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1.1
Introduction

The ability to manipulate biological cells is extremely useful for various biomedical
and industrial applications. The grand challenge is determining how to manipulate
cells (i) precisely (i.e., in a controlled manner), (ii) noninvasively (i.e., mimicking
biological environment), and (iii) rapidly (i.e., high processing rate). In order
to realize ideal cell manipulation, a microfluidics-based technique has been
employed and explored extensively as a prime approach [1, 2]. This is largely
because microfluidics-based cell manipulations provide unique opportunities for
sophisticated and advanced biological assays. For example, an intrinsic laminar
flow phenomenon allows for localized subcellular spatial and temporal flow con-
trol [3, 4]. In addition, the possibility of handling large numbers of cells via massive
parallelization enables high-throughput single-cell processes [5—7], and the
potential integration with other modalities permits fully integrated and automated
systems [8, 9].

In this chapter, we will mainly discuss recent advancements in microfluidic cell
manipulation techniques, which operate in a “high-speed” manner. General cell
manipulation techniques using microchannels have been thoroughly reviewed
and can be found elsewhere [10—15]. A high-speed process is extremely crucial
for cell manipulation because the process speed directly correlates with biological
sample volumes (i.e., throughput) that the technique is capable of analyzing. In
fact, the demand is increasing for cell manipulation techniques that can process
large volumes of biofluids (on the order from milliliters to liters), such as blood,
pleural fluid, and urine [16-18]. High-speed cell manipulation is especially
required to minimize residence times of cellular samples in microfluidic devices
when off-chip analyses are necessary. Furthermore, there still remain many
challenges to resolve cytotoxicity associated with extended cell residence times
in microfluidic platforms [19].
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We will interchangeably use cell processing rate (e.g., cells min~!) and volu-
metric flow rate (e.g., pl min~!) when we describe “high-speed” microfluidic cell
manipulation techniques. The threshold values for “high speed” will vary with
cellular manipulation purposes. This is a proper way to conduct meaningful com-
parisons among various techniques because analysis methods are contingent upon
their biological research questions. For example, throughputs of individual cell
interrogation and separation are incommensurable not only due to the types of
biological samples, but also the desired measurements to be taken. It should be
noted that the process time can be interpreted as time required for (i) sample
preparations, (ii) processing a given volume, (iii) data analysis, and/or (iv) combi-
nations of all mentioned. We mainly limit our discussion to the time that cells are
residing in microfluidic devices, but we will discuss other time considerations as
well. Finally, we exclude static cell manipulations from discussions, despite their
massively parallel cell manipulation capabilities [5, 20], because of their predeter-
mined and inflexible throughput.

As shown in Figure 1.1, cell manipulation in microfluidic devices can be
categorized into direct (Section 1.2) and indirect (Section 1.3) methods. Individ-
ual cellular physical morphology can be modulated “directly” by applying forces,
or cells’ flowing path can be “indirectly” altered by external stimuli while the cell
morphology remains intact within microfluidic platforms. First, we will introduce
each cell manipulation technique, classify further based on its working principle,
and discuss the advantages and disadvantages of the technology. We tabulated
all techniques and summarized the cell processing rate based on the individual
technique to easily compare all different approaches. In the last section, we
briefly summarized the main ideas of this chapter and provided our outlook

on microfluidics-based cell manipulation and insights on where the technology
should head.

Figure 1.1 Two major examples of cell manipulation approaches in microfluidic channels,
namely (a) direct cell [5] and (b) indirect cell manipulation [21].
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1.2
Direct Cell Manipulation

Direct cellular manipulation involves processes that induce cell morphological
changes under applied forces. The morphology of tested cells can be changed elec-
trically, magnetically, optically, or mechanically [10—15]. We start by introducing
each cell manipulation mechanism and discussing its advantages and limitations
with respect to cell processing rate. Also, all direct cell manipulation techniques
are tabulated in Table 1.1, comparing their characteristics.

1.2.1
Electrical Cell Manipulation

Electrical approaches, including patch clamp [22], impedance spectroscopy
[23, 24], electroporation [25], and cell lysis [26], have been used to characterize
and/or manipulate cells directly. Even though it is not possible to process a
large number of cells rapidly due to challenging cell positioning tasks before
cell manipulation, electrical cell manipulation techniques have elucidated many
biologically meaningful cellular properties (e.g., size, membrane capacitance, and
conductivity) and offered precise and relatively noninvasive cell manipulations
[15].

One high-speed method from electrical techniques that should be highlighted
is the impedance-based cell manipulation. The method monitors impedance
changes in real time, allowing high-speed cellular property measurements.
Typically, a current is generated by a conductive cell solution via metal electrodes
with a small gap that are patterned on the substrate. The impedance changes are
made when the cells pass over the electrodes (i.e., when the cells perturb the cur-
rent path). For AC (alternating current) manipulation, most techniques are based
on either low or intermediate frequencies. At low frequencies, the impedance
amplitude indicates the cell size information since the cell membrane acts as a
dielectric barrier, and at intermediate frequencies, membrane polarization is sup-
pressed so that membrane properties can be obtained. Therefore, cell size, mem-
brane, or cytoplasmic property information can be extracted based on impedance
signatures [27, 28].

Because of its information richness, the technique was popularly used as
an impedance-based cytometer. Reported sample processing rates based on
impedance measurements can reach as high as 50000 cells s~! depending upon
the operational electrical parameters and tested cellular characteristics [29].
Through this technology, distinct cellular properties from various cell types,
including fibroblasts [30], leukocytes [31], adipocytes [30], cancer cell lines
[32], and red blood cells (RBCs) [33, 34], were investigated. It should be noted
that high-frequency-based impedance cytometers were also recently developed.
At high frequencies, intracellular structures and cytosolic properties can be
collected because of the negligibly polarized membranes [28]. Haandbeek et al.
[35] reported an impedance cytometer discriminating wild-type yeast cells from
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mutants at a high-frequency operating mode (up to 500 MHz) by characterizing
subcellular components such as vacuoles. Since the calculated correlations are
strongly influenced by cellular size and dielectric properties, often discrimination
of cells with similar size/dielectric properties becomes a challenge. Despite this
drawback, the impedance measuring technique is one of high-speed cell property
measurement processes.

