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Abstract

Optical tweezers have provided tremendous opportunities for fundamental studies and applications 

in the life sciences, chemistry, and physics by offering contact-free manipulation of small objects. 

However, it requires sophisticated real-time imaging and feedback systems for conventional 
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optical tweezers to achieve controlled motion of micro/nanoparticles along textured surfaces, 

which are required for such applications as high-resolution near-field characterizations of cell 

membranes with nanoparticles as probes. In addition, most optical tweezers systems are limited 

to single manipulation modes, restricting their broader applications. Herein, we develop an 

optothermal platform that enables the multimodal manipulation of micro/nanoparticles along 

various surfaces. Specifically, we achieve the manipulation of micro/nanoparticles through the 

synergy between the optical and thermal forces, which arise due to the temperature gradient 

self-generated by the particles absorbing the light. With a simple control of the laser beam, we 

achieve five switchable working modes [i.e., tweezing, rotating, rolling (toward), rolling (away), 

and shooting] for the versatile manipulation of both synthesized particles and biological cells 

along various substrates. More interestingly, we realize the manipulation of micro/nanoparticles 

on rough surfaces of live worms and their embryos for localized control of biological functions. 

By enabling the three-dimensional control of micro/nano-objects along various surfaces, including 

topologically uneven biological tissues, our multimodal optothermal platform will become a 

powerful tool in life sciences, nanotechnology, and colloidal sciences.

Graphical Abstract
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Optical tweezers provide a noncontact method to manipulate micro- and nanoscale entities 

with light.1 The tweezers were awarded the Nobel Prize in Physics 2018 for their 

applications to biological systems.2,3 However, optical tweezers have a severe limitation 

of using high optical powers when the refractive index contrast between the object and 

its surroundings is minimal, which can cause photon damage to many fragile objects, 

including some biological cells.4 To overcome this limitation, optothermal manipulation 

techniques have been proposed as a means of controlling targets regardless of their optical 
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properties using temperature fields generated by low laser powers.5 So far, optothermal 

manipulation platforms have been developed based on thermal forces generated from 

thermophoresis,6,7 thermoelectricity,8,9 thermal convection,10,11 and thermal depletion,12,13 

leading to dynamic manipulation of diverse micro/nano-objects of varying shapes and 

sizes. Additionally, different manipulation modes, including tweezing,8,14 printing,15,16 

pushing,17-19 pulling,20,21 and rotation,22-25 have been achieved independently. Moreover, 

advanced light steering devices with states controlled by algorithms have been exploited 

to achieve programmable heat-mediated optical manipulation of particles with high 

spatiotemporal precision.26-28

Despite these advances, there are still two major technical obstacles that hinder the 

broader biomedical applications of optothermal manipulation, including the realization of 

multimodal nanorobots in complex in vivo environments for nanosurgery. One is that most 

studies achieved only single-mode manipulation of a colloidal particle in nonbiocompatible 

solutions, which restricts their direct translation to the manipulation of biological samples. 

The other is the requirement of substrates with high light-to-heat conversion rates, which 

limits the optothermal technique to two-dimensional manipulation of target objects along the 

limited special substrates.29,28

Herein, we present a optothermal manipulation technique that overcomes the obstacles by 

allowing for the multimodal manipulation of micro/nano-objects on various surfaces. The 

proposed technique can switch between different modes on demand by simply adjusting 

the particle-laser distance (DP − L) or optical power intensity (I). With the capability of 

manipulating particles along arbitrarily rough surfaces, including topologically uneven 

biological tissue surfaces and small living animals, the platform has the potential to be a 

powerful tool in various fields such as the life sciences, nanorobotics, and colloidal sciences.

RESULTS AND DISCUSSION

General Concept.

The key concept of the multimodal optical manipulation platform is shown in Figure 1. 

