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Abstract

The isolation and sorting of cells has become an increasingly important step in chemical and
biological analyses. As a unit operation in more complex analyses, isolating a phenotypically pure
cell population from a heterogeneous sample presents unique challenges. Microfluidic systems are
ideal platforms for performing cell separations, enabling integration with other techniques and
enhancing traditional separation modalities. In recent years there have been several techniques that
use surface antigen affinity, physical interactions, or a combination of the two to achieve high
separation purity and efficiency. This review discusses methods including magnetophoretic,
acoustophoretic, sedimentation, electric, and hydrodynamic methods for physical separations. We
also discuss affinity methods, including magnetic sorting, flow sorting, and affinity capture.

1. Introduction

Separating and sorting cells from a heterogeneous mixture is a fundamental step in basic
biological, chemical, and clinical studies. Cell separations ideally enrich a target cell of
interest while minimizing both the presence and effect of unwanted, background cells.
Enriching a target cell type simplifies subsequent analyses and reduces experimental error.
For example, testing of an anti-cancer compound on cells aspirated from a biopsy requires
isolation of the cancer cell of interest from the normal cells in the sample. In the analyses of
leukocytes, isolation of a particular cell type plays a major role in AIDS research, immune
function, cancer, and a host of other biomedical problems. An extreme example of cell
separations, the isolation of circulating tumor cells (CTCs), represents one of the great
challenges in the field.2: 3 The enrichment of rare cells presents obstacles that differ from
isolation of more abundant cell types. In both cases, however, the goal of any method is to
achieve both high cell purity and cell capture/isolation efficiency.

While the field of cell separations is diverse in application and approach, there is an
increasing reliance on microfluidic methods to achieve cell isolation. Cell separations are
amenable to lab-on-a-chip devices,* ® and present the possibility of point of care analyses.
In addition to miniaturization, microfluidic cell separation methods provide control over
fluids on the cellular scale,® introducing new separation modalities that have not been
realized in larger-scale devices. Microfluidic methods have been applied to both physical-
and affinity-based separations. Physical separation methods exploit differences in size,
density, morphology, mass, and electric capacitance or resistance.” The key benefit of
physical-based separations is that labeling of target or background cells is usually not
required. However, many techniques require large differences in a particular physical
property to separate cells. When physically similar cells interfere with isolation of a target
cell type, either multiple physical parameters or affinity-based separations must be used.
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Affinity approaches include Fluorescence Activated Cell Sorting (FACS), Magnetic
Activated Cell Sorting (MACS), and cell affinity separations.8-10 While affinity methods
often achieve high separation purity and efficiency, a selective affinity ligand is required for
cell capture.

The field of cell separations continues to expand to new applications and methodologies.
Microfluidic methods, capable of integrating multiple separation steps or interfacing to other
analytical techniques, now rival many traditional separation methods. In this review, we will
discuss recent developments in microfluidic methods, current challenges, as well as
applications of broad interest.

2. Separation Modalities and Figures of Merit

Cell separations isolate or enrich a target cell type of interest from a mixture containing
target and background cells. Like chemical separation methods, cell separations require
some degree of selectivity for a particular cell type from a complex matrix. Unlike chemical
separations, cell separations often must preserve cell viability, limiting the experimental
conditions for separation. Additional constraints, such as maintaining sterile conditions, may
be placed on the experiment, further limiting separation options in some cases.

The initial composition of the sample affects the separation. The initial concentration of
cells in the sample (total cells/unit volume) must not be too low to require overly long
separation times. If the concentration is too large, the sample can saturate the separation
system and degrade performance. There is therefore an application-specific concentration
window for optimal separations. For example, for affinity separations one target cell type is
typically isolated from background cells. When the input cell concentration is too large, cell-
cell interactions interfere with cell-surface interactions. In fluorescence activated cell
sorting, multiple cells can be sorted if they arrive at the same time and space in the sorting
mechanism, potentially yielding erroneous sorting events.

