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SUMMARY

Explosive growth of microfluidics has triggered numerous advances in focusing,
separating, ordering, and concentrating of cells Microfluidic systems capable of performing these
functions are rapidly finding applications in clinical and biomedical fields. However, most
microfluidic methods have been demonstrated using spherical particles in Newtonian fluids. Yet,
fluids such as blood, saliva, and cytoplasm are non-Newtonian, and cells such as red blood cells
and spermatozoa cells are asymmetrical in shape. These key differences can reduce effectiveness
of the microfluidic separation methods. In this work, we use spiral inertial microfluidic devices
to investigate migration dynamics and focusing evolution of beads in non-Newtonian, elasto-
inertial flows. Coupling of Dean flow that arises from the spiral channel geometry with fluid
elasticity yields complex migration behavior. The flow rate, device curvature, and medium
viscosity were found to influence lateral migration of cells or particles within these channels. In
addition, we used spermatozoa cells to investigate the mechanism of asymmetric shape effects on
lateral migration in the spiral channel. The sperm cell migration direction and alignment were
found to depend on the flow parameters, leading to differences in focusing equilibrium as
compared with spherical particles. Ultimately, insights from this work offer a useful guide to
microfluidic device design for improving efficiency of 3D focusing in cell sorting and cytometry

applications.
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CHAPTER 1

INTRODUCTION

1.1.  Microfluidic Sorting Techniques

Particle and cell sorting is a critical technique in fluid research, clinical diagnostics, and
biomedical applications'. The laminar flow nature of these devices permits manipulation of
fluid and suspended cells or particles with remarkable spatial and temporal precision. Both
biophysical and biochemical properties of the cells and particles are widely exploited in these
devices as markers for generating differentiated spatial positioning inside the devices by adding
either external® or internal differentiating fields®’. With the emergence of microfluidics,
extensive devices have been invented for particle and cell sorting, owing to significantly
minimize the size of the system, rapid sample processing and analyzing, higher spatiotemporal
precision, and lower cost®2. The microfluidic particle and cell sorting techniques can be divided
into active and passive methods. Active microfluidic methods rely on the external forces to
manipulate particle and cells in microchannel, including magnetic***4, electrophoretic'®?6,
dielectrophoretict”*8, acoustic'®?°, and optical forces?>?? for differentiating particles and cells
flowing in a microfluidic channel. Typically, active microfluidic methods offer precise control of
particle and cell spatial distribution which is beneficial for sorting of highly heterogeneous
sample. However, these methods limited throughput and required sophisticated device
architecture.

Passive microfluidic methods rely on intrinsic hydrodynamic forces due to the geometry



of the microchannels to position and spatially order particle and cells positions without external
actuators, power sources, or fields. A wide range of devices using passive methods, such as
pinched flow fractionation (PFF)?, deterministic lateral displacement (DLD)?* and inertial
filtration®*, is generally achieved in Newtonian fluids by manipulating the inherent
hydrodynamic force or channel geometry. Passive microfluidic methods offer attractive
advantages over the active methods, including the simplicity design, fabrication, low cost, and
high-throughput, with most approaches being label-free. Although the passive microfluidic
techniques achieve sorting and focusing of particle and cells with remarkable advantages, most
of these methods are demonstrated by spherical particles and performed in Newtonian fluids.
However, biological cells such as red blood cells (RBCs) and sperm cells are asymmetrical in
shape and fluids such as blood®, salivar® and cytoplasm’, are non-Newtonian fluids which can

void the effectiveness of aforesaid methods for particle separation.

1.2.  Particle and Asymmetrical Cell Focusing

Particle and cell focusing is the essential step of microfluidic techniques for sorting and
separation, which determine the efficiency and performance of the devices. Spiral microchannels
have been widely used in the application of particle and cell sorting. Microfluidic devices have
been widely applied to using spherical particles and spherical cells in sorting®®>?’, focusing?®=°,
and trapping®-33 applications in Newtonian fluids. However, the underlying mechanism of the
intrinsic hydraulic forces that induce focusing, especially in viscoelastic fluids and with
asymmetrical cells, are not completely understood.

Viscoelastic fluids are non-Newtonian , and often found in biofluids, such as whole

blood3*3, semen®, and cytoplasm®’. Compared with Newtonian fluidics, the viscoelastic flow



includes elastic force® in addition to the inertial shear stress, which can impact device
performance and cell separation effectiveness. These biofluids are generally viscoelastic in
nature, making cell sorting challenging. Fortunately, recent publications®**! have suggested that
fluid viscoelasticity can offer unique opportunities to focus cells into different cross-sectional
locations in straight microfluidic channels, depending on their size, while investigators have
focused on applications of such devices, little attention has been paid to the underlying
principles. This is especially true in curved channels, where curvature induces an additional
Dean force which results in complex interplay of elastic, inertial and Dean forces as particles or
cells migrate within flow. Xiang et al.*? attempted to explain the observed migration behavior
using a complex six-step model. However, evolution of particle migration along the channel
downstream length was not well described, leading to an incomplete model. Lee et al.*3
investigated particle lateral position dynamics along the channel downstream, but in a single
spiral channel and narrow flow rate range (0.83 to 12.5 pL/min). In a more recent study, Kumar
et al.** showed that the hydrodynamic force balance in cross-section, with particles reaching
stable 3D focusing at high Re. However, the lack of direct observation of particle vertical
position in flow puts in question the accuracy of the inferred viscoelastic migration mechanism
in 3D in spiral channel. Thus, despite these efforts, a clear understanding of 3D migration of
particles in spiral channels in elasto-inertial flows is still lacking.

In Newtonian fluids, a secondary flow occurs due to the centrifuge effects and the
pressure gradient near the inner and outer walls, leading to form two counter rotating vortices
named the Dean vortices at the top and bottom halves of the channel*>#¢ when the Dean number
( De) is smaller than the critical Dean number ( Dec )for low aspect ratio spiral channel*’. The

current focusing model for spiral devices is performed by spherical particles. This model does



not appropriately explain the focusing behavior of cell/particles with asymmetrical shape in
spiral channel. Hur et al. *® demonstrated that the inertial effects alternated the equilibrium
positions of the particle with various shapes, such as cylindrical, ellipse, disk-shaped, and
doublet shape. Masaeli et al. *° found that particle rotation is a necessary component in altering
the equilibrium position across the channel depending on the rotation diameter. Li et al.>®
developed a inertial to separate E. gracilis by their shape aspect ratio. However, most of the
studies on asymmetrical cell focusing are in straight channels. Hence, asymmetrical cell focusing
studies in spiral channel to date are limited due to complexity of interaction of the hydraulic

forces, resulting the asymmetrical cell focusing dynamics less understood in spiral channel.

1.3.  Motivation

Spiral is the most frequently used channel geometry to induce secondary Dean flow.
Recent studies®*>* demonstrate that the fluid elasticity and cell shape have significant impact on
migration of cells within flow in microfluidics devices. Particle focusing behaviors have been
studied in viscoelastic fluids in spiral microchannels. However, the underlying mechanism of
particle migration in curved channel is not completely understood. In part, this is due to
challenges associated with investigating particle migration in 3D in spiral channels. The three
major challenges include (1) variation of force balance in the downstream direction due to the
planar spiral geometry, (2) complex interaction between inertial lift, elastic, and Dean drag
forces, and (3) lack of direct observation from side-view. Hence, there is a need for the study of
particle focusing in viscoelastic in spiral channel. Thus, illustrating the full focusing pattern
along the downstream channel length, with side view imaging yielding observations on vertical

migration of focused streams will offer a useful guide on viscoelastic microfluidics device design



for improving efficiency of 3D focusing in cell sorting and cytometry applications.

