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Abstract: Optically controllable delivery of microparticles
excites interesting research and applications in various
fields because of the noninvasive and noncontact features.
However, long-distance delivery with a static low-power
light source remains challenging. Here, the constant-force
photonic projectile (CFPP) is employed to achieve long-
distance delivery of microparticles with a low-power laser
beam. The CFPP takes advantage of photon absorption
to create a constant optical force within a large range,
surpassing traditional tweezers. The concept of CFPP has
been experimentally corroborated by remote control over
micrometer-sized absorptive particles (APs) using a sim-
ple tilted focused beam. At the laser focus, strong pho-
ton absorption results in a large constant optical force
that ejects the APs along the optical axis. Furthermore, the
additional thermal convection field, which attracts parti-
cles from a distance into the working range of the CFPP, is
utilized to collect the unbound APs for reuse. Finally, we
demonstrate the concept of drug delivery by transporting a
small microparticle onto a host particle at a remote location.
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1 Introduction

The ability to manipulate particles, especially for particle
delivery, has fostered researches in materials science, nan-
otechnology, and biomedical engineering and has also pro-
vided the possibility for precise drug delivery and targeted
therapy [1], [2]. Diverse approaches using externally con-
trolled stimuli have been proposed for particle delivery,
such as dielectrophoresis [3], magnetophoresis [4], acous-
tic pressure [5], optical force, and hydrodynamic force
[6]. Among these approaches, optical methods are particu-
larly popular due to their remote and noncontact feature.
Many optical techniques, such as waveguides [7], [8], opti-
cal microcavities [9], and plasmons [10], [11], have been
developed for the dynamic delivery of particles. However,
these technologies rely on prior fabrication of nanostruc-
tures, leading to a lack of simplicity, flexibility, and con-
tinuity in the control of the delivery distance and direc-
tion. Optical trapping is a tool with remote and noncon-
tact operation, and single-particle manipulation precision
[12]. The use of piezoelectric devices, such as piezoelectric
mirrors [13] and acousto-optic deflectors [14], could help
optical tweezers to trap and deliver the particles but require
mechanical complexity [13]-[15]. Purely optical methods
have been proposed for flexible particle delivery using ellip-
tical beams [16], Bessel-like beams [17], and complex three-
dimensional (3D) spatially structured beams [18]. Specifi-
cally, the self-accelerating Airy beam can clear the parti-
cles in a certain quadrant [19]. However, the particles can
only be transported within the limited Rayleigh range of
the tightly focused beam because the momentum of par-
ticles originates from the transfer of photon momentum.
Long-distance transport requires a high-power laser to pro-
vide energy, which has low energy efficiency and risk of
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photodamage on living organisms. Therefore, it is necessary
to investigate a method that achieves long-distance optical
delivery of particles at low power.

On the other hand, heat-mediated optical manipula-
tion has widespread application in various fields due to
its versatile manipulation capabilities, lower power con-
sumption, and minor photothermal damage [20]. Such tech-
niques for manipulating particles take advantage of the
synergistic action of optical forces and various flow field
forces, such as Marangoni convection [21], evaporative flow
[22], and electro-thermo-plasmonic flow [23]. Among these
flow fields, thermal convection has been widely applied
for the large-scale assembly of colloidal particles [24]—-[26]
and the rapid transport of objects toward the plasmonic
trapping sites [27]-[29] due to its long working range [30].
Recently, the synergistic effect of thermal convection force
and thermophoresis suggests interesting oscillatory motion
of microparticles, which may excite advanced biophotonic
applications [31]. The thermal convection force originates
from the laser heating of a gold film, whose primary func-
tion is to pull particles away from the hot spot backward.
However, there have been few reports regarding the use of
thermal convection for single-particle delivery.

In this paper, we propose a constant-force photonic pro-
jectile (CFPP) and have demonstrated its capability for tar-
geting the delivery of microparticles using a tilted focused
beam. Near the focus, a constant optical force generated
by photon absorption ejects the particle along the beam
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propagation direction. In addition, the direction and dis-
tance of particle delivery can be flexibly controlled by
simply adjusting the tilt angle of the optical axis and the
laser power. Furthermore, the additional thermal convec-
tion force is introduced to collect the particle through a
round-trip delivery. This is done by creating a local temper-
ature gradient through resonant plasmonic heating. When
the microparticles move out of the range of optical force,
thermal convection force will pull the microparticles back
into the beam center. Finally, we demonstrate the concept
of drug delivery by transporting the microparticles and
adhering them to the surface of a larger polystyrene (PS)
particle as the target. The proposed CFPP scheme offers
the advantages of flexible control, good stability, low power
consumption, and long-distance delivery; therefore, it has
broad potential in various applications, such as drug deliv-
ery or cellular manipulation.

