under the TE field [39] induced by 
a laser beam. It should be noted that the osmotic force has 
limited contribution (around 5%, see Note S3 in the ESM). 
The thermo-osmosis flow on the substrate is also ignorable 
here, because of the ionic substrate and relatively thicker 
chamber [40, 41]. 

In addition, trapping can be even more complicated in 
organic electrolyte solutions where the surface charge of particles 
can be modified by the adsorption of solutes. With the existence 
of alkane chain, organic ions usually possess stronger adsorption 
ability than inorganics [42], because of the hydrophobic 
interaction between organic ions with particles. In our 
experiments, CTA+ ions show strong absorption ability, which 
turns the surface charge of PS beads from negative to positive. 
Afterward, the PS beads migrate along in the direction of TECTAC 
field. Future investigation on the effect of particles’ surface 
property is essential for complete understanding. 

4  Dominating factors of optothermal tweezers 
To comprehensively understand the working principle of 
optothermal tweezers and design more versatile tweezers, we 
quantitatively analyze how the ionic concentration and surface 
properties of particles affect the optothermal trapping in this 
section. Firstly, we calculated TE fields in pure water and electrolyte 
solutions with different electrolyte concentrations (Fig. 3(a)). 
We can see that the magnitude of TEwater field is comparable to 
TE field of low ionic concentration (< 10 mM) in electrolyte 
solution due to the strong polarity of water. The considerable 
TEwater field explains the low-power trapping of polymer nano-
particles [34], lipid vesicles [16] and biological cells [15] in DI  

water. Moreover, the dependency of TE field on the ionic 
concentration is totally different between NaCl and CTAC. The 
TE field in NaCl solution shows a monotonic decrease with 
concentration because of the small difference in the effective 
ST between Na+ ions and Cl− ions (see Fig. 2(d)). However, the 
TE field in CTAC solution decreases initially from 9.90 to 
7.45 MV/m as concentration increases from 10 to 75 mM, 
and later increases to 132.68 MV/m as concentration increases 
to 1 M. The effective ST of an ion can be expressed as [43] 

* coupling
T T TΔS S S= +                      

*
Tcoupling

TΔ i i i i

i

ν ν C S
S

C
=- å

å
            (2) 

where ST
* is the intrinsic ionic Soret coefficient, coupling

TΔS  is 
the change in Sorect coefficient induced by charge coupling, 
the subscript i indicates the ion species, ν is the sign of the 
ionic charge, and C is the ionic concentration. In dilute NaCl 
solution, ions show intrinsic thermal diffusion due to weak 
charge coupling: * *

T T T T( ) ( )Na Na C( ) ( )l ClS S SS + + - -» > » . The 
magnitude of coupling

TΔS  increases when the ionic concentration 
increases. For a type of ion with the higher ST

* in any electrolyte 
solution, its coupling

TΔS  is negative. Thereby, ST decreases with 
concentration. Instead, for the ions with lower ST

*, ST is increased 
by the larger positive coupling

TΔS . Therefore, in NaCl solution at 
high concentration, both ions have similar ST and the charge 
separation becomes weaker, which results in a lower TENaCl.  

In CTAC solution, similar to that of NaCl, the TE field 
decreases when the ionic concentration increases from 10 to 
75 mM as ST(CTA+) > ST

*(Cl−). However, above 75 mM, an 
unexpected increase of TE field is observed. To understand 
the physical mechanism, we study the charge separation of 
the CTAC molecules at different concentrations. Here, we use 
the local number fraction of cations and anions to describe  
charge separation (Fig. 3(b)). For zero charge separation, 

n
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+ -

=
+

0.5n
n n

-

+ -

=
+

 at any position, where n+ and n– are 

volumetric number density of cations and anions. The value of  
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+
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-
+

 represents the degree of charge separation in  

the system. As shown in the top panel of Fig. 3(b), at a CTAC  

concentration of 1 M, the value of n
n n



+ -+
 is always larger  

than that at 75 mM. According to Gauss law, the electric field  

0d /E ρ z ε= ò , where ρ is charge density. The TE field can be  

 
Figure 3  Effects of solutions on trapping ability. (a) Thermoelectric fields/thermoelectric forces of water (blue solid/open triangles), NaCl (green 
solid/open pentagons) and CTAC (pink solid/open squares) solutions at different concentrations. (b) Charge separation of 1 M and 75 mM CTAC
solutions (top panel) and 1 M NaCl solution (bottom panel). The separation of oxygen and hydrogen atoms (water polarization) in pure water (bottom).
n+ (n_) is local number fraction of cations (anions). Note that the vertical axis of the bottom panel is much smaller than the top one. 
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Therefore, the more n
n n



