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Abstract—We review the emergent techniques of microfluidic
sorting of colloidal and cellular samples using optical forces. We
distinguish between what we term as passive and active forms of
particle sorting where we can sort either with the use of a fluo-
rescent marker (active) or based on physical attributes alone (pas-
sive). We then examine cell sorting with optical potential landscapes
such as a Bessel light beam and a multibeam interference pattern.
For both forms of optical potential energy landscape, we further
present the possibility of enhancing the optical sorting process by
tagging dielectric microspheres onto the cells. The results suggest
that the methodology of tagging can enhance the sorting of cells
as they subsequently respond more strongly to an applied opti-
cal field or potential energy landscape. This technique presents a
simple method to enhance the sorting process.

Index Terms—Cell tagging, flow cytometry, optical sorting,
optical trapping, optical tweezers.

I. INTRODUCTION

THE BIOMEDICAL sciences require techniques to accu-
rately and efficiently separate colloidal, cellular, and other

biological particles in a sterile fashion with minimal damage.
At the micron scale, the isolation of specific cell subpopulations
may assist in the progress of cell-based therapies of cancer,
investigating autoimmune diseases and examining genetic dis-
orders. A good example to consider is stem cell populations.
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In regenerative medicine, sources of stem cells may be able
to deliver new disease-free tissue. The possibility of separat-
ing specifically stem cells from a larger cell population could
provide purified cell sources for subsequent use in therapy [1].
Methods for separating and investigating stem cell populations
may lead to improved disease understanding and new forms of
therapy. At the size scale of a cell, we can explore alternative
strategies for sorting using optical methods.

Before we progress to describe the different types of mi-
crofluidic optical sorting, we provide a short review on some
macroscopic techniques of sorting cells. A well-established and
a powerful method of active cell sorting, based on flow cy-
tometry, is fluorescence-activated cell sorting (FACS). FACS
machines can detect and sort cells according to a large number
of parameters, and readily sort cells at rates in the order of 105

cells per second [2]. In a FACS device, cells contained in liquid
droplets are discharged from an acoustic vibrating nozzle and
streamed through a detection region. In the detection region,
the light scattering and fluorescence properties of a given cell
are recorded onto photodetectors as the cell transverse a laser
beam. The cells may be tagged with appropriate fluorescent
markers (fluorescently labeled monoclonal antibodies), allow-
ing specific cells to be recognized. If the light scattered from a
cell corresponds to the chosen fluorescence signal, an electrical
charge is applied to the droplets containing the selected cells.
One or more droplets are then separated from the main stream of
droplets into a collection chamber. In the same fashion, droplets
containing different cell types are directed toward separate col-
lection vials by a static electrical field [3]. In this process, the
FACS machine can also record the cell size, volume or viscos-
ity, DNA or RNA content as well as the presence of surface
antigens or internal proteins. FACS has a variety of uses and has
found application in the diagnosis of leukaemia, lymphoma and
immunodeficiencies.

Another common cell-sorting technique used in immunology
is magnetically activated cell sorting (MACS) [4]. This tech-
nique offers a direct and rapid separation between two cell types.
Prior to the magnetic separation process, the cells are incubated
with paramagnetic microbeads that are coated with the appro-
priate antibodies. This permits them to preferentially attach to
the cells that are expressing the specific surface antigens in the
sample. Subsequently the cells of interest may be sorted by use
of an externally applied magnetic field. This technique is reliant
upon the need for suitable antigens on the cell surface allowing
the paramagnetic beads to accurately bind to or “tag” cells of
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interest. Furthermore, the number of paramagnetic beads that
can be used in parallel is more limited than for FACS.

