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ABSTRACT: Inspired by the idea of combining conventional optical tweezers with plasmonic
nanostructures, a technique named plasmonic optical tweezers (POT) has been widely explored
from fundamental principles to applications. With the ability to break the diffraction barrier and
enhancing localized electromagnetic field, POT techniques are especially effective for high
spatial-resolution manipulation of nanoscale or even sub-nanoscale objects, from small
bioparticles to atoms. In addition, POT can be easily integrated with other techniques such as lab-
on-chip devices which results in a very promising alternative technique for high-throughput single
bioparticle sensing or imaging. Despite its label-free, high-precision, and high-spatial-resolution
nature, it also suffers from some limitations. One of the main obstacles is that the plasmonic
nanostructures are located over the surfaces of a substrate, which makes the manipulation of
bioparticles turns from a 3D problem to a nearly 2D problem. Meanwhile, the operation zone is
limited to a pre-defined area. Therefore, the target objects must be delivered to the operation zone

near the plasmonic structures. This review summarizes the state-of-the-art target delivery methods



for the POT-based particle manipulating techniques, along with its applications in single-
bioparticle analysis/imaging, high-throughput bioparticle purifying, and single-atom manipulation.
Besides, future developmental perspectives of POT techniques are also discussed.
KEYWORDS: plasmonic optical tweezers; optofluidic; optical trapping and sorting; optical force;
lab-on-a-chip; delivery methods; near-field interaction; electromagnetic enhancement; plasmonic
resonance; nanoparticles

Manipulation of micro- or nano-objects, such as plasmonic nanoparticles, biological cells, or
viruses, is of significant importance for biomedical or physical applications, such as micro-/nano-
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fabrication,!" particle and/or cell sorting,*® single-cell analysis,”!° or even single molecular and

atom level operations.!!"!* In the past few decades, different methods have been proposed and

16, 17 18-20

developed to meet all kinds of application scenarios, including electrokinetic, magnetic,

21,22 and optical?*?* forces. Particularly, optical tweezer is one of the most

hydrodynamic,
promising techniques that can be used for the manipulation of micro- or nano-objects, for which
Arthur Ashkin has been awarded the Nobel Prize of physics in 2018.

The conventional concept of optical tweezers was proposed in the 1970s.2% 27 It is based on a
simple fact that light also has linear momentum which can be transferred to the interacting
objects.?® This momentum exchange is responsible for gradient and scattering forces. By carefully
tuning the intensity and geometrical parameters of the focused incident light, the irradiated small
particles can be trapped or manipulated. However, the spatial resolution of conventional optical
tweezer is subject to the diffraction limit, which seriously restricts the applications of optical
tweezers for nano-scale objects.?”3! Besides, the optical forces acting on a sphere are proportional

to the third power of the particle radius.? It means that with the reduction in particle size, the high-

intensity laser should be used to enhance the optical forces, which may damage the bioparticles



and induce serious thermal effects. Moreover, it is extremely difficult to detect the trapping or
sorting process of small nanoparticles through conventional fluorescence imaging methods.*?
Therefore, the so-called plasmonic optical tweezer (POT) is proposed to break through this
limitation, while improving the scale of optical force and depth of the potential well. This is
achieved by enhancing the gradient and strength of the local electromagnetic field with the
assistance of plasmonic structures.?’> > Moreover, it can also be employed in the field of high-
resolution and high-throughput manipulation and characterization of micro- and nano-particles at
moderate laser powers.** 3> The basic principle of POT is to combine the idea of nanoplasmonics
and optical tweezers.?® Therefore, nanofilm, array of nanocavities, isolated plasmonic micro- or
nano-particles or plasmon antennas or other structures are usually involved,*® 37 which are easy to
fabricate due to the rapid development of nanofabrication techniques.?® 3°

In the applications of POT techniques, the movement of particles or cells is partially induced
by well-controlled forces, for example, the optical force, which is loaded on the targets. They are
also exposed to other external forces, such as the drag force of fluid and Brownian force, which
make it even harder to control or trap the targets. For optical force induced particle sorting or
trapping, most of the recent studies are focused on the manipulating of particles in a stagnant or
slowly moving fluid environment,* 3740 which basically means that the optical force only needs
to be sufficiently high to suppress the Brownian motion. However, the fluid-flow-induced particle
movement or the active particle motion (not induced by fluid drag force), which is essential for
the delivery of target objects to the trapping spot, also needs to be considered for the applications
of high-throughput sorting or analyzing of particles or cells. Naturally, the optical force needed for
trapping or sorting target objects will increase along with the increase of the fluid or particle

velocity. Although this force can be further improved by increasing the laser power, the



accompanying side effects, such as localized heating, bubble formation, enhancement of Brownian
motion, and thermophoresis will reduce the applicability of this technique.***? It is found that this
is achievable if the manipulation speed is lower than 0.15 um/s (for gold or silver nanospheres
with diameter 100 nm) or 0.17 um/s (for polystyrene sphere with diameter 160 nm) for
conventional optical tweezers. As a contrast, for dielectric particles larger than 1000 nm, the

).4 Furthermore, this limitation

manipulation speed can be higher than 225 pm/s (see Figure la
can be surpassed with the assistance of plasmonic enhancement of local electromagnetic field.
Therefore, by integrating with lab-on-chip applications and plasmon-enhanced sensing techniques,
the POT techniques are very promising to be applied in the applications, such as high-throughput
bioparticles detection, analysis, and sorting. Figure 1b shows an example of an integrated particle
trapping and sorting system based on POT and lab-on-chip devices. Particles flow through the
micro-channel at a controllable speed. At the bottom of the micro-channel, various configurations
of plasmonic structures can be fabricated in the trapping region or sorting region. When irradiated
by laser in the trapping region, the generated optical force and electromagnetic enhancement are
responsible for trapping and corresponding sensing, imaging, or analyzing of the trapped particles
such as surface-enhanced Raman scattering of a single molecule. Afterward, the particles are

released to the sorting region, where the size- or component-dependent optical forces are utilized

to push or drag the target particles to different channels.
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Figure 1. Limitation and application of optical tweezer on particle manipulation. (A) Limitation
of optical tweezer nanoparticle manipulation speeds. Reprinted with permission from ref 40.
Copyright 2018 American Chemical Society. (B) POT integrated lab-on-chip application for
particle detection, analysis, and sorting.

Recently, the fundamentals and progress of the plasmonic optical tweezers techniques are
reviewed.?> ** %4 Their main focus is the development of different plasmonic nanostructures and
mechanisms for the application of particle trapping in a closed container or cavity, like a
microchamber, where the target particles are delivered to the optical tweezer via diffusion effect.
As far as we know, no one has systematically reviewed the high-efficiency delivery methods for
particle manipulations in a flow environment (both fluid and particle motion). For most POT
techniques, it is crucial to develop high-throughput lab-on-chip applications since the manipulation
spots are located in a very limited and pre-defined area and the diffusion process is relatively time-
consuming. Therefore, in this review, we mainly focus on the delivery methods or dynamic
manipulation of moving target particles to the operation zone of plasmonic optical tweezers,
followed by the corresponding applications and prospects. We first introduce the basic mechanism
of particle manipulation based on optical force with plasmonic enhancement. Afterward, the

commonly used configuration and materials for localized electromagnetic enhancement are



summarized, and then the delivery methods of POT-based particle manipulation techniques are

reviewed. The potential applications of POT integrated lab-on-chip devices are also introduced

briefly. Finally, the current challenges and perspectives are provided.

BASIC PRINCIPLE OF MICRO-/NANO-SCALE OBJECT MANIPULATION BY LIGHT
In order to manipulate micro- or nano-particles in fluid, we need to know precisely the forces

that act on particles, both volume and surface forces, such as hydrodynamic and optical forces. In

the case of optofluidics, the motion of a particle can be determined by the following equation:

d’r
My F = Fdrag + I:opt + Fg +Fg + Fother (1)

where myo is the mass of the particle. Farg, Fopt, Fg, FB, and Fomer are the fluid drag force, optical
force, gravity force with buoyancy, Brownian force, and other forces. The other forces denote the
external forces including, but not limited to, electrical, electrokinetic, magnetic, optoelectronic,
electrostatic, and thermophoresis forces,** which may be added to achieve additional control of the
particles.

