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visualization by a dark-field microscopy

ABSTRACT: The optical manipulation of nanoscale objects via  optical vortex manipuiation in nanofuidic channel
structured light has attracted significant attention for its various
applications, as well as for its fundamental physics. In such cases,
the detailed behavior of nano-objects driven by optical forces must
be precisely predicted and controlled, despite the thermal
fluctuation of small particles in liquids. In this study, the optical
forces of an optical vortex acting on gold nanoparticles (Au NPs)
are visualized using dark-field microscopic observations in a
nanofluidic channel with strictly suppressed forced convection.
Manipulating Au NPs with an optical vortex allows the evaluation of the three optical force components, namely, gradient, scattering,
and absorption forces, from the in-plane trajectory. We develop a Langevin dynamics simulation model coupled with Rayleigh
scattering theory and compare the theoretical results with the experimental ones. Experimental results using Au NPs with diameters
of 80—150 nm indicate that our experimental method can determine the radial trapping stiffness and tangential force with accuracies
on the order of 0.1 fN/nm and 1 N, respectively. Our experimental method will contribute to broadening not only applications of
the optical-vortex manipulation of nano-objects, but also investigations of optical properties on unknown nanoscale materials via
optical force analyses.

140 ms

Bl INTRODUCTION simulations reproduced the actual spatiotemporal scales well.
We found that Langevin dynamics simulations coupled with
externally applied force fields could be used to reproduce the
transport phenomena of small particles and biomacromole-

Optical tweezers are promising for applications in nano-
technology and have attracted wide attention since Ashkin
succeeded in manipulating microparticles using a Gaussian

beam.'™® The accurate evaluation and control of the optical cules in liquids.”™"" Nito et al.'” experimentally and
forces acting on nanoscale objects are important to effectively theoretically evaluated optical tweezers for polystyrene (PS)
apply optical tweezers to nanotechnology‘ In nanoscale microparticles fl‘OI’Il the Viewpoint Of Ashkin’s ray OptiCS
applications, most target obgects are biological particles or model,"" where the effects of liquid flow and heat are highly
molecules such as viruses,”” proteins,” and nucleic acids,” suppressed in microchannels. Tsuji et al."* experimentally and
which are usually treated as suspensions or solutions in numerically investigated the collective orbital motion of plural
analytical processes. In such a situation, the liquid flow PS microparticles driven by an optical vortex by considering
prevents an accurate evaluation of the optical forces acting on the hydrodynamic interactions between particles. We have
the targets because the target motion is drifted by the forced demonstrated that optical forces can be tuned to manipulate
convection. Especially in nanoscale or microscale spaces, subtle small objects for various applications.ls’m Recently, our
disturbances in a liquid, such as a pressure distribution or a research group15’16 reported that the electrical measurement
local temperature change, induce the liquid flow in a test accuracy of micro- and nanoparticles is drastically improved
section, 8WhiCh can be a dominant factor governing the target when using an optical vortex that iteratively brings target
motion. particles into a double-slit test section. In the previous studies,

There are several difficulties involved in the quantitative
evaluation of optical forces in liquids as a result of
nonignorable environmental perturbations, such as convective
heat transfer, mass transfer, and thermal fluctuations. In
previous studies,””'” we investigated the transport phenomena
of micro- and nanoparticles in liquids, where the optical forces
were measured using microfluidic and nanofluidic channels
that were finely tuned to confine the target particles in narrow
spaces. We also developed theoretical models and performed
numerical simulations to ensure quantitative accuracy; these

we succeeded in manipulating single PS particles15 and gold
nanoparticles (Au NPs)'® in a narrow space. However, the
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Figure 1. (a) Optical vortex forces acting on the gold nanoparticles (Au NPs) at the focal plane of the Laguerre—Gaussian (LG) beam. The radial
gradient force traps the target particles in a ring-shaped orbit (magenta dotted arrows). The scattering and absorption forces act as a tangential
force in the azimuthal direction, driving the orbital motion of the Au NP (blue arrows). (b) Schematic illustration of the particle tracking analysis of
in-plane orbital motion in a nanofluidic channel with a height of 300 nm. The LG beam is made incident to drive the orbital motion of the Au
NP. The Brownian motion along the z direction is restricted by the channel walls, which allows continuous visualization via dark-field microscopy.
In the test section, the forced convection of surrounding liquid is highly suppressed by the nanofluidic structure.

reproducible manipulation of single nanoparticles is challeng-
ing because of the large thermal fluctuations and the small
optical forces, which are on the order of 107" N (1 fN).
Although accurate analyses of single-nanoparticle motion
driven by an optical vortex are crucial to broadening its
applications, the lack of reliable experimental methods prevents
quantitative evaluations of the optical forces acting on Au NPs.