Although these macroscopic schemes can achieve high-
throughput cell separation, they do require a large number of
cells for efficient separation [2]. Thus, an efficient miniatur-
ized cell separation apparatus would prove attractive. Such a
separation system would be implemented in a microfluidic en-
vironment. In a microfluidic cell sorter, even though smaller
numbers of cells may be separated, a high yield can still be de-
livered [5], [6]. An additional advantage is that the volumes of
reagents and analytes are substantially reduced; thus, the system
would also be amenable to sorting rare or precious cells. The
separation and isolation of rare population of cancer and stem
cells from a large mixture of cells is a key requirement for the
clinical oncology and biomedical research fields. A portable and
inexpensive device would offer a disposable, sterile cell separa-
tion platform for wider usage across the biomedical sciences.

Cell sorting at the microfluidic scale has come to the fore in
the last few years. At the microfluidic scale, inertia is largely
negligible and we are reliant solely on viscous forces. Flow
in a microfluidic channel gives rise to laminar (low Reynolds
number) or turbulent-free flow. The Reynolds number is the
ratio of inertia to viscous forces, and is often, used to describe
the behavior in a microfluidic environment. For the purpose
of mixing, deflection, and sorting at the microfluidic level, we
would have to depend solely on diffusion in the absence of any
externally applied forces [7].

In this paper, we review the schemes that apply optical forces
at the microfluidic size scale to generate cell separation. In
contrast to the established macroscopic methods we have de-
scribed earlier, microfluidic sorting with optical forces is in its
infancy. We start by providing a brief explanation of the dif-
ference between passive and active sorting with optical forces.
Sorting techniques using patterned optical potential energy land-
scapes [8] that are combined with and without microfluidic flows
are examined. We introduce a technique for enhancing the di-
electric contrast of cells, namely, dielectric tagging, where cells
with tagged dielectric microspheres respond more strongly to
an applied optical field or so termed optical potential energy
landscape. Such optical landscapes in the form of a Bessel
beam and separately by multiple beam interference have demon-
strated effective separation of cells, notably with tagged dielec-
tric microspheres.

II. OPTICAL FORCES AT THE CELLULAR SIZE SCALE

The advent of the laser has inspired major progression in the
fields of optical imaging and confocal microscopy. Laser light
possesses momentum, given by the famous de Broglie rela-
tionship. Thus, one may transfer the momentum of light onto an
external body and ultimately exert a force. Although these forces
are weak, typically a few piconewtons, they are fully capable
of trapping or guiding cells, nanoparticles, and atomic ensem-
bles [9]. Optical sorting belongs to the area broadly termed as
optical micromanipulation [10]. Optical tweezers are the most
popular incarnation of this area of micromanipulation, making
use of a tightly focused light beam. Here a particle of higher

refractive index than its surroundings is drawn into, and is con-
fined in the most intense part of the light field, where the gradient
force is optimized both in the lateral and axial directions. Op-
tical tweezers have found their forte when applied to biophys-
ical systems mostly as they present an overdamped harmonic
oscillator or a force transducer that can be calibrated. Optical
tweezers have shown to be able to measure biomechanical forces
upon macromolecules or upon cells right down to a femtonew-
ton [11]. A key attractive attribute of using optical forces is
the ability to manipulate cellular and colloidal samples within
a sterile environment without actual physical contact. Many of
the biophysical applications of this technique have underpinned
major advances in our understanding of different molecular mo-
tors such as the actin–myosin system, mechanical properties of
DNA or kinesin motion upon microtubules, and even the vis-
coelastic properties of cell membranes have been explored [12].
A trapped particle resides in a parabolic potential energy well
created by the optical trapping beam. A particle in this poten-
tial well essentially behaves as a mechanical spring obeying
Hooke’s law where the force on the object is proportional to the
displacement (over a sizeable range) with the constant of propor-
tionality denoted as the trap stiffness. A single optical potential
can be extended to multiple sites [8], [10]. It is possible to gen-
erate multiple optical traps with arbitrary configurations in two
or three dimensions [8], [13]. This can be achieved by the use
of holographic, interferometric, and acousto-optic devices [13].
Multiple optical traps generate extended light patterns that are
more accurately termed as an optical potential energy land-
scape. These optical landscapes offer new dynamics of particle
and cellular motion in optical micromanipulation.

