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The advent of optofluidic systems incorporating suspended particles has resulted in
the emergence of novel applications. Such systems operate based on the fact that
suspended particles can be manipulated using well-appointed active forces, and
their motions, locations and local concentrations can be controlled. These forces
can be exerted on both individual and clusters of particles. Having the capability to
manipulate suspended particles gives users the ability for tuning the physical and,
to some extent, the chemical properties of the suspension media, which addresses
the needs of various advanced optofluidic systems. Additionally, the incorporation
of particles results in the realization of novel optofluidic solutions used for creating
optical components and sensing platforms. In this review, we present different
types of active forces that are used for particle manipulations and the resulting
optofluidic systems incorporating them. These systems include optical components,
optofluidic detection and analysis platforms, plasmonics and Raman systems,
thermal and energy related systems, and platforms specifically incorporating
biological particles. We conclude the review with a discussion of future
perspectives, which are expected to further advance this rapidly growing field.
© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4736796]

. INTRODUCTION

Optofluidics refers to the field of research involving the integration of microfluidics and
optics in the same platform, where fluid and light are driven to interact." This integration has
led to the realization of a wide range of applications such as optical sources,” lenses,” beam
manipulators,” particle transport,” and sensing® in liquid media. Optofluidics is also used to
describe a class of optical systems that are synthesized with fluids. Fluids have unique proper-
ties that cannot be found in solid equivalents, and hence these properties have been used for
designing novel devices. Examples of such properties include the ability to change the optical
property of the fluid medium within a device by simply replacing one fluid with another, the
optically smooth interface between two immiscible fluids, and the ability of flowing streams of
miscible fluids to create gradients in optical properties by diffusion.’

A well-established category of optofluidic devices consist of homogenous liquids with vary-
ing refractive indices.® However, a disadvantage of using such homogeneous liquids is that they
have properties that are inflexible. In particular, obtaining a tunable and reconfigurable liquid
media can be an extremely arduous task as it can only be achieved by substituting one type of
liquid with another, mixing different liquids together or modifying their properties via chemical
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processes. In response to this, the incorporation of suspended particles provides functionalities
capable of addressing such issues with relative ease and efficiency. However, the challenge asso-
ciated with the implementation of particles is the ability to control their motion and locations
such as placing them precisely where they are needed and when desired. Therefore, in realizing
robust optofluidic systems incorporating particles, the pressing need is access to particle manipu-
lation mechanisms that are able to prescribe particle movement and placements accurately.

Precise mechanisms or forces that can control the motion of suspended particles would
make it possible to alter and adjust the concentration and packing of particles in the bulk of
microfluidics on demand. Particles could then be scattered when these mechanisms and forces
are removed.” Alternatively, particles could be sorted and lined up individually according to
their intrinsic properties as a preparative process before undergoing an optical interrogation pro-
cess in small dimensions.

In the past five years, several important reviews on the matter of particles and optofluidics
were reported. Despite these reviews, we have found that the subject matter of our review has
not been specifically covered in literature. The review by Lee et al.,'” for example, focuses pri-
marily on surface enhance Raman spectroscopy (SERS) and plasmonic applications of colloidal
optofluidics. In addition, the reviews by Tsutsui and Ho'' and Lenshof and Laurell'? describe
particle and cell separations in microfluidic systems but do not concentrate on optofluidic devi-
ces and systems. The review on tuneable optofluidics by Levy and Shamai'? covers indiscrimin-
ately examples of optofluidic systems integrated with suspended particles; however, it does not
constitute the bulk of the review. Our observation is that these reviews did not cover the funda-
mentals of particle manipulation and their applications in optofluidics, which would be
extremely useful, especially for researchers needing a fundamental reference and those explor-
ing this field for the first time.

In this review, we aim to address this niche research field. We begin by presenting differ-
ent types of particle manipulation forces in microfluidic systems with a focus that is confined to
“actively applied” forces, which are capable of generating accurate and consistent particle
motions. Our intent is not to present an in depth analysis but rather to canvas the fundamentals,
which have some bearing on understanding and applying these forces effectively. Subsequently,
we present the most pertinent and novel optofluidic applications, which have resulted from the
incorporation of such well controlled suspended particles.

Il. MANIPULATION OF SUSPENDED MICRO- AND NANO-PARTICLES

Particles can be manipulated either “passively” or “actively.” Passive manipulation forces
include Van der Waals attraction,14 self assembly,15 stearic interaction,16 Brownian motion,17
and charged dipole interaction.'® Unfortunately, such passive manipulation techniques'®>* are
not capable of high levels of control, consistency, and repeatability.''

In contrast, active forces are externally applied and are able to provide particle displacements
and motional trajectories, which are consistent and precise to a high degree of accuracy. The opportu-
nities for realizing optofluidic systems incorporating such precise particle motions are therefore
much more promising. In this review, we will focus on elaborating such active forces and particle
manipulation techniques, which can be achieved using them. We classify these active forces into
mechanical, >’ electrical,>*=? optical,**** thermal,>>’ and magnetic***° force categories.

A. Mechanical

Particles can be manipulated in microfluidic systems using mechanically induced forces. These
forces are categorized into two types, which include “hydrodynamic forces” induced motion and
those forces induced by varying pressure profiles, commonly known as “acoustic forces.”

1. Hydrodynamic

Hydrodynamic manipulation in microfluidic systems refers to the control of particle dis-
placement as a result of liquid motion. These forces, which are used to manipulate the
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movements of particles, are known as hydrodynamic forces. They are imposed on particles
using liquid motion against them or around them, such that liquid motion is able to control par-
ticle displacements and their trajectories.*

Two types of liquid flows which are important in the definition of liquid motion include
“Laminar flow,” in which the flow experiences a smooth motion with no dispersion between
the neighbouring layers, and “non-laminar flow” (also called “turbulent flow”), in which the
flow experiences irregular fluctuations and eddies and cannot maintain its smooth motion.**
Laminar and non-laminar flow behaviors are important characteristics of multi-phase liquid
media as they govern the motion of suspended particles in microfluidics.

The Reynolds number, Re,, describes the presence of Laminar or non-laminar flows. This
number represents the ratio of the inertial force to the viscous force and is expressed as*>2°
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where p,, is the fluid medium density, v is average velocity of the medium inside the micro-
channel, L is the equivalent diameter of the microchannel, and g, is the dynamic viscosity of
the fluid. For the flow inside microchannels, an Re, of less than 1000, corresponds to the Lami-
nar regime, while an Re, of more than 1000 corresponds to the turbulent regime.*

The drag force, Fy.qe, refers to the force propelling a particle as it moves through a body
of fluid (Fig. 1(a)). It is proportional to the particle size, dynamic viscosity of the fluid, and the
differeillce in fluid and particle velocities. The drag force, Fy,qe, is estimated using the Stokes
law as

Firag = 6mu,,rU, 2)

where r is the particle radius and U is the relative velocity of the particle to the medium inside
the microchannel.

One of the most common applications of hydrodynamic manipulation is the flow focusing
of particles. Sheath flow focusing is one of the most commonly used methods for manipulating
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FIG. 1. Hydrodynamic particle manipulation. (a) Drag force acting on a particle under microfluidic flow; (b) sheath flow
focusing; (c) sheathless flow focusing; (d) H-shaped inlet and outlet microfluidic separation system.
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the position of particles by using one or more sheath fluids to pinch the particle suspension
flow and thus focuses the suspended particles. In general, one or more sheath fluids should be
used in order to obtain a two dimensional (2D) or three dimensional (3D) particle focusing.
Figure 1(b) depicts a classic example of sheath flow focusing relying on a pair of liquid flows
that sandwich a stream of liquid containing the particles.*” This method is used in the sorting,
counting, separation, and detection of particles as it provides reasonably accurate and reproduci-
ble particle trajectories in liquid.

Sheathless particle focusing is another method of manipulating particles.*> This process
does not rely on a pair of sheath liquid flows to focus the particles. Instead, it employs hydro-
dynamic drag force that induces the particles to flow to their equilibrium positions according to
the velocity profile of the liquid stream (Fig. 1(c)).*’

Hydrodynamic forces are used for particle sorting and separation applications as well.
Fig. 1(d) presents a H-shaped inlet and outlet microfluidic system that separates a solution con-
taining a mixture of particles.*®*’ The particle mixture is a dilute solution of different-sized
particles, entering from one of the inlets. A particle-free flow enters from the other inlet. The
separation is based on the non-mixing nature of two adjacent flows at low Reynolds numbers in
conjunction with the fast diffusion of small particles compared to bigger ones. The length of
the mixing channel was carefully chosen so that small particles could diffuse across the channel
before reaching the output channel.

Hydrodynamic traps in the form of microfluidic stagnation points, micro-vortices, or micro-
eddies can also manipulate the motion of particles in liquid.***’ These traps are realized using
cross-flow forces of two or more opposing laminar streams of liquid which meet at an intersec-
tion. As the opposing liquid streams meet, a flow field with a stagnation point, where the par-
ticles are trapped, is generated. This entrapment provides high resolution manipulation of a
small quantity of particles. The inclusion of such methods in present day optofluidic devices is
still quite rare and we will certainly see more of them used in future systems.

