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Optical surface waves have widely been used in optical tweezers systems for trapping particles sized from the nano-
to microscale, with specific importance and needs in applications of super-resolved detection and imaging if a
single particle can be trapped and manipulated accurately. However, it is difficult to achieve such trapping with
high precision in conventional optical surface-wave tweezers. Here, we propose and experimentally demonstrate a
new method to accurately trap and dynamically manipulate a single particle or a desired number of particles in
holographic optical surface-wave tweezers. By tailoring the optical potential wells formed by surface waves, we
achieved trapping of the targeted single particle while pushing away all surrounding particles and further dynami-
cally controlling the particle by a holographic tweezers beam. We also prove that different particle samples,
including gold particles and biological cells, can be applied in our system. This method can be used for differ-
ent-type optical surface-wave tweezers, with significant potential applications in single-particle spectroscopy,

particle sorting, nano-assembly, and others.
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1. INTRODUCTION

Through the momentum transfer between light and matter,
micrometer-sized objects can be trapped and manipulated by
optical tweezers [1-3]. Optical tweezers have advantages of
noncontact manipulation and high biological safety at proper
wavelength and therefore have been widely used in many fields,
including microphysics, spectroscopy, nanotechnology, and cell
biology [4-7]. Recently, researchers found that the accurate
manipulation of a single tiny object, such as single molecule/
cell/nanoparticle, is especially important in applications such as
single-particle Raman spectroscopy, light absorption by a single
particle, and quantum yield of a single nanoparticle [8], thus
showing great significance in the fields of material science,
molecular detection, biomedicine, and others. However, it is
difficult for traditional optical tweezers to precisely trap and
manipulate targeted single particles for two reasons. First, be-
cause the focal size in traditional optical tweezers cannot break
through the diffraction limit of about 1/2 (4 is the laser
wavelength); the large-size focal spot often traps a number
of particles in the focal region rather than a single particle.
Second, in many actual biomedical applications, since the living
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environment is often full of various types of biological samples
[9,10], trapping multiple samples in the focal region is inevi-
table, which could reduce the spatial resolution and detection
signal of the targeted single sample.

To break through the diffraction limit and generate a deep-
subwavelength focal spot, optical tweezers based on surface
waves, including evanescent wave [11-14], surface plasmon po-
lariton (SPP) [15-23], and Bloch surface wave (BSW) [24],
have been proposed for nanoscale particle trapping and
manipulation. These optical surface waves can produce en-
hanced electromagnetic hotspots far beyond the diffraction
limit, so that they are able to achieve a precise trap for not only
traditional microscale samples but also for various nanoscale
samples such as plasmonic nanoparticles, quantum dots, and
DNA/RNA molecules [20-23], thus showing promising appli-
cation in surface-enhanced Raman spectroscopy (SERS)
[13,17,19], DNA/RNA characterization [22,23], on-chip pro-
tein detection [25], and others. Although an optical surface
wave can generate deep-subwavelength hotspots and trap single
particles with a low concentration in the environment, such
single-particle trapping is not stable. For a long trap time, trap-
ping of multiple particles around the hotspot rather than single
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particles still often happens due to other effects such as thermal
convection [19-22] attracting the surrounding particles toward
the hotspot. In order to avoid the influences of these effects and
achieve single-particle trapping in surface-wave tweezers, in our
previous work, several methods have been proposed and stud-
ied, such as dual-wavelength SPP tweezers [17] and metalens-
based SPP tweezers [18]. In these optical tweezers, two types of
surface plasmon fields are excited, one of which can trap a single
particle, while the other can repel the surrounding particles,
thus guaranteeing single-particle trapping for both micro- and
nanoscale particles. Nevertheless, these methods have high re-
quirements in experimental systems such as two laser sources
with different wavelengths [17] or fabrication of metalens struc-
tures [18]; moreover, further dynamic manipulation of the
trapped single particle is difficult in these systems.

