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Supplementary Movies 

Supplementary Movie 1: Real-time trapping, dynamic transport and releasing of a single 100 nm 

Ag nanosphere (AgNS). 

Supplementary Movie 2: Parallel trapping of six 100 nm AgNSs into a circle. 

Supplementary Movie 3: Trapping and rotation of a single Ag nanowire (AgNW). 
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Supplementary Figures 

 

Supplementary Figure 1. Measured zeta potentials of different metal nanoparticles before and after 

re-dispersion in CTAC surfactant. Before re-dispersion, AuNSs with diameters from 40 nm to 200 nm 

were stabilized in 0.1 mM PBS solution. 30 nm AuNSs and AgNSs were stabilized in citrate solution, 

AuNTs were stabilized in 10 mM CTAC solution, and positive and negative AuNRs were dispersed in 

water. After centrifugation, the particles were re-dispersed in 5 mM CTAC solution. 
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Supplementary Figure 2. Scanning electron micrographs (SEM) of porous Au films after thermal 

annealing of 4.5 nm and 6.5 nm (in thickness) Au thin films (left and middle panels) and the 

corresponding transmission spectra (right panel). The porous Au film was chosen since it features high 

photothermal conversion efficiency due to the excitation of a high-density of “hot spots” (plasmonically 

coupled Au nanoparticles) and low thermal conductivity because of the spatially isolated nanoparticle 

clusters on the substrate. Therefore, the porous Au film can lead to a high temperature gradient with a low-

power light irradiation and temperature increment. Scale bars: 200 nm. 

 

Supplementary Figure 3. In-situ scattering spectra of a 100 nm AgNS and a 100 nm AuNS trapped 

with a 532 nm laser beam. The solid (with and without smoothing) and dashed curves are the experimental 

and simulated spectra, respectively. A 533 nm notch filter was used to block the laser beam during the 

measurement. 
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Supplementary Figure 4. Background spectrum of the thermoplasmonic substrate recorded under 

irradiation by the 532 nm laser beam without trapping of any particle. 

 

Supplementary Figure 5. Dark-field optical images recorded before and after a single Au nanorod 

(AuNR) was trapped by a single 532 nm laser beam. The scattering intensity of the AuNR is much 

weaker than the reflected laser beam and the fluorescence light from the thermoplasmonic substrate, 

preventing the observation of the red colour from the single AuNR. 
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Supplementary Figure 6. SEM of single metal nanoparticles printed on the thermoplasmonic 

substrates after being trapped by the opto-thermoelectric nanotweezers (OTENT). a, single 100 nm 

AuNS; b, single 150 nm Au nanotriangle (AuNT); c, single AuNR. We printed the particles on the 

substrates by increasing the optical power after the particles were trapped at the laser spot, which 

significantly increases the trapping force to lock the particles on the substrate. After being rinsed and dried, 

the samples were imaged using SEM. These micrographs further verified the single nanoparticles trapped 

by our OTENT. The printed particles are indicated by the arrows. Scale bars: a, 500 nm; b-c, 200 nm. 

 

Supplementary Figure 7. Size-limit analysis of OTENT. Dark-field optical images and experimental 

scattering spectra of single a, AuNSs and b, AgNSs with diameters ranging from 20 to 40 nm. 
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Supplementary Figure 8. Simulated temperature distributions before and after trapping of 100 

nm AuNSs. The temperature cross sections in the xz plane were simulated with different number of 

100 nm AuNSs trapped: a, 0 nanoparticle (NP); b, 1 NP; c, 2 NPs; d, 3 NPs; e, 4 NPs. The incident 

laser beam has a diameter of 2 m and an optical power of 0.216 mW. 
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Supplementary Notes 

Supplementary Note 1. Optical generation of thermoelectric field in OTENT. 