First, a light-absorbing particle is heated and a nonuniform temperature field is generated 

within the particle and surrounding liquid in a few microseconds. Then, the molecules 

and ions in the solution diffuse along the temperature gradient, generating several thermal 

forces on the particle. Last, the thermal forces work in tandem with the optical forces to 

simultaneously control the translation and rotation motions of the particle. For a proof-of-

concept demonstration, a 2.8-μm polystyrene (PS) particle containing 12% iron oxide is 

selected as the light-absorbing particle and is immersed in a 5 mM NaCl solution with 

4.5 wt % polyethylene glycol (PEG) sealed in a glass microchamber. As shown in Figure 

1b, a temperature rise of around 18 K can be measured at the particle center upon the 

illumination of a 532 nm laser beam at the power intensity of 0.23 mW/μm2 (see Methods 

for measurement details). A finite element analysis was performed to simulate the light-to-

heat conversion within the microparticle, and the generated microscale temperature increase 

matches well with the experiments (see Methods for simulation details). The simulated 

temperature field and electric field are illustrated in Figure 1c,d and Supplementary Figure 

S1, respectively. Temperature gradients can lead to directed movements of molecules and 
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ions. Depending on solvation entropy, distinct tiny entities display diverse thermodiffusion 

behaviors.30 In the localized temperature field, PEG molecules diffuse from the hot region 

to the cold region, generating a nonuniform osmotic pressure on the particle surface, which 

pushes the particle toward the hot region.12,31 This effect is counted by the depletion force 

(FD). Similarly, Na+ and Cl− ions also show hot-to-cold thermophoretic motions, but with 

different drift velocities (vNa
+ > vCl

−). The resulting distinct spatial distributions of the two 

counterions produce a thermoelectric (TE) field that is directed toward the hot spot. When 

the TE field interacts with negatively charged objects, the effective thermoelectric force (FTE) 

repels that particle away from the hot spot.8,32,33 TE fields can also be obtained through the 

thermophoretic separation of other ion pairs.34 Therefore, FTE can be modulated on demand 

by changing the ions in the solution (Supplementary Figure S2). Besides, an optical force 

(FO) also plays a critical role in particle translation and rotation.35,36 Therefore, the PS 

microsphere can be manipulated over all the degrees of freedom via the synergy of FD, FTE, 

and FO.

The synergy of FD, FTE, and FO can be tailored by changing DP − L and I due to the strong 

dependence of FD and FTE on the temperature field and the dependence of FO on the 

EM field. More specifically, dominated by the thermal diffusion of molecules and ions, 

the magnitudes of FD and FTE increase with the magnitude of the temperature gradient, 

and meanwhile, the directions of the two thermal forces change with the direction of the 

temperature gradient.8,12 As shown in Figure 1e, the simulated temperature distribution on 

the particle surface changes with DP − L, and so do FD and FTE. Moreover, FO can be tuned 

by the EM field which is related to DP − L and the convergence of the laser beam.1 Optical 

torque (MO) generated from the distribution of nonuniform beam intensity and radiation 

pressure is sensitive to DP − L and the convergence of the laser beam as well.36 Accordingly, 

DP − L and I can be used to tailor the forces and torque to achieve the multimodal micro/

nanomanipulation as shown in Figure 1e.

The description of all modes of manipulation is as follows. Tweezing mode: The particle 

is trapped and can achieve inplane translation as the incident laser moves. The beam 

illuminates the center of the particle (DP − L ≈ 0) and any deviation of the particle from 

the beam center leads to a restoring force that helps to retain the trapping of the particle. 

By continuously moving the position of the laser, the object can follow the laser beam and 

be transported freely on the substrate. Compared to the beam for the rest four modes, a 

more loosely focused beam is used here to obtain an attractive force trap (see Supplementary 

Figure S3 for more details). Rotating mode: As DP − L increases to an intermediate value, the 

particle can also achieve out-of-plane rotation without translations. At a specific location, a 

force balance among FD, FTE, and FO can be attained, holding the particle, while MO powers 

a steady rotation. Rolling (toward) mode: When DP − L is further increased, combined rotation 

and translation, i.e., rolling, of the object can be achieved. As the temperature distribution 

and EM field change with DP − L three forces reduce in magnitude. Meanwhile, the directions 

of FD, FTE, and FO change, leading to an increment of the x component of the three forces. 

