Chapter 5
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Separation and Biomedical Applications
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Abstract The emergence of omics studies and single cell analysis in biomedicine
has advocated a critical need to develop novel cell sorting technologies to process
complex and heterogenous biological samples prior analysis. Spiral inertial
microfluidics is an enabling membrane-free cell separation technique developed
almost a decade ago for high throughput biophysical cell separation, and has since
been widely exploited for different biomedical applications. In this chapter, we will
provide a comprehensive review on spiral inertial microfluidics including (1) con-
ventional and microfluidic cell sorting techniques, (2) introduction to inertial
microfluidics and Dean-coupled inertial focusing, (3) classification of major spiral
devices, (4) summary of different biomedical applications, (5) recent advances in
next generation spiral cell sorters, and (6) highlight key challenges for future
research. With increasing advancement in microfabrication and computational sim-
ulation, we envision that spiral inertial microfluidics will play a leading role in
driving research and commercialization in clinical diagnostics, as well as other
research areas in chemistry and material sciences.
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5.1 Introduction

Cell separation is an essential sample preparation step in biomedical research to
purify target cell population and minimize cell-cell interactions prior analysis. For
example, subpopulations of cells with unique biological signature and functions are
often found in tissue and clinical samples that are highly heterogeneous. It is
therefore necessary to isolate specific target cells to facilitate downstream biological
assays. Liquid biopsy or blood diagnostic is another important application as blood
is routinely obtained during medical checkup, and contains a myriad of information
on the health status of an individual. Efficient isolation of blood cell components
(white blood cells (WBCs), platelets) or rare diseased cells (cancer or bacteria
(~1-100 cells/mL)) from a large cellular background (~5 billion red blood cells
(RBCs)/mL) will hence greatly improve signal-to-noise ratio for unbiased and
accurate clinical assessment [1].

5.1.1 Conventional Separation Techniques

Conventional “label-free” separation approaches include membrane filtration and
centrifugation, which are widely available and simple to use. Membrane filtration
works by size-exclusion through a porous matrix which retains cells above a certain
size (larger than pore size) and allowing smaller cells to pass through. Target cells
can be collected either on the membrane or in the filtrate. Although useful as a
pre-enrichment step to remove cell aggregates, clogging issues persist in such
systems and it is non-trivial to retrieve the larger target cells from the membrane.
Variability in cell deformability can also affect size cut-off or optimal pressure
conditions [3, 4]. Differential centrifugation is yet another popular method which
separates cells based on size and density, but the isolation of rare cells (< 1000 cells)
is not practical and risk substantial cell loss. Furthermore, fluid shear stresses from
repeated centrifugation and resuspension can also damage or activate sensitive cells
(e.g. neutrophils) [5].

With the growing repertoire of monoclonal antibodies, affinity-based cell sepa-
rations methods such as fluorescence-activated cell sorting (FACS) and magnetic-
activated cell sorting (MACS) have become increasing popular among biologists.
Target cells are first immunolabelled with antibodies which bind to specific surface
markers prior separation. FACS relies on fluorophore-conjugated antibodies for
separation while MACS employs magnetic microbeads-conjugated antibodies. In
FACS, fluorescently-labelled cells are hydrodynamically focused to a narrow stream
and passed through a laser beam for signal interrogation. The resulting scatter and
fluorescence signals are used to discriminate different cells types based on their cell
size, granularity and surface markers. Target cells are subsequently identified based
on these biophysical signatures and electrostatically deflected into separate reser-
voirs for collection [2]. Being a well-established method with high sensitivity and
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Table 5.1 Comparison of conventional cell separation techniques

Separation
technique Principle | Advantages Disadvantages
Label-free Filtration Size Simple to use Low purity
Centrifugation Density Relatively Low yield
cheap Non-specific
Requires manual post-
processing
Affinity- FACS Antibody | High purity High cost
based MACS Antibody | High yield Additional labeling steps
Highly May affect cell function
specific

throughput, it is often considered as the “gold standard” for cell sorting [3]. A
throughput of 2000-10,000 cells per second can be achieved with higher rates
sacrificing purity [4]. On the other hand, MACS achieve immuno-magnetic separa-
tion by applying an external magnetic field to extract the magnetic bead-bound cells
(positive selection) or eluting the non-labelled target cells (negative selection) [5]. In
contrast to FACS which enables multiplexed cell sorting, MACS is a bulk and binary
processing method, and does not provide individual cell analysis or multi-parametric
outputs. Moreover, both methods are usually labor intensive, time-consuming,
expensive, and the cell yield or recovery is highly dependent on user operations
(Table 5.1).

5.1.2 Microfluidics Cell Separation

With advancement in microfabrication, the birth of microfluidics or lab-on-a-chip
technologies since the 1990s has revolutionized chemical analysis and biological
assays through unique physical phenomenon and flow control in the microscale
[6]. The increasing demand for better and more sensitive assays have propelled the
development of many novel microfluidics separation strategies integrated with
single cell manipulation and analysis capabilities for point-of-care diagnostics
[3, 7, 8]. These miniaturized systems offer numerous advantages including reduced
sample and reagent consumption, faster processing time, high spatial resolution, low
device cost and high portability [9]. Consequently, microfluidics has become an
important toolbox for cell separation applications with the ability to achieve unprec-
edented size resolution and purity, and high throughput sample processing.
Generally, microfluidic cell separation techniques are classified into active and
passive methods based on the involvement of external fields (e.g. electric, optical,
acoustic, magnetic field) [8, 10, 11]. Active methods exploit external fields to impart
different forces on cells to achieve separation, and common examples include
magnetophoresis [12-14], dielectrophoresis [15], acoustophoresis [16, 17] and



102 N. Liu et al.

Table 5.2 Comparison of various passive separation techniques

Separation technique Mechanism/principle Separation criteria | Throughput
Biomimetic Hydrodynamic force/ Size deformability | 10 uL/h [19]
Fahraeus effect
Hydrodynamic Streamline manipulation Size shape 20 pL/min
[20]
>10%/min [21]
Hydrophoretic filtration Pressure field gradient Size 4 x 10%s [22]
Inertial Lift force secondary flow Size shape ~10%min [23]
Microstructure (Pillars Laminar flow/perturbation of | Size deformability | 10* pm/s [24]
and weirs) flow 5 pL/min [25]
Surface affinity Specific binding to surface Size surface 1-2 mL/h [26]
markers biomarkers
Pinched flow fractionation | Laminar flow (Hydrody- Size ~4 % 10*/min
(PFF) namic force) [27]
20 pL/h [27]

optical sorting [18]. Passive separation methods rely on intrinsic hydrodynamic
forces during fluid flow which are modulated by microchannel design and flow
conditions (Table 5.2).

Numerous efforts have been focused on the development of passive separation
methods including deterministic lateral displacement (DLD) [24, 28], pinched flow
fractionation (PFF) [27, 29] and inertial focusing/microfluidics. Among these tech-
nologies, inertial microfluidics has emerged as a highly promising approach for size-
based cell separation due to its ease of operation and high separation resolution. The
first seminal work was reported by Di Carlo et al. in 2007 where they described
particle inertial focusing effects in microfluidics and its application for high through-
put size-based particles/cell separation [30]. This is shortly followed by the
Papautsky’s group who reported similar particle inertial focusing and Dean migra-
tion effects in spiral microchannels [23, 31]. With increasing understanding of the
particle inertial focusing behavior [32], many researchers have started working in
this exciting field to explore new frontiers and applications in fluid mechanics
research and biomedical applications. Unsurprisingly, several review papers on
inertial microfluidics have been recently published which give an excellent overview
of inertial microfluidics in different channel geometries [33-36]. Spiral
microchannel (hereafter termed as spiral inertial microfluidics) is one of the most
widely used designs for cell separation as it exploits both size-dependent particle
inertial focusing and secondary Dean-induced migration effects to achieve separa-
tion. In this chapter, we will first discuss the fundamental principles involved in
spiral inertial microfluidics. This is followed by a review of the major types of spiral
microfluidics devices and their separation principles. Next, we will provide an
overview of spiral cell sorting applications for various bio-entities (cells and mole-
cules) separation, and also highlight recent advances in spiral technologies with
novel designs or multiplexing capabilities. Finally, we will conclude with current
challenges and suggest future research directions in this area.
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5.2 Theory
5.2.1 Stokes Flow

In fluid mechanics, the motion of viscous fluid can be described by the Navier-
Stokes equation as shown below:

p(Ou/0t+u-Vu) = —Vp + pViu+f

where p represents the fluid density, p is the fluid dynamic viscosity, « is the fluid
velocity field, p represents fluid pressure field, and f is the vector field of external
body forces imparting on fluid elements. p(Ou/0t + u - Vu) corresponds to the
inertial forces, — Vp corresponds to pressures, and pVZu corresponds to viscous
forces.

To characterize fluid flow, the channel Reynolds number (R,) is proposed as a
dimensionless quantity which describes the ratio of inertial to viscous forces:

o pUmDh
n

Rc

where p represents the fluid density, p is the dynamic viscosity of the fluid, D, is
defined as the hydraulic diameter where D;, = d in a circular channel (d represents
the diameter), or D;, = 2wh/(w + h) in a rectangular channel (w and h denotes the
width and height of the rectangular cross section, respectively), and U, is the
maximum velocity of the fluid flow. When considering finite-size particles in the
channel flow, the particle Reynolds number (R,,) is helpful to describe the relation-
ship between the particles and the channel dimensions:
a? _ ,oUma2

R —_— =
‘Dy WDy

» =R

where a is the particle size. Flow pattern in the channel will change when the size
ratio of particle to channel varies. For R, < 1, the viscous drag is dominant and the
particles are deemed as “point-particle”. As R, increases, inertial effects become
more apparent in the channel flow. Laminar flow occurs when R, is below a critical
value of approximately 2040 [37]. Due to the small channel dimensions (typically
less than 1 mm) in microfluidics, R, is usually less than 100 and fluid flow is
completely laminar and the viscous forces of the fluid dominate the inertial forces
(Stokes flow). Hence, the inertial portion in Navier-Stokes equation is neglected for
most microfluidic systems by equating the left hand side of the equation to zero.
Stokes flow lies within laminar regime, but the inverse is not true [33, 34]. Recently,
the application potential of the long-ignored intermediate range flow (~1 < R, < 100)
has received increasing attention and several inertial-based effects in microfluidics
devices include improved mixing and precise particle control [30, 33, 34, 38].
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Fig. 5.1 Particle
equilibrium positions in a
circular straight channel as
observed by Segre and
Silberberg in 1960s

5.2.2 Inertial Focusing

Segre and Silberberg reported the first observation of particle inertial focusing
effects and the earliest interpretation to explain this unintuitive phenomenon in
early 1960s [39, 40]. In their experiment, the randomly dispersed particles (~1 mm
diameter) were introduced into a cylindrical pipe (~1 cm diameter). After travelling a
distance of 114 cm, the particles were distributed in an annulus between the center
and the wall within the cross section of the pipe [40]. The mean radius of the annulus
was measured to be ~0.6 times the pipe radius, as indicated in Fig. 5.1.