+ -+
 deviates from 0.5, the higher  

TE field comes into being. To explain the larger ST of CTA+ 
micelles at high concentration, we simulated the formation of 
micelles in CTAC solution at different concentrations and 
observed an increasing aggregation number of CTA+ ions at 
higher concentration (see Fig. S2 in the ESM). Larger polymer 
molecules usually possess higher ST, therefore, thermal diffusion 
of CTA+ micelles is enhanced at higher concentrations. ST as 
a function of CTAC concentration shows a similar trend 
with TECTAC (Fig. 2(d)), which further verifies the relationship 
among TE field, charge separation, Soret coefficient and 
micelle size. A significantly smaller charge separation of NaCl 
solution is observed in the bottom panel of Fig. 3(b), as 
expected from TE fields. The charge separation as a function 
of ionic concentration is shown in Fig. S10 in the ESM. In 
water, the separation of oxygen atoms (negative) and hydrogen 
atoms (positive) is also given (bottom panel in Fig. 3(b)). The 
charge separation is much weaker than that in dissociated ions, 
because of the covalent bonding between oxygen and hydrogen 
atoms. But the spatial fluctuation frequency of charge separation 
is much higher than that in CTAC and NaCl solutions. 

We further calculate the trapping forces (i.e. thermoelectric 
forces) in water, NaCl and CTAC solutions through integrating 
the product of charge density of PS beads and TE field along 
Z axis, as illustrated in Fig. 3(a). Herein, we ignore the effect 
induced by the spatial occupation of the beads on TE field, 
which is not significant as we discussed in our previous work 
[44]. However, for particles possessing significantly different 
thermal conductivity from that of water such as gold particles, 
the particle-occupation-induced distortion in the temperature 
field should not be ignored. Surface charge density σ is evaluated 
from the measured zeta potential ζ (see Fig. S9 in the ESM) of 
PS beads as [45] 
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where εr and ε0 are relative and vacuum permittivity, κ is  
the inverse Debye length, a is the particle radius and n is 
electrolyte concentration. The surface charge density of dielectric 
particles in this work is assumed uniform, while the non- 
uniform surface charge density induced by the free movement 
of charges in conductive particles should not be ignored. We 
obtain the maximum trapping force in 20 mM CTAC solution. 
The repelling force in 20 mM NaCl solution is larger than the 
trapping force in water. We should note that the trapping force 
in water is smaller than the trapping/repelling force in CTAC/ 
NaCl solution because the surface charge density of PS beads 
in water is lower than that in electrolyte solutions [46].  

Beyond the ionic species and concentration, the properties 
of particle surface are also important to the trapping capability 
in optothermal tweezers, especially in organic electrolyte 
solutions. For example, the hydrophilicity of the particle surface 
significantly affects the adsorption of ions, which, in turn, 

changes the surface charge density. Herein, opto-thermal trapping 
of hydrophobic and hydrophilic particles is studied experimentally 
and numerically to understand the adsorption effect. We chose  
1 μm silicon (Si) and silicon dioxide (SiO2) particles because 
of their similar density (Si: 2.32 g/cm3; SiO2: 2.65 g/cm3) but 
different hydrophilicity (water contact angle: ~ 90° (Si); ~ 0° 
(SiO2)) [47]. First, the adsorption of CTAC on the surface of 
Si and SiO2 particles was simulated. As shown in Fig. 4(a), Si 
surface is fully covered by CTA+ groups that align with the 
surface due to the hydrophobic attraction between Si atoms and 
alkane chains. Self-assembly of CTAC micelles is observed far 
away from the particle surface because the concentration is 
higher than the critical micellar concentration (~ 0.13 mM). 
Without water molecules, the distance between CTA+ and Si 
surface is small, leading to tightly packed adsorption on the 
surface and turning neutral Si particles to positive particles. 
Since the TECTAC field is positive, the positive Si particles are 
attracted to the laser spot and get trapped (see Movie ESM9). 
Different from Si, the adsorption of CTAC on SiO2 mainly 
relies on the electrostatic attraction between dissociated heat 
groups (SiO−) with CTA+ ions, whose head groups are positive. 
Thus, the alkane chains align with SiO2 surface plane with 
small angles (0° < θ < 45°), as shown in Fig. 4(b). At high 
CTAC concentrations, the CTA+ ions adsorb on the hydrophilic 
and negative SiO2 surface and assemble into “half micelles”. 
Similar to the Si surface, the SiO2 surface becomes positive 
after the CTAC adsorption. However, water molecules seep in 
between CTA+ and SiO2 because of the hydrophilicity of both 
particle surface and head group of CTA+, resulting in a larger  
gap between the electrolyte and SiO2.  