Accordingly, the particle experiences a restoring force along the x-axis. The force along with 

MO drives the particle to roll toward the incident light beam. Rolling (away) mode: When 
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DP − L is increased to another threshold, the particle can roll away from the beam under a 

repulsive net force and MO. At a large distance, all forces are significantly reduced due to 

a small temperature gradient and a weak EM field. However, FTE decays slower than FD

and FO,23 giving rise to a net force pointing away from the beam. Particularly, we have 

also achieved the fifth mode, shooting mode. When a light-absorbing particle is trapped and 

heated by the incident light, another particle (transparent or light-absorbing) can be shot 

away from the heated light-absorbing particle under the long-range repulsive FTE.

Modeling and Force Analysis.

To validate the proposed multimodal platform, we built a multiphysics model in COMSOL, 

a package based on finite-element method (FEM), to simulate the light–matter interactions 

and light-to-heat conversion, from which the forces exerted on the PS microparticle in 

different working modes can be analyzed (see Supplementary Note S1 for modeling details). 

The depletion force is defined as FD = − ∮ ckBT dArn (c: local PEG concentration, kB: 

Boltzmann constant, T : local temperature, dAr: differential area element on the particle 

surface, n: unit vector normal to the particle surface). The TE force was calculated by 

integrating the parallel components of the TE field at the rotor surface: FTE = ∮ σrETE, ‖dAr

(σr: surface charge density of the particle, ETE, ‖: tangential component of the TE field 

along the particle surface). The optical force and torque were both calculated based on 

the time-averaged form of the Maxwell stress tensor =T M,37 defined by surface integrals as 

FO = ∮ =T M ⋅ ndA and MO = ∮ ( r × =T M) ⋅ ndA, respectively, with r  the radius vector. In 

principle, the optical force can be further decomposed into a scattering force and a gradient 

force. However, the separation scheme requires substantially more complicated treatment.38 

We therefore attributed the optical force components along the z- and x-axis as the scattering 

force and gradient force, respectively, based on their well-established origins under the ray 

optics approximation.39

In order to quantitatively expound each working mode, we decoupled the translational 

and rotational motions of the target particle. The x component of the total force 

(Fx = FTE, x + FD, x + FO, x) determines the translational behavior of the particle and the y 

component of optical torque (MO, y) regulates the rotation behavior. As shown in Figure 

2a, FD, x and FO, x are negative, dragging the PS microsphere back toward the laser beam. In 

comparison, FTE, x pushes the particle away. Since the magnitude of FTE, x is greater than its 

counterparts, Fx keeps positive until DP − L is increased to 1.25 μm, where a force balance is 

reached. This is close to the experimental observation (~1.1 μm). At this DP − L, the rotating 

mode is established: Fx is around zero trapping the particle, while a large MO, y of 302.8 

pN·μm/(W/μm2) powers the fast rotation of the particle (Figure 2b). At DP − L between 1.25 

and 2.00 μm, the negative Fx will always guide the motor back to the position where force 

balance is reached. This is the rolling (toward) mode. Interestingly, the rolling (away) mode 

is realized at a DP − L ranging from 2.00 to 3.00 μm, where a small positive Fx (1–10 fN) 

nudges the particle away and meanwhile a small MO, y of 5–50 pN·μm/(W/μm2) drives the 

rotation, resulting in the rolling (away) mode. It is worth noting that FTE, x, FD, x, FO, x, and 

MO, y all increase with the optical power intensity (Supplementary Figure S4). Therefore, an 
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effective rolling (away) mode can be realized by simply increasing optical power intensity 

for larger Fx and MO, y shadowing Brownian motion. To achieve the tweezing mode, we 

reduced the convergence of light by tuning the numerical aperture (NA) from 1.3 to 0.5 for 

lower heating efficiency and a stronger optical gradient force. As shown in Supplementary 

Figure S3, a trap well can be achieved at I as low as 0.028 mW/μm2. It is noted that the 

trapping force stems from the depletion force and optical gradient force, and the latter is 

dominating. As a control experiment, the light-absorbing PS microparticle was observed 

repelled in a 5 mM NaCl solution without PEG molecules (Supplementary Movie S1), 

validating the role of depletion force in the tweezing mode.