This unique particle lateral migration effect was later found to be the result of the
interplay between two dominant inertial lift forces: the shear gradient induced lift
force pushing particles in the medium away from the channel center, and the wall
induced lift force repelling the particles away from the wall. Another important force
to consider is the Stoke’s drag force in secondary lateral flow. These forces will be
explained in more details below.

5.2.2.1 Wall Induced Lift Force (Fyr.)

For a particle flowing near the channel wall, the interaction between the particle and
the wall causes the particle to lag behind the fluid flow. In addition, the constricted
flow space between the particle and channel wall will cause the fluid flow at the top
side of the particle to be accelerated due to more streamlines diverted toward these
side. This creates a relative lower pressure than the “wall side” of the particle and a
lift force directed away from the wall is generated (Fig. 5.2a).
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Fig. 5.2 Schematics illustration of the dominant forces experienced by particles in inertial
microfluidics (a) Wall induced lift force (Fy;), (b) Shear gradient lift force (Fs;), (¢) Secondary-
flow drag force (Fp)
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5.2.2.2 Shear Gradient Lift Force (Fg;)

The shear gradient lift force arises from the curvature of the parabolic velocity
profile. As shown in Fig. 5.2b, the velocity magnitudes on each side of the particle
are different, leading to a pressure discrepancy between the top and bottom side of
the particle. Due to the existence of the pressure difference, a shear gradient lift force
is exerted on the particle which pushes it towards the channel wall (until it is
balanced by the wall induced lift force).

5.2.2.3 Net Lift Force (Fy)

Following the discovery by Segre and Silberberg, matched asymptotic expansion
methods were proposed to determine the lateral lift forces acting on particles during
flow. Asmolov derived an analytical expression of the net lift force imparting on a
rigid particle (a/D;, < 1) in a Poiseuille flow [41]:

pU, 2a* e
=—"5—f(Re,x) = _szf(Rmx)

where f(R,, x) is the lift coefficient which depends on the particle position within the
channel (x) and the channel Reynolds number (R,.).

Conventional theoretical predications are based on “point-particle” approximation
which neglects the size effect of particles. However, when the particle size approaches
the channel dimension, the disturbance to the flow will be affected by the particles. Di
Carlo et al. experimentally demonstrated that the net lift force varies with the position
in the microchannel [32]. For a particle of finite-size (0.05 < a/D,, < 0.2), the lift force
pU, 2db

D,*

scaling relationship is modified as: Fy, = fwi(Re, x) near the channel wall,

2.3
m a

andas Fg, = fs1.(R., x) near the channel center. The variation of lift forms is

attributed to the disparate fluid dynamics in different positions of the channel. Near the
center of the channel, the shear gradient lift force dominates, while the wall induced lift
force is more significant near the channel wall.

5.2.2.4 Secondary-Flow Drag Force

Besides the wall induced lift force (Fy;) and the shear gradient induced lift force
(Fsp), the secondary-flow drag force is the third major force responsible for particle
inertial migration and focusing effects. In 1928, William Dean reported the presence
of Dean vortices in curved channels due to the mismatch of fluid momentum within
the channel cross section as a result of the centrifugal acceleration acting on the fluid
flow [42]. Briefly, when fluid flows through a curved channel, the fluid velocity at
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Fig. 5.3 Schematic of a pair of Dean vortices within a spiral channel with a rectangular cross
section

the center of the channel is higher than the sides due to the parabolic flow profile.
This introduces an additional momentum to the faster-moving fluid in the channel
center, and is pushed toward the outer wall (the concave wall) of the channel
curvature along the channel midline due to centrifugal acceleration. By conservation
of mass, secondary counter-rotating flows are induced to compensate the fluid
shifting. Hence, two symmetrical counter-rotating vortices are formed at the top
and the bottom of the cross-sectional plane (Fig. 5.3). Hereafter, the terms Dean flow
and secondary flow are used interchangeably [35].

The strength of the secondary flow can be characterized by a non-dimensional

Dean number (De):
Dy,
De = R.\| —
¢~ V2R

where R, is the channel Reynolds number defined as R. = pU,,D,/p, here U, is the
maximum channel velocity, p and p is the dynamic viscosity and density of the fluid,
respectively. The curvature ratio (6 = D,/2R, where R is the average radius of
curvature of the channel) implies a faster turn in the channel (i.e. smaller radius of
curvature R) and results in a stronger Dean flow.

For a given De, the expression of average transverse Dean velocity can be
determined by [43]:

Upe = 1.84 x 107*De'®3 (m/s)

Accordingly, the Dean drag force experienced by a particle located in this flow can
be derived by assuming Stokes drag (Fig. 5.2¢) and is expressed as:

Fp = 3zpUpea = 5.4 x 10 *zpDeSa (N)
In spiral or curvilinear channels, the interplay of the net inertial lift force (F;) and

Dean drag force (Fp) gives rise to the Dean coupled inertial migration of particles.
To characterize particle inertial focusing in curved channel, Di Carlo et al. proposed
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a key parameter Ry, the ratio of shear gradient lift force to Dean drag force, to
describe the behavior [35, 44]:

R_Eo(la_z
"= Fp 6D}

It is well accepted that R, > 0.04 (or a/ D;, > 0.07 [23]) to achieve particle inertial
focusing in microchannels. As Ryhas a strong dependence on particle size (~a?), this
forms the basis for size-based particle separation in spiral devices since the particle
equilibrium separation can be modulated by tuning these forces. This is explained in
more details in the following section.

5.2.2.5 Dynamics of Particle Lateral Migration in Spiral Microchannel

Figure 5.4 depicts the schematic illustration of particle focusing dynamics in a
low-aspect ratio spiral microchannel. Due to the asymmetrical parabolic flow profile,

(i) Neutrally-buoyant particles are randomly
dispersed at the entrance of the channel.

(ii) Particles migrate towards the longer channel
surfaces due to higher shear-induced lift force (F, )

and equilibrate into 2 broad bands with additional - _ 5 ¥ .
counterbalancing wall-induced lift force (F,,, ). F F,__5--->"""% v
\ ase o Lot
\| @t £ --"" ——
(iiii) Particles migrate laterally towards the channel centre o —
under the influence of rotational-induced lift force (F) to .
form 2 focused streaks. inner wall
(iv) The focused streaks move towards the inner wall region - -
in the presence of Dean vortices. \ L R
€= |(vi)
) o . : ) =9 e 7
(v) Particles are inertially focused at the inner wall region F E- _.__ s G i
due to the interplay between the net lift force (F ) and & ° >
D force (Fy). SR PR
ean drag force (F) ) =@ ~o- =
(vi) Particles of different sizes (a/h > 0.07) focus inertially ™ S e B
at distinct equilibrium positions near the channel inner wall
~ o
{Rf a?).

Fig. 5.4 Schematic illustration of particle migration dynamics in spiral microchannels
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a steep shear gradient is generated along the vertical direction (height) of the
channel. The randomly distributed particles (1) are first pushed by dominant shear
gradient lift force (Fg;) across streamlines towards the channel top and bottom
surfaces. Near the wall, the particles experience opposing wall-induced lift force
(Fwy) and equilibrate into two broad bands at ~20% of channel height from surface
(2). Next, a rotational-induced lift force (Fg), first proposed by Saffman [45], will act
on the particles and they begin to migrate laterally towards the centre face of the
channel wall to form two focused streaks (3). This lift force Fq, is usually considered
negligible compared with other lift forces (an order of magnitude lower than Fy,; and
Fg;), but becomes important in radially-asymmetric (e.g. rectangular) channels as
particles exhibit spinning behavior in the presence of high (localized) shear rate close
to the channel wall [46]. Other groups have reported the particle size dependency of
Fqo (Fo ~ a’) [47], and this effect is also recently used by Zhou et al. for particle
separation in straight channels [48, 49]. With increasing flow velocity, the strength
of the secondary Dean drag force becomes more significant and particles begin to
migrate towards the inner wall region in the direction of the Dean vortices (4).
Finally, a single focusing point is achieved near the inner wall region in each Dean
vortice as a result of the balance of net inertial lift force (F;) and Dean drag force
(Fp) (5). As this equilibrium position is strongly dependent on particle size (R~ a2),
larger particles (a/h > 0.07, as D;, = h in a low aspect ratio channel[50]) will focus
closer to the inner wall due to stronger inertial lift (F; ~ a> vs. Fp ~a) while smaller
particles are positioned further away from inner wall [23] (6). For all particle sizes, a
further increase in flow velocity will shift the focused particle streams back towards
the outer wall due to increasing Fp, [51]. Although an increase in flow velocity results
in a greater lift force (F, ~U,, 2) as compared to the Dean drag (Fp " U,, 1.63 ), the
particle movement away from the inner wall can be explained by a decrease in the lift
coefficient f{R,, x) which is dependent on particle position within the channel [23].

5.3 Classification of Spiral Devices

Fluid mixing at the microscale poses a variety of challenges due to the dominant
viscous drag forces (low Re), and molecular diffusion remains the main transport
mechanism in this laminar flow regime. By taking advantage of the transverse Dean
vortices in curvilinear channels, spiral microdevices have been used as micromixer
to enhance fluid mixing [52, 53], and rotate cells in electroporation systems for
efficient gene delivery [54]. Since flow conditions and channel geometries can affect
the shape and magnitude of Dean vortices, these parameters have been extensively
investigated in spiral inertial microfluidics to enhance cell sorting capabilities. In this
section, we will describe four major types of spiral devices with different cells/
particles focusing mechanisms and features: (1) rectangular spiral microfluidics,
(2) trapezoidal spiral microfluidics, (3) double-inlet spiral termed as Dean Flow
Fractionation (DFF), and (4) High-resolution Dean Flow Fractionation (HiDFF).
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5.3.1 Rectangular Spiral Microfluidics

Spiral microchannels with rectangular cross-section are one of the most widely used
geometry, due to the well-established microfabrication techniques (photolithography
and deep reactive ion etching (DRIE)) which can generate uniform channel/feature
height and high aspect ratio vertical sidewall. The small feature size resolution
(~1-10 pm) in microfabrication also enables the design of complicated outlet
bifurcations (8—15 outlets) for multiplexed separation. In low-aspect ratio rectangu-
lar spiral channels, the regular cross-section geometry will lead to the formation of
symmetrical Dean vortices along the channel midline. Inertial forces are weaker
across the longer dimension (due to the blunting of the velocity profile) and particles
will first migrate along the shorter channel dimensions (channel height) to the top
and bottom surfaces due to higher shear rate [S0]. Once particles have reached the
z-direction equilibrium positions, they will then migrate along the channel width to
the final equilibrium position near the inner wall region. Martel and Toner have
performed a systematic characterization of inertial focusing dynamics in spiral
microchannels of varying widths (Fig. 5.5a). Generally, as channel dimensions
(Dy,) increase, particles experience less shear-induced inertial forces (blunting of
velocity profile) and more Dean drag force (~D,,"). They proposed slight modifi-
cations to R¢ (ratio of F;/Fp) by using Upean, ave in the equation to reduce variability
of Ry to ~1 for quality focusing in different spiral designs [55]. A straightened
composite image was also generated from empirically-determined particle focusing
images to more clearly visualize the particle focusing streak width and position along
the entire channel length (Fig. 5.5b).