Optical Force. The optical forces acting on micro- or nano-particles are induced by the momentum
exchange between photons and irradiated particles. Generally, these forces can be divided into
gradient force and scattering force (or radiation pressure).*> These forces can be separately
calculated or summarized by the Maxwell stress tensor (T).* The particles will be pushed forward
by the scattering force along the light propagation direction (axial direction), while the gradient
force will point toward the position of highest light intensity. Therefore, to enhance the optical
force, one can either improve the laser intensity or the light field gradient. When the size of a
particle is much larger than the incident wavelength, then the optical force can be calculated from
the ray optics. Figure 2 illustrates the optical forces acting on an isolated Mie particle irradiated

by a focused and collimated laser beam. For a focused laser beam, both gradient force and



scattering force will act on the particles. However, for a collimated beam, there is only scattering
force owing to the lack of light field gradient. It means that focused laser should be applied to trap
an object, which is also one of the drawbacks of traditional optical tweezers. Apparently, for a
focused beam, the trapping position for a particle is located in the beam waist on the condition that
the gradient force is much larger than the scattering force. However, when the size of a particle is
much smaller than the incident wavelength, the particle can be regarded as a dipole, where
Rayleigh approximation is applicable.*’ On the other hand, when the size of a particle is
comparable to the incident wavelength, the electromagnetic theory must be fully considered to

solve the Maxwell’s equations.
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Figure 2. Schematic of an isolated Mie particle under irradiation of (A) focused laser beam and
(B) collimated laser beam.
Compared to the traditional optical tweezers, the optical forces acting on the particles become
far more complicated by inclusion of plasmon enhancement. In this situation, the optical forces

can be obtained by integrating the above-mentioned Maxwell stress tensor around the target

surface, which can be expressed as follows:*

T:[ggOEE+yyOHH—%(ggO|E|2+,u,u0|H|2)I} @)



where ¢, and , denote the dielectric constant and magnetic susceptibility of the target object,
respectively. & and u are the dielectric constant and magnetic susceptibility of the surrounding

matrix media. I represents the identity tensor.

For harmonic electromagnetic fields, the time-averaged Maxwell stress tensor can be

expressed as:*>°

(T)= % Re{ggoEE*+yy0HH* —%(ggOEE* + pHH") '} 3)
Hence, the optical force of an object in electromagnetic field can be written as:** >
Fo = #(T)-nds &)

where n is the unit normal vector to the particle surface. Then the trapping potential energy for a

particle located at 9 can be obtained as follows:*”>!

U(r,) = L:O Fop (1)edr )

This is a very important figure of merit to define the stableness of an optical trap which has
been used in numerous investigations.’>>* When other forces are not considered, the depth of the
potential well should satisfy exp(-U/ksT)<<l (normally U>10kgT is applied®’) to suppress the
Brownian motion of a particle.>®

Contrast to traditional optical tweezers, the optical forces of POT are induced by incident
light and scattering light, which is significantly enhanced by the plasmonic nanostructures.
Therefore, the electromagnetic field cannot be easily defined by adjusting the incident laser.
Consequently, the simulation of optical force is relatively complicated due to its dependency on
external factors, such as configuration, size, and material of the nanostructures, in addition to the
energy distribution of the laser beam. The Maxwell’s equations need to be solved to obtain the 3D

electromagnetic field which considers the light-matter interaction. Afterward, the optical force can



be determined by Maxwell stress tensor as illustrated in Egs. (2-4). Different methods have been
proposed to solve the light-matter interaction problems in the time domain or frequency domain,
which will be introduced later.

Drag Forces Induced by Fluid flow. The fluid flow in lab-on-chip applications always falls into
the laminar flow regime. Therefore, the drag force acting on the particles can be calculated based
on the Stokes’ law, which can be expressed as:*’

F

drag

= 6znav (6)
where 7; is the dynamic viscosity of the fluid. a is the radius of the target particles or cells. v is

the relative speed of the targets compared to the fluid. Generally, the drag force can be trigged by
two reasons: the motion of fluid or the motion of the target particle. Basically, the former one can
be induced by pressure or thermal gradient. Even if the fluid is stagnant, the motion of the target
particles can also induce fluid drag force. This can be actuated by many external driving forces,
such as the above-mentioned optical force, electrical field force, magnetic field force, or
thermophoresis force.

Generally, the light-nanostructure interaction will lead to temperature rise of the plasmonic
structures and the surrounding media. This thermal effect and accompanying thermal gradient may
induce the convection of surrounding fluid (natural convection or Marangoni convection).>® >’ For
natural convection, the velocity field can be obtained by solving the coupled energy and

momentum equations:>®

Py, (r,t)—k V7T (r,t)=q(r), inside plasmonic structures
7
X [atT (r,t)+Ve(T (r,t)v(r,t))]— k, VT (r,t) =0, outside plasmonic structures @)
oV (rt)+(v(rt)V)v(rt)=wWv(r,t)+f(T(r.t)) (8)



where p, ¢, and k represent the mass density, specific heat, and thermal conductivity, respectively.

The subscripts “p” and “f” denote properties of plasmonic structures and working fluid,
respectively. T represents the temperature of plasmonic structure and fluid. v is the dynamic
viscosity of working fluid. ¢ denotes the heat source inside the nanostructure induced by light-

matter interaction:>®
(r)=2m(e)[E(r)] ©)

where @ is the angular frequency of incident light. fi, represents the buoyancy force induced by
the temperature-dependent mass density of surrounding working fluid, which can be expressed

as:>®

f, (T)=B9sT (r,t)u, (10)
where OT is the temperature increase. £ is the dilatation coefficient of the working fluid. g is the

gravitational acceleration and u. is the upward unit vector. Then, the velocity field can be obtained,
which can be used to calculate the drag force acting on the target particles.

The Marangoni flow refers to the fluid flow along the interface of two fluids (typically liquid
and air) caused by the surface tension gradient. Generally, the surface tension is a temperature-
dependent factor. Hence, thermal gradient along the fluid interface can also induce Marangoni
flow, which is also known as thermal-Marangoni flow.> Regarding POT, the thermal gradient is
generated by the plasmonic heating effect. The thermal-Marangoni convection flow is found to be
much stronger than natural convection.®® The driving force along the interface is proportional
inversely to the thermal gradient, which can be expressed as:*’

7, =—0;VT (11)

where o; denotes the temperature coefficient of surface tension.
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Brownian Force and Thermophoresis. The Brownian force refers to the integrated forces around
the surface of a particle, which is induced from the momentum exchange between the surrounding
particles and molecules. It will result in the random movement of a particle emerged in a gas or
liquid environment, which is known as the Brownian motion. In order to explain this random
motion, numerous models have been proposed with the help of statistical mechanics theories, such

1-61

as Einstein’s theory and Smoluchowski model.”" However, a much easier way to solve this is using

the Newtonian framework, where the Brownian motion of a particle is regarded as the results of a

continuous and random force acting on the particle, which can be expressed as:! 62

127k, Trn

12
random At ( )

F. =R

where Ryandom 1S @ random vector with Gaussian random number components between 0 and 1 of
zero mean. kg and T are the Boltzmann constant and absolute temperature, respectively. r
represents the radius of the particle. Afterward, the Brownian motion of a particle can be
determined by Newton’s law of motion.

Similar to the Brownian force, the thermophoretic force acting on the target particles is also
induced by the momentum exchange between the surrounding particles and molecules. The
Brownian force is a random force, however, the thermophoretic force is related to the temperature
gradient in the solutions. Due to the higher momentum of hot molecules, the momentum exchange
at the hot side of the particle is larger compared to the cold side. Hence, the target particles will be
pushed by the thermophoretic force to move to the cold side, which can be expressed as:®

Fr =-a;k;VT (13)
where «; is the thermal diffusion coefficient of the target particle, which can be calculated by:®?

;=S T (14)
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where St = D7/D is the Soret coefficient. D and Dr are the Brownian and thermal diffusion
coefficients, respectively.’’

Other Forces. Except for the above-mentioned forces, the particles may be also driven by other
forces, such as electrokinetic, magnetic, optoelectronic, and electrostatic forces,** % depending
on the specific mechanism and configuration of the manipulation devices. The details of these
forces have been reviewed in Ref. 66, which will not be repeated here.