1.2.2
Magnetic Cell Manipulation

Magnetic cell manipulation approaches provide noninvasive, high-throughput,
and efficient cell control [36, 37]. Conventional protocols to manipulate cells via
magnetic forces require functionalizing cells with magnetic elements before cell
interrogation; therefore, additional time should be considered for sample prepa-
ration. Most direct magnetic techniques, magnetic tweezers for example, operate
under static flow conditions and are not in the scope of this chapter; however,
detailed descriptions and their recent advances can be found elsewhere [38, 39].
Note that high-speed magnetic cell positioning and separation approaches as indi-
rect cell manipulation methods are discussed separately in section “Magnetic Cell
Separation”

1.23
Optical Cell Manipulation

An optical stretcher is a representative example of optical cell interrogation. Two
laterally aligned optical fibers are used to create a spatially well-defined optical
trap, stretching cells in microfluidic channels. As a powerful cell biophysical prop-
erty measurement tool, optical cell stretchers have been mainly used for evaluat-
ing viscoelastic properties and deformability of various cell types such as RBCs,
leukemia, and cancer cells [40—42]. This technique was applied as a cancer diag-
nostic tool as well [43]. As another prime optical cell manipulation method, optical
tweezers have been used to manipulate cells for single-cell level biophysical stud-
ies [44, 45]. Optical tweezers utilize a tightly focused laser beam to trap cells by
a momentum transfer, attracting cells into the center of the beam [46]. Optical
tweezers are a versatile cell manipulation technique since the trapped cell can
be manipulated directly by modulating the beam conditions and/or indirectly by
translating the beam position. Even though optical cell manipulation techniques
are not suited for performing high-throughput cell analysis (N < 100), it should
be noted that their noninvasive nature allows for precise single-cell examination
[47-49]. Extended use of the technique is anticipated if real-time data analysis
capabilities and higher processing rates become possible [50].
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1.24
Mechanical Cell Manipulation

In recent years, mechanical biomarkers (e.g., cell deformability) have gained
much attention as an alternative to conventional molecular biomarkers (e.g.,
antibody conjugated with fluorescence) because measuring cell deformability
simplifies complex detection schemes and can eliminate costly and lengthy
cellular labeling and sample preparation processes [51, 52]. In order to induce
cellular mechanical deformation, there are two major procedures that have
been utilized in microfluidics, namely constriction-based (Section 1.2.4.1) and
shear-induced (Section 1.2.4.2) cell manipulation.

1.2.4.1 Constriction-Based Cell Manipulation

Cell deformability is characterized by flowing cells through a narrow bottleneck
region with a gap smaller than the cell diameter. Channels with a sudden nar-
rowing or arrays of local constrictions (e.g., slits) are widely adopted designs (see
Figure 1.2). In short, as suspended cells are injected into the microchannels, cells
are forced to pass through a constriction(s), experiencing significant deformation.
Depending on its purpose, constriction-based mechanical cell manipulation can
be further classified into cell interrogation (see section “Constriction-Based
Cell Interrogation”) and cell separation (see section “Constriction-Based Cell
Separation”).

Constriction-Based Cell Interrogation

One of the major research focuses using constriction-based cell interrogation
is investigating RBC biophysics, rheology, and associated diseases, including
malaria, sickle cell disease, and sepsis [12, 52]. For instance, artesunate (ART)
is a widely used drug for the treatment of malaria, and ART selectively induces
stiffness changes in Plasmodium falciparum-infected RBCs, enabling identifi-
cation of infected cells by monitoring cell transit velocity through a series of
constrictions [59]. In addition, the deformability of RBCs from Plasmodium
yoelii-infected mice was characterized to elucidate the correlation between
splenic clearance and RBC deformability [60]. While great advancements were
made understanding single-cell level biomechanical properties, most reported
techniques operated at low processing rates (1-2 cells s7!). Low-speed operation
could be preferred for single-cell studies; however, higher processing rates should
be addressed for cell state identification applications (i.e., diagnosis) to provide a
statistical significance. Since constriction-based cell manipulation itself is often
limited to high-speed cell processing, hybrid systems combining constriction-
based cell deformation with other technologies, such as optics and electronics,
were investigated. Another merit by integration with other modalities is mul-
tiparameter measurements, allowing precise cell characterizations. As shown
in Figure 1.2a, Zheng et al. [53] reported a microfluidic platform combining
electrical and mechanical modalities, obtaining signatures of each RBC, such as
transit time, impedance amplitude ratio, and impedance phase increase with a
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Figure 1.2 Direct cell manipulation techniques. Cell morphology can be manipulated (a,b)
mechanically and electrically [53, 54], (c) mechanically and optically [55], (d) through cell
and wall interactions [56], or (e,f) by pure hydrodynamic forces [57, 58].

throughput of 100150 cells s™L. Two Ag/AgCl electrodes were used to measure
electrical impedance signals. By concentrating all electrical field lines to pass
through the RBCs’ membrane, higher cell responses were shown. In a similar man-
ner, impedance measurements can be applied to cancer cells. Adamo et al. [54]
reported a simple straight microchannel with a constriction where electrodes were
patterned on the substrate (see Figure 1.2b). High-throughput (800 cells min~!)
HeLa cell interrogation was demonstrated and the correlations between transition
time, cell stiffness, and size were reported. It should be noted that impedance-
based platforms do not require a costly high-speed camera (more discussion can
be found in Section 1.2.4.2), and real-time data acquisition is possible.