As described previously, the interplay between inertial lift (F;) and Dean drag
forces (Fp) is important to focus particles of different sizes at distinct equilibrium
positions. Early work by Kuntaegowdanahalli et al. [23] and Russom et al. [56]
clearly demonstrated the capability of spiral microchannels for continuous high
throughput size-based particle separation into different outlets. As shown on
Fig. 5.6a, large particles (a/h > 0.07) focused inertially close to the channel inner
wall due to dominant F;. At high flow conditions (De~10-15, ~3 mL/min), signif-
icant Dean drag force would move these focused streams farther away from the
channel inner wall based on particle size, with the largest particles being closest to
the inner channel wall. This phenomenon was exploited to separate closely-spaced
microparticles (10 pm, 15 pm, 20 pm) in a 500 pm wide Archimedean spiral device
(130 pm height) [23]. Xiang et al. also developed a smaller spiral device (160 pm
width, 50 pm height) for binary separation of 4.8 pm and 2.1 pm particles Fig. 5.6b
[57]. In addition, they also described the non-focusing behavior of smaller 2.1 pm
particles (a/D;<0.07) and the resultant particle-free regions at low flow conditions
(De~1-5). Besides particle sorting and filtration applications, inertially-focused
particle stream in rectangular spiral channels is used for cell self-ordering for
deterministic single-cell droplet encapsulation [58]. Noteworthy, the above men-
tioned Dean-coupled particle inertial focusing effects can also be applied in other
curvilinear channels with symmetrical cross section geometry including double
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Fig. 5.5 Rectangular spiral microfluidics (a) Schematic illustrations of different flow profiles and
associated forces in curved channels of different widths, (b) Straightened image of the inertial
focusing behavior of 15 pm beads in a spiral channel. Dotted lines represent channel curvature
changes. (Reproduced with permission from Ref. [55])

spiral [59-61], serpentine [30], as well as soft microtubes (circular cross section)
coiled in planar or 3D spiral (helical) [62].

Recently, Nivedita et al. performed experimental and numerical simulation stud-
ies on fluid flow dynamics in spiral microchannels under high flow conditions. They
reported the presence of multiple pairs of secondary flow vortices at high Re (>100)
and De (~20-40), and defined a non-dimensional parameter termed as critical Dean
number (De,) to describe this novel flow observations [63]. According to them, the
formation of additional Dean vortices was due to the large pressure gradient between
the high velocity area and the channel outer wall. Above De,, the primary Dean
vortices were unable to maintain the pressure across the channel width. In order to
balance the pressure, the primary vortices would thus split to recirculate the fluid
near the outer wall region. This led to the formation of secondary Dean vortices
which can entrain particles or cells at higher flow rates (Fig. 5.6c).
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Convex wall

Gorivex wall

Fig. 5.6 Rectangular spiral microfluidics (a) Schematic illustration and fluorescence image indi-
cating multiplexed separation of 10 pm, 15 pm, 20 pm microparticles into different outlets in a
500 pm wide and 130 pm tall Archimedean spiral device. (Reproduced from Ref. [23] with
permission from The Royal Society of Chemistry) (b) CAD design and optical image of a 5-loop
spiral device (filled with red dye) fabricated in polydimethylsiloxane (PDMS). Fluorescent images
indicating tight focusing of 4.8 pm particles near the inner wall and the wider 2.1 pm particles band
at the channel centre. (Reproduced with permission from Ref. [57].) ¢ Schematic and fluorescent
images of 10 pm particles (blue) and RBCs (red) entrapment in additional Dean vortices at high De
(~37). (Reproduced from Ref. [63] under Creative Commons)

5.3.2 Trapezoidal Spiral Microfluidics

Intuitively, one can modulate the Dean vortices to increase the separation distance
between particles of different sizes and enhance the separation resolution. Trapezoi-
dal cross section is an interesting design as the change in channel height from low
(inner wall) to high (outer wall) results in a Dean flow velocity gradient across the
channel width. Guan et al. first reported this behavior, and found that the skewed
Dean vortices were beneficial for particles separation as the gradient in F, across the
channel would led to a sharp transition of size-based focusing behavior beyond a
certain threshold flow rate [64]. Unlike in rectangular spiral channels where focused
particles streams gradually migrate towards the outer wall with increasing flow rates,
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Fig. 5.7 Comparison of rectangular and trapezoidal spiral microchannels. CFD simulation and
experimental results (fop and side view) of (a) 15.5 pm particles focusing behavior in rectangular
spiral microchannel (600 pm width, 80 pm height) and (b) 26.25 pm particles focusing behavior in
trapezoidal spiral microchannels (600 um width, 80—140 um height). (Reproduced with permission
from Ref. [64])

focused particles in trapezoidal spiral channels would “switch” to an equilibrium
position located at the outer half (deeper side) of the channel as flow rate increases
(Fig. 5.7). Side view analysis also revealed that these particles were trapped within
the Dean vortices at the outer wall region [64].
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As the threshold flow rate is a function of particle size, this novel focusing
behavior was used to achieve efficient binary separation (~92-96%) of particle
mixtures in a 2-outlet trapezoidal spiral channel (Fig. 5.8). This is ideal as one can
process samples at high throughput (~3—4 mL/min) and higher particle concentra-
tions (~10/mL) by minimizing the interactions between particles of different sizes.
This method was applied for separation of leukocytes (~10-15 pm) [65] and
circulating tumor cells (CTCs) (~15-20 pm) [66] from blood samples (RBCs
~6-8 pm), as well as macroscale filtration (~500 mL/min) of Chinese hamster
ovary (CHO) and yeast cells in bioprocessing [67]. However, a major limitation of
trapezoidal spiral microchannels is the use of micromilling [64] or 3D printing [68]
techniques to fabricate the channel molds with uneven channel heights. Due to the
relatively poor feature size resolution as compared to conventional microfabrication,
the devices are limited to a 2-outlet bifurcation and thus only used for binary
separation.
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5.3.3 Double-Inlet Spiral/ Dean Flow Fractionation (DFF)

Rectangular and trapezoidal spiral microchannels are highly effective for size-based
particle and cell separation with working sample concentrations of ~10°~’/mL, but
their use in blood-related applications is greatly limited by the large RBCs back-
ground (~45% v/v, ~10° RBCs/mL) as RBCs-RBCs interactions can severely affect
the cell focusing behavior and hence deteriorate separation efficiency [69]. Typically,
whole blood samples have to be diluted significantly (50—-100 x, ~0.1-2% hemat-
ocrit) which increases the processing time, making them unsuitable to process large
volumes of blood samples required in clinical settings.

In a landmark work by Bhagat et al.[31], they developed a 2-inlet spiral channel
to selectively introduce particle samples on the inner side of the channel with an
additional sheath flow. As the particles flow through the spiral device (100 x 50 pm
(w x h)), the Dean vortices would transpose the smaller particles (a/D;, < 0.07)
towards the outer wall, and both inertial lift and Dean drag forces would equilibrate
the larger particles (a/D;, > 0.07) near the inner wall. This was used for complete
separation of 1.9 pm and 7.32 pm particles at De = 0.47 (Fig. 5.9a). It should be
noted that unlike in 1-inlet rectangular spiral channels where all particles are
inertially focused near the inner wall and their final equilibrium positions differ
slightly based on size differences, the 1.9 pm particles did not undergo inertial
focusing effects in the dual-inlet spiral device and solely migrated to the outer wall
under the influence of Dean vortices. This was the primary reason for the signifi-
cantly wider 1.9 pm particles focusing band as compared to 7.32 pm particles
(Fig. 5.9a).

Inspired by this work, Hou et al. subsequently developed a 2-inlet 2-outlet spiral
device (500 pm (w) x 160 pm (h)) for isolation of CTCs from whole blood, aptly
termed as Dean Flow Fractionation (DFF) [70] (Fig. 5.9b). Based on the size
difference between CTCs and blood cells [71, 72], the developed technique enables
inertial focusing of larger CTCs (15-20 pm) near the inner wall while smaller blood
components (RBC ~8 pm discoid; leukocytes ~7—12 pm) are solely affected by the
Dean drag and transposed towards the outer wall, thus achieving separation. The
authors further define this Dean-induced lateral migration in terms of ‘Dean cycle’
(DC) which can be modeled by COMSOL simulation (Fig. 5.9b). For instance, a
particle which is initially positioned near the microchannel outer wall and migrates
to the inner wall is said to have completed 42 Dean cycle (DC 0.5), and returning
back to the original position near the channel outer wall completes a full Dean cycle
(DC 1). The length for a complete Dean cycle migration (Lpc) can be approximated
as Lpc ~ 2w + h (where w is the microchannel width and % is the channel height). For
a given microchannel length, the particles can thus undergo multiple DC migration
with increasing flow rate conditions (Fig. 5.9b).

Notably, this separation principle is particularly useful for blood cell separation as
the additional sheath buffer in DFF device facilitates the Dean migration of large
volume of RBCs in a well-controlled manner. The authors reported that RBCs band
broadened with increasing hematocrit due to cell-cell interaction induced dispersion
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Fig. 5.9 Dean Flow Fractionation (DFF) using a 2-inlet spiral design (a) (leff) Schematic illustra-
tion of the Dean-coupled inertial focusing separation principle in the 2-inlet spiral device. (right)
Composite fluorescent images and intensity linescans illustrating complete separation of 1.9 pm
(purple) and 7.32 pm (green) particles at De = 0.47. (Reproduced from Ref. [31] with permission
from The Royal Society of Chemistry) (b) (left) Optical image of the DFF spiral microchannel
(filled with blue dye for visualization) used for CTCs isolation from whole blood. Fluid simulation
and particle tracking (blue streamlines) in the DFF spiral device at Re 50 (DC 1) indicating
complete recirculation of the fluid elements at the outer wall region (inlet) and back to the outer
wall (outlet) again. (right) Average composite fluorescence images and plot indicating equilibrium
position of 6 pm and 15 pm beads at different DC. (Reproduced with permission from Ref. [70])

and a final hematocrit of 20% was chosen as it resulted in negligible RBCs
contamination in the inner CTCs outlet (Fig. 5.10a). Compared to other inertial-
based microfluidic separation methods, 20% hematocrit implies ~2x dilution of
whole blood (original hematocrit ~40-45%). This translates to an unprecedented
processing time of ~20 minutes for 1 mL of whole blood (at 100 pL/min). Interest-
ingly, inertial focusing positions of cancer cells (MCF-7) remained similar in saline
solution and 20% hematocrit blood samples, indicating that the lateral migration of
RBCs did not affect their inertial focusing (Fig. 5.10b) [70]. The same group later
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Fig. 5.10 High blood sample concentration processing in DFF (a) Averaged composite images and
intensity plot illustrate broadening of RBCs occupied regions (red dashed line) for increasing
hematocrit prior outlet bifurcation. Yellow dotted lines indicate position of channel walls, (b) Plot
and high speed image captured at the channel outlet (red dotted box) indicate similar focusing
positions of MCF-7 cancer cells suspended in PBS solution and 20% hematocrit blood samples at
DC 1. Shaded area (150 pm wide) corresponds to the dimension of CTCs outlet. (Reproduced with
permission from Ref. [70])

applied the DFF technology for label-free isolation of rare bacteria from whole blood
by collecting the Dean-induced migrated bacteria at the channel outer wall [73].