 

 
Figure 4  Effects of particles on trapping ability. (a) Snapshot of CTAC 
adsorption on the surface of Si particle. (b) Snapshot of CTAC adsorption 
on the surface of SiO2 particle. Green, cyan, pink and yellow spheres are 
chlorine, carbon, carbon (tail) and nitrogen (head) atoms, respectively. In 
order to show a better comparison, water molecules are not plotted here 
(simulation setup is shown in Fig. S12 in the ESM). (c) Relative density 
profiles of adsorbed ions on the surface of Si particle in 75 and 131 mM 
CTAC solution. (d) Relative density profiles of adsorbed ions on the 
surface of SiO2 particle in 75 and 131 mM CTAC solution. (e) Measured 
and simulated zeta potential of Si and SiO2 particles in DI water and 
CTAC solution at various concentrations. (f) Measured and simulated 
normalized trapping force of Si and SiO2 particles in DI water and CTAC 
solution at various concentrations. The sizes of Si and SiO2 particles are 1 
μm. Measured (simulated) trapping forces are normalized by dividing by 
the measured (simulated) trapping force of Si in DI water.  
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The relative interfacial ion densities, i.e. the ratio of ion 
density near the particle surface ρ(Y) to ion density in bulk 
solution ρbulk are summarized in Figs. 4(c) amd 4(d). For Si 
particles, a significant reduction of the relative density of 
CTA+ can be observed when the concentration increases from 
75 to 131 mM due to the saturating ρ(Y) and increased ρbulk. In 
contrast, the relative density of CTA+ is almost constant for 
SiO2 particles because both ρ(Y) and ρbulk increase simultaneously. 
It can be understood by the different working distance between 
two attraction forces, i.e. the working distance of electrostatic 
interactions is larger than that of hydrophobic interactions. 
For Si particles, the saturation of CTAC adsorption is reached 
at a much lower CTAC concentration because of short-range 
hydrophobic interaction. However, for SiO2 particles, both ρ(Y) 
and ρbulk increase simultaneously when the CTAC concentration 
increases.  

The measured and simulated zeta potentials of Si (red dots) and 
SiO2 (blue squares) particles at different CTAC concentrations are 
also illustrated in Fig. 4(e) (see Method for the experimental 
details). A model comprising a modified Poisson-Boltzmann 
description is used to calculate zeta potentials [48]. An external 
electric field of 0.4 V/nm is applied along Y direction to generate 
the electroosmotic flow, as shown in Figs. 4(a) and 4(b). The 
zeta potential is calculated by 

 z

r 0 external

0

E

v


 
                  (5) 

where η is bulk viscosity, vz(0) is the fluid velocity at midpoint 
of the fluid layer (where the electrostatic potential is zero). We 
used the dielectric constant of SPC/E water, 68, as εr. Both the 
Si and SiO2 particles are negative in DI water. The negative 
charge of Si particles arises from slight but inevitable oxidization 
during sample preparation. For Si particles, the measured zeta 
potential increases from 0 to 20 mM before adsorption saturation 
is reached and then decreases due to reduced CTAC adsorption 
at higher concentrations (Fig. 4(e)). Increased ρbulk effectively 
reduces Debye length, thus reducing ζ. Slightly different with 
experimental results, the simulated ζ of Si particles is higher 
when CTAC concentration is above 50 mM. This is because 
the oxidation of Si particles is neglected in MD simulations. 
The hydrogen doping (~ 10%) is also ignored in the Si model. 
For SiO2 particles, ζ is saturated at around 10 mM and keeps 
constant till 130 mM, which is consistent with the constant 
relative CTA+ density shown in Fig. 4(d). One should note that 
the maximum value of ζSi is higher than that of SiO2 because of 
neutralization effect of CTA+ by SiO−.  