The refractive index difference between the trapped particle
and its surrounding medium plays a significant role in opti-
cal micromanipulation of micron-sized particles. When dealing
with optical forces and cells in particular, the ability of light to
exert forces may be hampered by the relatively low refractive in-
dex difference between a cell and its surrounding medium. The
low refractive index difference may make it difficult to ensure
cell manipulation based on the native cellular response, as the
scattering and gradient forces exerted are not strong enough to
initiate significant cell sorting without the use of high laser pow-
ers [14]. One way to enhance the optical force exerted upon a
cell is by adhering or tagging the cell or molecule of interest with
a dielectric microsphere through appropriate surface chemistry.
In cell sorting, we have shown that such dielectric microsphere
tagging provides an added advantage in active sorting [15]. In
this paper, we illustrate that cells tagged with dielectric spheres
show an improvement of their overall physical response to opti-
cal forces, and thus, enhance effectiveness of the optical sorting
process.

A. Active and Passive Optical Sorting

Methods using optical forces to sort cells can be placed
into one of two groups. The first group of optical sorting is
known as active sorting and uses an external marker [e.g., di-
electric marker or the use of a fluorescent marker—e.g., green
fluorescent protein (GFP)] to differentiate between the cell types
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present. Examples of this type of sorting at the macroscopic scale
were provided in our brief discussion on FACS and MACS sys-
tems. The second category may be termed as passive sorting,
where the selection and separation of cells occurs purely on the
differing physical response of a given object to the light field.
Both sorting techniques can be performed with and without the
presence of an external fluid flow. An example of sorting with-
out flow is seen with blood cells, where the different cell shapes
and sizes (but equivalent refractive index) generate different
optical forces within the exact same light field (e.g., Bessel
beam) [16]. Conversely, particles of exactly the same size but
different refractive indices, for instance, colloidal particles, ex-
perience different optical forces in a given light field. Passive
sorting removes the marking or tagging process that is neces-
sary for active sorting, but has the limitation of being reliant
on the subtle differences in the intrinsic particle properties for
differentiation.

1) Active Sorting With Optical Forces: Several groups have
implemented microfluidic forms of FACS, as mentioned in the
review by Andersson and Berg [16]. The methods used for
cell identification are similar to those of macroscopic FACS
machines. Hydrodynamic focusing is used to generate a laminar
cell flow into a detection area. Subsequently, deflected into the
appropriate extraction channel performed by electrical or optical
switches. At the microfluidic scale level, the requirement of
separating cells from microliter samples may lead to a reduced
throughput compared to bulk sorting apparatus.

As an example of active microfluidic optical sorting, we dis-
cuss briefly the study by Wang et al. [14]. They demonstrate
a microfluidic implementation of all-optical sorting using such
an optical switch. In the Wang study, cells were hydrodynami-
cally focused into a linear flow through a detection and subse-
quent deflection region. This active cell sorter used two lasers
(Fig. 1): one at 488 nm to excite GFP in cells and a near-
infrared laser operating at 1070 nm as an optical switch that
deflects the selected cells into the appropriate stream at a Y
junction in the chamber. The presence of the desired cell type
is indicated by the fluorescence signal recorded upon a photo-
multiplier. Cell viability and membrane integrity were explored
and studied using the trypan blue exclusion test. Cells were
tested for additional side effects from heat shock and shear
stress through the expression of indicator genes. A more re-
cent work of active sorting with optical forces by Applegate
et al. [17] makes uses of a high-power laser diode bar to opti-
cally deflect the selected fluorescing particles.

2) Passive Sorting With Optical Forces: True passive sorting
would occur such that the cells of choice would be sorted based
solely upon their intrinsic properties or physical attributes. In
optical sorting, a cell population without markers would be pass
through an externally applied optical field, and the different
cells types would be separated into their respective collection
chambers.