Compared to other spiral technologies, DFF is clearly more versatile as it can
achieve both size-dependent differential inertial focusing and multiplexed sorting of
larger particles, as well as isolation of smaller micro or nanometer-sized elements
through well-controlled Dean migration (a feat not possible with rectangular or
trapezoidal spiral microchannels). Figure 5.11 illustrates the Dean migration profiles
of 50 nm particles along the channel in DFF devices when introduced at either the
inner or outer inlet. In both cases, the particles are solely affected by the Dean drag
and migrated in the directions of the Dean vortices. By carefully tuning the sample to
sheath flow rate ratio, DFF could thus serve as an efficient buffer exchange system to
deplete smaller biological components including biomolecules (aptamers) [74] and
nanoparticles [75] from target cells with high efficacy.

5.3.4 High-Resolution Dean Flow Fractionation (HiDFF)

In biomedical research, there exists a critical need to develop novel separation tools
for sub-micron components in particle-based drug delivery system and purification
of circulating microvesicles. While DFF enables well-controlled, Dean-induced
migration of small microparticles (biomolecules, bacteria efc.) from inertially-
focused larger target cells, a major drawback remains in its inability to further
size-fractionate smaller microparticles (e.g. 1 pm vs. 2 pm) as they recirculate



118 N. Liu et al.

A 1 2 3 4 5
) )
K : pr— l l I .
°
|
1 Inlets » .
5 1 2 3 4 5
) (e
5 —

Fig. 5.11 Characterization of Dean-induced lateral migration of nanoparticles in DFF spiral
devices. 50 nm fluorescent bead sample is introduced at the a inner wall or b outer wall at the
inlet region. Average fluorescent stacked images indicate 50 nm bead positions along the channel.
Yellow lines indicate positions of channel wall. Corresponding schematic images of channel cross
section illustrate differences in bead migration pattern depending on initial position of beads.
(Reproduced from Ref. [76] under Creative Commons)

continuously due to Dean vortices. Inertial focusing of small particles is highly
challenging due to the requirement for smaller channel geometries (a/h > 0.07;
Dy £ ~10 pm for 1 pm bead focusing), and the large channel resistance would
cause flow-induced channel deformation [77]. A spiral sorter was developed to
inertially focus 2.1 and 3.2 pm microparticles, but the operating flow rate was low
(10 pL/min) due to large pressure drop [78].

To address these limitations, the Hou group recently developed a novel 2-inlet,
2-outlet spiral sorting technology termed as High-resolution DFF (HiDFF) [76]. Con-
trary to current inertial microfluidics technologies, this was based on a novel
phenomenon in spiral inertial microfluidics where particle transient innermost dis-
tance (Djnner) varied with size during Dean vortices-induced migration (Fig. 5.12a).
Briefly, small microparticles (a/ Dy, < 0.07) introduced at channel outer wall expe-
rience Dean drag forces (Fp) due to Dean vortices and migrate laterally towards
inner wall. As they migrate along the channel top or bottom, particles near the
surface experience size-dependent wall-induced inertial lift forces (Fyy, o< a6) that
push particles away from the surface. Hence, particles flow at different fluid stream-
lines which leads to a differential transient innermost position (Dj,e;) at the inner
wall before they recirculate back towards the outer wall (Fig. 5.12b). Of note, since
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Fig. 5.12 High-resolution Dean Flow Fractionation (HiDFF) (a) Schematic illustration of HiDFF
separation principle in a 2-inlet, 2-oulet spiral (300 pm (w) x 60 pm (k)) device. Particles
introduced at the outer wall migrate laterally towards inner wall under the influence of Dean
vortices. As the particles migrate along the channel top and bottom, they experience size-dependent
wall-induced lift forces (Fywyr) that push larger particles away from the surfaces, (b) Subtle
differences in particle z-position (along height) lead to size-based transient innermost distance
(Dinner) at the inner wall which can be exploited for small particle separation. (Reproduced from
Ref. [76] under Creative Commons)
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Fig. 5.13 Superior separation resolution of HiDFF (a) Fluorescence composite images and inten-
sity linescans indicating distinct innermost distance (Dj,pe,) for particles of different sizes (b) High
speed, Z-imaging (40 x magnification) of inner wall region at different planes indicates similar
Dinner along channel height. (Reproduced with permission from Ref. [76])

inertial focusing of particles is not necessary, channel dimensions are increased to
minimize clogging while improving throughput significantly (~100 pL/min).

To characterize the dependence of Dj,,., With particle size, the authors tested
beads of smaller diameters (50 nm, 1 pm, 2 pm and 3 pm) so that they would not
undergo inertial focusing in the device (a/ Dy, <0.07). As shown on Fig. 5.13a, 50 nm
beads migrated completely towards the inner wall while larger beads exhibited
increasing Djnn.; at Re ~ 30-50. For all for bead sizes, there were negligible
differences in their Dean migration towards outer wall at Re ~ 60-70. High speed
imaging at the inner wall region was also performed to further understand the distinct
differences in Dj,,e, by visualizing the particle flow position at different planes along
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the channel height. Composite brightfield images clearly indicated increasing Dipper
with particle size (~5.2 pm for 1 pm beads; ~17.4 pm for 2 pm beads; ~27.8 pm for
3 pm beads), a trend that was similar at different channel heights (Fig. 5.13b).

To determine if the subtle differences in Dj,,e, during Dean migration can be
exploited for separating particles with closely-spaced sizes, the authors characterized
binary bead mixtures (2 pm and 3 pm beads; 1 pm and 2 pm beads) separation
performance using HiDFF at different sample to sheath flow ratios. Smaller particles
(with smaller Dj,,.;) were positioned closer to inner wall and separated into the inner
outlet (outlet 1), while larger particles were sorted into outer outlet (outlet 2).
Separation efficiency improved significantly from 20% to 60% for 2 pm bead
isolation (2 pm and 3 pm bead mixture), and from 5% to 40% for 1 pm bead
isolation (1 pm and 2 pm bead mixture) at higher sheath flow, which translated to
an enrichment of the smaller particles by ~1000 and ~100-fold, respectively
(Fig. 5.14a, b). This was likely due to the smaller variation in particle initial
y-position (along channel width) which enabled them to migrate laterally as a tight
band towards the inner wall. As proof-of-concept for particle-based drug delivery
applications, polydisperse poly(lactic-co-glycolic acid) (PLGA) microparticles were
fabricated and fractionated into 3 different size groups (large, medium and small) in
a 2-step HiDFF separation. Particle size and morphology were characterized using
scanning electron microscope (SEM), which confirmed the distinct size differences
in each group (unsorted, 3.3 £ 0.08 pm; large, 6.8 £ 0.13 pm; medium,
1.7 £ 0.03 pm; small, 0.89 + 0.03 pm) (Fig. 5.14c).

5.3.5 Summary

So far, we have described four major types of spiral devices used for high throughput
size-based particle separation. Each of these technologies has unique separation
features in terms of particle size range, throughput and sample working concentra-
tion. These factors should be carefully considered when designing spiral devices for
specific cells/particles sorting applications. Table 5.3 below provides a summary and
comparison of key features in different spiral types.

5.4 Cell Applications
5.4.1 Cancer Cells

Cancer is the leading cause of death globally, and cancer metastasis (spreading from
the primary tumor to secondary sites) is responsible for ~90% of cancer-related
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fatalities [79]. During metastasis, cancer cells are shed from primary tumors into the
peripheral blood and are known as circulating tumor cells (CTCs). Recent clinical
studies have shown that CTCs frequency and their genetic information can be used
as surrogate biomarkers to provide critical information for cancer diagnostic and
monitoring [80, 81]. However, the technical challenge for CTCs isolation lies in the
rarity of these cells (~1 to 10 CTCs/mL) in peripheral blood (~5 billion RBCs/mL)
[82—-85]. CELLSEARCH® is the only FDA approved CTC separation technology
that uses antibodies to bind to epithelial cell adhesion molecule (EpCAM) on CTCs
surfaces, but EpCAM expression is highly heterogeneous which can lead to consid-
erable capture loss.

Microfluidic CTCs separation was first reported by Nagrath et al., where they
captured CTCs from patient blood using anti-EpCAM antibody functionalized
microposts (CTC-chip) [86]. Following this, the same group developed a herring-
bone device to increase the collision and capture frequency between CTCs and
antibody-coated surfaces [87]. However, the same issue related to cell surface
marker heterogeneity persists in microfluidic affinity-based cell sorting. Size-based
separation is hence preferred as it can significantly reduce cell loss and preserve cell
viability with its label-free sorting process. In most cancer types, the size of CTCs
(~10-20 pm) is larger than blood cells (WBCs ~ 8—12 pm; RBCs ~ 8 pm; platelets ~
2-3 pm), and this physical difference can be exploited in spiral inertial microfluidics
for high throughout cell separation.

To date, many spiral microfluidic devices have been developed for cancer cells
separation (Table 5.4) [23, 51, 60, 66, 70, 88-96]. Using Dean-coupled inertial
migration, Kuntaegowdanahalli et al. first reported the use of spiral microfluidics for
size-dependent cancer cell sorting (Fig. 5.15a) [23]. As proof-of-concept, they
separated a mixture of neuroblastoma (~15 pm) and glioma cells (~8 pm), and
achieved >80% separation efficiency at a high throughput of ~one million cells/
min. These results were comparable to the performances obtained using commercial
flow cytometry. To further improve the throughput, Warkiani et al. developed a
multiplexed spiral device (three devices stacked together) to isolate spiked cancer
cell lines from lysed blood samples. This high-throughput system can process
7.5 mL of lysed blood sample in 12.5 min and downstream fluorescence in situ
hybridization (FISH) analysis was successfully performed on the eluted CTCs
off-chip [94].