2 Results and discussions

2.1 Principle of constant-force photonic
projectile

A tilted beam illuminates the microparticle, whose
motion can be classified into four phases under the CFPP
(Figure 1(a)). In Phase I, the microparticle is attracted to the
beam center due to optical gradient force. In Phase II, the
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Figure 1: Principle of CFPP. (a) Schematic description of photonic projectile in the x-z plane. The colored arrows indicate the moving trajectory

of the microparticle, including attraction (Phase I: purple), ejection (Phase II: red), translation (Phase III: green), and settlement (Phase IV: blue).

(b) The optical force field overlaid on the transverse beam profile of the photonic projectile. The color scale represents the relative intensity.

The direction and relative length of the arrow represent the direction and relative magnitude of the optical force, respectively. The laser beam is tilted
toward the x-axis by an angle of 20°. (c) The axial optical force for the absorbing microparticle and the pure dielectric microparticle. The dashed box
represents a large constant force region. The colored shadows correspond to different phases. (d) Transverse force (F,) on the absorbing microparticle
suggests an asymmetric shape on the curve in contrast to the pure dielectric microparticle with the same size at a position ~8 um below

the focus. (e) Transverse force (F,) on the absorbing microparticle as a function of the transverse position x at different position z above the focus.
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microparticle is accelerated by a constant forward optical
force for a long distance along the beam propagation axis
and is ejected along the direction of the optical axis. During
the ejection process, there is a small thermal gradient
force that promotes the ejection of the microparticle. The
thermal gradient force originates from the temperature
gradient generated on the surface of the microparticle by
the laser radiation. In Phase III, the microparticle further
moves forward in the transverse plane due to the balance
between the upward net force (including the buoyant
force, the vertical component of the optical force, and
the gravitational force) and the minute transverse optical
force. Finally, the microparticle will settle down under the
dominant gravitational force in Phase IV.

To better understand how the CFPP works, we per-
formed a finite-difference time-domain (FDTD) simulation
to map the transverse beam profile (see Figure 1(b)). In
the simulation, a linearly polarized plane wave with E =
XE, exp(ik,z — iot) tilted with respect to the z axis by an
angle of 6 illuminates on a microparticle. The optical force
(F,) on the particle can be calculated by integrating the
Maxwell stress tensor T along a closed boundary dS encir-
cling the particle, and the expression is given by [32], [33],

FO = /TﬁdA, (1)
N

where the Maxwell stress tensor is defined as Tj; =

sm(EiEj — HIERS; ) + Mi[)(BiBj — 1IBI%;), A is the unit
vector normal to the enclosing surface, y, is the permeabil-
ity, and €, is the permittivity of the surrounding medium.

To increase the light absorption, we elect to use a hybrid
absorbing synthetic particle with magnetite homogenized
in the host silica sphere. Different from core-shell APs
[34], the Fe;0, nanoparticles are dispersed in a spherical
Si0, matrix. At a wavelength of 1,064 nm, the refractive
indices of SiO, and Fe;0, are ngy, = 145 and Npeo, =
2.11 + 0.37i, respectively [35], [36]. The density of absorb-
ing microspheres is approximately 2.6 g/cm®. The densities
of Fe;0, solid crystal and SiO, solid crystal are 5.18 g/cm?
and 2.3 g/cm?, respectively. The absorbance of the synthetic
particle can be controlled by the volume ratio of the silica,
specifically, we use APs (Affimag magnetic microspheres,
4.0-5.0 pm in diameter, Base-Line Company, Tianjin) with
a volume fraction of X = 0.9 for the SiO,. With ng;o, = 145
and nggso, = 2.11 4+ 0.37i, the effective refractive index of the
microparticle is Nz = Ngigy + X + (1 — X) * Npgapq = 1.516 +
0.037i according to the effective medium theory [37].

To understand the force experienced by the AP within
the optical field, the optical force field of an AP with a
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diameter of 4.5 um is overlaid on the side view profile of
the optical field with a tilt angle of & = 20° (see Figure 1(b)).
The direction and relative length of the arrow represent the
direction and relative magnitude of the optical force, respec-
tively. The scattering force, Fy., = F, cos(6) + F, sin(9)
on the AP along the beam axis suggests a large plateau on
the top, in contrast, the dielectric silica microparticle expe-
riences a significantly weak scattering force (Figure 1(c)).
Since large number of photons are absorbed by the AP, and
the energy of the absorbed photons is converted into the
kinetic energy of the AP, resulting in a significantly aug-
mented optical scattering force along the direction of light
propagation (blue circles in Figure 1(c)). The axial optical
force on the AP is increased by a factor of ~27 as compared
with that for the dielectric silica microparticle of the same
size. Moreover, the force fluctuation is within 2 % over a
distance of ~10 pm (greater than 3 times the Rayleigh dis-
tance) for the synthetic particle. A long-range constant force
is conducive to the stable ejection of the microparticle.

