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Abstract

Accurate and high throughput cell sorting is a critical enabling technology in molecular and
cellular biology, biotechnology, and medicine. While conventional methods can provide high
efficiency sorting in short timescales, advances in microfluidics have enabled the realization of
miniaturized devices offering similar capabilities that exploit a variety of physical principles. We
classify these technologies as either active or passive. Active systems generally use external fields
(e.g., acoustic, electric, magnetic, and optical) to impose forces to displace cells for sorting,
whereas passive systems use inertial forces, filters, and adhesion mechanisms to purify cell
populations. Cell sorting on microchips provides numerous advantages over conventional methods
by reducing the size of necessary equipment, eliminating potentially biohazardous aerosols, and
simplifying the complex protocols commonly associated with cell sorting. Additionally, microchip
devices are well suited for parallelization, enabling complete lab-on-a-chip devices for cellular
isolation, analysis, and experimental processing. In this review, we examine the breadth of
microfluidic cell sorting technologies, while focusing on those that offer the greatest potential for
translation into clinical and industrial practice and that offer multiple, useful functions. We
organize these sorting technologies by the type of cell preparation required (i.e., fluorescent label-
based sorting, bead-based sorting, and label-free sorting) as well as by the physical principles
underlying each sorting mechanism.
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Introduction

Isolating and sorting cells from complex, heterogeneous mixtures represents a critical task in
many areas of biology, biotechnology, and medicine. Cell sorting is often used to enrich or
purify cell samples into well-defined populations to enhance efficiency in research and
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development applications. Cell sorting also serves as the first step in many diagnostic and
therapeutic practices, such as the enrichment of hematopoietic stem cells for autologous
patient treatments.! The need to sort cells is rapidly expanding toward the isolation of rarer
target cell populations, including the enrichment of circulating tumor cells (CTCs),
hematopoietic stem cells (HSCs), and circulating fetal cells (CFCs) from blood.2=>
Meanwhile, the growing interest in theranostics and personalized medicine, in which
treatments are tailored to the prognoses of patients, is further driving the demand for rapid
and high performance cell sorting.®

The first commercial cell sorter, which exploits a technique broadly known as fluorescence-
activated cell sorting (FACS), was invented in 1969 by Herzenberg et al.” Soon after its
seminal introduction, FACS was optimized into a translatable technology and later propelled
through multiple evolutions that have now firmly established it as the benchmark for modern
cell sorting devices.8 9 Now, FACS technologies are automated, robust, and capable of
exceptional specificity when using multiple morphological and fluorescent cell signatures
(e.g., cell surface labels, cell size, and granularity). These systems are also capable of
multiplexed detections, analyses, and sorting speeds up to 50,000 cells per second.10: 11
Similarly, magnetic-activated cell sorting devices, which generally operate by separating
cells with magnetic labels from unlabeled cells in a column via a permanent magnet, are
widely used due to their rapid, batchwise processing.12

The immense contributions of current commercial cell sorting platforms are tempered by
several significant and persistent limitations, however, including: limited sample throughput
and processing speeds that would make processing clinical-scale samples (>500 million
cells) unfeasible, high operating pressures that could result in a loss of function or viability,
bulky instrumentation that occupy large bench footprints, technical expertise necessary for
operating complex machinery, and increased risk of sample contamination and safety
concerns due to the sorting of aerosolized samples. These limitations, as well as high unit
and sample processing costs, must be overcome to enable more efficient clinical application
and commercialization. Consequently, the next generation of cell sorting devices must meet
higher standards for performance, versatility, and convenience, including: (i) faster sorting
rates, (ii) equal or improved accuracies, (iii) ability to process native biological fluids, (iv)
ability to process diverse cell types, (v) enhanced capabilities for multiplexed sorting, (vi)
simpler operating procedures enabling fully automated systems, (vii) reduced biohazard risk
by eliminating aerosols, (viii) reduced cost, and (ix) reduced size for operational
convenience and portability.

To address these needs, researchers are actively looking toward microfluidic devices as the
platform for the next generation translatable cell sorter. Microchip devices are a proven
technology for cellular handling as they can offer precise spatial and temporal control in a
greatly miniaturized platform.11: 13 These devices can be easily made using standard
microfabrication tools, which lowers cost and simplifies commercialization efforts. In
addition, microfluidics can be used to detect, focus, mix, count, lyse, and analyze individual
cells on an integrated platform for complete lab-on-a-chip applications.14-19
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This review will survey recent developments in microchip cell sorting by organizing each
technology into one of three principal categories based on its primary cell recognition
modality: (i) fluorescent label-based, (ii) bead-based, and (iii) label-free cell sorting. Within
each category, several subsections are provided to further categorize each technology by the
physical principles governing the sorting process. We emphasize more recent technologies,
especially those that integrate multiple functions on the same device toward a fully
integrated point-of-use device.

Fluorescent Label-Based Cell Sorting

Fluorescent label-based cell sorting relies on fluorescent probes or stains to identify cells by
type. In traditional FACS, fluorescently-labeled cells organized in a laminar flow stream
encounter a focused laser beam that scatters into a detector. The fluorescent signal is then
analyzed to assign each cell a type for discrete sorting, whereby in the case of FACS, each
cell is encapsulated into an aerosol droplet that is charged and electrostatically sorted.® To
circumvent the need to form of aerosol droplets, many research groups have used
fluorescent labels to identify cells in the microfluidic regime for sorting by a variety of
mechanisms, as described in detail in this section. Similar to FACS devices, these
technologies generally operate by ordering cells in flow streams for: (i) serial interrogation
by laser light, (ii) real-time classification, and (iii) rapid, command-driven sorting. Since
each cell is processed discretely, fluorescent label-based approaches are often associated
with high efficiencies. Further, immunostaining assays are ubiquitous, reliable, and require
less preparation time than bead-based labeling, which can help reduce experimental error.
These advantages have made fluorescent label-based technologies the mainstays of modern
cell sorting technologies and a viable option for many microchip cell sorting devices.

A. Electrokinetic Mechanisms

Electrokinetics describes a family of effects stemming from an applied electric field that
results in the migration of particles or cells.20 21 |n addition to charging aerosol droplets for
electrostatic sorting (as in FACS), electrokinetic forces can be used to directly displace cells,
or cell-containing droplets, in fluids. For the purposes of this review, electrokinetic
manipulations are divided into three categories: electrophoresis, dielectrophoresis, and
electroosmotic flow. While these mechanisms are phenomenologically distinct, the forces
they exert on cells are well-suited for sorting within the length scales of microfluidic
devices.

Electrophoresis—Electrophoresis refers to the movement of suspended particles toward
an oppositely charged electrode in direct current (DC). Since most cells possess a slight
negative charge due to a locus of chemical groups on their surface, they migrate toward the
positive electrode during electrophoresis, and the electrophoretic force exerted on that cell is
proportional to its charge.2 Takahashi et al. applied electrophoresis to sort cells in a
microchip in which an upstream fluorescence detector identified labeled cells for rapid
electrostatic sorting downstream.22 Yao et al. developed a similar device based on gravity
that operated in an upright orientation to process cells without convective flow.23 A more
recent example by Guo et al. showed electrophoretic sorting with much higher throughputs
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by sorting water-in-oil droplets under continuous flow.24 In this system, prefocused cells
were encapsulated into droplets such that droplets containing single cells were sorted from
droplets containing no cells or multiple cells.

