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ABSTRACT

In this mini-review, recent advances on the role of a focused laser in micro- and nanofluidic systems is widely
introduced with special interest in thermo-fluid dynamical aspects and their importance in optical manipulation.
As a brief introduction to microfluidic systems, we describe the advantages and challenges of the use of micro-
and nanoscale confinement in optical trapping, as well as standard fabrication techniques for micro- and
nanofluidic systems. From thermo-fluid dynamical viewpoints, various phenomena that accompany a laser
irradiation to fluidic devices, are explained in detail. These phenomena can affect the optical trapping of target
materials significantly, and are classified into two categories: one that induces the fluid flow around the target
and another that directly acts on it as an external force. These classes are reviewed by shedding light on some
recent cutting-edge researches for optical manipulation. Some applications using thermo-fluid dynamics in
microfluidic systems for the measurement of optical forces and for the separation, measurement, and detection of

target materials are also introduced.

1. Introduction

Controlling the motion of micro- and nanoscale materials has been
one of the key techniques in bioscience and nanoengineering. For
instance, nanofluidic devices can identify deoxyribonucleic acid (DNA)
bases by measuring the modulation of electrical signals that are trig-
gered by the motion of the DNA molecules in nanoscale channels with
embedded sensing electrodes [1]. In such applications, target materials
have to be transported to a sensing part with desired speed and fre-
quency. However, due to the smallness of targets and devices, achieving
these requirements with high precision is not a simple task and needs
some specialized tools.

Optical tweezers (or optical trapping), notably pioneered by Ashkin
and his coworkers [2-7], are a manipulation technique using a focused
laser beam illuminated on a target material. Ashkin reported the ac-
celeration and trapping of microparticles by optical radiation pressure
[2]. He and his collaborators [3,5] successively demonstrated optical
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manipulations of yeast cells and microparticles in a living cell of a
spirogyra. It was marvelous that biological cells, as well as micro- and
nanoparticles, could be optically manipulated without touching.

Because of its non-contact and non-invasive nature, the optical
tweezers have contributed significantly to various research fields that
require precise control on the motion of micro- and nanoscale materials.
With the help of available references such as textbooks and review ar-
ticles (see, e.g., [8,9]) and commercial experimental apparatus, the
optical trapping experiments have been carried out not only by the re-
searchers in optics fields but also by those who do not specialize in
optics. Microfluidics and nanofluidics, where a fluid containing mole-
cules and/or colloids is confined in micro- and nanoscale fluidic chan-
nels, are the research fields that enjoy the benefits of optical tweezers.
This mini-review aims to introduce some recent advances of
optical-force-meditated and/or optical-effect-meditated novel manipu-
lation techniques of micro- and nanoscale targets in fluidic devices
and/or confinements.
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First, quick overviews of optical forces and microfluidic systems will
be given in Secs. 2 and 3, respectively, for those without the background
of optical trapping and/or microelectromechanical systems (MEMS)
technologies. In Sec. 4, some important effects in thermo-fluid dynamics
caused by laser irradiation are described, with a particular focus on
recent advanced researches. This knowledge is useful in the appropriate
understandings of optical-trapping experimental data, which inherently
include the effects of surrounding fluid flows and temperature fields. In
Sec. 5, we introduce some recent applications related to optical trapping
and the effects of focused lasers on microfluidic systems.

2. Quick overview of optical forces

For a microparticle that is much larger than the wavelength of light,
optical pressure is understood within the framework of ray optics or
geometrical optics, as constructed by Ashkin [10]. As shown in Fig. 1, a
ray partially reflects and refracts at a surface when a ray of power P hits
a spherical surface. Let us consider the ray of an incident angle § with the
incident momentum per second n;P/c, where n; and c are the index of
refraction of fluid and the speed of light, respectively. The optical force
exerted on the sphere is expressed by the sum of power PR and the
multiply refracted rays with powers of PT2, PT?R,., and PT?R", where R
and T denote refraction and transmission coefficients, respectively [11].
As a result, optical forces along the optical axis and perpendicular to the
axis are optical scattering force Fscar and gradient force Fgraq, respec-
tively, as follows:

_mP T?[cos(20 — 2r) + Rcos26)]
Frew = c {1  Reos20 = 1+ R? + 2Rcos2r )
and
mP (. T?[sin(20 — 2r) + Rsin20)]
Fypua = — § Rsin20 — 2
wd =7, { . | + R + 2Rcos2r @

The net force is obtained by superposing all individual rays. For
instance, a polystyrene particle in water has a relative index of refraction
of about 1.2, and thus a microparticle exposed to a focused light is
attracted to the focal point along with both the axial and radial di-
rections.

On the other hand, metallic nanoparticles are often much smaller
than the wavelength of light and have large polarizability a (see, e.g.,
[12,13]). The optical trapping of metallic nanoparticles is understood
based on the Rayleigh scattering theory. Assuming a point-like dipole
particle, the induced polarization is expressed by P = aE, where E de-
notes the induced electric field. In the Rayleigh regime, the net optical

PT2R ¥

Fig. 1. Schematic diagram and coordinate system to determine the scattering
and gradient forces that result from the multiple reflections and refractions of a
single ray incident on a microsphere. ¢ and r are the incident and refraction
angles, respectively. R and T are the polarization-dependent Fresnel reflection
and transmission coefficients, respectively. 7 and ¢ result in the direction of the
gradient and scattering forces, respectively.