Recently, Guan et al. reported a slanted spiral device with trapezoid cross-section
(80 and 130 pm in the inner and outer channel height, respectively) for cancer cell
separation [64—66]. Due to the asymmetry of the channel cross-section, strong Dean
vortices were generated at the outer half (deeper side) of the channel, which shifted
smaller particles closer to the outer wall without affecting focusing of larger particles
at the inner wall (Fig. 5.15b). They successfully isolated three cancer cell lines,
MCF-7 (20-24 pm), T24 (16-17 pm) and MDA-MB-231 (10-15 pm) from whole
blood with high recovery rate (>80%) and purity (400-600 WBCs/mL; ~4 log
depletion of WBCs) [66]. In another study, Aya-Bonilla et al. designed a slanted
spiral microfluidic device to isolate melanoma CTCs from lysed blood sample and
obtained 80% recovery rate after one round of enrichment [98]. Kulasinghe et al.
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Table 5.4 Applications of spiral inertial microfluidics for cancer cell separation
No. |Sample Spiral type Separation performance | References
1 SH-SY5Y and neuroblastoma | Rectangular Throughput: ~2 mL/ [97]
cells spiral, single min
inlet
2 Neuroblastoma and glioma Rectangular Throughput: ~10° cells/ | [23]
cells spiral, single min 90% recovery
inlet
3 MCF-7, MDA-MB-231, HeLa | DFF Throughput: 100 pL/ [70]
in 3 x diluted whole blood min >85% recovery
(15% hct)
4 MCF-7, T24 and MDA-MB- Trapezoidal Throughput: 1.7 mL/ [66]
231 spiral min >80% recovery
5 1205Lu, A2058, SKMELS, Trapezoidal Throughput: 1.7 mL/ [98]
UACCG62; Melanoma clinical | spiral min >55% recovery
samples
6 CAL27, RPMI2650, Trapezoidal Throughput: 1.7 mL/ [95]
UD-SCC9, MDA-MB-486; spiral min
HNC clinical samples 60-76% recovery
7 MCF-7 in 100 X diluted blood | Rectangular Throughput: 400 pL/ [93]
spiral, single min 75.40% recovery
inlet
8 MCEF-7 and HeLa Rectangular Throughput: [60]
double spiral, 3.33 x 10’cells/min,
single inlet 88.5% recovery
9 HeLa in 20 x diluted blood Rectangular Throughput: [88]
double spiral, 2.5 x 10® cells/min
single inlet ~80% recovery
10 | A549 (lung adenocarcinoma) Rectangular Throughput: 25 mL/h. [92]
double spiral, 74.4% recovery
single inlet
11 | DU-145 (prostrate) Rectangular Throughput: ~1 mL/ [96]
spiral, single min 67% recovery
inlet
12 | Breast and lung cancer clinical | Multiplexed Throughput: >1.5 mL/ | [90]
sample (lysed blood) DFF min
13 | Breast and lung cancer clinical | Multiplexed Throughput: >0.75 mL/ | [91]
sample (lysed blood) DFF min 20-135 CTCs/mL
recovery
14 | MCF-7 in leukocytes Rectangular Throughput: 550 puL/ [51]
suspension spiral, single min >86.8% recovery
inlet
15 | MCF-7 (breast) Rectangular Throughput: >1 mL/ [89]

spiral, single
inlet

min ~100% recovery

also performed CTCs isolation using trapezoidal spiral microfluidics in head and
neck cancer (HNC) patients, and reported the presence of CTC clusters (large group
with more than five CTCs) in a subset of these cancer patients [95].
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Fig. 5.15 Isolation of circulating tumour cells (CTCs) from whole blood using spiral inertial
microfluidics (a) Distinct focusing and separation of microparticles (~15-20 um, similar size
range to cancer cells) into different outlets due to size-dependent inertial lift (/) and Dean drag
(Fp) forces. Experimental results indicating efficient separation of SY5Y neuroblastoma cells from
smaller C6 glioma cells. (Reproduced from Ref. [23] — published by The Royal Society of
Chemistry) (b) Schematic illustration of CTCs isolation from blood using trapezoid spiral
microchannels FISH analysis of HER2 expression in recovered CTCs after microfluidics isolation.
(Reproduced from Ref. [66] — published by The Royal Society of Chemistry, under Creative
Commons) ¢ Schematic illustration of Dean Flow Fractionation (DFF) for CTCs isolation. Clinical
validation of DFF in lung cancer patients. Fluorescence images and enumeration of isolated CTCs.
Isolation of CTCs clusters using DFF. (Reproduced with permission from Ref. [70]) (d) Schematic
illustration of a 1-inlet, 3-outlet spiral microfluidic device for cancer cell sorting. Due to the
dominant F, with smaller radius of curvature, cancer cells (MCF-7) focused inertially at the channel
centre, while smaller RBCs equilibrated near the channel inner wall. (Reproduced from Ref. [93] —
published by The Royal Society of Chemistry, under Creative Commons)

To increase blood processing throughput, Hou et al. developed a novel 2-inlet,
2-outlet spiral biochip for CTCs isolation based on DFF. Unlike other inertial
focusing devices, the DFF device inertially focused the larger CTCs while the
smaller hematologic cells (RBCs and leukocytes) were solely affected by Dean
drag forces (Fig. 5.15¢) [70]. This enabled accommodation of high RBCs content
in the channel, which translated to a significant enhancement of RBCs processing
(~20% sample hematocrit) and efficient cancer cell recovery of >85%.

Huang et al. also reported a simple 1-inlet, 3-outlet, 5-loop spiral cell sorter for
CTCs isolation (Fig. 5.15d) [93]. Due to the smaller radius of curvature and
dominant Fp, the larger cancer cells were recovered from the middle outlet, and
the smaller blood cells were sorted into the inner outlet. To test the efficacy of the
device, breast cancer cells (MCF-7) were spiked into diluted whole blood sample
(1:100) and the device was able to remove ~99% of the hematologic cells after
2 rounds of separation at a throughput of 400 pL/min. The authors also reported that
the processing capability can be further increased by using lysed blood samples.
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Table 5.5 Applications of spiral inertial microfluidics for stem cell separation

No. | Samples Spiral type Separation performance References
1 Human mesenchymal Rectangular spi- Throughput: 3 mL/min [104]
stem cells (hMSCs) ral, single inlet (~15 x 10° cells/h)
2 Neural stem cells (NSCs) | Rectangular spi- Throughput: 1 mL/min [106]
ral, single inlet >80% recovery
3 Neural stem cells (NSCs) | DFF Throughput: 3 mL/min [107]
~93% recovery

5.4.2 Stem Cells

Stem cells are pluripotent cells that can be induced into other cell types using
physical and biochemical cues. The capabilities of self-renewal and differentiation
into other specialized cells have made stem cells highly important in regenerative
medicine. Unsurprisingly, an unmet need for stem cell sorting is to identify novel
biomarkers to isolate subpopulations that are more pluripotent (“more stemness”).
Most of the existing techniques are based on cell surface expression and labeling, but
this strategy is rather challenging due to the lack of well-established surface markers
and cell heterogeneity.

Recently, the biophysical properties of stem cells such as cell size, stiffness and
electrical properties have emerged as potential biomarkers for stem cell sorting [99—
101] (Table 5.5). One of the key physical parameters is cell size, whereby the
inherent size differences can be exploited for cell cycle synchronization
[102]. This physical-based method has direct advantages over common chemical-
based synchronization which can affect and possibly disrupt cell physiology and
metabolism [103]. Lee et al. first proposed a spiral cell sorter for high-throughput
cell cycle synchronization based on cell size differences (Fig. 5.16a) [104]. To
satisfy the inertial focusing criteria (a/h > 0.07), the channel height was set between
130 to 150 pm depending on cell types. As proof-of-concept, they demonstrated the
fractionation of human bone marrow-derived mesenchymal stem cells (hMSCs) into
enriched subpopulations of GO/G1, S and G2/M phases. From outlet 1, 70.4% of the
cell population collected were in S and G2/M phases (~24 pm) while 86.2% of the
cells in outlet 4 were from GO/G1 phase (~15 pm). The device throughput
(~15 x 10° cells/h) and cell viability (~95%) were much higher than those obtained
by conventional methods. In a follow-up study, the group successfully identified a
set of unique biophysical markers (small cell diameter, low cell stiffness and high
nuclear membrane fluctuations) for the isolation of multipotent stem cells
(Fig. 5.16a) [105].

Study of neural stem cells (NSCs) is pivotal for understanding disease progres-
sion and developing novel therapeutics for neurological diseases including
Alzheimer’s and Parkinson’s diseases [108]. Neurospheres, which are clusters of
hundreds to thousands of NSCs, are commonly used for in vitro study of neural
precursor cells [109, 110]. To induce stem cell differentiation or conduct clonal
analysis in this culture system, the original neurospheres are chemically and
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Fig. 5.16 Stem cell fractionation using spiral inertial microfluidics (a) Design of the 9-loop spiral
microchannel for cell cycle synchronization (Adapted from Ref. [104] with permission from The
Royal Society of Chemistry). Size-based sorting of mesenchymal stromal cells (MSCs) into
different subpopulations for characterization of nuclear fluctuations (NF). (Reproduced with per-
mission from Ref. [105]) (b) Overview of neural stem cells (NSCs) separation process from mice
brain using spiral microfluidic device. Representative images of single NSCs and NSC clusters after
separation at 1 mL/min (scale bar: 50 ym). (Reproduced from Ref. [106] with permission from The
Royal Society of Chemistry) ¢ Schematic illustration of iPSC-derived NSCs enrichment using a
2-loop spiral cell sorter. NSCs were collected in the middle outlets, while non-NSCs (wide size
range) were collected in all outlets. Enrichment factor and recovery of NSCs at different flow rates.
(Reproduced with permission from Ref. [107])

mechanically dissociated to produce single-cell suspension and plated under strin-
gent conditions for growth. However, the dissociated single cells are often contam-
inated by a small population of stem cell clusters, which can affect subsequent cell
identification and clonal analysis. An effective and rapid separation method is
therefore highly desirable to separate these single cells from cell clusters. As neural
stem cells (~8—14 pm) are smaller than cell clusters (~40—-60 pm), Nathamgari et al.
developed a 1-inlet, 2-outlet spiral microdevice for size-based isolation of single
cells from chemically dissociated neurospheres (Fig. 5.16b) [106]. They showed that
at low flow rates (e.g. 1 mL/min), large particles (e.g. 38 pm beads or cell clusters)
were focused at the center of the channel while small particles (e.g. 7.7 pm beads or
single cells) were focused near the inner wall. When the flow rate was increased to
3 mL/min, the beads focusing behavior were reversed. They eventually used a flow
rate of 1 mL/min and reported that ~84% of single cells were isolated into outlet
1 and 2 (innermost outlets), while cell clusters equilibrated in the channel centre
(sorted into outlet 3-5). In addition, as neural stem cells are sensitive to shear stress,
a low working flow rate can help preserve the multipotency of the stem cells with
high cell viability rate (>90%).
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With the emergence of induced pluripotent stem cells (iPSC) technology, label-
free cell purification methods are highly important for iPSC-derived cells enrich-
ment. Song et al. designed a 2-inlet, 8-outlet DFF spiral device to enrich iPSC-
derived NSCs from a heterogeneous cell mixture based on cell size differences
[107]. They mixed NSCs (10-12 pm) and heterogeneously-sized non-neural cells
(6-19 pm) in a ratio of 1:1 (final concentration of 2 X 10° cells/mL), and processed
the sample at a flow rate of 3 mL/min. As expected, the NSCs focused into a tight
band and were sorted into the middle outlets (outlet 4 and 5), while the non-neural
cells were remained randomly distributed across the channel width and the larger
cells were sorted into the inner wall outlets (outlet 7 and 8). They reported ~2.1 fold
NSCs enrichment with a 93% recovery rate (Fig. 5.16c). A major limitation lies in
the low purity, as the device is unable to deplete non-neural cells of similar sizes
as NSCs.