In this study, we focus on an experimental methodology to
accurately investigate the optical forces acting on Au NPs usin:
optical vortices, i.e., Laguerre—Gaussian (LG) beams,'”
which have been adopted for various applications.'>'“*"** We
developed a nanofluidic channel that enabled the reproducible
manipulation of single Au NPs and analyzed the optical forces
acting on Au NPs with diameters of 80—150 nm without
disturbance from a liquid flow. The nanofluidic channel is
structured to diminish the forced convection in the test
section, within which the nano-objects are analyzed for motion
caused by the optical forces. Furthermore, the nanofluidic
channel confines the target particles to a microscopic
observation focal plane, allowing continuous visualization of
the target motion. Using the nanofluidic channel, we observed
the in-plane motion of Au NPs via dark-field microscopy and
analyzed the optical forces acting on Au NPs. The optical force
analysis was systematically conducted with various laser
powers, topological charges of the optical vortex beam, and
particle diameters. The experimental results were compared
with those of numerical simulation based on the Langevin
dynamics and Rayleigh scattering theory.”>** The experimen-
tal and theoretical results showed quantitative agreement,
demonstrating that the established method can effectively and
accurately analyze the nanoparticle motion caused by optical
vortex forces. Additionally, our method can contribute to
accurate predictions of the optical parameters, such as the
complex refractive index, polarizability, and optical cross
sections of unknown nanoscale materials via optical force
analyses.

B RESULTS AND DISCUSSION

Accurate Force Measurement Using an Optical
Vortex and Nanofluidic Channel. LG beams were adopted
to drive Au NP motion since they allow us to simultaneously
investigate three optical forces: gradient, scattering, and
absorption forces. In addition to the gradient force, the
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scattering and adsorption forces contribute to the in-plane
particle motion induced by an LG beam,”*”® which allows us
to analyze the fraction of the three components in the
trajectory. LG beam irradiation induces a Au NP orbital
motion (Figure 1a), where the gradient force works along the
radial direction as a result of interaction between the oscillating
electric field and an electric dipole caused by an incident light
and a Au NP, respectively. The gradient force traps target
particles in a ring-shaped orbit (magenta dotted arrows in
Figure la). Furthermore, based on the momentum con-
servation law, the scattering and absorption forces act along the
azimuthal direction due to the momentum transfer via the
scattering and absorption processes from the incident light to
the Au NP. These forces drive the orbital motion of Au NP
(blue arrows in Figure la). Generally, investigations of the
scattering and absorption forces require special microscopic
setups, which can observe an out-of-plane motion of the target
particles;”’28 however, LG beams allow us to analyze the
scattering and absorption forces with the gradient force using
an in-plane particle tracking analysis.">'* The in-plane particle
tracking was performed using a nanofluidic channel, as shown
in Figure 1b. The nanofluidic channel with a channel height of
300 nm confines the Au NPs to the focal plane of dark-field
microscopy. The lower the channel height, the better it is at
preventing forced convection; however, the channel height was
optimized for the microscopic observation in this study. The
observations were conducted with a frame rate of 1000 fps.
The tangential force and the radial trapping stiffness, which are
attributed to the scattering and absorption forces and the
gradient force, respectively, were independently evaluated via
the in-plane particle tracking.

Construction of the Nanofluidic Channel. We
fabricated the nanofluidic channel, as schematically illustrated
in Figure 2a. The channel comprised three parts: (i) a
microfluidic channel with the height of 10 ym for introducing
Au NPs into the nanofluidic channel, which works as both an
inlet and an outlet for the Au NP suspension; (ii) a nanofluidic
channel with many small pillars to diminish the forced
convection in the test section; (iii) a nanofluidic channel
with four large pillars for the test section, where the motion of
the Au NP was analyzed via particle tracking. The large pillars
placed in the test section keep the channel from collapsing. It
should be noted that contact with a solid wall is resistant to
liquid flow due to friction. The small pillars increase the
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Figure 2. (a) Schematic of the nanofluidic channel. (b) Micrograph of the nanofluidic channel acquired using a laser microscope (OLS4100,
Olympus, Japan) and its depth profile, which indicates that the channel depth is 2300 nm. (c) Trajectory of the Brownian motion of a150 nm Au
NP in the nanofluidic channel, showing that there is no drift motion toward a specific direction caused by the forced convection in the test section.
(d) Mean square displacement (MSD) analysis of the Brownian motion shown in panel (c).

contact surface area between the liquid and channel wall,
which results in the great reduction of the liquid flow in the
test section, as discussed below. Figure 2b represents a
micrograph of the pattern of the nanofluidic channel. Figure S1
shows the detailed information concerning the channel
dimensions.

To evaluate the visualization capabilities of the nanofluidic
channel, we first observed the Brownian motion of Au NPs
with a diameter of 150 nm in the channel whose height is
~300 nm. The Brownian motion of the target particle was
continuously visualized for 10 s. The particle position
randomly fluctuated without any drift toward a specific
direction (Figure 2c), suggesting that the forced convection
of the surrounding liquid was fully suppressed in the test
section by the nanofluidic structure (Figure 2b). The reduction
of the forced convection was supplementarily discussed in
detail in the SI Appendix 1. The diffusion coeflicient of the
Brownian motion, D, was evaluated to validate the accuracy of

the particle tracking analysis. The ensemble average of the
mean square displacement (MSD) of the particle was
calculated from the acquired trajectory such that MSD =
((x,(t) = x,(0))*), where x,(£) is the particle position at a time
t. Figure 2d indicates a linear increase in the MSD value with
time. From the slope of the MSD curve, the D value of Au NPs
with a diameter of 150 nm is D = MSD/4t = 1.63 x 107"
m?s~!, which is on the same order of magnitude as the
theoretical estimation according to the Stokes—Einstein
relation, D = kyT/3zpud, ~ 3.31 X 1072 m?~% This
demonstrates the capability of the nanofluidic channel to
directly observe the motion of Au NPs without the influence of
forced convection.

