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Optical tweezers have emerged as a powerful tool for the 
non-invasive trapping and manipulation of colloidal par-
ticles and biological cells1,2. However, the diffraction limit 
precludes the low-power trapping of nanometre-scale 
objects. Substantially increasing the laser power can provide 
enough trapping potential depth to trap nanoscale objects. 
Unfortunately, the substantial optical intensity required 
causes photo-toxicity and thermal stress in the trapped bio-
logical specimens3. Low-power near-field nano-optical twee-
zers comprising plasmonic nanoantennas and photonic crystal 
cavities have been explored for stable nanoscale object trap-
ping4–13. However, the demonstrated approaches still require 
that the object is trapped at the high-light-intensity region. We 
report a new kind of optically controlled nanotweezers, called 
opto-thermo-electrohydrodynamic tweezers, that enable 
the trapping and dynamic manipulation of nanometre-scale 
objects at locations that are several micrometres away from 
the high-intensity laser focus. At the trapping locations, the 
nanoscale objects experience both negligible photothermal 
heating and light intensity. Opto-thermo-electrohydrodynamic 
tweezers employ a finite array of plasmonic nanoholes illu-
minated with light and an applied a.c. electric field to create 
the spatially varying electrohydrodynamic potential that can 
rapidly trap sub-10 nm biomolecules at femtomolar concen-
trations on demand. This non-invasive optical nanotweezing 
approach is expected to open new opportunities in nanosci-
ence and life science by offering an unprecedented level  
of control of nano-sized objects, including photo-sensitive 
biological molecules.

Our present work capitalizes on the latest advances in electro-
thermoplasmonic (ETP) trapping14–16 where ETP flow17,18 is used to 
initiate rapid particle transport towards a plasmonic hot spot for 
particle trapping at the hotspot. Opto-thermo-electrohydrodynamic 
tweezers (OTET), on the other hand, exploit the interaction between 
ETP flow and a.c. electro-osmotic flow to establish an electrohydro-
dynamic potential capable of low-power trapping and manipula-
tion of sub-10 nm particles and biomolecules at tunable trapping 
locations that are several micrometres away from the high-intensity 
light spot. Our finding represents an important development in the 
optical nanomanipulation field by addressing the important task of 
trapping sub-10 nm particles such as small protein molecules with-
out the risk of photo-induced damage. OTET provide the means 
to keep a single sub-10 nm object in a solution for minutes, with-
out the need to physically tether it. Prior reported attempts to trap 

objects away from the laser focus using complex beam profiles such 
as Laguerre–Gaussian beams19 or a repulsive thermophoretic force 
induced by a moving laser spot and a feedback system20 have been 
reported. However, these works have been limited to resonant metal-
lic objects and much larger particles, respectively. Using OTET, we 
also demonstrated the size-selective trapping of nanoscale objects 
such as 20 nm dielectric beads from a solution containing 20 nm 
and 100 nm beads at trapping locations that are several micrometres 
away from the laser illumination.