Dielectrophoresis—In contrast to electrophoresis, where cells move in a uniform electric
field due to their surface charge, dielectrophoresis (DEP) refers to the movement of cells in
a non-uniform electric field due to their polarizability. For movement in response to a
dielectrophoretic force, cells do not need to possess a surface charge because, unlike a DC
field, an alternating current (AC) is capable of polarizing the cell (i.e., inducing a dipole
moment across the cell).29 Once exposed to an AC field, cells migrate either toward or away
from the region of strongest field intensity depending on the electrical permeability of the
cell and the fluid. Cells with a higher permeability than the fluid are attracted toward the
field maxima, which is known as positive DEP (pDEP).2> The opposite is true for negative
DEP (nDEP), which is often preferable to minimize deleterious effects on cell function or
viability that might occur due to high field strengths. The magnitude of the dielectrophoretic
force is dependent on the size and properties of the cell, fluid, and the parameters of the
electric field, which is useful for sorting cells by size and dielectric properties.29 Wang et al.
developed a system using lateral NDEP, whereby a set of interdigitated electrodes aligned
along both sides of a microfluidic channel provides repulsive forces to organize cells by
precise distances from the microfluidic channel walls, to enable enhanced on-chip cytometry
and sorting across five channels.26

In contrast to directly sorting cells in a buffered suspension, several groups have developed
systems to encapsulate single cells into emulsified droplets for sorting using DEP, thus
enabling continuous genomic and proteomic analyses downstream.2”-29 Unlike FACS,
which can generate potentially biohazardous aerosols, water-in-oil droplets provide a safe
and rapid way to analyze individual cells post-sorting. Baret et al. applied DEP in a
fluorescence-activated droplet sorter to separate up to 2,000 cells/sec.2” Agresti et al. used
emulsions to generate picoliter-volume reaction vessels for detecting new variants of
molecular enzymes and dielectrophoretic sorting.28 Mazutis et al. showed that cells
compartmentalized into emulsions with beads coated with capture antibodies can be used to
analyze the secretion of antibodies from cells for downstream sorting using DEP (Fig. 1).2°
These advances hold promise for creating the next generation of cell sorting devices that
could also enable clinical detection, analysis, and diagnosis using a single microchip.

Electroosmotic Flow—Unlike the electrically driven migration of cells within a
stationary fluid (such as in electrophoresis and DEP), electroosmotic flow refers to the
movement of a fluid due to the electrically induced migration of solvated ions, thereby
transporting cells suspended within the fluid (Fig. 2).30 This principle was applied to sort
fluorescent from non-fluorescent cells in microfabricated FACS devices using DC
electroosmosis.31-33 While effective, a major disadvantage of DC electric fields for sorting
cells is that Faradaic reactions (e.g., electrolysis of water) generally occur at the anode and
cathode to maintain a constant electric field, which can generate bubbles and harmful
compounds, such as hydrogen peroxide, that may adversely affect cellular viability and
solution pH if not carefully monitored and regulated.34 As such, Puttaswamy et al. coupled
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nDEP with AC electroosmosis to mitigate these effects while retaining the ability to focus,
transport, and sort cells.3®

B. Acoustophoresis

Acoustophoresis refers to the movement of an object in response to an acoustic pressure
wave. Recently, acoustic microfluidic (i.e., acoustofluidic) technologies have provided many
new areas of development within analytical flow cytometry, including the sorting of
cells.36-38 Acoustic forces are amenable to cell handling as they can provide rapid and
precise spatial control in microchips without affecting cellular viability.25 3%-41 |n this
context, acoustic waves can be divided into three categories: bulk standing waves,42
standing surface acoustic waves (SSAWSs),*3 and traveling waves.*4

Acoustic standing waves form through the disturbance of a medium (e.g., fluid or a surface)
by pressure waves of equal magnitude and frequency traveling in opposite directions that
result in a single stationary wave containing fixed regions (i.e., nodes) that exhibit a lack of
pressure fluctuation and alternating regions (i.e., antinodes) that exhibit alternating pressure
maxima and minima. These contrasting regions can provide precise spatiotemporal
manipulation of individual cells, as discussed below.

Bulk Acoustic Standing Waves—Bulk acoustic standing waves occur when a
microfluidic channel is excited by ultrasound to a resonance mode in which the applied
wavelength matches the spatial dimensions of the microfluidic channel. Here, suspended
particles with a radius, a, experience radiation forces proportional to the square of the
pressure amplitude, pg:

2 o) 2ad
Frp=- 3 (M) & (Be,fs pe,r)sin(2kz) (1)

where ), B, and p denote the ultrasonic wavelength, compressibility, density, and the
subscripts ¢ and f denote the cell and fluid, respectively.#> 46 The magnitude of this force is
strongly dependent on the volume of the cell, and the direction of this force is determined by
the acoustic contrast factor, ¢, which depends on the densities and compressibilities of the
cell and the fluid. If the ¢ is positive, cells will travel towards the node(s) of an acoustic
standing wave (Fig. 3A), whereas, if the ¢ is negative, cells (or particles) will travel towards
the antinodes (Fig. 3B). Most cells in physiological buffers display a positive ¢ due to their
relatively higher densities and thus can be precisely and rapidly focused in microfluidic
channels without additional diluent buffers (i.e., sheath fluids).#’- 48 Bulk acoustic waves
were first used to sort cells by Johansson et al., in which fluorescently labeled cells detected
by a camera triggered an ultrasound transducer that directed that cell from its initial
streamline toward the pressure node, thereby modifying its trajectory to the target outlet.#2
More recently, Jakobsson et al. demonstrated an acoustofluidic device to focus cells to one
side of a microfluidic channel for fluorescence detection, real-time classification, and
acoustophoretic sorting.4?

Standing Surface Acoustic Waves—In contrast to bulk acoustic standing waves,
SSAW devices form a standing wave along the floor of the microfluidic channel using
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interdigital transducers (IDTs), providing the mechanical perturbations necessary to position
cells along well-defined flow streams in the fluid above (Fig. 3C,D).51 SSAW devices show
particular promise for fluorescent label-based cell sorting since a single device can provide a
large range of frequencies for dexterous spatial control of single cells and, in turn, multiple
channels for sorting.52: 53 These devices have efficiently sorted cells in buffer as well as in
water-in-oil droplets across five fluidic channels.>4 5 Ding et al. further showed that SSAW
devices can function as acoustic tweezers to manipulate the spatial orientation and
patterning of cells and whole organisms such as C. elegans.®®

Traveling Acoustic Waves—While most acoustically actuated microfluidic sorting
devices developed thus far employ bulk standing waves or SSAWSs, traveling acoustic waves
have also been used to sort cells in the microfluidic regime. Cho et al. devised a system
where a transducer actuates to deflect target cells into the side outlets at rates above 1,000
cells/sec.** Franke et al. exploited acoustic streaming forces generated from non-standing
surface acoustic waves to redirect fluid flow from one outlet to an adjacent outlet.>” More
recently, Schmid et al. developed a device that produces a hon-standing surface acoustic
wave that effectively creates a traveling wave that emanates from the surface to the
microfluidic cavity to continuously deflect cells or droplet-containing cells at rates above
1,000 cells/sec.%8

C. Optical Manipulations

In addition to forces from pressure waves or electric fields, radiation forces produced by a
highly focused optical beam have been used for cell manipulation.® Optical forces are
considered advantageous due to the preservation of cell function, precise spatial control in
three dimensions, and manipulation of very small objects (e.g., on the atomic or molecular
scale).50 A focused laser beam can trap cells due to a mismatch in the refractive index
between the cell and its surrounding fluid, producing optical scattering and gradient forces.
Scattering forces tend to push objects away from the source of light, whereas gradient forces
attract objects to the point of highest intensity produced by the light (i.e., the focusing
maxima) (Fig. 4A). Similar to pDEP, objects travel toward the beam maxima and become
optically trapped when the gradient forces overcome scattering forces, producing so-called
optical tweezers. Since its inception, this technique has ushered many new types of analyses
for single cells, particles, and molecules.®!