Visualization of the Orbital Motion in the Nanofluidic
Channel. Next, we observed the orbital motion of a Au NP
driven by the LG beam with a topological charge m = 1 and a
laser power of L, = 135 mW in the nanofluidic channel.
Snapshots of the orbital motion of Au NPs with diameters of
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Figure 3. (a—c) Dark-field snapshots of the orbital motion of a Au NP with diameters of (a) 150 nm, (b) 100 nm, and (c) 80 nm. Scale bars denote
1 pm. (d,e) Trajectory of the orbital motion of a Au NP with a diameter of 100 nm obtained from (d) the experiment and (e) the numerical
simulation. Each color corresponds to the orbital motion over one revolution, and five trajectories are represented. (f) Histograms of the radial
position distribution of a 100 nm Au NP during the orbital motion. The vertical axis value is normalized such that the height of the fitted Gaussian
curve is 1. (g) Angular velocity dependency on the angular position for a 100 nm Au NP. The angular velocity, @, is written as (w; = (6(t;) —
0(t,_,))/ At, where 6(t;) and At = 1 ms are the angular position at time ¢ and the time interval between individual snapshots, respectively. The error
bars denote the standard deviation of the angular velocity at each point and are attributed to the Brownian motion along the azimuthal direction.

150, 100, and 80 nm are shown in Figure 3a—c, respectively. A
Au NP rotated in a clockwise manner in a ring-shaped orbit.
The particle tracking analysis was applied to reveal the
trajectory of the orbital motion of a 100 nm Au NP (Figure
3d). We also numerically calculated the orbital motion of a 100
nm Au NP under the same conditions of the experiments
(Figure 3e). Here, it should be noted that the experimental
particle trajectories were slightly distorted from the circular
orbit; i.e., the trajectories showed elliptic orbits. However, the
degree of distortion was sufficiently low, and the effect on the
analysis results of the optical forces was negligible, as discussed
in the SI Appendix 2.

Both the experimental and numerical trajectories implied
that the radial positions of a Au NP thermally fluctuated with
Brownian motion in a ring-shaped orbit around an equilibrium
orbital radius, r, (Figure 3f). We calculated this orbital radius
from the average of the radial position. Gauss functions with
averages and standard deviations of r, and o, ie, G(r) =
exp[—(r — r)?/206%], are depicted via histograms (Figure 3f).
The experimental and numerical histograms showed Gaussian
distributions with orbital radii of , = 6.72 X 107" and 7.44 X
107" um, respectively. Although the orbital radii showed good
agreement between the experimental and numerical results,
there was an ~10% error. This error is attributed to the fact
that the transverse intensity distribution of the LG beam
depends on the z-position of the objective lens in the
experiment. The lens position was set to clearly visualize the
particle image and was slightly different from the theoretical
focal plane of the LG beam because of the chromatic
aberration between the incident laser (A = 1064 nm) and
the observation light (visible light). This difference contributed
to the discrepancy between the experimental and numerical
orbital radii.

As the other aspect of the histogram, o is correlated with the
trapping stiffness, k,, on the basis of the relationship k, = kzT/
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62%° Under these laser irradiation conditions, the experimental
and numerical trapping stiffnesses were calculated to be «, =
1.33 and 0.81 fN-nm™', respectively, showing a reasonable
agreement.

The angular velocity, @, was analyzed by tracking azimuthal
positions of a Au NP (Figure 3e). The numerical result
indicated a homogeneous angular velocity at each angular
position. Although the experimental angular velocity depended
on the angular position because of the imperfection of the
optical system using LG beams,'”’° the mean angular
velocities, @, showed good agreement for the experimental
(@ = 384 rads') and numerical (@ = 37.6 rads™) results.
Thus, we used the mean angular velocity for the calculation of
the tangential force Fy, which consists of the scattering and
absorption forces. Assuming a uniform circular motion with
and @, the tangential force was computed using the Stokes
drag force Fy = 3zud,r@, which was 21.5 and 23.3 N for the
experimental and numerical results, respectively. The Langevin
dynamics model coupled with the Rayleigh scattering theory
predicted the optical vortex forces well. This finding will be
useful for various applications of optical vortex manipulations
of nanoparticles in liquids, e.g, electrical measurements of
nanoparticles manipulated by an optical vortex.'® We have also
developed a variety of computational methods for optical
manipulation techniques ranging from the Rayleigh regime'""?
to Ashkin's ray optics'~ that predict experimental results well.