An optical approach was also combined with constriction-based cell deforma-
tion. A platform using a suspended microchannel resonator (SMR) was proposed
(see Figure 1.2¢) [55]. SMR consisted of a hollow microfluidic channel embedded
in a silicon cantilever [61]. The resonance frequency is measured by the deflection
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of a laser beam, and its changes were recorded as a cell enters the SMR and passes
the local constriction. The frequency signatures were later translated into cell
transit time and velocity information. Various cell types including mouse and
human lung cancer cell lines, mouse embryonic fibroblasts, as well as a mouse
lymphoblastic leukemia cell line were tested with high-speed processing rates
of 10> and ~103 cellsh~!. While the SMR setup relies on highly complex, costly,
and nontrivial fabrication and measurement techniques, higher throughput was
shown and additional cell information (e.g., friction information) was able to be
collected.

Constriction-Based Cell Separation

Cell separation was also demonstrated via channel geometry-induced cell
deformation. Note that this section focuses on cell deformability-based sorting
via channel constrictions, but general deformability-based cell separation is dis-
cussed in section “Deformability-Based Cell Separation” separately. Commonly,
cells pass through an array of local constrictions whose gap dimension gradually
decreases. Cell stiffness dictates the passage time, and separation is accomplished
by the time difference. Zhang et al. [56] separated two distinct cell populations
from a mixture of breast cancer cell lines (MDA-ME-436 and SUM 1479) using
an array of microbarriers (see Figure 1.2d). Soft cells passed constrictions easily
whereas stiff cells lagged or remained trapped so that resident time-dependent
cell separation was attained with a throughput of 3.3 x 10* cells min~! (2mlh1).
Similarly, Preira et al. [62] separated leukocytes from whole blood based on their
stiffness using a flow rate as high as 100 ml h~!, demonstrating a possibility for
circulating tumor cell (CTC) detection.

The constriction-based mechanical cell manipulation technique (both inter-
rogation and separation) provides label-free cellular property measurements
and relatively simple cell processing procedures. However, there are a few
fundamental drawbacks that should be mentioned from constriction-based cell
manipulation techniques: (i) Cell—wall interaction: Interactions between the cell
and channel wall play a critical role in affecting the cell passage phenomena. Each
contribution from adhesion and friction should be decoupled and investigated
separately, revealing pure deformability attributes. (ii) Clogging: Constriction-
based platforms can hardly be free from clogging issues. Once the channel is
clogged, a new chip must be used, and hence a robust operation for a long
duration is hard to expect. One promising solution for clog-free cell filtration was
recently reported [63] where the cross section of a microfluidic channel can be
adjusted not only to de-clog but also to capture cells based on a combination of
size and deformability with a throughput of 900 000 cells h—*.

1.2.4.2 Shear-Induced Cell Manipulation

Cells can be directly manipulated with fluid flow as another mechanical cell
manipulation method. Typically, a microchannel with a constriction whose cross-
sectional dimension is larger than the cell diameter is used. Instead of cells that
experience direct contact with channel walls, their shapes are modulated by flow
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shear stress. This is an excellent approach to study cells because this phenomenon
mimics biophysical environment. For example, when RBCs travel in blood
capillaries, they experience significant shear stresses inducing deformation [64].
By monitoring dynamic cell shape changes under shear flow, RBC biophysics,
such as deformation (e.g., elongation) [65], traveling motions/patterns [66], and
adenosine triphosphate (ATP) release [67], were investigated. Despite its simple
experimental approach, this method did not expand much because it suffers from
at least one of the following drawbacks: (i) Nonuniform shear stress: Since cells
were randomly distributed throughout the channel cross section, individual cells
experience nonuniform shear stress. Cells traveling near the channel center or the
wall experience different magnitudes of shear stresses, producing inconsistent
data. (ii) Poor imaging: Without a proper cell positioning step, imaging becomes
a great challenge because cells are traveling in all different imaging planes. (iii)
Low throughput: Shear-induced cell manipulation techniques rely on relatively
low flow speed and concentration for analysis, making the approach not ideal for
high-speed cell processing.

For both constriction-based and shear-induced cell controls, cells should be
transported by the flow to induce cell deformation; therefore, the flow rate sim-
ply determines the throughput of the system. In order to increase throughput,
naively increasing the flow rate would seem like an easy solution; however, when
the Reynolds number (Re= plUL_/u: a dimensionless parameter describing the
ratio of inertial and viscous forces, where p is the fluid density, U is the mean flow
velocity, L, is the characteristic length of the channel, and y is the fluid viscos-
ity) becomes nonzero, flow behavior significantly deviates from Stokes flow. For
example, the cross-sectional profile of the hydrodynamic flow focusing distorts as
Reynolds number increases [68, 69]. It is important to note that at finite Reynolds
number (Re~10-100), two inertial effects: Inertial particle migration and sec-
ondary flows can be found [70-72], and by taking advantage of these two effects,
extremely high-speed cell manipulations are possible. The reader is directed to
other reviews [70—-72] to seek a complete background and underlying physics of
inertial focusing.

Gossett et al. [73] demonstrated an inertial cell stretcher with a high-throughput
cell processing rate (2000 cell s71). Cells were first inertially focused in the middle
of the channel and hit the fluidic wall at the cross junction where extension flow
stretches cells. The platform provides higher throughput, precise cell positioning,
and higher strain rates. The device was used for identification of leukocytes and
malignant pleural cells, and characterization of pluripotent stem cells. Later,
Tse et al. [74] reported that the identical platform can be used as a clinical
diagnostic tool. They created deformability maps by testing patient samples,
which could potentially help reduce cytology-based laboratory workloads and
assist clinical decision-making. As an alternative inertial cell stretching approach,
recently Dudani et al. [57] reported a pinched-flow hydrodynamic stretcher (see
Figure 1.2e). The platform utilizes a self-sheathing flow from a single input solu-
tion, and an order of magnitude higher throughput (65 000 cells s~*) compared to
the previous design [73, 74] was achieved.
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Inertial cell stretchers [57, 73, 74] are based on two-position cell focusing with
respect to a vertical axis [70—72]; thus, one of the imaging planes should be out
of focus, resulting in blurry image collection. Considering cell flow velocity (as
high as a few meters per second), blurriness of the recorded images is a critical
issue. Focusing cells upstream in a single-stream (i.e., single focal plane) manner
can be an effective solution (discussed in Section 1.3.2.1), although recently ex-
ploiting non-Newtonian fluids to focus cells in a microchannel was reported [58].
Cells flowing in non-Newtonian fluids experience an elastic force in addition
to the inertial lift forces, migrating cells into the center of the channel [70].
Since all cells were positioned in the center of the channel [75, 76], the imaging
quality was improved significantly and a uniform shear stress was applied. As
shown in Figure 1.2f, RBCs were stretched in a cross junction [58], analogous
to a hydrodynamic cell stretcher [73, 74] with a throughput of 110cellss™!.
Non-Newtonian cell manipulation offers better imaging and uniform shearing,
although lower strain rates and relatively slow processing rates compared to
inertial focusing should be addressed in the future.