Here, we propose a new method to achieve both accurate
trap and dynamic manipulation of a single particle or a desired
number of particles with a holographic optical surface-wave
tweezers system. Through the design of phase holograms for
incident light, we separate the focal field of the objective lens
into two independent regions for tailoring the two excited sur-
face-wave fields, one of which generates a negative potential
well capable of trapping a single particle or a desired number
of particles, and the other forms a positive potential barrier re-
pelling all other particles around at the same time. Then, a re-
flective spatial light modulator (SLM) is used in our system to
realize fast switching of the designed phase holograms, so as to
dynamically control the generated potential well for the dy-
namic manipulation of the targeted single particle or particles.
In this work, for simplicity, we take the evanescent-wave tweez-
ers at the glass—water interface as an example for experimental
verification, show the single-particle trapping and dynamic ro-
tation of different samples such as metal/dielectric particles and
biological cells, and prove that the experimental results agree
with the theoretical studies of optical force and potential.
This method can also be used for other surface-wave tweezers,
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including SPP and BSW tweezers, and has great significance in
applications of Raman detection, cell sorting, nanoassembly,
and so on.

2. METHODS AND SAMPLES

A. Experimental Setup and Method

Figure 1(a) shows the experimental setup of our optical
tweezers system. A laser beam (MSL-FN-532-S, 400 mW,
Changchun New Industries Optoelectronics Technology
Co., Ltd.) with 532 nm wavelength first passes through a tele-
scope system to fit the back aperture of the objective lens and is
then modulated to linear polarization by using a 1/2 waveplate
and a polarizer (P). The polarization direction of the beam is
adjusted for the best response of SLM (PLUTO-2.1, 60 Hz,
HOLOEYE). After the SLM modulation, the beam passes
through a 4f system to relay the hologram plane to the back
focal plane of the objective, and the zeroth-order diffraction
beam from the SLM can be blocked by the diaphragm (D)
to avoid its influence on the optical tweezers. Then, the beam
enters the objective lens through a beam splitter and excites the
evanescent wave at the glass—water interface for the trapping of
particles. The experimental phenomenon can be recorded
through the collection of illumination by a CCD, and the filter
(F) is used to filter out the 532 nm laser.

The schematic of single-particle trapping by the system is
shown in Fig. 1(b), where a central evanescent-wave peak traps
a single gold particle, and a donut-shaped evanescent field re-
pels all other particles outward. To generate such dual evanes-
cent fields, the principle of the phase hologram design is
introduced in Fig. 1(c). It is well known that an evanescent
wave is excited when the incident angle is larger than the total
internal reflection angle (about 61.6° for the glass—water inter-
face here). According to the aperture size of the oil objective
(UAPON100x OTIRF, NA = 1.49, Olympus), the part of

the beam that is lower than the total reflection angle will be
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Fig. 1. (a) Experimental setup of the holographic evanescent-wave tweezers system. Abbreviations: D, diaphragm; F, filter (532 nm); L, lens; P,
polarizer; BS, beam splitter; RM, reflection mirror; SLM, spatial light modulator. (b) Schematic of single-particle trapping by using bifocal evan-
escent-wave tweezers. The central evanescent wave peak (red) can trap a single gold particle, while the donut-shaped evanescent wave (blue) repels all
other particles outward. Two red/blue color beams have the same wavelength of 532 nm. (c) Schematic of the phase hologram design. The hologram
contains 1080x1080 pixels. Two different annular holograms (Regions 1 and 2) are loaded on the SLM with different focusing phase combined with
blazed grating phase. The focal point of the incident annular beam is above/below the glass—water interface under the phase modulation of the
hologram in Region 1 (red)/Region 2 (blue), leading to inward (red)/outward (blue) propagation of excited evanescent wave at glass—water interface,
respectively. The part of the beam lower than the total reflection angle is filtered and thus not coded on the hologram.
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filtered; then, the part that is higher than the total reflection
angle is divided into two annular regions [Region 1 and
Region 2, as shown in Fig. 1(c)], which are modulated by
two independent ring-shaped phase holograms on the SLM,
respectively. Because the propagation direction of the excited
evanescent wave is determined by the position of laser focus
and the glass—water interface, the focal point of the beam from
Region 1 (red) is modulated by a hologram to the position
above the glass—water interface; thus, the excited evanescent
waves propagate inward and form a peak at the center to trap
a single particle or a desired number of particles. In contrast, the
focal point of the annular beam from Region 2 (blue) is
modulated by another hologram to the position below the
glass—water interface, so the excited evanescent waves propagate
outward and push the surrounding particles away from the
center. Different spherical wave phase distributions are loaded
in Regions 1 and 2 to, respectively, control the positions of the
two focal points in the vertical direction (z direction), and the
final loaded hologram on SLM should be combined with a
blazed grating phase for avoiding the influence of zeroth-order
diffraction on experimental phenomena.

