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Abstract
Sample preparation is often the most tedious and demanding step in an assay, but it also plays an
essential role in determining the quality of results. As biological questions and analytical methods
become increasingly sophisticated, there is a rapidly growing need for systems that can reliably and
reproducibly separate cells and particles with high purity, throughput and recovery. Microfluidics
technology represents a compelling approach in this regard, allowing precise control of separation
forces for high performance separation in inexpensive, or even disposable, devices. In addition,
microfluidics technology enables the fabrication of arrayed and integrated systems that operate either
in parallel or in tandem, in a capacity that would be difficult to achieve in macro-scale systems. In
this report, we use recent examples from our work to illustrate the potential of microfluidic cell- and
particle-sorting devices. We demonstrate the potential of chip-based high-gradient magnetophoresis
that enable high-purity separation through reversible trapping of target particles paired with high-
stringency washing with minimal loss. We also describe our work in the development of devices that
perform simultaneous multi-target sorting, either through precise control of magnetic and fluidic
forces or through the integration of multiple actuation forces into a single monolithic device. We
believe that such devices may serve as a powerful “front-end” module of highly integrated analytical
platforms capable of providing actionable diagnostic information directly from crude, unprocessed
samples - the success of such systems may hold the key to advancing point-of-care diagnostics and
personalized medicine.
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Introduction
Over the past decade, microfluidics technology has come to play an important role in many
areas of life sciences and biotechnology1 ranging from surface plasmon resonance
spectroscopy (SPR)2 to high-throughput DNA sequencing3. Because of the well-established
advantages offered by microfluidics as a basis for analytical and diagnostic platforms—
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including minimal use of reagents, low cost fabrication, functional integration and disposability
—there has been an explosive growth in its use for such applications4. However, microfluidics
technology is also proving to be an important asset for particle and cell sorting as a means for
sample preparation, a step that is often the most tedious, time-consuming, and perhaps least
reproducible component of the assay process, yet one which has a critical impact on results.

In general, cell sorting performance can be benchmarked by three key metrics: purity (the
fraction of target cells among collected cells), recovery (the fraction of input target cells
successfully collected after sorting) and throughput (number of cells sorted per unit time).
Currently, the most widely used methods of cell sorting are magnetically-activated cell sorting
(MACS) and fluorescence-activated cell sorting (FACS). MACS is a selection technique
wherein a magnetically-tagged affinity reagent (e.g., antibody) is used to label target cells via
a specific surface receptor5–7, enabling labeled cells to be purified from a heterogeneous cell
mixture through the application of an external magnetic field gradient. Magnetic selection is
thus well-suited for capturing large numbers of target cells in batch mode8, but does not provide
analytical information about the purity and recovery of target cells, and this selection method
only allows binary selection based on a single parameter (i.e., magnetization). FACS, on the
other hand, is a screening method in which optical signals (e.g., forward/side scatter and
fluorescence) detected from a rapidly-moving stream of fluorescently-labeled cells are
measured individually in a cell-by-cell manner, allowing multi-parameter separation9.
However, due to the serial nature of its operation, FACS offers comparatively low
throughput10.

As biological questions become more complex and cell-based biotechnology applications
continue to expand, there is an urgent demand for novel technologies that provide low-cost
cell sorting with high purity, recovery and throughput. For example, some applications of
particular interest include purification of scarce populations of stem cells11 and detection of
circulating tumor cells12. Unfortunately, traditional methods of cell sorting remain limited by
the inherent coupling between the competing performance parameters of throughput, purity
and cell recovery. Conceptually, microfluidics provides an alternate strategy for decoupling
these parameters through the use of arrayed and integrated devices that can operate both in
parallel and in tandem. In addition, microfluidics technology offers unprecedented control over
the fluidic and actuation forces that govern the separation process. Finally, chip-based
platforms can potentially be made at low cost in a disposable format, reducing the cost per test
over complex technologies such as FACS and eliminating the risk of cross-contamination
between samples. In this report, we will highlight a few examples from our own work that
demonstrate how these characteristics can be exploited to achieve novel functionalities and
superior cell-sorting performance.