For traditional dielectric microparticles, such as silica
(refractive index of ng;,, = 1.45), the strong optical gradient
force at the laser focus dominates, and the scattering force
is smaller than the optical gradient force. The transverse
optical gradient force may attract both the absorbing and
dielectric particles (Figure 1(d)). The horizontal optical force
for traditional Gaussian optical tweezers is symmetric at a
fixed height since the laser is normally incident. Meanwhile,
the particle also experiences forward scattering force (with
the same direction as the beam propagation). Once the beam
is tilted (as in our CFPP scheme), the scattering force will
also contribute to the transverse component, i.e., x-axis. As
the particle absorption augments the axial scattering force
in the CFPP, the transverse force shifts upward for the APs as
compared with the silica particle. As a result, when the nor-
mal symmetric curve is shifted upward by a certain amount
(determined by the scattering force and the tilt angle), the
curve becomes asymmetric. Although the transverse force
is asymmetric, it is the major source to collect the surround-
ing particles to the CFPP as the working particle. The two
types of microparticles are both attracted toward the optical
axis by the transverse optical force, which corresponds to
Phase L.

As the trapping beam diffracts, the transverse force
will also decrease. We show that transverse force will still
exist for a large transverse range at a longitudinal position
over 40 um, and such minute force will further bring the
particles away from the light beam (Phase III). The trans-
verse optical scattering force suggests a weak force along a
large area, and such a minute force is sufficient to push the
particle forward gently (Figure 1(e)).
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2.2 Experimental setup

The photonic projectile was built on an inverted univer-
sal infinity-corrected microscope (Figure 2(a)). A 1,064-nm
continuous laser (CNI, Changchun, MIL-N-1064, TEM,,,, CW)
with a beam waist diameter of 3 mm is employed for the
experiments. The laser beam is apodised to 2 mm with the
iris (I) and is focused through a microscope objective (LUM-
FLN, water immersion, 60X, NA =1.1, Olympus, Japan) into a
diffraction limited spot. The laser beam underfills the pupil
of the objective (8 mm); therefore, the numerical aperture
(NA) of the objective is not fully utilized. The optical axis
of the laser beam can be tilted by the mirrors (Figure 2(a)).
The microscopy images are recorded by a CMOS camera
(30 frames per second) and saved for offline analysis. The
laser power is adjusted by using a power attenuator (PA)
and measured at the pupil of the objective using a power
meter.

The sample chamber was prepared using a home-
made circular trough with an inner diameter of 10 mm
and a height of 1 mm between two coverslips (Figure 2(b)).
The sample is a diluted suspension of absorbing magnetic
microparticles (Part No. 3142, 4.0-5.0 pm diameter magnetic
particle, BaseLine, Tianjin), and all the experiments were
performed at room temperature.

The tilt angle () refers to the angle of the optical axis
relative to the z-axis (Figure 3). We utilize a ZnO nanowire
to evaluate the tilt angle of the CFPP. The nanowire can be
stably trapped and will align its long axis with the optical
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Figure 2: Experimental setup. (a) A 1,064 nm laser is utilized as

the trapping beam. The iris (I) eliminates the high-order parasitic mode,
while the power is adjusted by a variable power attenuator (PA). The tilt
angle of the photonic projectile is fine-tuned by the mirror pair M1 and
M2. The LED illuminates the sample, and the image is collected by

a CMOS camera through an objective (MO) and tube lens (TL).

The dichroic mirror (DM) reflects the trapping beam and coaligns with
the illumination beam. (b) The diluted suspension of the microparticle
inside the chamber.
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axis [38]. The target ZnO nanowire is approximately 15 pm
in length (Figure 3(a)). When the optical axis is not tilted
(aligned along the z-axis), the trapped ZnO nanowire is
observed as a blurry black dot at the center of the observa-
tion field (bottom image in Figure 3(b)). Due to the underfill-
ing of the back aperture of the objective, one end of the ZnO
nanowire near the laser focus is positioned above the laser
focus (top image in Figure 3(b)). In subsequent studies, if not
otherwise specified, the projection of the tilted axis onto the
Xx—-y plane is set to point toward the positive x-axis.

