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ABSTRACT: We present a noninvasive platform that combines the near-field optical gradient force from a nonradiating anapole
nanoantenna with a diffusiophoretic force to achieve nanoscale particle transportation, trapping, and manipulation. Our approach
utilizes a-Si-based nanocylinder supporting optical anapoles and serves as a nanoscale heat source at visible wavelengths, resulting in
the generation of a diffusiophoretic force that enables the precise manipulation of nanoscale particles. These manipulations are
performed in a water medium containing 10% poly(ethylene glycol) polymer molecules. Through experimental demonstrations, we
successfully transport and manipulate a 300 nm PS bead on anapole arrays spaced at 2, 3, and S ym, using a low laser intensity of 0.2
mW/um®. The synergistic integration of the optical gradient force and the photothermally induced diffusiophoretic force holds
immense potential for advancements in nanoscience and life science by providing the means to exert control over nanosized objects.
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B INTRODUCTION nanoscale particles using low-intensity illumination. To
overcome the diffraction limit of the laser, plasmonic-based

Dynamic manipulation of a nanoscale particle is crucial to i i
nanoantennas have been devised as a solution to enhance the

implement i licati h heol !
p various applications such as nanorheology,

quantum photonics, and biophysics. For example, by studying near ﬁelsd intensity gradient, enabling to trap nanoscale
the motion of a nanoscale particle within a medium, the particles.” The localized surface plasmon resonance, which is
nanorheology offers the capability to investigate the properties a collective oscillation of electrons on the metal’s surface, can
of the medium such as surface tension, viscosity, elasticity, and compress the wavelength well below the diffraction limit,
relaxation times. In the field of quantum photonics, one of the thereby supporting a narrower potential well that can be
challenges faced is the precise positioning of quantum dots in a utilized for trapping nanoscale particles. Despite the locally
manner that maximizes the interaction between light and enhanced electric field provided by the plasmonic nano-
matter, thereby enabling the integration of a quantum source antenna, the inherent Ohmic loss leads to photothermal-
into a photonic nanobeam cavity.” On the other hand, in the induced local temperature rise in the vicinity of the

realm of biophysics, the manipulation of a double-stranded
DNA-linked micro- or nanobead holds significant biophysical
interest, encompassing areas such as DNA elasticity, protein
folding, and RNA folding.s’4 Since then, the optical tweezer, a
revolutionary tool that utilizes focused laser beams to trap and
manipulate microscopic particles with precision, has been
invented and widely adopted. Unfortunately, the width of the
potential well generated by the conventional optical tweezer is
limited to half of the wavelength, which corresponds to the
scale of the diffraction limit of the laser. This limitation
presents a challenge when attempting to trap and manipulate

nanoantenna.®”’ As a result, the particles within the medium
experience buoyancy-driven thermal convection® or positive
thermophoresis® occurring within the fluid-containing me-
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Figure 1. Designed array of anapole nanoantenna and the result of electromagnetic simulation. (A) Illustration of the designed anapole array with
fluorescence labeled nanoparticles. (B) SEM image of fabricated anapole with a double nanohole aperture. (C) Distribution of electric field
enhancement along the XY plane, at 27.5 nm above the glass substrate. (D) Distribution of electric field enhancement along the XZ plane, at the
middle of the anapole disk on the glass substrate. (E) Simulation results of scattering cross-section and the electric field enhancement that the

designed anapole can support.

dium. Positive thermophoresis exerts body forces away from
high temperatures toward low temperatures, thereby hindering
stable particle trapping at the plasmonic hotspots. The rise in
the local temperature poses an obstacle to effectively trap and
accumulate particles in the microfluidic channel. However,
recent studies in the literature have begun to explore the
utilization of thermal effects within the microfluidic channel to
serve as a key component for particle trapping and
accumulation.””"® Liu et al. have demonstrated the size-
dependent enrichment of extracellular vesicles by optimizing
various factors, including the chamber height, thermophoresis,
diffusion, and buoyancy-driven toroidal convection.'® In a
demonstration by Jiang et al, the thermophobic and
thermophilic behavior of particles was studied using an
aperture incorporated with double nanoholes.'” This study
compared the stiffness of the trapped particles in different
surfactant-dissolved media.