Although shape-based sorting has not been considered in conventional techniques, such
as centrifugation and filtration, recent studies show that particle/cell shape effects have been
considered in microfluidics techniques for sorting and separation. However, most of the
asymmetrical particle focusing studies were investigated in the straight channel. It is not clear
how the cell with asymmetrical shape focusing by the secondary vortices induced Fp in spiral
channel. Thus, there is an urgent need to investigate particle migration in viscoelastic fluids and
asymmetrical cell flow dynamics in inertial fluids in order to develop an improved understating
and better design guidelines to realize more efficient spiral microfluidic devices for cell-based

applications in biofluids.

1.4.  Scope of Work

In this work, spiral microchannel are fabricated and optimized to observe the particle and
asymmetrical cell focusing behaviors in both Newtonian and non-Newtonian fluids. To improve
the understanding of the underlying physics, the goal of this study is to investigate evolution of
migration dynamics for particles and cells, including their shape and size effects, and to establish
a model that offer a useful guide for viscoelastic microfluidics and inertial microfluidics device
design. This study allows fast growth of microfluidics application, ultimately leading to
improved performance and broader acceptance of the viscoelastic and inertial microfluidic
devices for real biofluid samples. Two specific aims were investigated to address these goals.
The first aim investigated particle focusing evolution in viscoelastic fluid in spiral
microchannels. With direct observation and evaluation of viscoelastic focusing behavior in spiral

microchannels, it enables to elucidate the underlying fluid physics of particle migration along the



channel width and height. Based on the concepts of inertial microfluidics in spiral channels,
particle migration in purely Newtonian fluids and viscoelastic fluids were compared, which
provides an improved understanding and a model of particle migration in spiral microchannels in
viscoelastic flows.

Second aim focused to explicate the asymmetrical shape effects on cell migration in
spiral microchannels. Due to the limited source of asymmetrical and cell-like shape particles, it is
difficult to explore the shape effects and not ideally to mimic cells migration by using the
spherical particles. Therefore, spermatozoa cells, consisting of asymmetrical head and long tail,
will be used in viscoelastic and inertial fluids and to investigate the mechanism of asymmetrical
shape effects on migration in spiral channel. This study found that asymmetric cell shape and
long-thin tail affects interaction of hydrodynamic forces and will result in altering of the

equilibrium positions within the spiral microchannel.

1.5. Chapter Summaries

Following this introduction, Chapter 2 will summarize the physics of viscoelastic fluids
and will discuss passive microfluidic methods for particle and cell sorting in viscoelastic fluids.
The chapter will also review of the advantages and challenges of Dean coupled elasto-inertial
focusing. Chapter 3 will introduce the investigation of particle migration dynamics in
viscoelastic fluids in spiral channels. Firstly, the particle lateral migration evolution along the
channel downstream will be discussed and a three-regime migration model will be introduced.
Next, influence of coupled Dean drag, elastic, and inertial lift forces acting on particles in both
lateral and vertical directions will be described. Chapter 4 will introduce the focusing dynamics

of asymmetrical cells (sperm) in Newtonian fluid in spiral channels. The shape and tail effects on



sperm cell lateral and vertical migration will be discussed and a critical Dean number that
defines the transition from outward to inward migration will be introduced. Chapter 5 will

summarize and conclude this work, along with a discussion of the potential future directions.



CHAPTER 2

BACKGROUIND

(Parts of this chapter were previously published as Jian Zhou, Prithviraj Mukherjee, Hua Gao,
Qiyue Luan, and Ian Papautsky. “Label-free microfluidic sorting of microparticles”. APL

Bioeng. 3, 041504 (2019). Permission statements are included in Appendix.)

2.1.  Viscoelastic Microfluidics

The tremendous clinical potential of circulating tumor cells (CTCs)?®>% and circulating
extracellular vesicles (e.g., exosomes)®’ for liquid biopsy in cancer diagnostics and precision
medicine has been driving the burgeoning development of microfluidic devices for cell sorting
and isolation. Recent, particle separation utilizing the intrinsic viscoelasticity has been
successfully demonstrated that viscoelastic focusing of particle is preferable in forming a 3D
single stream focusing®®>° and in enrichment of sub-micrometer particles®” %, which is generally
challenging in inertial microfluidic devices. In a circular microchannel, particles tend to focus
into a single position (3D-focusing) located in the channel central axis of the channel where the
shear rate is the lowest>? (Fig.1a). In a square straight channels, due to the asymmetric shear
distribution, particles focus at the channel the four corners also exhibit a stable equilibrium
position near the channel central axis®* (Fig.1b). Therefore, five equilibrium positions are
observed as shown by Seo et al.5? and Yang et al.®* In a rectangular channel, Lenshansky et al 2
in 2007 demonstrated that particles become confined into a broad band near the central plane of
the channel in a low aspect ratio channel. Particle separation was demonstrated using elastic
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force in a device consisting of both circular and square channel segments (Fig. 1d), but
throughput was low (<0.05 uL/min).

Adding inertial force into a viscoelastic microfluidic device offers benefits in terms of
particle focusing and separation. On one hand, non-negligible inertia means a higher flow rate
and thus higher processing throughput. On the other hand, the interaction of inertial and elastic
forces determines the focusing pattern of particles and therefore provides distinct particle
focusing behaviors that can be useful for separation (elasto-inertial focusing and
separation)®.When fluid inertia is not negligible (i.e., elasto-inertial flows), multiple equilibrium
positions can be reduced to a single 3D position by regulating the synergetic combination of the
elasticity and inertial effects on particles (Fig.1c)°®%1. Due to the wall induced lift force, particles
near the four corners of a square channel are pushed toward the channel center, leading to the
elimination of the four focusing positions and entrainment of all particles in the channel axis
(3D-focusing).

The non-Newtonian fluids are usually made by dissolving macromolecular powder into
Newtonian medium. Typical macromolecules used for enhancing fluid elasticity include
hyaluronic acid®® (HA), poly(ethylene oxide)®* (PEQ), deoxyribonucleic acid®® (DNA), and
poly(vinylpyrrolidone)®® (PVP). Many groups have been intense attention to PEO recently years,
because of its excellent abilities of water solubility®’, biocompatibility®®, and low toxic®. Due to
the capability to form hydrogen bond, uncharged and relatively inert, PEO has been widely and
mostly used in biomedical applications. These include prevention of particle aggregation’®,
maintain membrane structure’>"2, and reduction of protein adsorption’. Also, it was found that
PEO aqueous solutions exhibit shear-thinning behaviors as whole blood and semen. Because of

its advantages, PEO has been the medium of numerous viscoelastic microfluidics theoretical and



Input Circular Square
cross-section cross-section cross-section

Figure.l. Viscoelastic focusing and sorting of particles. (a) Viscoelastic focusing creates a
single equilibrium position along the central axis of a circular capillary. In square channels, there
are (b) five focusing positions when flow is elasticity dominant and (c) a single position at the
centerline when flow is elasto-inertial. (d) Size based sorting of particles using elasticity
dominant flow in a device with a combination of circular and square cross-sections. Reproduced
with permission from APL Bioeng. 3, 041504 (2019) Copyright 2019 APL Bioengineering.



simulation studies. Therefore, we select PEO solutions as the base medium to exploit cell

migration evaluation in viscoelastic fluids.

