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ABSTRACT: Optical manipulation of tiny objects has benefited
many research areas ranging from physics to biology to micro/
nanorobotics. However, limited manipulation modes, intense
lasers with complex optics, and applicability to limited materials
and geometries of objects restrict the broader uses of conven-
tional optical tweezers. Herein, we develop an optothermal
platform that enables the versatile manipulation of synthetic
micro/nanoparticles and live cells using an ultralow-power laser
beam and a simple optical setup. Five working modes (i.e.,
printing, tweezing, rotating, rolling, and shooting) have been
achieved and can be switched on demand through computer
programming. By incorporating a feedback control system into
the platform, we realize programmable multimodal control of
micro/nanoparticles, enabling autonomous micro/nanorobots in
complex environments. Moreover, we demonstrate in situ three-dimensional single-cell surface characterizations through the
multimodal optothermal manipulation of live cells. This programmable multimodal optothermal platform will contribute to
diverse fundamental studies and applications in cellular biology, nanotechnology, robotics, and photonics.

KEYWORDS: optical manipulation, micro/nanorobots, multimodal manipulation, optothermal platform, single-cell manipulation

A ccurate manipulation of micro/nanoscale objects in a
fluidic environment has attracted intensive interest and
plays an important role in robotics, materials sciences,

and life sciences.1−3 Various manipulation techniques powered
by light,4,5 acoustic,6 magnetic,7 chemical,8 and electric fields9

have been developed. Among them, optical manipulation
techniques such as optical tweezers show superior performance
due to their remote and fuel-free control of synthetic particles
and biological cells.10,11 However, more efforts are needed to
expand the manipulation modes of optical tweezers without
increasing the optical setup complexity and to develop optical
manipulation platforms into robotic systems that are capable of
performing a wide range of tasks in an autonomous way.
Currently, the limited working modes of optical tweezers
hinder their applications in broader fields. For instance, in the
biomedical field, micro/nanorobots with multiple working
modes are highly desired, especially for nanosurgeries, in order
to maintain high propulsion efficiency and carry out tasks in
varying complex environments.7 Nonetheless, most of the
existing optical manipulation platforms exhibit only one type of
locomotion modes: tweezing,12−14 printing,15,16 pushing,17,18

pulling,19,20 or rotation.21−24 While several works have
achieved dual-mode optical manipulation,25,26 more manipu-
lation modes being integrated into a single platform would be
attractive for applications in automatous micro/nanorobots
and multidimensional cell analysis.
The majority of the optical manipulation techniques demand

complex optics and can only be applied to limited materials
and geometries of objects. For example, most of the existing
optical rotors27 either demand asymmetric structures of
rotors28 or circularly polarized light29 to sustain their rotation.
Metallic nanorotors,29 additional external fields,23 or a vacuum
environment30,31 are often required to compensate for the
weak light-matter interactions and driving forces at the
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nanoscale, which significantly constrains the rotors’ applica-
tions. In some of the applications of optical tweezers, the
tightly focused and high-power (102−103 mW) laser beams32

could damage fragile targets such as biological cells.33,34

New strategies have been developed to tackle these
challenges of optical manipulation. However, trade-offs
among several desirable features are inevitable in most cases.
For instance, Janus particles incorporating different light-
absorbing components have been used to regulate dual-mode
optical manipulation for the precise particle injection to living
cells35 and efficient particle delivery.36 However, complex
fabrication processes and multiple laser beams are required for
the making and manipulation of the Janus particles. The
operational optical power can be reduced by indirect
manipulation,37 photocatalytic reactions,38 or plasmon-en-
hanced phoretic12,14,18 or gradient force.39 Nevertheless,
these power-reducing strategies would also lower the spatial
resolution, biocompatibility, or dynamics of the manipulation.
Microfluid fields driven by optical rotors were harnessed to
realize the translational motion of biological cells without
photodamage.40 However, the rotational motion (especially
the out-of-plane rotation) of cells is often challenging41

partially because of the intrinsic symmetry of cells suspended
in an aqueous environment. Although out-of-plane cellular
rotation has been lately achieved at the optical trap generated
by two laser beams,42 the high optical power, low manipulation
dynamics, and low throughput largely limit the further
development of the platform for practical applications.

Herein, through the synergy of thermoelectric (TE) force,
depletion force, and electrokinetic interactions, we developed a
multimodal and universal micro/nanomanipulation platform
where biological cells and synthetic colloidal particles with
different materials and sizes can be manipulated in diverse
modes, including printing, tweezing, rotating, rolling, and
shooting. The switching of the different modes can be realized
by simply tuning the laser-object distance or optical power.
Moreover, the platform features low operational power,
programmability, and single-object resolution, which enable
noninvasive and precise optical manipulation for a wide range
of applications. As initial demonstrations of the applications,
we employ the manipulation platform to realize multimodal
micro/nanorobots and multidimensional single-cell analysis.

RESULTS AND DISCUSSION

General Concept. We develop a multimodal manipulation
platform to enable on-demand control of translational and
rotational motions of colloidal micro/nanoparticles and
biological cells with force fields modulated by a laser-generated
temperature gradient. The key concept of the platform is
shown in Figure 1. Upon the illumination of a laser beam on a
light-absorbing substrate coated with a thin layer of bovine
serum albumin (BSA), a nonuniform temperature field is
generated within a few microseconds near the laser spot in
polyethylene glycol (PEG)/phosphate-buffered saline (PBS)
solution, where micro/nanoscale objects can be manipulated in
a variable fashion via the synergy of depletion force (FD),
thermoelectric force (FTE), and electrokinetic force (FE)