For inertia-based microfluidic platforms, the cell travels extremely fast; there-
fore, normally high-speed microscopy is employed to examine cell deformation
events. High-speed microscopy records a large number of image stacks as a
data-rich approach, revealing direct cell information; however, real-time pro-
cessing remains a great challenge due to slow data transfer and computationally
demanding image analysis. Moreover, a high-speed camera mounted to a
microscope makes the system costly and limits potential for miniaturization.
As a promising imaging solution, recently Goda et al. [77] reported an ultrafast
optical imaging technology for automated, real-time, and high-throughput cell
analysis [78]. The technique could be operated with a high cell processing rate
(100000 cells s71), but its requirement of a cell labeling process is a drawback.
Therefore, more efforts to avoid high-speed microscopy or developments
on faster image analysis strategies [79] should be made to further advance
inertia-based cell manipulations (Table 1.1).

1.3
Indirect Cell Manipulation

This section discusses techniques that shift flowing paths of cells as indirect cell
manipulation with a focus on high-speed processing. Cell path manipulation
processes are normally conducted for two main objectives: cell separation
(Section 1.3.1) and cell alignment (Section 1.3.2).

1.3.1
Cell Separation

We set two thresholds defining high-speed cell separation: volumetric process-
ing rate (Q) and cell processing rate (measured in cells min~?). This is because
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limiting the definition of “high speed” to solely one or the other could potentially
mislead the figure of merit of an approach. For techniques dealing with blood
samples, the throughput will be converted into whole blood processing rate. High
speed is defined for techniques with a whole blood processing rate greater than
1 pl min~!. Regarding cultured cells or RBC-free samples, devices capable of pro-
cessing greater than 10° cells min~! are considered high-speed techniques. In the
following sections, we discuss two major microfluidic techniques that can sep-
arate various cellular types based on hydrodynamic (Section 1.3.1.1) and non-
hydrodynamic methods (Section 1.3.1.2). Note that other general cell separation
approaches can be found elsewhere [80—-87].

1.3.1.1  Hydrodynamic (Passive) Cell Separation

Current state-of-the-art cell manipulation systems can be categorized into passive
and active methods depending upon the presence of an external force. Regard-
ing passive systems, the ability to manipulate cells without the aids of external
forces allows for simple and cost-effective detection. Various intrinsic biophysical
properties, such as cellular size, deformability, and shape, have been exploited to
classify different subpopulations of cells via hydrodynamic approaches. In the fol-
lowing sections, we describe recent advances in high-speed microfluidic devices
that are capable of purifying cells based on the interactions between cellular bio-
physical properties and fluid as one of the indirect cell manipulation methods.

Size-Based Cell Separation

Blood is the most complex and information-rich media revealing general patient
health and various disease progressions [64]. Thus, the ability to analyze “large”
blood volumes (on the order of milliliters) precisely in a “high-speed” manner is
a critical task. Surprisingly, there are not so many microfluidic platforms capable
of processing whole blood (i.e., undiluted blood) or samples with a very high
hematocrit level [21, 88 —95]. Among them, one successful cell separation method
that should be highlighted is deterministic lateral displacement (DLD)-based
platforms [96, 97]. Briefly, when cells (or particles) travel through an array of
microposts in DLD systems, cells with a diameter greater than the critical dimen-
sion collide more with microposts, laterally deflecting their path perpendicular to
the primary flow. On the other hand, cells below the critical dimension stay within
their initial streamlines. Cell migration motions are not random and can be tuned
precisely based on the critical dimension determined by micropost geometry,
channel and cell dimensions, and other arrangements [98]. DLD has been widely
used for blood cell fractionation, rare cell detection, and RBC removal before
performing additional downstream biological assays [97]. For example, Inglis
et al. [92] demonstrated a buffer-free DLD platform for leukocyte enrichment
from whole blood. Significantly high whole blood processing rates of 115 ul min~!
(9.5 10° cells s~!) were reported. Later, Loutherback et al. [99] purified rare can-
cer cells from diluted bloods with an increased throughput of 2.5 x 10° cells min~.
As shown in Figure 1.3a, the platform uses triangular posts over conventional
circular microposts, providing a more efficient and clog-free operation. Liu
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Figure 1.3 Indirect hydrodynamic (c) a microfluidic channel with series of con-
size-dependent cell separation systems. tracting and expanding geometries [91], or
Cells with various sizes experience differ- (d) spiral microchannels [89]. As the modifi-
ent magnitudes of hydrodynamic forces, cation degree of lateral migrations is strongly
inducing lateral migrations, when they influenced by cellular sizes, various cell types
are flown through (a) arrays of microp- can be separated downstream.

osts [99], (b) a straight microchannel [100],

et al. [101] also used a triangular micropost array enriching various cancer
cell lines from diluted peripheral whole blood with a maximum throughput of
2mlmin~t.