2.2.  Inertial Microfluidics

Inertial microfluidics, relying on inertia of the surrounding fluid, with inertial effects
driving cells across flow streamlines into equilibrium positions, has proved to be a fascinated
technique for label free, passive particle and cell sorting in microfluidic channels. It is well
accepted now that the particles focused into the equilibrium positions by the shear-induced lift
force (Fs) and wall-induced lift force (Fw).The number and location of particles equilibrium
positions are dependent on the channel geometry and the cross-section shape (Fig.2). Segréand
Silberberg’ in 1960s first found that neutrally buoyant particles focused into a narrow annulus at
~ 0.2Dy, from the wall, where the Fs balances Fw (Fig.2b). In straight microfluidic channels of
square cross-section, cells focus in four equilibrium positions at the center of each side wall
(Fig.2b)™. In channels of rectangular cross-section, the number of equilibrium positions is
reduced to two near the centers of the larger side walls (Fig.2c)?8. The inertial microfluidics of
particle in rectangular microchannels migrates with the lift forces and occurs into two stages?. In
stage I, Fs dominates the particle migration and push particles to the top and bottom walls,
whereas in stage I, particles migrate to the center of the top and bottom channels by the rotation-
induced lift force (Fq).

Introducing channel curvature disrupts this equilibrium balance due to emergence of
secondary flow that forms counter-rotating Dean vortices creates two vertical equilibrium
positions near inner convex side wall depending on the particle sizes’®"”. The flow in spiral

channel is more complex than straight channels due to the secondary Dean vortices induced an
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Figure.2. Inertial focusing in microchannels. (a) Two lift forces orthogonal to the flow
direction act to equilibrate microparticles near the wall. The shear-induced lift force Fs is
directed down the velocity gradient and drives particles toward channel walls. The wall-induced
lift force Fw directs particles away from the walls and drives particles toward the channel
centerline. The balance of these two lift forces causes particles to equilibrate. (b) Inertial
focusing creates an annulus in cylindrical capillaries and four symmetric positions in square
channels. In both cases, the equilibrium positions are approximately at ~ 0.4Dh from the
sidewall. (c) In a rectangular channel, there are two preferred equilibrium positions. A two-stage
model describes inertial migration of microparticles first from the channel bulk toward
equilibrium positions near long walls under the influence of Fs and Fw and then parallel to
channel walls into wall-centered equilibrium positions under the influence of the rotation-
induced lift force (Fo)?. Reproduced with permission from APL Bioeng. 3, 041504 (2019)
Copyright 2019 APL Bioengineering.(d) Schematic of the spiral microparticle separator. The
randomly dispersed particles equilibrate at different equilibrium positions along the inner wall of
the spiral microchannel under the influence of F. and Fp. Separation between individual particle
streams is enhanced by opening the spiral channel into a wider straight channel before extracting
the individual streams using a multiple outlet design. Microchannel cross-section illustrating
effects of FL and Fp on particles. The ratio of forces (FL/Fp) is the determining factor in where a
particle of given size (diameter) equilibrates’®. Reproduced with permission from Lab on a Chip.
2009,9, 2973-2980. Copyright 2009 Royal Society of Chemistry.
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additional Dean force (Fp). Kuntaegowdanahalli et al.”, for first time, demonstrated the sorting
of particles in spiral channels with rectangular cross-sectional shape. Particles flowing near the
top or bottom of the channel cross-section are subjected to Dean drag force (Fp), while the
inertial lift forces are orthogonal, causing them to migrate with the Dean vortices. Near the outer
wall, the net lift force (FL) is in the same direction as Fp, and thus, particles follow the Dean
vortices independent of their size. Near the inner wall, however, inertial and Dean forces act in
opposite directions, leading to a possible force balance for particle focusing into their
equilibrium positions. The equilibrium position of a particle is determined by the ratio of F./Fp,
yielding distant streams near the inner wall of the channel based on the diameter of the particle

(Fig.2d).

2.3.  Physical Mechanism and Hydraulic Forces

Viscoelastic fluid is one of the non-Newtonian fluids that are qualitatively distinct from
Newtonian fluid in behavior. As suggested by its name, viscoelastic fluid comprises both viscous
and elastic components, with the later mainly responsible for the imbalanced normal stresses
under shear®®. As a result, the normal stress differences in viscoelastic flow are non-zero which is
unlike the case in Newtonian flow. The first normal stress difference is accounted for the lateral
migration of particles in such flow and it is now generally termed as elastic force (Fg)*?. This
force drives particles suspended in viscoelastic flow from high shear-rate region to low shear-
rate region*2%S. Consequently, in a circular microchannel, particles subjected to this force
migrate toward the channel center-axis and eventually reach a single-file entrainment (3D-
focusing)™°.

More intriguingly, such phenomenal lateral migration is size dependent as the driving
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elastic force is strongly correlated to particle diameter (Fe ~ a®). Thus, passive separation of
particles is possible in viscoelastic flows. Indeed, in the absence of other forces such as inertia,
focusing and separation of particles has been successfully demonstrated by a number of
groups®1®. When fluid inertia comes into play, more complex scenario can occur. There are
dimensionless numbers that help to understand the force interactions within a viscoelastic flow

and to predict particle migration.

2.3.1. Reynold Number

The Navier-Stokes equations determined that the particle migration across the
microchannel due to the inertial effects where the inertia and viscosity of the fluid are finite®.
When particles are flowing in un-negligible inertia fluids, the inertial effects impact their
migration by inertial lift force. The inertial effect on fluid and particle motions is measured by

the Reynolds number (Re):

Re = 212 (1)

where Us is the average fluid flow velocity, p is the fluid density, p is the fluid viscosity, and Dy
is the hydraulic diameter of the channel. The fluid inertia would become more significant on
particle migration with increasing the Reynolds number, which enable the manipulation of
particle migration within inertia microfluidics channel. It is well accepted now that inertial
focusing occurs when particle Reynolds number Re, > 1 (Rep = Re(a/Dn)?)*°,where a is diameter

of cell/particle.

2.3.2. Dean Number
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In a curved microchannel, Newtonian fluid undergoes centrifugal acceleration directed
radially outward leading to the formation of two counter-rotating vortices known as Dean
vortices which result in the inherent velocity differences in the channel cross-section where the
center of the channel moves faster and pushes particle toward the outer wall’®2°, The magnitude

of Dean flow is given by a non-dimensional parameter Dean number:

De = Re(lz)—}’_;)o'5 (2)

where R is the radius of the curvature. Particles migration near the top or bottom half of the
channel cross-section are dragged by the Dean drag force Fp, leading them flow with the Dean
vortices. Thus, the magnitude of the Fp is strongly dependent on the dimensions of the channel

and the radius of curvature.

2.3.3. Weissenberg number

When particles flowing in viscoelastic fluid, they are subjected to the elastic effects. The
fluid elasticity can be evaluated using the Weissenberg number (Wi), which compares elastic
force with viscous force acting on particles®. For rectangular cross-section, the Wi number can

be expressed as:

=i ©)

This non-dimensional number is a measure of importance of the elastic fluid properties and is
defined as a function of flow shear rate y"and fluid relaxation time A. The shear rate y can be

approximated as y "= 2Q/hw? in rectangular channels, where Q is the flow rate, h is the channel

14



height, and w is the channel width. The viscoelasticity can be then characterized with by Wi and

the elastic force is strengthened with increasing Wi.

2.3.4. Elastic number

The viscoelastic effect can also be characterized by the elasticity number®?:

El=" 4)

It is the ratio of the Weissenberg number to Reynold number, equivalently the ratio of elastic
force to inertial force. El only depends on the fluid rheological properties and the characteristic
length scale. EI >>1 indicates dominance of fluid elastic force while inertial stress is expected to
be dominant when El << 1. In Newtonian fluids, El = 0 and thus the elastic force Fe = 0 and
inertial effects dominate.

