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ABSTRACT: Precise sorting of colloidal nanoparticles is a
challenging yet necessary task for size-specific applications of
nanoparticles in nanophotonics and biochemistry. Here we present
a new strategy for all-optical sorting of metal nanoparticles with
dynamic and tunable optical driven forces generated by phase
gradients of light. Size-dependent optical forces arising from the
phase gradients of optical line traps can drive nanoparticles of
different sizes with different velocities in solution, leading to their
separation along the line traps. By using a sequential combination of
optical lines to create differential trapping potentials, we realize
precise sorting of silver and gold nanoparticles in the diameter range of 70−150 nm with a resolution down to 10 nm.
Separation of the nanoparticles agrees with the analysis of optical forces acting on them and with simulations of their kinetic
motions. The results provide new insights into all-optical nanoparticle manipulation and separation and reveal that there is still
room to sort smaller nanoparticle with nanometer precision using dynamic phase-gradient forces.
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Noble metal nanoparticles are central to numerous
nanophotonic and biochemical applications due to

their unique optical and chemical properties, which highly
depend on their sizes and shapes.1,2 Nanoparticles with
designed sizes and shapes are usually synthesized by wet
chemical methods with low cost and high throughput.3,4

However, a common issue is the broad size distributions of
colloidal nanoparticles which make them less effective in many
applications.5−8 For example, two applications crucially
dependent on the particle size are the cell uptake rate of
gold nanoparticles5 and the intensity of surface-enhanced
Raman spectroscopy signals.6 Therefore, providing an efficient
and reliable method to sort and purify colloidal metal
nanoparticles is of great importance.
Sorting of nanoparticles can be achieved in various ways

such as centrifugation,9 dielectrophoresis,10 sedimentation,11

electrophoresis,12,13 diafiltration,14 and chemical sorting.15

Optical forces provide a unique route to control and
manipulate small objects and have been proven highly accurate
in the sorting of colloidal noble metal nanoparticles.16−26

Optical sorting of metal nanoparticles is typically done in
fluidic flow using balanced optical scattering force and Stokes’
drag force.18,19,27 Recently, Shi et al. have achieved a 5 nm
separation resolution with synchronized optical force and flow
drag force.18 However, the nanoparticles move along the
propagation direction of the laser beam that requires
integration of fiber optics with microfluidics and delicate
control of the flow rate. Additionally, some studies of single
nanoparticle spectroscopy require a static liquid environment.
For example, the in situ selection of nanoparticles with

a specified size is important for the coherent coupling of single
plasmonic nanoparticles with excitonic nanostructures.28,29

Static optical sorting without the need of fluidic flow has been
demonstrated with varying particle affinity in a motional
standing wave,30 plasmon-resonance-induced opposite optical
forces,17 and coupled plasmonic/thermo-hydrodynamical
forces.31−33 However, they still lack high sorting accuracy
where the reported best all-optical sorting resolution is 30 nm
(for gold nanoparticles).17 In addition, the local temperature of
the nanoparticles could be very high due to a strong
photothermal effect near the plasmon resonance, which is
not suitable in a biological system.
In this Letter, we show that optical sorting of metal

nanoparticles with high accuracy can be realized by tuning the
phase gradients of optical tweezers with a laser wavelength far
away from their plasmon resonances. Phase-gradient force is
usually ignored in optical tweezers where the intensity-gradient
force and scattering force are assumed dominant. However,
studies have shown that phase gradients can provide strong
optical forces to drive metal nanoparticles in extended laser
beams.34,35 The phase gradient could redirect the scattering
force from the longitudinal direction to lateral direction so it is
more compatible with an optical microscope. By using
dynamic and tunable phase-gradient forces in a sequential
combination of optical line traps, we show that size-selective
optical sorting of silver and gold nanoparticles with a diameter
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Figure 1. Dynamic transportation of single silver nanoparticles in two optical line traps using phase-gradient forces. (a) Schematic of the
manipulation of a silver nanoparticle in optical lines. Two phase masks are periodically loaded onto a SLM to generate two optical line traps (type I
and type II), which have the same intensity distribution but opposite signed phase gradients along the long-axis of the optical lines. Note that only
the top half of the optical lines are illustrated and used for optical trapping and sorting where the center of a line is at y = 0. The coordinate of the
illustrations matches that of the optical images, which are recorded using an inverted microscope where the laser beam propagates along the z-
direction with a linear polarization along the y-axis. (b) A series of dark-field images of a single silver nanoparticle (150 nm in diameter) that
exhibits periodic movement under a modulation period of 200 ms (see Supporting Information Video S1). The vertical scale bar is 1 μm. (c)
Trajectories of two different Ag nanoparticles with diameters of 150 and 100 nm, respectively. (d) The average velocities of silver nanoparticles
with different diameters as a function of the incident laser power.