Figure 1. Working principle of multimodal optothermal manipulation platform. (a) Working principle of tweezing mode: In the nonuniform
temperature field (i), PEG molecules, Na+, and Cl− ions (ii) diffuse to the cold region and generate concentration gradients. For clarity, only
five temperature gradient lines (white dash arrows) are plotted to show the directions of the temperature gradient with the inset color bar
(top) indicating the magnitude of temperature. The temperature field also affects the dissociation of carboxylic function groups, thus, a
nonuniform surface charge on the particle, as shown in the inset color bar (bottom). The PEG concentration gradient leads to an
unbalanced osmotic pressure and thus a downward depletion force, FD, on the particle (yellow arrow). Differentiated concentration
gradients of Na+ and Cl− ions, i.e., charge separation, generate an electric field and an outward thermoelectric force, FTE, on the particle
(gray arrow). Since BSA molecules have more charges in the higher temperature regions (iii and iv), a nonuniform surface charge occurs on
the substrate as well, which exerts an outward electrokinetic force, FE, on the particle (pink arrow). The particle is trapped in the hot region
(tweezing mode) when FD is larger than the sum of FTE and FE. (b) Printing of the particle is achieved by an enhanced FD powered by a
higher input laser power. We define the distance between the laser beam and the particle as D. When the particle is within a specific distance
away from the laser spot, an electrokinetic torque (ME) can also be generated (curved black arrow). Thus, by modulating the distance
between the laser beam and the particle (i.e., increasing the D gradually), the particle can exhibit rotating (c), rolling (d), as well as shooting
without any rotation (e), which stems from the direction and magnitude change of FD, FTE,, and FE. Optical intensity: 0.1 mW/μm

2.
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(Figure 1a(i)). Specifically, FD stems from the hot-to-cold
thermophoretic motions of PEG molecules. The generated
concentration gradient leads to a nonuniform osmotic pressure
on the surface of particles, which pushes the particle toward
the hot region.43,44 In addition, the Na+ and Cl− ions from the
PBS solution also possess the hot-to-cold thermophoretic
motions, but with different drift velocities (vNa

+ > vCl−). The
resulting different spatial distributions of two counterions
produce a thermoelectric field (i.e., TE field) that points to the
hot center along the direction of the temperature gradient
(Supplementary Figure 1), which would repel the negatively
charged objects away from the hot spot based on FTE.

14,45,46

Moreover, the BSA-coated substrate features a negative surface
zeta potential, which leads to the FE that drive any negatively
charged objects away from the hot spot as well.
The synergy of FD, FTE, and FE can be tailored by laser-

particle distance and laser power due to the strong temperature
dependence of the three forces. Specifically, dominated by the
thermal diffusion of molecules and ions, the magnitude of FD

and FTE increases with the temperature gradients.14,43

Meanwhile, FE can also be controlled by the temperature
field since the surface charge of BSA is sensitive to
temperature. As illustrated by the grayscale image of the
substrate in Figure 1a(i), the hot region of the BSA-coated
substrate possesses a higher surface zeta potential because the
primary structure of BSA with negative charges is exposed to
the solution47,48 (Figure 1a(iii-iv)). The measured zeta
potentials and surface zeta potentials at different temperatures
can be found in Supplementary Note 1. In addition to the
magnitude of each force, their directions can also be tuned on-
demand by simply controlling the distance between the laser
beam and target particles (D). Accordingly, through adjusting
optical density and D, we have successfully achieved a
multimodal micro/nanomanipulation platform, in which the
effective conditions of different working modes are introduced
below:
Tweezing Mode. The objects are trapped and achieve in-

plane movement on the substrate. When the incident laser
beam illuminates the center of the object (i.e., D = 0), the
three forces are all exerted along z axis with negligible torques
(as depicted in Figure 1a). By continuously moving the
position of the laser, the object can follow the laser beam and
be transported freely.
Printing Mode. By simply increasing the optical power in

the setup of tweezing mode, the trapped particle can be
immobilized on the substrate (as shown in Figure 1b). An
increasing thermodiffusion of PEG molecules leads to an
enlarged downward net force that stabilizes the target particle
at the beam spot with a small particle-substrate gap. A strong
entropy-driven depletion of PEG molecules, thus, occurs at the
particle-substrate interface, exerting a higher osmotic-pressure
imbalance on the object.49 When the depletion force
dominates over the electrostatic repulsion, the object comes
into closer contact with the substrate, which initializes the van
der Waals interaction and makes the object immobilized on the
substrate.
Rotating Mode. The object can also achieve out-of-plane

rotation without translational motions in the vicinity of the
laser spot, which requires an intermediate value of D (Figure
1c). Since the surface charge on many synthesized particles and
biological cells (e.g., fungi,50 bacteria,51 and human cells52)
with ionized acid groups is nonuniform under the nonuniform
temperature field,53,54 the line of action of FE does not pass

through the centroid of the particles or cells. Therefore, FE can
be decomposed into a force passing through the centroid of
the particle and a torque (ME) that drives the rotation (see
Supplementary Note 2 for the visualization of the discrete FE

force). By placing the laser at a suitable D, a force balance
among the three forces can be attained while the electrokinetic
torque (ME) powers a steady rotation.

Rolling Mode. Rolling, combined rotational and transla-
tional motion of the object, can be achieved when D is further
increased (Figure 1d). Here, the angle between x axis and the
temperature gradient line passing through the centroid of the
particle (i.e., the direction of FTE) becomes smaller, leading to
an increment of the x component of FTE. The particle, thus,
experiences a net force along x axis that drives the particle to
move away from the hot region. Note that the particle rotates
at a relatively slower rate compared to the rotating mode owing
to the smaller ME as the temperature gradient decreases.