The tilt angle of the optical axis depends on the posi-
tion of laser incidence into the objective lens, which can
be adjusted by changing the angle of the mirrors. The fur-
ther the laser incidence position deviates from the cen-
ter of the objective lens, the larger the magnitude of 6.
When the optical axis is tilted, the trapped ZnO nanowire
aligns itself with the optical axis (see Figure 3(c)). As the
length of the nanowire is larger than the axial field of view
of the microscopy, only one end of the nanowire can bhe
clearly visualized. Although the other end of the nanowire
is blurred, we can estimate the centroid of the other end
with considerably good resolution. The length can be mea-
sured when the nanowire aligns itself within the transverse
plane; therefore, we can estimate the tilt angle through the
nanowire orientation. When the edge of the incident light
reaches the edge of the objective lens, the projected length
of the trapped ZnO nanowires in the x—y plane is approx-
imately 5.4 pm. The maximum tilt angle is estimated to be
0 =~ 20°. Although the tilt angle is not of high resolution, it
offers a good estimate to configure the setup.

2.3 CFPP for delivery of micrometer-sized
APs

We report the CFPP for delivery of an AP under the radi-
ation of a tilted laser beam (Figure 4(a) and Supplemen-
tary Movie S1). The positions of the microparticle as a func-
tion of time in the x-direction and y-direction are depicted
in Figure 4(b) and (c), respectively. The coordinate origin
(x =0,y = 0) is set at the beam focus projected onto the
x-y plane. The tilt angle of the optical axis is 20°. The
laser focus is at a height of 8 pm above the bottom sur-
face of the sample chamber. The laser power is 60 mW. In
Phase I, the microparticle moves toward the focus under the
optical force (Snapshots 1—3). Microparticle image blurring
indicates that the particle is above the imaging plane. In
Phase II, near the focus, the microparticle is subjected to
a large long-range constant optical force. The direction of
the optical force is consistent with the optical axis, causing
the microparticle to be ejected and leaving the focus along
the direction relative to the optical axis (Snapshots 3-4).
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(a) (b)

Figure 3: Directional control of a ZnO nanowire. The observation plane of the experimental phenomenon is the x-y plane. Scale bar, 8 pm.

(a) The target ZnO nanowire laid on the coverslip suggests a length of 15 pm. (b) The long axis of the ZnO nanowire is aligned with the trapping
beam propagation axis. (c) The ZnO nanowire tilts its long axis inside the photonic projectile. The tilt angle of the ZnO nanowire with respect

to the z-axis direction is 6. The blue dashed line represents the symmetry axis of the objective.

Meanwhile, due to the laser focusing on the surface of the The optical force cannot overcome the viscous resistance,
microparticle, the microparticle is subjected to the action leading to a rapid decrease in the microparticle velocity
of a thermal force induced by the temperature gradient. (Snapshots 4-5). Subsequently, the microparticle is further
The direction of the temperature gradient force is consistent  pushed away from the focus by the optical force along the
with the optical axis; therefore, it has a positive effect on the  optical axis (Snapshots 5-6). During this process, because
ejection of the microparticle. The maximum velocity of the the microparticle is far from the laser focus, the optical
microparticle in the x-direction reached 198 pm/s. In Phase  force exerted on the microparticle along the x-direction is
III, when the microparticle moves away from the focus, the small. The magnitude of the microparticle’s velocity in the
optical force on the microparticle surface rapidly decreases.  x-direction is on the order of 1 pm/s. In Phase IV, when the
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Figure 4: Delivery of the micrometer-sized APs. (a) Image snapshots from the video (see Movie S1). The focus is 8 um above the bottom surface.

The tilt angle of the optical axis is ~20°. The red dots indicate the projection of the focal spot onto the x-y plane. Scale bar, 10 pm. (b) The position

of the AP as a function of time in the x-direction. The inset indicates a zoom-in view of the yellow region. The blue-shaded area represents the region
where a constant optical force is applied during the ejection process. (c) The position of the AP as a function of time in the y-direction. The laser power
is 60 mW. The position (x, y) = (0, 0) represents the projection of the focal spot onto the x-y plane. (d) The value of D as a function of laser power.