The effect of thermal convection on manipulation is not included in the current model 

because a thin chamber (thickness: ~120 μm) was used to suppress thermal convection in 

this system. Based on the previous work,26 the estimated thermal convective drag force 

on a 2.8-μm PS particle working at different modes in all experiments is 1 order of 

magnitude smaller than the other three forces (Fx, FD, x, FTE, x). Note that thermal convection 

and Marangoni flow40 may be considered under intense laser illumination. In addition, the 

thermo-osmosis flow from the substrate is neglected due to the highly charged substrate and 

the thick chamber.41-43 The thermophoretic motion induced by the thermo-osmotic salt-ion 

flow around particles is also trivial compared to the thermoelectric effect in electrolyte 

solutions with large Seebeck coefficients, such as the NaCl solution herein.44-46

Multimodal Manipulation of Micro/Nanoparticles.

As a demonstration, 2.8-μm PS microparticles containing iron dioxide were dispersed 

in a NaCl/PEG solution to experimentally verify our physical model and exhibit the 

on-demand versatile multimodal manipulation of single particles. As shown in Figure 

3a and Supplementary Movie S2, a PS microsphere was trapped using a laser beam 

(I = 0.064 mW ∕ μm2; DP − L = 0 μm) and dynamically transported along prescribed paths 

at a velocity of ~3.8 μm/s. To assess the trapping stability of the tweezing mode, we 

measured the trapping stiffness by processing the trajectories of a trapped 2.8-μm PS 

particle (Supplementary Figure S5). The rotating mode was achieved as DP − L was set as 

~1.1 μm and I was increased to 0.23 mW/μm2 (Figure 3b and Supplementary Movie S3). 

To quantitatively characterize the out-of-plane rotation, we labeled the PS microparticles 

with fluorescent nanobeads through streptavidin–biotin binding. A rotation rate of 60 rpm 

was observed for the PS microsphere as shown in the successive fluorescent images. 

In the rotating mode, trapping stiffness was measured as 5.6 pN/μm (Supplementary 

Figure S6). Note that an out-of-plane rotation is realized herein, which has been proven 

extremely challenging for other optical manipulation methods.47 Traditional light-driven 

rotor systems typically require sophisticated laser beams or rotors with asymmetric 

geometry or nonuniform birefringence to get an optical torque.36,48,49 In comparison, our 

rotating robots can be sphere-symmetric and isotropic, and function with simple beams at 

low powers. Moreover, an on-demand control of rotation rate can be achieved by tuning the 

optical torque or the viscosity of the solution through the adjustment of the optical intensity 

or the concentration of PEG (Supplementary Figure S7).
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As predicted by our model, the rolling (toward) mode (Figure 3c and Supplementary 

Movie S4) was achieved by aligning the laser beam about 1.3 μm away from the 

particle, i.e., DP − L ≈ 1.3 μm. The translation rate of the rolling particle was 0.81 μm/s at 

I = 0.23 mW ∕ μm2. As DP − L was further increased to 1.6–2.1 μm, the PS particle worked 

in the rolling (away) mode (Figure 3d and Supplementary Movie S5). The observed DP − L

is roughly 0.4 μm smaller than the theoretical value of 2 μm, which may result from the 

ignored thermal convection in the model. The particle rolled away from the laser beam at 

a small velocity of ~0.2 μm/s as I was increased to 1.2 mW/μm2, because the temperature 

gradient and EM field around the particle were multiple times smaller compared to those of 

the previous working modes. The last working mode, the shooting mode, is shown in Figure 

3e (also see Supplementary Movie S6). Briefly, one PS particle (left) is illuminated by the 

beam and functions as a hot spot generating repulsive forces that shoot out the other PS 

bead (right). Since FTE is always larger than FD in the current system as shown in Figure 2a, 

any negatively charged micro/nanoparticle, such as the second PS particle shown in Figure 

3e, will experience a repulsive force. Distinct from direct manipulation, such as tweezing 

or pushing, the shooting mode shows the advantage of long-distance manipulation in a 

phototoxicity-free manner. The local temperatures of the particle center in different modes 

are shown in Supplementary Figure S8.