At the same time, the ratio of target cells to the total cell concentration in the sample is of
great importance. Generally, separation of an abundant target cell in a mixture has less
stringent performance requirements than the selection of a “rare” target cell. The term “rare
cell” is used broadly in the literature, and rarity can typically represent target cell ratios from
1:10° to 1:104.11.12 This broad range of target cell ratios is due to the wide range of
applications for cell isolation. For example, the isolation of fetal blood cells from maternal
blood (1 fetal red blood cell per 10°-107 maternal red blood cells)13 presents a major
challenge to the field of cell separations. Given that nonspecific binding in most cell
separations is larger than the fetal red blood cell concentration, isolating pure samples of
fetal red blood cells requires multiple purification steps. However, even isolation of more
abundant cells, on the order of 0.001% abundance, is still challenging by most cell
separation methods.

Cell separations can have positive or negative cell enrichment. In positive cell enrichment,
the target cell is retained in the separation medium, while background cells are passed
through to a waste collector. Positive cell selection requires an affinity ligand or physical
parameter unique to the cell type in question. The main benefit of positive selection is that
the target cell is retained in the separation medium or passed through to a collection channel
with minimal or no dilution. In affinity-based methods, positive selection can increase the
target cell concentration. However, as the target cell ratio in the initial sample decreases, the
effect of nonspecific binding/sorting increases. Nonspecific binding or sorting is the
erroneous separation of background cells into the target cell population. For example, a
nonspecific binding or sorting of 0.1% of the total cell population puts a limit on the
minimum target cell ratio that can be separated. If the target cell ratio is 1% of the original
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sample, then the final sample isolated by positive selection would be comprised of 10 target
cells for every 1 background cell (91% purity). If the target cell ratio drops to 0.1%, then
there will be a 1:1 ratio of target and background cells in the initial sample (50% purity).
While a 1:1 target : background ratio is better than the original 1:1000 ratio in the sample,
subsequent analyses would require additional separation or identification of target cells from
the background cells in the separated population.

An additional drawback of positive selection is that cells are often retained and labeled from
the selection process. Labeling may not impede subsequent analysis in most cases, but
retention in the separation medium may require some form of elution to collect the cells for
additional use. If isolation and counting are the end point of the experiment, then this
limitation is minimal.

An alternative separation approach is to use negative selection to enrich a target cell. In
negative selection, a unique affinity label is not required for the target cell, as the separation
medium retains and depletes background cells. Target cells pass through the device and are
collected for analysis or use. An advantage to negative selection is that target cells exiting
the device are not labeled, and do not require elution steps. In affinity separations, negative
selection requires a ligand or mixture of ligands that can retain all of the background cells in
the mixture. As the types of background cells become more diverse, the affinity capture
mixture becomes more complex.

Nonspecific capture affects negative selection differently than positive selection. In negative
selection, nonspecific capture results in target cells becoming retained in the separation
medium. The target cell throughput decreases, while the ratio of target cells in the final
population may not change. In a hypothetical example where 100% of background cells are
depleted, but with 0.1% nonspecific capture, the target cell would be decreased over time,
even though the cell output would be pure. A larger issue in negative selection is the capture
efficiency of the separation medium. A system that collected 95% of background cells
would still be passing 5% of the background cell to the output, where they would be mixed
with the target cell. In many cases, an efficient capture is more important than nonspecific
binding for negative selection.

Separation purity and separation efficiency are two figures of merit that can used to assess
separation performance. At first glance, both high efficiency and purity would be desired.
However, achieving both high separation purity and efficiency is not always possible, and in
some separation methods there is a compromise between the two figures of merit. The
separation purity can be expressed as

Purity=nwrget [PuorarX100%, (1)

Where Ngrget is the number of target cells and Ny is the total cell number in the separated
population. The cell purity should be as large as possible, although the initial cell
concentration and ratio should be considered. For example, in recent results where CTCs
were separated with a purity of 47%, the new studies that can be conducted with this
enabling technology will have a lager impact on cancer research.1 However, in general it is
best to strive for the highest purity possible, as it reduces post-separation sample handling
and eliminates the need for additional labels or tests on the cells.