Localized Electromagnetic Field Enhancement of Plasmonic Structures. One of the most
essential issues in the development of POT is the localized enhancement of electromagnetic field
intensity and gradient. There are two typical types of surface plasmons that are known to be helpful
for the manipulation of particles, i.e. surface plasmon polaritons (SPPs) and localized surface
plasmon (LSPs).%” The main difference between these two surface plasmons is the dimension of
the plasmonic materials. SPPs sustains at flat and extended metal interfaces, while LSPs exist in
nanopores or nanoparticles which are in the subwavelength scale.®” Generally, the LSPs are
frequently used to assist the optical manipulation and other applications due to their excellent
performance of nanostructures in the enhancement of the local electromagnetic field. As a result,
the plasmonic enhancement of different kinds of materials, morphologies, and configurations has
been investigated. It is proposed that the Farady number can be used to quantify the ability of this
enhancement of plasmonic sphere, which takes the properties of the surrounding media into

consideration and can be calculated without numerical simulations:®®

&

Fa=|E,, / E;| =9 (15)

E+2¢,

where &, is the dielectric permittivity of the surrounding dielectric media. It is apparent that the

Faraday number is applicable for different materials, such as nanoparticles and matrix media,
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illuminated by different wavelengths. However, this figure of merit is only applicable to isolated
nanospheres. Till now, no general rules or principles are available to compare the efficiency of
complex geometries or configurations, such as nanoantenna or nanopore. The reason behind this
is the near-field interaction. Therefore, the actual enhancement ability of a specific configuration
can be evaluated from analytical, numerical, or experimental methods.

Analytical solutions like Mie solutions or T-matrix method are very popular for the
calculation of electromagnetic fields of light-matter interaction. Unfortunately, they are basically
more suitable for relatively simple geometries, and cannot be applied for the situations where the
plasmonic structures are located at the interface of two media, which is always the situation for
POT.% Therefore, numerical methods are widely used to predict the electromagnetic field and
optical forces of particles, located near plasmonic structures. Basically, these numerical methods
can be classified into two categories, time-domain and frequency-domain methods.”® For both of

these methods, Maxwell’s equations need to be solved:®-7!

vxE=-28 (16)
ot
VxH:a—D+J (17)
ot
vE=1p (18)
&
VeB=0 (19)

For homogeneous and isotropic media, optical properties like dielectric functions ¢ ,

permeability x4 , and conductivity o can be written as a scalar form. By using the linear

constitutive relations:®’
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J=cE

D=¢E (20)
B=uH
Hence, Eqgs. (16-17) can be expressed as:
oH
VxE=—-u—o» 21
H 21)
VXH=GE+€% (22)

For time-domain methods, Egs. (16-17) are equivalent to the following scalar equations:’?

0B, 0OE, OE,
ot oy @
0B, OE, CE,
ot oz ox
B, OE, OE,
ot ox oy (23)
D oH, oH

X+JX: z _ y
ot oy oz
oD

)y _OH, oH,

ot Y o ox
oH
oD, vy =S oH,
ot OX oy
Then the above equations can be solved by various techniques such as the finite-difference

time-domain method.”® As for frequency-domain methods, the incident light can be regarded as

a plane wave with frequency @ . Then the time-harmonic or frequency-domain form Maxwell’s
equations can be written as:%

VxE =iouH (24)

VxH=(o+iwe)E (25)

Then we can obtain:®°
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i(VxVxE)—(a)zg—ia)O')E:O (26)
7

Different numerical methods have been proposed to solve the above-mentioned time-domain
or frequency-domain equations, among which, the most commonly used numerical methods
include finite element method, finite-difference time-domain method, boundary element method,
discrete dipole approximation, T matrix method, efc. These can be executed using commercial
software, such as Comsol Multiphysics and Lumerical, or open-source code like DDSCAT and
MNPBEM.”*"77 Due to the convenience of numerical simulations, the simulated results are often
used as a guide for the geometry design or material selection for the plasmonic structures. In the
case of an experimental approach, the localized electromagnetic field is extremely hard to directly
detect or observe. Usually, it is characterized by indirect phenomena or by-products like Raman
signal enhancement, fluorescence intensity, surface potential, etc.”s0
CONFIGURATIONS OF PLASMONIC STRUCTURES AND MATERIALS

Owing to the excellent performance of plasmonic structures, such as high enhancement ability,
ease to fabricate (vide supra), they are widely used to enhance the local electromagnetic field in
the applications of optical-tweezer-based microfluidics, including different kinds of materials and
structures. Figure 3 illustrates some typical configurations of plasmonic structures applied in the
POT technique, including nanorod, nano-bowtie, nanodimer, efc. Basically, they can be roughly
characterized into four categories: a) isolated plasmonic structures; b) plasmonic nanostructure
with near-field interaction; c¢) nanocavity in plasmonic nanofilm; d) other kinds of configurations.
It should be clarified that for most cases the nanostructures appear in the form of arrays,* even if
they are classified as isolated plasmonic structure or nanocavity, as long as the near-field
interaction can be neglected due to the sufficient interparticle distance. To further illustrate the

characteristics of each category, the corresponding electric field enhancement ability and optical
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force for different plasmonic structures utilized in POT in recent literature are summarized in Table
1. It can be analyzed from Table 1 that although many different types of materials like chromium,
nickel, palladium, titanium, metal nitrides, etc., are investigated in the field of nanoplasmonics,®®
81 gold nanostructures are still the most popular choice in the application of plasmonic optical
tweezers related studies. This may be due to its well-established fabrication techniques.
Furthermore, the sizes of the plasmonic structures are ranging from tens of nanometers to a few
micrometers. Considering the fact that the hotspot is smaller than the plasmonic structures, the

spatial resolution can be improved to nanometer scale.
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©00°0°0°,°00,0 © 0:.00° O
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Figure 3. Typical configuration of plasmonic structures in POT. (A) Nanorod. Adapted with
permission from ref 82. Copyright 2020 American Chemical Society. (B) Nano-bowtie ring
tweezer. Adapted with permission from ref 83. Copyright 2019 Elsevier (C) Nano-bowtie. Adapted
with permission from ref 84. Copyright 2014 Royal Society of Chemistry (D) Nanoblock dimer.

Adapted with permission from ref 85. Copyright 2013 American Chemical Society. (E) Double
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nanohole apertures. Adapted with permission from ref 86. Copyright 2017 American Chemical
Society. (F) Connected nanoring aperture. Adapted from ref 87, whose figures are licensed under
Creative Commons Attribution License 4.0 (CC BY). (G) Graphene nanodot. Adapted with
permission from ref 54. Copyright 2020 American Physical Society. (H) Plasmonic optical lattices.
Reprinted with permission from ref 88. Copyright 2016 AIP Publishing. (I) Nanohole array with
random nanospikes. Reprinted with permission from ref 89. Copyright 2017 American Chemical

Society.
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Table 1. Enhancement of local electric field by different configurations of plasmonic structures and materials

. Optical force or Simulation or . .
Category Shapes Materials  log|E/Eof? p Scale . More information
stiffness experiment
Simulation
Nanodisk Au % - - 2 um and Glass substrate
experiment
Simulation
Isolated Nanorod Au 8 - <1.1 fN/nm 200 nm and Silicon waveguide
nanoparticles experiment
~3.23 nN/W for a
Nano-bowtie virion with radius 10 ~ Hundreds of . _
) Au 8 - . Simulation -
ring tweezer nm right above the nanometers
structure
~652 pN/W for Simulation .
8 P . Hundreds of Waveguide and glass
Au & - polystyrene particles and
i . nanometers . substrate
. with 20 nm diameters experiment
Nano-bowtie - - -
Fabricated on TiN thin
Au ~3.0 - - Simulation film on glass or sapphire
substrate
<2.5 fN/nm when Simulation
. Hundreds of
Nanoantenna Nanoblock 2.6% laser power density and Glass substrate
. Au nanometers .
dimer equals 60kW/cm? experiment
3.8% - - Experiment  Glass substrate
) Hundreds of . ,
Nanorod dimer ~ Au % 7.5 - Simulation Glass substrate
nanometers
<600 pN/W for Tens to Fabricated on silicon
Graded nanorod ~ Au % - polystyrene particles hundreds of Simulation waveguide and covered by
with 40 nm diameters  nanometers silica
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Simulation