The motion of particles using hydrodynamic forces is affected by channel topology and
uses carefully selected flow rates at which the suspended particles are able to form the desired
flow trajectory or particle assembly.** This requires meticulous design and simulation of micro-
fluidic flow rates, understanding of the forces affecting particles and channel geometries. How-
ever, understanding of liquid flow trajectories under various conditions provides reasonable
particle control abilities.

44,45

2. Acoustic

Acoustic waves of varying pressure profiles induce an acoustic force on the particles, which
causes them to move.’®>' The process of manipulating particles using such acoustic forces is
called acoustophoresis. The acoustic waves are typically generated by inter-digitated, ultrasonic,
or piezoelectric acoustic transducers.’>>?

When a suspended spherical particle is subjected to a standing wave acoustic force, the

particle experiences an acoustic force, F,, which is given by’
P2V, 27x
F,=— 2o ffm). ,p)-sin ==, 3
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where P, is the pressure amplitude of the acoustic wave, V), is the particle volume,  and p are
the particle or liquid compressibilities and densities, respectively, 4 is the wavelength of the
acoustic wave, and x is the distance to the nearest pressure node. Subscripts p and m denote
particle and suspending medium, respectively. The acoustic force experienced by a particle is
influenced by the magnitude and frequency of the acoustic waves, the size and elasticity of the
particle, and the liquid that surrounds it.
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Particles exposed to the acoustic standing wave are either pushed to the pressure nodes or
the pressure anti-nodes (Fig. 2(a)). The pressure node is the location where the standing surface
acoustic waves form a pressure minimum, while the pressure anti-node is the location where
the acoustic waves form a pressure maximum in the liquid.”* The direction of particle motion
depends on the polarity of the ¢-factor (Eq. (4)). For example, if ¢ >0, particles will balance
toward the pressure nodes and if ¢ <0, particles will balance toward the pressure anti-nodes
(Fig. 2(b)).

Acoustic manipulation of particles provides the ability to separate particles of similar sizes
and densities. If one particle is more compressible than the liquid, while another is less com-
pressible, the acoustic force displacing the two particles will be in the opposite direction, caus-
ing them to separate. As such, a mixture of particles can be trapped and sorted by the acoustic
field and collected at different outlets of a microfluidic channel.”

Acoustic manipulation has been applied for the concentration®® and separation®’ of par-
ticles. The drawbacks of acoustophoresis arise from the difficulty of integrating acoustic trans-
ducers into microfluidic devices, the difficulty of controlling small nano-scale particles, and the
fact that particle separations can only be conducted by virtue of their size, density, and com-
pressibility differences.?’’

B. Electrical

Particles can be manipulated in microfluidic systems using electrically induced forces.
These forces are generally grouped into the electrophoretic and dielectrophoretic (DEP) forces.
They are applied using electrically generated uniform and non-uniform electric fields, for
charged and neutral particles suspended in liquid, respectively.
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FIG. 2. Acoustophoretic manipulation of suspended particles. (a) Acoustophoretic manipulation of particles when subject
to acoustic waves. (b) Schematic of acoustophoretic sorting of a mixture of particles with different density and compressi-
bility properties.
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1. Electrophoresis

“Electrophoresis” refers to the motion of charged particles, relative to a fluid, under the
influence of an electric field.>* The induced motion depends on the polarity and magnitude of
the net electrical charge of the particle. Generally, electrophoretic force is generated by a pair
of electrodes connected to a direct current (DC) power source. The electrodes are placed in an
ionic solution which contains the particles. When the electric field is applied, particles experi-
ence an electrophoretic force, F,;, which induces motion toward the electrode bearing the oppo-
site charge polarity to that of the particle (Fig. 3).>®

There are also two forces that oppose the particles’ movement: the “friction” and
“electrophoretic retardation” forces. The friction force, F., is the viscous force opposing the
electrophoretically induced motion of the particle as it moves through the body of a liquid.>
The friction force is dependant upon the viscosity of the liquid medium, as well as the size and
shape of the particle. For example, larger particles moving in a more viscous liquid medium ex-
perience a higher friction force compared with smaller particles moving in a less viscous liquid
medium. The electrophoretic retardation force, F,.,, refers to the force exerted on the diffuse
cloud of ions surrounding the particle known as the “Debye layer.” The ions in the Debye layer
have the opposite charge polarity to the particle and therefore the electrophoretic retardation
force results in a fluid flow around the particle.®® The direction of fluid flow is in the opposing
direction to the electrophoretic force. This fluid flow causes a frictional drag that is partially
transferred to the particle, causing a “retardation” of the electrophoretically induced motion.

Electrophoretic mobility, ., is a measure of charged particle mobility when subjected to
an electric field. In the case of low Reynolds number and moderate electric field strength E, the
electrophoretic mobility ., defined as

A4
Hep = Ev (5)

where v is the velocity of the suspended particle. The electrophoretic mobility relation can be
expressed as”’

Hep = — ©)

lonic solution Debye layer

FIG. 3. Schematic of a particle experiencing the electrophoretic force.
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where ¢, is the relative permittivity of the particle, { is the zeta potential, and # is the viscosity
of the surrounding liquid. { is defined as®”
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Smoluchowski’s electrophoretic mobility theory is valid only for a sufficiently thin Debye
length, when particle radius r is much greater than the Debye length of a charged particle such
that xr > 1(where k' is the Debye length). In the case when the Debye layer is larger than
the particle radius such that kr < 1, Huckel established the electrophoretic mobility relation
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Electrophoretic manipulation of particles has been used in the analyses and preparative sep-
arations of biological samples, such as proteins, peptides, deoxyribonucleic acid (DNA), and
ribonucleic acid (RNA) molecules.’! It is also widely used in liquid purification processes and
for the characterization of particles and their surface properties.””

2. Dielectrophoresis

Dielectrophoresis is the motion of neutral or semi-conducting particles induced by a spa-
tially non-uniform electric field.®’ When subjected to a spatially non-uniform electric field, a
neutral particle is polarized and charged dipoles are established within the particle. The charged
dipoles induce unequal Columbic forces at opposing ends of the particles and the net resulting
force causes the particles to move. The magnitude of charge and orientation of the induced
dipoles is dependent on the intensity and frequency of the electric field and the dielectric prop-
erties of the particle and suspending medium, respectively.?®

The DEP force is typically generated by a pair of closely spaced microelectrodes. They can
be used as individual pairs but more often they are used as an array in a microfluidic device.
The purpose of the electrodes is to transport, focus, or repel the particles from regions of inter-
ested in the microfluidics. The intensity of the applied electric field is generally highest in the
regions between closely spaced electrodes. The electrodes are connected to an alternating cur-
rent (AC) power source where the magnitude and frequency of the applied AC signal can be
varied to achieve the desired particle motion in liquid.

For a spherical particle, the DEP force is given by®'

Fpep = 21 c,6,Relfou (0)|VEL,, ©)
where r is the radius of the particle, ¢, is the permittivity of the suspending medium, fcy(w) is

the Clausius-Mossotti (CM) factor, and E,,,; is the root mean square (rms) of the applied elec-
tric field. The CM factor is expressed as™®

4 m
= 10
feulw) = (10)
The complex permittivity of the particle and the suspending medium, sp* and ¢, , are given
by61
* .0
sp:s,,ap—zgp, (11)

Ny
& = oty — I—, (12)
%)
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where i :\/ —1, 0,, and g, are the conductivities of the medium or the particle, respectively,
and w is the angular frequency of the applied electric field.

Particles experiencing the DEP force are either attracted to or repelled from the region of
high electric field gradients.®' The sign of the Re[fcy(w)] gives an indication of the behavior of
the particles in response to an applied DEP signal frequency. For instance, when
Re[fcp(w)] > 0, particles experience a positive DEP force such that they are attracted toward
regions of high electric field gradients (Fig. 4(a)). When Re[fcy(w)] <0, particles experience a
negative DEP force such that they are repelled from regions of high electric field gradients
(Fig. 4(b)).*®

Dielectrophoresis has been used in applications involving particle separation,®* transport,63
and sorting.®* A drawback of DEP manipulation is the difficulty of controlling nano-scale par-
ticles, as the DEP force is proportional to ° and the accuracy of particle motion relies on the
design of the DEP electrodes and the microfluidics. Recent reviews on DEP particle manipula-
tion have been reported in literature.?®->%°

C. Thermal

Thermophoresis refers to the motion of particles suspended in liquid which is induced by a
thermal gradient.”” Although this phenomenon has been known for over 150yr, the theory is
not well established.®® It has been suggested that particle motion results from the inhomogene-
ity brought in by the thermal gradients in the thin layer that constitutes the interface between
the particle and the suspension.®’

In addition to the usual Brownian motion, particles also show a systematic drift when they
are placed in a thermal gradient.®” In the presence of such a thermal gradient, the mass flux of
particle flow, J, in liquid is expressed as®

J = —DV¢ — ¢DyVT, (13)

where ¢ the particle concentration, D is the Brownian diffusion coefficient, Dy is the thermal
diffusion coefficient, and VT is the temperature gradient. The thermal diffusion coefficient, Dy
gives an indication of the particle motion behavior in a mixture in the presence of a thermal
gradient. If Dy> 0, particles drift toward the cooler region and exhibit “thermophobic” behav-
ior. If Dy<0, particles drift towards the warmer region, exhibiting “thermophilic” behavior
(Fig. 5).*® Thermophoretic manipulation has been used for particle separation®” and trapping.’®
Drawbacks of thermophoresis include the difficulty of transporting particles in low concentra-
tions as they usually drift in clusters’' and particle drift time is generally long.”?
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FIG. 4. Schematic of DEP manipulation of particles. (a) When Re[fcy(w)] > 0, the particle experiences a positive DEP
pulling it towards the region of high electric field gradients; (b) when Re[fcym(w)] <0, the particle experiences a negative
DEP repelling it from the region of high electric field gradients.
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FIG. 5. Schematic of thermophoretic manipulation of particles. Thermophilic particles drift toward hotter regions, while
thermophobic particles drift toward the cooler regions.