Systematic Investigation of Optical Vortex Forces
Acting on Au NPs. Using the nanofluidic channel, we
systematically investigated the orbital radius, tangential force,
and radial trapping stiffness of the orbital motion of Au NPs by
varying the laser power, topological charge, and particle
diameter. Figure 4 shows the experimental and numerical
results. In the experiments, we used Au NPs with diameters of
80, 100, and 150 nm. The laser power and topological charge
were varied from 20 to 400 mW and from 1 to 3, respectively.
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Figure 4. Systematic investigation of the optical vortex forces acting on the Au NPs. (a—c) Laser power, L,, dependency of (a) the orbital radius r,,
(b) the tangential force Fy, and (c) the trapping stiffness «, of the orbital motion of Au NPs with a diameter of 80 nm. (d—f) Laser power
dependency of (d) the orbital radius, (e) the tangential force, and (f) the trapping stiffness of the orbital motion of Au NPs with a diameter of 100
nm. (g—i) Laser power dependency of (g) the orbital radius, (h) the tangential force, and (i) the trapping stiffness of the orbital motion of Au NPs

with a diameter of 150 nm.

For all the Au NP diameters, the orbital radius was constant
for the various laser powers, as shown in Figure 4a,d, and g,
because the orbital radius only depends on the transverse
intensity distribution of the incident LG beam, not merely on
its intensity. Conversely, the tangential force and the trapping
stiffness showed a positive linear correlation with the laser
power for all particle diameters, consistent with eqs 2 and 3.
For each condition, we succeeded in measuring changes in the
optical vortex forces on the order of 1 N for the tangential
force and on the order of 0.1 fNnm™ for the trapping stiffness
caused by the change in the laser power; this demonstrates the
analysis accuracy using the nanofluidic channel.

The accuracy of the acquired parameters using the
nanofluidic channel was further confirmed by comparing the
experimental and numerical results (Table 1). The orbital
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radius was evaluated by the least-squares fit for each condition,
and the experimental results for the orbital radius agreed with
the numerical results, indicating that a spatial resolution of 100
nm or more is preferable for the particle tracking analysis.

In the dp = 80 and 100 nm cases, the tangential force showed
a good agreement for the experimental and numerical results,
demonstrating that the particle tracking analysis using the
nanofluidic channel can evaluate scattering and absorption
forces with an accuracy on the order of 1 {N. Conversely, in the
case of d, = 150 nm, there is a large discrepancy between the
tangential forces in the experimental and numerical results
(Figure 4h). As discussed below, this discrepancy is not an
error in the measurement but rather indicates an intrinsic
limitation of the Rayleigh approximation for larger Au NPs.
Our experimental method using the nanofluidic channel
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Table 1. Comparison between the Experimental and
Numerical Results of the Systematic Investigation of the
Optical Vortex Forces Acting on the Au NPs”

conditions

d, [nm] m
80 1
2

3

100 1
2

3

150 1
2

3

T
0.89
0.95
1.01
0.90
0.96
1.01
091
0.97
1.03

exp./sim. [-]

Fy
1.40
0.87
0.74
1.36
1.44
0.67
0.21
0.18
0.13

K,

2.70
1.99
1.44
243
2.42
1.71
0.66
0.71
0.68

“The ratio between experimental and numerical results is defined as
follows: the ratio of the orbital radius r, was obtained from the least-
squares fitting shown in Figure 4a,d, and g The ratios of the
tangential force and trapping stiffness were obtained from the slopes
of the fitted lines in Figure 4b,c,e,fh, and i.

succeeded in accurately analyzing the tangential force driving
the orbital motion. This implies that our method can
contribute to investigations of the optical scattering and
absorption cross sections of nano-objects.

The trapping stiffness showed values on the same order for
both the experimental and numerical results, as shown in
Figure 4c,f, and i, indicating that direct observations of thermal
fluctuation of Au NPs in the optical-vortex force field

succeeded in accurately evaluating the radial optical-force
component acting on the Au NPs. Although this measurement
required a particle tracking accuracy on the order of 10 nm
without external disturbances, the accurate tracking of Au NPs
with particle diameters of less than 100 nm was achieved as a
result of the continuous observation and the suppression of
forced convection enabled by the nanofluidic channel, allowing
the trapping stiffness to be analyzed with an accuracy on the
order of 0.1 fNnm™.

Although several studies have contributed to establishing an
experimental method to accurately measure optical forces,
most of these have focused on experiments using micro-
particles.m_‘?’4 In microscale measurements, the optical forces
acting on the target particles were typically greater than 1 pN,
much larger than those acting on nanoscale objects. Regarding
nanoscale research, although theoretical studies are largely
spread, infinitesimal optical forces acting on nanoscale (d, <
100 nm) particles often fail to overcome thermal fluctuations,
preventing researchers from experimentally analyzing optical
forces at the nanoscale. Particularly, there are few reports
regarding the scattering force acting on nanoscale particles,
whereas the gradient force (i.e., trapping stiffness) has been
reported in recent studies.’>*® Zensen et al.”’ succeeded in
evaluating the scattering force acting on Au NPs with a
diameter of 80 nm using two Gaussian beams with a
specialized microscopic system. They reported a scattering
force on the order of 10 fN with an accuracy on the order of 1
N, which, to the best of our knowledge, is currently the best