In this study, we aim to exploit a moderate range of elasticity numbers that the particle
motion is influenced by both elastic and inertial effects. Therefore, three dominates forces
govern on particle migration in viscoelastic microfluidic in spiral channel : inertial lift force,

Dean drag force and elastic force, each schematic shown in Fig.3.

2.3.5. Inertial Lift Force

The inertial lift force composes wall-induced (Fw) and shear-induced force (Fs).The
shear-induced force push particles away from the center to walls whereas wall-induced force
push particles away from the walls to center. As particles flow downstream, they experience
shear gradient lift force Fs induced by fluid shear as well as wall-induced lift force Fw generated

by the interaction of particles and channel walls. These forces scale strongly with particle
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Figure.3 Schematic of hydraulic forces in Newtonian and non-Newtonian flows. (a) Wall
induced force. Cw is the coefficient of wall induced force, p is the fluid density, a is the particle
diameter and Dx is the channel hydraulic diameter.(b) Shear gradient lift force. Cs is the
coefficient of shear gradient lift force. (c) Dean drag force.(d) Elastic force. Ce is elastic lift
coefficient. 4 is the time of the fluid. w is the width of the channel. Q is the flow rate.
Reproduced with permission from Annual Reviews 2014, Annu. Rev. Biomed. Eng. 2014.
16:371-96.
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diameter, as near the channel wall%7881:

2.6
FW:CW/)Z%M (5)

where the Cw is the lift coefficient for the wall interaction force, which changes with Reynolds
number and position’®. Uwmax is the maximum velocity of fluid. As the interact with the walls of
the channel, particle will move slightly slower than the fluid and pressure will build between the
particle and walls, causing the Fw toward away from the walls as shown in Fig.3a.

The lift force Fs acting on particles near the channel center:

2.3
Fs = —Csp”DM:x = (6)

where Cs is the lift coefficient for the shear gradient lift force. In plane Poiseuille flow, the
parabolic shape of the velocity profile results in a shear gradient lift force with direction towards

to the walls of the channel as shown in Fig.3b.

2.3.6. Dean Force

In spiral channel, the equilibrium positions reduced to one and particle migrates towards
the concave side wall due to Fp show in Fig.3c. In our previous works, particle equilibrates
under the combined influence of inertial lift force and Dean drag force near inner microchannel
wall and the equilibrium position of particles is dependent on the ratio of inertial and Dean force
based on their size’. The Dean drag force, Fp exerting on particle, due the two major Dean

vortices and is derived by Stokes drag:
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FD = 61TuaU5F (7)

where the Usk is the secondary-flow velocity. In our previous study’"®%2, cells flowing near the
top or bottom of the channel cross-section are subjected to Dean drag force Fp, while the inertial
lift forces are orthogonal, causing them to migrate with the Dean vortices. Near the outer wall,
the net lift force F is in the same direction as Fp, thus particles follow the Dean vortices
independent of their size. Near the inner wall, however, inertial and Dean forces act in opposite
directions, leading to a possible force balance for particle focusing into their equilibrium

positions.

2.3.7. Elastic Force

The underlying mechanism of particle lateral migration in viscoelastic fluids is that the
normal stress generates an elastic force which drives particle from higher shear-rate
region to lower shear-rate region (Fig.3d). In pure viscoelastic fluid when inertial effect is
negligible, elastic lift force dominates particle/cell migration, resulting in particle focused at the
center of a circular channel and five equilibrium positions, at four corners and center, in
rectangular channel. In viscoelastic microfluidics, particle migration depends on viscoelastic
effects in addition to the inertial effects discussed above. The elastic force is proportional to the
first normal stress difference (N1) defined as the difference between the streamwise normal stress

(oxx) and the transverse normal stress (ayy):

Fp = CeA()%Q° (8)
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where Ck is elastic lift coefficient. It is the strongest near the four walls of the channel and is the
weakest near the center and corners®. The interaction between elastic and inertial forces results

in the equilibrium position near the centerline.

2.4.  Viscoelastic Focusing and Separation

In viscoelastic fluids, particle migration dominated by inertial and elastic forces are
highly size-dependent and been successfully used for passive particle and cell separations
(Fig.1). Ahn et al.8 took the advantage of the centripetal migration behavior of particles in a
square microchannel for separating 2.3 and 4.5 um particles. PEO solution was used to induce
viscoelasticity of the medium and their flow rate was up to 80 uL./min where inertial force acted
simultaneously with elastic force to drive particles toward their equilibrium positions in the
channel central axis. As smaller particles moving slower due to weaker driving forces, larger 4.5
um particles reached channel center ahead of 2.3 pum particles, leading to good separation with
96% recovery for larger particles.

The synergetic interaction of elastic and inertial forces can also lead to distinct focusing
positions of different particles in a rectangular microchannel, which can be readily employed for
sheath-less particle and cell separation. Liu et al. showed 15 pum particles were focused into two
streams flanking the central focused stream of 5 um particles in a rectangular microchannel with
aspect ratio of 28, Such size-based focusing pattern of particles was then utilized for separation
of MCF-7 cells from red blood cells with 91% efficiency. The same scheme with smaller channel
(10 pm height) was also used for separation of E. Coli from RBCs in PEO solution with
throughput ~ 2 pL/min. Nam et al.*! demonstrated a co-flow microfluidic device (Fig. 4a)
achieving a recovery rate >99% for both 1 m and 5 um particles at an optimal flow rate of 4.5

uL/min. In this device, PEO flow was injected into the channel and fractured the sample flow
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Figure. 4 Viscoelastic microfluidics for particle sorting and other applications. (a)
Separation of 1 pum and 5 um diameter particles in a square co-flow microchannel using
viscoelastic flow*! (b) Three co-flow channels used for separation of 500 and 100 nm diameter
particles®”, 1 um and 2 pm diameter particles®, and MCF-7 and blood cells®’.(c) Combination of
viscoelastic flow and pinched flow fractionation (PFF) for size-based®® and shape-based®®
particle separation. (d) Sheathless separation of particles in viscoelastic flow using a
microchannel with round and square cross-sections®. (e) Separation of malaria parasites from
WBCs in a two-segment channel with a high aspect-ratio cross-section®.. (f) Particle filtration in
a square microchannel using elastic and inertial forces®. (g) Sheathless separation of particles
and cells in viscoelastic flow®2. (h) Measurements of monitoring cell deformability using
viscoelastic single-stream focusing®® (i) DNA focusing in a rectangular channel based on elastic
force and flexibility-induced force®*. Reproduced with permission from APL Bioeng. 3, 041504
(2019);
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into two streams near sidewalls. In this flow configuration, the faster migration of larger particles
crossed the flow interface into the clean buffer stream, leading to the clean separation of the two
particles. Separation with a recovery rate of 99% was also demonstrated in separation of platelets
from highly diluted blood*. Later, the same configuration was used by Tian et al.® to achieve a
high-resolution separation of 1 um and 2 pm particles and MCF-7 cells®’. A complete separation
was achieved at sample flow rate 5 uL/min (Fig.4c). In such device and flow configuration,
separation of submicron particles (e.g., exosome) was also demonstrated with 80% recovery rate
by the same group®3. Such elasto-inertial effect has also been coupled with pinched flow
fractionation (PFF) for enhanced particle separation lately®®%. Additional demonstrations
include the use of viscoelastic flow for particle filtration in square microchannels®* as well as
sheathless separation of particles®® and measurements of cell deformability®®. In addition to
microparticles and cells, smaller biomolecules can be separated and focused as well. For
example, Nam et al.®* reported separation of malaria parasites from WBCs in a two-segment

channel, while Kim et al.% reported DNA focusing in a rectangular channel.