D. Optical

Optical manipulation of particles is the control of particle motion using optically induced
electromagnetic fields.”> Electromagnetic fields are generated by the radiation of light from op-
tical sources operating in the infrared, visible, and UV range of frequencies.>* Particles that can
be manipulated using optically induced forces scale from hundreds of micrometers to a few
nanometers in size’* and are usually composed of neutral dielectrics.”> However, the growth of
near-field and plasmonic based optical manipulations (which will be described later) has
expanded the type of particles that can be manipulated to include certain metallic’®”” and
semi-conducting particles.””’

The interaction of particles with optical waves depends primarily on their size. Particles
smaller than the wavelength of light are pulled toward the region of high electromagnetic fields
as they develop an electric dipole moment in response to the light’s electric field. Particles
comparable or larger than the wavelength of light refract the rays of light and move as a result
of a momentum transfer of the incident photons.®® Optical manipulation of particles falls into
two categories: (i) far field and near-field manipulation and (ii) plasmonic manipulation.

1. Far and near-field manipulation

Far field optical manipulation, commonly known as optical tweezing, refers to the control
of particle motion induced by a direct irradiation of optical electromagnetic fields.”> When a
particle is subjected to this field, the optical gradient force pulls the particle toward the region
of highest field intensity where the optical beam is focused.** Scattering and absorption forces
then cause the particle to move in the direction of beam propagation (Fig. 6(a)).>

The optical gradient force, F, .4, experienced by a spherical particle is expressed as>

2nVI,
Foas = 2%, (14)
Co
where VI, is the gradient of light intensity,
o =3V, (ep — &m)/ (& + 2em), (15)

and ¢, is the speed of light, while V), is the particle volume, and ¢, and ¢,, are the permittivities
of the particle and suspending medium, respectively. The dielectric constant is a function of
wavelength and is comprised of a real and an imaginary component, such that ¢=z¢; + ie,,
where ¢, =n>—k* and &, =2nk. n and k are the refractive index and absorption coefficient,
respectively.”® In the case of a simple, non-absorbing dielectric, o is positive when the
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FIG. 6. Optical manipulation of suspended particles using (a) direct optical tweezing; (b) near field optical manipulation of
suspended particles; (c) manipulation of particles using plasmonic nanostructures.

refractive index of the particle exceeds that of the surrounding medium. In this case, particles
are attracted to the regions of highest intensity, and if the particles’ refractive index is lower, it
will be forced away from the regions of highest intensity.>

The scattering, F.,,, and absorption, F,, forces are expressed as™>

8nl, 0%,
Fyear = 36‘.7’ (16)
2me,,l
Fabs - ng OIm(a)v (17)
0

where / is the optical wavelength.

Near-field manipulation refers to the optical manipulation of particles using evanescent
fields.”> When light travels through a waveguide, evanescent fields radiate from the wave-
guides’ surface and decays exponentially with distance from the boundary of the waveguide
where the optical wave originated.®' The evanescent field generates a gradient force that attracts
particles to the region of highest field intensity, before moving them under scattering and
absorption forces, in the direction of wave propagation (Fig. 6(b)).*

2. Plasmonic manipulation

Plasmonic manipulation refers to the control of particle motion induced by surface plas-
mons.®? Surface plasmons are electromagnetic waves produced by coherent electron oscillations
at the interface of any two materials where the real part of the dielectric function changes sign
across their interface.®® The most suitable media are generally the boundaries of a metal and a
dielectric material.** Surface plasmons are confined to the metal surface with exponentially
decaying fields. In many applications, surface plasmons are generated by impinging light in the
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visible range, although UV and infrared frequencies are also possible.*> Surface plasmon
resonances (SPR) refer to extremely large local enhancements of the electromagnetic field.*
Plasmonic manipulation of particles can be achieved using either plasmonic particles or metallic
nanostructures that support SPRs.

a. Plasmonic particles and their interactions. Plasmonic optical forces have been used to
control particles composed of neutral dielectrics,*® semi-conductors,®” or metallic® structures.
For SPR modes generated by plasmonic particles, naturally, particles need to be metallic or at
least have a metallic shell. Plasmonic particles are particles that support localized surface plas-
mon resonances (LSPR). LSPRs have the ability to strongly scatter and absorb light and to
squeeze light into nanometer dimensions, producing large local enhancements of electromag-
netic fields.**® LSPRs can be supported by a wide variety of metallic particles including inter-
acting particle pairs, an array of particles with nano-scale gaps between them, or individual par-
ticles interacting with another metal surface. LSPRs can also be supported by nano-scopic holes
or voids rather than particles, or by particles that have holes in them, such as toroidal struc-
tures.® Core-shell particles utilizing dielectric cores and metallic shells have also supported
LSPR activity originating from the interaction of optical electromagnetic waves and the oscillat-
ing surface charges generated on the inner and outer surfaces of the metal shells.”">

When light is incident on a metallic particle and the SPR conditions are met, the oscillating
electric field of the light produces a force on the mobile conduction electrons in the metal, the
result of which induces the LSPR modes.*> The LSPR modes then generate a gradient force ca-
pable of particle trapping and manipulation. For example, the LSPR between a pair of closely
spaced gold nano-dots were used to create an optical trap with improved particle positioning by
reducing the trapping volume beyond the diffraction limit and quenching Brownian motion of
the trapped nanoparticles by almost an order of magnitude as compared to conventional optical
tweezers operating under the same trapping conditions.”?

b. Plasmonic nanostructures and traps. Plasmonic nanostructures refer to metallic struc-
tures capable of producing SPR fields. An appropriately designed and patterned metal surface is
required to provide plasmonic field confinement. Generally, the metallic structures are designed
with nano-scale gaps between them where the SPR fields are produced.® Fig. 6(c) presents a
plasmonic optical trap where a particle is held in place through the F,,.,, force, which acts to
attract the particle to a surface bound metallic nanostructure.” Instead of using a highly
focused laser beam (which is normally used in optical tweezing), surface plasmon-based optical
traps as a result of plasmonic nanostructures enables stable particle trapping at a patterned
metal surface even when using unfocused and low intensity laser beams.

In summary, the optical manipulation of particles in microfluidic systems has been
employed in order to achieve particle transport,”* cell separation,”” particle detection, and parti-
cle characterization.”® The merits of this manipulation method include the ability of localizing
light to the single particle level (particularly using plasmonic fields), being non-invasive and
not requiring on-chip infrastructure, given that light can be sourced externally to the chip.”’
However, there is a risk of particle damage, especially with regard to organic entities, given
that highly focused beams of light (in the case of optical trapping) can sometimes generate ex-
cessive heat.”® Other disadvantages also include the requirement of bulk optics (in the case of
far and near field manipulations), such as high numerical aperture objective lenses (hence large
optical components), which impede the miniaturization requirements of certain devices.*?

E. Magnetic

Magnetophoresis is the motion of suspended magnetized particles relative to a fluid under
the influence of a non-uniform magnetic field.”” Generally, the magnetic properties of materials
can be classified into three categories: ferromagnetic, diamagnetic, or paramagnetic.”® Diamag-
netic materials are those whose electrons are all paired. The diamagnetic effect stems from
changes in electron orbital motion induced by a magnetic field and leads to dipoles aligned
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against the magnetic field.””"'°" Paramagnetic effects occur in materials whose electrons are
unpaired and the spins of the unpaired electrons that align with the external magnetic field to
produce a magnetic moment. Paramagnetism is exhibited when thermal fluctuations prevent the
magnetic dipoles from locking in orientation aligned with the field. In contrast, ferromagnetism
occurs in materials with unpaired electrons, when thermal fluctuations are small compared with
the forces that lead magnetic dipoles to lock in orientation aligned with the field.”