Optics were first used to levitate and transport individual particles in a fluid by Ashkin in
1970.52 Eventually, optical radiation forces were applied to cell sorting by propelling single
cells through a microfluidic channel, whereby the long traversal times generally resulted in
low throughputs.83 However, recent innovations in miniaturized optical devices have
reinvigorated the use of optics as switches, which have made optics-based methods more
feasible for fluorescent label-based cell sorting.64 65 Several groups have used focused
optical beams to impose switchable radiation forces on a continuous stream of focused cells
for on-chip sorting (Fig. 4B).65-68 Recently, Wu et al. developed a pulsed laser
fluorescence-based cell sorter that rapidly forms a stationary bubble due to localized heating
to controllably deflect target cells at 20,000 cells/sec.5%: 70
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D. Mechanical Systems

Instead of using external fields, mechanical sorting systems use discrete mechanical forces
to sort cells. Kriiger et al. developed an external rotary valve to regulate the throughput
within a multi-inlet disposable microfluidic chip by hydrodynamic flow switching for cell
counting and sorting.”! Fu et al. devised a similar device to sort E. coli that also includes a
trapping component for enhanced analysis.”2 This design was later simplified to
hydrodynamically focus and isolate latex beads from red blood cells.”3 Chen et al. used a
similar approach that employed negative pressure gradients to draw fluid from chips and
switch the flow of cells to various outlets using gating valves.’*

Some groups have developed on-chip flow switching mechanisms instead of relying on
external valves to direct fluid flow. For example, Ho et al. designed a micromachined T-
switch actuated by electrolytically-produced bubbles to direct the flow of individual cells for
binary sorting (Fig. 5).”®> And Shirasaki et al. demonstrated cell sorting by using laser light
to rapidly heat thermoreversible gelation polymers that controllably actuate the opening and
closing of a microchannel.”®

Bead-Based Cell Sorting

While fluorescent label-based cell sorting offers several advantages, the inconvenience of
serial detections, discrete sorting, and the inability of the fluorescent labels to directly
contribute to the sorting process has led to the development of other effective techniques for
rapid cell sorting, including bead-based and label-free cell sorting systems. Bead-based cell
sorting systems depend on particles of a specific material, size, and surface-binding capacity
to capture target cells, or sometimes non-target cells, for sorting in an external field. The
attachment of beads allows bound complexes to experience a force that is different from
unbound cells. Consequently, bead-based cell sorting does not require the serial
interrogation of cells and can manipulate groups of cells simultaneously. This affords bead-
based systems the ability to sort cells at potentially faster rates and without large volumes of
diluent. Additionally, bead-based assays share the immunospecificity of fluorescent label-
based sorting, providing the potential for highly accurate targeting and reproducible results.
The first commercial bead-based cell sorting system was a benchtop magnetic cell sorter
described by Miltenyi et al. in 1989.12 This method of cell isolation was soon miniaturized
to the microfluidic domain to sort cells with magnetic and other types of particulate labels.

A. Magnetophoresis

Cell sorting by magnetophoresis (MAP) is facilitated by the use of permanent magnets or
electromagnetic coils to exert forces on cells labeled with magnetic particles, magnetically
responsive cells, or cells suspended in ferrofluid. In the case of magnetic bead-based sorting,
cell surface markers are labeled with particles (typically nanoscopic) containing iron. Cell
sorting by MAP is usually performed to either debulk cell populations or to isolate rare cells
from native biofluids;’” and similar to acoustophoretic or dielectrophoretic forces,
magnetophoretic forces are highly dependent on size of the magnetic moiety.”8

The concept for magnetic cell sorting developed by Miltenyi was quickly miniaturized into a
microchip device to sort magnetically-labeled cells from unlabeled cells under free-flow
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MAP.79-81 Using similar principles, Adams et al. developed a multiplexed cell sorting
device using MAP where one cell type labeled with large magnetic beads was separated due
to the larger magnetic force acting upon it, and a second cell type labeled with small
magnetic beads was then separated from unlabeled cells.82 Similarly, Carr et al. developed a
multiplexed bead sorter that sorts magnetic beads across 25 output fractions based on the
magnitude of their magnetic moments.83

Creating reliable technologies for isolating rare cells such as CTCs, HSCs, and CFCs
remains a major challenge in research and medicine. In particular, CTC isolation is a
daunting task due to their low abundance in peripheral blood and their “stealthy” behavior
during epithelial-mesenchymal transitions.2 > 84 Recently, however, significant progress has
been made in isolating CTCs via MAP. Hoshino et al. devised a system can capture CTCs
from blood cells in ratios as low 1:10° (Fig. 6A).8% In their system, CTCs were labeled with
antibodies against epithelial cell adhesion molecule (EpCAM) that were conjugated to iron
oxide nanoparticles, separated, and then stained with anti-cytokeratin, DAPI, and anti-CD45
to confirm the captured cells originated from tumors. Numerical simulations later showed
that an inverted system (i.e., where the magnetic field is oriented opposite to gravity) can
help improve the fidelity of rare cell isolation.86 Darabi et al. developed a similar device
with a micropatterned magnetic grid for isolating lymphocytes.8” Kang et al. developed a
microchip device with small parallel chambers perpendicular to the main channel to isolate
and retain magnetically labeled CTCs from blood for on-chip cell culture.88 For more
precise control over the deposition of cells, our group has recently shown that the magnetic
labels can be used to isolate cells from a population and organize those cells into well-
defined compartments across a large magnetographic array for rapid enumeration, cell
pairing, and single-cell analysis.8?

Chen et al. recently developed a device that can capture magnetically-labeled cells for
sequential encapsulation into aqueous picoliter vessels containing reagents for single cell
analysis.%1 Researchers from the Toner lab recently developed the innovative CTC-iChip
that contains three modules on a single microchip to separate CTCs from peripheral blood
for diagnostic analysis: (1) deterministic lateral displacement (a method described below) to
debulk nucleated cells (e.g., leukocytes and CTCs) from erythrocytes and platelets, (2)
inertial focusing to align cells into a focused streamline (a method described in detail
below), and (3) an external magnetic field to separate magnetically labeled CTCs from
leukocytes (or magnetically labeled leukocytes from CTCs) (Fig. 6B).%9: 92 These bead-
based technologies show great promise for isolating tumor cells from unmodified biological
fluids on a single chip with minimal processing steps for rapid analysis and diagnosis.