Based on the TIR fluorescence (TIRF) oil objective with
NA = 1.49 used in the experiment, it could be calculated that
the range of incident angle is 0°~79.6°, and the range of total
internal reflection (TIR) angle is 61.6°~79.6°, which actually
determines the upper and lower limit on the position and width
of Regions 1 and 2 in the SLM. Because the SLM has a total of
1920 x 1080 pixels with pixel size of 8 pum, our hologram
[Fig. 1(c)] is designed to match the SLM with 1080 x 1080
pixels, and the corresponding size is 8.64 mm x 8.64 mm.
The phase modulation used in SLM is 8 bit. Taking the holo-
gram in Fig. 1(c) as an example (also used in the experiment
shown in Fig. 3), when the center point of the hologram is
chosen as the origin, the annular Region 1 has a radius range
of 438-540 pixels (corresponding to an incident angle range of
74°-79.6°), and Region 2 has a radius range of 375-437 pixels
(corresponding to incident angle range of 65°~74°); then, the
two modulated focal points are about 40 pm apart in the longi-
tudinal direction (by adjusting the spherical wave focus factor
of the two regions). It is noted that the maximum radius range
is 187-540 pixels for the design of both Regions 1 and 2, de-
pending on the TIR angle range of 61.6°~79.6° for excitation of
evanescent waves. Thus, the trapping (repulsive) force can be
flexibly controlled by changing the radius range of Region 1
(Region 2) in the hologram.

In addition to the single particle trapping capability, our sys-
tem can also trap a desired number of particles shielded from
any other surrounding particles. When only Region 1 is loaded,
the particles inside the generated evanescent field can be
trapped in the center of the field one by one. Once the desired
number of trapped particles is achieved, Region 2 will be loaded
together with Region 1 to prevent interference from other par-
ticles. Thus, the number of trapped particles is controllable in
our system. Moreover, the hologram of Region 1 can be com-
bined with a spiral phase to rotate the trapped particles and
even generate more complex dynamic operations for the
trapped particle by other structured light [26]. At the same
time, the hologram of Region 2 is kept so that the dynamic

manipulation of the central trapped particle would not be in-
fluenced by the surrounding particles. The speed of image
switching depends on the used SLM (60 Hz in our experi-
ment). Besides SLM, a digital micromirror device can generate
a complex optical field such as a perfect optical vortex [27]; it
can also be used to switch the hologram in our system but with
a much faster switching time (up to dozens of kHz).

B. Experimental Setup and Method

Samples and instruments used during sample preparation in-
clude gold particles (0.8-1.5 pum, Alfa Aesar Inc.), PS sphere
(1 pm, BaseLine ChromTech Research Centre), yeast (Angel
Yeast Co., Ltd.), staphylococcus (Shanghai Luwei Technology
Co., Ltd.), pure water (Green Q3 Deionized Pure Water
Machine, Nanjing Yipu Yida Technology Development Co.,
Ltd.), and ultrasonic cleaner (KQ5200DV, Kunshan
Ultrasonic Instruments Co., Ltd.).