The general applicability of the multimodal manipulation platform has been validated 

by manipulating silicon (Si) micro/nanoparticles multimodally in control experiments. As 

shown in Supplementary Figure S9, the maximum temperature rise of a heated 1.5-μm 

Si particle50 is ~7 K under the illumination of a 532 nm beam at I = 0.064 mW ∕ μm2. 

Leveraging the optothermal forces generated from the self-generated temperature fields, 

we successfully realized tweezing, rotating, and rolling of a 1.5-μm Si microbead 

(Supplementary Movie S7). In theory, it is also possible to multimodally manipulate 

subwavelength targets (Supplementary Figure S10), while it could be challenging to achieve 

the adjustment of DP − L in the subwavelength range for different manipulation modes. The 

control experiments demonstrate the versatility of the platform for the manipulation of 

objects with different sizes and materials.

On-Demand Control of Live Cells.

The capability to precisely manipulate single cells plays a critical role in fundamental 

studies in cellular biology. For instance, the controllable translation and rotation of cells 

can be utilized as single-cell assays to investigate cell–cell interactions and receptor–ligand 

binding for immunotherapy.29,51,52 Indirect manipulations of cells using a microparticle 

trapped by optical tweezers have been developed to reduce the optical power requested for 

optical manipulation of cells.53 However, the optical rotation of single cells is still extremely 

challenging. External fields or sophisticated microstructures manipulated by multibeam have 

been used to achieve single-cell rotation.54-56

To explore the potential applications of the multimodal manipulation platform in cellular 

biology, we investigate its capability for single-cell manipulation using a single beam. 

As a preliminary demonstration, we achieved on-demand translation and rotation of live 

yeast cells (Saccharomyces cerevisiae) by steering a 2.8-μm PS bead as a microbot. A 
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low-power beam (I < 0.1 mW ∕ μm2) was used for all single-cell experiments to minimize 

thermal damage. As shown in Figure 4a, a PS microparticle was actuated remotely with a 

532 nm laser to achieve the delivery of a yeast cell (also see Supplementary Movie S8). 

The cell was picked up, transported, and released at the target position using a low-power 

beam in 35 s. The cell delivery relies on the entropic attraction induced by the depletion of 

polymer molecules (i.e., PEG molecules).57 Besides translational manipulation, we managed 

to control the rotational motions of yeast cells (Figure 4b). First, the PS particle was 

brought to be in contact with the yeast cell. Then, the beam was gradually moved from 

the particle center toward the cell (DP − L = 1 μm) to switch to the rotating mode. Next, the 

yeast cell started rotating along with the spinning particle due to the tangential rolling 

friction generated from the normal attraction between them (see Supplementary Movie 

S9). Moreover, a selective single-cell rotation of two yeast cells contacting each other was 

achieved by regulating the rotation direction of the PS particle. By gradually shifting the 

beam, we achieved the rotation of the left yeast cell followed by the rotation of the right 

yeast cell (see Figures 4c and 4d, and Supplementary Movie S10). It should be noted 

that only tweezing and rotating modes can be achieved herein because there are only 

one attractive force and one torque acting on the cells. Despite the high biocompatibility 

of PS particles, tiny particles that are made of biomolecules such as lipids, starch, and 

cellulose could be more biocompatible.58 Among them, particles exhibiting proper light 

absorption can be ideal alternative substances for cell manipulation. For instance, plasmonic 

vesicles,59 consisting of lipids and gold nanoparticles, are highly biocompatible and can 

convert light to heat for cell manipulation on this platform. We note that direct operation 

of living cells (without steering a microparticle) might be achieved by heating the liquid 

surrounding the target cells through multiphoton absorption induced by a pulsed laser beam 

(e.g., femtosecond laser).60 However, the short-DP − L manipulation modes, such as tweezing, 

could cause damage to cells due to the light absorption by the cells. With its versatile 

control of both translational and rotational motions for single cells, our multimodal micro/

nanomanipulation platform could serve as an effective tool for single-cell studies.