Reprinted with permission from [11]. Copyright 1996, The Laser Society
of Japan.
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force acting on the nanoparticle is divided into two components [4,14,
15] such as

F= Fgrad + Focar- (3)
The gradient force Fgraq is expressed by

Forag = %V<E2>, )

where the bracket corresponds to the time average over an optical cycle
[14]. Assuming a point dipole, the polarizability «a is represented by

2
_ o 4fm—1
a = 4nenia (m2+ ), 5)

where ¢ is the permittivity of vacuum, a is the radius of particle, and m
= ny/n; is the fraction of the index of refraction of particle ny to that of
the surrounding medium n; [16]. The scattering force is [14]

S ka® (m? — 1\°
F<ca =K. 5
seat 3¢ m? +2 (). ©)

where S is the Poynting vector and k = 2rn; /4 is the wave number of the
light of the wavelength 1. In the Rayleigh regime, it is found that the
forces Fgrag and Fyc,t are proportional to a®and @®, respectively, and that
Fgraq against the direction of incident light is required to be greater than
Fscat for stable trapping. The objective lens with a high numerical
aperture (NA) is effective to increase the gradient strength [14]. As the
particle size increases, the optical force is no longer described by the
Rayleigh scattering and then the Lorenz-Mie scattering theory is suitable
to express the phenomena [4,10,17-19].

3. Quick overview of microfluidic systems

Microfluidic systems have the length scale of micrometers which is,
practically, between several micrometers and hundreds of micrometers.
When the length scale is downsized to sub-micrometers, the system is
often called nanofluidics [20]. As will be described later in Sec. 3.2,
fabrication techniques are different between micro- and nanofluidics
because of physical limitations; usually the former is cheaper and rather
well-established, but the latter costs high and needs many struggles. In
this mini-review, we introduce a standard setup that is useful in optical
trapping experiments, leaving more details and applications to a text-
book [21].

3.1. Advantages and challenges

In optical trapping, confining a sample solution with dispersed small
objects in micro- or nanofluidic systems has some advantages compared
with experiments in bulk. First of all, a confinement can greatly reduce
undesired and unexpected fluid motion, whatever its cause may be. The
undesired flows easily occur during experiments due to, e.g., environ-
mental disturbance, the deformation of channels, or thermal convection
(see also Sec. 4). Evaluating and reducing the effect of background fluid
flow is important in the precise measurement of optical forces acting on
targets.

The confinement also plays a role in reducing a physical dimension.
For instance, when a laser is irradiated to a microscale slit in such a way
that the beam axis is perpendicular to the slit walls, the motion of the
target with the size comparable to that of the slit can be regarded as
quasi-planer. That is, the particle is allowed to move only in the plane
parallel to the slit walls. In this case, the escape of the target from the
trapping potential is suppressed in the beam propagation direction. Such
quasi-two-dimensional trapping is useful when an objective lens with a
high NA is not available, e.g., because of a thick substrate.

Another minor merit comes from the fact that the well-controlled
background flow facilitates experiments. We can stop the flow during
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data acquisition, e.g., video recording of optical trapping. After the
acquisition, inducing a one-way background flow can replace the old
solution with a new, fresh, and homogeneous one. In this way, the
number of trials can be increased efficiently. Moreover, one does not
have to wait for a target to diffuse to the laser focus but can force it to
come to the focus.

Furthermore, microfluidics is well compatible with other optical
tools. For instance, flow measurements in micro- and nanofluidics are
fundamental techniques, and thus improving their resolutions and
reducing costs are important for applications. If camera imaging is un-
necessary for the measurement, an installation cost can be greatly
reduced. A flow measurement technique based on fluorescence and
photodetectors without camera imaging is developed in [22,23]. In this
way, the microfluidic system is suitable for more integrated experi-
mental systems.

Although the micro- and nanofluidic devices have the advantages as
above, there are quite a lot of challenges to be overcome. For instance,
nanofabrication technologies have been mainly developed for silicon
substrates, which are not transparent and not suitable for laser irradia-
tion. Transparent glass substrates are also available (e.g., [24]), but the
thickness is, usually, not a standard 0.17 mm of coverslips. That is, a
high-NA oil immersion lens is not applicable because of its short working
distance. Below, we briefly introduce standard fabrication techniques
and their difficulties.

3.2. Fabrication

Microfluidics needs the fabrication of microchannels, which may
look difficult for those who never tried. In fact, there are many diffi-
culties if one tries to make them from scratch, but there are "recipes" to
follow (e.g., [21]). Here, a very standard one is introduced shortly. The
dimensions of the narrowest part are usually larger than ~ 5 pm in
microfluidic channels. In this case, the combination of SU-8 mold and
polydimethylsiloxane (PDMS) demolding is popular.

First, the SU-8 mold is fabricated by a photolithography technique as
follows. The SU-8 liquid is a negative photoresist and is cured upon light
exposure. This photoresist is spincoated on a silicon substrate (Fig. 2(a)),
and then the light exposure is made through a photomask that has the
pattern of the fluidic channel (Fig. 2(b)). Therefore, after washing out
the uncured photoresist (i.e., development), the convex pattern of cured
SU-8 remains on the substrate (Fig. 2(c)). Note that the height of the
mold is determined by the thickness of the coated SU-8 liquid film. The
resolution of the width of the mold is mainly restricted by two factors:
the wavelength of the exposure light, and the distance between the
coated SU-8 film and the photomask. A standard light-exposure appa-
ratus gives the minimum resolution around ~ 5 pm.

Second, a PDMS liquid is poured into the SU-8 mold (Fig. 2(d)).
Then, the PDMS is cured upon heating. The cured PDMS is peeled off and
de-molded from the SU-8 mold (Fig. 2(e)). The resulting cured PDMS has
the concave pattern of the fluidic channel. Finally, the patterned face of
the PDMS is attached to a glass substrate (Fig. 2(f)), after fabricating
inlet and outlet holes. There is no need for a bonding agent because of
the self-adsorption property of the PDMS. For more robust bonding
between the PDMS and the substrate, a surface treatment by oxygen
plasma exposure or ultraviolet light exposure is recommended.