Various forms of passive optical separation exist in the pres-
ence of flow: An original concept for passive optical sorting
is the idea of optical chromatography as first proposed by
Imasaka [18], [19], and advanced in recent years by Hart and
coworkers [20], [21]. In this approach, the balance between the

Fig. 1. Wang et. al. active cell sorter, where cells are aligned to the center of
the channel by hydrodynamic focusing. Cells are analyzed, and then, switched
based on their detected fluorescence. Target cells are directed by the laser
to the collection output while all other cells flow to the waste output [14].
[Reprinted by permission from Macmillan Publishers Ltd.: M. M. Wang, E. Tu,
D. E. Raymond, J. M. Yang, H. C. Zhang, N. Hagen, B. Dees, E. M. Mercer,
A. H. Forster, I. Kariv, P. J. Marchand, and W. F. Butler, “Microfluidic sorting
of mammalian cells by optical force switching,” Nature Biotechnol., vol. 23,
pp. 83–87, 2005. Copyright (2005)].

viscous drag experienced by particles in fluid flow is balanced
by the radiation pressure of a counter-propagating laser beam
leading to different equilibrium distances along the flow for each
species within the cell or particle ensemble. A simple modifi-
cation to optical chromatography is optophoresis. Optophoresis
uses a balance between viscous drag and the force exerted on
particles by a rapidly scanning laser beam [22]. A new method
that has emerged in the last five years is sorting based upon ki-
netic lock-in or the affinity of particles to an underlying optical
pattern (potential energy landscape). Separation is based upon
size and shape-dependent polarizability that competes with the
size and shape-dependent viscous drag [23]–[28]. The very size
or shape difference between cells can form one basis for sorting.
Indeed, as we shall see in Section III-A, red and white blood
cells may be separated based on their intrinsic physical differ-
ences [15]. A variety of other methods for colloidal and cell
separation have been proposed including flashing optical poten-
tials [29], ring-shaped optical traps [30], laser diode bars with
a moving aperture [31], the particle–light–particle interaction
usually referred to as optical binding [32], the use of evanescent
waves upon optical waveguides [33], optically induced ther-
mophoresis [34], optically induced dielectrophoresis [35], [36],
or the use of surface plasmon excitation [37], [38].

It is also possible to perform passive sorting without the need
for microfluidic flow. This can be done, for example, in a tilted
washboard-like optical potential [39] where sorting is performed
based on the particles’ sizes or refractive index [15], [40].The
potential may be dynamic, using moving light patterns [41],
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[42]. The trend for optical sorting is gearing toward developing
techniques where the need for this pretreatment “tagging” step
is not required.

Although the discrimination required in an efficient passive
sorting process between cells is obtained from the intrinsic
properties of the cells, most cells types are very heterogeneous
in terms of size and refractive index. This limits the types of
cell populations that can be passively sorted. However, it would
be possible to change passive sorting into an active sorting pro-
cess by carrying out an additional dielectric microsphere tagging
step. In such a way, the overall refractive index of the cells would
be inherently increased. Such tagging process would be useful
when studying, for example, cellular neoplasia, where cells do
not exhibit sufficient variation from their healthy counterparts to
allow accurate sorting. Therefore, in such instances, dielectric
tagging would turn passive sorting into active sorting.

In the next two sections, we explore the passive and active
sorting of cells and colloidal samples using potential energy
landscapes with and without microfluidic flow.