Here, we propose a method to trap, transport, and
manipulate a single nanoscale particle in a poly(ethylene
glycol) (PEG)-containing solution using a nonradiating
anapole nanoantenna. The optical anapole is a state of
multipoles, characterized by the presence of electric and
toroidal dipole moments, in which the radiation from these
moments is effectively canceled out due to their closely
matched radiation patterns and opposite phase conditions.'*~
*! This results in the trapping of light inside the supporting
structure. In this study, our proposed platform for transporting
and trapping nanoscale particles is to use the optical anapole in
a PEG dissolved water medium. Under the illumination of 532
nm in wavelength, the anapole nanoantenna exhibits an
enhanced electromagnetic field between the double nanoholes,
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which makes the electric field accessible to the medium and
suspended particles. Since silicon is lossy at visible wave-
lengths, optical anapole enhances the absorption, thus making
the anapole disk serve as a localized heat source. The induced
thermal gradient causes the PEG molecules to experience a
thermophoretic force directed from hot to cold, i.e,, a repulsive
positive thermophoresis drift due to the positive Soret
coefficient of PEG molecules. In the steady state, a
concentration gradient of PEG molecules is established and
the spatial concentration can be calculated by solving the time-
dependent equation given by
Ieprg

PEG
= V-( = DpggVepse — St DppgeprcVT), where the

Cpgy Dpgc, and STF€ are the concentration of PEG, diffusion
coefficient of PEG, and Soret coefficient of PEG, respectively.
Near the anapole nanoantenna, where the temperature is
relatively high, the local concentration of PEG decreases, since
the thermophoretic force repels the PEG to the cold region.
While far from the anapole nanoantenna, the PEG
concentration is comparable to the original concentration.
The spatial depletion of PEG concentration makes the target
particles experience the diffusiophoretic force, which is toward
the center of the anapole nanoantenna. The rest of the article
describes the theoretical design and experimental validation to
address the tweezing and manipulation of nanoscale particles.

B SIMULATION RESULTS

The strategy for trapping and manipulating nanoscale particles
involves utilizing diffusiophoresis in conjunction with the near-
field gradient force generated by an anapole nano disk. In this
approach, an amorphous silicon (a-Si)-based nanodisk serves

https://doi.org/10.1021/acsphotonics.3c00983
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Figure 2. Simulation result of the local temperature distribution with a spatial distribution of PEG molecules. (A) Distribution of thermal
simulation under 10 mW power with a spot diameter of 8 ym. The results of the thermal simulation show that the maximum temperature rise is
approximately 8 K along the XY plane. (B) Distribution of PEG concentration along the XY plane, S0 nm above the anapole disk’s surface. (C)
Distribution of the thermal map and PEG concentration along the XZ plane, showing spatial depletion of PEG concentration where the local

temperature increases.
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Figure 3. Diffusiophoretic force calculation. (A) Map of diffusiophoretic force along the XY plane shows that the force is toward to the center of
the anapole nanoantenna. (B) Map of diffusiophoretic force along the ZY plane. (C,D) Calculated diffusiophoretic force and the potential along the
X, Y direction as marked by blue and yellow dot line in (A). (E) Calculated diffusiophoretic force and potential along the Z direction are marked by

a white dot line in (B).

to support an anapole at a wavelength of 532 nm. When
illuminated with a laser at this wavelength, the a-Si disk
induces localized temperature rise in the surrounding water
medium due to its nonzero imaginary part of refractive index
(see Figure S1 for details). In order to facilitate the access of
the enhanced electric field to the medium, a double nanohole
(DNH) aperture is created at the center of the a-Si based
nanodisk. Also, we have studied the effect of the periodicity of
the anapole array on the ability to trap particles and manipulate
the position of single particles by varying the center-to-center
spacing of the anapole array.

Figure 1A provides an illustration of our proposed system,
depicting an array of silicon nanodisks with drilled DNHs. The
green sphere represents a fluorescence-labeled nanoparticle
that is trapped on top of the anapole nanoantenna through the
combined effects of diffusiophoresis and the optical gradient
force generated by the anapole state. The parameters of the a-
Si nanocylinder, including its height and radius, were
investigated through a parameter sweep. Finally, we
determined the optimal values to be S5 nm for the height
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and 215 nm for the radius, while the gap size of the DNH
structure was set at 45 nm, with each hole having a radius of 50
nm. The scanning electron microscopy (SEM) image of the
fabricated sample is shown in Figure 1B, showing the 2 um
spacing between nanodisks. Figure 1C,D shows the distribu-
tion of electric field on the optimized radius and height of
nanodisk along the XY and XZ planes. The electric field is
confined and enhanced inside of double nanoholes. The local
electric field is boosted by approximately eight times due to the
anapole state, and the scattering is suppressed at the 532 nm
wavelength, as described in Figure 1E. Under the illumination
of 532 nm incidence, the anapole nanoantenna not only
exhibits an enhanced electric field but also acts as the local
temperature emitter.