The above process is rather easy and costs low. However, due to the
low rigidity of the cured PDMS, the low-aspect-ratio (height/width)
channel tends to collapse easily. Therefore, the channel height, which is
determined by the thickness of the SU-8 liquid film, should be at least a
couple of micrometers.

For smaller scale fabrication, the photolithography is not available
due to the limitation of exposure light’s wavelength and the proximity of
the photomask and the substrate. Electron beam lithography is thus used
to fabricate finer patterns of the fluidic channel. Roughly speaking, the
process in Fig. 2(b) is replaced by electron beam exposure of a positive
resist coated on a quartz glass. After development, a nanochannel is
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Fig. 2. Schematic of microchannel fabrication. (a) SU-8 liquid film is spin-
coated. (b) UV light exposure is made through a photomask. (¢) Development is
done to wash out uncured SU-8. (d) PDMS liquid is poured and cured. (e) Cured
PDMS is peeled off from the SU-8 mold. (f) De-molded PDMS block is attached
to a glass substrate, after fabricating holes for inlet and outlet.

formed by reactive ion etching. Nanoscale fluidic channels have huge
hydraulic resistance. Therefore, injection of a sample solution by
external pressure can collapse the channel. To avoid this collapsing,
larger-scale microchannel connections between nanochannels and inlets
are helpful (see, e.g., Fig. 3). Fig. 3 is an example of nanofluidic device.
Only the part indicated as "nanochannel area" has nanoscale dimensions:
other parts have microscale dimensions to reduce hydraulic resistance.
Quartz glass bonding [20] is also useful to make nanofluidic devices
robust to external pressure. However, the cost and time of fabricating
these nanoscale fluidic devices are larger than those of microscale de-
vices, and this difficulty often discourages laboratory-scale trials and
errors. Therefore, a large amount of effort, training, and experiences are
necessary for systematic experiments in nanofluidic devices.

4. Optical effects in thermo-fluid dynamics

Recent advances in plasmonic tweezers toward dynamic manipula-
tion [26] and thermoplasmonics for fluid actuation [27] clearly elevate
the importance of thermo-fluid dynamics. The optical effects in
thermo-fluid dynamics can be roughly divided into two types: those
acting on fluids (e.g., water solvent) and those acting on dispersed

Solution introduction part

Nanochannel area
(h=350 nm)

Microchannel area
(h=1.2 pm)

Microchannel area
(h=1.2 ym)

Fig. 3. Example images of nanofluidic devices. (a) Dark-field microscopy and
(b) scanning electron microscopy images of a double-slit nanofluidic device
used in [25]. Microchannels are used as solution introduction parts and are
connected by nanochannels indicated as double nano-slit. Copyright 2021,
American Chemical Society.

Reprinted with permission from [25].
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objects (e.g., nanoparticles). The former drives the fluid flow, yielding
the flow drag acting on the dispersed objects; the latter directly acts on
the object as external forces. When the magnitude of these forces is
comparable to that of the optical forces, special care is required for
optical trapping. As an introductory textbook for thermo-fluid dynamics
in microfluidics, readers are referred to [28].

4.1. Laser-induced fluid motion

4.1.1. Theoretical background for thermo-fluid dynamics

Photothermal effects can generate a temperature field in a fluid.
Usually, since the density of a fluid is temperature-dependent, the
gravity exerts a buoyancy force acting on the fluid, yielding thermal
convection. Fig. 4 describes the schematic of thermal convection in
optical trapping. The basic equation of thermo-fluid dynamics that de-
scribes such a situation is the Navier-Stokes equation with the Boussi-
nesq approximation (see, e.g., [29]). In a time-independent case, it is
written as

V=0, (7a)
pu-Vu= —Vp+uViu—pf(T—Ty)pg, (7b)
pC,(u-V)T = «V*T + g, (70

where u is the flow velocity vector, p is the fluid density at a reference
temperature Ty, p is the pressure, u is the fluid viscosity, o is the
thermal-expansion coefficient at temperature Ty, T is the temperature of
the fluid, g is the acceleration of gravity, C, is the specific heat at con-
stant pressure, « is the thermal conductivity of the fluid, and q is the heat
generated by the photothermal effect. The third term in the right hand
side of Eq. (7b) is the buoyancy force. Note that a small temperature
variation, i.e., AT = |T — Tp| < Ty, is assumed. Moreover, for simplicity,
the effect of the presence of particles on the fluid motion is not
considered. Equation (7) contains the unknown functions u, p, and T,
and can be solved numerically and self-consistently. For the theoretical
formulation of thermal convection, e.g., the mathematical basis of
Boussinesq approximation or physical meaning of Rayleigh numbers,
the readers may be referred to a standard textbook in fluid mechanics
[29] or a more specialized one for thermal convection [30].

Once the flow field u is obtained, the drag force acting on the par-
ticles can be computed as 6mauv, where a is the radius of particle and v is
a relative velocity of the fluid to the particle. For instance, if a typical
numerical values in microscale experiments 7 ~ 10> Pa's, a ~ 0.5 pm,
|v| &~ 10 pm s ! are used, the drag force is estimated as ~ 100 fN, which