Figure 2. Sorting experiments of silver nanoparticles with diameters of 100 and 150 nm. (a) Schematics of the sorting procedures. The left panel
shows the LabVIEW control protocol and the right panel shows the associated optical lines and particle dynamics. (b) A series of dark-field images
that show the sorting processes with tLT+ of 50, 75, and 125 ms. As the line trap is changed to type II (LT+), two nanoparticles start to escape from
the trap in a short time. When tLT+ = 125 ms, the nanoparticle with diameter of 150 nm moves out of the trap while the other one (100 nm) is
dragged back by a short type I line trap to the initial position. The laser power is 65 mW and the scale bar is 1 μm. (c) Trajectories of two Ag
nanoparticles in y-direction with different tLT+. (d) A typical sorting time zone of the two different nanoparticles (dashed lines). The gray line
located at around 8.6 μm stands for the effective trapping length of the optical line trap generated by phase mask ST−. (e) Simultaneous sorting of
several silver nanoparticles with diameters of 100 and 150 nm using tLT+ of 125 ms. The scale bar is 1 μm.
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difference down to 10 nm can be achieved in experiments and
even smaller in simulations. This work provides a new strategy
for dynamic optical manipulation, separation, and selection of
nanoparticles with the best resolution in all-optical sorting
methods so far.
To generate optical line traps with tunable phase-gradient

forces, we use a spatial light modulator (SLM) to shape a
collimated Gaussian beam with wavelength of 800 nm (see
Methods and Figure S1 in Supporting Information), which is
far away from the surface plasmon resonance wavelengths of
silver and gold nanoparticles and thus the local thermal effects
are insignificant (see Note 1 in the Supporting Information).
Two types of phase masks are designed and loaded onto the
SLM sequentially using a customized LabVIEW control
program. A generated optical line trap has a Gaussian intensity
profile and a parabolic phase profile along the y-axis (long-axis)
following the functions of I(y) = A exp(−2y2/w2) and P(y) =
py2, respectively, where A is a constant, w is the beam radius
where the intensity value falls to 1/e2 of the maximum value,
and p is a phase parameter. The sign of p can be either negative
or positive, where p < 0 (type I) tends to attract a nanoparticle
to the center, and p > 0 (type II) tends to push the
nanoparticle toward the tails (see Figure S2).35 The top
schematics in Figure 1a illustrate that a silver nanoparticle is
moving toward the center of the line with a type I phase profile
and with type II it is moving toward the tail. Figure 1b presents
a series of dark-field images of a single silver nanoparticle
(diameter 150 nm) moving back and forth in two alternating
optical line traps with the same intensity and opposite phase
profiles (w = 15 μm and p = ± 0.15 rad/μm2). These relatively
long optical lines are referred to as LT± hereinafter, where LT
denotes long trap and the symbols “−” and “+” represent type I
and type II, respectively.
To investigate the ability of sorting different sized silver