A different figure of merit, related to the purity, is the enrichment ratio. That is, the ratio of
input to output target cells. This is a somewhat more ambiguous figure, as the definition
varies in different studies. The ratio of input and output target cells with respect to sample
volume will yield a different figure than the same ratio normalized to the background cell
concentration. To further complicate matters, the background cell count for normalization
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may be before separation, after separation, or both. The enrichment ratio is still important,
but should always be reported along with the separation purity. In work by Smirnov and co-
workers, a 10,000-fold enrichment of CTCs was reported using immunomagnetic (MACS)
isolation. The large enrichment resulted in a purity of 1-10%, as the CTCs were
outnumbered by nonspecifically captured cells. However, for their studies of gene
expression profiling, this enrichment factor was sufficient, allowing them to identify cancer-
specific genes in CTCs.1°

The separation efficiency is a measure of the number of target cells captured when
compared to the number of target cells passing through the separation medium. In the case
of negative selection, the separation efficiency relates to negative cell retention, not total cell
retention. The separation efficiency is expressed as

EﬁCienCyzncaIJtut'ed /nintroduCedX]OO’ 2

where Neaptured i the number of cells retained in the separation medium and Nintroguced is the
total cell number introduced into the system. In systems where a set cell sample volume is
introduced, the efficiency measurement is straightforward. However, in flow-through
systems, where the sample is continually introduced, the separation efficiency can decrease
over time if the medium becomes saturated with captured cells. In the same case, the capture
purity could also decrease when saturation occurred.

High separation efficiency is less important in most applications than a high separation
purity. A system that was only 50% efficient in positive selection, but resulted in 100%
purity, would be of more use than a system with 80% efficiency and 80% purity. However,
it is best to increase both whenever possible, especially for rare cell separations. While
different research groups have emphasized varying levels of importance on the separation
purity, efficiency, and enrichment ratio, the separation purity is the best figure of merit to
use. The separation purity dictates if additional purification or sample handling steps are
needed, and also sets limits on the accuracy of any subsequent analyses.

3. Separations Based on Physical Properties

Cell separations using physical attributes of cells vary widely. The earliest physical
approaches used differences in cell size or density to achieve separation. Blood cell analysis
is an example of these types of separations. Many leukocyte analyses require removal of the
more abundant erythrocyte population prior to testing. Erythrocytes can be removed via
selective lysis, or via centrifugation in a Ficoll-Hypaque gradient. The latter approach can
also be used to remove granulocytes, producing a population of mononuclear cells.
Leukocytes and erythrocytes have relatively large differences in size and morphology;
separation of cell types that share similar physical attributes becomes difficult. Numerous
external forces can be used to separate cells based on their physical properties, including
acoustic, hydrodynamic, electric, and magnetic fields.” Since these techniques often do not
require labels, they are attractive methods when affinity ligands are not available. They are
also desirable approaches because they can be performed with high throughput under
continuous flow conditions, with minimal sample preparation before or after separation.

3.1 Acoustophoretic Sorting

Acoustic fields have been used for cell focusing in flow cytometry, finding use in the Attune
flow cytometer. Ultrasonic waves can also be used to generate an external field to separate
cells in a microfluidic device. The approach is gentle on cells and is label-free. A recent
example used acoustophoresis to sort live and dead MCF-7 breast tumor cells. This
separation was primarily size-based, as apoptotic cells were found to be smaller than normal
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cells.1® The separation purity reached 90% after optimization of piezoelectric voltage
amplitude and sample flow rates. Efforts to improve the separation resolution during
acoustophoresis have included pre-focusing approaches,1” where a prealignment stage
focuses cells before a second acoustic stage separates cells (Figure 1a). This prealignment
stage resulted in purities approaching 99.7% with cell recoveries approaching 97.9%.
Acoustophoretic systems are easily tunable with respect to the acoustic field, making them
more adaptable than some microfluidic approaches that require redesign of the chip when
changes are needed.

3.2 Dielectrophoresis

Dielectrophoretic cell separations take advantage of differences in electrical properties of
cells, as well as their size. Cell membrane capacitance and cell diameter affect the crossover
frequency and result in separation. Thus cells of similar size can be separated based on
differences in electrical properties. Dielectrophoresis can be operated with discrete sample
introduction or continuous flow approaches. A recent advance in dielectrophoresis
incorporates a metal oxide semiconductor field-effect transistor (MOSFET) as a Coulter-
type counter in a dielectrophoresis system.18 The microfluidic device achieved sized-based
separation and performed cell sizing at the same time, demonstrating that cell separations
can be integrated into chips with additional cell handling or analysis functionalities.