Forces in Microfluidic channels
Microfluidic devices generally operate within a fluidic regime in which viscous effects are
dominant over inertial effects, as characterized by low Reynolds numbers

(1)

TnQTable1where ρ is the fluid density, v is the mean fluid speed, L is a characteristic length
and η is the fluid dynamic viscosity. Thus, fluidic effects on particles are predictable and
controllable, and the hydrodynamic drag F⃗d on a particle may be typically described by Stokes’
law
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(2)

TnQTable2where a is a characteristic length of the particle, vf the velocity of the fluid, and
vp the velocity of the particle. For spherical particles, a is equal to the radius of the particle;
for non-spherical particles, a depends upon the particle orientation and must be determined
empirically13. The capability to control hydrodynamic forces in microfluidic systems has
enabled the development of a number of innovative label-free methods for sorting cells based
on inherent physical characteristics such as size, density and compressibility, including
deterministic lateral displacement14, pinched flow fractionation15 and hydrophoretic
filtration16.

Microfabrication technology has also provided the means for effectively generating a wide
variety of force fields within a microchannel, which can be paired with the above-mentioned
fluidic forces to perform sophisticated sorting operations that would be difficult to achieve in
conventional macro-scale systems. Examples include the use of electric fields17–19, magnetic
fields20–23, optical fields24–26 and acoustic fields27–30.

Magnetic separation is particularly attractive for biological separations because
magnetophoretic forces have minimal effects on cell viability31–34 and remain constant over
a wide range of environmental conditions (e.g., pH, salinity and temperature)22. Typically,
target cells are magnetically labeled with affinity reagents (e.g., monoclonal antibodies)
conjugated to superparamagnetic micro- or nanoparticles. If superparamagnetic particles are
used below saturation, the magnetic force F⃗m may be expressed as

(3)

TnQTable3where Vp is the particle volume, Δχ is the magnetic susceptibility difference
between the particle and the suspension medium, μ0 is the permeability of free space and B⃗ is
the magnetic field. For saturated superparamagnetic particles with magnetization msat oriented
along B⃗, the magnetic force reduces to a simpler form

(4)

TnQTable4Thus, in both cases, accurate generation of magnetophoretic forces requires
reproducible generation of magnetic field gradients.

In conventional, large-scale magnetic systems, precision control of magnetic field gradients
often requires accurate machining of pole pieces and mechanical alignment8. In contrast,
microfabrication technology enables simpler approaches for generating large magnetic field
gradients reproducibly, automatically and inexpensively. For example, recent work by Adams
et al.35 demonstrated accurate control over magnetic field gradients within a microfluidic
channel over two length scales. Long-range gradients were controlled with a series of external
rare-earth (neodymium iron boron) permanent magnets in an alternating configuration (Fig
1A). These magnets generate ~ 0.5 T at their surface and, a gradient of ~200 T/m in the negative
y-direction can be generated over the entire cross-sectional area of the microfluidic channel in
this configuration. On the other hand, short-range gradients were generated by microfabricated
ferromagnetic structures (nickel) within the microchannel, as initially described by Inglis and
coworkers20 (Fig 1B). Here, due to the large difference in relative magnetic permeability

Adams and Tom Soh Page 3

JALA Charlottesv Va. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



between the nickel structures and the biological sample (μr,nickel = 200, μr,sample ~ 1), the
external field reproducibly and accurately induces extremely large short-range gradients (~
104 T/m) within ~ 8 μm of the pattern.

Magnetic trapping enables stringent washing and high purity separation
The capability to reproducibly generate large magnetophoretic forces can be combined with
stringent, continuous washing within the microchannel to achieve very high purities. To
illustrate this point, Liu et al.36 described the Micro-Magnetic Separation (MMS) device for
highly efficient screening of phage libraries (Fig. 2A). In this application, a large, diverse
library of phage particles displaying unique peptide sequences is screened to specifically isolate
clones that bind tightly to a target protein. For assays such as this, high purity separation is
essential37, 38.