— — (ii)
© .
Particle° N Gravity
© [ 4] l
Fluid flow ——s —— (ii)
/ \ ~ um

Laser

Fig. 4. Sketch of thermal convection in optical trapping. The laser is absorbed
to a solvent and heat is generated. (i) Low density fluid goes up because of a
buoyancy force. (ii) Horizontal flows must occur due to the mass conservation.
In addition to optical forces, suspended particles are subject to a drag force and
a thermophoretic force (see, Sec. 4.2.2) in such a situation. The drag force is
described as 6nauv, where a is a radius of the particle, 4 is a viscosity, and v is a
relative velocity of the fluid to the particle.
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may be comparable to the optical forces. However, if the (relative) flow
velocity could be reduced to [v| &~ 0.1 pm s~!, the drag force becomes
now = 1 fN, which may be negligible compared with the optical force.
To suppress the flow velocity, the use of microfluidic device works
successfully. For instance, it was estimated that the local temperature
increase of ~ 50 K in water solution resulted in the thermal convection
with magnitude < 0.1 pm s~! in a microchannel with a height of 17 pm
[31]. Note that the coupling between the fluid and particle motion is
necessary for more accurate description of the phenomena. However,
this coupling requires the treatment of moving boundaries, i.e., the
sphere surfaces, in solving Eq. (7), and is usually much more difficult
compared with Eq. (7) only.

Finally, let us remark the temperature increase of water induced by
laser irradiation. In optical trapping, the wavelength of 1064 nm is
frequently used for a trapping laser. The absorption coefficient of water
[32] at this wavelength is not significant; for instance, a focused laser
using a high NA objective (NA = 1.35, 100x magnification) results in
the temperature rise of ~ 1 K [33] when a laser power after the objective
is 50 mW. For this reason, this wavelength is preferred when thermal
damage should be avoided, such as in biological experiments. On the
other hand, water tends to absorb the wavelength close to 1.5 um (see, e.
g., [34,35]).

4.1.2. Thermally-induced fluid flows

The laser-induced thermal convection in a microscale slit is investi-
gated in [34], where the temperature field is produced because of the
photothermal effect of a water solvent. The flow velocity field analysis
using particle image velocimetry (PIV) and a numerical simulation
based on Eq. (7) are used to characterize the fluid flows, where the re-
sults are schematically shown in Fig. 5. Here, the heat generation g in Eq.
(7c) is modeled as g = AL, where A, is the absorption coefficient of water
and I is the laser intensity distribution. The magnitude of the
laser-induced thermal convection is strongly dependent on the length
scale of the confinement (e.g., channel height [35]). Therefore, the
resulting drag force acting on dispersed particles is also affected by the
length scale of confinement, as exemplified in Sec. 4.1.1. When the
confinement is weak, thermophoretic forces (see Sec. 4.2.2 below) and
the fluid drag due to thermal convection often become comparable [35,
36]. The laser-induced thermal convection is usually axis-symmetric.
However, applying a magnetic field to the dispersion of magnetic
nanoparticles, the non-axis-symmetric states may occur in the
laser-induced thermal convection [37].

Instead of the photothermal effect of the solvent as described above,
plasmonic heating [38] can be utilized to localize the high-temperature
region. In [27], the monolayer of gold nanorods is illuminated by the
laser, and the resulting heat generates thermal convection. This con-
vection can be used as fluid actuation in a microfluidic circuit. Such
plasmonic-heating-meditated methods for the generation of tempera-
ture field have been reported in various articles; some of them will be
also introduced in subsequent parts of this paper.

Thermal convection can be actively used to collect target particles
near a heated region. In [39], bacteria are accumulated at the stagnant
area of the convective flow. By the use of partially-Au-coated particles as
a heat source, the thermal damage to the assembled bacteria is avoided.
In [40,41], additional external electric fields are applied to induce
electrothermal flows [40] and electroosmotic flows [41] to realize
nanoparticle tweezers.

It should be remarked that an inhomogeneous temperature field can
induce fluid flows, thermoosmotic flows [42,43], even under the
absence of gravity. (Recall that gravity is necessary for thermal con-
vection.) Thermoosmotic flows are observed experimentally near a
solid-liquid interface heated by a photothermal effect of Au nanoparticle
[44] and are also investigated numerically for both light-absorbing
particles and solvents [45]. This flow is considered as the origin of
self-thermophoresis of Janus particles [46-48] or spheroidal nano-
particles [49], which have temperature distribution around their



T. Tsuji et al.

- - —_
o o o
- N w

©

Ur max/ Ug
>

103 eSimulations |
o Experiments

n
107! 10° 10

H/o

Fig. 5. (a) The schematic of the experiment in [34] and (b) the magnitude of
laser-induced thermal convection u,m. as a function of a channel height H.
Normalization factors in the vertical and horizontal axes, i.e., uy and o, are a
reference speed that balances the viscous term and the buoyancy force and a
characteristic width of temperature field, respectively. Copyright 2016, Amer-
ican Physical Society.

Reprinted with permission from [34].

surfaces upon laser illumination. The thermoosmotic flow around a
Janus particle is investigated in [46]. A Janus particle is heated by laser
irradiation, as shown in Fig. 6(a), and the resulting flow is experimen-
tally evaluated (Fig. 6(b)) and also is simulated (Fig. 6(c)).

As a fluid actuation method, Marangoni flows, the class of flows
induced at an interface of two different fluids due to surface tension
gradient (see, e.g., [28]), have practical feasibility. Photothermal effects
can induce Marangoni flows because surface tension is usually depen-
dent on temperature. A bubble may be created upon plasmonic heating
of gold nanostructures. Along the surface of the created bubble, the
Marangoni flow occurs and the fluid transport can be achieved [50-53].

4.1.3. Optically-induced fluid flows

So far, we have introduced the thermally-induced flows due to laser
irradiation. Here, we introduce fluid flows induced by non-thermal op-
tical effects.

Convection flows can be induced by drag forces exerted on a fluid by
particles. A focused beam not only traps the particles but also pushes the
particles toward the beam propagation direction. These pushed particles
can drag the fluid, resulting in the long-ranged fluid motion that
transports the particles toward the focal spot [54]. This type of con-
vection has similar flow patterns with thermal convection, as shown in
Fig. 7, but its origin and parameter dependence are completely different.