nanoparticles using phase-gradient forces, we carried out
experiments using silver nanoparticles with diameters of 150
and 100 nm in LT± lines at different laser powers. Figure 1c
shows the corresponding trajectories of single Ag nanoparticles
with laser power of 65 mW. The maximum transport distance
of the 150 nm nanoparticle reaches ∼13 μm with a modulation
period of 200 ms, which is much longer than that of the 100
nm particle. The maximum distance can be controlled by
changing the modulation period (see Figure S3). Figure 1d
shows the average velocities of silver nanoparticles with
different diameters as a function of the incident laser power.
The velocities with positive and negative signs stand for
nanoparticles escaping from and moving toward the center of
the optical line, respectively. The escape velocity of the 150 nm
silver nanoparticle can reach 180 μm/s at 65 mW laser power,
which is ∼7 times that of the 100 nm nanoparticle. As the laser
power increases, the average velocity also increases. It is worth
noting that the opposite moving directions are solely induced
by the reversed phase gradient. Although the intensity-gradient
forces still exist in the LT ± optical lines, they always point to
the centers of the (original) line traps and are much weaker
than the phase-gradient forces (Figure S2).35 The intensity-
gradient force does, however, affect the nanoparticle motion
because the absolute value of the velocity of a nanoparticle in a
type I trap is slightly larger than that in a type II trap.
On the basis of the particle-size-dependent phase-gradient

force and particle motion, we propose a simple yet efficient
method to realize in situ nanoparticle trapping and sorting by
sequentially using an attractive (type I) optical line, a repulsive

(type II) optical line and finally an attractive (type I) optical
line with a shorter length, as shown in Figure 2a. For example,
an optical line LT− is used to trap two nanoparticles of
different sizes, and a LT+ separates them along the y-axis based
on the different escape velocities. When the optical line is
switched to a shorter trap (termed as ST−, where w = 6 μm
and p = −0.36 rad/μm2), the larger nanoparticle has already
moved out of the shorter line trap whereas the smaller one
could be dragged back to the initial position. In addition, for a
sequential combination of the phase masks LT+ and ST−, the
time for LT+ (referred to as tLT+ hereinafter) applied on the
SLM is a critical parameter for the sorting process. If tLT+ is
short, both 150 and 100 nm nanoparticles cannot be separated
efficiently; if the driving distance is not great enough, the 150
nm Ag nanoparticle would also return when the line trap is
changed to ST−. On the contrary, with a long tLT+ the small
nanoparticles could also move out of the short type I trap
(ST−), then none of the particles would return. Therefore, we
could expect the nanoparticle mixtures to be transported,
separated, and retrapped with high resolution by simply
adjusting tLT+.
We developed control software for the nanoparticle sorting

based on LabVIEW, where tLT+ can be precisely adjusted. A
typical sorting process in our system includes three steps: (i)
hold a mixture of nanoparticles with a type I trap (LT−); (ii)
separate the nanoparticles with a type II trap (LT+); and (iii)
retrap the smaller nanoparticles with a shorter type I trap
(ST−). In order to find a suitable parameter tLT+ for the
nanoparticle sorting, we carried out several experiments by
applying different tLT+ to the SLM. Figure 2b displays a series
of dark-field images of two trapped Ag nanoparticles (100 and
150 nm) that show the sorting processes with tLT+ of 50, 75,
and 125 ms, respectively. The silver nanoparticles of different
sizes scatter light of different colors under dark-field
microscopy, so it is easy to distinguish them from the dark-
field images. With short tLT+ (50 and 75 ms), the two
nanoparticles are separated out but only temporarily; as tLT+
increases to 125 ms, the 150 nm nanoparticle is successfully
removed.
Figure 2c displays the corresponding trajectories of two Ag

nanoparticles in y-direction with different tLT+. The particles
start to move toward the tail of the line trap as the phase mask
is changed to LT+. When the line trap is changed to ST−, the
100 nm nanoparticle is pulled back to the zero position while
the 150 nm nanoparticle remains at the position of ∼14 μm
until disappearing as 75 ms < tLT+ < 175 ms. (Alternatively, the
larger particle could also be trapped at a different position by
introducing a new trapping potential in ST− phase profile, see
Figure S4 and Video S2). The increased speed of return of the
100 nm nanoparticle is due to the shorter ST− trap with
increased intensity compared with LT+. Figure 2d summarizes
the maximum escaping distances of the two nanoparticles with
different tLT+. On the basis of the effective trapping length of
the ST− optical line, a typical sorting zone (∼100−150 ms) is
identified for the silver nanoparticles with diameters of 150 and
100 nm.
We further demonstrate that our method can be applied to

sort multiple nanoparticles simultaneously (Figure 2e; also see
Video S3). As more nanoparticles are trapped in the optical
line, these nanoparticles tend to form a chain structure.22,35,36