Hundreds of
Au 8 <4.0 - and Glass substrate
Double nanometers .
experiment
nanohole ST
imulation
. apertures Hundreds of
Nanocavity or P Au % <24 <250 fN and Glass substrate
nanometers .
nanohole experiment
. . Combination of opto-
Nanohole arra Simulation thermo
% y Au - - 300 nm and .
. electrohydrodynamic
experiment
forces
With quantum cascaded
Graphene Tens of . . a .
Graphene - - Simulation heterostructures as a built-
nanodot > nanometers . .
in optical source
Nano-ellipses Hundreds of ) . -
P , Au - <1000pN/W/um? Simulation Silica substrate
Other metasurface ° nanometers
configurations  Slot-graphite
photonic crystal ~ Graphene - ~80 pN/nm/W - Experiment -
98
Mobile A few . . g
Agand Fe - - Experiment Driven by magnetic field

nanotweezers %

micrometers
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Isolated Plasmonic Structures. Isolated plasmonic structures, including nanoarray without near-

83, 90

field interaction, are commonly used to manipulate micro- and nano-particles in optical

plasmonic tweezers. Different structures have been applied, which range from simple shapes, such

101,102 and nanopillar'® to complex configurations like nanodiabolo,!*

as nanodisk,'% nanowire,
nano-bowtie ring,®* and micro-cauldrons.!®> When illuminated by light of corresponding resonance
wavelength, a strong field enhancement (JE/Eol) is expected. In the case of silver nanorods, this
enhancement could be as high as 3500.!% However, for a small nanoparticle, the field enhancement
decays with distance 7 from the particles as 1/7°.!°7 On the other hands, this decay can be described

as an expansion of multipolar modes of larger particles:!% 1%

E(r)= 20{E03 N ?;,BE04 N 4}/E05 e a7
Ame,r°  Arer”  Ame,r

where a, f, y are the dipole, quadrupole, octupole polarizability tensor, respectively. Therefore,

the optical force, which is induced by field enhancement of plasmonic structures has a very limited
effective zone. As a result, the target particles first need to be delivered to a location near the
plasmonic optical tweezer to be trapped or sorted.

It is worth mentioning that for manipulating of plasmonic nanoparticles using traditional
optical tweezers, the resonance enhancement is also very important, which should be fully
exploited. There have been numerous studies focusing on the manipulation of plasmonic
nanoparticles (especially Au and Ag) on- and off-resonance.® '3 For on-resonance, which
means the wavelength of the focused laser is matching with the localized surface plasmon
resonance of the manipulated nanoparticles, the manipulation could provide higher precision using
lower laser power compared to off-resonance conditions owing to the enhanced light-particle
interaction.''? Similarly, the manipulation precision of dielectric nanoparticles can be also

improved through the magnetic dipolar resonance effect.!'*
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Plasmonic Nanostructure with Near-Field Interaction. The near-field interaction is an efficient
way to further enhance the local electromagnetic field compared to isolated plasmonic structures.
When the plasmonic nanostructures are closely packed, the strongly confined electric field around
each nanostructure will overlap and interact with one another.!%® Therefore, the local electric field
can be further enhanced. This can be achieved by different kinds of nano- or micro-antenna

),115-120 and nanoarray.'?!"'?* Besides the configuration and

(including dimers, trimers, tetramers
size of the nano-assemblies, the field enhancement of plasmonic structures is strongly dependent
on the polarization and wavelength of the incident light, and the gap distance between each
other.!07- 108. 124. 125 Eigyre 4 shows the field enhancement of nanosphere, nanorod, nanosphere
dimer, and nanocavity. It can be seen that with near-field interaction, the field enhancement |E/Eo|*
with near-field interaction could be a few or even hundreds of times larger than that of single
nanoparticles for similar materials, shape, and size. Besides, for near-field interaction, the
enhancement is also dependent on the gap distance or specific configuration. El-Sayed and co-
workers have carried out a series of work to illustrate the plasmon coupling effect between
nanoparticle aggregates.'?6"'? They found that the plasmon resonance coupling between
nanoparticle dimers decays with the same trend for different particle sizes, shapes, and components.
This provides the general guidelines for the selection of illumination wavelengths of POT.
Furthermore, the field enhancement is typically confined in a small volume of a few to a few tens
of nanometers around the light illuminated nanostructures (see Figure 4). Therefore, the
development of this technique is severely limited by its inherent defect that the target particles
need to be delivered to the predefined spots. In most of the present studies, the particles are

delivered by the diffusion (thermal convection, thermophoresis, etc.) of the targets, which is

extremely inefficient. To solve this problem, Jiang et al. reported a gold nano-ellipse array that
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can realize 2D trapping and arbitrary-direction delivery of nanoparticles through the control of the
polarization direction of linearly polarized light.”” The orientations of the nano-ellipses are
perpendicular to one another. Therefore, by altering the light polarization directions, the interaction
patterns between the nano-ellipses will be changed, which consequently affects the distribution of
2D hotspots and potential wells. As a result, the target nanoparticles will be propelled by optical
force to move from one potential well to another. This configuration could be beneficial for the

expanding of the range of optical manipulation.
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Figure 4. Field enhancement around light illuminated nanostructures. (A) Au, ZrN, and TiN
nanosphere with 10 nm radius. Reprinted with permission from ref 68. Copyright 2015 American
Chemical Society. (B) Au nanorod with effective radius 20 nm and aspect ratio 3. Adapted with
permission from ref 130. Copyright 2018 Elsevier. (C) Au nanosphere dimer with radius 40 nm.
Adapted with permission from ref 131. Copyright 2018 Elsevier. (D) Near-field interaction of

nanosphere trimer. Adapted with permission from ref 132. Copyright 2015 Springer. (E) Au
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nanocavity on a glass substrate. Adapted with permission from ref 86. Copyright 2017 American
Chemical Society.

Nanocavity in Plasmonic Nanofilm. Compared to the technique of generating a strongly localized
electromagnetic field based on plasmonic nanostructures on a substrate, the advantage of
nanocavity or nanopore is to create a potential well at the hotspot between the nanocavity induced
by the gap surface plasmon, which consequently enhances the local electromagnetic field.?% 133
For coaxial nanoapertures, multiple Fabry—Pérot resonances may also be easily excited.!** Another
advantage of using the nanocavity-based manipulation device is that the diffusion of the converted
heat is relatively fast owing to the high thermal conductivity of the metallic substrates (typically
gold),!** and if the delivery efficiency of target particles is ignored, which will be discussed in the
next section. Similar to nanostructures, the using of nanocavity to manipulate particles also can be

93.135 or nanopore array.'* 13138 Many studies

achieved by single nanopore,'** double nanopores,
have been carried out to investigate the effectiveness of using nanopore-based plasmon structures.
Verschueren et al. achieved single protein manipulation using plasmonic nanopores enhanced
optical tweezer.!** The protein molecules are delivered by electrophoretic effect into the nanopore
on a 100 nm/20 nm gold/silicon nitride film. This can be regarded as an inverted-bowtie aperture
with ~60 nm side length, 140 nm width, and 20 nm gap width. The results show that the
biomolecules can be confined around the nanopore with ~20-fold field enhancement (£/Eo)
between the gap region. Xu et al. developed an optical trapping system based on double nanopore
in a gold film with fluorescence microscopy, to directly track the position of target nanospheres.’®
Similarly, the trapping spot is also located in the gap region with about 14-fold enhancement of

localized electric field. Comprehensive simulations are also performed to show the heat generation

and corresponding fluid natural convection. Based on the double nanopore structures,
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Ghorbanzadeh et al. used a conical shaped double nanopore apertures in a gold film to trap
dielectric nanoparticles.® The results show that the aperture assisted optical trapping has very high
sensitivity towards the size of dielectric nanoparticles, which is partly owing to 2D nanofocusing
of coupled gap surface plasmon and wedge plasmon polaritons generated by the slope shape of the
metallic wedges. Compared to the dozens of times field enhancement of regular nanopore
structures, the enhancement of conical shaped double nanopore apertures can reach up to a hundred
folds around the hotspots.