2.5.  Viscoelastic Focusing and Separation with Dean Coupling

While most of viscoelastic work have been done in straight channels, curved channels
provide additional force to the particle migration dynamics. Like in the case of Newtonian fluid
flowing in a curved channel, Dean flow of two counter-rotating secondary flows in the cross-
section plane is expected in viscoelastic flow in a spiral channel. The Dean flow exerts Dean
force on particles in addition to elastic and inertial force. In 2013, Lee et al.®® first showed
focusing and separation of particles suspended in PEO solution flowing in a spiral microchannel.

As opposing the general focusing position near inner wall in an inertial spiral channel, particles
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entrainments were observed near the outer wall for 10 um particles and close to the centerline for
1.5 um particles. Dean force and elastic force were considered responsible for the displacement
of focusing positions outward as compared to inertial focusing’. The exact physics underlying
such phenomenon remains unclear despite a recent effort proposing six-stage focusing model®*.
A complete separation of these two particles was readily demonstrated in this device by adding
four outlets. Similar to straight channels, spiral channel with viscoelastic flows are found
preferred for manipulating small particles with size down to ~100 nm as demonstrated in a
double-spiral channel where a mixture of 100 nm and 2 pm particles were separated with >95%
efficiency®.

In summary, focusing and separation in viscoelastic flows is an important addition to the
existing inventory of particle separation methods. Viscoelastic manipulation in microchannels is
of great interests considering the universally non-Newtonian property of bodily fluids that are
critical in healthcare management. The ability of 3D focusing which is generally difficult to
achieve in other passive microfluidic systems is especially useful in cytometry applications.
More importantly, size-based focusing due to elastic force remains effective for particles with
size down to a few hundreds of nanometers®”®°, suggesting promising applications in separation
of macromolecules such as DNA (Fig.4i) and extra-small bio-particulates such as exosome. It is
advantageous over inertial separation which is preferred for microscale particle manipulation and
over PFFZ whose throughput is roughly a magnitude of order smaller than viscoelastic systems,
despite that the general requirement of elasticity enhancement which contaminates and may
damage sensitive samples.

However, investigations on elucidation of the underlying physics of viscoelastic focusing

have been rarely reported. Especially, for spiral channels, curvature induces an additional Dean
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force which results in complex interplay of hydraulic forces and less understood. In addition,
spherical particle is widely used in mimicking cell migration in flow for device development and
optimization, in which the nature structure of most cells is asymmetric such like red blood cells
and sperm cells. Thus, the performance of the microfluidic devices for cell manipulation, which
tested with spherical particles, is not conform to the theoretical results. It is eager to focus on
particle migration in non-Newtonian fluids to elucidate the underlying mechanism of the

equilibrium positions for asymmetric cells in spiral channels.

2.6.  Asymmetric Cell Sorting

In passive microfluidic devices, the main cell separation method is depended on the cell
largest diameter size and characterized by using spherical particles. However, most of cells are
non-spherical and asymmetric shape, such as RBCs, spermatozoa, pathogen, and virus. Thus,
size depended cell separation poses a challenge for asymmetric cells. Also, shape is a vital
physical property to implement biological function and cell identification®’. For example, red
blood cell is able to split from spleen filtration due to the disc-like shape. Sperm cell contains
two parts, head and tail (flagellum). The head of sperm cell contains reproductive DNA and
enzymes on membrane. The unsymmetrical-paddle shape provides a processing spinning top, in
which head spinning around the sperm’s longitudinal axis, leading to enhancing the acrosome
reaction for breaking through the egg membrane®. Shape is also important in cell division,
especially in cell development processes, such as cell mitosis and clustering. In addition, shape
an indicator in development of many diseases and clinical diagnostics. For example, cancer
caused cell mutations make cells losing the membrane adhesions resulted in changing their

morphologies and deformations. For sickle-cell and malaria diseases, red blood cells are sickle
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shape and become stiffer respectively. However, cell shape has not been considered in many
microfluids devices design. Recently, Song et al. achieved sperm separation in spiral
microchannels for collecting rare sperm cells from blood cells after TESE procedures®. 81%
sperm were collected at flow rate of 0.52 mL/min. Li et al *°. developed a microfluidic device to
separate E. gracilis by a key shape parameter-cell aspect ratio (AR), ranging from 1 to 7 in
different outlets. Holm et al'®. applied DLD methods to sort RBCs and trypanosomes based on
the shape and demonstrated that the cell orientation accentuates the shape differences for sorting
application. Researchers have reported that viscoelastic fluids can demonstrate effective
approaches for sorting particles by the shapes!®t. However, their attention has been in straight
microchannels rather than on underlying spiral microchannels. Therefore, understanding how the
shape effect influences on cell migration in spiral is beneficial for improving the separation
efficiency and providing a comprehensive device for the separation of cells with similar diameter

but different shapes.

2.7.  Summary

In this chapter, viscoelastic and inertia microfluidics were discussed from the theoretical
perspective. The non-dimension parameters that characterize the inertia, Dean, and elastic effects
on particle migration and hydraulic forces in Newtonian and non-Newtonian fluids in straight
and curvature microchannel were elaborated. After that, the applications of viscoelastic, elasto-

inertial and asymmetrical cell focusing, and sorting were comprehensively reviewed
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CHAPTER 3

EVOLUTION OF FOCUSED STREAMS IN VISCOELASTIC FLOW IN

SPIRAL CHANNELS

3.1 Introduction

This chapter aims to improve the understanding of the underlying mechanisms of particle
elasto-inertial migration in spiral channels. This work systematically investigates evolution of
neutrally-buoyant particles along the downstream length from top and side views in spiral
microchannels, and explore the effects of device geometry, flow direction, and fluid elasticity on
particle focusing dynamics over a wide range of flow rates. The results illustrate the full focusing
pattern along the downstream channel length under these diverse conditions. In addition, the
sideview imaging yields observations on vertical migration of focused streams. Ultimately, this
study anticipate that these results will offer a useful guide on elasto-inertial microfluidics device

design for improving efficiency of 3D focusing in cell sorting and cytometry applications.

3.2  Experimental Methods
3.2.1. Spiral Channel Design

Four Archimedean spiral devices (R1, R2, R4 and R6) were used in this work, with 1
mm, 2 mm, 4 mm and 6 mm initial radii of curvature. Channel cross-sectional dimensions were
fixed at 250 pm in width and 50 pm in height, corresponding to aspect ratio AR = 0.2. Spacing

between channels was set at 250 m. A single outlet was located at the center of each spiral,
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layout and dimension are summarized in Fig. 5.

while a single inlet with debris filter was located at the circumference. The details of the channel

Loops Radius of curvature at a (mm)
R1 R2 R4 R6
1 1 2 4 6
2 1.5 2.5 4.5 6.5
3 2 3 5 7
4 2.5 3.5 5.5 7.5
5 3 4 6 8
6 35 4.5 6.5 8.5

Figure. 5. Details of device design. (a) Schematic layout of spiral channel. (b) Table
summarizing details of the four devices of different initial radii of curvature. Loop radius is
given at position a for each device.