Single-Particle Manipulation on Living Animal Embryos.

Besides cell manipulation, our platform stands out for remote particle manipulation 

on the biological surfaces of living small animals. C. elegans are 1 mm-long, 

transparent nematodes. They have been widely adopted as model organisms in biomedical-

related research due to their short reproductive cycle, stereotyped development, optical 

transparency, and the genetics tools that are available. We, therefore, tested whether we 

could apply our technology to manipulate particles on living C. elegans embryos and larvae. 

As shown in Figure 5a, a 2.8-μm PS particle can be manipulated in contact with a C. elegans 
embryo (see Supplementary Movie S11). A target PS particle and a reference PS particle 

were first moved near the embryo. Then, the target particle was lifted with the radiation 

pressure by increasing I to 1.8 mW/μm2 until the particle reached the top surface of the 

embryo as observed from the defocusing of the reference particle. Last, the PS particle was 

grasped by the trap well formed by the depletion force and moved arbitrarily on the embryo 

at I = 0.11 mW ∕ μm2 to demonstrate the versatility of the platform. Continued development 

was observed for all embryos after manipulation, suggesting limited damage to embryos 
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(Supplementary Figure S11). We further demonstrate the manipulation of an 800 nm Si 

particle on a living L1 stage C. elegans larva (Figure 5b) to meet the requirements for studies 

of active animals. As shown in Supplementary Movie S12, despite the active movement of 

the animal, we successfully moved the Si nanoparticle back and forth on a living worm.

Our platform may serve as a promising tool for the studies of local thermodynamics in 

worms61 or other biological samples by directing light-absorbing particles to the target 

positions and followed by optical heating. In contrast, it is challenging for conventional 

optical tweezers to achieve simultaneous manipulation and optical heating as the strong 

Brownian motion induced by the heat could shadow the optical trap well. As shown in 

Supplementary Figure S12 and Supplementary Movie S13, an 800 nm Si particle was 

steered to move around near the head of a C. elegans larva about to hatch for thermal 

stimulation. Interestingly, a potential thermal response of the larva was observed. The tail 

of the larva inside the embryo was found beating at a frequency of ~0.25 Hz during the 

process of in vivo manipulation. The beating frequency was around 0.08 Hz when the larva 

is illuminated by the incident light without heating a Si nanoparticle.

CONCLUSIONS

In summary, we have developed a multimodal optothermal manipulation platform that can 

operate on various surfaces, including the highly rough surfaces of small living animals. 

By regulating both the translational and rotational momenta of light-absorbing micro/

nanoparticles, five different manipulation modes have been realized and can be switched 

on demand by simply controlling the laser-particle distance or optical power intensity. The 

versatile manipulation of micro/nanoparticles is driven by the synergy of thermal and optical 

forces. We have further developed a physical model to quantitatively understand the origin 

of forces and torques that dictate the different locomotion behaviors, shedding light on the 

rational design and optimization of the platform for targeted applications. The demonstrated 

manipulation of particles on living worms and embryos highlights the advanced applications 

of this platform in cellular biology.

METHODS

Optical Setup.

A laser beam at the wavelength of 660 nm (Laser Quantum, Opus 660) or 532 nm 

(Coherent, Genesis MX STM-1W) was expanded with a 5× beam expander (Thorlabs, 

GBE05-A) and introduced to a Nikon inverted microscope (Nikon, Ti-E) with a 100× oil 

objective (Nikon, CFI Plan Fluor 100XS Oil) for the manipulation experiments inside a 

microfluidic chamber of ~120 μm thickness. A complementary metal-oxide-semiconductor 

(CMOS) camera (Nikon, DS-Fi3) was used to obtain the optical images and videos. When 

necessary, a notch filter was put between the objective and the camera to block the incident 

laser beam. Fluorescence images were taken by using a xenon lamp (Sutter Instrument 

Lambda, LB-LS/30) with a green fluorescent protein (GFP) filter cube (457–487/502–538 

nm).
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Sample Preparation.