The migration of ions under the temperature gradient is associated with the heat transfer between the ions 

and the surrounding environment, i.e. the heat will be absorbed from the reservoir at T, and given out at the 

temperature T+ΔT, which provides the possibility to maintain a temperature gradient during the ionic 

transport1. The quantity of heat absorbed from the surroundings when one mole of ions is transferred is 

defined as the ionic heat of transport Q* , which creates a current along the temperature gradient2: 
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where -Cl
D is the diffusion coefficient of Cl- ions, -Cl

n is the concentration of Cl- ions, T is the 

environmental temperature, -Cl
Z is the charge number of the Cl- ions, e is the elemental charge, 

0E  is the 

electric field, -Cl
n  is the concentration gradient of Cl- ions, 

*

Cl -Q is the heat of transport of Cl- ions, kB is 

the Boltzmann constant and T  is the temperature gradient. The Soret coefficient of the Cl- ions ST (Cl-) 

is given as 7.18×10-4 K-1. The CTAC micelles are driven along the temperature gradient by thermophoresis3, 

with a micelle Soret coefficient4:  
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where and are the dielectric constant and the viscosity of the solvent, respectively. Dmic and 
mic  are 

the diffusion coefficient and the surface potential of CTAC micelles, respectively. At the steady state, the 

spatial redistribution of both CTAC micelles and Cl- ions generates an electric field, which is given by5 
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i indicates the ionic species, i.e. CTAC micellar ions or Cl- ions. Since the CTAC micelle has a higher 

molecular mass and a larger Soret coefficient than the Cl- ions, i.e. ST (micelle) ~10-2 K-1 > ST (Cl-) ~7.18×10-

4 K-1, we obtain an electric field ET pointing towards the laser beam from the spatial redistribution of both 

the CTAC micelles and the Cl- ions6, which can trap the positively charged metal nanoparticle at the laser 

spot. 

 

Supplementary Note 2. Excluding depletion attraction and optical force as the main driving force in 

OTENT. 

Depletion attraction interactions help trapping the nanoparticle. However, this is not the driving force in 

OTENT. For further verification, we replaced CTAC with a non-ionic surfactant, Triton X-100. We did not 

observe particle trapping for various Triton X-100 concentrations above its cmc, indicating that the electric 

field arising from the ionic surfactant is the driving force behind the observed particle trapping in OTENT. 

It should also be noted that OTENT is operated at low optical power with a correspondingly small optical 

gradient force (Supplementary Fig. 9), which can be ignored at optimized CTAC concentration (i.e., 20 

mM). However, at the CTAC concentration of 1-2 mM, the optical gradient force can play an important 

role because the thermoelectric trapping force is also small. 
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Supplementary Figure 9. Simulated optical gradient force exerted on a single 100 nm AgNS and a 

single 100 nm AuNS as a function of the in-plane distance to the beam centre. The incident laser beam 

has a diameter of 2 m, a wavelength of 532 nm, and an optical power of 0.216 mW.  

Supplementary Note 3. Calculation of the particle-substrate and particle-particle total interaction 

potential for 100 nm AuNSs. 

In Supplementary Note 3, we give the derivation of the total interaction potential between two 100 nm 

AuNSs in the trap. In order to calculate the particle-substrate interaction potential which is critically 

important to estimate the trapping potential at high CTAC concentration, we treat the porous Au film as a 

wall, and the particle-substrate (or particle-wall) interaction potential can be easily obtained since it is about 

two times larger than the particle-particle interaction7.  
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1. Electrostatic interaction. 

The electrostatic interaction between two 100 nm AuNSs are given by8 
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where  is the solvent permittivity, pr is particle radius, 
Bk is the Boltzmann constant, T is the absolute 

temperature, z is the particle charge valence, e is the elemental charge, p is the surface potential of the 

particle, which is a function of the CTAC concentration, is the inverse Debye length determined by the 

ionic strength, and r is the particle surface-to-surface distance. Above the critical micelle concentration 

(ccmc, ~0.13 for CTAC)9, is a function of ccmc and the CTAC concentration, which is given by10  
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where NA is the Avogadro’s number, zi is the valence of the surfactant cations and counterions, cs is the 

CTAC concentration, and  is the fraction of dissociated counterions, which is estimated as 0.25. Taking 

into full consideration the CTAC concentration dependent surface potentials (40-100 mV when the CTAC 

concentration increases from 0.2 mM to 20 mM), we calculated the electrostatic interaction potentials at 

different CTAC concentrations, as shown in Supplementary Fig. 10. 
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Supplementary Figure 10. Calculated Ue between two 100 nm AuNSs as a function of the inter-

particle gap for variable CTAC concentrations. 