In the MMS device, target protein-conjugated magnetic beads are trapped by a series of
microfabricated ferromagnetic structures embedded within the channel. As described above,
the difference in magnetic permeabilities between the sample and the ferromagnetic structures
creates high spatial variation in the magnetic field, resulting in a magnetophoretic force of tens
of nanonewtons at the edges of the ferromagnetic structures where the gradient is the largest
(Fig. 2B, left). Importantly, this trapping is reversible; upon removal of the external field, the
ferromagnetic structures demagnetize and the trapped particles are efficiently eluted (Fig 2B,
right). Under experimental conditions, the authors found that 99.5% of the beads that entered
the device were successfully trapped, allowing for the use of a small number of beads without
significant loss.

The MMS device enables precise control over washing stringency during the phage selection
process, as illustrated in figure 2C. The effects of washing time on the pool of selected peptide
sequences were analyzed after two rounds of selection, with the washing flow rate within the
chip fixed at 10 ml/hr. At this flow rate, the maximum Stokes drag force experienced by the
beads was ~10 pN, which was significantly lower than the magnetic trapping force (~ 10 nN)
and ensured that targets were not eluted inadvertently. The authors observed a non-linear,
inversely proportional relationship between the percentage of bound phage and the washing
time, as weakly- or non-binding phages were progressively removed by longer wash times (Fig
3A, B). Phage removal over time was modeled as a first order process, which can be described
by simple exponential decay

(5)

TnQTable5where S is the density function at time t for the phage subpopulation remaining
bound to the target, S0 is the amplitude constant and kd is the dissociation rate constant.

In this platform, independent and precise control over magnetic trapping forces and washing
stringency during phage selection had a direct impact on the effectiveness of the peptide
screening process—as washing duration increased, the probability of obtaining consensus
peptide sequences increased monotonically (Fig 3B). After 120 min of washing in the second
round, 8 of 9 randomly sequenced clones exhibited the consensus binding sequence histidine-
proline-glutamine (HPQ), compared with only 2 of 10 clones after 30 min of washing. This is
one example of how microfluidics technology can enable extremely high purity separation in
a small sample volume.
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Accurate control of forces permits multi-target separation
In conventional magnetic selection approaches (e.g., tubes and columns), only binary selection
is possible because the mechanism of separation is based a single parameter—the presence or
absence of magnetization—and isolation of multiple targets requires multiple stages of
purification. However, this is not a fundamental limitation of magnetic separation, and more
sophisticated multi-target separation is possible through precise control of magnetic forces.
The ability to simultaneously separate multiple target cells via magnetophoresis could reduce
both labor time and associated cost per assay compared with conventional magnetic separation,
and enable the development of novel purification strategies such as separation of target cells
based on the degree of surface marker expression39, 40 or magnetic particle uptake41.

Multi-target magnetic separation has been previously described at the macro-scale8; however,
the generation of large magnetic field gradients in this context is cumbersome, requiring precise
positioning of magnets. The generation of such field gradients is greatly simplified in
microfluidic systems, however, and we have recently exploited the benefits of working at this
scale in the development of their Multi-Target Magnetic Activated Cell Sorter (MT-MACS)
chip (Fig 4)35. The MT-MACS device incorporates multi-stream laminar flow architecture and
micro-scale magnetic field control for continuous sorting of multiple target cells into
independent outlets with high purity and throughput. Here, labeling is performed with two
types of affinity reagent-coupled superparamagnetic tags, each with distinct properties of
magnetization (M) and radius (r), which specifically bind surface markers expressed by
different target cells (Fig 4A). The labeled sample mixture and running buffer enter the device
through separate inlets; within the device, the balance of the fluidic (Fd) and magnetophoretic
(Fm) forces has a non-linear dependence on the radius, and MT-MACS uses this as a basis to
deflect the two types of target cells into two spatially segregated, independent outlets. Briefly,
as the cells travel through the device, they encounter two consecutive sets of microfabricated
ferromagnetic strips (MFS), each arranged at different angles (Fig 4B). Labeled cells are
deflected along the MFS if the magnetic force retaining the particle near the MFS edge is greater
than the component of the fluidic drag force pulling the labeled cell away from the MFS (i.e.,
Fm > Fd sin(θ)). At MFS 1 (θ1 =15°), cells labeled with tag 1 (larger in M and r) are deflected
because Fm > Fd sin(θ1), whereas cells labeled with tag 2 (smaller in M and r) do not meet this
condition and are not deflected. These are instead deflected at MFS 2 (θ2 =5°), where Fm >
Fdsin(θ2). Unlabeled, non-target cells are not deflected by either MFS array, and elute through
the waste outlet.