Sample preparation methods are as follows. Gold particles:
use a pipette to suck a small amount of gold particles powder,
add pure water to 5 mL, and then sonicate for 15 min. PS
sphere: use a pipette to transfer 10 pL of PS sphere, add pure
water to 5 mL, and then sonicate for 15 min. Staphylococcus:
take about 10 pL of the strain, add pure water to 5 mL, stir
well, and then sonicate for 15 min. Yeast: take about
0.3 mg of staphylococcus, add pure water to 5 mL, and then
sonicate for 15 min.

3. RESULTS AND DISCUSSION

A. Theoretical Study of the Holographic Evanescent-
Wave Tweezers
In order to theoretically verify the effect of holographic evan-
escent-wave tweezers produced by the two designed holograms
in Fig. 1(c), we studied the electromagnetic field and Poynting
vector distributions of the evanescent wave excited at the glass—
water interface by using a 3D finite difference time domain (3D
FDTD) method (Lumerical FDTD Solutions 2020 R2.4) and
further calculated the optical force acting on a particle at differ-
ent positions in such a dual evanescent-wave field with the
Maxwell stress tensor method [28]. In FDTD simulation,
the refractive indices of glass and water are 1.515 and 1.333,
respectively, and the refractive index of gold particle is chosen
from Ref. [29]. The two annular beams modulated by the phase
holograms [Fig. 1(c)] are linearly polarized (along the x axis)
with 532 nm wavelength, and their incident angles are larger
than the total internal reflection angle after focusing, which is
consistent with the experimental conditions [Fig. 1(c)].
Figure 2(a) shows the electric field distribution at 10 nm
above the glass—water interface (XY plane) under the evanes-
cent wave excitation by the two annular focusing beams. It can
be observed that there is a strong peak in the center and a
weaker ring-shaped field around it due to interference from
the evanescent wave propagating inward and outward, respec-
tively, which is consistent with the desired field distribution in
the schematic diagram [Fig. 1(b)]. As a result, in Fig. 2(b), the
energy flow distribution also shows two annular regions with
opposite propagation directions. The black arrows indicate
the energy flow direction at each point of the field, clearly dem-
onstrating that the radial inward and outward directions of
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Fig. 2. (a) Normalized electric field distribution in the trapping
plane (10 nm above the glass surface). (b)—(d) Normalized energy flow
(Poynting vector) distribution under different incident energy ratios
from Regions 1 and 2 in the trapping plane. Black arrows indicate
the direction of energy flow at each point. The energy ratio of
Region 1 to Region 2 is 1:2 in (b), 1:3 in (c), and 3:2 in (d). (¢) The
horizontal force (red curve) acting on a gold particle (diameter = 1 pm,
10 nm above the glass surface) and the potential well (blue curve) as a
function of the distance of the particle from the center. The trap effect
exists in the red region, and the repulsion effect exists in the blue re-
gion. Point A with zero force indicates the boundary between the two
regions. The power of beam providing trap effect and repulsion effect
is about 1.33 and 2.56 mW, respectively. (f) The lower figure shows
the magnitude (background) and direction (black arrows) of the hori-
zontal force acting on the gold particle at different positions in the XY’
plane. The upper figure shows the profile of the corresponding poten-
tial well distribution in the XY plane.

energy flow in the two annular regions could lead to the trap-
ping and repulsive effects for the particles, respectively. The
trapping and repulsive effects can be further controlled by
changing the incident energy ratios of Region 1 and Region
2 in the hologram, as shown in Figs. 2(b)-2(d). Increasing
the width of Region 2 will enhance the annular beam energy
as well as the repulsive effect. As shown in Fig. 2(c), the energy
is mainly concentrated in the outer ring, which makes the out-
ward repulsive effect stronger. Conversely, increasing the width
of Region 1 will increase the annular beam energy for the trap-
ping effect. In Fig. 2(d), it can be seen that the energy is mainly
concentrated in the inner ring, which strengthens the inward
trapping effect. Due to the change in the energy ratio of the
two beams, the dark ring with zero energy flow between the

trapping/repulsive region could also be slightly zoomed in
and out accordingly.