2. Van der Waals interactions. 

The Van der Waals interaction between two 100 nm AuNSs is given by  

r

Ar
U

12
-

p

vdw                                                                           (6) 

where A is the Hamaker constant. The retardation of the Hamaker constant of Au in water is taken into 

account, as shown in Supplementary Fig. 11a11. It was assumed that A becomes zero when the inter-particle 

distance is greater than 100 nm. The calculated van der Waals interaction potential is shown in 

Supplementary Fig. 11b. 
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Supplementary Figure 11. Van der Waals interaction between two 100 nm AuNSs. a, Retarded 

Hamaker constant of Au in water as a function of the inter-particle gap. b, Calculated Uvdw between two 

100 nm AuNSs as a function of the inter-particle gap. 

3. Depletion attraction. 

To interpret the depletion attraction potential between two 100 nm AuNSs trapped by OTENT in CTAC 

solution, we take into account several factors: (1) the CTAC molecules adsorb on the AuNS surface to 

modify its surface charge and the surface potential of the AuNSs is a function of the CTAC concentration; 

(2) CTAC micelles are treated as highly charged depletants and the electrostatic interaction between the 

micelles and the AuNSs is considered by introducing an effective micelle radius, which is also dependent 

on the CTAC concentration; (3) acting as depletants, micelles are much softer than the hard spheres. 

However, the optical heating of the laser on the thermoplasmonic substrate leads to the thermoosmosis 

(depletion) of the micelles and, therefore, complete micelle depletion is assumed here. 

The depletion attraction is calculated with the depletion volume VΔ and the osmotic-pressure difference

Δ : 

ΔΔd VU                                                                  (7) 
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The depletion volume is given by7,12   

)])())(16/1())()(4/3(1())(3/4[(Δ 3eff

dp
3eff

dp
1eff

dp

eff

dp
3eff

dp
  rrrrrrrrrrrrV       (8)

 

where 
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dr is the effective micelle radius of the CTAC micelles, which is given by
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where 
dr  is the hard-sphere radius of the micelles and m is an additional factor that arises from the micelle-

particle interaction. To estimate 
eff

dr , we calculated the electrostatic interaction between the CTAC 

micelles and the 100 nm AuNS by 
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where
d is the surface potential of the CTAC micelles, and rdp is the surface-to-surface distance between 

the micelle and the AuNS. The interaction potential between a CTAC micelle and the 100 nm AuNS is 

shown in Supplementary Fig. 12. The effective micelle-particle distance is estimated at 
dp

eU  = 1 kBT, 

suggesting that m = 3.73 in the 10 mM CTAC solution. 
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Supplementary Figure 12. Electrostatic interaction potential between the CTAC micelle and a single 

100 nm AuNS as a function of the micelle-particle distance. The CTAC concentration is 10 mM. The 

dashed line shows 
dp

eU  = 1 kBT and the rdp value of the intersection point gives the effective micelle-particle 

gap. 

We summarized the m value at different CTAC concentration in Supplementary Table 1, showing that 

the m value increases with CTAC concentration. 

Supplementary Table 1. Calculated m value at different CTAC concentrations. 

CTAC concentration (mM) 0.2 0.5 1 2 5 10 20 

m value 3.0 3.18 3.36 3.48 3.6 3.73 3.78 
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The osmotic-pressure difference Δis a function of the micelle number density n: 

TnkBΔ                                                                      (11) 

whereis introduced as the depletion fraction because the micellar depletants are softer than the hard 

spheres. It should be noted that is a function of the temperature gradient (or optical power of the heating 

laser). However, considering the optical power used in the experiment, we assume that complete depletion 

takes place and set . n is given by 

)( cmcs

agg

A cc
N

N
n                                                                 (12) 

where aggN  is the aggregation number of the CTAC micelles13. We summarized the depletion attraction 

potential Ud at different CTAC concentrations in Supplementary Fig. 13. 

 

Supplementary Figure 13. Calculated Ud between two 100 nm AuNSs as a function of the inter-

particle gap for variable CTAC concentrations. 
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Supplementary Note 4. Trapping of large nanoparticles via OTENT. 