Even though DLD-based techniques hold great promise for high-speed blood
purification, fluid inertia-based microfluidic devices have been investigated to
reach higher throughputs. Inertial effects in microfluidic systems have recently
been recognized as a robust way of manipulating microscale particles because they
fundamentally offer high-speed sample processing, simple operation, precise
cell manipulation, and a great potential for automation and miniaturization

[70, 71]. As we briefly mentioned in Section 1.2.4.2, there are two types of inertial
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effects: inertial particle migration and secondary flow, which can be exploited for
cell separations as well. At finite Reynolds numbers, the flowing cells/particles
experience two directional lift forces: shear-gradient lift forces and wall-effect lift
forces. Broadly speaking, a balance of these two counteracting lift forces results
in cell migrations across streamlines [70—72]. For a square channel, due to the
channel’s fourfold symmetry, particles or cells migrate toward midpoints of the
four channel walls, forming four particle/cell chains. Research findings showed
that these lift forces vary with cell diameter, deformability, channel geometry,
and flow conditions [70—-72]. The magnitudes of the lift forces strongly correlate
with cell sizes (F| o pU%a*/H?) [102]; therefore, cells with large size differences
will have distinctive lateral positions. For example, larger cells focus close to
the channel center whereas smaller ones focus closer to the wall. As shown in
Figure 1.3b, Mach and Di Carlo [100] separated bacterial cells from blood with
a throughput of 4 x 10® cells min~! based on cell size difference. It should be
noted that the equilibrium positions of two distinct cell sizes are relatively close;
therefore, additional efforts on modifying channel designs, such as gradually
expanding channel widths [100] or inverting channel aspect ratios [103], have
been implemented to enhance separation efficiency.

Periodic channel geometry variations also have been used to develop size-based
cell separation devices. As shown in Figure 1.3c, microchannels with a series of
contractions and expansions are implemented to separate cells based on their
sizes. As cells flow through the device, they periodically experience inconsistent
lift forces depending upon the presence of the wall, and the net force directs cells
with larger diameter closer to the channel wall. Using this mechanism, greater
than 107 cells min~!, equivalent to processing whole blood at 2 pl min~! or more,
were processed for CTC purification [91, 104—106]. A similar channel layout can
be used to trap cells in microvortices created in the expansion regions [107-110].
With an absence of channel wall in the vicinity of cellular flow paths at expansion
regions, cells are exposed to a dominant shear-gradient lift force. Since bigger cells
experience a larger shear-gradient lift force, they were more prone to be pushed
and trapped inside the microvortices formed in expansion chambers. Using this
vortex cell trapping mechanism, CTC purification has been demonstrated with
throughputs ranging from 5 x 108 to 4 x 10° cells min~!, equivalent to processing
whole blood from 114 to 490 pl min~! [107-110].

The other major inertial effect found in microchannels utilizes a secondary
flow. In a curved channel, fluid elements in the center travel faster than those near
the channel walls due to momentum mismatch, creating a pair of secondary flow
known as Dean flow [111]. Dean flow exerts an additional hydrodynamic force,
namely Dean drag force, and cells with varying sizes experience different net forces
(asum of Dean drag, Stokes drag, wall-effect, and shear-gradient lift forces), result-
ing in size-based lateral equilibrium positions. Dean flow-based cell manipulation
is a powerful method offering extremely high throughputs for CTC purification,
blood cell fractionation, and cell cycle synchronizations with throughputs
ranging from 2.5x10° to 2.5x 10% cellsmin™ [90, 94, 112—119]. As shown
in Figure 1.3d, trapezoidal cross-sectional shapes of spiral channels are reported

15



16

1 High-Speed Microfluidic Manipulation of Cells

[89, 120, 121], allowing higher separation efficiency for enriching CTCs with a
throughput from 7.5 ml of patients’ blood samples (lysed blood) within 8 min,
equivalent to 6.6 x 10° cells min~! [89, 90].

Inertial focusing, in general, operates with diluted samples to minimize inter-
particle interactions [122] while maximizing purity and efficiency. However, their
inherently fast operating flow speeds allow superior throughputs (greater than a
few million cells per minute, equivalent to a few microliters of whole blood per
minute). Furthermore, the simple microchannel design of inertial focusing devices
allows further enhancement of throughput by parallelizing [100] or stacking [118]
the single channels.

Deformability-Based Cell Separation

Cells can be purified using their intrinsic stiffness, and much effort has been
made on investigating RBC deformability. Regarding RBC deformability-based
separation, a hydrodynamic lift, scaling with deformability of the RBCs, induces
migration of soft RBCs toward the center of the channel, creating a cell-free
layer near the wall, and the phenomenon is known as Fdhraeus—Lindqvist effect
(a.k.a. Sigma effect) [123]. As shown in Figure 1.4a, Faivre et al. [88] explored the
variations of RBC rheology affecting cell-free layer widths based on hematocrit
counts, flow speeds, and constriction geometries. They were able to purify a
plasma-rich solution from threefold diluted blood at the processing rate of
17 plmin~!. Sollier et al. [127] exploited the recovery time in which RBCs return
to their initial positions after passing a contraction to extract plasma with a
processing rate of 5plmin~!using 20-fold diluted blood. Jain et al. [128] has
utilized a straight microfluidic channel with sudden expansion geometry to
extract stiffer white blood cells (WBCs) from twofold diluted whole blood with
a processing rate of 14 plmin~!. Using a similar phenomenon, Hou et al. [95]
demonstrated that more stiff malaria-infected erythrocytes can be filtered from
the normal blood cells using a straight microfluidic channel. The device can be
operated using whole blood and was capable of processing at 5 pl min™!.

In order to achieve higher throughputs, deformability-based cell separation
was demonstrated via inertial microfluidics. Deformable particles have modified
lateral equilibrium positions compared to their rigid counterparts with similar
sizes because they experience an additional lift force, ascribed to nonlinear
mismatch of velocities and stresses at the interface [129]. As the magnitude
of deformability-induced lateral force scales with cellular softness, cells with
a different deformability value can be used for separation. For example, softer
cells can be found closer to the channel center where the shear stress is at the
minimum whereas stiff cells remain close to the channel wall. As illustrated in
Figure 1.4b, separating cancer cells spiked in lysed blood has been demonstrated
using combined effects of the inertial focusing and the deformability-induced
cell migration [124]. The inherently high flow rates allowed purification of more
deformable and larger cancer cells from the lysed blood with a throughput
of 22000 cells min~?!, equivalent to processing 3 pul of whole blood per minute
[124]. This value is more than a 40-fold improvement over that of previous cell
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purification techniques utilizing the hydrodynamic lift force alone [130]. These
deformability-based cell separation techniques hold great promise for simple and
cost-effective target cell purification systems for cells with little-to-no known
surface biomarkers.