D is the distance along the x-direction from the position where the AP falls to the bottom to the projected position of the focal spot on the bottom
surface (see Figure 4(a)). (e) The delivery period T as a function of laser power. Each power has at least 6 delivery events involving the same particle.
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particle moves out of the range of optical force, there is
almost no displacement in the x-direction on the particle
(see Figure 4(b)). Finally, the microparticle settles down to
the bottom substrate due to gravity (Snapshots 6-7). The
direction of microparticle transport projected onto the hor-
izontal plane is basically consistent with the direction of
the optical axis projected onto the horizontal plane (see
Figure 4(c)). Therefore, the direction of microparticle trans-
port can be controlled by the direction of the beam axis.
We evaluate the transport ability by separation of the
farthest location of the particle to the laser focus along the
x-direction, i.e., D. The delivery of the AP depends on the
laser power. In the experiments, the values of D and the
delivery period T were measured at different laser powers
(Figure 4(d) and (e)). As the laser power increases, both of
the distance D and period T increase. Larger power leads to
anincrease in the optical force. At the same time, the higher
laser power creates a larger local temperature gradient in
the AP surface, resulting in an increased thermal gradient
force. The larger optical and thermal gradient forces in
the x-direction propel the particle even farther from the
focus spot. Similarly, the larger optical and thermal gradient
forces in the z-direction result in particle transport in the
higher horizontal plane. When the particle is attracted close
to the optical axis, the side closer to the optical axis is heated,
resulting in a thermal gradient force, with its component in
the x-direction opposing the optical force in the x-direction.
When the laser power exceeds 65 mW, the particles are
attracted near the optical axis and then rapidly pushed out
of the range of optical force, rather than being attracted
to the focus (see Movie S2). The motion of the particle
is two-dimensional. The forces acting on the particle in
the horizontal direction include the optical force pointing
toward the optical axis and the thermal gradient force in
the opposite direction. This phenomenon can be reasonably
explained as the thermal gradient force exceeding the hori-
zontal component of the optical force at the position where
the motion direction changes, and the net external force act-
ing on the particle in the vertical direction is insufficient to
overcome gravity. When the laser power isreduced to 4 mW,
the particle is trapped at the mechanical equilibrium above
and to the left of the focus (see Movie S3). In the x-direction,
the optical force balances with the thermal gradient force. In
the z-direction, the optical and thermal gradient forces can
balance gravity. However, the trapping forces are very tiny
due to low laser power, so such trapping is easily disrupted
by Brownian motion and convection disturbances. When
the laser power decreases to 1 mW, the external forces on
the microparticle are not sufficient to overcome gravity, so
the microparticle is trapped at the bottom surface of the
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sample chamber, where the optical and thermal gradient
forces are balanced. Similar phenomenon has been found
in the previous studies [34], [39].

Combining experiments with simulations, we discuss
the forces acting on the microparticles during the CFPP
process. In the x—y plane, due to the target position of the
delivery being in the x-direction of the focus, we mainly
study the force situation of the particles in the x-direction.
Here, we choose the example with an incident power of
60 mW. The experimentally measured transmittance coef-
ficient of the microscope objective is 0.4, so the effective
optical power acting on the microparticle is only 24 mW.
In previous studies [40], when the laser power is 20 mW,
the thermal gradient force experienced by the microparticle
was estimated to be 0.2 pN, which is much smaller than the
optical force (Figure 1(e)). When the microparticle moves
away from the focus, the temperature gradient on the sur-
face of the microparticle is negligible. Therefore, during the
delivery process, the microparticle is primarily influenced
by the optical force. Due to the small mass of the micropar-
ticle (124 pg), even if the magnitude of the acceleration of
the microparticle reaches 1 mm/s?, the magnitude of the net
external force acting on the microparticle is only on the
order of 0.1 fN. Therefore, the values of thrust (including
F, and F,) and viscous drag force (F; = 6zxnrv, where # is
the viscosity coefficient, r is the radius of the particle, and
v is the relative velocity between the particle and the flow
field) experienced by the particle during its movement are
approximately balanced by each other. During the ejection
process (Snapshots 3—4 in Figure 4(a)), the maximum veloc-
ity of the microparticle in the x-direction is 198 pm/s. The
maximum optical force experienced by the microparticle is
approximately 7.6 pN. The maximum optical force experi-
enced by the microparticle has a constant force region near
0.1s, with an interval length of approximately 6 pm (see
Figure 4(b)), which is on the same order of magnitude as
the constant force interval length obtained in the simulation
(see Figure 1(e)). When t = 0.5 s, the microparticle moves to
the position (x, z) = (19, 38) pm. Based on the experimen-
tally measured velocity of v = 15 um/s at this position, the
optical force experienced by the microparticle is 0.57 pN,
well consistent with the simulation in terms of the order
of magnitude (the optical force at this position is 1.44 pN in
simulation).

Particle acceleration techniques, as tools for precise
manipulation and analysis of microscopic matter, are
widely applied in materials science, medical treatment, and
fundamental physics. In recent years, with the advance-
ment of nanotechnology and photonics, particle accelera-
tion using low-power lasers has become a hot topic. For
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instance, by utilizing optical gradient forces in metallic
V-grooves, nanoparticles in air can be accelerated to speed
of several centimeters per second [41]. Recently, research
by Kislov et al. further demonstrated that using picosecond-
scale thermal expansion effects, particles in air can be
accelerated to speed of 15m/s under the action of low-
power lasers [42]. This discovery brings new possibilities
to the research field of particle acceleration, especially in
applications requiring noninvasiveness and precise control.
With our proposed CFPP, under the action of a low-power
laser, APs in water are accelerated to 198 um/s by optical
forces. If our scheme is applied in air, where there is no
resistance from the water viscosity, the speed of particles
could be further increased. The large constant force work-
ing area induced by light absorption, which far exceeds that
of traditional optical tweezers, has not been mentioned in
these studies on particle acceleration. Compared to these
researches, the fully optically controllable scheme is more
flexible, and particles show no significant deformation or
damage.