Shooting Mode. Moreover, the object can show fast in-
plane translational motions away from the hot spot with
negligible rotational motions when D is larger than a critical
value (Figure 1e). At a location far away from the laser spot,
the nonuniformity of the surface charges on the particle and
substrate becomes trivial. An electrokinetic force from the
substrate passes through the centroid of the particle and the
torque vanishes. The net force along x axis acts on the particle,
shooting the particle toward the cold region.
Modeling and Rational Design. To validate and

rationally design the proposed multimodal platform, we
performed force analysis on a 2.8 μm polystyrene (PS) particle
that possesses negative zeta potential and works at the different
modes through a multiphysics model based on finite element
analysis (FEA) and finite-difference time-domain (FDTD)
simulations (see the Methods for simulation details). The
optical intensity was set as 0.1 mW/μm2. The opto-thermal
forces (FTE, FD, and FE) and torque (ME) on the particle were
calculated (see Supplementary Note 2 for more details). The
depletion force is defined as FD = −∮ ckBT dArn̂ (c: local PEG
concentration, kB: Boltzmann constant, T: local temperature,
dAr: differential area element on the particle surface, n̂: unit
vector normal to the particle surface). TE force was obtained
by the integration of 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). Electrokinetic force is given as

=F A Ed
x

x

y

y

E r r (E∥: parallel component of

the electric field from the substrate). Stemming from
thermophoresis of molecules and ions, FD and FTE are
dominated by the temperature field of the surrounding liquid.
Moreover, FE is also temperature-dependent because the
surface charges of the substrate and particles are both sensitive
to temperature. Considering that the laser-modulated temper-
ature gradient is nonuniform (Supplementary Figure 2), three
opto-thermal forces as well as the electrokinetic torque
(defined by ME = ∮ an̂ × dFE) significantly vary with the
laser-particle distance, D.
To quantitatively analyze the occurrence of different modes,

we decouple the translational and rotational motions, the
former of which is determined by the x components of FTE, FD,
and FE and the latter of which is only related to ME around the
y-axis. For the translational motions, FTE,x and FD,x have similar
magnitude but opposite sign (Supplementary Note 2), while
FE,x is 2 orders of magnitude smaller than the other two forces.
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Note that the optical force on the particle is always negligible
in our system (∼1 fN) due to the low optical power intensity
(Supplementary Figure 3). Therefore, the x component of the
net force can be safely simplified to Fx = FTE,x + FD,x. Then we
depicted the sign and magnitude of Fx in Figure 2a in terms of
the two most important parameters, laser-particle distance D
and concentration of PEG. Identical with our experimental
observation, Fx was found to change its sign when D is ∼1.58−
1.83 μm, where this critical value is changed with the weight
percentage of PEG molecules. Such a change originates from
the change of PEG concentration gradient, which leads to a
varying FD,x (Supplementary Note 2). For instance, at a 5%
PBS solution with 5% PEG molecules, Fx functions as an
attractive force when D is smaller than 1.58 μm, and the
particle will finally be trapped or printed in the laser spot with

D = 0 (Figure 2a). Rotating mode can be achieved by
increasing D to a certain range (1.58 μm < D < 1.83 μm)
where Fx is around zero, leading to zero translation
momentum. Interestingly, in this range of D, the electrokinetic
torque almost reaches the maximum value, which favors the
rotational motions of the particle (Figure 2b). By further
increasing D to be larger than 1.8 μm, Fx turns into a positive
force that propels the particle from the hot region to the cold
region, because the repulsive FTE,x starts dominating in the
regime instead of the attractive FD,x. It is worth noting that ME

can decrease close to zero when the particle is distant from the
hotspot (Figure 2b). At a large D, the temperature gradient of
the surrounding environment declines, which alleviates the
nonuniformity of both substrate and particle surface charges.
Therefore, ME is reduced due to the decrease of FE. Suppose

Figure 2. Phase diagram and force analysis of multimodal manipulation. (a) Simulated phase diagram showing the different manipulation
modes of a 2.8 μm PS particle and demonstrating the relationship among the net force along the x axis on the particle (Fx), laser-particle
distance (D), and PEG concentration (WPEG). Fx turns into a positive value from the negative as D increases. (b) Simulated electric torque
(ME) from the substrate, which governs the rotational motion, as a function of D. The red dashed line marks the critical D value (4.38 μm),
exceeding whenME is close to zero. The full-dimensional particle motion can be predicted by these two figures. The working regions of each
mode can be outlined by the white dashed lines in (a).

Figure 3. Experimental demonstration of multimodal manipulation of microparticles. (a) Schematic (left) and successive fluorescence
(right) images of a trapped 2.8 μm PS particle (labeled by fluorescent nanobeads) being transported along a designed path. “ON” and “OFF”
indicate that the laser beam is turned on and off, respectively. (b) Schematic and successive fluorescence images showing the particle
printing process. Once printed, the target particle showed no Brownian motion, while the reference particle showed obvious random
movements according to the motions of nanobeads on the particles’ surface. (c) Schematic and successive fluorescence images showing the
particle rotating process as the laser beam was moved away from the particle. (d) Schematic and successive fluorescence images showing the
rolling process. The gray line corresponds to the designed translation path. (e) Schematic and successive fluorescence images showing the
shooting process. Scale bars: (a)−(d) 3 μm; (e) 10 μm.
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that the particle is deemed not to rotate when ME decreases to
2 orders of magnitude smaller than the maximum (1.16 pN·
nm). Consequently, the particle displays the rolling mode as
1.83 μm < D < 4.38 μm and the shooting mode at D > 4.38
μm. FD, FTE, FE, ME, and critical D values increase with particle
size due to the increment of surface area. For large particles
(>10 μm), FD can reach 8 pN (Supplementary Note 2).
Thermo-osmosis flow from the substrate is negligible here
because of the highly charged substrate and the thick
chamber.55−57 We also note that the thermophoretic motion
induced by the thermo-osmotic salt-ion flow around particles is
trivial compared to the thermoelectric effect in electrolyte
solutions with large Seebeck coefficients such as PBS
herein.58−60