B. Acoustophoresis

Elastomeric beads (or particles) show promise in acoustofluidic systems due to their unique
focusing behaviors. Unlike cells, elastomeric particles focus along the antinodes of an
acoustic standing wave due their relatively low density and bulk modulus compared to
aqueous fluids (i.e., ¢ < 0; Eqn. 1).93- 94 Using silicone elastomeric particles synthesized
from nucleation and growth techniques, we have developed a system where
biofunctionalized elastomeric particles decorated with streptavidin can capture cells
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displaying biotinylated antibodies and confine those cells to the antinodes of an acoustic
standing wave (Fig. 7).50- 9 This method of cell confinement can enable rapid, continuous,
and discriminate sorting in which unlabeled cells focus at the acoustic node(s) and labeled
cells focus at the acoustic antinodes for downstream collection.9® Also, Lenshof et al.
demonstrated that target cells labeled with dense (¢ > 0) microbeads could be separated
from same-sized non-target cells by virtue of their disparate rate of acoustophoretic
migration.%6

C. Electrokinetic Mechanisms

Electric forces exerted on cells and particles scale according to their size, thereby enabling
the possibility of non-sequential sorting.2? However, since many cell populations exhibit
similar size morphologies, Hu et al. used beads to bind to target cells such that the bound
complexes experience greater dielectrophoretic forces in alternating current and thus
separate from non-labeled cells.%” In this system, cells labeled with beads traveled farther
than cells without beads toward a separate outlet. This system was modified to sort three
types of bacteria in a single pass using polystyrene beads of two distinct sizes.%8 Later, a
magnetic trapping component was added to isolate magnetically-labeled cells from the bulk
population in an integrated dielectrophoretic-magnetic activated cell sorter (Fig. 8).%° In
addition, Cheng et al. fabricated a DEP device that can filter, focus, sort, and trap cells on a
single integrated microchip.109 Their sorting mechanism used angled electrodes and nDEP
to deflect bacteria into individual channels and surface enhanced Raman scattering to
characterize the samples.

Label-Free Cell Sorting

Label-free cell sorting in microfluidic devices is perhaps the most studied of the three
approaches as it encompasses not only active systems (i.e., systems that rely on the use of
external fields cells for sorting), but also passive systems, which include mechanisms such
as inertial flow, on-chip filtration, and immobilization. In these cases, instead of solely
relying on surface markers for labeling cells with fluorophores or beads, label-free sorting
relies on the physical differences in the properties of cells such as size, shape, density,
elasticity, polarizability, and magnetic susceptibility. The earliest automated cell sorter did
not require any labels as it sorted cells by volume using an impedance technique based on
the Coulter principle.191 This technique was developed in 1965 by Fulwyler and is widely
regarded as the forerunner of modern flow cytometers and FACS devices.102 These key
concepts have since been expanded to sort cells in the microfluidic regime. Of the sorting
assays described, label-free sorting generally requires the least amount of preparation,
making it a highly attractive option for cell sorting.

A. Acoustophoresis

Bulk Acoustic Standing Waves—Unlike the previously described acoustofluidic
systems, label-free acoustofluidic systems generally sort cells based on differences in their
size. This method of cell sorting relies on the initial placement of cells in streamlines away
from the pressure node(s) for their rapid displacement to the node(s) upon actuation of the
device (Fig. 3(A)), thereby separating cells of disparate size or acoustic properties. This
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concept was first used by Petersson et al. to purify erythrocytes from a mixture of lipid
particles.103. 104 |n a later study, Petersson et al. used hydrodynamic forces to direct
particles and cells to the side walls of an acoustofluidic device (i.e., corresponding to the
pressure antinodes), whereupon they migrated toward the node (i.e., the channel center) of
the acoustic standing wave at rates proportional to their volume.105 Similar to DEP and
MAP, larger cells experience greater forces in an acoustic standing wave, and thus respond
faster to the radiation forces (Eqn. 1), directing larger cells to the center outlet and smaller
cells to the side outlets. This concept was later used for debulking platelets from peripheral
blood progenitor cells by Dykes et al.,108 for enriching prostate cancer cells from leukocytes
by Augustsson et al.,197 and for sorting viable from non-viable cells by Yang et al.198 Using
a thin wall in an acoustic resonating chip, Fong et al. created an H-filter device that can form
bulk acoustic standing waves with the node offset from the center of a microfluidic channel
for a new method of acoustic cell sorting.109

Standing Surface Acoustic Waves—While the majority of SSAW devices use
fluorescent tags to sequentially identify and sort cells, Nam et al. developed a SSAW device
to separate platelets from whole blood.10 In their system, blood was injected into the device
and sheath fluid focused the cells into a confined band. A separation then followed in which
larger cells (e.g., leukocytes and erythrocytes) experienced greater acoustic radiation forces
causing them to migrate farther then the surrounding platelets. More recently, researchers
from the Huang group have used SSAW devices to sort cells by compressibility!1! and wash
cells by separating leukocytes from lysed red blood cells.112

B. Electrokinetics

Dielectrophoresis—Label-free cell sorting devices can employ DEP to separate cells
based on their intrinsic dielectric properties (i.e., polarizability). Huang et al. first
demonstrated this concept by sorting five cell lines with a microelectronic array.112 Also,
Cummings et al. designed a microchip containing arrays of insulating posts where the
resulting nonuniform electric field across the posts exerted different magnitudes of force on
cells as they passed.114 Later, this principle was used to generate nonuniform electric fields
near insulating ridges on a microchip to filter and concentrate cells.11° Vahey et al.
introduced an isodielectric separation system for sorting cells without labels.116 In this
system, cells experience dielectrophoretic forces that displace them to their natural
equilibrium point across a conductivity gradient to where their net polarization vanishes
(i.e., isodielectric point). With this principle, cells with different conductivities displace by
discrete distances along that gradient for efficient on-chip sorting.

An interesting extension of dielectric cell sorting uses field-flow fractionation (FFF), which
includes a family of approaches (e.g., gravitational, centrifugal, thermal, magnetic, and
electrical) to position cells by precise distances from the microchannel floor and thus to
distinct regions of the parabolic flow profile for separation by flow.117-119 yykoukal et al.
first developed a DEP FFF system to isolate stem cells from enzyme-digested adipose
tissue.120 This system contained patterned microelectrodes along the bottom of a
microfluidic channel that exerted dielectric forces in the opposite direction of gravitational
forces, which enabled each cell type to reach an equilibrium height based on its surface
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charge for rapid sorting under flow (Fig. 9).120 Cui et al. demonstrated that a pulsed
dielectric cell sorter could utilize nDEP to trap cells upstream for subsequent elution by
size.121 When the AC field was activated, cells became indiscriminately trapped to the
ceiling of the microchannel via nDEP. Then after the field was disengaged, larger cells
eluted from the microchannel faster than the smaller cells due to larger fluid forces. Then
after reactivating the field, smaller cells were dielectrically trapped again whereas the larger
cells escaped the electrodes.