When a particle is subject to a magnetic field, the force experienced by the particle, F,4,,
is given by*!%

(Xp - Xm)VP

B-V)B, 18
m ( ) (18)

Fmag:

where y, and y,, are the magnetic susceptibilities of the particle and the suspending medium,
respectively, V), is the volume of the particle and p, is the permeability of free space
(4 x 1077 Hm™"). The magnetic susceptibility refers to the degree of magnetization of a mate-
rial as a result of an applied magnetic field.'”" If the particle is magnetic (xp>0) and the me-
dium diamagnetic (y,, <0), the difference of y, — y,, is positive, resulting in a positive value of
F .4 and indicating the particle experiences an attractive force toward the regions of high mag-
netic flux density gradient (Fig. 7(a)). Conversely, when the particle is diamagnetic (y, <0) and
the medium is paramagnetic (y,, > 0), the difference of y,— y, becomes negative, giving a
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FIG. 7. Magnetophoretic manipulation of suspended particles. (a) Particle is pulled toward the region of high magnetic
field gradients when y;, > ym. (b) Particle is repelled from the region of high magnetic field gradients when yp, < ym.
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negative F,,,, value signifying that the particle is repelled from the regions of high flux density
gradient (Fig. 7(b)).'®

Magnetophoretic manipulation has been used for particle separation,'®® sorting,
transport,’'%® and detection.'””'°® Magnetophoresis has the advantage of angular particle
positioning and rotation ability. It is minimally invasive and reduces the risk of particle dam-
age in the process of particle control.*” One of the problems associated with magnetophoresis
involves the magnetic hysteresis of micro-particles, when the magnetic field is turned off,
which can cause them to agglomerate into clusters. Smaller nano-scale particles however, dis-
play less hysteresis in the magnetic field, hence when the field is turned off, they redisperse
in the suspension.'?

103-105

lll. APPLICATIONS OF OPTOFLUIDICS WITH SUSPENDED PARTICLES

In this section, we will describe novel optofluidic applications that have employed control-
lable particles suspended in liquid. First, applications of optical components which use particles
as waveguiding media and lenses are covered. Subsequently, we describe optofluidic applica-
tions that have been used for transporting, detecting, and analyzing particles. Finally, we cover
applications related to Raman spectroscopy, plasmonics, heat and energy and eventually those
that specifically involve biological particles. The scope of applications reviewed is confined to
optofluidic systems, which incorporate suspended particles. In particular, our focus is on such
systems which utilize actively controlled particles.

A. Optical components

Multi-phase optofluidics have been used to create optical components that are compatible
with liquids such as waveguides,109 lenses,110 and sensors.!'! However, a major setback of
multi-phase systems is that liquids are not easily reconfigured and manipulated. One method of
addressing this limitation is to use liquid with suspended particles. The properties of the suspen-
sion can be tuned from those of liquid to that of the particles by manipulating the particles con-
centrations at different locations within microfluidics. The concentrations of particles can be
tuned using the externally applied forces described in Sec. II. In addition, the integration of sus-
pended particles offers a wealth of added possibilities regarding the particles’ interaction with
light, which can be very useful for the development of particle detection and analysis
platforms.'?

1. Particles as waveguiding media

Several major works that have used controllable particles in realizing optofluidic wave-
guides will be briefed. The first was by Conroy et al.''®> The author demonstrated a particle
core/liquid cladding waveguide, which uses two types of suspended particles, polysterene and
SiO, with diameters ranging from 30 to 900 nm (@30 to @J900nm). Both particle types were
focused using hydrodynamic forces (Fig. 8(a)). Visible light (A =635nm) from an external laser
source was coupled into the concentration of particles using a fiber embedded in the microflui-
dic channel. The output profiles showing the intensity of light guided through the particle
focused core was observed (Fig. 8(b)). The analysis of core to cladding intensity ratios associ-
ated with the various particle sizes revealed that the smaller sized particle suspensions of higher
concentrations guided light more effectively compared to the larger particles with lower con-
centrations. The authors attributed this to the smaller scattering cross sections exhibited by the
smaller particles, when they were hydrodynamically focused. Additionally they suggested that
suspensions with higher concentrations of particles had smaller inter-particle spacings and
therefore the light experienced reduced scattering.

More recently, the major works by Kayani er al.''* and Kalantar-zadeh er al.'"> demon-
strated the use of DEP forces for the focusing and packing of suspended SiO, nanoparticles
(Sizes: @230 and @450 nm). In their work, an array of curved DEP microelectrodes was used
to generate a strong electric field gradient that traps the particles under a liquid flow, resulting
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(a) Cladding inlet Liquid outlet (b)
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FIG. 8. Hydrodynamically focused nanoparticles used as optical waveguiding media. (a) Schematic of nanoparticle opto-
fluidic waveguide using polysterene nanobeads and DI water, as the core and cladding, respectively. (b) Intensity distribu-
tion at the waveguide output showing a high core to cladding intensity ratio. Reproduced with permission from R. S.
Conroy, B. T. Mayers, D. V. Vezenov, D. B. Wolfe, M. G. Prentiss, and G. M. Whitesides, Appl. Opt. 44, 36 (2005). Copy-
right © 2005 American Chemical Society.

in the formation of particle dense narrowbands in the microfluidics. By focusing the particles, it
was observed that the particle dense narrowbands in the center either scattered or guided the
coupled light depending on their size and concentration.

It is worth noting that such particle enabled waveguides offer a number of advantages over
purely homogenous liquid waveguides: (i) insoluble materials (such as suspended particles) can
be used, (ii) refractive indices of core and cladding areas can be readily altered, and (iii) par-
ticles with a core-shell or crystalline structure can be optically/electrically/magnetically manipu-
lated.''® However, these particle based waveguides had practical issues such as the coupling of
light through liquid inlets and outlets that induces major losses at the media interfaces and par-
ticle scattering.''* To solve the scattering problem, Kayani e al.” demonstrated the coupling of
light from a multimode rib polymeric waveguide to dielectrophoretically focused tungsten triox-
ide, WOj; particles (380nm). When the particles were closely packed (Fig. 9(a)), there was a

Particles are focused Light is coupled into
above rib waveguide DEP focused WO3 particles

Particles are repelled Light remains in
towards sidewalls polymeric waveguide

FIG. 9. Waveguide tuning using DEP focused particles. (a) WO; nanoparticles focused in the center of the DEP electrodes
using positive DEP forces. (b) Light was coupled into the particle dense media above rib waveguide. (c) WO; nanoparticles
repelled from the center. (d) Light remains in the polymeric rib waveguide. Reproduced with permission from A. A.
Kayani, A. F. Chrimes, K. Khoshmanesh, V. Sivan, E. Zeller, K. Kalantar-zadeh, and A. Mitchell, Microfluid. Nanofluid.
11, 1 (2011). Copyright © 2011 Springer Verlag.
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strong interaction of the optical evanescent field of the rib waveguide with the DEP focused
particles (Fig. 9(b)). Alternatively, when the WO; particles were repelled from the evanescent
region of the rib waveguide (Fig. 9(c)), light remained guided in the rib waveguide (Fig. 9(d)).

2. Particles as lenses

Particles with suitable optical properties have been employed to focus light, similar to lig-
uid lenses,''® based on two different approaches: (i) particles can be individually used as
lenses''”''® and (ii) the accumulation of particles can be used to form particle arrays and media
of different average refractive indices that could act as optical lenses.''*'%°

Individual particle lenses were demonstrated by several groups.'*'"'*? Such lenses have
been used as manipulators of light exhibiting the ability to control the amplitude, phase, and
polarization properties of light and its directions of propagation.'~'?’ Beam control was dem-
onstrated by displacing optically trapped particles such as an SiO, (@13 um) microsphere
through a light beam.'*®

Fig. 10 shows the schematic of the experimental geometry and simulation results of the
particle light manipulation system using trapped SiO, particles. The microsphere caused the
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FIG. 10. Optofluidic lens using suspended particles controlled by optical forces. (a) Schematic of the experimental geome-
try for beam manipulation. FDTD field output depending on the microsphere position: (b) on axis, (c) off axis, (d) leaving
beam. (e) Insertion loss experimental and numerical simulation data with transmission regimes are identified. Reproduced
with permission from P. Domachuk, M. Cronin-Golomb, B. J. Eggleton, S. Mutzenich, G. Rosengarten, and A. Mitchell,
Opt. Express 13, 19 (2005). Copyright © 2005 American Chemical Society.
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beam to be refracted by various degrees as a function of the particle position, providing tune-
able attenuation and beam-steering in the device. The device itself consisted of the manipulated
light beam extending between two buried single mode fiber (SMF) waveguides which were on
either side of a microfluidic channel (Fig. 10(a)). This channel contained the microsphere,
which was suspended in water. In the “on axis” transmission case, the microsphere was cen-
tered in the probe beam and acted as a spherical lens, providing enhanced coupling (Fig.
10(b)). In the “off axis” case, the microsphere steered the beam away from the core of the out-
put SMF (Fig. 10(c)). In the “leaving beam” case, the microsphere was only slightly perturbing
the probe beam, allowing most of the light to be collected (Fig. 10(d)). When the particle was
located out of the center position, the signal intensity decreased to —11dB compared to a con-
tinuous SMF case. Fig. 10(e) shows the experimental and numerical simulations of the insertion
loss of the buried fiber device for various positions of the trapped microsphere, probed at a
wavelength of 1.5 um.