To further validate our models, the optothermal trapping 
forces are simulated and compared with the experimental 
results, as summarized in Fig. 4(f). In order to reduce the 
computational cost in atomistic MD simulations, a temperature 
gradient of 20 K/nm is used in MD simulations, which is three 
orders of magnitude higher than the experimental values 
(~ 0.01 K/nm). This is widely used in thermoelectric and thermal 
energy transport fields, and a good match between simulations 
and experiments can be obtained [49–51]. Hydrodynamic drag 
force is measured to evaluate the thermoelectric force [52] 

( ) ( )3π  F η T dv h=                                    

( )
13 4 59 1 45 11

16 2 8 2 256 2 16 2
d d d dh
h h h h

-é ùæ ö æ ö æ ö æ ö÷ ÷ ÷ ÷ê úç ç ç ç= - + - -÷ ÷ ÷ ÷ç ç ç ç÷ ÷ ÷ ÷ç ç ç çê úè ø è ø è ø è øë û
  (6) 

where d is the diameter of the particle, h is particle-substrate 
distance  and is calculated by subtracting the height of the 
focal plane of AuNIs substrate from that of the trapping 

particle, ϕ(h) is the correction factor of hydrodynamic boundary 
effect, v is mean drift velocity. The thermoelectric force is 
calculated by adding the net force (estimated according to the 
newton’s second law) to the hydrodynamic drag force. Details 
are shown in Note S7 in the ESM. In this work, thermoelectric 
forces are evaluated in an electrostatic way [39]. In Ref. [39], 

0( / ) ( / )ψ T T εζ η-   defines the thermo-electrophoretic velocity, 
where 0( / )ψ T T-   represents the electrostatic field induced 
by temperature field, and εζ and 1/η correspond to the charge of 
particles and the Stokes drag coefficient, respectively. Herein, 
TE fields are also considered as electrostatic fields. Moreover, 
in this work, TE fields take account of the contribution of 
charge separation and water polarization at the atomistic level. 
The surface charge density is calculated by the zeta potential 
in Eq. (4) with the consideration of Debye length screening 
and particle size. The Stokes drag force is measured with the 
consideration of hydrodynamic boundary effect. 

In DI water, measured and simulated trapping forces of Si 
particles are 0.035 pN and 0.051 μN , respectively. In CTAC 
solution, the trapping forces of both Si and SiO2 particles 
increase monotonically with concentration from 0 to 20 mM, 
because of the increasing ζ and TE field. However, the trapping 
force on Si particle is larger than that of SiO2 particle due to 
higher zeta-potential of Si particles. The trapping force on SiO2 
particles should be larger than that on Si particles in higher 
concentration CTAC solution, stemming from the constant 
ζSiO2 and decreased ζSi. 

5  Rational design of optothermal tweezers 
In previous sections, we have clarified the mechanism of 
optothermal tweezers from the perspective of atomic-scale 
interaction. According to our understanding, we further imple-
ment the theoretical model to develop general design guidelines 
of optothermal tweezers for applications in life sciences and 
colloidal sciences: 1) Selection of electrolyte solution with large ST 
difference between cations and anions can maximize the trapping 
force. DI water is also a good choice when the target objects 
own a highly negative surface charge. 2) Trapping force is usually 
strong in an electrolyte solution with the existence of micelles. 
3) For hydrophobic particles, stable optothermal trapping 
can always be achieved in organic electrolyte solution. 4) For 
hydrophilic particles, trapping is achievable in an electrolyte 
solution (either organic or inorganic) when the TE field and 
particles’ surface charge have the same sign.  

Following the above guidelines, two types of new optothermal 
tweezers are developed. First, inorganic optothermal tweezers 
are designed by exchanging the Cl− ions in NaCl solution with 
I− to enhance ΔST [53] and improve the optothermal trapping 
force. Therefore, the mean drift velocity of positively charged 
PS in NaI solution is almost double of that in NaCl solution 
(Table 1 and Fig. 5). Thus, the more robust trapping can be 
achieved in NaI solution compared to NaCl solution. We design 
the second type of optothermal tweezers by exchanging the 
CTA+ of CTAC solution into poly(diallyldimethylammonium) 
cations, i.e. PDADMAn+ (molecular structure is shown in Fig. S8 
in the ESM). Similar to CTA+, PDADMAn+ possesses a long 
and hydrophobic alkane chain. However, effective optothermal 
trapping of negative and positive particles can be achieved in 
poly(diallyldimethylammonium chloride) (PDADMAC) solution 
of ultralow concentration (0.1 M). The remarkable TE field 
results from the larger ST of PDADMAn+. Specifically, for objects 
that are larger than Debye length [54],  

T
T

B

ˆ4πD R hS
D k T T

= =               (7) 
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Table 1  A paramatric study of the performance of optothermal tweezers 