The OTET platform comprises a finite array of plasmonic nano-
holes illuminated with light and a perpendicularly applied a.c. elec-
tric field, which generate optically induced thermal gradients and 
distorted a.c. electric field lines near the nanohole array, respec-
tively, as depicted in Fig. 1a. The coupling of the nanohole array 
with light results in highly localized and enhanced electromagnetic 
hot spots, as depicted in Fig. 1b, which promotes light absorption. 
The enhanced light absorption results in a temperature increase and 
thermal gradient in the fluid. The simulated temperature increase 
for an incident light intensity of 3 × 109 W m–2 is depicted in Fig. 1c.  
An a.c. electric field is applied perpendicular to the nanohole 
array across a fluid element. The topography of the nanohole array 
results in the distortion of the applied a.c. electric field to give rise 
to both normal and tangential a.c. electric field components. The 
component of the a.c. electric field in the tangential direction exerts 
Coulombic forces on the diffuse charges in the electrical double 
layer induced at the interface between the nanohole array and the 
fluid. This electric-field-induced motion of the diffuse charges 
gives rise to an electro-osmotic motion21 of the fluid and the sus-
pended particles that is directed radially outward, as depicted in 
Fig. 1d,e. An ETP flow14,18,22 is also induced by the action of both 
the laser-induced heating of the fluid near the plasmonic nanohole 
array and the applied a.c. field, and results in a fluid vortex that is 
directed radially inward as depicted in Fig. 1d,e. These two oppos-
ing microfluidic flows create a stagnation zone, where the fluid 
velocity goes to zero, that defines the position where a particle is 
trapped, as depicted in Fig. 1d. Since the position of the stagna-
tion zone is farther away from the location of the laser beam, the 
particle is trapped several micrometres away from the laser focus. 
The localization of the particle in the out-of-plane direction occurs 
because of the particle–surface interaction force, which arises from 
the interaction between the surface charge on the particle and its 
image charge23 in the conducting plane. This ability to structure the 
microfluidic flow field with a plasmonic nanohole array provides 
an elegant approach to create designer flow fields to suppress the 
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Brownian motion of particles and localize a single particle near a 
solid surface. If the laser illumination is displaced from the centre 
of the nanohole array pattern, the particle can be translated along 
the path defined by the topography of the nanohole array while still 
maintaining the distance dictated by the position of the stagnation 
zone as depicted in Fig. 1e. The physics of the electrohydrodynamic 
flows that enable trapping in OTET is described by several coupled 
partial differential equations, which we have solved numerically 
using the COMSOL Multiphysics software package, as shown in the 
Supplementary Information section.

The experimental demonstration of particle trapping and 
manipulation using OTET was carried out using an array of gold 
nanoholes with a diameter of 300 nm and a thickness of 120 nm, 
on a glass substrate. The fabrication was performed using a tem-
plate stripping approach24 (see Methods section). Experimental 
demonstration of trapping was performed using diluted solutions 
of fluorescently labelled bovine serum albumin (BSA) protein 
(see Methods section) with a hydrodynamic radius of 3.4 nm, as 

well as 20-nm and 100-nm-diameter polystyrene beads. The BSA 
protein was diluted to a concentration of 15 fM. A linearly polar-
ized laser beam with a wavelength of 973 nm was focused to a spot 
size of 1.33 μm on the nanohole array using a water-immersion 
objective lens with a numerical aperture (NA) of 1.2. Figure 2a 
(Supplementary Video 1) shows, frame by frame, the sequence 
of fast transport, trapping and release of a single BSA protein  
molecule. First, we illuminate the nanohole array (indicated by a 
red dot) with the laser light, and no macroscopic effect is apparent. 
Subsequently, an a.c. field of 83,333 V m–1 at a frequency of 10 kHz 
is applied across the channel, which results in the fast motion of 
the BSA protein molecule by the radially inward ETP flow towards 
the nanohole array; but no trapping occurs at this frequency. As the 
a.c. electric field frequency is reduced to 3 kHz, the opposing a.c. 
electro-osmotic flow causes the BSA protein molecule to be local-
ized at a distance of approximately 8.6 μm from the edge of the 
nanohole array within 3 s. At this point, our system provides the 
freedom to select one of the following options: (1) keeping the BSA 

FACEO

FETP

Laser

Nanoholes

ETP flow ACEO flow

FETP FACEO

a.c.

Fes Gold film
Trapping position

Trapping
position

Maximum

Temperature increase (K)