Multimodal Manipulation of Microparticles. The 2.8
μm PS microparticles with carboxylic functional groups on the
surface were dispersed in a 5% PBS solution with 10% PEG
molecules to experimentally validate our physical model
(Figure 2) and demonstrate the capability of our platform
for on-demand versatile multimodal manipulation of single
particles. To observe the rotational motion of particles, we
labeled the PS microparticles with 40 nm fluorescent beads
through streptavidin−biotin binding. A thin layer of BSA
proteins was coated on a glass substrate predeposited with gold
nanoislands (AuNIs) (see the Methods for fabrication details
and Supplementary Figure 4 for a scanning electron micro-
graph). A 660 nm laser beam with low power intensity (I),
0.05−0.3 mW/μm2, was used to generate the temperature
gradient fields (see Supplementary Note 3 for temperature
measurements) for the manipulation of micro/nanoparticles
and biological cells in this work.
As shown in Figure 3a (also Supplementary Movie 1), a PS

bead was trapped using a laser beam (I = 0.06 mW/μm2; D = 0
μm) and dynamically transported along a designed path at a
velocity of ∼5 μm/s. The manipulation efficiency (translation
velocity divided by optical intensity) of the tweezing mode in
this platform reaches ∼80 μm3/(mW·s), which is 1−2 orders
of magnitude higher than that of optical tweezers and is
comparable to that of opto-thermoelectric tweezers.14 In our
system, the Brownian motion of particles is at least 16 times
smaller than that of the particles suspended in pure water,

owing to the viscous PEG/PBS solution61 and the small
particle-substrate distance.62 The trapping stiffness ranges from
11.3 to 22.0 pN/μm at variable optical intensities from 0.25 to
0.75 mW/μm2 (see Supplementary Figure 5). Interestingly, the
printing of the PS microparticle onto the substrate can be
achieved at a higher temperature gradient by simply increasing
I to >0.2 mW/μm2 with D at 0 μm (see Figure 3b(ii) and
Supplementary Movie 2). The gap between the trapped
particle and the substrate is reduced owing to the larger FD,
resulting in the entropy-driven depletion of the PEG molecules
at the particle−substrate interface (Supplementary Figure 6).
The unbalanced osmotic pressure on the particle’s surface is
thus enhanced, adding on a downward force. The addition of
depletion attraction to the bonding force makes our platform
stand out as a low-power optical printing technique in
comparison with most existing optical printing techniques.16

As shown in the successive fluorescent images, the Brownian
motion of the target particle completely vanished when the
laser was turned off. In stark contrast, the reference particle
displayed obvious random fluctuations in its position (notice
the position change of fluorescent beads on the reference
particle), further proving the immobilization of the PS particle.
Predicted by our model, the rotating mode (Figure 3c and

Supplementary Movie 3) was achieved by placing the laser
beam about 1.6 μm away from the particle, i.e., D = ∼ 1.6 μm.
A rotation rate of 23.2 rpm was obtained at I equal to 0.16
mW/μm2. Of note, an out-of-plane rotation, i.e., the rotation
axis parallel to the substrate, is achieved in our platform, which
has been proven extremely challenging to be implemented via
any other optical manipulation methods.63 Conventional
optical rotor systems typically require laser beams with
complex intensity profiles and polarizations, or rotors with
sophisticated shapes or material birefringence so that an optical
torque can be generated to power their rotation.27 In contrast,
our rotating robots can be sphere-symmetric and isotropic and
function with a low-power and simple optical setup.
As D was further increased to 1.9 μm, the PS particle worked

in the rolling mode (Figure 3d and Supplementary Movie 4),
which is also consistent with our prediction shown in Figure 2.
In the rolling regime, the rotation rate of the particle declined
to 21.1 rpm owing to the smaller temperature gradient at the

Figure 4. Automated manipulation of micro/nanoparticles with feedback control. (a) Optical setup of the automated manipulation system
with feedback control. (b) Time-resolved images of dynamic patterning using four PS microparticles. (c) A 200 nm Au nanosphere moves
along a predesigned path to finish the writing of a “UT AUSTIN” pattern in 91 s (as shown by the dark-field optical imaging). The gray lines
show the transition trajectories among different letters. Scale bars: (b) 5 μm; (c) 1 μm.
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farther region away from the beam spot. The translation
velocity was 2.2 μm/s, whose magnitude was mainly
determined by the FTE. Light-powered propulsion can also
be realized in our platform as the micro/nanoobject is at least
1.5 body-length away from the laser spot. Figure 3e (also see
Supplementary Movie 5) displays the shooting process of a PS
microparticle: the particle locomoted at an average velocity of
0.37 μm/s and was powered by a 0.3 mW/μm2 laser beam with
an initial D of 10 μm. We should note that the minimum D for
shooting mode was observed as 4.8 μm, which is also close to
our theoretical prediction in Figure 2. Different from the
translational manipulation in our tweezing mode and other
optical tweezers, shooting mode has the advantage of a long
working range to effectively manipulate objects in a photo-
toxicity-free manner. The ionic strength also plays an
important role in multimodal manipulation. The TE field,
zeta potentials of particles, and surface zeta potentials of the
substrate can be affected by the PBS concentration in the
solutions. As a result, the rotation rate and translation velocity
of a rolling particle increase and then decrease as PBS
concentration increases from 0% to 15% (see Supplementary
Figure 15). As c(PBS) decreased from 5% to 2.5% then to 0%,
the shooting velocity decreases from 0.37 μm/s to 0.28 μm/s
and then to zero, because of the decreasing FTE.