In Fig. 2(e), the red curve plots the calculated negative (at-
tractive) and positive (repulsive) forces in the horizontal direc-
tion exerted on a gold particle located at different distance to
the center. Point A indicates the position with zero force, which
is the boundary between the trap effect and repulsion effect. In
other words, particles in the red region of Fig. 2(e) are trapped
in the center, and particles in the blue region of Fig. 2(e) are
repulsed, agreeing with the energy flow distribution [Fig. 2(b)].
We further study the corresponding trapping potential formed
by the optical force, which determines the stability of the op-
tical trap and can be calculated as U (ry) = - [0 F(r) - dr [30].
The traditional calculation of potential well U(ry) only in-
volves negative trapping force, so the integral range is from
infinity (the force F on the particle is regarded as 0) to
the position (distance 7, to the center), resulting in a trapping
potential well with negative value. However, there are both at-
tractive and repulsive forces in our case; here, the potential well
calculation is divided into two parts: for 1 in the repulsion re-
gion [blue region in Fig. 2(e)], the integral range is still from
infinity (¥, = 0) to the position r; for ¢ in the trap region
[red region in Fig. 2(e)], the integral range is selected from
Point A (F = 0) to the position ry. In Fig. 2(e), the blue curve
shows the result of the potential well calculated by the above
method. The disconnection at Point A is due to the boundary
between the positive and negative force. It can be found that the
positive potential in the repulsion region builds a wall to prevent
particles entering from outside, while the negative potential in
the trap region forms a well capable of trapping a single or a
desired number of particles. The depth of trapping potential well
is about -20K, 7" (K, is the Boltzmann constant, temperature
T = 300 K), which could overcome the Brownian motion and
satisfy the requirement of stable optical trapping [15].

To further visualize the effect of potential well and optical
force, in Fig. 2(f) we show the 2D optical force distribution in
the XY plane (lower figure) and the corresponding 3D profile
of potential well (upper figure). In the center region in the X'V’
plane, the inward propagation of focused evanescent wave leads
to an obvious force toward the center in all radial directions;
hence, the corresponding trapping potential presents a deep
negative potential well, as shown in the upper figure of
Fig. 2(f), causing the particles located inside the well to fall into
the bottom and be stable trapped. By contrast, in the outer
region in the XY plane, the repulsive force in all radial direc-
tions induced by the outward propagating evanescent wave cre-
ates a positive potential barrier, which works like an annular
wall excluding all particles outside. These theoretical results in-
dicate that the trapping potential well in evanescent-wave
tweezers can be flexibly tailored by our method to achieve
single-particle trapping. Furthermore, the trapping potential
well in the central region can be adjusted by changing holo-
grams to produce more dynamic manipulation effects on the
trapped particles.

B. Experimental Verification of the Holographic
Evanescent-Wave Tweezers

To verify the above theoretical studies, we carried out the
experiments [system as shown in Fig. 1(a)] and obtained the
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results as presented in Fig. 3. In experiments, the dynamic
behaviors of gold particles in three different cases of evanescent
fields were studied. In the first case [Figs. 3(al)—-3(a3)], only the
annular beam modulated by Hologram 1 [red in Fig. 1(c)] is
incident; the particle trajectory results show that all particles
located in the evanescent wave field are attracted toward the
center and finally trapped at the center, verifying the expected
trap effect of the inward-propagating evanescent waves. Then,
in the second case [Figs. 3(b1)-3(b3)], only the beam modu-
lated by Hologram 2 [blue in Fig. 1(c)] is incident; the particles

y (um)