Other Configurations. Besides the above-mentioned configurations, there are many other ways
to excite the surface plasmons, such as the built-in optical source based method,>* mobile

nanotweezers,”’ cylindrical bumps attached nanohole,!'*’

etc. Although, these methods are more
complicated from the fabrication point of view, they can achieve multiple and complex functions
in addition to trapping the targets. It is worth noticing that one of the advantages of POT compared
to conventional optical tweezers is not requiring complex laser focusing equipment. The optical
forces are induced by the confined electromagnetic field around the plasmonic structures.
Therefore, the configuration of the entire POT-based technique can be further simplified by using
a built-in optical source instead of an external laser.”* Meanwhile, the conventional POT-based
particles trapping, or sorting are limited by predefined spots where the plasmonic nanostructures
are fabricated. To improve the moving speed of the target particles, Ghosh et al. proposed the
concept of mobile nanotweezers to achieve the active manipulation of nano-objects.*4 %% 140, 141
This is very interesting as instead of localizing the strong electromagnetic field on a predefined
hotspot located near substrates, they integrated the plasmonic nanostructures with the magnetically

driven helical microrobots. Therefore, the microrobots can act as trapping points and delivery

vehicles at the same time, which makes the delivery of the targets become selective and label-free.
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This technique is promising for lab-on-chip applications and some intracellular environment as

Weu.142, 143

TRAPPING AND SORTING OF PARTICLES BY DIFFERENT DELIVERY METHODS
The delivery of targets plays an important role in the applications of POT techniques, mainly
including particle trapping, sorting, and the following analyzing process. In this section, we
reviewed the recent works concerning the manipulation of nano- or micro-particles (dielectric or
plasmonic) or bioparticles with different delivery mechanisms that are divided into four categories:
a) motion dominated by diffusion; b) motion induced by optical force; c) motion induced by fluid
flow; d) motion of target particles induced by other external forces (see Figure 5). The first
category has been systematically reviewed elsewhere.?® 2% 3% 37 Basically, in this category, the
delivery of targets to the manipulating area is mainly depending on the diffusion or Brownian
motion of the targets without any external assistance. So, this is a time-consuming approach for
the diluted solutions of target particles. In this paper, we mainly focus on the last three categories.
The frequently used delivery methods of POT and their limitations are summarized in Table 2. It
can be seen that although the manipulation speed limitation for micro-/nano-scale particles is over
a hundred micrometers per second.*’ In the present literature, the most commonly investigated
trapping or sorting speed is in the range of a few micrometers per second to a few tens of
micrometers per second. More importantly, the diffusion delivery method is frequently used for
small-scale object manipulation, especially sub-10 nm objects. The reason behind this is the

exponentially decreased optical force when reducing the particle sizes.?
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Figure 5. Delivery methods for plasmonic optical tweezering, including optical force induced
delivery, diffusion dominated delivery, fluid flow induced delivery, and others. A Adapted with
permission from ref 94, Copyright 2016 The Optical Society. B Adapted from ref 102, whose
figures are licensed under Creative Commons Attribution License 4.0 (CC BY). C Adapted with
permission from ref 104. Copyright 2011 Nature Publishing Group. D Adapted with permission
from ref 144. Copyright 2012 American Chemical Society. E Adapted from ref 145, whose figures
are licensed under Creative Commons Attribution License 4.0 (CC BY). F Adapted with
permission from ref 90, Copyright 2009 The Optical Society. G Adapted from ref 146. Copyright
2017 Royal Society of Chemistry. H Adapted with permission from ref 99. Copyright 2018

American Association for the Advancement of Science.
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Table 2. Typical delivery methods for POT applications and corresponding limitations.

Delivery method l—orratri)r?éng or Target objects size Plasmon enhancing  Velocity Refs.
Polystyrene sphere:
Trapping Eg{lzyt/;:i);rene sphere and 200 nm Gold nanoantennas - 118
Bacteria: 2x0.8 um
(a) Diffusion Trapping Single proteins molecule ~ 6 nm Coaxial - 134
nanoaperture
Tranpin Polystyrene sphere and 10-20 nm Plasmonic i 135
Pping single protein molecule nanopores
Trapping Polystyrene sphere 1um SA?;SZZ?:VUG Very slow 84
(b) Optical force . .
Tranpin Yeast cells and 5-10 um Gold microdisks <45um/s 147
Pping polystyrene spheres H array K
Yeast cells: A few
microns ; ;
Trapping Yeast cells and Polystyrene Gold microdisks Veryslow 90
polystyrene spheres spheres: 2 and 3 array
um
(c) Fluid flow Sorting Dielectric bioparticles ~ 0.1to 1 pm Plasmonic microlens 3}?1?;0 3 1
Sorting Yeast cells 2t07 um None 201060 149
um/s
Iorriii)r?éng and Dielectric particles 40 - 60 nm Graphene Stripes - 145
. Trapping and P_o_lystyrene sphere, Sub-micrometerto  Mobile
(d) Magnetic force ; silica sphere, and ~2um/s 99
sorting bacteria 2 um nanotweezers
(d) Electrothermoplasmonic flow Trapping Polystyrene sphere 300 nm Gold nanodisks <18 um/s 150
(d) Electrothermoplasmonic flow and Trapping Polystyrene sphere 200 nm and 1um Nanohole array on <30umis 151

thermoplasmonic convection

gold substrate
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Motion Induced by Optical Force. Kawata et al. proposed a different optical manipulation
method in 1992.15? Instead of using a focused laser beam to directly illuminate the target particle,
they used the evanescent wave which results from the total reflection of a collimated laser beam,
and to push forward the polymer microbeads.!>% !°* Later, they further extended this method to be
used in the surface of waveguide, where they successfully pushed a microscale latex particle to
move at a speed of approximately 5 um/s.'>* Particles located near the waveguide are exposed to
scattering force that pushes the particle forward, and gradient force that limits the particles to the
waveguide. Since then, this method has been further investigated and developed to be utilized in
the field of particles trapping, sorting, and delivering.’> 3% 3157 Schmidt et al. used the
waveguide-based method to realize the dynamic trapping and delivery of particles in an integrated
microfluidic/photonic architecture. It was demonstrated that the transport velocity is proportional
to the laser power, and a maximum transport velocity of 28 um/s could be achieved (see Figure
6A)."® In addition, without considering the fluid flow, Xu et al. proposed a multi-level sorting
method using optical waveguide splitter, which demonstrates the flexibility of the waveguide-
based method (see Figure 6B).% Similar to the optical force induced by directly focused laser
irradiation, the evanescent wave also can be enhanced by the plasmonic structures that are
integrated with the waveguide surface, which also can contribute to the trapping and sorting of
micro-/nano-objects since usually the evanescent wave only leads to the delivering of the targets
along the light path.'*” However, it should be noted that since this force is relatively small, the
velocity of the particles remains at a low level, typically from a few tens of nanometers per second
to a few tens of micrometers per second.'*’- 138161 Therefore, the efficiency is limited due to the
delivery speed of target objects into the trapping or sorting area. This maybe not applicable for the

development of high-throughput lab-on-chip devices.””> * However, still, this method has some
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advantages compared to conventional optical tweezer which is the substantially reduced light

intensities.'®?
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propulsion is perpendicular to the direction of the pressure driven flow. Adapted with permission
from ref 158, Copyright 2007 The Optical Society. (B) Multi-step optical waveguide splitter and
corresponding profile of light path. Adapted with permission from ref 53, Copyright 2018 The
Optical Society. (C) Trapping of yeast cells with a dielectric channel waveguide decorated by an
array of gold disks acting as plasmonic traps. Adapted with permission from ref 147. Copyright

2011 AIP Publishing.
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Wang’s group has carried out a series of work concerning the manipulation of particles based
on the optical waveguide.'®*'®> They proposed a configuration for the delivery and trapping of
nanoscale polystyrene sphere (40 nm).** This system is consisting of three basic components: a
waveguide in the bottom (Si), a layer of SiO; right above the waveguide with a channel in the
middle, and graded silver nanorod dimers embedded in the SiO> layer. All nanorod dimers are
fabricated with the same thickness, length, and gap distance. However, the widths are designed
differently to make the nanodimers with different resonance wavelengths. As a result, the target
nanoparticles can be transferred forward/backward or trapped in a location by changing the
incident wavelength. Wong et al. reported an optical trapping platform by decorating an array of
gold microdisks on the top of the optical waveguide (see Figure 6C).!*” They found that the
delivery speed of the targeted polystyrene sphere can reach up to 4.5 um/s for waveguide coupling,
compared to 0.4 pum/s for the prism coupling. Accordingly, the mean trapping time needed is
reduced to about one-third of the traditional prism coupling configuration. Similarly, Lin et al.
numerically and experimentally demonstrated a trapping configuration by combining waveguides
and bowtie structures, which can trap the polystyrene sphere as large as 1 um.** The motions of
the particles are induced by the optical force of an evanescent wave around the waveguide. This
principle is also adopted in other applications such as particle sorting.** 165 166

Another advantage of the waveguide-based method is that it can be easily integrated with
other techniques to improve the performance of the trapping or sorting activities.!®”"1® Zheng et
al. developed a hybrid photothermal waveguide to realize the trapping of suspended particles with
a tunable position.!?? The system allows the transition of the fluid transport model from thermal-
induced buoyancy to thermocapillary convection, which can achieve 3D manipulation of particles.