A recent advance in continuous-flow dielectrophoresis used a periodic array of
microelectrodes for cell separation.1® The resulting electric fields were three-dimensional
and nonuniform, and eliminated the need to remove cells adsorbed to the electrodes.
Separation of live cells from a live/dead mixture of NIH-3T3 cells reached a purity greater
than 87%. An electrokinetic approach was developed to isolate MDA-MB-231 breast
adenocarcinoma cells from leukocyte background cells.20 Target cells (breast
adenocarcinoma) and background cells (leukocytes) were focused to different positions in
the channel using both dielectrophoretic and hydrodynamic drag forces (Figure 1b).

3.3 Magnetophoresis

Unlike MACS, magnetophoretic cell separations employ differential migration of cells in a
magnetic field to isolate cells. While the cells are unlabeled, paramagnetic salts are added to
the medium to enhance migration. In the separation of U-937 cells from red blood cells, the
concentration of the paramagnetic salt gadolinium diethylenetriamine pentaacetic acid was
found to be a critical parameter for optimization of the separation. Separations with greater
than 90% purity were possible with a sample throughput of 10° cells/hour.2

3.4 Hydrodynamic Separations

Hydrodynamic forces play a major role in many types of cell separations, including affinity
methods (Section 4). Hydrodynamic separations rely on cell-fluid interactions for sorting
and isolation of cell types. Using an inertial focusing mechanism, adrenal cortical progenitor
cells were separated from digestions of murine adrenal glands. Under the influence of a
combination of wall-effects and shear-gradient lift forces, larger cells were directed to the
channel center while smaller cells were directed to the walls. Cell throughputs were as high
as 24,000 cells/minute.22 A hydrodynamic centrifuge-on-a-chip was developed for cell
mixture separation and sample preparation. MCF-7 cells in diluted human blood were
trapped in fluid vortices and blood cells were removed after a wash step. The resulting
enrichment ratio was 3.4x108, with a purity of 40% and capture efficiency of 20%.
Sequential labeling can be conducted by reagent delivery afterwards for automated sample
preparation.23 A recent development from Lieu ef a/. used fluid traps as hydrodynamic
tweezers for particle trapping.2* This approach is passive, in that the geometry affects fluid
flow and results in particle trapping. In the future, it would be possible to trap and possibly
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separate cells based on size or other parameters. Recent work with microfluidic systems for
deterministic cell rolling were able to separate HL60 cells from K562 cells, each with ~95%
cell purity.?> Deterministic cell rolling requires a surface ligand compatible with a cell
surface antigen; however, traditional affinity capture and immobilization does not take
place. The presence of a matching affinity ligand alters the rolling behavior of the target cell,
resulting in separation (Figure 1c). Cell elution is straightforward, as cells are not
immobilized, and are separated in a flow-through manner. In other hydrodynamic separation
work, tumor cells were isolated from blood using a double-spiral channel. The separation
purity was greater than 88% with collection efficiencies greater than 90%.26

3.5 Sedimentation, Microfiltration, and Other Physical Methods

Sedimentation methods were some of the first cell separation approaches and continue to be
used in microfluidic cell separations. However, sedimentation methods can suffer from poor
separation purity in some cases. One approach to increase the separation abilities of
sedimentation is to tag cells with labels that affect size and density.2 In this work, size-
density amplification microbeads were used to label MCF-7 cells. Centrifugation resulted in
isolated CTCs, followed by microfiltration to collect the cells (Figure 1d).

Sedimentation in flowing fields has been used for some time, particularly in field-flow
fractionation of cells. Sedimentation field-flow fractionation has been used to sort cancer
stem cells from colorectal cells,28 and deterministic lateral displacement has been used to
sort cells based on several physical parameters.2® Based on differences in particle sizes, a
constriction channel design with three differing heights was successful in separating
microbes3 and mouse pancreatic islets.3!

4. Affinity Labeling and Affinity Separations

Affinity ligands for cell surface markers can be used either to provide a force for separation,
such as in cell affinity chromatography, or a label in FACS or MACS. Affinity ligands often
offer more selectivity for a given cell type when compared with physical separations.
However, ligand availability and performance continues to be a limitation for cell affinity
separations. Since most affinity-based methods require binding of cells to antibodies or other
ligands, nonspecific binding is also an issue that must be minimized for successful
separations. Affinity separations are particularly well suited to cell types that are physically
similar to the background cells in the sample. In addition, a growing number of capture
molecule types drives innovations in cell separations and sorting.