III. SORTING ON A POTENTIAL ENERGY LANDSCAPE WITHOUT

MICROFLUIDIC FLOW

A. Bessel Beam Sorting

The Bessel light beam has found important applications in op-
tical micromanipulation [43] in recent years. The Bessel beam
is a solution of the Helmholtz equation that is propagation in-
variant: that is, the intensity profile at a given plane is exactly
the same (for an ideal version of this beam) as at any other plane
transverse to the beam propagation direction. It is often termed
“diffraction free” and, in the domain of biophotonics has been
used for long-range optical guiding of microparticles [44], [45],
focus-free cell transfection [46], and multiphoton imaging [47].
The zeroth-order form of the Bessel beam consists of a cen-
tral bright spot surrounded by a series of concentric rings. The
central spot and all of the rings contain equivalent amounts of
power. The Bessel beam can be generated by illuminating an
axicon with a Gaussian beam. A Bessel mode with a large prop-
agation distance, in fact, is one with a large number of rings;
thus, the extended focal region of the beam is at the expense
of a redistribution of energy within the light field across all of
the constituent intensity rings [48]. The periodicity of the inten-
sity rings leads to interesting force dynamics and equilibrium
positions for a given size of particle [15], [49]. Hence, a col-
loidal particle placed into the outer rings of the light field would
respond in a manner dependent on its size. A “washboard” po-
tential landscape [50] is generated with a slight diverging beam
incident upon the axicon [39].

Previous work has shown the use of the Bessel beam for sort-
ing of blood cells [15], as shown in Fig. 2. Equal concentrations
of both mononuclear white blood cells and erythrocytes were
suspended in an appropriate culture medium supplemented with
fetal calf serum and mixed together in a sample chamber. In that
experiment, the Bessel beam used had a 5.0 µm core size and an
overall power up to 800 mW. At low powers (<300 mW), the
majority of cells were seen to migrate to the Bessel beam cen-
ter, where they are finally trapped in two dimensions and guided

Fig. 2. Sample chamber containing 20 µL of an equal number of lymphocytes
and erythrocytes, and a Bessel beam with a 5 µm diameter core is imaged by
using a 100× oil microscope objective. (a) Two lymphocytes can be seen in the
top left corner, surrounded by erythrocytes. (b) Sample is exposed to the Bessel
beam. (c) Six lymphocytes, not visible due to the high-intensity laser beam,
aligned vertically in the Bessel beam core while the rest of the erythrocytes
align with their sides on the outer rings of the Bessel beam. (d) Lymphocytes
are carefully extracted from the sample into a separate reservoir by using a mi-
crocapillary. [Reprinted with permission from L. Paterson, E. Papagiakoumou,
G. Milne, V. Garcés-Chávez, S. A. Tatarkova, W. Sibbett, F. J. Gunn Moore,
P. E. Bryant, A. C. Riches, and K. Dholakia, “Light-induced cell separation
in a tailored optical landscape, Appl. Phys. Lett., vol. 87, 123901, Sep. 2005.
Copyright (2005), American Institute of Physics].

along the central beam core, finally forming a vertical cell tower
or stack at the top of the sample chamber. For powers in excess
of 300 mW, the biconcave-shaped erythrocytes migrate towards
the Bessel beam, due to gradient force, and become optically
aligned in the outer rings of the Bessel beam before reaching the
central core. The aligned erythrocytes were subsequently guided
along the propagation direction of the beam upwards by the ra-
diation pressure while confined within their outer ring. This
was in marked contrast to the behavior of spherically shaped
lymphocytes as they moved directly onto the Bessel beam core
without being confined along the rings of the Bessel beam. In
the same way, the lymphocytes were optically guided along the
propagating direction but along the central core of the Bessel
beam. The lymphocytes eventually stacked up vertically along
the central maximum. In this way, we were able to spatially
separate lymphocytes and erythrocytes based on their intrinsic
response to the applied optical field, i.e, Bessel beam. The lym-
phocytes were later extracted from the sample using a carefully
positioned microcapillary. Erythrocytes and lymphocytes were
the ideal candidate for this research as they coexist in a popula-
tion but differ in size and shape, so they could be easily sorted.
Further studies in this area [49] showed that this type of passive
optical separation of unlabeled cells was only possible if the
populations were markedly different in terms of size or refrac-
tive index. The Bessel beam landscape was not sensitive enough
to separate other mixtures of cell populations based on merely
their intrinsic properties, as they did not exhibit a pronounced
difference in size, shape of refractive index. These mixtures of
cell populations include cancer cells and normal cells, stem cells
and bone marrow cells, or T-lymphocytes (Fig. 3) and lympho-
cytes. For separating such homogenous cells population, they
have to be “manipulated,” by attaching microspheres to their
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Fig. 3. Isolation of CD2 T-lymphocytes from a sample of mononuclear cells.
(a) White and black arrows point to lymphocytes that have been attached to
streptavidin-coated microspheres using a mouse, antiCD2 monoclonal anti-
body, and a biotinylated antimouse antibody. The surrounding cells are other
mononuclear cells isolated from venous blood. The mixed ensemble of cells is at
the bottom of a sample chamber and imaged using a 60× microscope objective.
(b) and (c) Sphere-labeled cells travel into the central maximum of the Bessel
beam, and are guided vertically within the center until they reach the top of the
sample chamber where they form a vertical stack (d). Over the time scale re-
quired for isolation of the CD2 T-cells seconds, the untagged cells do not move
significantly. [Reprinted with permission from L. Paterson, E. Papagiakoumou,
G. Milne, V. Garces-Chavez, S. A. Tatarkova, W. Sibbett, F. J. Gunn Moore,
P. E. Bryant, A. C. Riches, and K. Dholakia, “Light-induced cell separation
in a tailored optical landscape,” Appl. Phys. Lett., vol. 87, 123901, Sep. 2005.
Copyright (2005), American Institute of Physics].