Renaut et al. proposed an optical tweezer technique that can realize the reshaping of the optical
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traps by tuning the wavelength of the external light source.!”® This is achieved by integrating a set
of coupled cavities with the microfluidic cell. Furthermore, different functions, such as trapping,
moving, and rotating of particles can be obtained by tuning the pattern of the optical trap.
Beyond the waveguide-based method, another technique named as nano-optical conveyor
belt (NOCB) is also investigated in POT to transport target particles (see Figure 7). Usually, the
configuration of the NOCB system consists of a metasurface decorated by anisotropic
nanostructures and an excitation beam with rotatable polarization states.’’ Since the metasurface
covers a very large area, it is reasonable to assume the target particles already around the plasmonic
structures. Therefore, in this situation, the delivery means the controlled motion of particles on the
metasurface. Under light illumination, the localized field enhancement of a nanostructure can be
exited to trap target particles in the hotspots. The position of the hotspots can be tuned continuously
by altering the polarization direction or the wavelength of the incident light for anisotropic
nanostructures, resulting in the handoff of target particles between different trapping positions.
The most important part to implement this method is the design of the metasurface. Wang and
coworkers developed several different plasmonic metasurfaces, including nano-ellipses array and
non-concentric nanorings array (see Figure 7A and Figure 7B), to realize two-dimensional
transport of nanoparticles by rotating the polarization direction of the incident laser beam.”” 71
More complicated configurations have also been developed (see Figure 7C).!"> 173 Moreover, the
transport of particles can also be achieved without steering the incident light by taking advantage
of the anisotropic configuration of plasmonic nanostructure induced lateral optical forces (see
Figure 7D).!7* Therefore, programmable and arbitrary 2D manipulation of particles are obtained
by carefully designing the nanostructures.* !71-173 175 This configuration has an inherent filtering

capability that can be used for delivering, sorting, and trapping operations.!”? Compared to the
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waveguide-based method, this metasurface-based method has relatively higher delivery efficiency
(conveyor speed), as a result of the enhanced optical force. However, the operation area is

relatively small and limited to the light illuminated spot.
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Figure 7. Nano-optical conveyor belt. (A) Two-dimensional arbitrary nano-manipulation on a
plasmonic metasurface and the particles motion along the elliptical element and transport
between two adjacent ones. Adapted with permission from ref 97. Copyright 2018 The Optical
Society. (B) Plasmonic non-concentric nanorings array as a unidirectional nano-optical conveyor
belt actuated by polarization rotation. The figures at the bottom illustrate the electric field
intensity distribution and trapping spots at different angles of incident polarization. Adapted with
permission from ref 171. Copyright 2017 The Optical Society. (C) Transport of polystyrene

spheres using nano-optical conveyor belt based on C-shaped plasmonic nanostructures. Adapted
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with permission from refs 172 and 173. Copyright 2014 American Chemical Society. (D) Using
a pair of nanoparticles with detuned dipolar resonances to generate lateral optical force.
Reprinted from ref 174, whose figures are licensed under Creative Commons Attribution License
4.0 (CC BY).

Motion Induced by Fluid Flow. In this review, the motion induced by fluid flow refers to that
the transport of the target particles is dominated by the fluid flow, which can be divided into two
categories, the pressure-driven fluid flow, like syringe pump, and other force-field-induced fluid
flow, such as temperature gradient and electric field.!>! 17 The velocity limitation of effective
control of particles, using optical tweezer can reach up to a few hundred micrometers per second.
This depends on the particle types and components,*’ and will be higher when the plasmonic
structures are applied to enhance the local electromagnetic field. The most apparent advantage of
fluid flow induced delivery is its well-controlled delivery speed such as controlling the injected
mass flow rate of the sample solutions.

Pressure-driven fluid flow is the most efficient and easy way to deliver target particles to the
manipulation area or spot in microfluidics. It is almost applicable for all kinds of situations as the
transport of target particles is induced by the fluid drag force, which is label-free, easy-to-control,
and does not require any special properties or labeling from the targets. Based on this, Huang et
al. reported the capturing of yeast cells, using laser irradiated gold microdisks arrays integrated on
the bottom of a microfluidic chip.”® The experimental setups are shown in Figure 8A. A gold
microdisks array is deposited on the glass substrate right under the microflow channel. When the
microdisks are irradiated by laser, the optical potential well near the disks will be enhanced, and
therefore be able to trap larger objects such as yeast cells (a few microns). However, the liquid

flow must be slowed down or even stopped when the particles are transported to the area near the
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trapping spot. This severely limits the efficiency and improves the complicity of this device.
Therefore, the most promising application of pressure-driven target delivery is not in trapping but
high-throughput sorting of micro-/nano-objects. Figure 8B & 8C reveal two typical types of
particle sorting microfluidic chips utilizing the pressure-driven target delivery method. The main
difference is the laser irradiation directions, i.e., vertical (from the top or bottom) or horizontal
irradiation. It is simply comprehended that for horizontal irradiation, the particle sorting is based
on the different scales of scattering forces which depend on the particle size and material.'”’” As
for the vertical irradiation, the different paths of particles can be induced by the asymmetrical
distribution of light field, which can be achieved by complex plasmonic structures or varying
external conditions. For example, Samadi et al. proposed a particle sorting system based on tunable
POT by electrostatically changing the chemical potential of two parallel graphene stripes along the
microchannel.!* Then the localized electromagnetic field enhancement can be manipulated
accordingly due to the dependence of dielectric properties of graphene on chemical potential. To
be specific, the sorting region in the microfluidic chip shown in Figure 8B is illuminated by
polarized light. When appropriate bias voltages are applied on one graphene stripe, the
corresponding surface plasmons can be excited. Then the generated optical force can be utilized

to change the path of the incoming particles, and therefore to realize particle sorting.
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Figure 8. (A) Yeast cell trapping using laser irradiated gold disks array. The chip is made of three
layers: the plasmonic substrate, the flow layer, and the control layer. Adapted with permission
from ref 90, Copyright 2009 The Optical Society. (B) Tunable plasmonic tweezers based on
graphene stripes. Reprinted from ref 145, whose figures are licensed under Creative Commons
Attribution License 4.0 (CC BY). (C) Schematic of the silicon waveguide-pair array-based
nanophotonic sorting platform. Adapted with permission from ref 177. Copyright 2021 Elsevier.
(D) schematic of optofluidic plasmonic microlens consisting of a patch array of small circular
nanoholes and an enlarged center aperture for nanofluidic integration. The focal spot region is used
to separate two different size particles. Adapted from ref 148, whose figures are licensed under
Creative Commons Attribution License 4.0 (CC BY).

Optical chromatography is a powerful tool to realize the label-free separation of microscale
bioparticles, such as cells, viruses, and bacteria. The basic principle is to utilize a well-controlled

focused laser beam that is precisely aligned along the fluidic channel to create an optical force that
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is opposite to the drag force. Since these forces are heavily related to the particle size and refractive
index, different kinds of particles can be separated effectively.!”*1%° To reduce the complexity of
the laser focusing system and laser intensity, Zhu et al. proposed a subwavelength thick optofluidic
plasmonic microlens to achieve objective free focusing and self-alignment (see Figure 8D).!4% 181
It was demonstrated numerically that the proposed platform has the potential to be used to separate
nanoscale bioparticles from a heterogeneous mixture of different chemical compositions without
the need to require complicated experimental equipment, such as laser, objectives and precise
alignment stages.'*®- 18! Although the investigated flow speeds are restricted to a few micrometers
per second, it has the potential to be further improved.