L — 200—————————— _ S
L o — b E L(c y
08(a) vawh = L (b), ] E4()4
T o 1 =150 E v &€7TEe 7
3 | ~ Z' v ] LL%150 z1 ’ll “% L @2 .
- Lo o O 8 g I} ) a
» 0.6 . 5 [ @ ’II b % 33 .
> y— ll 0
S | s 1 2100 80 100 150 1 2t 80 100 150 PR
= 0.4k . 1l = dp [nm] s E ol pgm] e
© E10 = F / 1 3 O eetmmemm o
5 Sos 12 O exp o I o 1
502 X0 T 50k [ w sim L, 1 £4 6 Y
“r 0.0 7 o ,:'_ ---------- (o] e s O exp
| 80 100 150 | © [ ___9:'" 1 &1 % v sim |
d, [nm] R Pt = vy
0.0 PR [T N S A S R 0 n P Y I I 0 PR T I PR R
60 80 100 120 140 160 60 80 100 120 140 160 60 80 100 120 140 160
particle diameter d,, [nm] particle diameter d, [nm] particle diameter d, [nm]
15— B an —
d e = (e -0--exp [] I 1
—_ _( ) L ] = 30—( ) 0" -, ‘v-amH £ 2_5_(f) %2 |
€ O exp ’,;,’:' ot AN N E L S -
31 0 v sim E:—’ o 25| . 1 =20 o
= & 7 2 S {1 =245 R
g ’,0” O 20| oot ] . g : 5- *«._  topological charge m
5 I 5 1 2.t 1 215 “ [
® '.oo 15 % 15L 2 _ E | v ‘O\ .g- :ﬁ-ﬁ i
T 05 y E10 = F 1S {1 ®10 M. N
e 2 1 = 10} 21 - ]
_e K4 é0_5 E é E L \\ (o) .
o |/ {1 5 & 1 os5F Veeeaes -
:: 0.0 . . a o 5L 0 . 2 5 = % v
topological charge m © I topological charge mq s i 1
0.0 M . I L . 0 . L 1 A L 0.0 . 1 N N .
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4

topological charge m

topological charge m

topological charge m

Figure 5. (a—c) Particle diameter, d,, dependency of (a) the orbital radius r,, (b) the tangential force Fy, and (c) the trapping stiffness k,. The inset
shows the ratio of each parameter for the experimental and numerical results for each d,,. The topological charge and the laser power of the incident
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achieved accuracy. Our experimental method shows a
comparable accuracy and has the advantage of simultaneously
evaluating three optical components via in-plane particle
tracking without a specialized microscopic setup. The validity
of the experimental results is well substantiated by the
consistency between the experimental and numerical results.
Furthermore, the combination of the optical vortex and the
nanofluidic channel results in the reproducible manipulation of
the orbital motion of single Au NPs driven by a tangential
force on the order of 1 N because of the strict suppression of
the forced convection in the test section. In this study, we
adopted Au NPs, whose optical characteristics have been
widely investigated. However, our method is applicable for
investigating the optical properties, e.g,, the complex refractive
index, polarizability, and optical cross sections, of unknown
nanomaterials.

Response of Au NPs to an Optical Vortex Field. We
investigated the dependency of the optical vortex forces on the
particle diameter under fixed laser irradiation conditions, as
shown in Figure Sa—c. As expected, the orbital radius was
independent of the particle diameter, and there was good
agreement between the experimental and numerical results
(Figure Sa).

Reportedly, the Rayleigh approximation can correctly
describe the optical forces when the particle diameter is less
than one-tenth of the wavelength of the incident light. Note
that this threshold corresponds to d, = 100 nm in this study.
Thus, the overestimation of the tangential force for a Au NP of
d, = 150 nm was reasonable. When the particle diameter is
larger than one-tenth of the wavelength, the Mie theory and
Maxwell’s stress tensor are consistent with the experimental
results.”” Dienerowitz et al.’’ reported that the Rayleigh
approximation overestimates the sum of the scattering and
absorption forces approximately four times larger than those
calculated by the Mie theory or Maxwell’s stress tensor in the
case of Au NPs with the diameter of 150 nm. In our result, the
Rayleigh approximation produced a tangential force that was
five times larger than the experimental result; that is a
reasonable discrepancy between the Rayleigh approximation
and the Mie theory. Hence, we infer that the experimental
results correctly represent the particle diameter dependency of
the tangential force. Dienerowitz et al.*” also reported that, for
Au NPs with a diameter of 150 nm, the gradient force is almost
the same between the two calculation methods. This fact
indicates that the Rayleigh theory can be approximately
extended to calculate the trapping stiffness even for d, = 150
nm. Indeed, the experimental and numerical results agreed on
the order of the trapping stiffness without a significant
overestimation. In addition to the result of d, = 150 nm, the
experimental trapping stiffness was consistent with the
numerical results with an accuracy on the order of 0.1 {N/nm.