Accumulation of packed particles in microfluidics can also be used as optical lenses. For
example, an optofluidic micro-lens was realized by filling a hollow fiber with ferrofluids con-
sisting of suspended superparamagnetic iron oxide (Fe;O,) particles for the manipulation of
light. The lens was constructed of a hollow fiber filled with superparamagnetic Fe;0,4 nanopar-
ticles (@10 nm) suspended in DI water at a 0.12% volume-in-volume (v/v) concentration. When
the magnetic field was activated, the particles became aligned to the core surface such that it
stretched the beam into a “ribbon shape” yielding a larger visible area and when the field was
rotated, a larger beam spot size was formed. The ribbon shaped beam was formed by the dif-
fraction of light incident on the particles in the fiber core.* In a separate work, the brightness
and intensity of light was controlled with the aid of ferrofluids consisting of paramagnetic par-
ticles that were manipulated using magnetic fields on a magnetic film in a device known as an
“optomagnetic dimmer.”'*

Other implementations of optical beam lensing or manipulation based on ferrofluids include
the use of nickel nanorods produced by electroplating chemistry, which was shown to alter the
shape of the laser beam passing through the suspension by varying the applied magnetic
field."*® The effect was caused by multiple scattering and diffractions of the laser beam due to
the nanorods. It was established that magnetic nanorods (as opposed to spherical nanoparticles)
are better suited for optofluidic beam illumination applications since they are more stable in a
rotating magnetic field. In another example, Candiani et al.'*' demonstrated the use of ferro-
fluids and externally applied magnetic fields for manipulating optical beams transmitted in a
hollow microstructured fiber integrated with Bragg gratings. The system was able to reflect op-
tical wavelengths of light depending on the applied magnetic field while the magnetic particles
acted as an in-fiber magneto-tuneable beam modulator.

The integration of controllable particles as optofluidic lenses has provided the ability to
image large fields of view at high temperatures, free from the restraints of index-matching flu-
ids, and it is expected to improve the sensitivity of microscopes and biological detectors and
also have applications in other areas of biology and analytical chemistry in the future.'**

B. Optofluidic platforms for particle transport

In the context of optofluidics, most particle transport examples use optical forces as
described in Sec. IID. In this section, we will detail several novel examples of particle transport
in optofluidic devices.

1. Transport of particles in liquid core waveguides

Particles can be transported in the core of waveguiding media using optical forces. In opto-
fluidics, light in the core of waveguiding media can be confined by liquid and exerts optical
forces that trap and transport the particles. One example of such devices is a photonic crystal
fiber, which consists of a high index liquid core surrounded by a lower index periodic lattice of
air capillaries. Mandal and Erickson'** demonstrated the transport of polystyrene particles
(@3 um) using a liquid core photonic crystal fiber. In a separate work, polystyrene particles
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(@1 ym and 3 pm) were shown to be drifted in a microfluidic channel using direct radiation of
optical beams perpendicular to the fluid flow direction.'*? Light was focused into the microflui-
dic channel using on-chip lenses and their displacement in liquid was studied using various
light focusing parameters.

2. Transport of particles using optofluidic waveguide near fields

As described in Sec. IID I, the optical near fields can be used for transporting particles in
microfluidics. An application example involves the field of a Y-shaped optical waveguide which
transported polystyrene particles (@6 um)."** By shifting the position of the input fiber facet,
power was directed to either side of the Y-branched output, which caused the particles to fol-
low and be sorted on demand.

Another platform is the slot waveguide. A slot waveguide is an optical waveguide that
strongly confines light in a sub-wavelength scale region, which is usually a low refractive index
“slot” separated by slabs of high refractive index media.'*>'?® The cavities in such slot wave-
guides can be filled with a liquid media and particles can be transported using such platforms
as strong intensities and gradients of light occur in these slot cavities. Yang'®’ investigated the
trapping and transport of suspended polystyrene (@10 — 65 nm) and gold (@10- 65 nm) particles
using silicon slot waveguides. The authors studied the effects of particle size, refractive index,
and slot waveguide geometry on particle transport behavior. They also demonstrated the trans-
port and trapping of 2-DNA molecules using such liquid core slot waveguides where the effects
of varying slot widths were shown.”*

Optofluidic ring resonators are another device that uses optical evanescent fields for particle
transport.'*® In ring resonators, particles are attracted and propelled by optical forces along the
evanescent field of a waveguide that branches into a ring structure. Due to the re-circulation of
optical power in the ring, the optical power is significantly enhanced under certain resonant
conditions."**'*° The optofluidic ring resonators are highly suited for particle transport, separa-
tion, and sensing applications.'?!4!-142

Yang and Erickson’ presented the transport of polystyrene particles (@3 um) using an opto-
fluidic ring resonator (Fig. 11(a)). The resonator structure was made of a polymeric waveguide.
A portion of the optical power extends into the ring waveguide structure in the region where
the distance between waveguide and ring is smallest. When the light that has travelled around
the ring is in phase with incoming optical radiation, the optical waves constructively interfere
resulting in a stronger optical field. The optofluidic ring resonator operates by alternating
between an “on-resonance” and “off-resonance” state, which depends on the wavelength of
coupled light. When the ring is “on-resonance,” particles trapped on the bus waveguide will be
routed to the ring due to optical gradient forces arising from stronger local field intensities in
the ring (Fig. 11(b)). In the “off-resonance” state, the waveguide has a relatively stronger inten-
sity (compared to the ring) and so the particles remain on the waveguide (Fig. 11(c)). Moving
from the on-resonance to the off-resonance states and vice-versa is achieved by tuning the
wavelength of the coupled light. Similar systems were shown by Cai and Poon.'**'**

3. Transport of particles using optically induced virtual electrodes

Particles can be transported using a projection of virtual microelectrodes in a technique
known as optically induced DEP manipulation or opto-electronic DEP tweezing. Chiou e al.”®
presented the manipulation and transport of suspended polystyrene particles (4.5 um) and cells
using this method. The liquid containing the cells or particles of interest is sandwiched between
an upper transparent, conductive glass, and a lower photoconductive surface. These two surfa-
ces are biased with an AC signal. When the projected light illuminates the photoconductive
layer, it turns the photoconductive substrate from behaving as an “insulator” to a “conductor”
creating a non-uniform electric field gradient, which promotes particle transport and manipula-
tion. Although such optically induced DEP devices are known to produce high resolution virtual
electrodes, trapping of sub micrometer particles requires a large electric field gradient to over-
come Brownian motion and therefore may require a higher powered optical source or bias for
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FIG. 11. Particle transport using an optofluidic ring resonator. (a) Schematic of optofluidic ring resonator switch with
boxed figure showing the switching mechanism due to optical forces when the ring is strongly coupled at the resonant
wavelength. (b) Trapped particles are diverted and continue to move forward on the ring under the on-resonance state. (c)
In the off-resonant state, particles pass through the switching junction and are not routed into the ring structure. Reproduced
with permission from A. H. J. Yang and D. Erickson, Lab Chip 10, 6 (2010). Copyright © 2010 The Royal Society of
Chemistry.

generating the required translational force. The virtual electrodes generated are not directly
used for particle trapping, and instead trapping performance is achieved via the re-distribution
of the applied AC potential between the fluids and the substrate. Such optically induced DEP
platforms are advantageous as they produce high optical powers and the small pixel sizes of the
virtual electrodes result in highly dynamic and accurate particle displacements.'*>"!4¢

4. Transport of particles using holographic optical tweezers and the optical stretcher

Recently, optical tweezers have been transformed by the availability of spatial light modu-
lators and the speed of low-cost computing that drive them. Holographic optical tweezers have
the ability to trap and move many suspended particles simultaneously and their compatibility
with other optical techniques, particularly microscopy, means that they are highly appropriate
for lab-on-chip systems to enable optical manipulation, actuation, and sensing.'*’ Various
approaches for the generation of optical beams that combines established techniques of holo-
graphic optical trapping with hollow intensity distributions have allowed the simultaneous sta-
ble trapping of multiple particles at defined pre-defined positions.'**'4°

The optical stretcher is a novel, dual-beam optical trap that is capable of trapping and
stretching dielectric particles, such as living biological cells, along the beam axis. Unlike
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conventional optical tweezing, which use a single focused beam to produce a point like trap,
the optical stretcher uses diverging light spread across the particle surface. The unique features
of the optical stretcher is that the optical force is applied at all points along the particle surface
as opposed to at the center of the particle mass and that it is able to exert pico-Newton scale
surface forces on the living cell without making mechanical contact.'>® Additionally, since no
optical beam focusing is required, the optical stretcher is known for producing minimal radia-
tion damage and hence is highly suitable for characterizing and even manipulating biological
particles and cells.'®!

C. Optofluidic devices for particle detection and analysis

In this section, we describe optofluidic devices that have been used for detecting and ana-
lyzing particles. In such devices, generally, particles are transported using the manipulation
forces (described in Sec. II) and then they are passed through an optical interrogation or excita-
tion region, where they are detected and analyzed.

1. Detection based on fluorescence and light scattering

Fluorescence detection has been used in many areas, particularly bio-applications, by incor-
porating particles that show fluorescence emissions.'” They are used as the labels for revealing
the presence and tracing the movement of such particles. Light scattering is another method of
detecting and analyzing particles. The analysis of scattered light allows the determination of
particle characteristics such as size, refractive index and absorption coefficient.'>? Therefore,
relevant information about a particle can be inferred from the analysis of the scattered light.

There are many examples of optofluidic applications that incorporate fluorescent particles.
Perroud ef al.'>* demonstrated the identification and sorting of macrophage cells based on fluo-
rescent signals. Shi er al.’* presented the fluorescent detection and tracking of polystyrene
(@0.87 um and 4.16 um) beads in a microfluidic channel. Parallel inter-digitated acoustic reso-
nators were used to position and separate the particles so that they could be sorted into three
fluidic outlets. Fluorescence spectroscopy was then used to track the separation of the particle
types.