Channels were fabricated in polydimethylsiloxane (PDMS) using the standard soft
lithography process with dry photoresist masters, as we detailed previously'. Briefly, 3 in
silicon wafers were dehydrated for 15 min on a 225<C hotplate, laminated with a 50 um thick
film (ADEX 50, DJ Microlaminates Inc., Boston, MA, USA) and baked for 5 min on a 65<C
hotplate. Next, the wafers were exposed to UV light (I-line 365 nm, Optical Associates Inc.,
USA) for 33 s at 10 mW/cm? through a mask plate in hard contact. The wafers were developed
in cyclohexanone (98%, Acros Organics, USA), washed with IPA and DI water, air dried, and
baked for 90 min on a 170<C hotplate (Thermo Fisher Scientific, Inc., USA). PDMS (Sylgard
184, Dow Corning, Midland, MI, USA) was mixed with curing agent in a 10:1 ratio, was cast on
the fabricated master, degassed for 90 min in a vacuum oven, and cured on a hot plate at 60<C
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for 4 h. PDMS replicas were peeled off and ports were cored using a 1.6 mm diameter biopsy
punch (Miltex, Japan). Devices were bonded to standard microscope glass slides using oxygen
plasma treatment at 10 W for 20 s (PE-50, Plasma Etch, Inc., Carson City, NV, USA), baked for
60 min on a hot plate at 80 <C, and allowed to cool to room temperature before use. For side-view
imaging, devices were mounted vertically; to do this edges of PDMS replicas were cut using a
sharp blade orthogonal to the spiral pattern, then placed vertically on uncured PDMS in a Petri
Dish (Fisher Scientific Inc., MA,USA) and cured on a hot plate at 60 <T for 4 h to improve

optical transparency and resurface the cutting edge’®.

3.2.2 Viscoelastic fluids and Particle Preparation

Polyethylene oxide (PEO) was used as the viscoelastic fluid in this work. Six
concentrations were prepared (50 ppm, 250 ppm, 500 ppm, 1000 ppm, 2500 ppm and 5000 ppm)
by mixing PEO powder with molecular weight of 2,000,000 Da (Sigma Aldrich., USA) into 22%
(w/v) glycerin (Fisher Scientific, Inc., USA) and deionized water (DI). A 5% (w) of NaCl was
added to match density of polystyrene particles (1.05 g/cm?®). Solutions were gently mixed on
stirring plate (ThermoFisher Scientific, Inc., USA) at room temperature for 24 h. Rheological
properties of the prepared solutions are summarized in Table 1

To investigate focusing behavior, solutions fluorescent 25 pm-diameter polystyrene
beads (Polysciences Inc, USA) were prepared with final volume fraction of 0.03% (v/v). Tween
80 (Fisher Scientific, USA) was added at 0.1% (v/v) to minimize aggregation and avoid channel
clogging. The larger 25 um diameter beads (blockage ratio f = a/Dn = 0.3 since D = 83.3 um)
were used to observe complete evolution of focused particle streams in relatively short

downstream distance due to high viscosity of PEO solutions that limited channel length.
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3.2.3 Flow Experiments Setup
Particle suspensions were loaded into a 10 mL syringe with luer lock interface and
connected to microfluidic devices using 0.06” PTFE tubing (Cole-Parmer). A programmable

syringe pump (Legato 201, Kd Scientific, USA) was used to drive particles into devices with

TABLE 1

RHEOLOGICAL CHARACTERISTICS OF NEWTONIAN? AND NON-NEWTONIAN® FLUID

Water solutions (Y%owt) PEO solutions (ppm)
Rheological properties NaCl Glycerol 50 250 500 1000 2500 5000
(5%) (22%)
Density, p (g/cm®) 1.05 1.05 105 105 105 105 105 105
Zero-shear viscosity, 1 (mPa-s) 1 2.05 208 246 3.12 4 16 32
Overlap concentration, ¢* (ppm) 858 858 858 858 858 858
Concentration ratio, c/c* 0.06 029 058 117 291 583
Effective relaxation time, A (MS) 2 5.8 9.1 124 23 40

45 wt% NaCl and 22 wt% Glycerol/ DI water based Newtonian fluid.

b 22 wt% Glycerol/ DI water based non-Newtonian fluids®®43103-105,

preset flow rates on vibration isolation table. The flow rate was varied from 50 uL/min to 350
uL/min. The fluorescence imaging was accomplishing using an inverted microscope (1X83
Olympus, Inc., USA) with a 16-bit SCMOS camera (Zyla 5.5, Andor Technology Ltd, Belfast,
UK). Fluorescent images of top view were taken at quarter-circle positions throughout channel
length with exposure time of 150 ps for acquiring particle flowing trajectories by using 20x

objective with high numerical aperture (NA = 0.7). The CellSense software (Olympus, Inc.) was
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used to sequentially obtain 150 images at each position. Bright-field images of top view were
captured with a high-speed camera (AX 200 Mini, Photron USA, Inc.) at frame rate of up to
10,000 fps depending on flow rate, with exposure time of 1 us for obtaining particle distribution
probability and height position along the channel height. Bright-field side view images of
particles were taken using 10x objective with long (10 mm) working distance using procedure

described above.

3.24 Imaging and Data Analysis

The particle migration trajectories were created by stacking the consecutive frames, and
the particle lateral and downstream positions from top view and side view were manually
measured using ImageJ, NIH software. The trajectories of particles migration along the
downstream were created by consecutively splicing the stacked fluorescence streak images at
each observation positions. Three fluorescents intensity profiles were measured per imaging
position by using ImageJ then averaged in a custom Python program. Streamline width was
defined as fluorescent intensity FWHM (full width at half maximum) across channel width at
each position where the intensity profile above 10% threshold to avoid channel edge reflection
interferences. Focusing was defined as the streamline FWHM was smaller than 2xthe particle
diameter. The particle probability density along the channel height is an empirical function
plotted by kernel estimator in R software (RStudio Team) from hundreds of single particle
vertical position. OriginPro (OriginLab Corporation, USA) was used to analyze data and plot

results.

3.25 Numerical Models
COMSOL Multiphysics 5.6® was used to model evolution of flow variables. Only the

steady-state flow fields without particles were modeled. To overcome convergence issues due to
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high Wi number (Wi > 9) at flowrates Q > 100 pl/min, only a segment of spiral channel was
modeled with appropriate periodic boundary condition. Due to the symmetric nature of the flow
with respect to the z-axis, the simulations were performed only for the lower half of the channel
using the symmetry boundary condition to reduce computational cost. Stationary laminar flow
equations [Eq. 1-2] were solved with Giesekus model as the constitutive equation®®® [Eq. 11-12]

to capture the viscoelastic and shear-thinning behaviors of the PEO solution 3°107:108:

p(u-V)u=V-(-pl+ps(L+ LT) +Te) ©)
V-u=0 (10)
AT, + (1 + Z_lTe> Te = up(L +LT) (11)

14
Te=(@Ww-V)T,— LT, — T, - LT (12)

Here, u is the velocity vector; L denotes velocity gradient tensor; p, us, and I are the fluid
density, solvent viscosity, and identity matrix; and Te is the extra elastic stress tensor; T, is the
upper-convective time derivative. In the Giesekus model, A and p,, are the relaxation time and.
the viscosity of polymer part of the fluid, and « is the mobility factor related to shear-thinning®
.A global ODE equation was added to the model to generate the desired flowrate by adjusting the
pressure difference between the segment inlet and outlet. A tetrahedral mesh with 126,000
elements was used to discretize the domain and the spiral segment length was fixed at /20
radians. Mesh configuration details are given in Fig. 6 Dependency of simulation results on the
number of mesh elements and the spiral segment length were assessed by plotting radial velocity

along half the channel height in a convergence test; these results are provided in Fig. 7.
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Figure. 6. Model mesh configuration. Finer mesh was used in the cross-section of interest.