Y (um)

y (um)
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Fig. 3. Experimental manipulation of gold particles (diameter: 0.8—
1.5 pm) using the holographic evanescent-wave tweezers. (al) The
trajectory (colorful curves) of multiple particles in the evanescent wave
field generated only by Hologram 1 [red in Fig. 1(c)], and the image at
the beginning (a2) and end (a3) of the trajectory record. Yellow cross
indicates the central optical axis, and the white arrows in (a2) show the
movement direction of particles. (b1)—(b3) are similar to (al)—(a3) but
with the evanescent wave field generated only by Hologram 2 [blue in
Fig. 1(c)]. The black dashed circle represents the boundary of the re-
pulsive evanescent wave field. (c1)—(c3) are similar to (al)—(a3) but
with the evanescent wave field generated by both Hologram 1 and
Hologram 2. The white arrow in (c2) indicates that the single particle
trapped in the center was moved to the right side. The power of the
incident beam (measured at the rear aperture position of the objective
lens) in (a), (b), and (c) was 2.04, 1.8, and 3.84 mW, respectively. All
white scale bars: 5 pm.

gathered in the central region are rapidly (about 3 s) repelled
away from the center by the ring-shaped outward propagating
evanescent waves, proving the expected repulsive effect. In this
process, the particles located in the center will first be attracted
to the vicinity of the excited annular evanescent-wave field by
the optical gradient force; then, they will be repelled to the out-
side by the strong scattering force according to the energy flow
(Poynting vector). Thus, all particles were immediately repelled
out of the boundary of the potential barrier generated by
Hologram 2 and prevented to enter from outside. When the
focus of the beam from Region 2 is close to the glass—water
interface, the repulsive potential barrier can reach the mini-
mum size that is close to the focal spot of the excited evanescent
wave. Since the evanescent wave can break through the diffrac-
tion limit and generate a subwavelength focal spot, in theory,
the minimum size of the repulsive wall can also break through
the diffraction limit.

When the two effects are combined [Fig. 3(c)], we can
achieve the single-particle trapping in the center and simulta-
neously exclude all the surrounding particles from the potential
barrier (dashed circle) during the process (about 20 s) of mov-
ing the trapped single particle to the right. Figure 3(c1) presents
the corresponding trajectory diagram of the process, which
clearly shows that the trajectory of the trapped single particle
is always near the central optical axis (yellow cross), but all the
surrounding particles are blocked by the potential barrier
(dashed circle region). The experimental videos of the above
three cases are shown in the Visualization 1, Visualization 2,
and Visualization 3. These experimental results are consistent
with the theoretical prediction, which proves that our method
can effectively achieve single-particle trapping.

Because the penetration depth of most optical surface waves
is only a few hundred nanometers, our method is only suitable
for trapping and manipulation of particles in a 2D plane; other
particles in water may enter the trap from above. Although we
cannot prevent a particle entering the trap from above, we can
still push the particle away by modulating Region 2 of the holo-
gram in the SLM just as shown in Figs. 3(b2) and 3(b3).

Although our method can be applied to both micro- and
nanoscale particles, it is difficult to clearly observe nanoparticles
in our experimental system; therefore, we chose the particles
with 0.8-1.5 pm in diameter, whose size is larger and thermal
motion is weaker, to clearly show the experimental results and
also prove its application in biological cells in the microm-
eter range.