4.1 Fluorescence Activated Cell Sorting

FACS instruments have been in use for decades, and have been miniaturized into
microfluidic systems in recent years. Antibodies conjugated to fluorescent dyes typically are
used to the sorting event; the affinity label provides the selectivity for the separation. The
final purity is affected not only by the ligand-cell labeling, but also by erroneous sorting.
Like conventional FACS, microfluidic FACS can achieve high separation purity and
efficiency. The sorting process typically deflects cells from an analysis stream to a
collection stream. In conventional, large-scale instruments, this sorting can be droplets in air
or fluidic stream manipulation. In microfluidic systems, deflection of cells into different
streams or channels is the most common approach. Both positive and negative cell selection
can be employed, and in some cases multiple cell types can be diverted to different
collection streams.

The throughput of microfluidic FACS systems is lower than commercial, large-scale
instruments, however additional functionalities can be incorporated into microfluidic
systems. In an effort to improve the switching time—a bottleneck to cell throughput—a
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pulsed laser triggered FACS system was developed to reduce the switching time to 30 ps.
This pulse laser triggered fluorescence activated cell sorter (PLACS) was able to increase
cell throughput using faster switching.32 Upon detecting a target cell, the laser is fired,
creating a cavitation in the channel and deflecting the cell (Figure 2). The cavitation is
generated in a neighboring channel joined by a bridge, thus minimizing pressure effects on
the cells. The separation purity of the PLACS system was greater than 90%. The throughput
of any microfluidic FACS system will also be affected by the flow rates needed to pass cells
through the measurement volume, and currently represents a challenge to obtaining higher
throughput.

4.2 Magnetic Activated Cell Sorting

MACS analysis requires affinity ligands attached to ferromagnetic beads of varying sizes.
Many MACS labels used in macro-scale separations can be adapted for microfluidic
applications, making adoption of these flow-through approaches more appealing. MACS, by
nature of the external magnetic field applied for separation, is a high-efficiency process.33
The purity in MACS is limited largely by the affinity ligands and nonspecific binding to the
particles. To date, the only FDA approved rare cell separation device is based on MACS
technology. However, like any labeling technique, the label may interfere with later analysis
steps.

Cells can either be retained by a magnet or deflected into different collection streams in
microfluidic systems. An approach using superparamagnetic beads in a deflection-based
separation resulted in 90% purity of sorted MCF-7 cells isolated from whole blood. The
separation efficiency was 85%.34 The same study reported a 96% efficiency for separating
endothelial progenitor cells and hematopoietic stem cells from blood using anti-CD133-
conjugated magnetic beads. Computational methods to optimize channel geometry have
been pe3rformed for MACS separations, allowing 3D fluid modeling to direct future device
design.3®

4.3 Cell Affinity Separations

Cell Affinity Separations or Chromatography involves selective retention of one cell type
while another is passed through the device. Alternately, spotted arrays can be used to isolate
cells, although subsequent collection of the separated cells is difficult. Affinity separations
can operate under positive or negative selection, and are directly amenable to most
microfluidic systems. While affinity ligands are used on the chip surface for cell capture, the
majority of the cell surface is unlabeled. It is possible to label cells after capture without
steric hindrance since capture molecules do not completely cover the cell surface. Like other
affinity techniques, ligand selection is critical. Affinity molecules for cell affinity
separations include proteins,3® antibodies,3” and aptamers.38 If affinity bonds are formed
between the cell and the capture surface, then the cell is held in place by the sum of all the
bonds formed. The shear stress in the channel acts to remove cells from the surface, and
only cells with binding strengths greater than the shear force are retained. While cells are
retained in the chip, they can be eluted by a variety of methods for collection and additional
analysis.38: 39

4.3.1 Geometry Effects—The geometry of the chip affects the cell flow and cell capture.
Many microfluidic approaches use a vertical inlet, where a tubing or capillary connection is
made orthogonal to the channel. Vertical inlets are convenient chip interfaces, and are easier
to fabricate than parallel inlets, where the outer tubing connection is parallel to the
channel. % The choice of inlet affects the cell capture as well as the overall chip assembly.
Vertical inlets were found to produce more binding at the inlet relative to downstream in the
same chip, as well as relative to parallel inlets. Increased dead volume resulted in lower
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linear flow rates, as determined by tracking single molecules in flow using Fluorescence
Correlation Spectroscopy.4? While the enhanced capture near vertical inlets can be
problematic, especially when cell capture is supposed to take place in another portion of the
chip, it is possible to take advantage of this inlet effect for cell capture. A chip containing a
three-dimensional channel with multiple inlets was developed for enhanced capture
efficiency in negative selection.#