a 0.3 b 03

—8—15K mesh elements
0.2 { |—»—126K mesh elements
—&— 204K mesh elements

—a—L=mn/10rad
0.2 4 ——L=n/20rad
+—L=mn/40 rad

0.1 4 0.1

0.1 4

Radial Velocity {(mm/s)
Radial Velocity (mm/s)
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03 4
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Figure. 7. Dependency of simulation results on the number of mesh elements and the spiral
segment length by plotting radial velocity along half the channel height. (a) three different
mesh configurations with 15000, 126000, and 204000 number of elements were evaluated, and
the mesh-independency was observed beyond 126K elements. (b) Segment lengths of /10, ©/20
nd /40 were simulated; channel length of 7/20 ensured independence of the results from the
domain length and provided longest possible channel segment for the flow to develop.
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3.3 Results and Discussion
3.3.1 Operation of Spiral Devices

Particle migration in spiral channels has been reviewed by us*’'% and others.!**11? |n
viscoelastic fluids, it is dependent on interaction of three hydrodynamic forces: inertial lift force,
curvature-induced Dean drag force, and elastic force. It is well accepted now that inertial
focusing occurs when particle Reynolds number Rep > 1°° (Rep = Re(a/Dn)? = pUsa®/uDn Where
Re is the channel Reynolds number, Ut is the average fluid flow velocity, a is the particle
diameter, p is the fluid density, s the fluid viscosity, and Dn is the hydraulic diameter of the
channel). As particles flow downstream, they experience a inertial lift force Fs induced by fluid
shear, as well as wall-induced lift force Fw generated by the interaction of particles and channel
walls. These forces scale strongly with particle diameter and the location in channel, with the
total net lift force FL acting on particles as FL oc pUi?a?/Dy? near the channel center, and as F oc
pUi?a®/Dp* near the channel wall*. In addition to inertial lift, particles in viscoelastic fluid are
subject to the elastic force, which is the strongest at channel walls and is the weakest at the
centerline and corners®. The interaction between elastic and inertial forces results in an
equilibrium position near channel centerline'!3, The non-dimensional Weissenberg number (Wi)
is used to describe viscoelasticity of the fluid and is given as Wi =1y, where y is flow shear rate
and A is fluid relaxation time. The elasticity number (El) indicates the relative importance of the
elastic and inertial forces in shear flows® and is given as EI = Wi/Re. When EI >> 1, the fluid
elastic force dominates, while inertial stress is dominant when El << 1. For Newtonian fluids, A =
0, and thus Wi = 0 and consequently EI = 0, indicating dominance of inertial effects.

Radial centrifugal acceleration of fluid in spiral microchannels leads to formation of two

counter-rotating vortices, with the magnitude of flow described by the non-dimensional Dean
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number (De) as De = Re\/%, where R is the radius of curvature. Particles entrained in these

vortices are subject to Dean drag force Fp, and near the top and bottom walls in low aspect ratio
channels the inertial lift forces are orthogonal, and thus do not disrupt particle migration within
vortices. In Newtonian fluids, near the outer wall both Fp and F_ are in the same direction, and
thus particles follow the Dean vortices. In this case, Fo = 3nualpean = 5.4% 10 npaDe'
(where Upean is the average Dean velocity Upean=1.8 %10 Del-63)7 82114115 Near the inner wall,
however, in Newtonian fluids the inertial and Dean forces act in opposite directions, leading to a
possible force balance for particle focusing. In viscoelastic fluids, the elastic force is orthogonal
to channel walls and thus near top and bottom walls particles too get entrained in Dean vortices.
Near the inner wall, however, elastic force and Dean drag overcome the inertial lift force, and
thus particles continue to follow the vortex flow. At the outer wall, the Dean drag is now
counteracted by the elastic force instead of the shear-induced lift force, leading to a possible

force balance for particle focusing near the center of the outer wall 262’

3.3.2 Effects of Flow Rates

Particle migration in spiral microchannels in viscoelastic fluid yields a single focusing
stream at the outlet. The particle migration trajectories were collected from fluorescent streak
velocimetry images of in wide range of flow rates from 50 to 350 pi/min in the R2 spiral
channel in 500 ppm PEO solution. The top-view fluorescent images in Fig. 8 illustrate that
randomly distributed particles at the inlet develop into a single stream at the outlet. Since 500
ppm PEO solution is viscoelastic, the outlet focused stream is near the channel centerline.
Another key observation is that the randomly distributed particles at the inlet evolve into 3

streams within the first loop for all flow rates, although the transition occurs earlier at higher
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Figure. 8. Downstream evolution of particle focusing. (a) Stacked fluorescent streak images
illustrating downstream evolution of particle focusing in R2 spiral channel (aspect ratio AR =
0.2) at 50-350 pL/min flow rate. The +/-125 scale indicates the normalized width of the 250 um
wide channel. Downstream position is indicated at the bottom of the panel set. (b) Heat map
illustrates lateral migration of particles in R2 channel. Each cell reports focusing quality (FQ =
a/lFWHM) of fluorescent streams. The color of each cell indicates the unfocused (X), three
streams (3), transition (T) or single stream (1) regions.
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flow rates (and thus higher De and Re). Before the 3 streams then transition into 1 at the outlet,
they undergo a transition region where streams appear to merge and disappear.

While fluorescent images aid in visualizing particle trajectories at different flow rates,
this work presents a heat map to quantitatively investigate focusing quality and stream evolution.
Focusing quality (FQ) is the ratio of particle diameter to full width at half maximum (FWHM) of
the stream intensity, and approaches zero when particles are dispersed throughout channel cross-
section and reaches unity for perfect focusing. The heat map in Fig. 8b allows us to visualize the
evolution of particle streams from random distribution (X) at the inlet, to 3 streams, and
thorough a transition region (T) to a single stream, all of which appear to depend on the flow
rate. Specifically, the initial transition to 3 steams is inversely proportional to flow rate, taking
5.3 cm downstream at 50 pi/min but only 0.7 cm at 350 piL/min. This emergence of 3 distinct
streamlines has been reported previously in low aspect-ratio straight''® and spiral*? channels.
Further downstream, the onset of the transition to single stream appears to maintain the inverse
relationship with flow rate. Transition to single stream takes place at 11.3 cm downstream at 50
L/min but occurs much earlier at 7.5 cm at 350 pL/min. Interestingly, although evolution to
transition region (T) occurs later at low flowrate, the length of the transition region appears to be

much shorted than at the higher flowrates.

3.3.3 Effects of Flow Direction

The Dean number is inversely proportional to the square root of the radius of curvature.
In a planar spiral channel, the De of the inner loop is higher than De of the outer loop.
Consequently, particles that enter channel at the center inlet will experience a slowly decreasing
Dean number. Conversely, particles that enter channel from the outside loop will experiences a

slowly increasing Dean number. Since Dean drag force magnitude is dependent on the Dean
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number, as Fp ~De!®3 2 the balance of inertial, viscous, and Dean forces that determines the
particle stream lateral position and focusing quality changes with downstream position. Most of
the inertial spiral devices reported in literature used for cell or particle sorting flow sample from
inside out, often due to device design that must accommodate large multifaceted outputs.
However, devices that do not require large output structures and are used primarily for cell or
particle focusing, can flow sample in either direction. Indeed, the outside-in flow direction
maybe advantageous as gradually increasing Dean number may improve focusing quality and
thus device performance.