Besides the pressure-driven fluid flow, there are some other ways to induce well-controlled
fluid flow in a microchannel. It has long been recognized that the heating effect and its
accompanying phenomena of plasmonic tweezers.'®? However, until very recently, it was
considered as a side effect to be suppressed, instead of being exploited.!!® ¥ In the last few years,
the idea of using the thermal-induced effects, such as thermal convection, Marangoni convection,
thermophoresis, efc, has been proposed to improve the delivery efficiency of particle trapping and
sorting when utilizing plasmonic optical tweezers.>’> 60 102 150. 184 \yith the emerging of thermal
optofluidics, this delivery method has been widely investigated.”’ It can be used dependently or

186

combined with other techniques, including opto-thermoelectric tweezers,'®> opto-

64187 and opto-thermo-electrohydrodynamic tweezers.”® ' Particularly,

thermophoretic tweezers,
Lin et al. developed an opto-thermoelectric tweezer by using extremely low-power laser
intensity.'®> The light induced thermoelectric field is applied to dynamically control metal

nanoparticles by optically heating the plasmonic substrate, during which the target particles are

delivered to the laser spot (see Figure 9A). It was found that this technique is applicable to a wide
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range of metal, semiconductor, polymer, and dielectric nanostructure with charged or hydrophobic
surfaces. Ndukaife et al. introduced a particle trapping system from the combination of
photoinduced heating and an a.c. electric field. The transportation of target particles is achieved
with the help of eletrothermoplasmonic flow (see Figure 9B).!>? It is found that when only the laser
is turned on, the maximum fluid radial velocity in the chamber is 75 nm/s, which is not enough for
the fast delivery of particles in practical applications. However, when both laser and a.c. field are
simultaneously turned on, the fluid velocity can reach up to 11.8 um/s (simulation) or 15 pm/s
(experiment). Furthermore, in a control experiment, they show that with only the electric field and
the laser beam is turned off, no fluid motion is observed. It indicates that a.c. electroosmosis, which
arises due to the interaction between an applied electric field and induced free charges in the
electrical double layer at a solid—fluid interface, is not the driving mechanism for the observed
fluid flow.!>® On this basis, Ndukaife et al. further developed a thermoplasmonic metasurface
(TPM) platform using nanohole array as optical tweezer (see Figure 9C), which can realize fluid
flow of about 20 um/s at 100 pm away from the nanohole surface.'>! We can see that although the
above-mentioned methods can achieve the relatively fast delivery of target objects, the effective

operating distance is still limited to a few hundred micrometers.
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Figure 9. Plasmonic heating assisted delivery. (A) Working principle of opto-thermoelectric
nanotweezers. Reprinted with permission from ref 185. Copyright 2018 Springer Nature. (B)
Particle trapping and immobilization using nanodisk as plasmonic optical tweezer. When ¢ = 0,
only the laser is on. When ¢ = 0.6 s, the a.c. field is turned on to induce electrothermoplasmonic
flow for rapid delivery of particles to the plasmonic hotspot. When ¢ = 2s, a particle is delivered to
the hotspot. When the a.c. field is turned off at ¢ = 3s, the particle is captured by the plasmonic

tweezer. Adapted with permission from ref 150. Copyright 2015 Nature Publishing Group. (C)
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Thermoplasmonic metasurface (TPM) platform using nanohole array as optical tweezer. Trapping
forces present in the TPM platform when the laser illumination is ON and AC electric field is
either ON or OFF. The electrothermoplasmonic flow arises from the combined action of the
induced thermal gradient and applied AC electric field. Reprinted with permission from ref 151.
Copyright 2018 American Chemical Society.

Motion of Target Particles Induced by Other External Forces. Besides the waveguide-based
method, there are also other ways to directly propel the target particles without the help of fluid
flow, i.e., the mobile nanotweezers. In this technique, the target particles are trapped around the
mobile plasmonic micro-/nano-structure rather than a pre-defined spot as a result of the optical
tweezer effect.** Afterward, the mobile nanotweezers with target particles can be manipulated and
transferred to the desired area, through external forces, such as magnetic actuation'®® and acoustic
propulsion.'® As mentioned above, the microrobots can act as a trapping point and deliver the
vehicle at the same time, which makes the delivery of the targets become selective and label-free
(see Figure 10). A typical type of mobile nanotweezers comprises two parts, including the trapping
points normally consisting of plasmonic materials, and the “motor” providing power for the
transportation of the cargo (see Figure 10A & 10B). In this situation, the delivering speed will be
limited by the strength of external propulsive force instead of the optical trapping force, which will
be a promising technique for the improvement of delivery efficiency. Moreover, the power of
mobile nanotweezers also can be mechanical forces.*® By integrating the POT at the end of optical
fiber, the target particles can be delivered by simply moving the fiber (see Figure 10C). It should
be noted that, in this situation, there are two delivery methods. One is that the target particles first
need to be diffused to the end of the optical fiber. The other is the mechanical delivery after the

particle is trapped. More importantly, the mobile POT successfully transfers the nearly 2D trapping
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and delivering into a 3D problem. It means that the manipulation of targets occurs in the bulk fluid
rather than the thin layer of fluid near the nanostructure surface. Furthermore, beyond the remote
control through light, magnetism, or acoustics, the mobile nanotweezers can also be controlled by
contact methods such as mechanical force. Berthelot et al. realized a 3D optical manipulation of
nano-objects by engineering a plasmonic bowtie structure at the extremity of optical fiber.>> After
trapping the target particles at the optical trap induced by the plasmonic structure, the optical fiber
can be moved utilizing high-precision translation stages. The operation precision can be well
controlled while reducing the light intensity by several orders of magnitude compared to traditional
optical tweezers. However, the moving speed is relatively low in comparison with the remote-

control methods.
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Figure 10. Mobile nano-tweezer. (A) Magnetized helical nanostructure with plasmonic head.
Under light illumination, the plasmonic head can trap small particles. At the same time, the helical
structure can be propelled by a rotating magnetic field to be delivered to target location. Adapted
with permission from ref 99. Copyright 2018 American Association for the Advancement of
Science. (B) Dynamic nanomanipulation with light-controlled active colloidal tweezers. The
dielectric microrods with plasmonic heads that can be manipulated by conventional optical
tweezers act like vehicles to deliver the target nanoscale particles. Adapted from ref 31, whose
figures are licensed under Creative Commons Attribution License 4.0 (CC BY). (C) Three-
dimensional manipulation of a single 50 nm polystyrene bead with scanning near-field optical
nanotweezers. The trapping laser is directly coupled into the fiber to excite the transverse mode of
the bowtie nano-aperture. After being trapped, the target particles can be delivered directly by
mechanical forces acting on the optical fiber. Adapted with permission from ref 35. Copyright
2014 Nature Publishing Group.
APPLICATIONS

Due to its simple configuration, the POT is very easy to be integrated with other techniques.
The most promising opportunity for POT lays in the biological applications, in vivo and in vitro,
such as single cell or molecule imaging and analysis, bioparticles purifying, targeted drug delivery
and release, efc.!”*'% In this section, some state-of-the-art applications and promising potential
applications are introduced.
Single Bioparticle Analysis. POT can be easily integrated with lab-on-chip technologies and
apply for single-molecule analysis. Meanwhile, besides the advantage of enhancing the surface
plasmon, and therefore to break the limitation of conventional optical tweezers, the plasmonic

structures can be conveniently combined with other plasmonic-based applications, such as
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acceleration of photo-/thermal-chemical reactions and chemical/biological sensing.'*!*” For
example, Raman spectroscopy is an approach that is frequently used to analyze the fingerprint
information of molecular structure and chemical composition. However, these scattering signals
of a single molecule or even molecule ensembles are too weak and unstable for detection.!”®
Surface-enhanced Raman scattering (SERS) spectroscopy, which represents a technique that using
plasmonic nanostructures or rough metal surfaces to enhance the Raman scattering (as high as 10'°
to 10 times!*® 1%%). Consequently, it makes the signal detectable for a single molecule. Therefore,
plasmonic nanostructures utilized in the POT can be beneficial for the SERS at the same time.?%
Most importantly, when integrating the POT with SERS measurement systems, the optical
trapping function of the POT technique can tackle the Brownian motion of molecules and finally
significantly improve the reproducibility of the SERS.'?!:2%! The accompanying accumulation of
molecules or nanoparticles attached with molecules will also contribute to the Raman scattering
enhancement (see Figure 11). Besides SERS spectroscopy, POT can also be integrated with other
probing techniques for small bioparticles, such as viruses or bacteria which are beyond the
diffraction limits.2%> 2% For example, the diameter of coronavirus 2 (SARS-CoV-2) is in the range

of 60 to 140 nm.>** The application of the POT technique not only traps the targets in a predefined

location but also enhances the detection signals.
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Figure 11. Signal enhancement of POT integrated with SERS spectroscopy. (A) Light-directed
reversible assembly of plasmonic nanoparticles using plasmon enhanced thermophoresis.
Reprinted with permission from ref 205. Copyright 2016 American Chemical Society. (B)
Autoenhanced Raman spectroscopy via plasmonic trapping for molecular sensing. Reprinted with
permission from ref 121. Copyright 2016 American Chemical Society.