a b

c d

Minimum

eµm s–1 µm s–1

30

40

45

25

20

15

10

5

30

40

45

25

20

15

10

5

25

20

15

10

5

Pattern size

Fig. 1 Illustration and theoretical analysis of the otet system. a, Illustration of the operating mechanism of the OTET system. By moving the laser on the 
plasmonic nanohole array, a single particle (blue sphere) is trapped away from the laser and follows the motion of the laser beam horizontally along the 
pattern edge. The inset shows the forces acting on a trapped particle when the laser and a.c. electric field is applied. ACEO, a.c. electro-osmotic flow; FACEO, 
the drag force from the a.c. electro-osmotic flow; FETP, the drag force from the ETP flow; Fes, the particle–surface interaction force.b, Electric field profile when 
a laser is focused at the centre of the nanohole array. At the trapping position, the electric field from the light is small enough to eliminate its influence on 
the trapped particle. c, Temperature profile at the surface of gold film when the laser is focused at the centre of the nanohole array. Particle trapping occurs 
several micrometres away from the maximum temperature region. d, Radial velocity vector plot near the surface when the laser is focused at the centre of 
the nanohole array. Particle trapping position is circled. The dashed line is explained in Fig. 4b. e, Radial velocity vector plot near the surface when the laser 
is focused off-centre. The particle trapping position changes due to the translation of the laser spot. The laser used in the simulation is a 973 nm Gaussian 
beam of 1 μm focus spot, with 3 mW power.
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molecule trapped using both the laser and a.c. field; (2) releasing the 
BSA protein by turning off the a.c. field; or (3) dynamically manipu-
lating the BSA protein by moving the laser beam or translating the 
microscope stage. The last option represents another vital feature of 
OTET: enabling the dynamic manipulation of trapped sub-10 nm 
objects on-chip (Supplementary Video 2), which is not feasible in 
conventional chip-based plasmonic traps25,26 and geometry-induced 
electrostatic traps27. Figure 2b shows the scatter plot of the trapped 
BSA’s displacement. The BSA is more stably trapped along the x 
direction, that is, the direction perpendicular to the radial direction 
of the ETP and electro-osmotic flow field vectors.

The OTET exhibit a lower trapping stability along the y direc-
tion, which is the direction that aligns with the radial components 
of the opposing ETP and a.c. electro-osmotic flow velocity vec-
tors. We attribute this to the fact that the radial components of the 
ETP and a.c. electro-osmotic flows exert drag forces on the particle 
along the y direction, which results in a lower trapping stability 
along this direction.

We also show that OTET possess a dynamic manipulation capa-
bility, as depicted in Fig. 3 and Supplementary Video 2. The trapped 
object is dynamically manipulated by translating the laser beam 

across the nanohole array or moving the microscope stage. The 
motion of the object is along the edge that is parallel to the direc-
tion that the laser spot is moving relative to the nanohole array. An 
object that is trapped along the edge perpendicular to the direction 
of motion of the laser beam remains in position and not translated. 
Thus, in OTET, the trapped objects are not limited to a specific trap-
ping location but can readily be transported to specific areas along 
topography defined by the nanohole array, while still maintain-
ing a trapping location that is several micrometres away from the 
high-intensity laser focus.

The distance between the position of the trapped object and 
the edge of the nanohole array can be tuned by changing the a.c. 
field frequency, as depicted in Fig. 4a. At lower a.c. field frequency, 
the radially outward a.c. electro-osmotic flow is increased relative 
to the ETP flow, which causes the shifting of the stagnation zone 
radially outward. As the a.c. frequency is raised to 5 kHz, the trap-
ping position of BSA protein is shifted inward to a location that is 
closer to the nanohole array. This observed trapping behaviour as 
a function of a.c. field frequency is also supported with numerical 
simulation. Figure 4b is a numerical simulation showing the loca-
tion of the stagnation zone as a function of the a.c. field frequency. 
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Fig. 2 | Demonstration of transport, trapping and release of a single BSa protein molecule, as well as the stability of a trapped single BSa molecule. 
a, A frame-by-frame sequence of the rapid onset and long-lasting stable trap when a laser and an a.c. field are both applied. The red dot shows the laser 
position, and the single BSA molecule (the tiny bright dot) is highlighted in a blue rectangle. b, Transverse position (x–y) of a trapped single molecule. As 
shown in a, the x position is the position along the pattern’s edge, and the y position is the position perpendicular to the pattern’s edge. c,d, Histograms of 
lateral displacement along the x and y directions, respectively. The orange curve shows the Gaussian-shape fitted curve for clearer illustration.
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The result indicates that the location of the stagnation zone, which 
defines the trapping location, increases with decreasing a.c. field 
frequency. Thus, by tuning the frequency of the applied a.c. field, 
the location of the trap away from the edge of the nanohole array 
can be controlled on demand.