There are also many examples of analyzing particles based on scattering methods. Mitra
et al."* demonstrated the detection, sorting and size characterization of viruses and particles
using an optofluidic interferometer. The detection scheme used was able to detect and sort sin-
gle viruses and also distinguish different kinds of virus types in a mixture of viruses.

2. Optofluidic anti-resonant reflecting optical waveguide platforms

The hollow core anti-resonant reflecting optical waveguide (ARROW) is often used for
guiding light in liquid, particularly in microfluidic systems.'”> ARROWSs can be formed by a
low index core layer, which is embedded between higher index layers. This addresses the diffi-
culty of finding suitable optical cladding materials, with a lower refractive index than liquid,
making them well suited for optofluidic applications. ARROW platforms have the advantage
of low loss of signal, almost single-mode behavior and they have high polarization
selectivities.'®

The fabrication and operation of ARROW waveguides have been well documented.''' An
example by Measor et al.® is demonstrated in Fig. 12. It is an optofluidic ARROW platform
that provides a perpendicular excitation and detection geometry and that caters for sensitive
particle and bio-molecular detection applications. The device was made of a high refractive
index layer surrounding a hollow core filled with the suspended particles that needed to be ana-
lyzed (Fig. 12(a)). Light that is coupled into the solid-core ARROW waveguide (Fig. 12(b))
provides an optical excitation to the fluorescent labelled particles that flow through the hollow
core waveguide (Fig. 12(c)). The hollow core waveguide is filled with liquid and the particles
that flow through the hollow core are transported using dual beam optical trap. The ARROW
platform has been used for detecting liposomes, DNA fluorophores, and viruses.''!:!37-160
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FIG. 12. Optofluidic ARROW platform optimized for particle detection. (a) Schematic of the integrated optofluidic system
with perpendicular excitation/collection geometry for detecting bio-molecules (b) SEM images of solid core and (c) liquid
core ARROW waveguide cross-sections. Reproduced with permission from P. Measor, B. S. Phillips, A. Chen, A. R. Haw-
kins, and H. Schmidt, Lab Chip 11, 5 (2011). Copyright © 2011 The Royal Society of Chemistry.

3. Optofluidic flow cytometers

The flow cytometer is perhaps one of the most important optofluidic detection platforms, as
it provides in situ cell counting, fluorescence detection and cell sorting, all in an integrated de-
vice. This device provides fast quantification of different organic and inorganic particles and
cells. Generally, the sample containing the particles is hydrodynamically sheath focused by a
surrounding buffer liquid to obtain a stable particle line-up. The particles then pass through an
optical interrogation region, where they are detected and characterized based on their fluores-
cence emissions and scattering of light."®’

Shvalov er al.">? presented one of the earliest versions of the flow cytometer that was able
to distinguish lymphocytes, erythrocytes, and polystyrene particles of various sizes and refrac-
tive indices. The analysis of particles was conducted by examination of the unique profiles of
scattered light that had varying scattering angles from the particles. Steen'®® also presented the
earlier version of the cytometers capable of detecting viruses of various sizes ranging from 70
to 300 nm.

Today, flow cytometry has evolved tremendously. Although fluorescent detection and hydro-
dynamic forces are conventionally used, new methods such as impedance detection is being
integrated into microflow cytometers for microparticle-based assays and magnetophoresis of bio-
molecules is being used for particle sorting.'®> Modern cytometers also feature optofluidic liquid
lenses that focus light into the particle interrogation region for more effective particle analysis.'®*
Zhu et al.'® presented a compact and cost-effective cytometer, for resource limited regions, inte-
grated with cellular phone imaging. In this device, fluorescently labelled particles were continu-
ously delivered to an imaging volume via a disposable microfluidic channel. The videos were
captured by the cellular phone camera and analyzed for particle/cell counting. Such platforms
could be useful for rapid and sensitive imaging of bodily fluids and for conducting various cell
counts and analysis as well as for screening of water quality in remote and resource-poor settings.

Flow cytometers have also been integrated with DEP microelectrodes for the sorting and
characterization of cells such as yeast.166 In this work, positive DEP forces were used to sort
between viable and non-viable yeast cells. This was possible as viable and non-viable yeast
cells were found to have different DEP spectral behavior so they could be sorted by these prop-
erties before being counted. After passing through the “DEP filter” region, light scattered from
the specimens was collected by an integrated waveguide and analyzed.
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D. Raman spectroscopy of particles

Raman spectroscopy (RS) provides analytical information about a sample’s molecular
structure and composition'®” and has attracted considerable attention due to its high sensitivity
and low detection limits in sample detection. RS is a spectroscopy technique that relies on the
inelastic scattering of monochromatic light from a sample.'® A small portion of light scattered
from the sample is scattered at a series of different wavelengths that are indicative of the vibra-
tional transitions of the molecules.'® Because different molecules have different vibrational
modes, the spectrum of the inelastically scattered light uniquely identifies the sample. Surface
enhanced Raman spectroscopy (SERS) is a surface-sensitive technique that enhances the Raman
scattering signal by molecules adsorbed on rough metal surfaces.'®® In SERS, the target mole-
cule is brought into close proximity to a metallic (typically Ag, Au or Cu) surface with nano-
scopically defined features or in solution of such metallic nanoparticles with feature sizes
smaller than the wavelength of the excitation light. When light is incident on the surface or par-
ticle, a surface plasmon mode is excited, which locally enhances the electromagnetic energy in
the vicinity of the target molecule, significantly enhancing the intensity of the inelastically scat-
tered light. The total enhancement to the Raman signal observed in response to this effect can
be several orders of magnitude larger than that of the unenhanced Raman signal.'®’

In microfluidic systems, the particle characterization process using RS analysis can be com-
plex. The sensitivity of the Raman signal needs to be high but yet the challenge lies in developing
a stable and reproducible Raman-active substrate under constant liquid flow. Also, it is compli-
cated due to the non-uniform distribution of the SERS-active substrates when they are dispersed
in liquids. One of the solutions to these underlying issues is to employ controllable particles. Parti-
cle manipulation forces that have been employed for controlling particles as SERS-active targets
in the microfluidic-RS devices include hydrodynamic, dielectrophoretic and optical forces.

Wang et al.'™® demonstrated an optofluidic SERS device that uses a pinched and step micro-
channel junction to trap and assemble nanoparticles/target molecules into optically enhanced
SERS active clusters under hydrodynamic capillary forces. Chrimes et al.'’' demonstrated opto-
fluidic SERS measurements (Fig. 13(a)) with the aid of DEP microelectrodes for the mapping,
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FIG. 13. Raman spectroscopy analysis using a DEP microfluidic platform. (a) Schematic of DEP-Raman system layout.
(b) Plot of WO; nanoparticle Raman spectra at different DEP frequencies, decreasing in frequency along the z-axis. Repro-
duced with permission from A. F. Chrimes, A. A. Kayani, K. Khoshmanesh, P. R. Stoddart, P. Mulvaney, A. Mitchell, and
K. Kalantar-zadeh, Lab Chip 11, 5 (2011). Copyright © 2011 The Royal Society of Chemistry.
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recognition, and concentration measurement of WO3 nanoparticles (@80nm, n=2.3). A curved
DEP microelectrode array concentrated the moving particles at the SERS detection region. When
the particles were concentrated to the region between the electrodes, the Raman spectral peaks
were higher, indicating a higher concentration of particles. It was revealed that reducing the DEP
frequency with a constant magnitude signal would increase the concentration of particles in
between the curved electrodes. Fig. 13(b) presents the Raman spectral peaks as a function of
DEP applied frequencies. It shows that as the DEP applied frequency is reduced, particle concen-
tration increases and thus the Raman spectral peaks are amplified. This platform enables in situ
analysis of particles flowing in liquid, without the need for dehydration or immobilization as in
conventional SERS devices. They applied this concept for the active control of the nanoparticles
spacing to increase the SERS signal intensity based on augmenting the number of SERS-active
hot-spots. The superb capability of the system was demonstrated by detecting dipicolinate (2,6-
pyridinedicarboxylic acid), which is a biomarker of Bacillus anthracis at 1 ppm.'"

White er al.'”® used optical gradient forces from the evanescent fields of optofluidic ring
resonator waveguides to enhance SERS-detection where light was confined within the high re-
fractive index liquid core of the waveguide. Rhodamine 6 G mixed with silver particles (950-
100 nm) formed nanoclusters and were used as the target sample in the experiments. The liquid
core optical ring resonator serves both as the microfluidic sample delivery mechanism and as a
ring resonator, exciting the metal nano-clusters and target analytes as they pass through the
channel. Tong et al.'’* demonstrated the use of optical and hydrodynamic forces to aggregate
Ag particles (@#40nm) in the Raman-detection region. Thiophenol (TP) and 2-naphthalenethiol
(2-NT) were adsorbed to the Ag particles to form the target sample. In a separate work, cell
transport and sorting was achieved using a combination of hydrodynamic and optical forces
while a RS signal was used for both, identification and simultaneous sorting of label-free leuke-
mia cells.'” Such platforms are suitable for automated particle identification and sorting.