Next, we evaluated the orbital motion of Au NPs with a
diameter of 100 nm with different topological charges and a
fixed laser power of L, = 200 mW (Figure 5d—f). Changes in
the topological charge lead to changes in the optical vortex
field based on eqs 2—4. Figure Sd shows the orbital radius
dependency on the topological charge. The orbital radius r,
under a topological charge m is denoted by a root of eq 2, that

is, 1, = wy/m/2. The fitted curves in Figure 5d follow the

function r, = wy\/m/2, and the experimental and numerical
results were consistent with this function. Furthermore, the
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orbital radius showed a good agreement between the
experimental and numerical results.

The tangential-force measurement kept the accuracy
between experimental and numerical results, even under
different topological charges, as shown in Figure Se. Regarding
the trapping stiffness, the experimental results were qual-
itatively consistent with the numerical results such that a
higher topological charge led to a lower trapping stiffness
(Figure Sf).

In summary, our experimental method successfully evaluated
the change in the optical-vortex forces due to particle size
change on the order of 10 nm and indicated the difference in
the interference between Au NPs and the optical vortex behind
the optical-vortex manipulation. Furthermore, the experimental
results demonstrated changes in the orbital motion associated
with various topological charges. Particle tracking analyses in
nanofluidic channels allow quantitative evaluations of the
orbital radius, the tangential force, and the trapping stiffness.

B CONCLUDING REMARKS

In this study, the orbital motion of single Au NPs driven by an
optical vortex was evaluated using a nanofluidic channel
optimized for suppressing the forced convection in the test
section. For Au NPs with diameters of 80, 100, and 150 nm
manipulated by LG beams, the gradient, scattering, and
adsorption forces were quantitatively evaluated using the
orbital radius, tangential force, and radial trapping stiffness.
The transport phenomenon was analyzed using a Langevin
dynamics simulation coupled with the Rayleigh scattering
theory. We found that the simulation results reproduced the
orbital motion well as functions of the laser power, particle
diameter, and topological charge. The consistency between the
experimental and numerical results in the Rayleigh regime
indicated that our experimental method enables reliable
quantitative analyses of the radial trapping stiffness (i.e., the
gradient force component) and tangential force (ie., the
scattering and absorption forces) regardless of large thermal
fluctuations in the Au NP dynamics. Although reliable
evaluations of the scattering and absorption forces in the
Rayleigh regime are challenging because of the insufficient
optical force of the stable manipulation for target particles, we
succeeded in analyzing scattering forces on the order of 10 fN
or less with an accuracy on the order of #1 fN. These findings
will be helpful for optical-manipulation techniques using
optical vortices and other applications. In the future, the
presented method will contribute to investigations of optical
properties of unknown nanoscale materials via optical force
analyses.

B MATERIALS AND METHODS

Fabrication of the Nanofluidic Device. The nanofluidic
device is composed of a quartz glass substrate and a
polydimethyl-siloxane (PDMS) block. The glass substrate
includes a nanofluidic channel pattern. During its fabrication, a
photoresist reagent (ZEP520A, ZEON Corp., Japan) was spin-
coated on the substrate at 3500 rpm for 40 s. The coated
photoresist was baked at 180 °C for 3 min. The design of the
nanofluidic channel was drawn on the photoresist using an
electron beam drawing system (BEAM DRAW, Tokyo
Technology) implemented in a scanning electron microscope
(JSM-7200M, JEOL). The acceleration voltage and the
drawing area were 30 kV and 200 X 200 um? respectively.
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Figure 6. Schematic of the laboratory-built optical system. Abbreviations are as follows: CL, collimate lens; S, shutter; HW, half waveplate; T,
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device; and DFC, dark-field condenser.

The nanofluidic channel was drawn using a dosage of 62.5 uC
cm™2 After development, via immersion in a developer
solution (ZED-NSO, ZEON Corp., Japan), the nanofluidic
channel was processed to a depth of 300 nm using a reactive
ion etching system (RIE-10NR, Samco Inc., Japan). Trifluoro-
methane (CHF;) gas was used as the process gas. Next, the
substrate was immersed in a dimethylformamide solution
overnight. Finally, the substrate was rinsed via ultrasonication
in an isopropanol solution. The height of the nanofluidic
channel was ~300 nm. The PDMS material (Sylgard184, Dow
Corning Toray Co., Ltd,, Japan) was thermally cured on a
mold that was fabricated as described in a previous study."
Holes for the inlet and outlet of the suspension were made in
the PDMS block using a biopsy puncher (BP-3SF, Kai
Industries Co., Ltd., Japan). The glass substrate and the PDMS
block were exposed to an excimer laser (SVK111R-1N1-NFO,
USHIO, Japan) to modify their bonding surface to be
hydrophilic and were then bonded.