45

Programmable Multimodal Control. To precisely
control the laser-particle distance and compensate for the
inherent thermal fluctuations of suspended objects (especially
for nanoparticles), we integrated feedback control based on
real-time imaging into our system (Figure 4a) for active beam-
steering, making our platform more efficient, precise, and
programmable. Laser beam(s) with arbitrary shapes, sizes, and
optical intensities can be instantaneously projected to any
position(s) by the spatial light modulator (SLM) for tailorable
temperature fields and particle-laser distances. In this way, we
can not only automatically switch among different working
modes but also precisely adjust the manipulation parameters
(e.g., translation velocity) of each mode. The feedback control
algorithm is based on the synergy of real-time particle
detection and corresponding beam steering via the SLM.
Briefly, the real-time position of colloidal particles was tracked
and sent to the computer as the input signal; then the output
signal (s) was assigned to the SLM or/and motorized stage to
project the modulated laser beam toward the calculated
positions.
With the automated feedback control, our platform allows to

pattern arbitrary shapes using colloidal matter as building
blocks. As a demonstration, we succeeded in transforming a
“trapezoid” consisted of four microparticles (2 μm) into a
“rhombus” with the side length of 7.5 μm in tweezing mode
and then enlarging the “rhombus” by 50% through the
shooting mode by illuminating its center with a laser beam,
which simultaneously shot out the four particles (see Figure 4b
and Supplementary Movie 6). Such an automatic colloidal
patterning offers an opportunity for dynamic lithography at
single-particle resolution. It should be noted that the feedback
control accuracy is mainly related to the frame rate of real-time
imaging and the refresh time of the motorized stage or SLM,
which finally determines the accuracy of D.
Particle manipulation at nanoscale accuracy has been

achieved by the SLM-based feedback control. A 200 nm
gold nanosphere was chosen as a representative target to
validate the precision of our system because its inherent high
rotational Brownian motion makes manual control almost

impossible. Figure 4c (also see Supplementary Movie 7)
displays the trajectory of the nanoparticle actuated by a SLM-
modulated single beam. Note that dark-field optical imaging
was used for the more accurate monitoring of the gold
nanosphere based on its strong light scattering. “UT AUSTIN”
was “written” in the dark-field image by automatically rolling
the nanosphere with feedback control along the predesigned
path. Moreover, the Brownian motion of the nanosphere was
significantly suppressed by the real-time feedback control.
Specifically, the position of the laser beam was updated
according to the real-time imaging, which was calculated based
on the consideration of the predesigned path and the
compensation of random Brownian motion. Although some
motion fluctuations were still observed, the directed swimming
reached a high spatial precision compared to the most
advanced nanoswimmers and even microswimmers with 1−2
order of magnitude larger sizes (that exhibit 3−10 times
smaller Brownian motions) driven by optical,64 electric,9

acoustic,65 and magnetic fields.66

Our platform can even work in complex environments where
targets are surrounded by nontarget particles as depicted in the
inset of Figure 4a. In the current system, the size and
brightness of particles are used to differentiate targets from
other particles. To validate this capability, a few 2.8 μm PS
particles with the attachment fluorescent nanobeads were
immersed in the solution containing a large amount of the
same PS particles without any nanobead. As shown in
Supplementary Movie 8, the target particle, i.e., the PS particle
with nanobeads, was recognized immediately and automatically
rolled along the predesigned path, while the nontarget particles
were ignored by the system. The platform is also capable of the
multimodal manipulation of low-dimension nanomaterials
such as semiconductor nanowires (Supplementary Movie 9).

In Situ Three-Dimensional Single-Cell Characteriza-
tions. Besides the versatile control of synthesized particles, our
platform stands out for in situ three-dimensional single-cell
characterizations based on its remote on-demand multimodal
manipulation of individual live cells using light. As an initial
demonstration, we have applied our platform to reveal the
three-dimensional adhesion characteristics of individual cell
surfaces. With various proteins, carbohydrates, and phospho-
lipids, cell surfaces mediate cell−cell and cell-environment
communications, playing crucial roles in a variety of cellular
events. For instance, the first step of inflammatory response is
the rolling adhesion (i.e., rolling followed by adhesion) of
hematopoietic cells on vascular surfaces at infected or injured
sites.67 Fungi and bacteria infect a host by rolling near
endothelium and then attaching to the epithelial cells through
the adhesion force between the cell surfaces.68 Most of the
existing single-cell assays can precisely measure the cellular
adhesion dominated by tensile forces.69,70 However, they are
not able to capture the shear kinetics of the rolling cells. With
the capability of versatile control of both translational and
rotational motions at nanometer resolution, our multimodal
micro/nanomanipulation platform provides an effective
approach to filling this gap.
To achieve the in situ single-cell surface characterization, we

manipulated two live yeast cells (Saccharomyces cerevisiae) and
evaluated the intercellular rotational adhesion at the specific
sites. We selected a yeast cell with a uniform surface as a probe
and a larger yeast cell with one scar bud (a mark deposited on
the surface of a mother cell after cell division) as a target. As
shown in Figure 5 (also see Supplementary Movie 10),
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initially, the target cell was rotated and printed on the substrate
with the bud scar region facing upward to achieve the cell
characterization without Brownian motion (Figure 5a). Next,
the probe cell was trapped and brought into contact with the
target cell through translation and rolling (Figure 5b). Last, the
shear kinetics of site-specific intercellular adhesion was
quantified by the rotation rate of the probe cell in contact
with the target cell at different sites (Figure 5c,d). When the
probe cell approaches the target cell at the bud scar region, the
rich α-chitin molecules on the probe cell induce strong
hydrophobic interactions71 between the target and probe cells,
which generates a depletion region and leads to a hydrophobic
bonding force ranging from 1 to 10 pN.72 For the nonscar
regions, the hydrophobic bonding between the oligosacchar-
ides is weaker. Like the rolling adhesion process of
hematopoietic cells, the rotation of the probe cell continuously
breaks the hydrophobic bonding. When the probe cell
approaches the target cell in the scar regions, the stronger
hydrophobic bonding between the rich hydrophobic α-chitin
molecules in the bud scar region of the target cell and the less-
hydrophobic oligosaccharides in the nonscar region of the
probe cell slows down the rotation rate of the probe cell.
Figure 5e shows the measured rotation rates of the probe cell
in contact with the target cell at six different sites (as shown in
the inset). As expected, no obvious variation in the rotation