Shape-Based Cell Purification

Similar to size and deformability, the shape can serve as a unique cell separation
parameter for various biological particles and organisms. The use of the afore-
mentioned DLD techniques was expanded for shape-based cell sorting [131]. In
particular, parasites were purified from the infected blood since the long parasites’
morphology result in a larger effective size, causing them to deflect across stream-
lines, while smaller RBCs faithfully remain in their initial streamlines [93]. They
processed twofold diluted blood with a flow rate of 60 pul min=1.

17

PLTs
Free beads

191In0 Jeoue)



18

1 High-Speed Microfluidic Manipulation of Cells

The shape-based separation was also implemented to purify subpopulations
from yeasts and tissue digests. Inertial focusing of nonspherical particles has
been examined, and it was found that, for nonspherical but symmetric particles,
the rotational diameter that the particles create as they tumble determines their
lateral location in the channel [132]. Utilizing this characteristic, budding yeasts
were purified based on their elongated lengths, synchronized with their cell
cycle [133]. They processed the sample at the rate of 60ulmin~' equivalent
to 90000 cells min~!. Moreover, differences in lateral equilibrium positions of
nonspherical multicellular clusters of mature somatic cells and smaller spherical
progenitor cells were utilized for adrenal cortical progenitor cell enrichment
[134].

Similar to inertial focusing of nonspherical particles [132], elongated budding
yeasts create a larger rotational trajectory as they tumble through the hydrody-
namic filtration systems, making them behave like spherical particles with a larger
diameter (see Figure 1.4c). Utilizing the enlarged effective diameter of budding
yeast, Sugaya et al. [125] separated nonspherical budding yeasts from their
smaller counterparts with a throughput of 1.5 x 10° cells min~!. Shape-based cell
separation techniques suggest a new paradigm for target cell enrichment
strategies in various biological applications (Table 1.2).

1.3.1.2  Nonhydrodynamic (Active) Particle Separation

Nonhydrodynamic bioparticle separation utilizes external forces. In general,
separation is achieved by deflecting cells’ lateral position in response to external
stimuli, such as acoustic, electric, optic, and magnetic forces, whose magnitudes
vary with cellular properties. We describe individual cell separation mechanisms
for various nonhydrodynamic methods and mainly highlight high-speed meth-
ods in this section. We also tabulate each nonhydrodynamic particle separation
in Table 1.3. More general indirect cell separation approaches can be found
elsewhere [81, 84, 135—-137].

Acoustic Cell Separation

Acoustic cell manipulation utilizes acoustic waves transduced by applied electric
fields on piezoelectric materials [138]. Typical layouts consist of piezoelectrics
patterned on the substrate and a microfluidic channel. The radial acoustic force
acting on a particle is given by

2
F =- <”p OVPﬂ‘“) <5pp 2m _ ﬂ—") sin(2kx), (1.1)
24 20,4 Py P
where p, is the pressure amplitude, V is the particle volume, f is the
compressibility, 4 is the ultrasound wavelength, p is the density, and k is
the wave number. Subscripts “p” and “m” denote the particle and the fluid
medium, respectively [139, 140]. Normally, particles or cells are transported in

either pressure nodes or antinodes depending upon their properties, allowing
various cell patterning. For example, both point and linear cell alignments can be
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achieved by modulating system parameters, such as acoustic wavelength and the
cells’ density, deformability, and size. Point or linear cell alignment is a powerful
technology to manipulate multiple cells, and recently Ding et al. [141] developed
acoustic tweezers using surface acoustic waves, demonstrating active cell and
organism transport. However, since cells were trapped in spatially defined nodes,
the technique has limited throughput. For high-throughput applications, acoustic
waves have been used for cell sorting. As can be seen in Eq. (1.1), the radial
acoustic force varies with different or cell-specific parameters. For example,
RBCs, platelets, and leukocytes were successfully discriminated depending on
their size [142] or size with density [143]. Yang et al. [144] also demonstrated
separation of viable breast cancer cells (MCF7) from nonviable counterparts
based on their volumetric differences. Toward higher throughput, Adams et al.
reported separation of RBCs from whole blood by applying an acoustic wave
in the vertical direction without the use of a burdensome sheath fluid (see
Figure 1.5a). The sample processing rate reached as high as 21h™! as one of the
fastest processing methods [145]. Acoustophoretic cell manipulation techniques
provide many advantages including high-speed, label-free, simple, noninvasive,
precise, and tunable cell manipulations.

Electrical Cell Separation

Dielectrophoresis (DEP) is a representative electrical cell manipulation technique
that relies on the Coulomb response of polarized cells or particles exposed to a
nonuniform electrical field [149]. The time average force acting on a dielectric
micro-object can be expressed as follows:

Fpgp = 271'9m”3fcrv[(VEz)r (1.2)

where ¢, is the absolute permittivity of the medium, r is the radius of the
micro-object, f - is the Clausius—Mossotti (CM) factor, and E is the root mean
square (RMS) amplitude of the electrical field. The derivation of Eq. (1.2) and
the theoretical background can be found elsewhere [149, 150]. By modifying
various parameters listed in Eq. (1.2), one can precisely predict and control
overall cell behavior and motions in the solution. Depending on the relative
permittivity values between cells and the medium, the direction that cells migrate
can be reversed. Cells can be transported toward a region of either stronger
(positive DEP; higher polarization of micro-objective compared to medium) or
lower electrical field (negative DEP; smaller polarization of micro-objective than
medium) regions. Note that the DEP force is directly proportional to the square
of the applied electrical field; therefore, both AC and DC fields can be used for
cell manipulations [151].