The ARROW platform, described in Sec. III C2, has also been used for SERS detection.
The high optical intensities of light that propagate along the liquid core of the ARROW wave-
guide were used to trap the target Rhodamine 6 G molecules that were adsorbed to the Ag par-
ticles. The enhanced RS signal was able to detect the molecules at a low dispersion concentra-
tion of 30nM."7°

E. Plasmonic inspired optofluidics

In this section, we focus on describing optofluidic devices, which incorporate both plas-
mons and suspended particles. The applications of such optofluidic devices are mostly found in
areas of particle manipulation'”’'*" and sensing.*®'®*' Commonly in many plasmonic measure-
ments and manipulations, metal (such as gold or silver) nanostructures or nanoparticles are
used to provide the enhancement for surface plasmons. The systems are either based on prefab-
ricated nanostructured surfaces (such as surfaces with arrays of nano-posts and nano-roughened
surfaces) or agglomerated nanoparticles. Nanostructured surfaces or agglomerated nanoparticles
show significant hot-spot enhancement when grains or particles form optimum spacing in the
order of several to tens of nanometers.'®*

1. Plasmonic transport of particles

We described the features and advantages of plasmonic manipulation of particles in Sec. IID 2.
A good example is demonstrated by Wang et al.'"®* They used surface plasmons generated on a gold
stripe in order to manipulate transport polystyrene (@1-2 um) particles in a microfluidic channel
(Fig. 14(a)). The particles were moved using optical forces, which resulted from the SPR excitations
of light in close vicinity of the gold stripe. Fig. 14(b) shows the images of scattered light, which gives
an indication of the particles’ locations for analyzing their motion and velocity.

Plasmonic transport was also demonstrated using an array of gold micro-pads that acts as
plasmonic traps using a visible laser to provide the SPR excitations.'”® In this work, polysty-
rene (@5 um) particles and yeast cells were manipulated and trapped in close vicinity of the
micro-pads, where the optical intensity gradients were high. In a separate work, the transport of
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FIG. 14. Optofluidic device used for plasmonic transport of particles. (a) Schematic of optofluidic-plasmonic trapping de-
vice, consisting of a gold stripe in a microfluidic channel formed on a microscope glass slide. (b) Time sequence of scat-
tered light images of particles in the microfluidic channel. Adapted from Ref. 183.

polystyrene (@6 um, 1 pum, and 200nm) particles was demonstrated near the surface of gold
nano-structures (~130nm diameter gold nano-dot pairs separated by a gap of 200 nm).”> When
the laser excitation source was moved, the SPR fields close to the nano-dot array moved the
particles as well.

2. Plasmonic sensing

SPR technology has been rapidly gaining acceptance as an advanced and reliable sensing
technique.'®'®® This technique has the advantage of high sensitivity to refractive index
changes, label free detection, and it reduces the need for fluorescent binding of the target analy-
tes.'® A surface plasmon is excited by a light wave propagates along a metal film, and its
evanescent field probes the target particle nearby. A perturbation in the refractive index of the
target gives rise to a change in the surface plasmon characteristics. These characteristics include
the coupling angle, coupling wavelength, intensity, and phase of the light.'3*'%7

A good example is the work of Hsu e al.'® They demonstrated a plasmonic sensor using
a partially unclad optical fiber with gold (@16 nm) and silver (@32 nm) particles attached to the
waveguide core surface. The unclad fiber was placed in the flow direction of a microfluidic
channel to enable the delivery of target analytes by hydrodynamic forces. The detection and
identification was based on the analysis of evanescent-wave absorption of the metallic particles
located on the fiber surface. The plasmonic bio-sensor was able to detect streptavidin, dinitro-
phenol, ovalbumin antigens, and matrix metalloproteinase-3 genes at low detection limits.

F. Thermal and energy related applications
1. Thermal

In this section, we describe thermal and energy related applications of optofluidics, which
incorporate controllable particles. Thermally induced particle motion stands as the main kinetic
process involved in “thermo-optofluidic” applications. In these applications, particles are gener-
ally heated, causing them to migrate according to thermophoretic behavior that was described
in Sec. I1C."%1%° Sources of heat can be optical, mechanical, or electrical. It has also been
demonstrated that certain plasmonic nanostructures'®' and thermally responsive particle compo-
sites'?? absorb and induce localized heating upon exposure to light.

Duhr and Braun'?® demonstrated the thermophoretic transport of DNA molecules. In this
work, the tracing of the DNA molecule concentrations were recorded by fluorescence measure-
ments. In a separate work, a focused beam of near-infrared light was used to induce heat and
manipulate polystyrene (949 and @100 nm) particles which were also fluorescently labelled for
tracking purposes.

Baaske er al.'® demonstrated the thermophoretic manipulation of aptamer bindings consist-
ing of human blood serum (Fig. 15). In this work, the blood serum inside a microfluidic capil-
lary was locally heated using a focused infrared laser (Fig. 15(a)). The aptamers motion in
response to the locally generated heat was traced using fluorescence spectroscopy. When the
laser was turned on, the aptamers moved away from the heated spot and when the laser was
turned off, the aptamers diffused back (Fig. 15(b)). The authors also used the device to quantify
the biomolecular binding reactions of unlabelled aptamers to the target blood serums.
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FIG. 15. Thermophoretic transport of aptamer bindings: (a) The blood serum inside the capillary is locally heated with a
focused IR laser, which is coupled into an epifluorescence microscope using a heat-reflecting “hot” mirror. (b) The fluores-
cence inside the capillary is imaged with a CCD camera, and the normalized fluorescence in the heated spot is plotted
against time. The IR laser is switched on at =5s, the fluorescence decreases as the temperature increases, and the labeled
aptamers move away from the heated spot because of thermophoresis. When the IR laser is switched off, the molecules dif-
fuse back. Reproduced with permission from P. Baaske, C. J. Wienken, P. Reineck, S. Duhr, and D. Braun, Angew. Chem.,
Int. Ed. 49, 12 (2010). Copyright © 2010 John Wiley and Sons.

2. Energy generation

Recently, a review by Erickson ef al.'”® described the potential opportunities in optofluidics
research involving fuel production using photo-bioreactors and photo-catalytic systems. Also,
the author described optofluidic enabled solar energy collection and control.

Basically, the authors presented the opportunity of enhancing solar-energy based fuel pro-
duction using photo-bioreactors containing photo-catalytic particles such as TiO, in microflui-
dics. It was argued that these reactors could harvest optical energy generating entities such as
oil, hydrogen, and isobutanol from microorganisms. The second point presented was the conver-
sion of water into its hydrogen and oxygen components, and the conversion of carbon dioxide
and water into hydrocarbon fuels using photo-catalytic reactions of micro- and nano-particles.

G. Optofluidics incorporating biological particles

Optofluidics research has had a remarkable impact on the life sciences field. Biological par-
ticles such as proteins, DNAs, organelles, cells, and other microorganisms have all been used
and incorporated in optofluidic devices. In previous sections, we mentioned some of the
applications of bio-particles to highlight their relevant optofluidic properties, particularly in
Secs. III C and I D. However, we exclusively devote this section to bio-particles used in opto-
fluidic systems, which have not been discussed previously.

The use of bio-particles in optofluidics can be divided into two major categories: (i) Opto-
fluidic devices used for the analysis and transport of bio-particles such as filtering and sorting
and (ii) Optofluidic devices enabled with bio-particles such as organic lasers. We focus on
describing novel applications of such “bio-enabled” optofluidic devices with the emphasis on
particles that are controlled by externally applied forces.

1. Optofluidics for the transport and analyses of biological components

There have been many applications of optofluidic devices being used for transporting and
analyzing bio-particles. These particles were manipulated using a variety of forces such as mag-
netic, acoustic, and optical forces.
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Many optofluidic systems use the magnetic properties of particles for eventual bio-
applications. An example of such manipulation is presented in the work of Lien er al.'®’ They
used antibody conjugated magnetic beads (4.5 um) to detect and isolate influenza A viruses.
Target influenza A virus, which was immobilized onto the surface of the magnetic beads. This
was followed by labelling the fluorescent signals onto the virus-bound magnetic complexes and
analyzing them using an optical detection module. Another optofluidic bio-analysis platform
involves a multi stage separation system that separated a cell mixture in blood based on their
magnetic susceptibility properties.'”® The platform separated red and white human blood cells
using the magnetophoretic force while fluorescent imaging was used to trace the particle separa-
tion efficiencies.

Lenshof et a reported an acoustophoretic manipulation platform that isolated plasma
from whole blood. The acoustophoretic separator could remove enriched blood cells in multiple
steps to yield high quality plasma with a low cellular content. Based on fluorescence measure-
ments, the plasma had erythrocyte concentrations of less than 6.0 x 10° units and a low concen-
tration of prostate specific antigens.

Optical forces can exert force on bio-particles as described in Sec. IID via either far or
near field. In one example, Hwang er al.*®® demonstrated the separation of oocytes (cell in the
reproduction system produced by the human ovaries) in an optofluidic platform based on opti-
cally generated virtual electrodes for in vitro fertilization. The device was successful in separat-
ing the fertilizable and abnormal oocytes from the mixture based on their responses toward the
generated optical fields and their motion velocity differences (Fig. 16). Kim er al.**' demon-
strated an optofluidic device, which consists of a microchannel and an optical waveguide struc-
ture inside fused silica for the interrogation and processing of single cells. Single red blood
cells in diluted human blood moving inside a microchannel were detected by the intensity
change of the light delivered by the waveguide.