One promising example is the particle delivery, which
plays a crucial role in drug delivery, as they can transport
drug precisely to target cells or tissues, thereby improving
therapeutic efficacy. Furthermore, due to the requirement
that the particle at the bottom must be within the range of
optical force for delivery, the limited range of optical force
restricts its application. On the other hand, after transport,
the particle will move out of the range of optical force. For
a fixed light source, this is unfavorable for the reuse of the
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particle. In the following, an additional thermal convection
force is applied to collect the micrometer-sized AP at a much
broader range.

2.4 Circulating micrometer-sized APs with
thermal convection

Since the optical gradient force acts in a limited range
around the trapping beam. To collect microparticles in a
larger range for the CFPP, an additional thermal convection
force is employed to drag the particles back into the range of
the optical gradient force. The local thermal convection can
be induced by creating localized temperature gradients [28],
[29], [31]. In particular, a gold film with a thickness of about
10 nm was deposited on the bottom surface of the cham-
ber (Figure 5(a)). The laser beam irradiates the gold film,
converting some of the light energy into thermal energy,
thereby creating a local temperature gradient and inducing
thermal convection. Near the bottom surface of the cham-
ber, the direction of thermal convection points toward the
heating point, and the range of thermal convection force is
much greater than the maximum distance of particle deliv-
ery. The observed flow pattern of the thermal convection is
well consistent with the previous reports [28], [29], [31].
Combined with the plasmonics-mediated thermal con-
vention force, the CFPP can circulate the APs over a larger
area. The round-trip delivery of micrometer APs can be
schematically illustrated in the x—z plane (Figure 5(a)).
Figure 5(b) shows representative snapshots of the motion
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Figure 5: Plasmonics mediated delivery of micrometer-sized APs. (a) Schematic description of round-trip delivery. The particle in the chamber moves
along the arrows. The bottom of the sample cell is coated with a 10 nm thick gold film. The microparticle out of range of optical force is attracted to the
hotspot under the thermal convective force (Fc) (black arrows). The correspondence between the other colored arrows and phases is consistent with
Figure 4(a). (b) (See Movie S4) Images of the microparticle at different time points (Snapshots 1—8). The red point indicates the projection of the focal
spot onto the x-y plane. Scale bar, 10 um. The tilt angle of the optical axis is 20 deg. (c) The position of the microparticle as a function of time in the
x-direction. The position (x, y) = (0, 0) represents the coordinates of the projected focus onto the x-y plane. The laser power is 60 mW. (d) The values
of D,, and D, as a function of laser power. D, is the distance in the x-direction from the position where the AP falls to the bottom surface to the
projected position of the focal spot on the surface. D,,, is the farthest distance in the x-direction between the microparticle and the focal spot during
particle motion. (e) The round-trip delivery period T as a function of laser power. Each power has at least 6 delivery events involving the same particle.
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of the microparticle (Snapshots 1—8) (see Movie S4). The
laser power was 60 mW. Correspondingly, the positions of
the microparticle as a function of time in the x-direction
are depicted in Figure 5(c). At the beginning, the thermal
convection force (F,) induced by the laser heating of the
gold film attracts the microparticle beyond the range of
optical forces to the hot spot (Snapshots 1-2), which is
within the scope of the optical force. Under the action of
a tilted-focused laser beam, the microparticle is subjected
to attraction (Phase I, Snapshots 2-4), ejection (Phase II,
Snapshots 4-5), and repulsion (Phase III, Snapshots 5-6),
which is similar to the microparticle motion described in
Section 2.3. When the microparticle moves to the farthest
position D,, from the focal point (position 6), it will be
out of the range of optical force. Then, the microparticle
settles to the lower substrate of the sample cell under the
action of gravity (Phase IV, Snapshots 6-—7). Different from
the microparticle motion described in Section 2.3, during
the settlement, the microparticle is dragged by the ther-
mal convection toward the heating point, leading to a dis-
placement difference between the farthest position D,, and
the position D, of the microparticle reaching the bottom
surface. In practical operation, the displacement difference
(D,, - Dy can be reduced by properly switching the laser.
Subsequently, the microparticle returns to the heating point
under the action of the thermal convection force (position
8). When the laser operates continuously, the microparticle
will continue to move back and forth along the trajectory
from position 2 to 8 (see Movie S2). In the process of mov-
ing away from the focus (Snapshots 4-6), the component
of the thermal convective force in the x-direction is posi-
tive, promoting the further transport of the microparticle.
In the experiment, the transmission coefficient of the gold
film is measured to be approximately 0.4. Therefore, when
the laser power is 60 mW, the actual laser power acting
on the particles is 9.6 mW. Compared to the case without
thermal convective force (maximum transport distance of
26.4 pm obtained from Figure 4(d)), the farthest transport
distance of the microparticle in the x-direction is greater
(maximum transport distance of 29.6 um obtained from
Figure 5(c)).