5.4.3 Immune Cells

Neutrophils are the most abundant leukocytes in human blood and the key effector
cells of the innate immunity. They are also implicated in major diseases including
type 2 diabetes mellitus (T2DM) [111], cancer [112] and cardiovascular diseases
[113]. In TD2M, numerous neutrophil dysfunctions such as cell stiffening
[114, 115], impaired chemotaxis [116, 117] and phagocytosis [118] can lead to an
increased susceptibility to bacterial infections. Traditionally, neutrophils are isolated
using laborious methods such as density gradient centrifugation and RBC lysis,
which not only require a large blood sample volume (>10 mL), but are also prone to
induce neutrophil activation if not properly done. Commercial neutrophil isolation
kits that utilize immunomagnetic labeling have been developed to negatively select
untouched neutrophils (MACS xpress® (Miltenyi Biotec) and Easy SepTM
(STEMCELL Technologies)), but these kits are expensive and not practical for
large volume processing. Developing an efficient and cost-effective neutrophil
sorting strategy is therefore necessary for accurate phenotyping in neutrophil studies
and point-of-care testing. Table 5.6 shows a summary of spiral microdevices devel-
oped for this purpose.

Table 5.6 Applications of spiral inertial microfluidics for immune cell separation

No. | Samples Spiral type Separation performance References
1 Monocytes in Rectangular spiral, | Throughput: 1.1 mL/min [96]
10 x diluted blood single inlet Recovery: not reported
2 Neutrophils in lysed DFF Throughput: 130 pL/min [119]
blood >90% purity
3 Leukocytes in Trapezoidal spiral Throughput: 0.8 mL/min [65]
200 x diluted blood >80% recovery
4 Leukocytes in Rectangular spiral, | Throughput: 1.8 mL/min [120]
500 x diluted blood single inlet ~95% recovery
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Capitalizing on the high separation resolution of DFF, Hou et al. developed a
4-outlet DFF device to purify neutrophils from whole blood without antibodies
labelling. The separation is based on subtle cell size differences among leukocyte
subtypes (neutrophils/monocytes (10—12 pm); lymphocytes (7-8 pm)) (Fig. 5.17a)
[119]. This device only required small amount of blood (finger prick; ~100 pL) for
neutrophil isolation, and sorted neutrophils also undergo simultaneous washing as
they were eluted in fresh saline solution due to the buffer exchange capabilities of
DFF. The group further characterized the rolling behavior of sorted neutrophils on
E-selectin using microfluidics. In their clinical validation using healthy subjects and
patients with T2DM, this developed microfluidic-based neutrophil sorting and
phenotyping strategy revealed a significant difference in neutrophil rolling pattern
between both groups, clearly suggesting neutrophil rolling speed as a potential
functional biomarker for inflammatory profiling in T2DM patients.

In general, conventional blood cell separation methods (centrifugation, FACS,
MACS) are laborious and highly dependent on user operation, and the phenotype of
isolated leukocytes could be altered if not done carefully. To address these issues,
Wau et al. developed a spiral microfluidic device with a trapezoid cross-section to
isolate the larger leukocytes (~8—12 pm) from diluted whole blood (RBCs ~6—8 pm)
[65]. The schematic in Fig. 5.17b illustrates the device design and working principle.
At optimized working conditions, the device can separate polymorphonuclear leu-
kocytes (PMNs) and mononuclear leukocytes (MNLs) from diluted human blood
(1-2% hematocrit) with high efficiency (>80%). In addition, the activation in the
device-sorted PMNs was negligible as compared to lysis method. Nivedita et al. also
developed an Archimedean spiral device with <8 cm focusing length for leukocytes
separation in diluted blood sample (1:500) at a flow rate of 1.8 mL/min, and achieved
a high separation efficiency (~95%) and throughput (up to 1 x 10° cells/min)
(Fig. 5.17¢) [120].

5.4.4 Sperm Cells

Assisted reproductive techniques (ART) have benefited countless couples experienc-
ing infertility, and one major aspect of ART is to select healthy spermatozoa in vitro
fertilization (IVF). Traditionally, sperm cells are prepared using serial centrifugation
or the swim-up methods, but repeated handling and centrifugation can cause damage
to the sperm cells’ DNA, or lead to the production of reactive oxygen species (ROS)
[121, 122]. Conventional sperm cell sorting methods using microfluidics relies on
sperm motility, but the approach is unable to identify viable but non-motile sperms
for intracytoplasmic sperm injection, which is relevant for patients suffering from
severe or complete asthenozoospermia [122]. Taking advantage of the size differ-
ence between sperm and blood cell, Son et al. developed a spiral microfluidics sperm
cell sorter for non-motile sperms separation. (Fig. 5.18a) [123]. Sperm cells (1-2
million/mL) were mixed with RBCs (7-9 million/mL) and introduced into the spiral
channel. At a flow rate of 0.52 mL/min, 81.2% of the sperm cells were sorted into the
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Fig. 5.17 Immune cells isolation using spiral inertial microfluidics (a) Rapid size-based neutrophil
sorting and washing using DFF. High speed images indicating distinct focusing of larger neutro-
phils and smaller lymphocytes into different outlets. (Adapted from Ref. [119] under Creative
Commons), (b) Immune cell isolation using trapezoid spiral device. Intensity line scans indicating
distribution of polymorphonuclear leukocytes (PML), mononuclear leukocytes (MNL), and RBCs
across channel width (Reprinted (adapted) with permission from Ref. [65]. Copyright (2014)
American Chemical Society.) (¢) Images of the l-inlet, 4-outlet Archimedean spiral device
(<1 in.%). Focused streams of three particle populations (10 pm, 15 pm and 20 pm in diameter) at
a flow rate of 2.2 mL/min. Images of focused RBCs at the outmost loop of spiral channel with
10 and 200-fold diluted whole blood. (Reproduced with permission from Ref. [120])

outer two outlets, while 99% RBCs were separated into the inner two outlets. As
shown in Fig. 5.18b, the smaller sperm cells formed a broad focusing band near the
channel centre, which can be attributed to their asymmetrical and irregular shape
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Fig. 5.18 Sperm cell isolation using spiral inertial microfluidics (a) Separation principle of sperm
cells from RBCs using spiral microchannels (b) Fluorescent images of the focusing positions of
sperm cells (blue) and RBCs (red) at a flow rate of 0.52 mL/min. (Adapted with permission from
Ref. [123])

Table 5.7 Applications of spiral inertial microfluidics for microbes and biomolecules separation

No. | Samples/application Spiral type Separation performance References
1 Non-motile sperm cell Rectangular | Throughput: 0.52 mL/min [123]
spiral, single | 81% recovery
inlet
2 E.coli, K. pneumoniae, DFF Throughput: 1.7 mL/min [73]
P. aeruginosa, S. aureus, ~75% recovery
E. faecalis
3 Algal cells Rectangular | Throughput: 3.2 mL/min 77% | [125]
spiral, single | recovery
inlet
4 Phytophthora ramorum Rectangular | Throughput: 2 mL /min 95% | [126]
sporangia spiral, single | recovery
inlet
5 Antibodies in serum DFF Throughput: 130 pL /min [130]
>80% recovery
6 Aptamer DFF Throughput: 160 pL /min [74]

(~2 x 10° cells/min) >10°
partitioning efficiency

(Iength of 4.79 £ 0.26 pm and width of 2.82 + 0.23 pum). In contrast, larger RBCs
(~7.5-8.7 pm) inertially focused into a tight stream at the inner wall, thus achieving
separation (Table 5.6).

5.4.5 Microbes

Microorganism separation using spiral microfluidics (Table 5.7) is an area of
considerable interest for bacterial diagnostics and environmental monitoring
[124]. A major difference between microorganism and cell isolation is that microbes
are smaller (~1-3 pm) as compared to mammalian cells (~10-20 pm), and thus will
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Fig. 5.19 Microbe isolation using spiral inertial microfluidics (a) Bacterial isolation using DFF.
Plots indicating high bacterial recovery rate (>65%) at different bacterial loads and for low
abundance bacteria (~10-50 CFU/mL). (Reproduced from Ref. [73] — published by The Royal
Society of Chemistry.) (b) Experimental setup for bacteria separation using spiral microchannel.
Images of different algae species (Chlorella, Monoraphidium and Cyanothece) and their focusing
position across the channel width at 1.6 mL/min. (Reproduced from Ref. [125] under Creative
Commons) (c¢) Photograph of a multi-layered microdevice consisting of pneumatic microvalves,
spiral microchannel and fluid control channels. Significant enrichment of P. ramorum sporangia
from infested Rhododendron leaves using the developed spiral sorter (Adapted with permission
from Ref. [126]) (d) Spiral microfluidic channel for pathogens separation. Distribution of
C. parvum as a function of distance to the outer wall. (Reproduced from Ref. [129] under Creative
Commons)

experience less inertial (or drag) forces. Hence, channel dimensions have to be
scaled down significantly to achieve similar inertial focusing effects.

To overcome this issue, Hou et al. utilized the DFF technique to isolate low
abundance bacteria from whole blood based on cell size difference (Fig. 5.19a)
[73]. By using a sheath flow to “pinch” the bacteria-containing blood sample at the
inlet, they demonstrated well-controlled Dean migration of bacteria towards the
outer wall while larger blood cells remained inertially focused near the inner wall
to achieve separation. This approach enables continuous, species-independent
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isolation of clinical bacteria isolates spiked at low concentrations (~10-50 CFU/mL)
from whole blood without affinity-based target labelling.