rates was observed due to the similar hydrophobicity of the
nonscar regions that contacted the probe cell.
To further assess the accuracy and sensitivity of our

multimodal platform in the cell surface characterization, we
chose an elder yeast cell with multiple bud scars as the target
cell. The insets in Figure 5f show the schematic (bottom left)
and fluorescence image (top right) indicating the sites of the
bud scars (schematic: blue regions; fluorescence image: green
regions) on the target cell. A probe cell without bud scars was
transported to contact the target cell. The rolling interactions
between the probe and target cells in the nonscar region and
the scar region were characterized by recording the rotation
rates of the probe cells (Figure 5f and also see Supplementary
Movie 11). A rotation rate of ∼103.4 rpm was obtained at
nonscar locations, while a rotation rate (64.9 rpm) of the
probe cells in full contact with the scar regions is much smaller.
The decreased rotation rate results from the increased
adhesion between the probe and target cells in the presence
of the scar. Notably, our platform is sensitive enough to detect
the adhesion difference at the subscar-region level. When the
probe cell partially contacted the bud scar region, an
intermediate rotation rate (84.5 rpm) was measured. When
the probe cell simultaneously contacted two scar regions, a
minimum rotation rate (49.7 rpm) was observed, suggesting
the strongest adhesion. In the cell experiments, a weakly
focused laser beam [numerical aperture (NA) = 0.5−0.7] with

Figure 5. Multimodal manipulation of cells for in situ three-dimensional surface characterization at subcellular resolution. (a) Schematic and
time-resolved optical images demonstrating the rotation and printing of the target yeast cell (the white arrow is a time axis). Once printed
onto the substrate, the cell did not move. Inset of (ii): the fluorescent image of the target yeast cell captured at this moment showing the
position of the bud scar region (i.e., bright green region). (b) Schematic (i) and successive optical images (ii−vii) showing the tweezing and
rolling of the probe yeast cell, which enables the probe cell to approach the target efficiently. (c and d) Schematics (i) and successive optical
images (ii−iv) of the rotation of the probe cell contacting the target cell at the different sites, which enable us to capture the shear kinetics of
the cell adhesion dominated by hydrophobic interactions. The linear and curve arrows in the schematics of (a−d) indicate translational and
rotational motions. Scale bar: 10 μm. (e) Measured rotation rates of the probe cell contacting the target cell at the six sites in nonscar
regions (marked by the red dots in the inset schematic). The scar region was rotated to the top as marked by the blue region in the inset
schematic. (f) Measured rotation rates of probe cells contacting target cells at sites in nonscar and bud scar regions. Inset: an illustrative
schematic of the three-dimensional cell surface characterization at subcellular resolution. Blue regions - bud scars; red dots - contact sites.
The dashed line and curved arrow indicate the rotational direction of the probe cell. Numbers 1−3 are nonscar contact sites; no. 5 is a
partial-scar site; nos. 4 and 7 are single-scar sites; no. 6 is a double-scar site. The rotation rates were obtained from four pairs of yeast cells
(see Supplementary Figure 17).
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low intensity (0.06 mW/μm2) was used to provide a small
temperature rise (<9 K). With the capability of manipulating
and measuring human cells (see Supplementary Movies 12 and
13 and Supplementary Figure 16) with subcellular resolution,
this in situ three-dimensional cellular surface characterization
technique is promising for gaining insights into cell−cell
communication for biological study, tissue engineering,
immunotherapy, and drug development.73

CONCLUSIONS

Through coordination of light, heat, and mass transfer at
liquid/solid interfaces, we have achieved a versatile micro/
nanomanipulation platform that allows multimodal translation
and rotation of synthetic particles and live cells at single-
particle resolution with simple optics. Tweezing, printing,
rotating, rolling, and shooting of particles and cells have been
achieved in the same system and can be switched on demand
by simply controlling the laser-particle distance or optical
power. Automatic operation of the micro/nanoparticles with
high precision at the nanoscale is demonstrated with a SLM
and a customized algorithm for feedback control. In principle,
our platform is applicable to manipulating arbitrary micro/
nanoscale objects of diverse compositions, sizes, and shapes
through proper surface modification of the objects. As a proof-
of-concept, in situ three-dimensional cell surface character-
izations at the subcell level have been achieved by multimodal
cell manipulation.
We believe that our versatile platform will serve as a

powerful toolbox for applications in colloidal science, cell
biology, nanomaterials, and micro/nanorobotics, either
functioning in one single mode or operating in multiple
modes. For instance, using the rotating (or rolling) of isotropic
objects reported here, one can shed light on the rolling
adhesion of cells and bacteria at the single-cell level. By
combining rotating and printing modes, we can expose certain
spots of the particles with heterogeneous surface properties to
the illuminating light source for spot-specific optical character-
izations. Through synergizing three or more operation modes,
one can carry out more sophisticated studies of the cell−cell or
cell-particle interactions, as demonstrated in the subcellular
surface characterizations. For fragile objects, shooting mode
with the lower optical power can be applied instead of
tweezing to minimize the optical or optothermal damage. The
multimodal optothermal manipulation platform is also
promising for constructing functional micro/nano-architected
materials with colloidal particles as building blocks.74,75 In
addition, our platform is expected to facilitate the development
of super-resolution imaging techniques. For example, total
internal reflection fluorescence microscopy (TIRFM) has
improved the detection limit to <100 nm through evanescent
waves generated at solid/liquid interfaces.76 However, it is
challenging for TIRFM to fully analyze a micro-object in three
dimensions due to the exponential decay of evanescent waves.
Three-dimensional TIRFM imaging of cells can be achieved by
pulling, rotating, and printing target cells with a large-NA (NA
> 1.49) objective and additional mirrors for a large angle of
incidence in our platform, which would make it applicable to
heterogeneous biological samples.
Because of the use of a light-absorbing substrate, we expect

that the platform would play an important role in in vitro
biological study. The multimodal manipulation of cells in
native biofluids (e.g., plasma) is feasible as long as the biofluids
contain ions and biomolecules for the formation of electric and

osmotic fields. Optothermal substrates with high near-infrared
(NIR) optothermal conversion efficiencies such as hyper-
branched Au plasmonic substrate77 can be applied to extend
the working wavelength of our platform to the NIR regime. By
exploiting surface chemistry to modify the optothermal
substrates to be either positively or negatively charged, one
can apply the platform to manipulate synthetic particles and
live cells of any type of surface charge.