The MT-MACS device achieves remarkable enrichment of multiple target cells; working with
a mixture of tagged bacterial cells, even low concentrations of labeled target cells (< 0.4%)
can be simultaneously enriched into highly purified fractions for each target cell type (> 90%)
in a single pass through the device at a throughput of ~109 cells/h (Fig 5). This capability to
simultaneously separate multiple targets with high purity and throughput could reduce
dependence on costly and complex separation procedures such as FACS. However, the MT-
MACS chip is still not capable of true multi-parameter separation (i.e., separation based on the
presence of two surface markers), and we will review our recent progress towards addressing
this technological challenge in the next section.

Integration of multiple separation forces
As a first step towards the goal of integrated multi-parameter selection, Kim et al.42 combined
multiple separation mechanisms within a monolithic microfluidic device. The integrated
Dielectrophoretic-Magnetic Activated Cell Sorter (iDMACS) is a two-input, multiple-output
device wherein two types of target cells, labeled with either dielectrophoretic tags (polystyrene
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microparticles) or magnetic tags (iron oxide-based nanoparticles), are sorted in the presence
of an excess background of non-target cells using two independent force fields (Fig 6A).

iDMACS separation is performed in two stages. First, cells are subjected to dielectrophoretic
forces (FDEP) created by a non-uniform electric field generated by a set of titanium/gold
electrodes (Fig. 6B). In this electrode configuration, the FDEP can be described by

(6)

TnQTable6where εm is the permittivity of the medium, r is the distance from the electrode, a
is the particle radius and U is the applied RMS voltage 18. fcm(ω) is the Clausius-Mosotti factor
that describes the competitive polarization between the particle and the suspension medium,
given by

(7)

where εp is the permittivity of the particle and ω is the applied frequency. iDMACS operates
in a low-conductivity buffer (0.1 × PBS, 1 % BSA, 20 % glycerol), which sets fcm(ω) negative;
therefore, the overall force is negative and objects are repelled from the electrodes. Here, if the
sorting criterion FDEP > Fd sinθ is satisfied43–45, the particle is deflected along the electrodes,
re-directed into a new flowstream, and eluted through outlet A. Only DEP tag-labeled cells are
deflected by the angled electrodes, because they experience FDEP (~ 2 nN) that exceeds FHD
(~0.4 nN) in the direction perpendicular to the electrodes. On the other hand, magnetically-
labeled or unlabeled cells do not meet the DEP sorting criterion, and continue undeflected
along the microchannel.

The second stage of interrogation occurs at an array of microfabricated nickel strips (Fig. 6B)
that generate high magnetic field gradients as described above. Under standard operating
conditions, the magnetic force on labeled cells is estimated to be ~0.3 nN, significantly greater
than the fluidic drag force (~0.07 nN), such that magnetically labeled cells are effectively
trapped at the nickel strips. As the magnetic separation component is robust to a wide range of
environmental conditions, the same low-conductivity buffer is used throughout the device.
Following washing, the external magnets are removed and target cells are eluted. A single pass
through the iDMACS device yielded up to ~3,000-fold enrichment of tags and ~900-fold
enrichment of bacterial cells at a throughput of ~2.5 × 107 cells/h (Fig 7). Notably, because of
the use of two distinct separation forces, there is no crossover contamination between the two
target types (i.e., no target A cells in outlet B, and no target B cells in outlet A) in the two
enriched populations. Though not shown here, it is certainly possible to combine other
separation forces that do not interact with each other (e.g. acoustic, optical, etc.) and such
approaches may yield a viable path towards multi-parameter selection.