The delivery of the microparticle depends on the laser
power. As the laser power increases, the value of D,, and
D, increases (see Figure 5(d)). Under the influence of the
thermal convective force, the microparticle moves closer to
the heating point during the settlement process, leading to
D, being smaller than D,,. With the laser power increasing,
the microparticles are pushed to a larger height, while the
increased temperature gradient induces a stronger thermal
convection force, resulting in a larger displacement differ-
ence (D,, - D;). When the laser is in continuous operation,
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the microparticle moves back and forth with a period T.
The greater the laser power acting on the microparticles,
the further they are pushed, and the longer the period of
back-and-forth motion. Therefore, when the laser power is
in the range of 20-60 mW, the value of T increases with
the increase of laser power (Figure 5(e)). When the laser
power exceeds 64 mW, localized overheating of the water
generates microbubbles. The maximum temperature on the
surface of the gold film is estimated to be 373.15K at a
laser power of 64 mW, which is close to the maximum tem-
perature (371.2 K) we measured using 5CB [28], [29]. This
indicates the reliability of the experimental data. When the
laser power is reduced to 14 mW, the farthest position of the
transmission (D,, = 5.5 pm) is close to the laser focus, the
microparticle passes through a position where the upward
net force and gravity are equal during the falling process,
causing the particle to briefly pause during the descending.
Due to thermal convection disturbance, the particle cannot
be stably trapped and eventually falls to the bottom sur-
face. When the laser power is below 11 mW, the upward
net force on the microparticle is smaller than the gravity,
so the microparticle is trapped at the bottom of the sample
cell near the hot spot. The trapping forces are the hori-
zontal thermal convection force and the optical gradient
force.

Compared to particle delivery driven by pure optical
force [17], [43], [44], the combination of CFPP technology
with a thermal convection field has shown some advan-
tages. Firstly, transport by pure optical force requires parti-
cles to be captured in an optical trap, and the particle suffers
from a strong irradiation of light exposure and photodam-
age. However, tilted focused beam can be used to transport
AP along long distance with constant force and significantly
reduced power density. Secondly, the performance of tradi-
tional optical tweezers varies with particles of different size.
The Brownian motion of smaller particles is more intense,
leading them to escape from traps, which is not conducive to
particle delivery. In our scheme, there is no need to capture
the particles, thus relatively reducing the requirements for
the laser. Thirdly, transport by pure optical force requires
particles to be within the range of the optical force, which
limits its application. However, in our scheme, the addition
of thermal convection greatly expands the area of trans-
portable particles. Our scheme also has some limitations.
The higher local temperature restricts the types of particles
that can be transported. Moreover, as compared to the trans-
port of particles along adjustable 3D paths using structured
light beams [44], in our scheme, the particles’ movement
is along a fixed direction. Therefore, the proposed scheme
would be preferentially easier to control the probe particle
to the target with better resolution.
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The combination of CFPP technology and thermal con-
vective force allows for the reproducible manipulation of
the same microparticle. In principle, we want the drug-
carrying particle to be delivered to the target region, and
bound on the target to release drug. There are chances
that the particle cannot be effectively bound on the target
(off-target) and will be wandering around the normal tis-
sue/cells to infect on the normal tissue. With the circular
manipulation, we are able to collect all those off-targeted
particles. These capabilities suggest potential applications
in efficient drug delivery while avoiding photothermal dam-
age to surrounding healthy tissues. Periodic back-and-forth
transportation can be used for intermittent drug delivery
and ensuring the high efficacy of the targeted delivery.
Conceptual experiments are provided in Section 2.5. Future
research can focus on optimizing the parameters of CFPP
and thermophoretic forces for specific drug delivery tasks,
as well as exploring the compatibility of this approach with
various drug formulations and biological systems.