Adding structures in the microchannel can enhance separation performance. In work by
Nagrath et al., micropillars coated with anti-EpCAM antibodies yielded CTC separations
with 47% purity from clinical samples.14 In subsequent work, a herringbone chaotic mixer
was used for CTC separations, identifying CTCs in 93% of patients.*2

4.3.2 Surface Coating Strategies—The chip surface coating forms the affinity surface
and is an important aspect of experiment design. Wang et a/. reported that using Protein G as
the first layer of coating oriented capture antibodies in the optimal position for capture of
HIV subtype virus.*3 Their approach resulted in 70% capture efficiency of HIV subtypes
from whole blood. The same approach can be adapted for other cell isolation methods.
Tumor cells were isolated by patterning an affinity surface containing both anti-EpCAM and
E-selectin.** Tumor cells were isolated from leukocytes using this approach (Figure 3a).

In addition to ligand orientation and patterning, the type of ligand is also important for
separations. A multi-region chip was developed with different separation zones in a single
separation channel.*®> Pneumatic control channels were used to define multiple antibody
zones that could be used to compare several ligands against one cell type. The chip could
also be used for separating multiple cell types. Two different capture antibodies were tested
against a cell line to determine the best capture molecule. In the same study, CD19- and
CD4-positive leukocytes were isolated from blood into two separate zones of the channel
with greater than 97% purity (Figure 3b). Other surface strategies include altering the
surface density of affinity ligands for selective capture of two phenotypically similar cell
types.#® In this manner, cells with strong affinity can be separated in one affinity region,
while cells with the same antigen, but expressed at lower levels can be captured in a second
region of the chip. Sheng et a/. used an aptamer to capture rare cells from whole blood using
a series of micropillars.*” The increase in surface area and the flow profile generated by the
micropillars resulted in increased capture efficiency of colorectal carcinoma cells.

4.3.3 Shear Effects—Shear effects, which are necessary for differential capture of cells in
affinity separations, can also be detrimental to cell survival in some cases. An in-channel
membrane approach was developed to reduce shear stress to cells and increase cell
interaction with the capture surface.*® The membrane was oriented so that cells rolled along
the affinity surface (Figure 3c). Other approaches for increasing surface area, such as the use
of affinity beads in a packed channel, can improve cell capture as well (Figure 3d).4°

4.3.4 Surface Chemistry for Efficient Cell Recovery—Surface chemistry continues
to play a role in the innovation of cell separations. Selective cell capture using anti-EpCAM
antibodies attached to an alginate hydrogel resulted in high release efficiency (99% cell
release). The process employed selective release of the captured cells using alginate lyase.>0
Other approaches using hydrogels have also achieved facile elution with high separation
purity.51 Photocleavable ligands have also been developed to facilitate cell elution.>2

4.3.5 Alternative Chip Materials—Surface treatments for non-glass affinity surfaces
have also been developed for cell affinity separations. Si nanopillars have been employed to
achieve 40-70% capture efficiency of CTCs using anti-EpCAM.53 Poly (methyl
methacrylate) (PMMA) chips have also been developed for separation and enumeration of
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CTCs. In this work, colorectal cancer cells spiked into blood were isolated, enriched, and
enumerated prior to DNA profiling.54

Conclusion

With applications ranging from preparatory to clinical, there is a need to develop systems
with high separation purity and efficiency. Microfluidic systems continue to serve as a
platform for many cell separation approaches, and often drive new innovations due to the
advantages of integration, ease of fabrication, and flow control. No single cell separation
approach will meet all current and future needs, so continued development across multiple
fronts is required. Indeed, innovations in one area may lead to major advances in another, as
flow geometries, surface chemistries, and separation strategies are continuously improved.
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Fig. 1.

Examples of the many approaches to separating cells based on physical or chemical
differences. (a) Acoustic fields can be generated in microfluidic chips to sort cells. In this
example (ref 17, published with permission from the American Chemical Society), a two-
stage acoustophoresis chip separated prostate cancer cells from blood. (b) Electric and
hydrodynamic forces can be combined to isolate cancer cells (ref 20, published with
permission from the Royal Society of Chemistry). (c)Affinity and hydrodynamic forces can
be combined to generate deterministic cell rolling (ref 25, published with permission from
the Royal Society of Chemistry). (d) Sedimentation can be used to isolate cell types, and in
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some cases labels can be used to enhance the sedimentation process (ref 27, published with
permission from the American Chemical Society)
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Fig. 2.