METHODS

Microscopy Setup. A sketch of the experimental setup is shown
in Figure 4. A 660 nm laser beam (Laser Quantum, Opus 660) was
expanded with a 5× beam expander (Thorlabs, GBE05-A) and
directed 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
Nikon upright microscope (Nikon, Eclipse Ni) with 40× air objective
(Nikon, CFI Plan Fluor 40X) was used for automated manipulation
experiments. For the dark-field optical imaging, an air condenser
(Nikon, C-AA Achromat/Aplanat Condenser) was used to focus the
incident white light onto the sample from the top. A complementary
metal-oxide-semiconductor (CMOS) camera (Nikon, DS-Fi3) or a
charge-coupled device (CCD) camera (Lumenera, 12 fps) was used
to record the optical images. A Notch filter (658 nm) was placed
between the objective and camera to block the incident laser beam.
White light was directed from the top (bottom for the upright
microscope) of the stage for bright-field imaging. A xenon lamp
(Sutter Instrument Lambda, LB-LS/30) was applied through the
objective with a GFP filter cube (457−487/502−538 nm for
excitation/emission) for fluorescence imaging. The notch filter was
removed in fluorescence imaging. The dichroic beam splitter was
selected according to the excitation, emission, and laser wavelength.
Sample Preparation. A 15 μL PEG/PBS solution with particles

or cells was added on a plasmonic substrate with a spacer (Secure-
Seal), and then an upper coverslip (Thermo Fisher Scientific, 18 × 18
mm2) was placed on top, generating a ∼120 μm liquid film between
the glass coverslips. The plasmonic substrates were fabricated by a
three-step process: 5.5 nm Au films were thermally deposited on glass
slides (Thermo Fisher Scientific, 22 × 22 mm2) at a base pressure of 8
× 10−6 Torr. Then the Au films were annealed at 550 °C for 2 h.
Finally, the substrates were immersed in PBS solution with 1% BSA
(Sigma-Aldrich, A8531) at room temperature for 24 h, followed by
rinsing with deionized (DI) water (Milli-Q) and drying under a
nitrogen stream. 5−15 wt % PEG 20000 powder (Sigma-Aldrich,
8.18897) and 1% particle/cell solution were dissolved in diluted PBS
solution (Sigma-Aldrich, 806552) to obtain the targeted PEG/PBS
solution. Ultrasonic Bath (Branson, CPX5800H) was used to disperse
the particles uniformly. Then 1 wt % 2.8 μm PS beads with carboxylic
functional groups and streptavidin ligands on the surface (Thermo
Fisher Scientific, 65306) were diluted with 5% PBS solution by 1000
times, followed by adding 1‰ 40 nm yellow-green fluorescent (505/
515), biotin-labeled nanobeads solution (Thermo Fisher Scientific,
F8766). Then the mixed solution was stored at 4 °C for 12 h followed
by centrifugation at 8000 rpm for 5 min at room temperature. Yeast
cells (Red Star) were washed three times and resuspended in DI to
obtain a cell density of ∼5E5 cells/mL. Then 200 nm gold
nanospheres or 2 μm PS beads (Bangs Laboratories) were diluted
with PBS/PEG solution by 1000 times for automated manipulation
experiments.
Feedback Control. Achieved by LabVIEW programs (LabVIEW

18.0, National Instruments), the feedback control for automated
manipulation of the optothermal micro/nanoparticles was based on
adaptive laser steering fed by real-time particle tracking. The
geometric information, preferred working mode, and designed path
of the target particles were preset before the program ran. Once the
program was started, all the manipulation would be achieved
automatically. Specifically, the images were first captured by a CCD
camera (Lumenera, 12 fps) with 1392 × 1040 pixels. The target
particles were detected by transforming the captured images into
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binary ones and applying certain thresholds (shape, area, etc.) via the
IMAQ particle filter module in LabVIEW to recognize the target
objects. The pixel coordinates of the target particles’ geometrical
centers were then obtained by the IMAQ particle analysis module.
Afterward, the laser(s) were automatically positioned at a certain
distance D away from the target objects in terms of the predesigned
working modes and in a certain direction according to the preset
moving path. The laser could be steered either by the motorized stage
(PRIOR, H101A/D) or the SLM (HAMAMATSU, X13138). As for
the motorized-stage type, the stage was controlled by our home-built
LabVIEW program, which changed the sample’s position relative to
the laser beam. The laser beam could always maintain good quality as
no phase modulation was applied to it. However, it could not be split
into multiple beams for high-throughput manipulation, and it was not
suitable for the “rolling” mode due to the relatively high intervals
between two movements of the stage. As for the SLM type, we
modified a custom-written LabVIEW interface called Red Tweezers.78

The laser beam was placed at the predesigned positions without
frequent stage motion if the target particle did not move out of the
original imaging scope. This method permitted multibeam steering
and could respond very quickly but would introduce unwanted
diffracted light over the manipulation region. All in all, the
aforementioned imaging capturing, imaging processing, and laser
steering were carried out in sequence for every frame of the camera,
which enabled real-time and automated manipulation of the
optothermal micronanorobots.
Numerical Simulations. FEA simulations: COMSOL Multi-

physics (ver. 5.4a) was used in FEA simulations to calculate the
temperature distribution and electrical potential. Laser heating was
modeled as heat influx with a Gaussian beam profile with laser power,
beam width, and absorptivity as the inputs to define the heating
source at the bottom edge of the simulation domain. A particle on a
substrate was introduced, with varying positions from the laser beam
axis. The temperatures on the substrate and the particle surface were
obtained as a discrete data set from COMSOL. The depletion,
thermoelectric, and electrokinetic force were evaluated in MATLAB
(ver 2020). Modeling details are shown in Supplementary Note 2
including the modeling framework, governing equations, and
boundary conditions.