C. Single-Particle Trapping of Dielectric and
Biological Samples

Besides metallic particles, the single-particle trapping effect can
also be achieved for other samples such as dielectric particles
and biological cells in our holographic evanescent-wave tweez-
ers system. Figure 4(a) shows the theoretically calculated optical
force and potential well distributions for a polystyrene bead in
the XY plane, which is similar to the result of gold particles in
Fig. 2(d). Figure 4(b) shows the experimental process of a single
polystyrene bead (diameter: 1 pm) trapped in our system and
moved to the left simultaneously. During the process, it can be
found that other beads randomly moved toward the center but
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Fig. 4. (a) Lower figure shows the calculated magnitude (background) and direction (black arrows) of the horizontal force acting on a polystyrene
bead at different positions in the X'V plane. The upper figure shows the corresponding profile of potential well distribution of the polystyrene bead in
the XY plane. The diameter of polystyrene bead is 1 pm; the refractive index is 1.5983. (b) Experimental video recordings of a single polystyrene
bead trapped in the center and moved to the left simultaneously (white arrow at 0 s). Other polystyrene beads randomly moved toward the center but
then were bounced off by the potential barrier (white dashed circle). Diameter of polystyrene bead: 1 pm. (c) Experimental video recordings of a
single staphylococcus trapped in the center and moved to the left. Another staphylococcus randomly moved toward the center but then was bounced
off by the potential barrier (white dashed circle), whose trajectory is given by the black dashed curve. Diameter of staphylococcus: 1 pm. The power
of the incident beam in (b) and (c) was 7.5 and 3.3 mW, respectively. All scale bars: 5 pm.

then were bounced off by the repulsed potential barrier (white
dashed circle in the figure).

For many biomedical researches, it is desirable that a single
biological cell could be trapped [7,31]. Figure 4(c) shows the
experimental process of a single staphylococcus trapped in our
system and moved to the left simultaneously. It can be observed
that, during the process, another outer staphylococcus ran-
domly moved toward the center but then was bounced off
by the repulsed potential barrier, proving the ability of our sys-
tem in trapping single biological samples. The experimental
videos of Fig. 4 are shown in the Visualization 4 and
Visualization 5.

In fact, when the concentration of particles is low (e.g., only

observation of cell physiological activities), randomly moving
particles could also be captured and thereby interfere with
the experiment. In contrast, our proposed method can stably
trap single particles or a desired number of particles undis-
turbed by surrounding particles, even with a high concentra-
tion of particles in the environment and a trap time as long
as the laser continues to work.

D. Dynamic and Undisturbed Manipulation of
Trapped Samples

Benefiting from the fast switching functionality of an SLM,
we further developed a dynamic trapping and manipulation
approach to the aforementioned system by loading various

one particle in the field of view), the traditional optical surface
wave tweezers can indeed trap a single particle, but such
single-particle trapping is not stable. In the case of a long trap
time required for applications (such as drug experiments and

holograms onto an SLM. Figure 5(a) shows the time diagram
of two trapped particles moving to the right, while a spiral
phase (topological charge of 10) is added to Hologram 1
[Fig. 1(c)] to rotate the trapped particles by the orbital angular

: N v = N
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Fig. 5. (a) Schematic (left) and experimental video recordings (right) of two trapped gold particles in the center rotated anticlockwise by the
orbital angular momentum of incident beam and moved to the right (white arrow at 0 s) at the same time, while the surrounding particles were
repelled by the potential barrier (white dashed circle) during the process. The black arrows indicate the motion direction of trapped particles.
(b) Schematic (left) and experimental video recordings (right) of two trapped yeasts rotated anticlockwise by the orbital angular momentum
of incident beam, while the surrounding yeast was repelled by the potential barrier (white dashed circle) during the process. The black arrows
indicate the motion direction of trapped yeasts. The power of the incident beam in (a) and (b) was 3.75 and 23 mW, respectively. Diameter
of yeast: 2.5-4 pm. All scale bars: 5 pm.
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momentum of incident light beam [32]. It can be seen that the
two trapped particles rotated in a counterclockwise direction,
and the particles outside the trapping region were always re-
pulsed during the process. To verify the dynamic and undis-
turbed manipulation of biological samples, in Fig. 5(b) we
show the time diagram of two trapped yeasts rotating counter-
clockwise, with the topological charge of 20 to match the larger
size of yeast. The experimental videos of Fig. 5 are shown in the
Visualization 6 and Visualization 7.