In [55], the momentum transfer from an optical-vortex laser to a
liquid film is demonstrated. Upon the irradiation of the pulse of the
optical vortex, the liquid film breaks up and a droplet is ejected. In
contrast to other fluid actuation methods as explained above, this
method, which we call optical vortex laser induced forward mass
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Fig. 6. (a) Flow induced around a laser-heated Janus particle. (b)
Experimentally-measured velocity from particle tracking of tracers. (c) Velocity
obtained by a numerical simulation. Copyright 2019, AIP Publishing.
Reprinted with permission from [46].

a Net force acting on fluid through particle
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Fig. 7. (a) Convection induced by optically-pushed particles [54]. (b) A
simulated flow velocity induced by optically-pushed particles. (c) A simulated
thermal convection. Note the difference of the flow magnitude and the structure
of the streamlines: the flow in (b) is faster and much localized near the laser
focus around r ~ 0 pm and z ~ 12 pm. Chamber height is 600 pm. Copyright
2020, American Chemical Society.

Reprinted with permission from [54].
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transfer (OV-LIFT), acts directly on the fluid.
4.2. Forces acting on particles

4.2.1. Hydrodynamic forces

A drag force acting on a target object is the most fundamental effect
of fluids. For micro- and nanoscale objects, the effect of inertia can be
neglected for both target motion and fluid motion. Usually, we consider
a Stokes flow [56] for such a situation. The Stokes flow is characterized
by an infinitesimal Reynolds number (the ratio between the fluid inertia
and the viscosity) and is also called creeping flows. In short, the Stokes
flow is formulated by the Navier-Stokes equation without non-linear
terms, which appear as (u - V)u in the left hand side of Eq. (7b).

In [57], it is indeed shown experimentally that the inertia of the
particle is not significant in optical trapping. By analyzing the dynamical
motion of the particle toward the trapping position based on the balance
between the optical gradient force and the fluid drag force, the optical
force acting on the particle is experimentally evaluated and numerically
examined [57]. The drag force can be used to manipulate target particles
hydrodynamically, as shown in Fig. 8. In [58], a couple of micro-rotors
are forced to rotate by optical forces. The resulting fluid flows due to
rotations are arranged so that the drag force traps or transports target
materials as one desires. This can be considered as the localized version
of hydrodynamic tweezers [59].

When there are more than two particles in the region of interest, a
hydrodynamic interaction, which is a force acting on a particle exerted
by others, may play an important role in the collective behavior of the
particles. It is reported in [60] that the hydrodynamic interaction
induced by Janus particles facilitates the cluster formation of micro-
particles. Hydrodynamic interaction may be significant even for much
smaller particles. In [61], the orbital motion of 200-nm-diameter par-
ticles, which is induced by an optical vortex, can be enhanced by the
hydrodynamic interaction. Fig. 9 shows the comparison between the
optical vortex experiments and the simulation with hydrodynamic
interaction for the 1-ym-diameter particles. In Fig. 9(a), the multiple
particles are orbiting in a circular path. Only one of the particles is
fluorescent and serves as a tracer. Experimental results on the angular
frequency @ in Fig. 9(b) and the simulation results in Fig. 9(c) with
hydrodynamic interaction both show the positive correlation with
respect to the number of particle N included in the orbital path (see
Fig. 9(a)). Note that this experiment used the confinement of 3 pm made
of microfabrication (see Sec. 3.2). Thanks to this confinement, the par-
ticles are successfully trapped in the orbit, without being pushed out in
the beam propagation direction by the scattering force, even for
200-nm-diameter particles. In [62], it is shown numerically that the
hydrodynamic interaction between gold nanoparticles generates a uni-
directional current even in a periodic optical vortex lattice. For more
theoretical descriptions of the motion of small objects in fluids under the
presence of others, readers are referred to textbooks [56,63,64].

When a particle is self-rotating in a background fluid flow, a Magnus
force acts on the particle in the direction of the cross product of the flow

@ Rotor schematic: single target control ‘j\;v b -
X -
. -
m :
-
Optical traps |\ o e
\ O .
Q -
Target "'
/ object \
Rotor 1 Rotor 2

(x-axis control) (y-axis control)

Fig. 8. (a) Concept of hydrodynamic manipulation using optically-trapped
rotors. (b) Experimental realization of hydrodynamic manipulation. Chamber
height is 150 pm. Reprinted from [58] under the Creative Commons CC BY
4.0 license.

Journal of Photochemistry & Photobiology, C: Photochemistry Reviews 52 (2022) 100533

a
(c1)t=0.02s

b c
(@m= @d=10um o
0.6 35 R L
0.5 30F
Z 04 % 5
E 0.3 \3 ‘g
0.2
0.1 I TETTY THRUY PRUTY PN TRURT VOO |

w5 L L L L L Lissi
6 7 8 9 1011 .12 13 14 00 5 10 15 20 25 30 35
The number of particles N The number of particles N
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cles. Many particles are trapped at the same time, one of which is fluorescent as
a tagged tracer. (b) The measured optical force (left) and the orbital angular
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number of particles in the orbit, N, where the azimuthal mode m of the optical
vortex is set to m = 1. (c¢) Corresponding simulation results for various m. The
simulation takes into account hydrodynamic interaction among the particles in
the orbit. Chamber height is 3 pm. Reprinted from [61] under the Creative
Commons CC BY 3.0 license.

and the rotational axis. This effect is usually negligible for micro flows.
However, under the assist of thermophoretic force (see Sec. 4.2.2
below), it is shown in [65] that the optically-trapped, self-rotating, and
heated particle is subject to the Magnus force.