FDTD simulation: Lumerical was used in finite-difference time-
domain simulations to calculate optical forces and torques. The
refractive indices of the PS particles, glass substrate, and the solution
were set as 1.58, 1.52, and 1.34,79 respectively. To model the
plasmonic substrate (AuNIs), a SEM image of the substrate
(Supplementary Figure 4) was imported into the model. We scaled
the image appropriately for accurate modeling of nanoparticle sizes
and spacings. The permittivity of the Au films was taken from Johnson
and Christy.80 The optical forces and torques were calculated through
the Maxwell stress tensor (MST) at an excitation wavelength of 660
nm. A Gaussian laser beam was used as the excitation source and
launched from the glass substrate side. The boundary conditions for
all directions were set as perfectly matched layers. The mesh size in
the simulation was set as 5 nm.
Temperature Measurements. Temperature distributions were

obtained through thermal imaging with quadriwave shearing
interferometry (TIQSI).81 A thermal imaging camera (SID4-HR,
Phasics) was coupled to the inverted microscope with a × 100 oil
objective. Thermal images were recorded using SIDFTHERMO
software (Phasics). Note that we utilized DI water as a medium for
temperature measurements because the refractive index of the PEG/
PBS solution in the software is not available. The measurements are
still valid because there is a small difference between the thermal
conductivity of the PEG/PBS solution and that of water. The thermal
conductivity of a PEG solution can be calculated by82
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where x is the weight percentage of PEG 20000 in PEG solution and
λPEG, λEG, and λwater are the thermal conductivity of PEG, ethylene

glycol, and water, respectively. Substituting the thermal conductivity
data83,84 and weight percentages of PEG (5%−15%), we obtained
λPEG solution, 0.56−0.59 W/m·K, which is very close to the value of
water, 0.6 W/m·K.
Dynamic Light Scattering Measurements. Dynamic light

scattering (DLS) measurements were performed using Malvern
Zetasizer Nano ZS equipped in a backscattering configuration. For
the zeta potential of particles, samples were loaded into a prerinsed
folded capillary cell and measured at 25−65 °C at an applied voltage
of 150 V. Measurements of the surface zeta potential of the light-
absorbing substrates: first, cut large substrates into rectangular pieces
of 6 mm × 4 mm using a dicing saw (Disco 321 Wafer Dicing Saw)
and loaded the surface zeta potential cell with one piece of the
substrate. Then, inserted the cell (MS ZEN3600, Malvern Panalytical)
into the target PEG/PBS solutions containing tracer particles (300
nm PS particles) and measured the potentials at six positions with
distances of 125, 250, 375, 500, 625, and 1000 μm away from the
substrate (Supplementary Figure 5a). For distances between 125 and
625 μm, the mobility of tracker particles was controlled by electro-
osmotic and electrophoretic force. The zeta potential of the tracker
particles was measured at a distance of 1000 μm where an
electrophoresis-dominated motion happened. The surface zeta
potential is given by ζsurface = −intercept + ζtracker, where the intercept
is calculated from the first four measurements and ζtracker is the zeta
potential of the tracker particle. The dependence of the surface zeta
potential of AuNIs with BSA coating on temperature was investigated.
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Tweezing mode: trapping and manipulation of a 2.8 μm
PS particle (fluorescent microscopy) (MP4)
Printing mode: printing process of a 2.8 μm PS particle
(fluorescent microscopy, 2× original speed) (MP4)
Rotating mode: rotation of a 2.8 μm PS particle
(fluorescent microscopy) (MP4)
Rolling mode: combined rotation and translation of a
2.8 μm PS particle (fluorescent microscopy) (MP4)
Shooting mode: shooting a 2.8 μm PS particle
(fluorescent microscopy) (MP4)
Dynamic patterning using four 2 μm PS particles (2×
original speed) (MP4)
Automated feedback swimming of a 200 nm gold
nanosphere (dark-field imaging, 5× original speed)
(MP4)
Automatic rolling of a selected 2.8 μm PS particle in a
complex environment (fluorescent microscopy, one-half
original speed) (MP4)
Shooting and rotating of a 5 μm silicon nanowire
(original speed) (MP4)
Multimodal manipulation of yeast cells and adhesion
characterization of a uniform cell surface (2× original
speed) (MP4)
Adhesion characterization of a nonuniform cell surface
(2× original speed) (MP4)
Rotation of a red blood cell in the cell culture media
(RPMI-1640, 10%FBS, and 1% 5000U/ml penicillin-
streptomycin) with 2% PEG (original speed) (MP4)
Rotation of a white blood cell (NJ76) in the cell culture
media (RPMI-1640, 10% FBS, and 1% 5000U/ml
penicillin-streptomycin) with 2% PEG (original speed)
(MP4)
Simulations of the formation of TE field and the laser-
generated temperature field, calculation of optical forces,
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scanning electron micrographs of AuNIs substrates,
measurement of zeta potentials and surface zeta
potentials, multiphysics models on temperature and
solute concentration, light-powered thermal forces,
measurement of the temperature fields (PDF)
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