surfaces to enhance their contrast in refractive index prior to the
optical sorting process.

As an example, streptavidin-coated, silica microspheres were
attached to a T-cell subpopulation of mononuclear cells. The
beads are targeted to a specific subpopulation of cells via
antibody–antigen binding. Specifically, this was through a
mouse CD2 primary antibody and a secondary biotinylated
antimouse antibody [15]. Attaching streptavidin-coated silica
microspheres (Bangs Laboratories) aims to enhance this Bessel
mode sorting technique. The cells with microspheres attached
reacted to the Bessel mode optical landscape more strongly than
did cells without any attached beads due to the higher refractive
index difference created by the presence of the spheres. A sepa-
ration of these T-cells from unlabeled cells was achieved in this
manner and other studies also showed the sorting of stem cells
in this way [49]. This form of dielectric tagging method may
also be applied to moving light patterns, such as line traps [28],
counterpropagating traps [40], and interferometric traps [42],
all without the presence of a microfluidic flow.

IV. SORTING ON A POTENTIAL ENERGY LANDSCAPE WITH

MICROFLUIDIC FLOW

A. Sorting With Optical Lattices

Sorting without a fluid flow is useful, but the lack of flow
is likely to result in a very low throughput. One of the most
promising methods to emerge in recent years has been the com-
bination of microfluidic flow with optical forces, where the flow

Fig. 4. (a) External view of a microfluidic chamber that is used to sort colloidal
particles. (b) Close-up of the sorting chamber itself, where laminar flow has been
made visible by the use of colored dyes. (c) By introducing a 3-D optical lattice,
a body-centered tetragonal (b.c.t) lattice, into the sorting chamber, one species
of colloidal particle can be selectively deflected into what would be the upper
flow field while a bigger sphere type would go through relatively undeflected.

may drive a batch of particles or cells against a laser field or
over the potential energy landscape.

In contrast to optical chromatography that relies on radiation
pressure equating with Stokes drag, sorting may also rely on
the interplay between gradient forces and viscous drag in a fluid
flow. It is possible to achieve kinetically locked-in states when
colloidal matter flows across an angled optical potential energy
landscape. The flow velocity at which a kinetically locked-in
state collapses (where the particles are no longer deflected)
is lower for weakly interacting species than for those with a
large interaction strength, giving rise to a spatial separation of
different particle species [23]–[27].