Besides bacteria, algae are also widely studied as they are often used as bio-
sensors for monitoring and detecting environmental changes. Traditional manual
algae identification method includes microscopy-based manual identification which
is time-consuming and limits the sampling resolution. To automate the identification
process, Schaap et al. developed a spiral inertial microfluidic device for algal cells
separation based on cell size and shape [125]. Three morphologically different
species of algae were used in the experiment: (i) Chlorella (spherical shaped,
diameter of 6.0 = 1.0 pm); (ii) Cyanothece (prolate spheroid shape,
156 £ 2.3 pm in long axis and 11.1 £ 1.0 pm in short axis); and (iii)
Monoraphildium (cylindrical shape, 54.6 £ 14 pm in length, diameter of
3.14 £ 0.6 pm). The authors found that the shape of the algae can affect inertial
focusing behavior in spiral channels. Even though Cyanothece and Monoraphidium
possess equivalent spherical diameter, they can be separated based on their geomet-
rical difference and a separation efficiency of 77% was achieved at a flow rate of
3.2 mL/min. The prolate spherical Cyanothece behaved similar to a 10 pm particle,
while Monoraphidium has an effective diameter of 3.14 um in the plane perpendic-
ular to the flow, and thus experienced less lift forces as compared to Cyanothece.
Since Chlorella did not fulfil the inertial focusing criteria, they remained randomly
distributed spread across the channel. The experimental setup, algae images and
distribution across the channel cross section are shown in Fig. 5.19b.

Phytophthora ramorum is a fungal plant pathogen that infects a large number of
plant species and results in extensive damage to ecosystem. Hence, it is imperative to
detect and prevent the spread of this fungus. The P. ramorum generally presents an
ovoid shape with diameter ranging from 20 to 40 pm. To achieve efficient inertial
focusing effects, Clime et al. developed a spiral microfluidic platform with a channel
depth of 200 pm and width of 600 pm. The device was integrated with peristaltic
microvalves for fluid operation and process control. Using samples derived from
infested plant leaves, they were able to obtain 6.1-fold concentration of the fungi
(Fig. 5.19¢) [126].

Another crucial environmental application is the detection of waterborne patho-
gens in drinking water. It is a challenging task as pathogens are usually present in
low numbers. For example, the presence of Cryptosporidium oocysts was reported
less than 10 per 10 liters in the recreational lakes in Amsterdam, The Netherlands
[127]. The standard waterborne pathogen monitoring process involves complex
procedures including filtration, immune-magnetic separation, fluorescence staining
and microscopy-based examination. These methods require long processing time
(several days), expensive equipment and highly trained expertise [128]. In a work by
Jimenez et al., they presented a 6-loop spiral focusing microchannel with depth of
30 pm and width of 170 pm to separate waterborne pathogens (Fig. 5.19d)
[129]. The device has two wide outlets to enhance particle positions discrimination
and separation resolution. To demonstrate the feasibility of this device, they sepa-
rated waterborne pathogen Cryptosporidium parvum, (~4-5 pm) at a high flow rate
of 500 pL/min with a separation efficiency of 100%.
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Fig. 5.20 Biomolecule separation using spiral inertial microfluidics (a) Workflow of multiplexed
proteins or cells sorting using DFF coupled with affinity-based bead binding. Results indicating
efficient separation of 3 major HIV antigen-specific antibodies, as well as the enrichment of bead-
bound CD3+ lymphocytes. (Reproduced from Ref. [130] under Creative Commons) (b) Schematic
illustration of the inertial microfluidic SELEX (iSELEX) for aptamer selection. Cells with bound
aptamers are focused along the inner wall while the unbound aptamers migrate completely to the
outer wall. (Adapted from Ref. [74] under Creative Commons)

5.4.6 Biomolecules

Purification of proteins or other biomolecules from complex background is essential
in many biomedical applications and molecular assays. Unlike mammalian cells or
bacteria, biomolecules are significantly smaller (nanometer scale) and hence chal-
lenging to establish inertial focusing effects. A possible strategy is to bind target
biomolecules to functionalized microparticles to “artificially enhance” their sizes
(Table 5.6). This unique method is presented in a work by Sarkar et al., where they
reported a multiplexed affinity-based protein separation platform using DFF
[130]. The working principle is shown in Fig. 5.20a. As proof-of-concept for HIV
diagnostics, HIV antigens p24, gp41 and gpl120, were coated on beads of three
different sizes (10 pm, 4.5 pm and 1 pm) respectively to serve as capture agents. The
coated beads were then incubated with serum obtained from HIV-infected patients
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and introduced into the DFF device. Based on inertial focusing effects, beads were
sorted into different outlets based on their size. The captured antibodies were then
eluted from the beads for analysis. Compared to traditional antibody purification
methods, this high throughput sample processing platform (10°-10" beads/s,
milligram-of proteins) provided a ~ten-fold time reduction while enabling
multiplexed protein purification.

Aptamers are short nucleic acid or peptide molecules that can selectively recog-
nize distinct epitopes [131]. SELEX (systematic evolution of ligands by exponential
enrichment) is a combinatorial chemistry technique used for selecting binding
aptamers from a large random sequence pool in vitro, but this process is often
iterative and time-consuming [132, 133]. To increase the selection efficacy, Birch
et al. developed a novel microfluidic aptamer selection strategy based on the SELEX
principle and DFF, termed as [-SELEX (Fig. 5.20b) [74]. Briefly, the pre-incubated
cells and aptamer library mixtures were introduced into the spiral device. Due to
distinct size differences between RBCs and nucleic acid molecules, unbound
aptamers migrate along the Dean vortices towards the outer wall while the larger
cells focus inertially near the inner wall. By using a wider spiral channel, the large
separation distance between the unbound aptamers and aptamers-binding cells
resulted in a high partition efficiency of ~10°, which is comparable to the traditional
“gold standard” capillary electrophoresis-based methods [134]. Besides high
throughput processing (~2 x 10° cells/min), the developed technology was also
used to identify novel high-affinity binding aptamer targets for malaria-
infected RBCs.

5.5 Recent Advances

5.5.1 Novel Spiral Designs and Microstructures

Inspired by trapezoidal spiral devices, one can modulate the Dean vortices to
manipulate particle focusing behavior by varying the channel geometries. For
example, Sonmez et al. utilized an asymmetric serpentine channel design in a spiral
device [135]. Due to the superposition of two different secondary flows induced by
serpentine and spiral geometries, they demonstrated an increase in focusing quality
of 9.9 um beads as compared to conventional spiral and serpentine channels. The
device can achieve ~99.5% purity of sorted 9.9 pm beads at flow rate of 2.5 mL/min.

In recent studies, circular channels are used in spiral devices without relying on
conventional microfabrication techniques [62, 136]. This can be achieved by using
Tygon® tubing [136] or circular cross section PDMS tube [62] wrapped around
3D-printed barrel to form curvilinear or helical structures (Fig. 5.21a). A key
advantage of this strategy is that it is cheap and highly customizable as one can
easily change barrel size and tubing diameter to modify the radius of curvature and
channel dimension, respectively. Another attractive feature is that the tubings can be
connected in a “plug-and-play” mode to other PDMS based microfluidic devices,
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Fig. 5.21 Novel spiral designs and microstructures: (a) (left) Various designs of spiral inertial
microfluidics created using circular PDMS microtubes. (right) Characterization of particle focusing
efficiencies in different device designs. (Reproduced with permission from Ref. [62]) (b) (leff)
Spiral channel with micropillar array for plasma extraction. (center) Schematic illustration of
separation principle. (right) Microscopic image showing efficient plasma extraction and RBCs
retention. (Reproduced with permission from Ref. [137])

thus enabling in-line integration with different modalities. Hahn et al. utilized
Tygon® tubing (inner diameter 190 pum, outer diameter 2 mm) in a helical spiral
device and demonstrated separation of 15 and 25 pm particles into different outlets
with recovery rates of 50.9 £ 5.3% and 99.5 £ 0.9%, respectively [136]. Xi et al also
fabricated various designs of serpentine and spiral devices using circular PDMS tube
(100 pm for inner diameter), and achieved high focusing efficiencies (>75%) for
particle size ranging from 10-25 pm (Fig. 5.21a) [62]. For novel designs such as
helical spiral and self-twisted spiral, an interesting feature is that Dean number (De)
and radius of curvature remain constant for each loop as opposed to the standard
planar Archimedean spiral devices [62]. The self-twisted spiral device also exhibits a
stronger Dean flow profile due to the smaller radius of curvature.

Several groups have also introduced patterned microstructures such as
micropillars or confined regions in their spiral channels [137, 138]. The presence
of these obstacles induces additional secondary flow which can be exploited to
manipulate particle position together with Dean flow to enhance separation effi-
ciency [34]. Geng et al. designed a micropillar array (1.7 pm gap) in spiral channel
for blood plasma extraction from diluted whole blood (Fig. 5.21b) [137]. Due to the
combinatorial effects of physical filtration in pillar array and lateral Dean flow
effects, “cell-free” plasma effectively filters through the micropillars towards the
channel outer wall while the blood cells are retained in inner wall. Another important
feature is the decreasing distance between pillars and the inner wall along the
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Fig. 5.22 Novel spiral designs and microstructures 2: (a) (left) Schematic illustration of the spiral
device with stair-like cross-section. Cross-sectional view of the Dean vortices generated in the
device. (right) Particle size distribution from the inner outlet and outlets. (Reproduced with
permission from Ref. [138]) (b) (left) Spiral channel design with micro-obstacles. Velocity profiles
at the confined region in xy plane (right top) and zy plane (right bottom) using fluid simulation.
(Reproduced from Ref. [139] — published by The Royal Society of Chemistry)

microchannel to enhance the volume of extracted plasma. At an optimal flow rate of
10 pL/min, their device achieved 49.6% separation ratio (plasma volume to initial
sample volume) from 250 pL of 20x diluted blood. Ghadami et al. also developed a
novel spiral device with stair-like cross section in which the channel was divided into
3 sections namely inner, intermediate and outer wall [138] (Fig. 5.22a). Instead of
having two counter-rotating Dean vortices in conventional spiral devices, the Dean
vortices are positioned adjacent to each other with one located at the inner wall
section and another at the outer wall section. Similar to DFF, larger particles would
migrate towards the inner wall section while smaller particles remain in the outer
wall section. They reported that the device can achieve a large separation distance of
260 pm between 7 um particles and 20 um particles. Recently, Shen et al. investi-
gated various spiral designs with ordered narrow regions (Fig. 5.22b) [139]. As the
fluid flows into the narrow regions, the increasing fluid velocity provides additional
secondary flow acceleration which results in enhancement of particle focusing. To
demonstrate the separation performance of the developed devices, they successfully
sorted MCF-7 (97.5%) and HeLa (92.3%) cancer cells from diluted whole blood
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(~2.5% hct) at 6.5 mL/min. Furthermore, they also performed blood plasma extrac-
tion at a lower flow rate of 3 mL/min whereby the blood cells were focusing close to
the outer wall (removed through outer outlet) and plasma was extracted from other
outlets. They reported a high blood cells rejection efficiency (99.96%) and plasma
recovery (67.6%) from diluted blood (~2.5% hct) samples.