4.2.2. Thermal forces

Thermophoretic forces act on dispersed objects in a fluid along a
temperature gradient. Phenomenologically, thermophoretic velocity Vr
can be expressed as

VT = - DTVT7 (8)

where Dy is called thermophoretic mobility and can take both signs. The
sign of Dy is often positive and the magnitude of Dt is usually reported as
D] < 10 me sTTK ! (see, e.g., [66]). Therefore, when the temperature
gradient |[VT| ~ 1 K pm™! is created, the thermophoretic speed is esti-
mated as 10 pm s, Assuming that the thermophoretic force is coun-
terbalanced by the drag force, we can estimate the magnitude of
thermophoretic force as 100 fN, as discussed in Sec. 4.1.1. Therefore,
when a strong temperature gradient of the order of [VT| ~ 1 K pm ™! is
created, thermophoretic forces may become comparable to the optical
forces.

This type of thermal force has been applied to various micro- and
nanofluidic systems [31,66-72] with a special interest in the thermal
manipulation of micro- and nanoscale objects. If a temperature field is
created by a photothermal effect, the concentration gradient of the
target particles is formed in a steady state as the result of thermophoresis
(i.e., a motion induced by thermophoretic forces). To characterize
thermophoretic forces in such a situation, a phase and fluorescence
microscope can be used for the simultaneous measurement of temper-
ature and concentration of nanoparticles [73]. It should be noted that
thermophoretic manipulation can also be exploited using a
laser-generated cold region [74]. Thermophoretic forces can be induced
effectively when heat sources are localized, that is, a plasmonic heating
[38] is promising. In [75], lipid vesicles are manipulated by using such
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thermophoretic forces induced by the heating of a gold thin film. In a
similar manner, the heating of a gold thin film is used in [76,77] to
induce the thermophoresis of ionic surfactants. These surfactants make
concentration gradient fields, which result in a light-induced thermo-
electric field that traps a target particle. This type of tweezers is called an
optothermoelectric trap and has been applied to various targets, e.g.,
nanoparticles [78] and Janus particle [79], and also to plasmonic
trapping [80]. Fig. 10 shows the optothermoelectric control of
micro-swimmers. A Janus particle is heated by the laser irradiation,
creating a temperature gradient, as shown in Fig. 10(a). Due to this
temperature gradient, charged micelles dispersed in the solution (not
shown in the figure) form non-uniform density distribution around the
Janus particle. The resulting internal electric field induces self-propelled
motion of the Janus particle, as shown in Fig. 10(b).

Thermophoretic force can be used for the crystallization of colloids
in a bulk. In [81], a spherical heat source is produced by the laser
heating of an optically-trapped titania metal-oxide particle. In a solu-
tion, poly(methyl methacrylate) (PMMA) particles are also dispersed.
The PMMA particles are refractive-index matched with the solvent and
have negative thermophoretic properties. Therefore, without the effect
of optical forces, they are attracted thermophoretically to the heat
source upon laser irradiation and thus can form a cluster in the bulk. In
[82], such a thermophoretic accumulation of organic material to a gold
nanoparticle is used to form an organic shell that surrounds the
nanoparticle.

As listed above, thermophoresis can elaborate various combinations
with optical effects. However, the full understanding of the mechanism
is not yet achieved due to physical complexities, although molecular
dynamics simulation can give some insights in particular cases [83-85].
If a surrounding fluid is a gas, thermophoretic forces are better under-
stood by using the framework of molecular gas dynamics (see, e.g., [86]
and references therein). When a target particle in the air is
light-absorbing, the thermal force acting on the particle is especially
called a photophoretic force. The photophoretic force can be computed
by considering molecular gas flows around a non-uniformly heated
particle [87]. Photophoretic forces can be used for the transportation of
particles [88] and for the measurement of the mass of the target trapped
in air [89]. Recently, a micromachined macroscopic object of
centimeter-scale can be levitated by photophoretic force [90], enlarging
the range of applications of thermal forces. In [90], the slit-array is
fabricated in the centimeter-scale plate-like object, as shown in Fig. 11.
Upon light irradiation, one of the faces of the object is heated photo-
thermally. The resulting temperature gradint in the slit-array induces
the gas flow that levitates the object, as shown in Fig. 11(c).

a Time: 39 s
Laser

©)

-

Swimmer PS particle

Swimming track
—— Rotation track

Fig. 10. (a) A Janus particle with a diameter of 5 pm attains the temperature
gradient upon laser irradiation [79]. Optothermoelectric manipulation enables
the Janus particle, a micro-swimmer, to self-propel. Chamber height is 120 pm.
Reprinted from [79] under the Creative Commons CC BY 4.0 license.
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Fig. 11. (a) Photophoretic levitation of a macroscopic micromachined object
[90]. (b) Schematic of the experiment. (c) Levitation using thermal transpira-
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(b). (d) Magnitude of photophoretic lift force predicted by lubrication theory.
Copyright 2020, John Wiley and Sons.

Reprinted with permission from [90].

5. Applications

5.1. Separation, trapping, and crystallization enhanced by thermo-fluid
dynamics

The combination of the plasmon-enhanced optical force and the
thermophoretic force due to the photothermal effect of the plasmon can
separate the mixture of DNA with different sizes [91], because these
forces have different size-dependencies. It should be remarked that
thermophoretic forces acting on target materials are significantly
affected by other smaller dispersed materials, e.g., surfactants [69,71,
92]. In particular, it was investigated in [92] that the effects of different
surfactants, sodium dodecyl sulfate (SDS) and Triton X-100, on the
plasmon-enhanced optical trapping. They found that the trapping effi-
ciency is significantly affected by the thermophoretic characteristics and
the molar concentration of the surfactants.