In this system, the direction, speed, and diameter of the par-
ticle rotation can be further modulated by changing the topo-
logical charge of the incident beam as in previous reports
[26,32]. All these operations can be dynamically controlled
by the SLM with designed holograms in advance. In addition,
it is noted that the circular repulsive region (white dashed circle
in Figs. 4 and 5) can be enlarged or reduced by changing
Hologram 2 [Fig. 1(c)]. However, to obtain a larger repulsive
region, higher power of the incident beam is required to pro-
duce enough repulsive force.

Besides the rotation of a trapped sample, many other types
of manipulation can be implemented by switching different
holograms in SLM of our holographic evanescent-wave tweez-
ers system. Different structured lights can be generated in our
system to achieve multipoint trapping [33] or move particles
along a specific trajectory [34]. Dynamic control of trapped
particles is important in various applications such as SERS
detection [35], viscosity measurement [36], and tomographic
imaging [37] based on optical tweezers. These results also dem-
onstrate our method’s potential in many biological applications,
such as monitoring the tumor cells’ apoptosis progression [38]
and the drug resistance of lung cancer cells [39]. Our single-
particle trapping method can also play an important role in sin-
gle-cell Raman detection [40,41], which enables detecting rich
and intrinsic information of the targeted cell and prohibits in-
terference from other biological samples in a complicated envi-
ronment. To distinguish the Raman signal of the trapped single
cell from other cells, in addition to the laser beam for single-cell
trapping, an additional incident beam with different wave-
lengths can be used to excite the Raman signal of the trapped
single cell, as in our previous work [17].

4. CONCLUSION

In conclusion, we proposed a new method to achieve an accu-
rate trap and dynamic manipulation of a single particle or a
desired number of particles in a holographic optical surface-
wave tweezers system. The specific method is to design differ-
ent phase holograms for incident light, so as to control the
surface wave excited by an objective lens and tailor the optical
potential wells for particle manipulation. For single-particle
trapping, a deep potential well is generated by focusing surface
waves to trap a single particle, while another potential barrier is
formed to repel the surrounding particles. For dynamic
manipulation of trapped particles, the fast switching of holo-
grams on an SLM is used to dynamically control the optical
force and potential well, so as to achieve dynamic manipulation
such as rotation of particles. It is also proved that this system is
effective for biological samples such as staphylococcus and

yeast. All experimental results agree with the theoretical
predictions.

Although here we use microparticles for clear observation, it
should be noted that our method can also be applied to trap
nanoparticles. Many previous works have proved nanoparticle
trapping by using optical surface waves, for example, manipu-
lating gold nanoparticles to move along a waveguide using
evanescent waves [42,43], as well as dynamic manipulation
of nanoparticles using SPP [44]. In our previous work of
single-particle trapping, the particles with a radius of 100 nm
were also used [17]. When our method is applied to nanopar-
ticles, the main problem is that the Brownian motion of small
particles is more intense. To limit the movement of the trapped
central particles, it is necessary to accurately modulate the range
and intensity of the central light field and make the central trap-
ping potential well as small and deep as possible. In addition,
we can also consider adding a thermoelectric effect [45] to fur-
ther reduce the heat-induced Brownian motion of particles and
improve the trapping stability.

In addition to evanescent waves, it should be noted that this
method can also be used for other optical surface waves such as
SPP [15] and BSW [24]. For the excitation of SPP and BSW,
the incident angle should be precisely tuned to the resonant
angle, and the incident polarization state should be modulated
to radial and angular polarization, respectively. These excitation
requirements can be achieved by converting the incident beam
into a perfect radially/azimuthally polarized beam, as shown in
our previous works [24,46]. It has great significance in many
applications, including single-particle spectroscopy, cell sorting,
nano-assembly and so on. Besides controlling the optical force
and potential well, this method has the potential to regulate the
light-induced thermal field in solution and thus be applied in
opto-thermoelectric nanotweezers, thermophoresis technique,

and so on [45,47,48].
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