The result of thermal simulation shows that the anapole
antenna induces the local temperature rising under 532 nm
illumination along the xy plane, as shown in Figure 2A. The
locally induced temperature rise decay spatially away from the
anapole nanoantenna, and the maximum temperature rising is
estimated to be ~8 K under 0.2 mW/um? intensity of laser.
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Figure 4. Particle trapping experiments. (A) 300 nm PS bead trapping experiment shows that the diffusing particle is trapped on the anapole
nanoantenna. (B) Scatter plot shows the particle’s trajectory when the particle is trapped on the anapole nanoantenna. The highest estimated
stiffness along the x- and y-axis are 1.97 and 1.72 fN/nm under 0.2 mW/um? incident laser intensity, respectively. (C,D) Histogram of the trapped
particle’s position under 0.2 mW/um” incident laser intensity along x and y direction, respectively. The red curve is the Gaussian fitting to estimate

the trap stiffness.

The heat dissipation density was calculated by Q = %Re(]*f)

where E is the electric field and ] is the induced current density
(see Figure S2 for details). After the local temperature gradient
is established from the origin of the anapole nanoantenna, PEG
molecules start to undergo a force toward the cold region from
the hot region following the temperature gradient due to the
inherent positive thermophoretic force. We can calculate the
distribution of PEG molecules by solving the time-dependent
equation given by

dc{;’% = V-( = DpgcVeppg — SvDppacppcVT), where the

Cprgy Dprg, and S¥EC are the concentration of PEG, diffusion
coeflicient of PEG, and Soret coefficient of PEG, respectively
(see S3 for details). Near the anapole nanoantenna, where the
temperature is high, the local concentration of PEG decreases
since the thermophoretic force repels the PEG to the cold
region. Figure 2B,C shows the spatial distribution of PEG
molecules along the XY and XZ planes in the steady state. The
initial concentration of the PEG molecule is 10%, which is the
same value used in the experiments. The concentration
distribution reveals spatial contrast, with PEG molecules
exhibiting a variation ranging from 10 to 8.8%. The simulation
result shows the gradient of the concentration, and the local
depletion of PEG concentration makes the nanoparticles
experience the diffusiophoretic force, which is toward to the
center of anapole nanoantenna.

The concentration gradient of PEG pushes the biocolloidal
particle toward the region with low PEG concentration
following the diffusiophoresis. Diffusiophoretic force can be
calculated by F = 37maDSy VT o ac,, VT, where a is the
particle diameter, # is the viscosity of fluid medium, D is the
Brownian diffusion coefficient, S; is the effective Soret
coefficient of target particles, and cpg is the PEG
concentration”” (see Figure S4 for details).

Calculation indicates that the 300 nm particle can be
transported to the center of the anapole nanoantenna with the
assistance of diffusiophoresis, as described in Figure 3A,B.
Figure 3A depicts the diffusiophoresis map above the XY plane
at a height of 100 nm with the force generated by the
temperature gradient (VT). The calculated maximum force is
approximately 3.1 pN for a 300 nm particle, with the force
directing toward the region of higher temperature. In Figure
3B, the calculated force along the XZ-plane is mapped, causing
the 300 nm particle to be pushed downward toward the
nanoantenna region. Additionally, the diffusiophoretic forces
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and potential along the X and Y directions are calculated for a
300 nm polystyrene (PS) particle positioned 100 nm above the
substrate. The maximum force along the X and Y directions is
approximately ~1.4 pN, pointing toward the center of the
anapole. The calculated potential reveals a value of ~ —12§
kgT, significantly higher than —1kgT, indicating the likelihood
of stable particle trapping. Furthermore, the calculation of
force and potential along the Z-direction is presented in Figure
3E. The position of the 300 nm particle is parametrically swept
from 250 nm above the substrate to 5000 nm. As the particle
gradually moves away from the DNH, the force in the Z-
direction (Fz) decays, suggesting that the trapped particle
should remain confined close to the surface of the anapole disk.

B EXPERIMENTAL RESULTS AND DISCUSSION

Single Particle Trapping. The colloidal nanoparticle
experiences two forces: the optical force generated by the
near field excited in the anapole and the diffusiophoretic force
arising from the local depletion of PEG in the solution. The
optical force can be estimated by using the Maxwell stress
tensor method, which can be performed using commercially
available Lumerical software. However, it is important to note
that the optical force exerted by the near field from the anapole
is relatively insignificant compared to the diffusiophoresis
(refer to the Figures SS and S7 for more details). The
experimental results demonstrate that a 300 nm PS bead can
be stably trapped under a 532 nm laser with a power of 10 mW
and a spot size of 8 ym in diameter by using a S ym spacing of
the anapole array (refer to Video S1 and Figure 4A).