Some groups have coupled hydrodynamic lift forces, which act on cells exposed to a shear
flow,122 with DEP to sort cells by size or electric permeability. Doh and Cho developed a
microchip to separate viable from non-viable cells due to their dissimilar polarizabilities,
resulting in pDEP and nDEP, respectively.123 Moon et al. and Shim et al. used
hydrodynamic lift coupled with DEP to sort breast cancer cells and CTCs without labels,
respectively.124. 125 Kim et al. sorted cells based on their different sizes during the cell cycle
using a DEP fractionation technique.126 Hydrodynamic forces were used to concentrate cells
to one side of the microfluidic channel whereupon cells encountered an AC field that
displaced the cells across the channel by distances according to their size and dielectric
properties. This technique was later used to separate viable from nonviable yeast cells.127
An interesting dual function microchip was developed by Sun et al. that could
simultaneously sort cells using DEP and size cells using the Coulter Principle via an
integrated transistor.128

C. Magnetophoresis

While the majority of magnetic cell sorting devices require nanoparticles to capture and
isolate cells (Fig. 6), erythrocytes can be sorted from blood in a similar fashion solely due to
their natural iron content in methemoglobin.12% 130 This label-free method of cell sorting
has been used for debulking peripheral blood by removing erythrocytes from leukocytes,
platelets, lipids, and plasma. Isolating erythrocytes from blood using external magnetic
fields was first demonstrated in 1975 by Melville et al.13! and was later refined by
Zborowski et al. using cell tracking velocimetry32 and by Han et al. embedding a
ferromagnetic wire inside of a microdevice.133-135 This method of magnetic manipulation
from embedded ferromagnetic microwires was more fully developed later by others 136-138
Furlani presented a method for separating red blood cells from white blood cells in plasma
by embedding soft-magnetic elements in an array along a microfluidic channel.139

Since these magnetic, label-free approaches are only suitable for blood cells with natural
iron content, several groups have employed nontraditional means for continuously sorting
other types of cells in magnetic fields. Roberts et al. created a device that could sort
macrophages from monocytes due to their dissimilar internalization rate of iron
nanoparticles.140 Since macrophages can endocytose more iron content per cell than
monocytes, macrophages can undergo greater loadings of magnetic material and thus
experience greater MAP forces in an external field.

Some groups have sorted diamagnetic (i.e., unlabeled) cells by suspending them in
ferrofluids, which can separate cells due to differences in their size, shape, or
deformability.141 Ferrofluids are liquids that are strongly magnetizable (e.g., water
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containing iron oxide nanoparticles) and can thus transport diamagnetic particles in a
magnetic field. Zeng et al. developed a system where an upstream magnet focused cells
suspended in ferrofluid into a single stream, and a downstream magnet displaced those cells
according to their size.142 Similarly, Shen et al. used a paramagnetic solution (i.e., of
paramagnetic ions) to exert repulsive forces to sort cells by size.143

Similar to the optical switching mechanisms described previously, Hoi et al. created a
layered device with perpendicular flow channels on top of one another.144 In this system, a
microscope detects unlabeled cells as they pass through the first channel, which triggers a
pulsed laser to rapidly force cells into the second channel at their junction. Lau et al. used
laser tweezers for an automated Raman-activated cell sorter that functions without
fluorescent labels.14> While the majority of optical systems employ one focused laser beam,
MacDonald et al. used a body-centered tetragonal optical lattice to fractionate a two-
component cell mixture in a continuous flow microfluidic device.146

A major limitation of optical tweezers is their inherently slow processing that stymies the
potential for high throughput sorting. Optoelectronic tweezers, however, refer to a class of
tools that employ optics and electronics by projecting optical images on a photosensitive
substrate. The projected images effectively form transient electrodes on the bottom surface
to direct an AC field from a conductive, transparent lid for the precise spatial arrangement of
micro- and nanoparticles.24” Optoelectronic tweezers can thus provide a low-power means
to trap, transport, and sort cells without labels.24” And while optical tweezers provide high-
resolution manipulations, they can also require optical intensities reportedly 100,000 times
greater than optoelectronic tweezers while only providing small regions for cellular
manipulation.148 In an early example, Chiou et al. used optoelectronic tweezers to pattern
cells into a large, well-defined array.148 Now, optoelectronic tweezers are used to sort cells
based on size due to the differing induced velocities in response to applied dielectrophoretic
forces49: 150 as well as viable cells from non-viable cells due to differences in membrane
potentials.1®1 These devices have been coupled with electrowetting-on-dielectrics
mechanisms to enable multiple delivery rounds of drugs or nutrients to cells followed by
electrically-driven waste removal.152 Optoelectronic tweezers have been integrated into
microfluidic devices for single-cell preparation and analysis, enabling the high precision
benefits of optics devices with higher throughputs.1®3

E. Passive Cell Sorting

The technologies described thus far involve active methods for cell separation; however, the
remaining systems involve passive approaches to separate, isolate, or enrich cell
populations.154 Passive systems consist of a variety of methods that do not rely on
fluorescent labels or beads. Instead, these methods rely on the inherent differences in
cellular morphology between cell groups (e.g., size, shape, compressibility, and density) and
can sort cells using inertial forces, hydrodynamic spreading, deterministic lateral
displacement, filtration, transient cellular adhesion, and cellular immobilization.1%5
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Inertial Focusing in Curved Channels—Inertial forces can result in the induced
migration of cells or particles across streamlines in laminar flow streams. Typically, inertial
forces emanate from boundary effects of fluid flow adjacent to the walls of a microfluidic
channel, causing lift. Inertial focusing in curved channels refers to a subset of distinct
phenomenological techniques for cell fractionation, which includes the use of serpentine or
Archimedean spiral patterns for cell ordering and sorting.1°® Di Carlo et al. demonstrated
that cells could be differentially focused and sorted based on size under laminar flow using a
serpentine pattern (Fig. 10A).157 A major benefit of this system is its high throughput (e.g.,
1.5 mL/min) without sheath flow or sequential cell manipulation, which is useful for
processing native biological fluids and flow cytometry.158. 159 As previously discussed, an
inertial flow microfluidic chip with a deterministic lateral displacement module was
incorporated into a magnetic-label based system for CTC isolation (Fig. 6B).%°

Similarly, Russom et al. created a system with a spiral channel to apply centrifugal forces to
focus and sort cells.160 As in the case of serpentine patterns, cells can be sorted in a spiral
microchannel due to their differential focusing for rapid separation upon branching into
multiple channels (e.g., six, Fig. 10B,C).161 Recently, this system was used by Hou et al. to
retrieve CTCs from blood using an approach named Dean flow fractionation162 and by
Nivedita et al. to separate blood cells.183 Guan et al. and Warkiani et al. demonstrated that a
channel with a trapezoidal cross section could further enhance the performance of a spiral
microfluidic device to focus and sort cells.164 165