Plasmonic optical manipulations of bio-particles in microfluidics are great examples of near
field forces on such particles. Biological particles were trapped using plasmonic induced forces.
For example, Righini et al.>** demonstrated the trapping of living Escherichia coli bacteria for
several hours using moderate light intensities. The control of bacteria was achieved using me-
tallic nano-antennas patterned on a glass substrate to produce strong light intensity gradients
when illuminated by a resonant optical source.

0s —> Moving 10 s 17 s
direction
100 pm
- - | |
/oocyte
Normal ~
oocyte

FIG. 16. Captured images of the discrimination of normal and abnormal oocytes using an optically induced DEP
electrode scanning from left to right. Samples were manipulated at the DEP voltage of 10 V, at 1 MHz. When the
DEP signal was applied and the projected DEP electrodes were moved, only the normal oocyte were displaced in
the direction of image pattern, while the abnormal oocytes remained at the initial position. Reprinted with permis-
sion from H. Hwang, D.-H. Lee, W. Choi, and J.-K. Park, Biomicrofluidics 3, 1 (2009). Copyright © 2009 American
Institute of Physics.
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TABLE I. Summary of particle manipulation methods, features, limitations, and references.

Manipulation technique

Features

Limitations

Key references

Hydrodynamic

Acoustic

Electrophoresis

Dielectrophoresis

Influenced by hydrodynamic drag force and governed
by laminar flow regime
Sheath and sheathless
extensively used

Depends on particle size, viscosity, and flow rates of
the fluids

focusing of particles

Acoustic waves exert acoustic forces on particles in
liquid

Capable of particle separations based on size, density,
and compressibility

Depends on magnitude and frequency of the acoustic
wave, size, and elasticity of the particle and
surrounding liquid

Control of charged particles using uniform electric
fields

Electrophoretic force induces motion of the charged
particle towards the opposite charge electrode
Depends on permittivity and size of the particle and
viscosity of the suspending medium

Control of neutral/semiconducting particles in
non-uniform electric fields

Motion depends on relative polarizabilities of the
particle with respect to surrounding medium

Depends on particle size, permittivity, and
conductivity of the particle and suspending medium

Extensive fluidics simulation and design of
microchannel required

Small changes in microchannel dimensions alters
particle motion trajectory

Sensitive to flow rate changes

Difficulty integrating micro-scale bulk acoustic
wave resonators into microfluidic structures
Ineffective manipulation accuracies for nano-scale
particles

Differentiation of particles by size, density, and
compressibility differences only

Generally limited to purification and separation
applications

Slow particle migration times

Limited to charged particles

Motional accuracies limited by the performance of
the DEP electrodes

Reduced particle sizes severely reduced magnitude
of DEP force

Risk of bio-particle damage when subjected to
high electric field gradients

Xuan et al.*?

Squires et al.*®
Tanyeri et al.*®

Friend et al.”’

Shi et al.™*
Petersson ef al.’

Gas*?
Kleparnik®'
Melvin®

Zhang et al.*®

Kuzyk®
Khoshmanesh et a

0
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TABLE 1. (Continued.)

Manipulation technique Features Limitations Key references
Thermal * Observed when a temperature gradient is applied to e« Difficult to transport particles individually as Piazza et 01-676)
Plyukhin er al.*

particles suspended in liquid particles move in clusters
» Used for particle separation and migration and motion ¢ Generally motion is from hot to cold regions
based on particle thermophobicity or thermophilicity (particles thermophobic)
properties e Typically slow particle drift times
* Depends on particle concentration, thermal diffusion
coefficient, and temperature gradients

Parola er al. ¥

Optical e Classified as either direct tweezing, near-field, or far ¢ Extensive optical peripherals required for Jonas et al.**
field manipulation implementations Erickson et “53
» Extensively used in particle transport, sorting, and e Generates excessive thermal heating due to high Halas e al.
characterization intensity optical beams
» Depends on particle size, volume, permittivities of ¢ Generally not suitable for bio-particles due to risk
particle and suspension, optical wavelength, and of damage arising from heat absorption from
intensity gradients optical waves
Magnetic » Motion of particles subject to magnetic field gradients ¢ Agglomeration of magnetic particles and Suwa et al*®
* Ability to induce angular rotation of particles, it is hysteresis in on/off magnetization sequence Ivon Rodriguez-

Villarreal et al.'®

minimally invasive and generally safe for < Limited to particles that are magnetic or have 13

Peyman et a

/2-10S1€0

‘Je 1o 1uehey|

bio-particles

Depends on magnetic susceptibilities of the particle
and suspending medium, particle volume, and the
applied magnetic field gradients

some magnetic content
Non-magnetic particles have to be chemically
bound to magnetic particles which can be complex

(2102) L0510 ‘9 salpinyoldlwolg
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2. Optofluidics enabled with biological components

Optical components such as lasers have important applications ranging from optical com-
munications and medicine to materials processing and analysis. In order to tailor the properties
of light emitted by lasers to the specific needs of each application, different optical gain materi-
als are required. Until recently, however, little work has been done on using bio-particles in
microfluidics as part of the “lasing medium” of lasers.?*?

Lasers based on particles in microfluidics generally fall in the category of dye lasers. Dye
lasers are generally wide bandwidth. The wide bandwidth range makes the dye lasers particu-
larly suitable for tuneable and pulsed laser applications. Dye lasers are commonly used in medi-
cal spectroscopy, biochemical sensing, or biophysics related applications.

Sun et al.*** demonstrated a bio-inspired optofluidic dye laser excited by fluorescent reso-
nance energy transfer (FRET).?”> FRET describes the mechanism of energy transfer between
donor and acceptor chromophores. In this work, DNA strands were used as nano-scale scaffolds
to adjust the separation between donor and acceptor chromophores. The characteristics of the
FRET lasers such as spectrum, threshold, and energy conversion efficiency were reported. They
claimed that through the DNA scaffolds, nearly 100% energy transfer could be maintained
regardless of the donor and acceptor concentration.

Gather and Yun?®? demonstrated a dye laser, which used colonies of E. coli bacteria as the
lasing medium. The bacteria were genetically transformed to synthesize fluorescent protein. The
optical gain effect in the laser was demonstrated by clear threshold behavior and discrete peaks
in the laser emission spectrum. Demonstration of lasing from bacteria and other organic bio-
species proves to be an important step towards realizing self-sustainable biological lasers.

IV. SUMMARY AND FUTURE PERSPECTIVES

In this review, we described the versatile capabilities of manipulation forces in controlling,
trapping, separating, sorting, and distinguishing particles in microfluidics, categorized into me-
chanical, electrical, thermal, optical, and magnetic forces (summarized in Table I). These forces
can be applied for controlling the motion and locations of these particles either individually or
in groups.

We then described novel optofluidic applications resulting from the integration of particles
and optofluidics. Optical components such as tuneable waveguides and lenses and a range of
particle detection platforms based on light scattering and fluorescence analysis were presented.
We described several relevant implementations of manipulating SERS-active particles for
enhanced Raman spectroscopy analysis in microfluidics. Finally, optofluidic applications specifi-
cally incorporating biological particles and the relatively nascent field of thermal and energy
related optofluidics were discussed.

We conclude by noting that optofluidics incorporating suspended particles is a field, full of
promise but is still in its infancy. Despite the numerous platforms developed as a result of con-
siderable research in this field, we feel that there are still many areas which can be explored
that could potentially result in significant outcomes as follows:

e The evolution of microfabrication methods could realize much more advanced and accurate par-
ticle manipulation platforms: in particular, more sophisticated electrodes for creating well con-
trolled electric, magnetic, acoustic, and thermal fields as well as elements for optical fields and
different morphologies of microfluidic channels. Such elements that have greater precision could
be used for improved access to particles at the individual level, yielding interesting optical
responses.

* Examination of waveguiding and scattering properties of individual or clusters of closely
packed particles over a wide wavelength range and utilizing different particle candidates with
distinct optical confinement, surface chemistry, and refractive index properties could yield
promising results for developing advanced optofluidic systems.
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Introducing biological particles for investigating and expanding existing platforms’ biosensing
capabilities, conducting rapid and complicated assays, and developing single particle sensors
controlled by actively applied forces.

Analysis of SERS-active particles under microfluidic flow. Exploring the impact of coupling
optical signals into closely packed particles and the presence of optical fields in particle dense
media could result in the amplification of SERS signals producing highly sensitive Raman sens-
ing platforms.

Investigation of plasmonic nanostructures and particles exhibiting SPR activity and the confine-
ment of optical waves within organic or inorganic particles would realize highly sensitive and
dynamically controlled plasmonic optofluidic platforms, which are tuneable and reconfigurable.
* The creation of optofluidic systems for achieving efficient solar-based and fuel energy harvest-
ing using photo-catalytic particles. In particular, microfluidic structures integrated with such
particles permitting very high solar energy absorption could be developed.

Collectively, we anticipate that the aforementioned points form key features of forthcoming
optofluidic systems, which incorporate well controlled suspended particles.
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