Solution Particles Substrate Powera

(mW)

Drift 
velocity
(μm/s) 

NaI  
(10 mM) Positive PS AuNIs 0.05 1.47 

NaCl  
(10 mM) Positive PS AuNIs 0.05 0.84 

PDADMAC 
(0.1 μM ) 

Positive/ 
negative PS AuNIs 0.05 0.38/ 

0.43 
CTAC  

(10 mM) 
Positive/ 

negative PS AuNIs 0.05 1.67/ 
2.46 

Water Negative PS AuNIs 0.05 1.57 

Water Negative 
silica a:Si-H[56] 0.8 1.36 

Water Negative PS Au nanostructure[57] 0.2 — 
Tris 

(10 mM) 
Negative 

DNA PDMS[58] 10 — 

aThe optical powers of last three types of optothermal tweezers are their 
minimum values for stable trapping. The minimum power of the tweezers 
in this work can be as low as 0.02 mW. 

 
Figure 5  The drift velocities of a 2 μm positively charged PS particle in 
different solutions along with the corresponding electrolyte concentrations. 

where R is the radius of the particle, kB is Boltzmann constant, 
T is environment temperature, and ĥ  is solvation enthalpy 
density. PDADMAn+ possesses the larger size (molar mass:   
~ 400,000) than that of CTA+ micelles (molar mass: ~ 100,000). 
PDADMAn+ also has a higher enthalpy density since it contains n 
positive charges and has higher surface charge density than 
that of CTAC. Therefore, the intrinsic ST of PDADMAn+ is 
larger. Additionally, in low-concentrated PDADMAC solution, 

coupling
TΔS  between cations and anions becomes small (see Eq. (2)). 

The above-mentioned three factors guarantee a larger ΔST 
between PDADMAn+ and Cl− ions. Therefore, PDADMAC-based 
tweezers can reach the maximum trapping capability using 
lower-concentrated electrolytes (Fig. 5). Such optothermal 
tweezers can largely broaden their applications by reducing 
the limitations such as poor biocompatibility caused by high- 
concentrated electrolytes. Table 1 makes a comprehensive 
comparison between most reported types of optothermal 
tweezers with our novel tweezers (on the basis of NaCl, NaI, 
and PDADMAC solutions). The tweezers proposed in this 
work show superiorities in terms of working power, trapping 
strength and electrolyte concentration (Fig. 5). The trapping of 
particles in NaCl solution is reported for the first time to the 
best of our knowledge, though the repelling of particles has 
been reported before. Compared to water-based tweezers, NaCl/ 
NaI-based tweezers enable steady trapping of positively charged 
particles. Compared to CTAC-based tweezers, PDADMAC- 

based tweezers show steady trapping of both negative and 
positive particles at three orders of magnitude lower concentration. 
Beyond trapping, optothermal sorting of particles with different 
charges is also possible. For proof-of-concept, we demonstrate 
the optothermal sorting of positively charged PS particles 
and negatively charged SiO2 particles in DI water (see Movie 
ESM7). Compared with sorting based on optical tweezers [55], 
opto-thermal sorting has higher throughput as optical tweezers 
are limited to a smaller focal area of the laser spot. Also, the 
low optical power intensity utilized in opto-thermal sorting 
reduces the damage to fragile objects. Moreover, optothermal 
sorting can also be applied to metallic particles and anisotropic 
particles that are difficult to trap by optical tweezers. There 
exists a size limitation for particles that can be trapped at the 
single-particle level by optothermal tweezers. The typical size 
range is from sub-100 nm to 9 μm . For a particle with smaller 
size, the trapping force is not big enough compared to Brownian 
motion. For a larger particle, the trapping force is too small to 
overcome friction forces. However, we could broaden the size 
range of trapped particles through substrate optimization or 
the use of an ultrafast laser. 

6  Conclusions 
By incorporating atomistic MD simulations with experiments, 
we have unraveled the underlying mechanism of optothermal 
trapping of micro-/nanoparticles, which involves the atomic- 
scale interactions among particle surface, solvent molecules 
and ionic species in the thermal field. We find that the TE 
field arising from charge separation and water polarization 
along the temperature gradient dominates the optothermal 
trapping. The surface properties of target particles such as 
surface charge and hydrophilicity dominate the particle-ion 
interactions and zeta potential of the particles. The Soret 
coefficients of ionic species in the solution determine the 
thermal response of ions along the temperature field, leading 
to a TE field generated by the spatial distribution of different 
ions. Our theoretical modeling is verified by systematically 
designed experiments. The atomistic models enable us to 
design new types of optothermal tweezers with low-concentrated 
electrolytes, strong trapping capability and enhanced 
biocompatiblity and to further demonstrate the optothermal 
sorting of the particle with different surface charges. With 
their expanded functionality and enhanced performance, these 
optothermal tweezers will find a wider range of applications 
in various areas. 