Pinched Flow and Hydrodynamic Spreading—In addition to curved channels,
inertial forces can play a critical role in straight channels.1%6 For example, Parichehreh et al.
were able to enrich nucleated cell populations in blood using inertial forces in straight
microfluidic channels of large aspect ratios.166 Similarly, pinched flow fractionation and
hydrodynamic spreading are two examples where inertial forces play a role in the ordering
of cells for the subsequent sorting. Pinched flow fractionation occurs when a flow stream of
cells is pinched by a narrow channel cross section such that cells are constrained and aligned
against a side wall and subsequently separate by size once the channel broadens due to the
laminar flow profile (Fig. 11).167 This alignment effect is typically enhanced by sheath fluid,
which pushes cells against a wall such that the center of the larger cells are farther from the
wall surface than the center of smaller cells, thus giving cells of different sizes slightly
different flow trajectory upon broadening of the channel. This method for sorting has been
expanded by the addition of multiple asymmetric outlets for better hydrodynamic control168
as well as by the spatial reorientation of the microfluidic device for gravitationally enhanced
separation between cell populations of different size and mass.16

Similar to pinched flow fractionation, some groups have used hydrodynamic techniques to
direct cells against one wall of a microfluidic channel without a pinched segment for sorting
upon broadening of the channel in a method called hydrodynamic spreading.17% 171 Wu et
al. enhanced this effect by coupling hydrodynamic spreading with electroosmosis to sort E.
coli and yeast cells.1”2 Instead of using hydrodynamics or pinched flow to align cells against
one wall of a microfluidic channel, Mach et al. used inertial forces in a straight channel with
a large aspect ratio cross section (i.e., height > width) to separate pathogenic bacteria from
blood upon hydrodynamic spreading.1”3 Microfluidic channels with large aspect ratio cross
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sections can localize to specific regions due to inertial lift and shear forces, which are
readily influenced by channel geometry, particle size, and flow properties changes in the
Reynolds number for sorting upon hydrodynamic spreading.174 This concept was exploited
to isolate rare tumor cells spiked in blood17> and sort cells by their deformability.176 Instead
of using pinched flow or inertial forces, Geislinger et al. devised a hydrodynamic lift system
enhanced by hydrodynamic spreading to separate CTC and red blood cells.177. 178

Deterministic Lateral Displacement—Given the standard fabrication methods used to
create microfluidic chips, micropatterns within a microfluidic channel (e.g., posts, ridges,
groves, ratchets) provide a convenient way to spatially manipulate cells. Deterministic
lateral displacement is an important example, where cells navigate through an array of posts
for sorting by size. In these systems, control over sorting is given by the design of the array
features such that cells smaller than a critical radius (a < R;) move with the convective flow
and cells larger than a critical radius (a > R;) move in a direction dictated by the arrays (Fig.
12).179 Using a periodic array of microposts, in which each row of posts is offset by a
certain periodic distance, Huang et al. showed that smaller cells could more easily traverse
between obstacles than larger cells, enabling their separation.18 The critical sizes of cells
and microposts were carefully evaluated by Inglis et al.181 and have been used to fractionate
undiluted whole blood samples as well as isolate cancer cells.182-184 | _ater, Beech et al.
showed that deterministic lateral displacement was useful for sorting cells by not only size,
but by shape and deformability.17°

Hydrophoretic Filtration—Ridge-induced hydrophoretic filtration relies on the
formation of a lateral pressure gradient within a microfluidic channel due to flow-altering
micropatterns. A successive array of slanted obstacles on the microchannel floor and ceiling
induces a pressure gradient across the width of the channel to focus cells to precise locations
within the generated local pressure field according to type and then separates those cells.18
Using this phenomenon, Choi et al. developed a device that exploits differences in both the
size and deformability of cells for passive sorting.186

Similarly, a device with successive ridges along the channel ceiling has been shown to
focus, guide, and sort cells (Fig. 13).187 This device, previously called a microvortex
manipulator, contains an array of herringbone shaped slanted grooves in the ceiling of a
microfluidic channel that passively focuses cells to defined regions of a microfluidic channel
and sorts cells based on their density.188 Using a different style of microvortex, Sollier et al.
sorted CTCs using a sudden expansion (i.e., by introducing sharp corners perpendicular to
the flow direction) in a microfluidic channel to create predictable eddy flows to capture
CTCs from blood.189 A similar microfluidic channel design with multiple orifices has been
used to sort CTCs from white blood cells.1%0

Size Exclusion Filtration—Instead of engineering the size and pattern of uniformly
spaced posts to sort cells, size exclusion filtration refers to the use of posts with tiered (i.e.,
decreasing) spacing as a function of distance for sorting cells in a non-binary fashion. Size
exclusion filters consist of a series of linear arrays of pillars that selectively group cells by
size and shape. Mohamed et al. developed a size exclusion filter to isolate CFCs from
maternal blood.1%? Later, McFaul et al. and Preira et al. showed how structural ratchets can
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be used to sort cells based on size as well as deformability when used with oscillatory
applied pressures (Fig. 14).192. 193

Cross-Flow Filtration—The filtration of cell-containing fluids is one of the earliest
methods used to fractionate cell populations. Examples of these filters include weir filters,
which contain large barriers to trap large cells (Fig. 15A); pillar filters, which contain a row
of same-sized microposts to trap large cells (Fig. 15B); and membrane filters, which contain
an array of pores on the floor or ceiling to trap large cells.1% A major limitation of these
filters is that they often clog by trapping larger cells or debris. Recently, however, Earhart et
al. devised a membrane filter that could reduce this clogging by using larger pore sizes and
incorporating a magnetic component to capture magnetically labeled cells (e.g., CTCs) at the
edges of the pores, thereby allowing unlabeled cells to easily pass through the filter.19°

In contrast, cross-flow filtration, sometimes referred to as tangential flow filtration, uses an
array of lateral slits aligned in the direction of flow to fractionate cell populations by size
(Fig. 15C). This method of filtration is a major advancement over early types of filters such
as weir, pillar, and membrane because of their decreased likelihood for clogging because the
behave more like a sieve than a dead-end filter.196 Several cross-flow filter designs have
been developed for size-based sorting applications such as the separation of white blood
cells from whole blood, plasma from whole blood, and myocytes from non-myocytes,196-200
Using a cross-flow filter, Chen et al. developed an integrated system for sorting and lysing
cells on a single chip with capabilities for DNA purification that can yield amounts
comparable to commercial centrifugation methods.201

Hydrodynamic Filtration—The last type of microfluidic filtration is hydrodynamic
filtration. Here, aligned cells are separated by multiple branched outlets, whereby the fluid
draining from the outlets pulls cells from the walls of the main channel at rates that scale
according to their size (Fig. 16).292 Smaller cells exit the proximal outlets because their
center is closer to the wall of the microfluidic channel, enabling their controlled shunting
from larger cells (Fig. 16B—C).Yamada et al. first showed a hydrodynamic filtration device
and its use for the selective enrichment of leukocytes and liver cells.292-204 |_ater, Mizuno et
al. combined hydrodynamic filtration to first separate lymphocytes by size, and second to
separate lymphocytes by surface marker expression using MAP for multiplexed sorting.20°
After cells are filtered, the magnetic field pulls cells with more magnetic content (due to
their higher expression levels) toward the outlet closer to the magnet, whereas cells with
lower expression levels exit the outlet farthest from the magnet.