The particle trapping stability in OTET can be controlled by 
tuning the a.c. field frequency. We observe that the particle–surface 
interaction force is generally stronger at lower a.c. field frequen-
cies as depicted in Fig. 4a,b. This is attributed to the fact that for 
lower a.c. field frequencies, the electrical double layer surrounding 
the particle has sufficient time to be sufficiently polarized by the 
a.c. electric field.

The frequency dependence of the trapping stability can also be 
used for size-based sorting in OTET. Figure 5 shows the selective 
trapping of 20 nm polystyrene beads from a solution containing 
100 nm and 20 nm beads. Initially, using an a.c. field frequency of 
2.5 kHz, both 20 nm and 100 nm beads are trapped. When the fre-
quency is increased to 4 kHz, the 100 nm beads are released from 
the trap, while the 20 nm beads remain in place. This feature could 
be harnessed for the sorting of exosomes, which range in size from 
30 nm to 150 nm, from a population of extracellular vesicles, and 
represents an important application of OTET with great potential.

Conclusions
The ability to trap small biological molecules at femtomolar concen-
trations within a few seconds, along with their size-based sorting 
capability, makes OTET a promising tool for the biological sensing 
of analytes at low levels. The proposed nanomanipulation technique 
enables the immediate implementation of several exciting applica-
tions including (1) biological sensing at an ultra-low detection 
limit; (2) single-molecule analysis to determine the diffusion coef-
ficient and electrokinetic mobility of proteins in solution; (3) the 
stabilization of single molecules within the observation volume for 
single-molecule Förster resonance energy transfer spectroscopy; and 
(4) size-based sorting of nanoscale objects, such as exosomes from a 
heterogeneous population of extracellular vesicles. With respect to 

the last point, OTET feature a simple and fast lab-on-a-chip solu-
tion to the issue of capture and sorting of exosomes from a popu-
lation of extracellular vesicles released by biological cells, which is 
crucial for single exosome analysis and for understanding the influ-
ence of cell heterogeneity on released exosomes for applications in 
drug delivery and diagnostics.
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Methods
Device fabrication. A 5-nm-thick Cr mask was deposited on a 1.5 mm × 1.5 mm 
silicon wafer using a resistive evaporator. Subsequently, the substrate was 
spin-coated with 400 nm ZEP-520A photoresist and baked at 180 °C for 2 min. 
Electron-beam lithography was used to pattern the nanohole arrays to produce 
a nanohole radius of 150 nm and a lattice constant of 590 nm. The dimension 
of the square array pattern is 70 μm. The patterned resist was developed in 
ZED N50 for 2 min, rinsed with isopropyl alcohol and blown dry in nitrogen. 
After 7 s of descumming, Cl2 plasma etching was applied for 75 s to transfer the 
pattern onto the Cr layer serving as the hard mask for a subsequent reactive ion 
etching process. Reactive ion etching proceeded for 2 min to open ~200-nm-deep 
nanoholes into the silicon wafer. To ensure the whole photoresist and Cr mask 
layers were stripped off before depositing the gold film, the patterned silicon 
wafer was sonicated in acetone for 10 min, then soaked in Cr etchant for 10 min. 
At this point, the patterned silicon wafer became a template. Subsequently, 
120 nm gold film was deposited on the template. The resistive evaporator was 
again used to deposit a 120-nm-thick gold film onto the template. We then 
applied UV-curable epoxy onto the gold film, covered it with a glass substrate that 
has a thin coating of indium tin oxide and exposed it under UV light (324 nm 
wavelength) for 12 min to harden the epoxy. After we peeled the gold film off 
the Si template, we packed the gold film into a microfluidic channel. The used Si 
template was cleaned using O2 plasma etching and gold etchant. We reused the Si 
template by easily depositing another 120-nm-thick gold film and performing the 
template stripping process again.