High-Throughput Bioparticles Purification. High-throughput bioparticles (cells or viruses)
sorting is a critical issue for many applications including biology, medicine, and clinical
diagnostics/therapy.??52% Bioparticles sorting refers to one kind of technologies that enables the
sorting of target cells or viruses from complex and heterogeneous mixtures such as purifying cells

into pure populations.’® One commercialized and relatively mature cell sorting technique is
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1.,>'% and now it has

fluorescence-activated cell sorting, which was proposed by Herzenberg et a
been used as a benchmark for cell sorting techniques.®® However, this technique suffers from
drawbacks such as the requirement of a very large sample volume and high operation cost.
Meanwhile, to avoid sample contamination, elaborate cleaning and maintenance procedures are
mandatory and complex.?!! More importantly, this technique is only applicable to cells that can be
specially labeled, which seriously restricts its application.?®® To overcome those problems,
different strategies have been proposed, where the microfluidics-based techniques are the most
popular and promising,?!? i.e., POT-based microfluidic chips.'® 11614 Byt still, compared to other
relatively well-developed lab-on-chip cell sorting techniques which are based on other active or
passive mechanisms (such as electrokinetic or mechanical effects), there remains a lot of work to
be done.5¢

Label-Free Single Bioparticle Imaging. Till now, fluorescent imaging is the most widely used
technique for the imaging of subwavelength objects. This approach has achieved nearly single-
molecular-level resolution, such as stimulated emission depletion and photo-activated localization
microscopy.?!*2!® However, similar to the fluorescence-activated cell sorting technique, it is
seriously limited by the fluorescent labeling process. Furthermore, the photobleaching effect will
reduce the signal-to-noise ratio since the number of available photons is limited.’” Therefore, the
development of a label-free subwavelength bioparticle imaging technique is crucially important.
Second-harmonic imaging is a label-free technique that is based on a nonlinear optical effect
named second harmonic generation (SHG). SHG does not need the excitation of molecules to
provide fluorescence, which means it does not suffer from the side effect of phototoxicity and
photobleaching.?!”-%!8 Hence, it becomes a promising alternative imaging technique. Recently, the

idea of further enhancement of SHG utilizing the tightly confined electromagnetic field induced
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by plasmonic nanostructures has attracted more and more attention.?!*??! By integration with POT,
the performance of second harmonic imaging can be further improved with the target strictly
confined in the hotspot of the plasmonic nanostructures.

Single-Atom Manipulation. Atomic manipulation is a process of manipulating precisely
controlled single atom on a substrate to build up artificial objects or realized certain objects. It was
achieved by Eigler and Schweizer using a scanning tunneling microscope in 1990.%2? Since then,
it has been investigated and developed by many researchers.?>**> Recently, conceptual and
experimental work has shown that the manipulation of a single atom through plasmonic optical
tweezers is possible.??® 2?7 It has been proven that plasmonic nanostructures can further permit
complex trap geometries, such as lattice heterostructures and Fibonacci lattices.??” Extension of
plasmonic tweezers application into this field is promising as an alternative method of higher levels
of integration.?’

Light-Driven Micro-/Nano-Robots. Another very interesting and exciting application is the
light-driven micro-/nano-robots (MNRs) which refers to a kind of micro-/nano-object that can be
propelled by light.'4% 228 The motion of MNRs is induced by converting light into mechanical work,
including light-induced phoretic propulsion, bubble recoil, thermophoresis, interfacial tension
gradient, etc.'*® Generally, it requires asymmetric Janus structures or other asymmetric
structures.??” 23* Also, the rapid development of light-driven micro-/nano-robots is inspiring for
the further development of the mobile delivery method for particle sorting and trapping devices.
As-mentioned, the MNRs can act as carriers of the target objects to improve delivery efficiency.”
Meanwhile, the targets do not need to be labeled since the MNRs can be integrated with POT, to
trap the target onto the MNRs. Moreover, this technique can be further extended to in vivo

applications like targeted/smart drug delivery and release.
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CHALLENGES AND PERSPECTIVES

In contrast to traditional optical tweezers, POT techniques have the ability to confine an
enhanced electromagnetic field at the nanoscale level. Therefore, it can break the diffraction limits
and improve the manipulation precision of traditional optical tweezers to nanoscale level with a

stronger optical force and potential well.?’

Moreover, this technique has lots of applications in the
fields of single-cell/molecule/atom analyzing and manipulation. Meanwhile, it has also brought
some topics that need to be addressed, such as the mechanism of localized electromagnetic field
enhancement and precise nanoscale object manipulation. More importantly, unlike traditional
optical tweezers, the operation spots of POT are often located in a predefined area, which makes
the target delivery to become a crucial issue that needs to be investigated. In this review, the basic
principles of POT for manipulating micro-/nano-objects are introduced, and the state-of-the-art
advancement of delivery methods and applications are summarized. Due to apparent advantages,
such as high spatial resolution, ease to integrate with other techniques, etc., POTs have been widely
investigated in the last few decades, and massive progress and achievements have been made in
related fields. However, there are still some limitations and challenges that need to be clarified.
In the applications of plasmonic optical tweezers, the heat generation and corresponding
effects induced by the light-matter interactions, such as fluid convection, thermophoresis, and
Margoni effect, should be treated carefully.’® 137-2*! Sometimes, it may be a barrier for the accurate
manipulation of particles.>>> However, it could also provide a solution for the efficient delivery of
nano-objects by combining with other techniques, including opto-thermoelectric tweezers, opto-
thermophoretic tweezers, opto-thermo-electrohydrodynamic tweezers, efc. Since the optical forces
acting on a sphere are proportional to the third power of the particle radius,?’ it would be beneficial

to combine with other forces when manipulating particles with a radius of a few tens of nanometers
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or sub-10 nm.”® Meanwhile, most of the applications of POT are focused on the trapping effect.
As a very important application, investigations related to particle sorting or purification using POT
seem to be ignored, which, on the other hand, has been achieved with the help of traditional optical
tweezers technique.®® By adopting the POT technique, the precision and efficiency could be further
improved, especially for small bioparticles like viruses or even smaller molecules. More
importantly, although the configurations of POT are relatively simple and easy to achieve, more
work should be done to further simplify this technique. One of the potential directions is
electrically activated lab-on-a-chip plasmonic tweezers, which do not require an external light
source. This kind of device consists of an array of plasmonic nanostructures and a base layer of
quantum cascaded heterostructures or other structures, to act as built-in optical sources to excite
the localized surface plasmon.>* The main advantage of this method is that it does not require
expensive and complex external light sources, which is very important for the application of on-
chip plasmonic optical tweezers.

Although manipulation of plasmonic particles using traditional optical tweezers has been
widely investigated,'!*!!? trapping and sorting of plasmonic particles using POT are relatively not
so well investigated compared to that of dielectric particles. The reason behind this is the similarity
of dielectric particles with bioparticles, and therefore have a wider application. Besides, due to the
interaction between the target plasmonic particles and the plasmonic structure of optical tweezers,
it is more complicated to stably manipulate plasmonic particles using this technique. Therefore,
further development of using other forces to assist the POT-based manipulation of plasmonic
particles also needs further investigation. For example, thermal optofluidic is especially effective
for the manipulation of plasmonic nanoparticles due to the thermal effects and thermal-induced

forces.”” Meanwhile, it should be noted that the plasmon enhancement is nearly confined in a
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subwavelength volume, near the micro-/nano-structures, while most of the trapping and sorting of
particles is a 3D problem. Although it can be partly solved by the mobile nanotweezers
techniques,” future work is still recommended for further improvements, such as extending the
application of this technique from in vitro to in vivo or developing more efficient and simpler

delivery methods.
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VOCABULARY

mobile nanotweezers, nanotweezers located in a freely moving vehicle in solutions instead of
locating in a fixed position; near-field interaction, the interaction of strongly confined electric
field around each nanostructure between closely packed plasmonic nanostructures; Maxwell
stress tensor, representing the interaction between electromagnetic forces and mechanical
momentum; surface-enhanced Raman scattering, a technique for using plasmonic
nanostructures or rough metal surfaces to enhance the Raman scattering; nano-optical conveyor
belt, a metasurface decorated by anisotropic nanostructures for transporting the particles; hotspot,

a location in an electromagnetic field with a strongly enhanced electromagnetic intensity.
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