Transient Cellular Adhesion—Instead of relying in differences in the size,
deformability, and membrane polarizability of cells, some groups are examining the
impermanent adhesion of cells to a surface to enable a unique class of microfluidic cell
sorting methods.2%6 Lee et al. showed that a flat surface containing a striated pattern of P-
selectin could induce the transient cellular adhesion and lateral displacement of HL60 cells
due to high affinity between the PSGL-1 ligand and P-selectin.20” Bose et al. showed this
system could isolate neutrophils from blood with high enrichment performances without
significant cellular agitation.298
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A similar technique, deterministic cell rolling, is used to sort cells based on their surface
interactions with a microfluidic channel. Choi et al. showed that a series of successive ridges
along the floor of a microfluidic channel can induce repeated cellular collisions for
sorting.2%9 In this device, the surface is modified with P-selectin to elicit a brief interaction
with target cells and push those cells toward one side of the microfluidic channel (i.e., the
gutter side). Non-target cells flow above the ridges toward the other side of the microfluidic
channel (i.e., the focusing side) (Fig. 17).209: 210

Cellular Immobilization—Instead of relying on transient interactions between cells and a
functionalized surface for sorting, which can suffer from limited throughputs due to the
reliance of low flow rates, many groups are investigating the non-transient capture, or
immobilization, of cells on surfaces or in columns. One of the earliest approaches for
fractionating cell populations by immobilization was through affinity chromatography,
which sorts by the high affinity interactions between cell-surface receptors and immobilized
ligands on the chromatography matrix.211: 212 This technique is capable of yielding results
that do not depend on the size, density, or charge of the cells, and can be performed in
various types of matrices.213

Many of the more recent cell immobilization devices use antibodies for cell-specific
isolation, often from whole blood.214-216 For example, Hyun et al. used a microfluidic
device coated with antibodies for the enrichment of CTCs.217 Instead of using antibodies,
Chen et al. developed a nanoroughened surface to selectively capture CTCs based on their
differential adhesion preference compared to non-CTCs.218 Similarly, Singh et al.
developed a shear-based system to isolate human pluripotent stem cells where intact
colonies were rapidly isolated based on their adhesion strength to the microfluidic channel
floor.219 These techniques show promise for isolating rare cells such as CTCs due to their
ability to process large sample volumes and recover rare cells from liquid biopsies (e.g., less
than 1 cell in 1 mL of blood) without relying on surface markers (e.g., EpCAM), which are
often downregulated during the mesenchymal-epithelial transition.2 220

The CTC-chip, which is the predecessor of the previously mentioned CTC-iChip, uses
microposts conjugated with anti-EpCAM to immobilize CTCs.22! In a similar system,
antibodies conjugated to a pitched substrate are able to capture specific cells for rapid
detection assays.222 Yu et al. developed a magneto-controllable device where antibody-
conjugated iron nanoparticles are magnetically localized around the circumference of
microposts within a microfluidic cavity, whereupon cancer cells expressing the target
antigen are captured for rapid release after disengaging the magnetic field.223 Saliba et al.
designed a system using a similar concept, which employs the self-assembly of antibody-
labeled magnetic microbeads to form hexagonally spaced pillars under an applied magnetic
field (Fig. 18).224 The self-assembled columns specifically capture and retain tumor cells
that can be recovered for analysis after disengaging the magnetic field. Yoon et al.
immobilized CTCs from blood using functionalized graphene oxide nanosheets.22° Finally,
Mittal et al. functionalized a fluid-permeable surface with antibodies for the selective
capture of CTCs.226
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While antibodies are traditionally used to capture cells for sorting, aptamers also show
promise for the high affinity capture of cells. Xu et al. developed an aptamer-based
microfluidic system to passively capture CTCs, thereby enriching rare cells 135-fold in a
single pass.22” Similarly, Sheng et al. used microposts conjugated with aptamers for the
isolation of CTCs228 and Zhao et al. developed a biosensing network containing DNA
tentacles functionalized with aptamers along the terminal end for capturing cells.229

Conclusion

Advances in cell biology, cell-based diagnostics, and cellular therapies, along with the
promise of point-of-care and personalized medicine, have increased the need for cell sorting
devices in both basic research and in clinical applications that are safer, more efficient, and
easier to use than current technologies. To address this critical need, researchers are looking
toward microfluidics due to their accessible fabrication, low reagent consumption, and small
footprints which offer significantly scaled-down sizes with design features that are
commensurate with single cells.239 Further, microfluidic devices can offer improved safety
over traditional cell sorting technologies by eliminating potentially biohazardous aerosols.

Many of the microfluidic technologies described in this review are still in the prototype or
proof-of-concept stage; few have demonstrated the clinical performance of a fully integrated
and validated system. In order to reach their full potential, these technologies still require
substantial commercial investment for standardization, manufacturability, and repeatable
performance. As such, microfluidic technologies still suffer from a few key limitations that
must be overcome. For example, many of these devices suffer from low throughput due to
single-channel or single-orifice designs. Advances in parallelization and other innovative
scale-up approaches could help to overcome this barrier. This would prove particularly
valuable for diagnostic applications that target rare cell populations from liquid biopsies
(e.g., such as CTCs from blood) or multiplexed cell sorting from large sample volumes.
Secondly, the limited lifespan of microfluidic chips, which are typically shortened due to
blocking or clogging, is another barrier to routine research or clinical use. The
commercialization of cell sorting technologies may look to disposable chips to overcome
these short lifetimes and enable a sterile, user-friendly operation. Finally, many microfluidic
cell sorting systems still require complex sample preparations that reduce ease-of-use and
can compromise sorting accuracies due to user variations. Therefore, a major challenge
remains to build microfluidic devices that require minimal sample preparation and
operational training.

The future of microfluidic cell sorting is promising. With the large variety of cell sorting
devices (e.g., from active systems that use acoustic, electric, magnetic, or optical forces to
passive systems that use inertial effects, filters, or immobilization procedures), microfluidic
cell sorting technologies can offer speeds and accuracies in a number of ways that rival
current commercial devices in a platform that is more efficient, less cumbersome, and offers
a more straightforward standard operating procedure. Unlike most commercial cell sorting
machines, microfluidic devices are highly modular, thereby offering the capacity to perform
multiple functions (such as mixing, counting, and lysing analyzing single cells) in a single
compact device. This ability positions microfluidic technologies at the forefront of the next
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generation of cell handling devices by providing the capability of performing high-level,
post-sorting analyses such as biochemical, secretion, and cell culture assays for true lab-on-
a-chip devices.
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Fig. 1.
Droplet-based microreactor and cell sorter using DEP. Cells expressing and secreting a

target antibody (depicted in grey) and cells not expressing a target antibody (depicted in
orange) are encapsulated in droplets with a fluorescent detection antibody, incubated off-
chip to permit the production of secretion antibodies, and sorted according to the increased
fluorescence signal from the localized packing of detection antibodies on the surface of the
bead covered with capture and secretion antibodies. Reprinted with permission from
Mazutis et al2® Copyright 2013 Nature Publishing Group.
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Fig. 2.

Digrect current (DC) electroosmotic cell sorting. Following laser inspection and cell
identification, solvated negative ions in the counterionic layer along the positively charged
microchannel floor migrate to the oppositely charged electrode, thereby dragging the
surrounding liquid for cell transport3C to either A) the first outlet (t = Time 0) or B) the
second outlet (t = Time 1).31
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Fig. 3.