Sample preparation. To package the gold nanohole array sample into a 
microfluidic chip, we treated the surface of the gold film using a polymer solution 
for 10 min to ensure that the surface acquired a net surface charge to prevent 
particles from sticking to the surface. The polymer solution consisted of poly 
(sodium 4-styrenesulfonate) potassium chloride (1:5) solution in water (1:25). 
Then the sample was thoroughly flushed under deionized water and blown dry 
under N2. Finally, we sandwiched the gold film by covering it with another glass 
cover-slip that has a thin coating of indium tin oxide, spaced by a 120-μm-thick 
dielectric spacer to create a microfluidic channel around the patterns.

The BSA or polystyrene beads were originally of a concentration of 1 mg ml–1. 
The BSA is fluorescently labelled with tetramethylrhodamine dyes that absorb at 
532 nm and emit at about 600 nm. The fluorescently labelled BSA molecules were 
purchased from Thermo Fisher Scientific. The BSA was diluted by one billion 
times using deionized water to generate a sparse enough solution suitable for 
single-molecule manipulation. The final concentration of the BSA molecules used 
in the experiment was 15 fM. The solution of 20 nm polystyrene beads was diluted 
by ten million times, while the solution of 100 nm polystyrene beads was diluted by 
one million times.

Fluorescence imaging. The trapping and imaging was performed using a custom 
fluorescent imaging and optical trapping microscope based on a Nikon Ti2-E 
inverted microscope. The suspended particle solution was injected into the 
microfluidic channel. A high quantum efficiency sCMOS camera (Photometrics 
PRIME 95B) was used to acquire images at a frame rate of 2.5 frames per second. 
The trapped fluorescent polystyrene beads were excited under green light from 
a filtered broadband fluorescent illumination lamp (Nikon INTENSILIGHT 
C-HGFI). The emitted red light was collected through the same objective lens 
and imaged on the camera. The nanohole array was excited with a 973 nm 
semiconductor diode laser (Thorlabs CLD1015). The laser beam was focused with 
a Nikon ×60 water-immersion objective lens (NA, 1.2). The a.c. electric field was 
supplied by a dual-channel function generator (BK Precision 4047B).

Electrical conductivity measurements. Electrical conductivity and electrophoretic 
mobility were measured using a Litesizer 500 (Anton Paar). The electrical 
conductivity of the BSA protein sample was 3.3 mS m–1, while its electrophoretic 
mobility was −3 μm cm V–1 s–1.

Multiphysics simulations. The electromagnetic simulation was performed using 
a full-wave simulation formalism in Lumerical finite-difference time-domain 
software. A periodic boundary condition with a 590 nm lattice constant was 
applied to mimic an infinite array of nanoholes. Perfectly matched layers 
were placed at the top and bottom of the domain to prevent backscatter from 
the boundaries. A linearly polarized plane wave served as the light source. 
Absorption was calculated by 1 − R − T, where R was the reflectance and T was 
the transmittance solved. A three-dimensional COMSOL model was established 
to solve the heat transfer and fluid dynamics problem. A prescribed temperature 
of 293.15 K was set at the boundaries for solving the heat transfer physics. The a.c. 
electro-osmosis flow was modelled using a slip boundary condition on the surface 
of the nanohole array. The slip velocity is the electro-osmotic slip velocity u* given 
by u

* ¼ μeo E
*

t
I

, where μeo ¼ � εrε0ζ
μ

I
 is the electro-osmotic mobility and εr is the 

relative permittivity; ε0 is the permittivity of free space, ζ is the zeta potential and 
μ is the dynamic viscosity of the liquid. E

*

t ¼ E
*
�ðE

*
 n*Þ n*

I

, and E
*

 is the electric 
field calculated by solving Poisson’s equation, as described in the Supplementary 
Information. n* is the unit vector in the normal direction. The zeta potential used 
was calculated from the measured values, as described in the Supplementary 
Information. The no-slip boundary condition, which is u* = 0, was set on all other 
boundaries. The thermal properties of glass, gold and water were adapted from 
the COMSOL material library. The measured electrical conductivity of liquid was 
used. The relative permittivity of water was set as 78.

Data availability
The datasets generated and/or analysed during the current study are available 
in the Harvard Dataverse repository (https://doi.org/10.7910/DVN/LFVQOD). 
Source data are provided with this paper.
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