A single particle flowing over the optical landscape may ex-
hibit a variety of behaviors: it may be trapped in a local intensity
maximum; it might be deflected by intensity maxima; it may
fluctuate within the landscape; or may go through unimpeded.
This latter behavior would imply that the optical forces were in-
sufficient to match the Stokes drag of the fluid flow. For sorting,
some particles are required to be deflected by hopping or chan-
neling between local trapping sites along a diagonal of the po-
tential landscape, while others are only weakly deflected or ex-
perience no net deflection at all. This will clearly lead to spatial
separation of colloid or cells according to size, shape, and refrac-
tive index. The movement of particles through the landscape can
be facilitated by introducing light channels between local trap-
ping sites or using angled optical guides (e.g., linear interference
fringes). Two major experiments in 2003 and 2004 [24], [27]
have shown sorting of colloidal particles in 3-D optical lattices
and arrays of holographically generated optical traps.

In such an optical landscape sorting system, an equilibrium
between gradient forces upon the particle and the viscous drag
experienced by the particles in a fluid flow is reached. The exact
trajectories that particles follow across such a landscape are dic-
tated by the Langevin equation [26]. Theoretical studies have
looked at the equilibrium positions of particles in periodic light
fields (landscapes) as well as modeling the particles behavior
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under the influence of such optical fields with fluid flow [51].
An appealing feature of this technology is the ability to frac-
tionate different cells or colloids into different trajectories from
a mixture of cell or colloidal population.

Fig. 4 shows that particles can be sorted by size using an opti-
cal lattice as a potential energy landscape. The optical lattice
was created using a high-power near-infrared laser passing
through a diffractive optical element. Fig. 4(a) shows the ex-
ternal view of a microfluidic chamber used to sort colloidal
particles, Fig. 4(b) shows plan view of the sorting chamber
itself, where laminar flow has been made visible by the use
of coloured dyes. In Fig. 4(c), we illustrate the idea of opti-
cal sorting with an optical lattice, a body-centered tetragonal
(b.c.t), which is introduced into the sorting chamber. Here, one
species of colloidal sphere size can be selectively pushed into
what would be the upper flow field while the bigger sphere
size goes through relatively undeflected. Flow speeds of up to
100 µm/s were utilized in this study. Essentially, the cham-
ber brings together two laminar flows that are subsequently
reseparated into their respective reservoirs. Strongly interacting
species are deflected into the adjacent flow by the optical land-
scape, and subsequently, removed from the mixed flow when the
two flows separate. Previous work has shown separation based
on size and refractive index with deflection angles of up to 45◦

observed, even for low index particles such as ultrasound con-
trast agents [24]. Further work with the lattice geometry showed
potential to separate red and white blood cells in such a fluid
flow [25].

An important point is that the behavior of such a sorting sys-
tem depends strongly on the type of landscape used and how
it is made. Although near-arbitrary 2-D landscapes can be pro-
duced holographically (using a spatial light modulator), more
complex beam generation algorithms need to be used to create
a 3-D landscape [52]. Typically, if a landscape is restricted to
two dimensions, only particles in a single plane can be sorted
(this is also the case if the landscape is produced by scanning
a single laser trap to produce a time-shared array). To produce
a truly 3-D landscape, the simplest method is multibeam in-
terference [see Fig. 4(c)]. Moreover, through such interference
methods, it is relatively easy to produce symmetric patterns or
thereof [24], [25]. 3-D optical landscapes do not require that
particles be well confined with a single plane of flow, but can
instead be performed throughout a large volume. As such, this
has practical benefits even when particles are denser than their
carrier medium, as it removes the crucial alignment of particle
flow with optical field that may be required with 2-D landscapes.

By allowing for continuous particle (at high density) through-
put and spatially separated flows of sorted particles, potential
energy landscapes give many advantages over other optical-
based separation techniques. In the size range of biological cells,
sorting with this technique is deterministic, such that very high
purity and efficiency can be achieved. Particles can flow through
such a landscape in parallel (rather than in single file-like micro-
FACS), where it is easily scaleable as long as there is sufficient
laser power.