The general approach is that cells flow in microchannels with electrodes
patterned on the substrate. Once cells approach to the electric field region,
they are laterally deflected. The degree of cell migration varies with electrical
properties and other parameters (see Eq. (1.2)). Mammalian [152-156] and
bacterial cells [157] were successfully classified based on cell volume (Fpgp o 73).
It should be noted that DEP-based cell manipulation methods have not been well
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favored for high-speed cell separation because of the relatively low-throughput
cell (<106 cells min~!) processing limit. However, recently, Shim et al. [146]
reported a promising DEP chip with a high processing rate of 10mlh~! (equiv-
alent to 4% 107 cellsmin~!) as shown in Figure 1.5b. Even though pure whole
blood was not processed and device fabrication was not trivial, it showed
precise, continuous, and label-free cell manipulation with a high processing
rate.

Magnetic Cell Separation

The ability to sort cells using magnetic forces has been extensively utilized for
cell separation. Magnetophoresis can be achieved by utilizing intrinsic cell mag-
netization or cell functionalization with magnetic elements. For instance, deoxy-
hemoglobin RBCs can be naturally magnetized under applied magnetic fields,
and label-free separation of RBCs from whole blood was demonstrated [158].
However, due to their weak response to magnetic fields, impractically high mag-
netic fields should be applied to improve separation efficiency. Therefore, mag-
netic element labeling is more preferred rather than exploiting natural magnetism.
The magnetic force acting on a particle can be written as

7, = X BB, (1.3)
o

where V is the volume of the magnetic particle, y is the magnetic susceptibility,
U, is the magnetic permeability in vacuum, and B is the magnetic field [37].
In general, magnetically labeled cells are injected into microfluidic channels,
and an external magnetic source is used to deflect cell lateral positions based
on their magnetic responses [36]. The magnetic-activated cell sorter (MACS)
is a prime example of a high-speed cell separation technique (>107 cells min~!)
[159]. Normally, cells are conjugated with magnetic nanoparticles whose surfaces
are coated with antibodies binding to antigens expressed on target cells. As
shown in Figure 1.5c, Adams et al. [147] used MACS-based multimagnetic
tagging methods differentiating different bacterial cell types with a throughput
of 10° cellsh™!. The MACS mechanism was also used to purify living fungal
pathogens bound to magnetic particles covered with opsonins from whole blood
at a processing rate of 20 mlh~! [21] (see Figure 1.1b). Even though the time to
process cells in microfluidic devices is short, a nontrivial and lengthy sample
preparation step is required for magnetic cell manipulations.

Instead of tagging magnetic elements on cell surface, endocytosis of magnetic
nanoparticles can be used to indirectly manipulate cellular positions in flow [160].
Depending on endocytotic capacity of magnetic nanoparticles, cells showed a
different degree of magnetic responses. Robert et al. [161] recently demonstrated
separation of monocytes and macrophages based on amounts of internalized
magnetic nanoparticles. Even though the use of internalization-based approach
is limited because of its relatively low cell processing rate (10—100 cellss™!)
and high cytotoxicity of nanoparticles [162], this approach opened a door for
integrated cell manipulations as a future direction. For example, internalized
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nanoparticles can be used for enhanced imaging, hyperthermia, and controlling
local cell motions and mitoses [163].

Optical Cell Separation

Cell sorting exerted by optical forces has also been employed for cell separation.
Optics-based cell separation was shown using cellular optical characteristics,
such as refractive index [164] or light patterns [165]; however, similar to direct
cell manipulations, most techniques still exhibit extremely limited processing
rates. Regarding high-throughput cell separation applications, microfluidic
fluorescence-activated cell sorter (FACS) is one of the major optical cell sorting
examples [166]. Briefly, a stream of cells exiting a capillary tube breaks into
individual droplets, and droplet trajectories are deflected laterally upon their flu-
orescence (i.e., charge) responses to the applied external field. FACS throughput
reaches as high as 50 000 cells s}, analyzing cells rapidly; however, it should be
noted that fluorescent labeling should be done before cell interrogation, and the
processing rate is still not high enough for rare cell detections [167]. Note that
flow cytometry is discussed in Section 1.3.2.1 separately.

Hybrid Cell Purification Systems

There have been innovative attempts to develop a new cell manipulation method
by combining multiple cell manipulation techniques together to enhance their
performance. The most commonly integrated technique with other modalities
is magnetophoresis because it allows to selectively deflect labeled cells attained
upstream by other indirect cell manipulation methods. DLD and magnetophoresis
were combined to purify CTCs from patients’ blood samples [126, 168]. DLD-
based platforms were used to exhaust overly populated RBCs from the whole
blood, and magnetophoresis were subsequently used to deflect the flowing path
of magnetically labeled WBCs (see Figure 1.4d). This hybrid system was able to
process 150 pl of whole blood per minute, showing great potential for practical
CTC detections. Magnetophoresis was also incorporated with the hydrodynamic
filtration technique [169]. They first guided HeLa and Jurkat cells based on their
sizes toward outlets, and those separated cells’ streams were further branched out
based on the expression level of CD4 with a throughput of 6000 cells min~!. There
exist other innovative hybrid cell separation techniques that are not discussed
here due to their low operational speeds, but more details can be found elsewhere
[170-172] (Table 1.3).

1.3.2
Cell Alignment (Focusing)

Along with cell separation, another key cell path manipulation method is cell
alignment (focusing). In this section, cell alignment/focusing is defined as the
phenomena forming a cell train/chain(s) as they travel downstream. Cell focusing
also can be achieved by exposing flowing cells to either hydrodynamic forces
(active) or nonhydrodynamic forces (passive). Cell focusing is an extremely
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useful technique preceding additional biological assays [173] because, by accu-
rately positioning the locations of flowing cells in microchannels, sophisticated
cell manipulation and higher cell sorting efficiencies can be achieved. Cell
alignment has several specific purposes, and we discuss some of their main
objectives.