In [93], both optical and thermophoretic forces are used to separate
the mixture of core-shell particles with different sizes and thermal
conductivity. The smaller core-shell particle has a thick Au shell and
thus has large thermal conductivity. On the other hand, the larger
core-shell particle has a thin Au shell and low thermal conductivity.
Therefore, thermophoretic force is weaker for the smaller particle,
because the high-thermal-conductivity particles tend to homogenize the
surrounding temperature inhomogeneity, leading to the insufficient
temperature gradient. In this case, thermophoretic forces chase the
particles away from the laser focus, that is, the larger particles with low
thermal conductivity tend to be repelled thermophoretically from the
heat. As a results, only a smaller particle can be optically trapped at the
laser focus, achieving selective optical trapping.

Thermophoretic force may be accompanied by thermal convection,
especially when a channel height is more than tens of micrometers for a
water solution (see, e.g., [35]). It was shown in [94] that the photo-
thermal effect of an amorphous silicon layer creates local heating, which
induces both thermophoretic force and thermal convection as well as the
optical force, reducing the optical power required to trap a microparticle
with a diameter of 1.5 pm.

In [95], target particles are tethered at an oil-water interface, as
shown in Fig. 12(a). When the optical force traps the first particle on the
interface (Fig. 12(b)), a thermo-fluid flow is induced around the particle
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pm. Copyright 2020, American Physical Society.

Reprinted with permission from [95].

(Fig. 12(c)). This flow exerts long-range hydrodynamic forces to collect
other particles to form the crystal of colloid at the oil-water interface
(Fig. 12(a)). Then, short-range optical binding forces [96] crystallize a
cluster. Such optical trapping at liquid-liquid interfaces has a new
application in photocatalysis. In [97], inorganic nanocrystals, octahe-
dral titania (TiO5) nanoparticles, are optically trapped at the interface of
water and ionic liquid, the latter of which contains AuCl, . This anion is
reduced by the trapped TiO; particles to generate Au, resulting in the
continuous creation of Au particles at the interface.

5.2. Sorting of different materials in microfluidic devices

In [98], the competition between a fluid drag force near a micro-
channel contraction and a laser-induced thermophoretic force is used to
sort the mixture of polystyrene and silica particles with the same di-
ameters. The sorting is possible because the drag forces acting on these
two kinds of particles are the same because of the equal diameter, while
the thermophoretic forces are not due to different thermophoretic
properties. Fig. 13 shows such a situation. The mixture of particles flows
from left to right using a pressure difference. However, fluorescent
polystyrene particles are repelled from the laser because of thermo-
phoretic force and cannot enter a narrow part (Fig. 13(a)). On the other
hand, non-fluorescent silica particles, which are less affected by ther-
mophoresis, can enter into the narrow part (Fig. 13(b)). To achieve this
separation, the effect of thermal convection must be avoided, since
thermal convection has no function of particle separation. In Fig. 13, the
use of microfluidic device with channel height of 7 pm suppressed
thermal convection sufficiently.

A microfluidic system is also useful for more engineering applica-
tions. For instance, microfluidic sheath flows can be used to prepare
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Fig. 13. Sorting of the mixture of fluorescent polystyrene (PS) and non-
fluorescent silica particles by the laser-induced thermophoresis in micro-
fluidic channel [98]. (a) Dark-field image; only the PS particles are visible.
Fluorescent PS particles cannot enter a contraction channel (a narrow part)
because the laser at the entrance creates thermophoretic forces that repel the PS
particles away. (b,c) Bright-field image; both particles are visible. Only
non-fluorescent silica particles can enter the contraction. Reprinted from [98]
under the Creative Commons Attribution 4.0 International license.

mono-disperse droplets of right-handed and left-handed chiral micro-
particles made of liquid crystal [99]. The mixture of these chiral parti-
cles can be sorted by using circularly polarized lasers in different
directions.

Systematic protocols in microfluidic systems can integrate various
functions such as mixers, sorters, sensors, etc., other than optical effects,
in a single device and the combination of optical trapping and micro-
fluidics has great advantages in developing novel technologies.

5.3. Novel measurement techniques in microfluidic systems using optical
tweezers

Optical trapping can develop a new type of flow measurement
technique in micro- and nanoscale. In [100], an unsteady flow is induced
by the forced oscillation of an optically-trapped microsphere with a
diameter of ~ 3 pm. The flow structure is measured by analyzing the
motion of other 30 tracer particles with diameters of 0.5 pm. These
tracer particles are arranged in a desired manner by multiple optical
potentials.

Optical trapping can also be used to measure the viscosity of a fluid.
In [101], a fast viscosity measurement within 20 ps is achieved by the
instantaneous velocity measurement of an optically-trapped particle. As
demonstrated by these studies [100,101], the optically-trapped particles
can be used as a local "probe" that quantifies physical properties or
dynamics of fluids.

5.4. Measurement of optical trapping force

To evaluate optical forces, several techniques are suggested [14].
Using a liquid flow channel in which a steady flow of low Reynolds
number is maintained, the flow velocity to escape an optically trapped
microparticle is measured. Here, the viscous drag force and the optical
gradient force is equilibrated each other because of the negligibly weak
inertial force of the small particle [102].

The liquid motion relative to an optically trapped particle can also be
generated using a motorized stage on which a flow chamber is fixed [57,
103,104]. A beam-steering technique using galvanometer scan mirrors
is also effective to manipulate the focal point precisely [105].