A 15 μL PEG/NaCl solution with particles, cells, or living organisms was added on a 

glass substrate with a spacer (Secure-Seal), and then an 18 × 18 mm2 coverslip (Thermo 

Fisher Scientific) was placed on the top, creating a liquid film (thickness: 120 μm) between 

the coverslip and the glass substrate. The substrate with a thin layer of bovine serum 

albumin (BSA) to avoid stochastic adhesion was fabricated by immersing 22 × 22 mm2 

glass slides (Thermo Fisher Scientific) in a phosphate-buffered saline (PBS) solution with 

1% BSA (Sigma-Aldrich, A8531) at room temperature for 24 h, followed by rinsing with 

DI water (Milli-Q) and drying under a nitrogen stream. A 4.5 wt % PEG 20000 powder 

(Sigma-Aldrich, 8.18897) and a 1% particle/cell solution were dissolved in a diluted NaCl 

solution to obtain the targeted PEG/NaCl solution. To disperse the particles uniformly, an 

ultrasonic bath (Branson, CPX5800H) was used. A suspension of 1 wt % 2.8 μm PS beads 

containing 12% iron dioxide (Thermo Fisher Scientific, 65306) was diluted with a 5 mM 

NaCl solution by 1000 times. The fluorescent labeling was conducted by mixing the NaCl 

solution containing the PS beads with a 1‰ 40 nm yellow-green fluorescent (505/515), 

biotin-labeled nanobeads suspension (Thermo Fisher Scientific, F8766). Then, the mixed 

solution was stored at 4 °C for 12 h, followed by centrifugation at 8,000 rpm for 5 min at 

room temperature. Yeast cells (Red Star) were washed three times and resuspended in DI 

water to obtain a cell density of ~5 × 105 cells/mL.

Worm Handling.

C. elegans (wild-type N2 strain) were fed with OP50 E. coli and maintained on a standard 

NGM growth medium at 20 °C. Embryos and larvae were examined before sex can be 

determined; however, most embryos and larvae were likely to be hermaphrodites, because 

the spontaneous occurrence of males without mating is rare. For imaging experiments, 

embryos were dissected in a drop of water and transferred to PEG/NaCl solution using a 

glass microneedle.

Numerical Simulations.

COMSOL Multiphysics (ver. 5.4a) was used in simulations based on FEM to calculate the 

optical forces, light-to-heat conversion, and temperature distributions. Specifically, modules 

of wave optics, heat transfer in solids, heat transfer in liquids, laminar flow, and multiphysics 

across these modules were used to simulate the physics of laser heating of light-absorbing 

particles. A particle was introduced on a substrate at varying positions with respect to the 

laser beam axis. The electromagnetic fields inside the particle, evaluated using the wave 

optics module, were used to calculate the electromagnetic heating of the particle. The heat 

transfer modules were used to obtain the temperature distribution around the particle. The 

temperatures on the substrate and the particle surface were exported as a discrete data set, 

based on which the depletion and thermoelectric forces were then computed in MATLAB 

(ver. 2020). Modeling details are summarized in Supplementary Note S1, including the 

modeling framework, governing equations, and boundary conditions.
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Temperature Measurements.

Microscale temperature fields were measured through thermal imaging with quadriwave 

shearing interferometry (TIQSI).62 A high-resolution wavefront sensor (SID4-HR, Phasics) 

was coupled with the inverted microscope with a ×100 oil objective. Thermal images were 

obtained by processing phase images using SIDFTHERMO software (Phasics).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Working principle of multimodal optical manipulation with self-powered temperature 

fields. (a) A simplified schematic illustrating the experimental setup and operation for the 

multimodal manipulation of micro/nanoparticles in a liquid on a glass substrate with self-

sustained temperature fields. (b) The measured temperature distribution on the XY plane 

when a 2.8-μm PS particle was heated by a 532 nm laser beam (optical power intensity: 