Conclusion
In this report, we have highlighted a number of platforms for particle and cell separation that
exploit the distinctive features and advantages of microfluidics technology. Using high-
gradient magnetophoresis as an example, we have shown that the accurate and reproducible
methods of reversibly trapping particles and controlling washing conditions that can be
achieved within microchannels enable high purity separation. We have also shown that the
capability to accurately control both fluidic and magnetic forces enables novel sorting functions
such as simultaneous multi-target selection. Finally, we have noted the benefits of integrating
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multiple actuation forces into a monolithic device to enable new separation functionalities that
would be difficult to implement in conventional macroscale systems. Besides the iDMACS
device described here, there are several other examples of platforms that successfully combine
forces for multi-target separation. For example, Wiklund et al. effectively combined
dielectrophoresis and acoustophoresis46, while Liu et al. demonstrated dielectrophoresis with
travelling magnetic fields47. In principle, such devices may be operated in parallel to increase
throughput48, 49, or in series to improve purity50.

We believe that an important future challenge may lie in the integration of such “front-end”
sample preparation techniques with “back-end” analytical methods, and we are beginning to
see such integrated systems. For example, Liu et al. have demonstrated a self-contained chip
that integrates magnetic capture, PCR amplification and DNA microarray detection of
bacteria51, and more recently, Nagrath et al. combined antibody capture of rare circulating
tumor cells in a micropillar array with subsequent on-chip fluorescent detection52. We
anticipate that the advent of such highly integrated “sample in-result out” systems53 that can
process crude biological samples and yield quantitative, molecular diagnostic information in
a disposable format will have a significant impact on many areas of analytical biotechnology,
and may hold the key for personalized medicine and point-of-care diagnostics.
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Figure 1.
Numerical simulation of long-range and short-range magnetic field gradients in a microfluidic
device designed for magnetophoretic separation. a) Long-range gradients are produced by a
series of external permanent magnets, with the magnitude of the -y direction gradient exceeding
200 T/m over the cross-section of a microfluidic channel located 0.5 mm above the surface of
the magnets. b) An abrupt change in relative permittivity (μr) between microfabricated nickel
features (μr ~200) and the biological sample (μr ~1) creates an extremely large short-range
magnetic field gradient. The magnitude of this gradient is > 104 T/m within 8 μm of the
microfabricated features. Image adapted from Adams et al.35 with permission. ©PNAS 2008.
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Figure 2.
Overview of the Micro-Magnetic Separation (MMS) device and its application for high-purity
phage library screening. a) Micrograph of the MMS device showing the channel design, nickel
pattern and flow path. The device dimensions are 64 mm ×15.7 mm × 1.5 mm (L × W × H),
and the height and width of the microfluidic channel are 30 μm and 12 mm, respectively. b)
Bright field optical micrographs of the nickel pattern in the microchannel. When an external
field is applied (left), the large magnetic field gradients at the edges of the nickel pattern
effectively trap the beads, but when the external field is removed (right), the nickel pattern is
de-magnetized and the beads are efficiently eluted. c) Selection of the phage display library
using the MMS device. Step A: The phage library is mixed and incubated with target molecule-
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conjugated magnetic beads. Step B: NeFeB permanent magnets are applied to the MMS device
to specifically trap phage particles bound to the magnetic beads, which are subsequently held
in place and washed under controlled conditions to eliminate nonspecific interactions. The
nickel patterns are then de-magnetized, and the phage-carrying beads are eluted. Step C: The
phage are dissociated from the protein-conjugated beads by competitive elution with biotin.
Step D: Isolated phage are amplified via infection of E. coli cells, and subsequently purified
with PEG/NaCl solution for additional rounds of selection or analysis. Step E: Clones from
each round of selection are randomly picked and their DNA is sequenced. Figure reprinted
from Liu et al.36 with permission of the authors.
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Figure 3.