Initially, the particle undergoes Brownian motion within the
microfluidic channel. As the particle enters the region where
the diffusiophoretic force becomes significant, the PS bead is
transported to the top surface of the anapole, where the local
temperature increase is the highest. The scatter plot in Figure
4B displays the position of the particle, demonstrating tight
trapping under a laser intensity of 0.2 mW/um”. The PS bead
is predominantly confined to the center, and the X and Y
positions are depicted in Figure 4C,D as a histogram. A red
line in Figure 4C,D represents the Gaussian fitting, allowing for
the determination of the full-width and half-maximum to
estimate the stiffness. The extracted stiffness along the x and y
directions is determined to be 1.97 and 1.72 fN/nm,
respectively, after correcting the effect of motion blur (see
Figure S6 for details).
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diffusiophoretic force on S0 nm above the anapole’s surface along the XY plane. (D,E) Calculated diffusiophoresis and potential along the X and Y

direction, marked by a green and yellow dot line in Figure 6C.

Multiparticle Trapping. Subsequently, we conducted
experiments to simultaneously trap multiple particles by
using a 3 ym spacing of the anapole array. In Figure SA, a
continuous sequence of video frames demonstrates the

successful trapping of multiple particles by the system (refer
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to Video S2). By focusing a 10 mW laser on the substrate with
an 8 pm spot size in diameter, we observed the migration and
tweezing action of fluorescence-labeled 300 nm PS beads.
Additionally, both the thermal simulation and the fore
calculations were performed based on a 2 by 3 array of
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anapoles. As we expected, the collective heating effect”” makes
the temperature further increase, compared to the result of a
single structure, as previously described in Figure 2A. In
addition, the diffusiophoretic force was also calculated,
revealing that the direction of the force is toward the region
where the local temperature increases, as depicted in Figure
SC. The forces along the X and Y directions, indicated by a
green and yellow dotted line in Figure SC, are further clarified
in Figure SD,E. By performing line integration along the X and
Y directions, the diffusiophoretic potential was determined, as
illustrated in Figure SD,E. The potential well is found to be
lower than —150 kgT, and a number of potential minima,
totaling 2 and 3 along the X and Y directions, respectively,
align with the number of anapole nanodisks present.
Manipulation of Particles. Additionally, to validate the
manipulation capability of a 300 nm PS bead within our
proposed system, we prepared a 2 ym spacing of an anapole
array, as depicted in Figure 6A and Video S3. By moving the
position of a laser spot across the anapole array, we observed
the particle’s behavior in relation to the laser spot. The 532 nm
laser spot had a diameter of approximately 8 ym, and we
observed the migration of a single particle, ultimately leading
to its trapping on one of the anapole nanodisks. When we
shifted the laser spot to another location, the particle exhibited
migration toward the respective anapole. The particles tend to
get trapped at the anapole nanoantenna located near the
circumference of the laser beam. This is because the first
potential that the particles encounter after being transported
by the diffusiophoretic force is provided by the outer anapole
antenna. Figure 6A presents a sequence of video frames
showcasing the dynamic manipulation and tweezing action of a
single particle. Using the 2 ym spacing of the anapole array, we
conducted thermal simulations and force calculations, as well
(Figure 6B,C). The collective heating effect led to a further
increase in temperature compared to the 3 um spacing case
with a temperature rise of approximately 12 K along the XY
plane (Figure 6B). The diffusiophoretic force analysis revealed
that the particle experienced a force toward the center of the
anapole nanodisk (Figure 6C). The 2 um spacing, which is
comparable to the width of the diffusiophoretic potential,
facilitated easy manipulation of the 300 nm particle, following
the direction of diffusiophoresis. The force and potential plots
are depicted in Figure 6D,E. Notably, due to the 2 ym spacing
between the nanodisks, a finger-shaped potential well was
formed, resulting in a decrease in local potential magnitude
compared to that of a single structure or a 3 ym spacing array.

B CONCLUSIONS

In summary, we have proposed and experimentally demon-
strated a method for particle trapping and transportation at
predefined sites by using a low-intensity laser (0.2 mW/um?).
Our approach leverages the local depletion of PEG molecules
to induce diffusiophoresis, enabling efficient particle trapping
and transportation. Furthermore, by engineering the spacing
between the anapole array, we have achieved the simultaneous
trapping of multiple particles and dynamic manipulation of
particles to other intended locations. We strongly believe that
our anapole system has significant potential in facilitating the
precise positioning and manipulation of nanoscale particles.
This system holds promise in various fields such as quantum
photonics, nanorheology, and biophysics, offering new
opportunities for advanced research and applications.
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