A pulsed laser triggered fluorescence activated cell sorter. The laser generates a cavitation
event in a neighboring channel, deflecting the target cell into a side channel for collection.
The switching speed is an improvement in cell throughput for microfluidic cell sorting (ref
32, published with permission from the Royal Society of Chemistry).
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Fig. 3.

Surface effects in cell separations. (a) Localized patterning of anti-EpCAM and E-selectin
improved tumor cell isolation by reducing leukocyte capture (ref 44, published with
permission from the American Chemical Society). (b) Multi parameter cell affinity
chromatography was developed to capture multiple cell types in the same channel, or for
evaluating different capture molecules against a single cell type (ref 45, published with
permission from the American Chemical Society). (c) A porous polycarbonate membrane
built into an affinity channel directs cell flow for improved cell capture (ref 48, published
with permission from Biophysical Society). (d) While most microfluidic cell separations are
open-walled, packed beds can also be used to isolate cells (ref 49, published with permission
from the Royal Society of Chemistry).

Analyst. Author manuscript; available in PMC 2014 September 07.



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

wduosnue Joyiny vd-HIN

Gao et al.

Table 1

Comparison and Summary of Cell Separation Methods
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Method Figure(s) of Merit Cell Types I solated L abel Ref
Acoustophoresis 90% purity Viable/nonviable MCF-breast cancer cells No labeling | 16
Acoustophoresis 99.7% purity Prostate cancer cells No labeling | 17
Dielectrophoresis 87% specificity 4T1 tumor cells/murine bone marrow cells No labeling | 18
Dielectrophoresis 87% purity Live/dead NIH-3T3 cells No labeling | 19
Electrokinetic 98% efficiency MDA-MB-231 breast adenocarcinoma cells/ No labeling | 20
leukocytes
Magnetophoresis >90% purity U-937 cells/red blood cells No labeling | 21
Hydrodynamic Separations | N/A Adrenal cortical progenitor cells/digestions of No labeling | 22
murine adrenal glands
Hydrodynamic Separations | 40% MCEF-7 cells in diluted human blood No labeling | 23
Hydrodynamic Separations | 95% purity HL60 cells/K562 cells No labeling | 25
Hydrodynamic Separations | >88% purity and >90%efficiency | MCF-7 and Hela No labeling | 26
Sedimentation N/A MCEF-7 cells and DMS-79 small cell lung cancer No labeling | 27
cells/blood
Microfiltration N/A Cancer stem cells Labeled 28
Size 97% efficiency Microbes No labeling
Size N/A Mouse pancreatic islets No labeling | 31
FACS >90% purity Nam-6, Ramos Labeled 32
MACS 90% purity MCF-7 cells/ whole blood Labeled 34
MACS 96% efficiency Col0205 cells/red blood cells Labeled 35
Affinity Separations 96% purity Ramos/Hut 78 Labeled 41
Affinity Separations 47% purity CTCs Labeled 14
Affinity Separations 91% efficiency PC3, CTCs Labeled 42
Affinity Separations 70% efficiency HIV subtype Labeled 43
Affinity Separations N/A MCEF-7 cells, HL60 Labeled 44
Affinity Separations >97% purity CD19 and CD4 positive leukocytes Labeled 45
Affinity Separations 97% efficiency HUVECs/HMVECs/ Labeled 46
Affinity Separations 95% efficiency and 81% purity CCRF-CEM cells/Ramos Labeled a7
Affinity Separations N/A PC3 Labeled 48
Affinity Separations 30-90% efficiency MCF-7 cells/ whole blood Labeled 49
Affinity Separations >99% release efficiency PC3/ whole blood Labeled 50
Affinity Separations 92+/-11% EPCs/ HSCs Labeled 51
Affinity Separations 40-70% efficiency MCF7, PC3, T24/blood Labeled 53
Affinity Separations N/A SP2/0 Labeled 52
Affinity Separations 96%-+/- 4% efficiency SW620 and HT29/whole blood Labeled 54
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