We also applied OTENT to trap larger metal nanoparticles, which exhibit strong light scattering and 

therefore experience a large optical scattering force. We succeeded in trapping 200 nm AuNSs and 400 nm 

AuNSs, the latter are the largest metal spheres we had at hand. Since the trapping force is proportional to 

the surface charge Q, we normalized the trapping stiffness of both 100 nm AuNSs and 200 nm AuNSs with 

regard to R2, where R is the radius of the particles (Supplementary Figs. 14a and b). Interestingly, we can 

see that the normalized stiffness of 100 nm AuNSs is higher than that of 200 nm AuNSs, indicating that the 

trapping capability is improved for smaller particles. To explain the improved trapping capability for 

smaller particles, we simulated both in-plane and out-of-plane temperature gradients at heights of 50 nm 

and 100 nm above the thermoplasmonic substrate (Supplementary Figs. 14c and d), which are at the 

spherical centres for 100 nm AuNSs and 200 nm AuNSs, respectively. An increased temperature gradient 

is observed at the plane that is 50 nm above the substrate, providing an enhanced thermoelectric field 

according to equation 3. Therefore, in contrast to optical tweezers, which require a much higher optical 

power to trap smaller particles14, OTENT is more efficient in trapping small nanoparticles at low optical 

power. We expect that OTENT could also trap metal microparticles. The upper size limit for metal particles 

exists for the distortion of temperature profiles by the trapped particles, which remains to be tested. 
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Supplementary Figure 14. Measured trapping stiffness of AuNSs and simulated temperature 

gradient at different heights. a, Trapping stiffness of 100 nm AuNSs normalized by R2. b, Trapping 

stiffness of 200 nm AuNSs normalized by R2. c, Simulated in-plane temperature gradients at heights of 50 

nm and 100 nm above the substrate as a function of the incident optical power. d, Simulated out-of-plane 

temperature gradients at heights of 50 nm and 100 nm above the substrate as a function of the incident 

optical power. The heights of 50 nm and 100 nm correspond to spherical centres of trapped 100 nm AuNSs 

and 200 nm AuNSs. 

 



19 

 

Supplementary Note 5. Single-Nanowire Trapping and Rotation. 

One-dimensional (1D) metal nanostructures with high aspect ratio (e.g. metal nanowires) can confine 

surface plasmons on the metal surfaces with longitudinal propagation, which are also known as surface 

plasmon resonators15. The multiple longitudinal plasmon resonances dramatically increase the absorption 

and scattering of light, which amplify the optical scattering force and make optical trapping extremely 

challenging16-18. With its low-power operation and versatile light management, OTENT can trap metal 

nanowires with precise location and orientation control. As shown in Supplementary Fig. 15a, we created 

a 1D optical image on the thermoplasmonic substrate to trap a single AgNW with 50 nm in diameter. 

Different from optical tweezers, which rely on highly focused laser beams, the generated thermoelectric 

field can be well controlled by rational design of the optical images projected onto the substrate. The 

thermoelectric field exerts a trapping force on the AgNW that tends to align it with the optical image. The 

alignment allows us to further control the nanowire orientation by rotating the optical image, as shown in 

Supplementary Fig. 15b (see Supplementary Movie 3 for the AgNW trapping and rotation). We further 

recorded the scattering optical images of the trapped AgNW excited with differently polarized light. When 

the polarization was tuned along the AgNW, the multiple longitudinal surface plasmons were excited (right 

panel in Supplementary Fig. 15c), with a bright scattering optical image observed. When the polarization 

was perpendicular to the AgNW, only the transverse mode (= 420 nm) can be excited, with the scattering 

intensity greatly suppressed (Supplementary Fig. 15d). 
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Supplementary Figure 15. Trapping and rotation of a single AgNW. a, Schematic illustration and 

successive optical images showing the trapping process of a single AgNW with a 1D optical image. b, 

Schematic illustration and successive optical images showing the rotation of a single AgNW with a 1D 

optical image. The grey line represents the 1D optical image. c, Dark-field optical image and simulated 

electric field intensity when longitudinal surface plasmons are excited along the nanowire (= 703 nm). d, 

Dark-field optical image and simulated electric field intensity when transverse surface plasmons are excited 

along the nanowire (= 420 nm). The AgNW in c and d has a length of 11.7 m. The white arrows in the 

optical images of c and d show the polarization of the incident white light. Scale bars: 10 m. 
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