Optical Setup. In the laboratory-built optical setup (Figure
6), a continuous-wave semiconductor laser with a wavelength
of 1064 nm (ASF1JEOI1, Fitel, Furukawa Electronics, Japan)
was adopted as a light source. The polarization of the Gaussian
beam emitted from the laser source was aligned using a half-
wave plate. Next, the beam was made incident with a liquid
crystal on a silicon-space light modulator (LCOS-SLM;
X13138-03, Hamamatsu Photonics K. K., Japan). Using the
LCOS-SLM, the Gaussian beam was transformed into an LG
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beam via spatial phase modulation. Then, the LG beam was
made incident with an optical path through an inverted
microscope (IX-71, Olympus, Japan) and was focused using an
objective lens (LCPLNSOXIR, Olympus, Japan). The LG
beam irradiated the Au NPs in the nanofluidic channel, which
was placed on the autostage of the inverted microscope. The
Au NPs were visualized via dark-field microscopy using a
mercury lamp (U-HGLGPS, Olympus, Japan) and a dark-field
condenser lens with a numerical aperture of 0.8 (U-DCD,
Olympus, Japan), as shown in the inset in Figure 6. The
observations were recorded using a high-speed camera (Zyla,
sCMOS, Andor Technology Ltd., Northern Ireland) with a
frame rate of 1000 fps. In the experimental setup, the pixel size
was 140 nm/pixel.

Beam Waist w, and Laser Power L. The beam waist, wy,
and the laser power, L, of the laboratory-built optical setup are
required for the numerical simulation. To measure the beam
waist, the Gaussian beam was made incident with the objective
lens without spatial phase modulations. The beam profile at
the focal plane was recorded by the CMOS camera. A
Gaussian function was then fitted to the profile to determine
the beam waist, which was defined as the distance from an
optical axis to the point with a brightness value of 1/e* of the
maximum intensity. Figure S4a shows the acquired image of
the Gaussian beam and its intensity profile, which indicates
that the beam waist was w, & 1.03 pym.
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It was necessary to measure the laser power at the focal
point because the Au NPs were irradiated with the beam
following energy loss along the optical path. We measured the
laser power near the focal plane using an optical power meter
(3A-QUAD, Ophir Ltd., Japan), as indicated by the red dotted
line (i) in Figure 6 for LG beams with topological charges m in
the range from 0 to 4. The measurements are shown in Figure
S4b. The results indicated that the laser power increased in
proportion to the set value. Additionally, the energy loss
increased for higher m. Therefore, in the optical-manipulation
experiment, we determined the laser power from the m and set
values for each condition.

Preparation of Au NP Suspension and Infiltration of
Suspension inside the Nanofluidic Channel. In this study,
Au NPs with diameters of 80, 100, and 150 nm (A11-80/100/
150-CIT-DIH-1-25-CS, Nanopartz, Canada) were used as
target particles. First, the stock suspension was irradiated with
ultrasound to disperse any preformed particle aggregates.
Then, the suspension was filtrated with a membrane filter with
a pore diameter of 220 nm (GSWP01300, Merck Millipore
Ltd, Germany). The filtrated suspension was diluted with
ultrapure water to a final concentration of the nanoparticles of
6.32 X 107 npsmL~', where nps denotes the number of
nanoparticles. To mitigate the adhesion of nanoparticles to the
wall of the nanofluidic channel, Triton X-100, a nonionic
surfactant, was added to the suspension with the concentration
of 1% (v/v). Here, the nonionic surfactant was chosen because
ionic surfactants can strongly change the surface charge and
dielectric property of Au NPs by attaching the particle surface.

To infiltrate the nanoparticles into the nanofluidic channel,
we filled the inlet holes of the nanofluidic channel with a
suspension of nanoparticles and vacuumed it for 1 min. This
vacuum procedure allowed the suspension to enter the test
section. The number density of the nanoparticle suspension
was adjusted so that the number of nanoparticles infiltrated
into the test section, estimated from the volume ratio of the
test section to the whole channel, was stochastically equal to 1.
Then, the test section was observed using dark-field
microscopy to confirm the existence of a single nanoparticle
there. If there is no particle in the test section, the nanofluidic
channel was irradiated with an ultrasound to forcibly induce
the nanoparticle flow inside the channel. This ultrasonication
process was repeated when a single nanoparticle was observed
in the test section. After infiltration of the single nanoparticle
in the test section, the particle stayed during the sequential
experiments, i.e., 5 h.

Langevin Dynamics Simulation Coupled with the
Rayleigh Scattering Theory. The orbital motion induced by
the LG beam was simulated by numerically solving the
Langevin equation combined with the optical forces. We
assumed an ideal in-plane orbital motion at the focal plane of
the LG beam. Because the inertial term is much smaller than
the drag force as a result of the tiny mass of the nanoparticle,
the overdamped Langevin equation in polar coordinates r =
(,0) is acceptable as follows:

dxp(t)
dt

0= _é + Fopt(r) + Frand(t)

1

Here, x,(1), Foy(r), and F,,4(t) denote the particle position at
time t, the optical forces at the position r, and the thermal
fluctuations at time ¢, respectively. & is the friction coefficient,
which is & = 37ud,, where y and d, denote the viscosity and
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the particle diameter, respectively. F,,(r) comprises the
optical gradient force, Fgrad(r) , the scattering force, Fy.,(r),
and the absorption force, F,,(r). Here, because the rotational
frequency of the optical vortex is much faster than that of the
orbital motion of the Au NPs, we averaged the scattering and
absorption forces along the azimuthal direction, resulting in an
equation that is independent of the angle. Thus, the optical
forces along the radial direction, F,(r), and the azimuthal
direction, Fy(r), are denoted as a function of r = Irl as follows:

E(r) = Eyy(r)

2L Iml 2r
P
= Rela(d | 2L - 22 e,

TTNECE W, w, (2)

nfLP m

FH(r) = Fscat(r) + Eabs(r) = —Z(Cscat + Cabs)l//m(r)_eﬂ

ow, kr

3)

Here, n;= 1.33, ¢ = 3.00 X 10 m-s™", ¢, = 8.85 X 107" F-m™},
and m denote the refractive index of water, the speed of light,
the dielectric constant in a vacuum, and the topological charge
of the LG beam, respectively. The beam waist, wy, = 1.03 um,
and the incident laser power, L, are determined via
experimental measurements, as described above. k and y,,(r)

are defined as
2lml 2
2 w22
wlml! P wo2 (4)

where A = 1064 nm is the wavelength of the incident LG beam.
The polarizability of Au NPs with a diameter of d,, az‘;‘M(dp) , is
given according to the Clausius—Mossotti relation as follows:

Jar

"o

k =2mn;/2, l//m(r) =

*2 2

243
£ )= megnid, | n,” — ng
aCM( p) - 2 *2 2 2
n, + 2n; (s)
Here, n¥ denotes the complex reflective index of the Au NPs.

In this study, we considered the interference between the
incident light and secondary light radiated from the Au NPs,
which results in attenuation of the incident light intensity.””
The effect of the interference on the optical parameters was
insignificant in the case of smaller particles. However, the effect
becomes greater with an increase in the particle diameter; i.e.,
the degree of attenuation changes in a diameter-dependent
manner, which can bias the change in optical forces to particle
size change. Thus, the radiative correction for optical
parameters of Au NPs was adopted in this study. The effect
is reflected in the polarizability of the nanoparticles by
correcting agy(d,) to

ki (d))
a*(d,) = ady(d,)|1 + iLM(P)

i (6)
where kj is the wavevector in a vacuum. Based on the Rayleigh
theory, the scattering cross section, C,,, and the absorption
cross section, C,, were determined using the relations

C. = "Migx(d )P and
- a ( P) an Cabs

scat 6”
tively.”” The optical parameters for the numerical simulation
are summarized in Table 2 for the three diameters used in this
study.”

n

nek,
. Im[agM(dP)], respec-
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Table 2. Used Optical Parameters of the Au NPs with
Diameters of 80, 100, and 150 nm, for the Theoretical
Simulation”*

d, [nm] 80 100 150
n [-] 0.124 + 7.65i  0.117 + 7.65i  0.107 + 7.65i
Re[a*] [A%s*/ke] 1.39 X 1073 2.71 x 107 8.95 X 107
Cyeae [m?] 2.38 X 10716 9.06 X 107'¢ 1.01 x 107
Caps [m?] 2.12 x 1077 3.90 x 1077 121 x 107

“n¥, a*, Cy and Cy, denote the complex refractive index, the
polarizability with radiation reaction correction, the scattering cross
section, and the absorption cross section, respectively.

The characteristics of the thermal fluctuation, F,,4(t), were
defined to satisfy the Einstein's fluctuation—dissipation
theorem, such that

<Frand(t)> = 0? <Frand(tl)'Frand(t2)> = 4§kBT5(t1 - t2)

(7)
The quantity (-) denotes an ensemble average; J is the Dirac
delta function; kz = 1.38 X 107> m* kg s is the Boltzmann
constant; and T = 300 K is the absolute temperature. For
discrete thermal fluctuations, the normalized random numbers,
N(t), were generated following a Gaussian distribution. F,,4(t)
is expressed as

_ [48kT
Frand(t) - At N(t) (8)

To determine the time step in the numerical simulation, we
calculated the diffusion coefficient for Au NPs with a diameter
of 200 nm in two-dimensional Brownian motion with various
time steps in the range from At = 1.0 X 10™®s to 1.0 X 107** s
and compared the obtained diffusion constants with the
theoretical value calculated by the Stokes—Einstein equation.
The result indicated that a time step of less than At = 1.0 X
1077 s was sufficiently short to ignore the effect of the time step
on the numerical results. Accordingly, we numerically solved
eq 1 using a time step At = 1.0 X 107 s. The computational
techniques used for the numerical analysis were based on our
previous research,'’ which largely contributed to the high
accuracy of the obtained results. Validation of the numerical
scheme was also carefully made, not only from the viewpoint of
computational fluid dynamics, e.g., the independence of the
parameters in the iterative process, but also from that especially
considering the periodicity of the phenomena in optical
tweezers and the statistical characteristics of Brownian motion.
The particle position at time ¢; was displayed as the trajectory
of the orbital motion with an interval of 1 ms, which was
identical to the frame rate of the microscopic observations in
the experiment.
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