Measuring optical forces exerted on a small object, an optical force
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field and its trapping stiffness are also elucidated. A particle motion in
liquids is expressed by the Langevin equation in which thermal fluctu-
ations are represented by Gaussian white noise. Based on the equi-
partition theorem, the mean square displacement of single particles is
(x?) = kgT/x, where x is the displacement, « is the trapping stiffness, kg
is the Boltzmann constant, and T is the temperature [14]. The
displacement of an optically trapped particle was recorded and the
stiffness x was well evaluated [104,106]. The quadratic form of the
optical potential was clarified. Wang et al. [103] experimentally eval-
uated the elasticity of a DNA molecule whose one end is stuck to the
coverslip and the other end is fixed to a microparticle optically tweezed.

The differentiation of optical forces and photothermal effects is an
important issue in optical trapping. Thermal convection can be elimi-
nated by using a micro and nanoscale confinement, as discussed in Sec.
4. Recently, a nanofluidic device of 300 nm height is used to evaluate
optical forces acting on Au nanoparticles [107]. The effect of thermo-
phoresis is more difficult to eliminate. For instance, thermophoresis is
observed in a device with a height of ~ 7 pm although thermal con-
vection is absent in the same device [98]. However, it may be possible to
suppress thermophoresis further by using the micro and nanoscale
confinement with high-thermal-conductivity material, such as sapphire,
to dissipate heat. As for a measurement technique, a novel method to
reduce photothermal effect is developed in [108,109]. Here, an optical
force between a probing tip and a sample is measured using a hetero-
dyne frequency modulation technique. This enabled successfully the
inhibition of the effect of the photothermal expansion of the tip on the
force measurement.

5.5. Detection and characterization in micro- and nanofluidic devices

Optical fields have been effectively applied to electrical sensing of
single nanoparticles and single biomolecules [110,111]. Target objects
that are much smaller than the diffraction limit of light can be electri-
cally sensed using nanofluidic channels or nanopores. This method is
known as the Coulter counter. When a target particle passes through a
comparable-size sensing section, a resistive pulse is usually obtained
under an ionic current condition because the electrical conductance
drastically decreases due to the volume exclusion effect.

Optical tweezers are applied to the electrical sensing of biomolecules
in [112]. The authors precisely measure the electrical force exerted on a
DNA molecule that balances with the optical force in a nanopore. A
DNA-coated bead, which is optically trapped, approaches a nanopore
and the one end of the DNA molecule can be electrically pulled in the
nanopore, as shown in Fig. 14(a). As a result, the effective charge of a
single base pair is quantitatively evaluated to be 0.50 + 0.05 elementary
charge that corresponded to Manning’s charge reduction [113] of 75%,
as shown in Fig. 14(b) [112].

Recently, an optical vortex is applied for the electrical measurement
of single particles [25,114]. By iteratively passing through a double
nanoslit structure, as shown in Fig. 3, the electrical signals of an Au
particle are iteratively sensed and the signal-to-noise ratio is drastically
improved [25]. The dependence of the particle transport direction and
ionic current on the electrical signals are investigated and clarified that
resistive or conductive pulses are determined by the relativity of liquid
flows, particle transport directions, and electrolyte concentrations.

In [115], a relationship between temperature and optical fields
generated by a bowtie-shape Au nanostructure is investigated by
measuring the electrical conductance of a nanopore. The authors of
[115] find that the temperature linearly increases as the ionic current
increases using a 10 mW and 785 nm wavelength laser. Using such a
bowtie-shape nanoantenna, a solid-state plasmonic nanopore sensor for
the detection of biomolecules is developed in [116]. It is demonstrated
that the local heating of Au bowtie nanostructures due to the surface
plasmon effectively works to increase the electrical signals of DNA
transport, by decreasing the viscosity in the nanopore. Furthermore, it is
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Publishing Group.

Reprinted with permission from [112].

suggested that a negative thermophoretic effect induced by the local
temperature distribution near the plasmonic nanoantenna in a LiCl so-
lution is effective to attract DNA molecules to a nanopore. It is reported
in [117] that a laser irradiation on a nanopore is effective to increase
ionic current and also to reduce the translocation speed of target mol-
ecules, such as DNA and protein molecules. This is because the laser light
induces the surface charges of a nanopore and enhances electroosmotic
flows against the target molecules. As mentioned above, the applications
of optical fields will also shed light on the frontier of optoelectronic
phenomena [118].

6. Perspectives

In this mini-review, we introduced recent studies on optical manip-
ulation that utilized thermo-fluid dynamics in micro- and nanosystems.
The laser irradiation affected not only target materials but also sur-
rounding fluids and structures, generating heat and triggering flows and
forces. The understandings of these side effects were important in the
evaluation of optical forces and/or in developing novel functional de-
vices using optical forces.

The flows induced by the laser-irradiation, such as thermal
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convection, thermoosmotic flows, Marangoni flows, convection induced
by the drag forces of optically-pushed particles, were reviewed along
with their applications. These flows could be enhanced by using plas-
monic heating techniques, which were well compatible with micro-
fluidic and nanofluidic devices.

The forces acting on target materials, other than optical forces, were
described as hydrodynamic or thermal forces. Target particles were
interacting with each other through the surrounding fluids, exerting
hydrodynamic forces, especially when they were optically accumulated.
Hydrodynamic inter-particle effects could affect the collective motion of
many particles. On the other hand, thermal forces were less understood
theoretically at the moment, but they were actively applied to opto-
thermal manipulations.

Although there have been proposed a variety of applications based
on thermo-fluid dynamics in micro- and nanosystems, the fundamental
understandings of them are, partially, still far beyond. In particular, the
phenomena near interfaces, such as solid-liquid boundaries with tem-
perature variation, liquid-liquid interfaces, and non-uniform electric
double layers, need molecular scale description and cannot be under-
stood within macroscopic frameworks. Theoretical and numerical in-
vestigations on near-interface phenomena, together with the
development of the measurement techniques of flow and thermal fields,
should be explored along with their applications.
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