7  Methods 

7.1  Materials and sample preparation 

Polystyrene beads (2 μm, Thermo Fisher Scientific) and silicon 
particles (1 μm, Bangs Laboratories) were purchased and 
redispersed in targeted liquid. The zeta potentials of the PS 
beads in DI water are −57.7 and 18.6 mV, respectively. CTAC, 
NaCl and PDADMAC were purchased from Sigma-Aldrich.  

Au nanoisland substrate was prepared by depositing 4.5 nm 
Au thin films on glass slides by thermal deposition (Denton 
thermal evaporator, base pressure: 1 × 10−5 Torr) followed by 
thermal annealing at 550 °C for 2 h. The thickness of the Au 
films was chosen to maximize the absorption efficiency at the 
laser wavelength (532 nm). With a strong plasmonic absorption 
and heat localization after thermal annealing, AuNIs is cable 
of generating a highly localized thermal gradient field with 
laser radiation. 

The synthesis protocols of the hydrogen-terminated amorphous 
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Si particles: Trisilane and n-hexane were added in a 10 mL 
titanium reactor placed in a nitrogen-filled glove box. The 
reactor (sealed) was taken out and heated to a certain temperature 
for 10 min for complete decomposition of trisilane. After the 
reaction, the reactor was cooled down to room temperature 
in an ice bath. The Si particles were then washed with 
chloroform by centrifuging at 8,000 rpm for 5 min. The size 
of the Si particles is decided by the amount of trisilane 
determines, while the reaction pressure is decided by the 
amount of n-hexane determines inside the reactor. The 
hydrogen concentration inside the Si particles was tuned by 
controlling the reaction temperatures. Note that the precipitate 
was collected and dispersed in chloroform before use to avoid 
oxidation. 

7.2  Molecular dynamics simulation 

All MD simulations were carried out with the LAMMPS package 
with the time step of 1 fs (for water and NaCl) or 0.25 fs (for 
CTAC) at 300 K and ambient pressure. Periodic boundary 
conditions were applied in all directions. The dimension of 
simulation boxes for water, NaCl and CTAC solutions are 
3.4 nm × 5.2 nm × 25.9 nm. The rigid SPC/E model [59] was 
used for water molecules. Widely used TIP4P model [60] was 
also tested for comparison (Fig. S13 in the ESM). All-atom 
optimized potentials for liquid simulations (OPLS-AA) force 
field [61, 62] were used in all simulations. The partial charge 
and van der Waals (vdW) parameters of CTAC and NaCl were 
taken from Refs. [62, 63], respectively [63, 64]. The long-range 
electrostatic forces were computed with the P3M method. For 
all pairwise LJ terms, Lorentz-Berthelot mixing rule was applied. 
The cut-off distance in the LJ potential was set to 2.5σ. 300 ns 
non-equilibrium molecular dynamics (NEMD) simulations in 
the canonical ensemble were used to record simulation data after 
the structure relaxation in the isothermal–isobaric ensemble, 
followed by 1 ns microcanonical ensemble. Langevin thermostats 
were coupled with water molecules in the middle and 
boundaries of the system to generate temperature gradients. 
To obtain meaningful statistics, for each set of parameters, 
12 independent simulations were performed. The setup of the 
MD simulations for zeta potential is slightly different: Periodic 
boundaries conditions were applied in X and Z axis and fixed 
boundary condition is applied in Y axis. The dimension of 
simulation boxes is 4.5 nm × 18.0 nm × 9.5 nm. The partial 
charge and vdW parameters of silicon and silica were taken 
from Refs. [64, 65]. 

7.3  Zeta potential measurement 

Dynamic light scattering (DLS) measurements were performed 
through Malvern Zetasizer Nano ZS equipped with a 633 nm 
laser in backscattering configuration. Samples were loaded 
into a pre-rinsed folded capillary cell, and measurements were 
made at 25 °C, using an applied voltage of 150 V. For high 
concentration electrolyte solution, 40 V is used to avoid joule 
heating and electrode damage. Two samples were used to 
obtain averaged zeta potential. Three measurements were 
made for each sample.  
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