2.5 Delivery of the micrometer-sized APs
to a targeting object

The CFPP can be utilized for targeted delivery. To this end,
we use a large PS microparticle with a diameter of 15 pm
(Figure 6 and Movie S5) as the target. Two micrometer-sized
APs (marked by blue and red circles) at different initial
positions can be delivered to the bottom of the target par-
ticle (labeled by the blue dashed ellipse). The bottom sur-
face of the chamber is coated with a 10 nm-thick gold film.
Initially, the microparticles A (red circle) is attracted to
the heating point by the thermal convection force (Snap-
shots 1-2). Once the microparticle enters the range of the
CFPP, it will be delivered to the targeting PS microparticle
and adheres on the surface of the PS microparticle (Snap-
shots 4-15). However, the spontaneous adsorption of par-
ticles onto the PS microparticle surface is not guaranteed
especially when the AP is not chemically treated on the
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Figure 6: Delivery of micrometer-sized APs

to a targeting object region (see Movie S5).
The bottom surface of the chamber is coated
with a 10 nm-thick gold film. The area marked
with blue dashed lines is the target location of
delivery. The red point indicates the projection
of the focal spot onto the x-y plane. The red
and blue circles represent microparticles A and
B, respectively. Scale bar, 10 pm.

surface. This necessitates the recovery of nonadsorbed par-
ticles and the reuse until they adhere to the PS microparticle
surface. This is experimentally corroborated by the deliv-
ery of microparticle B, which is attracted to the center of
the CFPP by the thermal convection force (Snapshots 1-7).
Afterward, microparticle B is delivered to the targeting area
on the PS microparticle (Snapshots 8-9). However, unlike
microparticle A, microparticle B does not adhere to the PS
microparticle surface but is instead attracted back to the
heating source by the thermal convection forces (Snapshots
10-11). The microparticle B is delivered repeatedly for two
more times (Snapshots 11-14). Ultimately, microparticle B
adheres to the PS microparticle surface (Snapshots 14-15).
Therefore, the proposed delivery scheme may be helpful
to deliver drug particles accurately and flexibly and can
additionally enhance the probability of their adhesion to
target objects to diseased tissues effectively.

In practice, the probe for the targeting delivery may
be coated with chemicals that bind with the target region
easily. Therefore, the developed CFPP may potentially be
used to deliver drug for precision medicine. The addition
of the thermal convection force, however, can collect those
off-targeting particles back to the range of CFPP, ensuring
the high efficacy of the targeted delivery.

3 Conclusions

In conclusion, we propose the CFPP to deliver the micropar-
ticle with a tilted-focused laser beam and achieve long-
distance controllable delivery of the AP using the CFPP tech-
nology. In theory, the directional delivery of the AP along a
direction relative to the optical axis can be achieved under
the action of optical forces. The AP experiences a large
constant optical force along the optical axis across the focus,
and the width of the constant force along the direction of
light propagation extends up to 10 pm. By comparing the
optical force experienced by pure dielectric microparticles,
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we point out that such a constant optical force originates
from the absorption of photons. The long-distance delivery
of the AP is experimentally corroborated with AP with a
diameter of 4.5 pm using a low-power focused laser beam
tilted by an angle of 20°. Consistent with the FDTD simula-
tion, the microparticle is ejected by a large constant optical
force near the focus, reaching a maximum ejection velocity
of 198 pm/s, and the range of the constant force in the x-
direction is ~6 pm, which makes the delivery of micropar-
ticles more stable. The range of the CFPP can be further
increased by light-controlled thermal convection mediated
by a thin layer of gold film using laser irradiation. The ther-
mal convection force attracts the particles near the bottom
of the chamber to the heating source, even if the particles
are beyond the range of the optical force. Finally, the APs are
delivered and adhered to the surface of a large-sized PS par-
ticle. The heat-mediated CFPP approach enables repeated
delivery of unbound APs as long as the binding strength
between the AP and the target particle is insufficient. The
collection of the unbound AP to the CFPP range enhances
the efficacy of particle delivery.

Moreover, the delivery distance and direction can be
adjusted by the laser power and the tilt angle of trapping
beam, respectively. This approach has the advantages of
easy operation, high-efficiency, and low cost compared to
the techniques using spatial light manipulation [44] and
using nanostructure [45]. It is worth mentioning that light
absorption generates a large constant optical force area,
enabling efficient acceleration and precise control of par-
ticles, which may have potential applications in particle
manipulation and measurement fields. In addition, the CFPP
allows for the delivery of the APs to positions beyond the
normal laser diffraction range, effectively avoiding pho-
ton damage at the target location. The advantage of CFPP
for delivery is simplicity, flexibility, and controllability, and
minimum photon damage at the target location, offering
potential applications in the fields of drug delivery, pho-
tothermal therapy, and bioassays. With its noninvasive
nature, fully optical control, and low laser power driving
features, CFPP technology has the potential applications in
the field of biomedicine. Although the currently proposed
the CFPP technology is mainly applicable to absorptive par-
ticles, we are working on to expand the broadband applica-
bility for transparent and biological samples. Some schemes
are provided to expand the scope of CFPP technology, such
as surface modification or doping to enhance the particle’s
light absorption capability, or the use of a different light
wavelength in the infrared region.
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