1.3.2.1 Cell Alignment (Focusing) for Flow Cytometry

The most widely explored cell focusing application is flow cytometry. Flow
cytometry is a powerful and high-speed analytical tool because it is capable
of performing single molecule detection, imaging, counting, analysis, sorting
(e.g., FACS), immunophenotyping, and classification of various cellular types
[167]. Conventional flow cytometers deliver cells through a thin capillary called a
flow cell where cells are focused and optically interrogated. Since the sensitivity
and specificity of the fluorescent signal detections strongly depend on the prox-
imity of the fluorescent label and laser beam spot, focusing cells upstream is a
crucial task. Cells and particles are normally focused hydrodynamically via sheath
fluid. As the sheath is delivered with a higher flow rate compared to the core flow
speed, the diameter of the cell stream becomes compatible to the size of the inter-
rogation beam spot. Sheath fluid-based cell focusing offers simple and precise
three-dimensional cell focusing; however, extremely large volumes of sheath fluid
are required to narrow down the cell stream and to process large-volume samples
[167]. In order to address this shortcoming, various sheathless cell focusing [173]
methods are reported for next-generation flow cytometers. Among those, we dis-
cuss here high-speed and simple sheathless cell focusing techniques, particularly
inertial focusing and acoustophoresis.

As discussed in Section 1.2.4.2, at finite Reynolds numbers, inertial lift forces
can be utilized to position cells and particles precisely in a predictable manner
[70-72]. Since inertial focusing creates multiple cell/particle chains across the
channel cross section (e.g., two, four, or more depending on channel shape, flow
speed, and aspect ratio) [70—-72], Dean flow has been implemented to create
a single-cell stream [174, 175]. Solely utilizing fluid inertia to focus particles,
flow cytometer applications were successfully demonstrated [176, 177]. Recently,
single-stream cell focusing was also achieved in straight microchannels con-
taining columns. The platform exploited inertial flows induced by interactions
between fluid and channel structure [178, 179], and its applicability as FACS was
demonstrated with a throughput of 6 x 10° cells min~! processing lymphoma cells
[148] (see Figure 1.5d). As another inertial approach, Hur et al. [180] used a high-
aspect ratio channel, creating two cell chains and positioning all cells in a single
focal plane. By massively parallelizing microchannels, an ultrahigh throughput
(10° cells s~!) image cytometer was reported. Inertial particle focusing mecha-
nism strongly depends on particle sizes so that it still remains a challenge to design
a universal microfluidic channel that focuses various cell sizes; nevertheless,
because of its simple and passive mechanism and rapid processing rate, inertial
focusing holds a great promise.
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Another cell focusing approach is through acoustophoresis. Standing surface
acoustic wave (SSAW)-based microfluidic cytometers [181-183] and acoustic
actuated fluorescence-activated sorting of microparticles were demonstrated
[184] by utilizing the interactions between acoustic waves and cells. Moreover,
there are several commercially available flow cytometers adopting acoustophore-
sis in combination with hydrodynamic focusing [167, 185]. Compared to passive
cell focusing methods, the acoustic wave-based cell focusing technique relies
on an external apparatus; therefore, the approach requires relatively more
complicated fabrication procedures. However, as discussed in section “Acoustic
Cell Separation’, acoustophoresis offers label-free, rapid, simple, noninvasive,
precise, and tunable cell manipulations, posing itself as one of the most promising
candidates for flow cytometry.

1.3.2.2 Cell Solution Exchange

High-speed cell alignment can be used for rapid solution exchange by manip-
ulating cell flow paths. Solution exchange steps are frequently conducted to
label and wash cells for downstream imaging and analysis [186]. Centrifuga-
tion is the easiest and most common approach to isolate cells from complex
backgrounds; however, it is slow and labor-intensive, and sample loss during
the recovery step is inevitable [18]. In order to address these shortcomings,
Gossett et al. [187] reported a novel microfluidic platform named Rapid Iner-
tial Solution Exchange (RInSE), exploiting inertial cell migration. Through a
modulation of channel aspect ratio, cell lateral positions were manipulated,
extracting cells from one stream to the other. In short, leukocytes were inertially
transferred into a solution of phosphate buffered saline (PBS) from a lysed
whole blood sample with a throughput of 1000 cells™! and 96% efficiency. This
approach was expanded later for automated continuous cytomorphological
staining [188] and time-controlled transient chemical treatment of cells (on
the order of 1ms) [189]. It is true that large output volumes were induced,
requiring a further concentration step; nonetheless, the method offers high-
speed cell process with very high efficiency. As another cell solution exchange,
platforms utilizing microvortices were reported. The typical channel geometry
consists of a straight microchannel with a series of expansion—contraction cham-
bers (see section “Size-Based Cell Separation” for the detailed mechanism). While
cells were trapped in recirculating microvortices in the expansion chambers, new
solutions were injected for solution exchange. Mach et al. [108] demonstrated
various cell labeling with antibodies to intracellular components (cytokeratin),
cell surface proteins epithelial cell adhesion molecule (EpCAM), fluorogenic
enzyme substrates (Calcein AM), and direct labeling of DNA 4/,6-diamidino-
2-phenylindole (DAPI). It should be noted that microvortices-based solution
exchange does not require any postconcentration step as compared to RInSE, but
the number of cells that can be processed simultaneously is predetermined and
inflexible (Table 1.4).
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1.4
Summary

We have discussed various microfluidic techniques for cell manipulation,
and “high-speed” cell manipulations are successfully achieved with various
approaches. Each technique has its own advantages and disadvantages, and some-
times hybrid approaches provide more cellular information. Depending on bio-
logical questions, one should decide which technique would be the most adequate
to characterize and analyze cell biological properties precisely and rapidly. Along
with the processing speed of the microfluidic platform for the chosen approaches,
one should take into account the following two time considerations: (i) Sample
preparation time and (ii) data analysis. In reality, it is true that a fairly large
amount of time is spent for sample preparation before microfluidic tests to deal
with large and heterogeneous cell samples. In addition, we cannot ignore the time
to analyze readouts from the microfluidic platforms to extract meaningful data as
post processing. For example, an image stack from a high-speed camera should be
processed, and electrical signals should be translated into useful cell biophysical
properties later. Therefore, true high-speed cell manipulation processing can be
attained considering all time requirements, and a holistic effort to reduce time
for sample preparation, sample processing, and data analysis should be pursued
simultaneously.
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