5.5.2 Integrating Multiplexing Spiral Devices

Unlike straight channel designs, a major limitation for spiral or curvilinear devices is
the difficulty for massive planar parallelization to achieve higher throughput. To
facilitate high volume processing, the spiral stacking strategy has been reported by
several groups [67, 91, 140-143]. Khoo et al. developed a multiplexed spiral
microfluidic device for label-free enrichment of CTCs at ultra-high throughput
[140]. The stacked device was fabricated by stacking three spiral channels vertically
with shared common inlets and outlets (Fig. 5.23a). To demonstrate the feasibility of
this device, the authors processed blood samples (7.5 mL) from 10 healthy donors
and 58 patients with metastatic breast or non-small cell lung cancer. The throughput
was significantly enhanced (20-fold higher) which translated to processing 7.5 mL in
less than 5 min with 100% detection sensitivity and high selectivity. Based on
similar concept, Warkiani et al. utilized a stack of 40 trapezoidal spiral devices for
CHO cell and yeast cells separation at 240 mL/min. [67]. Rafeie et al. later demon-
strated multiplexing of 16 trapezoidal spiral devices on one layer for blood plasma
separation from diluted blood [142]. They managed to achieve ~100% cell rejection
ratio for ~0.5%—1% hematocrit at an optimal flow rate of 1.5 mL/min for a single
device (24 mL/min for 16 devices). For stacking multiple devices, it should be noted
that the top surface of the PDMS devices needs to be flat to prevent leakages between
2 consecutive layers. Precise alignment of the inlet and outlet ports is necessary to
ensure that each device layer can receive equal flow distribution. In addition,
stacking of multiple devices can suffer from slight pressure variance and might
possibly affect individual device performance. To overcome these problems, several
groups have introduced custom design manifold to distribute fluid flow equally. For
example, Miller et al. developed a manifold to control pressure-driven flow in each
spiral device [141]. As shown in Fig. 5.23b, they successfully incorporated
20 devices which can provide a large separation size range (2-300 pm) at a
throughout of 1000 mL/min. Additionally, the system includes several unique
sample processing features such as cascaded channels to enhance separation effi-
ciency, and sample recirculation to increase purification and yield (Fig. 5.23c).
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Fig. 5.23 Integrated multiplexing spiral devices: (a) Photo of a multiplexed spiral device by
stacking 3 spiral devices together for high throughput CTCs isolation. (Adapted from Ref. [140]
under Creative Commons) (b) Image of a stacked spiral system for large range particle separation
(¢) Schematic illustration of cascaded sample processing using different spiral devices.
(Reproduced from Ref. [141] under Creative Commons)

5.5.3 Multiple Stage Spiral Device

Multiple stage spiral devices have been proposed to enhance sorting performance
[141, 144]. Robinson et al. developed a two-stage spiral device for RBC depletion
from diluted whole blood (2% hct). As a single spiral separation could not achieve
high WBCs purity, they added another stage of separation at the end of first spiral
device which has a bifurcation that equally splits into two smaller daughter spiral
devices; one for subsequent RBCs exclusion and another one for transporting sorted
RBCs to waste and balancing the fluidic resistances. They showed the device can
effectively eliminate RBCs from diluted whole blood with 30-fold increase in RBCs
depletion as compared to a single-stage spiral device [144].



140 N. Liu et al.
5.5.4 Closed-Loop Sample Processing

Besides multiple stage sorting, recirculation strategy is another attractive alternative
for processing of complex biofluid such as blood or high cell concentration samples
[141, 143, 145]. Briefly, sample recirculation is achieved by using peristaltic pump
to feed output eluent (containing target cells) back to the inlet sample reservoir so
that the suspension can pass through the device again. The recirculation strategy
provides several benefits. First, it continuously dilutes and removes the waste
materials that can otherwise affect the separation performance. Secondly, it will
enrich target cells into smaller volumes for subsequent processing without manual
handling. In most cell sorting applications, the target cells in the samples are usually
rare and do not contribute much to the sample concentration. Hence, the target cells
recirculation will not compromise the separation performance. Fig. 5.24a shows a
recirculation strategy developed by Ryu et al. [145]. In this work, they utilized spiral
inertial microfluidics with recirculation strategy to extract polymorphonuclear leu-
kocytes from patient-derived airway secretion or sputum. As sputum is highly
complex and heterogeneous among patient sample, a single step sorting is often
insufficient to achieve satisfactory separation performance. Recirculation can purify
target cell suspending medium while continuously eliminates mucin aggregates from
sample. The reported device retrieved ~95% PMNs from sputum from six patients
and provided superior performance over traditional Sputalysin (DTT) protocol
(Fig. 5.24a (right)). Kwon et al. recently described a closed-loop multiplexing spiral
system for perfusion culture of Immunoglobulin G1 (IgG1) CHO cells with high
IgG1 recovery rate (>99%), cell viability (>97%) and long term stability
(18-25 days) [143].

5.5.5 Integrating with Other Separation Modalities

Coupling spiral microfluidics with other cell sorting modalities was recently pro-
posed by Nivedita et al. [96]. In this work, they described a novel integrated platform
which comprised of a spiral separator and a second-stage cell sorter based on lateral
cavity acoustic transducer (LCAT). Briefly, angled lateral channel array was
designed to trap air as depicted in Fig. 5.24b. Acoustic field was applied to the
device which resulted in oscillation of the air/liquid interface and generation of
microstreaming vortices. When larger particles approached these microvortices, they
would be trapped into the circulating inner streamlines as smaller particles followed
along the outer streamlines with the bulk flow [96]. By adjusting excitation voltage
of acoustic actuator, the device can selectively capture different sized particles to
further enrich target cells. As proof-of-concept, they applied the device to trap larger
monocytes (>18 pm) from 10 x diluted blood. Smaller RBCs and WBCs, and
intermediate sized cells (<18 pm) were eliminated to outlet 1 (spiral outlet) and
outlet 2 (LCAT), while enriched larger monocytes remained trapped inside LCAT



5 Spiral Inertial Microfluidics for Cell Separation and Biomedical Applications 141

part. By flushing PBS through the channel, they were able to retrieve and concentrate
target cells with an enrichment of 987-fold. They also demonstrated separation of
DU-145 cells (>16 pm) from highly heterogeneous DU-145 population (7-28 pm)
and achieved 91.7% purity and 67.5% recovery rate of target cells. Noteworthy, this
work showed the unification of two separation techniques operating at different flow
rates (1500 pL/min and 25 pL/min). This was achieved by adjusting the pressure
drop/hydraulic resistance of the spiral outlet and transition region between 2 devices.
Another simple modification that can assist in enrichment of cells was proposed by
Wang et al. [92], in which they added a membrane filter at the outlet of the spiral
device to further enrich CTCs for immunostaining.

For blood cell sorting applications, it remains challenging to use whole blood as a
direct input for spiral devices due to the high RBCs concentration (~5 billion/mL)
and secondary cell-cell interactions are known to have adverse effects on sorting
performance [69, 146]. This makes off-chip sample pre-processing (dilution or RBC
lysis) a prerequisite prior spiral separation. Recently, Ramachandraiah et al. pro-
posed an integrated spiral device for leukocyte fractionation with on-chip RBC lysis
(Fig. 5.24c) [146]. Whole blood and hypotonic solution (deionized water) were
introduced into the device to selectively lyse the RBCs. The integrated lysis chamber
with expansion chambers helped increase residence time for proper RBCs lysis. The
lysed blood was then washed with sheath buffer stream (PBS) to prevent negative
effects such as leukocytes swelling. Finally, the focused sample stream proceeded
through the double spiral channel to fractionate out granulocytes, monocytes, and
lymphocytes with a purity of 86%, 41% and 91% respectively. Such integrated
device is favorable for point of care systems as it facilitates user operation and is less
time-consuming process compared to sequential sample processing. Furthermore, it
reduces cell loss that can occur during sample handling between each process. It
should be noted that the abovementioned device required three syringe pumps to
operate which can be a major drawback for point of care applications.

5.6 Conclusions and Future Outlook

Spiral inertial microfluidics has emerged as a superior separation technique for high
throughput particle sorting in biomedical applications and clinical diagnostics. Since
the introduction of inertial microfluidics by Di Carlo et al. [30] and the first
demonstration of spiral microchannels for particle filtration [147] a decade ago,
enormous efforts by us and other groups have focused on exploiting this technology
for different cell sorting applications, achieving higher throughput by multiplexing,
and enabling small micro and nanoparticles separation. Compared to other
microfluidics systems, the key advantages of spiral devices include simplicity in
microfabrication (3D printing is possible [68]), low clogging issues due to large
channel dimensions, high separation resolution, and scalability for macro-scale
volume processing.
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In this chapter, we have provided a comprehensive review on spiral inertial
microfluidics and covered related topics including (1) conventional and microfluidic
cell sorting techniques, (2) introductory theory in inertial microfluidics and Dean-
coupled inertial focusing, (3) classification of major spiral devices, (4) sorting of
cells and biomolecules using spiral technologies, and (5) recent advances in next
generation spiral cell sorters. Noteworthy, we have also provided tables (in different
sections) to highlight key principles and features in different spiral designs, as well
as comparing separation performances in various cell-based applications. We
believe this broad overview will be invaluable to readers who are new to the topic
and keen to use spiral cell sorting technology.

As the spiral inertial microfluidics community continues to grow, there are
several important areas that researchers can contribute to enable novel applications
and improve understanding on the underlying physics. Being a size-based separation
technology, its remains challenging to purify cells of closely-spaced sizes or with
other biophysical differences (cell deformability, electrical properties efc.). To
enhance sorting specificity, it is important to couple spiral inertial microfluidics
with other active or passive sorting techniques which exploit other biophysical
parameters such as electrical properties (dielectrophoresis), magnetic properties
(magnetophoresis) and mechanical properties (acoustophoresis). The biggest chal-
lenge is the flowrate mismatch between spiral device and other techniques as high
flow conditions commonly used in spiral channels may not be suitable for other
sorting techniques. As cell heterogeneity is becoming increasingly appreciated,
another major technological improvement is to integrate biosensing capabilities in
spiral sorters to facilitate high throughput real-time single cell analysis. If successful,
we are confident that these next-generation integrated spiral platforms will be of
great significance for biomedical applications and commercialization opportunities.

Finally, improvement in imaging modalities to characterize particle equilibrium
positions in 3D at high flowrates can help to elucidate the underlying physical
mechanisms and inertial focusing dynamics [148]. A deeper quantitative analysis
of particles inertial focusing in spiral channels can also validate simulation studies
and machine learning models to optimize spiral designs and enhance separation
capabilities. We envision that with increasing advancement in microfabrication and
computational techniques, spiral inertial microfluidics will continue to play a leading
role in driving biomedical research by enabling novel and tunable separation tech-
nologies with more precision and user-defined separation features.

<
Y

Fig. 5.24 (continued) with permission from Ref. [145]. Copyright (2017) American Chemical
Society.) (b) (left) Schematic of integrated spiral device with sequential lateral cavity acoustic
transducer. (right) Microstreaming vortices in LCAT channel for particle trapping. (Adapted with
permission from Ref. [96]) (¢) (fop) Workflow and image of the integrated spiral device with
on-chip RBC lysis. (Reproduced from Ref. [146] — published by The Royal Society of Chemistry,
under Creative Commons)
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