Aéqoustofluidic manipulation of cells and particles. In a bulk acoustic standing wave, objects
with a A) positive and B) negative ¢ migrate to the pressure node(s) and antinodes,
respectively.®0 C) In a SSAW device, interdigital transducers (IDTs) focus cells along well-
defined streamlines according to the driving frequencies of the IDTs (e.g., f1, fo, and f3) for
sorting across multiple outlets. D) The cross section of a SSAW device containing four
pressure nodes.*3
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Fig. 4.
Cell sorting by optical force switching. A) When scattering forces (Fs) exceed gradient

forces (Fg) from a focused laser beam, cells are deflected (left); however, when Fg exceeds
Fs, cells are optically trapped (right).6 B) A hydrodynamically focused stream of cells is
aligned toward the waste outlet whereupon cells of interest detected by laser inspection are
captured and displaced by optical tweezers for sorting.58
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Fig. 5.

Electromechanical T-switch for cell sorting. A microfabricated cantilever beam reversibly
shifts from A) a ‘down’ position (t = Time 0) to B) an ‘up’ position (t = Time 1) when a
corresponding pair of electrodes is activated to generate bubbles via isothermal electrolysis,
which in turn exerts a mechanical force on the T-switch to redirect fluid flow.”
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Fig. 6.
Magnetic isolation of CTCs in microfluidic devices. A) Magnetic beads conjugated with

anti-EpCAM are shown to capture and isolate CTCs under free flow in a magnetic field.
Reprinted with permission from Hoshino et al® Copyright 2011 Royal Society of
Chemistry. B) Magnetically labeled CTCs and leukocytes are filtered from blood via
deterministic lateral displacement (see Fig. 12), focused via inertial focusing (see Fig. 10A),
and sorted in a magnetic field. Reprinted with permission from Ozkumar et al®® Copyright
2013 Science Translational Medicine.
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Acoustic separation of cells using elastomeric particles. A) Elastomeric particles and cells
focus to the antinodes and node(s) of an acoustic standing wave, respectively. B) When
elastomeric particles bind to target cells, those complexes displace to the pressure antinodes
for separation from non-target cells. Adapted from Shields IV et al®0 2014 American

Chemical Society.
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Fig. 8.

Multi-target cell sorting using DEP and magnetic trapping. A) Target Cell A is captured

with polystyrene beads depicted in green and Target Cell B is captured with

superparamagnetic beads depicted in red. B) Target Cell A is removed from non-target cells
(depicted in blue) by dielectrophoretic forces and Target Cell B is removed from non-target
cells by magnetic trapping. Reprinted with permission from Kim et al%® Copyright 2009

Royal Society of Chemistry.
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Top View

Cell Distribution

Count

Sorting by nDEP-assisted field-flow fractionation. A) An array of electrodes displaces cells
to equilibrium positions above the floor of a microfluidic channel according to their type (t
= Time 0) and B) sorts those cells by propelling them through the channel at rates according

to their distance from the wall (t = Time 1).120
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Fig. 10.
Inertial microfluidics for cell sorting in curved microchannels. A) A serpentine microfluidic

channel can focus cells into a single streamline. B) A spiral microfluidic channel can sort
cells by size (IW and OW indicate the inner wall and outer wall, respectively). C) The cross
section of the microfluidic channel showing the balance between lift forces (F,) and Dean
drag forces (Fp). Reprinted with permission from Kuntaegowdanahalli et al161 Copyright
2009 Royal Society of Chemistry.
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Fig. 11.
Cell sorting by pinched flow fractionation. A) In the pinched segment, cells are first pushed

against the wall, and then separated by size upon broadening of the microfluidic channel. B)
Cells are aligned in the pinched segment of the channel and follow separate streamlines for
sorting by size after exiting the pinched segment. Reprinted with permission from Yamada
et al167 Copyright 2004 American Chemical Society.
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Fig. 12.
Cell sorting by deterministic lateral displacement. Large cells (depicted in blue) migrate

away from the small cells (depicted in red) in the initial streamline due to the engineered
size and spacing of the microposts in the microfluidic channel 181
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A

Fig. 13.
Hydrophoretic cell focusing and sorting. A) A simplified free-body diagram of cells with a

low density (shown in blue) separating from cells with a high density (shown in red). The
black arrows pointing upwards represent buoyancy forces and the black arrows pointing
downwards represent settling forces. B) A top view of the microfluidic channel with
herringbone grooves in the ceiling to guide the focusing and separation of cells by
density.187

Lab Chip. Author manuscript; available in PMC 2015 February 17.



1duosnuey Joyiny vd-HIN 1dudsnuey Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Shields et al. Page 39

P ol 311111 (L A L
S e o .

oo St L
UUUUU U B O
ST W e e 1 011 e

= QUL

Tree microchannel S

el -~y I O
curiie_fe ot & o uuvuu.uu.ugvuuuuv;wwwwuuwwuuwuﬁwu.v
a7 - T T T A

Micropatterned ratchets for isolating cells by size and deformability. A) A design of
microratchet funnels for fractionating cell populations (dimensions in um). B) The operation
area of the device whereby cells (1, left) enter the chip, (2) reversibly flow through the
ratchets for separation by size, and (1, right) exit the chip. C) Schematic of a size exclusion
filtration device with various inlets, outlets, and valves (V1-V6). Reprinted with permission
from McFaul et al1®2 Copyright 2012 Royal Society of Chemistry.
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Fig. 15.

Microfluidic filtration mechanisms. Schematic of a A) weir filter, B) pillar filter, and C)
cross-flow filter to separate smaller cells (depicted in red) from larger cells (depicted in

blue).194
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Fig. 16.
Cell sorting by hydrodynamic filtration. A) Cells are injected into the microfluidic device

and are pushed toward the outlets. B) Small cells exit out of the proximal branches whereas
C) large cells exit out of the distal branches. Reprinted with permission from Yamada et
al292 Copyright 2007 Springer.
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Fig. 17.
Cell sorting by deterministic cell rolling. Target cells (red) interact with the surface, roll

across the ridges, and laterally displace toward the gutter side whereas non-target cells
(green) flow over the ridges, not interacting with the surface, and exit on the focusing side.
Reprinted with permission from Choi et al2%° Copyright 2012 Royal Society of Chemistry.
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After the {low ot Jurkat(CD19 neg)

Fig. 18.
Magnetic self-assembly of biofunctional magnetic beads for isolating rare cells. A)

Schematic of a hexagonal array of magnetic ink (left) can guide the self-assembly of
magnetic beads conjugated with anti-CD19 mAb in the presence of a vertical magnetic field
(right). B) Photograph of the microfluidic device. Optical micrographs of the columns after
C) the assembly of magnetic beads, D) the passage of 1,000 Jurkat cells (CD19 negative),
and E) the passage of 400 Raji cells (CD19 positive) (scale bar: 80 pm). Reprinted with

Lab Chip. Author manuscript; available in PMC 2015 February 17.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Shields et al.

Page 44

permission from Saliba et al224 Copyright 2010 Proceedings of the National Academy of
Sciences of the USA.
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