It can be seen in Figure 2e that all three 100 nm nanoparticles
are successfully sorted out from a mixture of 150 and 100 nm
nanoparticles. The corresponding trajectories of the nano-
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particles is shown in Figure S5, which shows that the sorting
can be done in less than 0.4 ms and leads to two separated
clusters in opposite directions as we expected.
To clarify the mechanism of sorting these metal nano-

particles, we calculated the optical forces exerted on the silver
nanoparticles with diameters of 100 and 150 nm along two
optical lines (LT+ and ST−) using finite-difference time-
domain (FDTD) simulations. The results in Figure 3a show

several important points: (i) the optical force exerted on a
nanoparticle is inhomogeneous, depending on the position of
the particle in the optical line; (ii) the effective trapping length
can be adjusted (the force almost decreases to zero at the
position of ∼8.5 μm for ST−); (iii) similar to the experimental
results in Figure 1, the directions of the forces are opposite and
the type I line trap attracts a Ag nanoparticle while the type II
line trap repels it; (iv) the maximum force exerted on a 150 nm
Ag nanoparticle is ∼9 times larger than that of a 100 nm
nanoparticle.
The motion of a single nanoparticle in an optical line trap

can be described using a 1D Langevin equation

η= − +m
y

t
F y y

y
t

t
d
d

( )
d
d

( )
2

2 (1)

where m is the mass of the particle, y is the distance from the
center of the line, F(y) is the optical force acting on the
nanoparticle at position y, γ is the friction coefficient given by
Stokes’ law (γ = 6πνR, where R is the radius of the nanoparticle
and ν is the dynamic viscosity of the medium) and η(t) is the
Gaussian random noise. Assuming motion at the overdamped
limit where the acceleration for the nanoparticle is negligible in
a short distance and ignoring the noise,35 eq 1 can be
simplified to

γ =
y
t

F y
d
d

( )
(2)

We integrated this Langevin equation using the calculated
optical forces and performed dynamic simulations of the
kinetic motions of the nanoparticles. Figure 3b shows the
trajectories of 150 and 100 nm Ag nanoparticles with a
sequential combination of LT+ and ST− phase profiles. This
simulation reveals that there is a critical sorting time zone for
the two nanoparticles, which agrees with the experiments.
However, the optical sorting involves two or more nano-
particles where the electrodynamic interactions between them
could lead to optical binding.35−37 In particular, the 150 nm Ag
nanoparticle is usually closer to the center (zero position) of

Figure 3. Sorting mechanisms based on simulations. (a) Calculated
optical forces exerted on single silver nanoparticles with diameters of
100 and 150 nm along different optical lines. (b) Simulated
trajectories of 150 and 100 nm Ag nanoparticles with a sequential
combination of optical lines. The dashed lines give a critical sorting
time zone for the two nanoparticles.

Figure 4. Sort gold nanoparticles with smaller diameter differences. (a,b) Dark-field images show the sorting processes of two gold nanoparticles
with diameters of 100 nm versus 80 and 80 nm versus 70 nm. The scale bar is 1 μm and the laser power is 110 mW. (c) Simulated trajectories of
gold nanoparticles with different diameters. (d) Calculated maximum velocities of the gold nanoparticles. The fit curve follows a power function of
f(x) = axp, where a = 1.68 × 10−6 and p = 3.8. (e) The time required for the nanoparticles to reach a certain position (2 and 8 μm) as a function of
particle size. The fit curves follow a similar function of f(x) = axp, where a = 2.3 × 104 for the 2 μm data and 4.1 × 104 for the 8 μm data, and p =
−2.5 for both.
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the line trap when the type I line is used, and this nanoparticle
has to go across the 100 nm nanoparticles (i.e., a barrier
crossing event38) shortly after switching the line to the type II
because larger nanoparticles move faster. We have checked the
influence of electrodynamic interactions during and after this
barrier crossing event with simulations (see Note 2 and Figures
S6 and S7 in the Supporting Information). Our results show
that the influence of optical binding only takes place at the
beginning of the sorting process (0−1.5 μm and 0−0.01 s) and
has little impact on the overall sorting process.
We have shown that our method allows for separation of