The importance of controlling the washing conditions during phage selection. a) In the first
round of selection, the percentage of recovered phage as a function of washing time decays
non-linearly, as non-specifically bound and weak binding phage are removed. When modeled
as a first order exponential (dashed line), the dissociation rate constant was kd1 = 1.0
±0.1∙10−3 s−1. (Inset) The canonical target-binding peptide motif (HPQ) was not found in
clones isolated after the first round. b) In the second round, the percentage of bound phage also
showed an exponential decay as stringency (washing time) increased, with a remarkably similar
dissociation rate constant of kd2 = 1.07±0.04∙10−3 s−1. (Inset) The percentage of clones with
the HPQ motif increased monotonically as a function of washing time; after 120 minutes of
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washing, 8 out of 9 clones contained this motif. Figure reprinted from Liu et al.36 with
permission of the authors.
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Figure 4.
MT-MACS separation architecture. a) The separation process. Step A: The sample contains
an excess of non-target cells and two different target cell types, which are labeled with two
different magnetic tags via specific surface markers. Step B: The sample is continuously
pumped into the device, where the two target cell types are sorted into spatially segregated,
independent outlets at regions of high magnetic field gradient generated by two sets of
microfabricated ferromagnetic strips (MFS1 and MFS2). Step C: The eluted fractions from
each outlet are analyzed via flow cytometry. b) A free-body diagram showing the balance of
forces at the MFS structures. At MFS 1 (θ1 =15°), tag 1-labeled cells are deflected and elute
through outlet 1 because Fm1>Fd1sin(θ1) . This is not the case for tag 2-labeled target 2 cells,
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which are instead deflected at MFS 2 (θ2 =5°), where Fm2 >Fd2 sin(θ2) and elute through outlet
2. Non-target cells are not deflected by either MFS and elute through the waste outlet. c) Optical
micrographs (100X magnification) of tags being separated at the two MFS structures at a total
flow rate of 47 ml/hr (sample = 5 ml/hr, buffer = 42 ml/hr). Tag 1 is deflected at MFS 1 (left),
while tag 2 is deflected by MFS2 (right). Figure taken from Adams et al.35 with permission of
the authors. © PNAS 2008
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Figure 5.
Cytometric analysis of simultaneous,high-purity enrichment of multiple bacterial target cell
types in the MT-MACS device. a) The initial sample mixture consists of 99.442% non-target
cells (expressing BFP) doped with 0.175% target 1 cells and 0.383% target 2 cells. b) The cell
mixture recovered at the target 1 outlet consisted of 91.575% target 1 cells, 8.393% target 2
cells, and 0.032% non-target cells. c) The output at the target 2 outlet was comprised of
93.865% target 2 cells, 6.123% target 1 cells, and 0.012% non-target cells. d) Waste outlet
output consisted of 99.621% non-target cells, 0.102% target 1 cells and 0.277% target 2 cells.
Figure taken from Adams et al.35 with permission of the authors. © PNAS 2008
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Figure 6.
Multi-target bacterial cell sorting via iDMACS. a) Photograph of the fabricated idMACS
device. Overall device size is 7 cm × 1.5 cm, including both DEP and magnetic separation
modules. b) The physics of multi-target separation via iDMACS. Target A cells, labeled with
DEP tags, are deflected at a set of angled electrodes to elute through outlet A. Subsequently,
an array of ferromagnetic strips captures magnetically-tagged target B cells, which are then
eluted through outlet B after washing. Unlabeled non-target cells are neither deflected by the
electrodes nor captured by the strips. Figure reprinted from Kim et al.42 with permission of the
authors.
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Figure 7.
Multi-target bacterial cell sorting performance using the iDMACS device. a) Two-color flow
cytometry measurement of the initial sample, which consisted of an excess of non-target cells
(99.57%) with low concentrations of labeled target A (0.32%) and target B (0.11% ) cells. b)
After a single round of separation, the outlet A fraction contained almost exclusively target A
cells (98.6%, a 310-fold enrichment), and no target B cells (0%). c) Conversely, the outlet B
fraction contained primarily target B cells (95.6%, a 870-fold enrichment) and no target A cells
(0%). d) The fraction collected at the waste outlet consisted of small quantities of target A
(0.17%) and target B (0.09%) cells and mostly non-target cells (99.74%). Figure reprinted from
Kim et al.42 with permission of the authors.
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