0.23 mW/μm2). Inset: the optical image of the PS particle immersed in the solution. Scale 

bar: 3 μm. (c,d) Simulated temperature distributions on the XY plane and the XZ plane. (e) 

Tweezing, rotating, rolling (toward), and rolling (away) of the particle are achieved in order 

by gradually increasing DP − L under the effect of FD (yellow arrow), FTE (blue arrow), and FO

(green arrow). The temperature distribution on the particle surface changes with DP − L, which 

directly alters the magnitude and direction of the thermal forces (FD and FTE). Meanwhile, 

the local electromagnetic (EM) field changes with DP − L, resulting in distance-dependent FO

and the optical torque acting on the particle. The spot size of the beam for the tweezing 

mode is 2 μm, while that for other modes is 0.7 μm.

Ding et al. Page 15

ACS Nano. Author manuscript; available in PMC 2024 May 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Force and torque analysis of multimodal manipulation. (a) Simulated forces acting on a 

2.8-μm PS particle along the x-axis as a function of the distance between the particle and the 

laser beam, DP − L. Fx, FD, x, FTE, x, and FO, x are the net force (gray stars), depletion force (yellow 

squares), TE force (blue circles), and optical force (green triangles), respectively. Inset: a 

zoom-in figure for Fx. (b) Simulated optical torque relative to the y-axis at the particle center, 

MO, y, as a function of DP − L. The blue dashed line on the left marks the critical DP − L where 

the rotating mode is achieved. The blue dashed line on the left marks the boundary between 

the rolling (toward) mode and the rolling (away) mode. The full-dimensional motion of the 

particle can be predicted from these two figures.
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Figure 3. 
Experimental demonstration of multimodal manipulation of microparticles. (a) Successive 

optical images of a trapped 2.8-μm PS particle being transported along a designed path 

denoted by the gray lines. The red cross marks the position of the incident light. (b) 

Successive fluorescence images of the rotating PS microparticle as the incident beam is 

positioned 1.1 μm away from the particle center. The green bright spot represents the 

attached 40 nm fluorescent beads on the surface of the PS microparticle. (c) Successive 

optical images showing the particle rolling toward the reference PS microparticle on the 

right top corner under the illumination of the beam 1.3 μm away. To show the orientation 

difference of the rolling particle, the close-up of the particle (the gray particle pointed by the 

green arrow) was postprocessed (decreasing saturation by 100% and increasing contrast by 

100%) and put on the right. (d) Successive fluorescence images of the rolling (away) mode. 

DP − L increases from 1.6 to 2.1 μm during the rolling process. The saturation and contrast 

of the images were decreased by 100% and increased by 100%, respectively. (e) Successive 
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fluorescence images showing the shooting mode. I: (a) 0.064 mW/μm2, (b,c) 0.23 mW/μm2, 

(d) 1.2 mW/μm2, (e) 0.69 mW/μm2. Scale bars: (a–c,e) 5 μm; (d) 1 μm.
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Figure 4. 
Single-cell manipulation with a PS microbead. (a) Schematic (left) and successive images 

showing the delivery of a yeast cell using the tweezing mode. The red arrow and red circle 

in the schematic and the optical image mark the target position. The gray dashed lines 

and the white arrow in the optical images denote the designed path and release process, 

respectively. The red cross marks the position of the incident beam. (b) Rotation of a yeast 

cell by gradually increasing DP − L to ~1 μm. (c,d) Selective rotation of two yeast cells in 

contact by repositioning the laser beam to tailor the rotation direction of the PS particle. I: 

0.11 mW/μm2. Scale bars: 5 μm.
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Figure 5. 
Single-particle manipulation on living C. elegans and their embryos. (a) Schematic and time-

resolved optical images demonstrating light-driven navigation of a 2.8-μm PS microbead on 

a C. elegans embryo. Another 2.8-μm PS particle on the glass substrate serves as a reference 

to show the changes in focal planes. (b) Schematic and time-solved optical images of an 800 

nm Si particle moving on the surface of a living L1 stage C. elegans larva. I: 0.11 mW/μm2. 

Scale bars: 5 μm.
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