metal nanoparticles with a diameter difference of 50 nm. To
explore the sorting resolution of our system, we tested gold
nanoparticles with smaller size differences. Figure 4a displays
the sorting experiments of two gold nanoparticles with
diameters of 100 and 80 nm (see Video S4). The
corresponding transport experiments show that the average
velocity of the 100 nm nanoparticle is about twice that of the
80 nm particle even with such a small diameter difference (see
Figure S8). We have further successfully conducted sorting
experiments (Figure 4b) for gold nanoparticles with diameters
of 70 and 80 nm (see Videos S5). We also tested nanoparticles
smaller than 70 nm, but it was hard to visualize them clearly
due to smaller scattering cross sections and faster Brownian
motion.
We simulated the kinetic motions of Au nanoparticles with

diameters of 40−100 nm in a LT+ line trap as shown in Figure
4c and calculated the maximum velocity for each nanoparticle
size and the time required for them to reach a certain position
in Figure 4d,e. The maximum velocity appears at y = 7.5 μm,
which is close to the average velocity from 4 to 10 μm. The
difference between velocities of two nanoparticles with a 10
nm size difference is significant for relatively large nano-
particles (e.g., ≥ 80 nm) so the sorting resolution could be
even smaller than 10 nm (see Video S6 for an example). The
difference becomes less significant as the diameter decreases.
However, the simulated motions show that the velocity of a
nanoparticle depends on its position and there is an
acceleration process when the nanoparticle leaves the center.
The time needed for the nanoparticle to reach a critical
position (e.g., 8 μm) is much shorter for a large nanoparticle
than a small nanoparticle, which is largely determined by the
acceleration process before y = 2 μm. Figure 4e shows that a
nanoparticle will spend 57% of the time to travel the first 2 μm
before reaching the 8 μm position and the difference of
acceleration time largely increases for a size difference of 10
nm when the nanoparticle diameter decreases below 70 nm.
These results indicate that the optical sorting method may still
work for nanoparticles less than 70 nm in diameter with <10
nm resolution. In fact, a major advantage of using phase-based
optical force for particle sorting is that the phase can be
controlled with infinite precision by computer-generated
holograms, for example, the generation of optical phase
singularities,39 and the phase-gradient forces widely exist in
various optical traps, for example, optical vortex.34 Therefore,
our optical sorting strategy may be further improved by
designing and optimizing the phase profiles of optical traps.
In summary, we have used differential phase-gradient forces

for optical sorting of metal nanoparticles with high resolution
in optical line traps. Dynamical modulation of the phase
gradient provides an easy way to control single nanoparticle
motion with high flexibility. Accordingly, we have developed a
simple and efficient sorting system in which in situ trapping,

separation, and selection of size-specified nanoparticles with a
diameter difference down to 10 nm in the range of 70−150 nm
are realized by simply adjusting a time parameter in a
sequential combination of optical line traps. The laser
wavelength used in our system is hundreds of nanometers
away from the surface plasmon resonances of the metal
nanoparticles, so the photothermal effect is insignificant. In
addition, our sorting strategy can also work for dielectric
particles, e.g., polystyrene nanoparticles (see Video S7).
Therefore, the phase-gradient force represents a new approach
in nonresonant optical sorting of nanoparticles, which provides
a promising strategy for precise nanoparticle sorting and
delivery in a biological system, and may enable simultaneous
selection and measurement of size-specified and labeled
nanoparticles for surface enhanced optical spectroscopy on
the single particle level.
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