However, during the cell (colloidal) separation process
in such a potential energy landscape, the particle or cell

Fig. 5. Plotted trajectories of silica spheres flowing through the time sharing
optical lanscape. (a) 6.84 µm. (b) 5.17 µm. (c) 3.0 µm. (d) 2.3 µm. (Reprinted
with permission from the Optical Society of America [53]).

density may cause undesirable interactions and “jamming”
or obstructions: the path taken by the desired objects over
the landscape may run into collisions or interactions with the
unsorted fraction of the sample. Notably, if the density of the
sample is sufficiently high, strongly interacting particles (which
will move at large deflection angles relative to the flow) can
actually drag or push the weakly interacting species out of the
stream as well. This would lead to a reduced efficiency for
sorting. Naturally, a reduced particle density would obviate
the problem. Alternatively, one can transiently scan the optical
landscape. The strongly interacting species are dragged quickly
away from the interaction region, which, in turn, acts to
reduce particle–particle interactions and reducing the number
of weakly interacting particles that are deflected [29], [40].
The optical potential landscape generated by other types
of interfering beams, e.g., counterpropagating beams [40]
and modulated interference patterns [42], have also shown
promising prospects, especially for future experimental studies.

One of our most recent studies has shown the ability to use
an acousto-optic device (AOD) to perform true fractionation
of polydisperse colloidal particles [53]. An AOD was used to
create a focusing geometry and a periodic angle line pattern in
this study. Four sizes of colloid were separated in this study into
four parallel laminar flows, as shown in Fig. 5. The acousto-optic
modulator creates the potential energy landscape by time sharing
(high-frequency raster scan) and can handle higher laser powers
than a spatial light modulator, thus permitting the creation of
optical landscapes over larger areas, and thus, ultimately higher
throughput.

In the previous section, we demonstrated that sorting with
the optical potential energy landscape created by a Bessel beam
(without flow) can be enhanced using dielectric tagging, where
functionalized microspheres are selectively attached to cells of
interest. Here, we show our new results that implement such
a dielectric enhanced sorting process with the optical lattice
under the influence of microfluidic flow. In Fig. 6, we show
how human leukemic cells tagged with 5-µm-diameter dielec-
tric microspheres are optically routed at a different angle from
untagged cells through an optical lattice: “log-pile” fringes,
i.e., linear fringes formed by the interference of three beams.
The cells that are without any microsphere tagged simply flow
through the lattice unperturbed. The dielectric microspheres
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Fig. 6. Plotted trajectories showing how human leukemic cells (HL60) with
a dielectric tag attached are deflected within a fluid flow while untagged cells
remain undeflected. The optical lattice used is made up of “log-pile” fringes,
i.e., linear fringes formed by the interference of three beams. The direction of
fluid flow is from left to right.

were functionalized with anti-CD33 for attachment to CD33
and tagged onto the human leukemic cell line HL60. In Fig. 6,
we show the experimental results using video tracking. The data
show that dielectric tagged HL60 cells are deflected at approx-
imately 21◦ to the flow, while untagged cells travel through the
lattice without being deflected.

V. CONCLUSION

Specific cell subpopulations often require isolation or pu-
rification from the sample solution, which contains a complex
mixture of various cell types. Hence, cell sorting and separa-
tion is extremely valuable for a variety of fields and applica-
tions. A technique that can effortlessly isolate rare populations
of cancer and stem cells from large mixtures of contaminating
cells would be enormously valuable for clinical oncology and
biomedical research fields, respectively [54]. Microfluidic opti-
cal sorting holds much promise as a future method that would
bring this methodology to a wider range of researchers. We
have briefly explored this area and looked at the use of opti-
cal potential energy landscapes as a method for sorting, with
and without the presence of fluid flow. By tagging dielectric
microspheres onto the cells of choice, the cells’ response to an
externally applied landscape would be enhanced, and in turn,
improve the optical sorting process. In addition, we also de-
scribed new studies on sorting dielectric sphere-tagged human
leukemic cells within a flow passing through an optical potential
energy landscape. Such dielectric tagging methodology applied
to cell sorting can readily be implemented within other optical
sorting schemes [24], [29], [40]–[42], [49], [55].
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