To investigate impact of the flow direction, the particles were flowed in inside-out and
outside-in directions (inlet and outlet reversed) in R2 spiral device at 100 uLL/min (low) and 250
uL/min (high) flowrates. Comparing evolution of particle streams in both channel directions at
the two flowrates, presented in Fig. 9a-b, a number of observations emerge. First, for the
increasing Dean number flow (outside-in), lateral position of the single particle stream near the
end of the channel gradually shifts towards the inner-wall at both flowrates, whereas the lateral
position of the single particle stream slightly shifts toward the outer-wall for the decreasing Dean
number flow (inside-out). Second, in the transition region of the increasing Dean number flow
(outside-in), the outer stream is the first to migrate toward the center at low 100 puL/min flowrate.
Increasing flowrate to 250 pL/min causes the reverse — the inner stream is the first to migrate to
the center, with the outer stream beginning its migration nearly 2 cm downstream. For the
decreasing Dean number flow (inside-out), the reverse occurs at each flowrate. Specifically, at
100 pL/min the inner stream migrates toward the center first, while the outer stream is the first to

migrate at 250 pL/min.
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Figure. 9. Flow direction effects on particle lateral migration. Fluorescent streak images
illustrating downstream evolution of particle focusing for opposite flow directions in R2 at (a)
100 pL/min and (b) 250 puL/min. Downstream position label is at the bottom, while the
corresponding Dean number (De) is at the top of each panel set. Device icons on left indicate
flow direction. Lateral position of particle streams evolving downstream of the microchannel at
(c) 100 puL/min and (d) 250 uL/min flows. Blue is the inner stream, red is the central stream, and
yellow is the outer stream. Circles represent date for inside-out flow direction, while triangles
represent data for outside-in flow direction.
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To better compare impact of flow direction, Fig. 9c-d illustrates the position of the
streams in the downstream direction at 100 puL/min (low) and 250 puL/min (high) flow rates for
both increasing and decreasing Dean number flows. The data were plotted as circles for inside-
out flow direction and as triangles for outside-in flow direction. The inner, central and outer
streams are represented with blue, red and yellow lines, respectively. These data illustrate that at
both flowrates and regardless of flow direction, the randomly distributed particles at the inlet
form three streams that subsequently merge into a single central stream at the outlet. At low
flowrate, the streams near channel sidewalls appear at approximately 100 um away from
centerline, with both merging into the central stream by 10 cm downstream. Increasing the flow
rate causes these side streams to shift closer to the center, to approximately 75 um away from
centerline, with both again merging into the central stream by 10 cm downstream. Thus, we
conclude that reversing direction of flow in these spiral microfluidic devices yields the same

overall focusing behavior at the outlet.

3.34 Particle Migration along the Channel Height

This work next investigated migration of particles along channel height near outlet. It has
been suggested by Toner'!” and others!*® that two focusing positions near each other are present
at the outlet in inertial flows. In viscoelastic flows, however, this remains unclear due to lack of
direct observations. Additionally, the side-view imaging can aid in explaining the observed 3-T-1
focusing behavior. Thus, the spiral microchannels were vertically mounted to visualize particle
focusing along channel sidewalls at the outlet. A similar approach was used by us'® and others!®
in the past to visualize particle focusing in the side view. Due to the bonding strength of the
vertical mount, the flow rates were limited to below 250 pL/min. To investigate the particle

focusing behavior in 500 ppm PEO (EIl = 2.6) along the channel height, it is necessary to collect
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the particle probability density (PPD) obtained from bright field side-view images, which is
analogous to line scan in fluorescent images, is presented in Fig. 10a for the R2 channel at 50-
250 pL/min inside-out flows. The stacked bright-field image inset at 100 pL/min confirms the
presence of two streams for each of the streams observed in top view images in Fig. 8a,
suggesting 6 positions in the 3-stream stage and 2 positions at the 1-stream stage in the cross-
section. At a lower flow rate, the particles appear as a board and poorly focused ~30 um wide
stream. At flow rate >100 pL/min, the two distinct streams migrate closer to the centerline, with
gap distance between the streams reducing from ~10 um at 100 pL/min to ~2.5 pm at 250
pL/min. These results confirm presence of two vertical streams in viscoelastic flow for each top
view stream and differ from the existing literature that assumes single stream in the vertical
center plane. This is a key new finding that helps explain the evolution of the focusing streams.
Fig. 10b presents gap distance between the vertical peaks, suggesting that streams shift
exponentially closer to the centerline with increasing flowrate at the outlet of the 11.7 cm long
channel The correlation equation for gap distance is d (um) = 25 e%%%° ? where Q (uL/min) is
flowrate (R = 0.999). The expression suggests that at <50 uL/min (Re < 2) flowrates, the gap
distance would be >15 um, with particles located less than 5 um from top and bottom walls. At
low flowrate, inertial lift F is weak and thus the particles are not vertically focused to form gaps,
which matches the experimental data in Fig. 10a that shows particles being unfocused at the
lowest flowrate. Interestingly, these data also suggest that at >350 uL/min (Re >15) flowrate, the
gap distance will reduce to d < 0.5 um, and thus essentially yield single stream focusing.
To explore downstream evolution of particle migration, it is necessary to measure the vertical

positions of the two particle streams along channel length. The data in Fig. 10 c-d
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Figure.10. Vertical migration of particles. (a) Vertical position probability in R2 channel for
particles flown inside-out at 50-250 pL/min. The particle vertical position is measured from the
particle center to the bottom of the channel. Each plot corresponds to the particle vertical
position probability based on n=455, n=301, n=268, and n=291 individual measurements,
respectively. Inset illustrates a representative bright filed image obtained using side view
imaging at 150 uL/min. For flown outside-in, the vertical position of particle is not measurable
due to the out range of microscope working distance and the reflection and refraction from
adjacent channels. (b) Gap distance (d) between particle streams as a function of flow rate.
Measurements of particle vertical positions as a function of downstream position at flow rates of
(c) 100 uL/min and (d) 250 uL/min. The vertical positions were measured from particle
probability peaks from 100 individual measurements along the channel downstream length. The
red, orange, and blue lines represent the particle position in the focal planes near the center, outer
wall, and inner wall respectively. Due to channel deformation, empirical +2 um systematical
error bars added in (b), (c), and (d).

40



illustrate that particle streams progressively migrate toward channel centerline in the downstream
direction for all the three streams observed from top view. Interestingly, the results show
different toward center migration speeds at low and high flow rates for the streams near inner
wall and outer wall, which coincides with opposing disappearing order of the side streams
observed in the top view (Fig. 9). At 100 pi/min, the side streams near outer wall migrate faster
toward the center vertically that those near the inner wall. Note that near the vertical center plane
the Dean drag is toward the outer wall, which prevents the disappearance of the outer streams
and leads to the later merging of the outer streams. On the other hand, at higher flowrate, these
side streams near the outer wall are closer to the top and bottom wall where Dean drag is toward
the center, which leads to the fast merging of these streams to the center streams observed from
top view. Additionally, these results indicate that the two particle streams migrate toward
centerline at a faster rate at higher flow. The results also suggest that longer spiral channels will
yield vertical streams closer to each other. For example, for the two particle streams to migrate to
only 1 pm separation, at 100 pL/min full 25 cm downstream will be required but at 250 pL/min

only 17 cm is necessary.

3.35 Effects of Curvature

Fluorescent streak velocimetry illustrates that curvature, as expected, significantly
impacts particle migration in spiral channels (Fig. 11a). This work tested the devices with radii
of curvature ranging from 1 mm (R1) to 6 mm (R6) with the same cross-section (250 m wide x
50 pm heigh) at 50~350 p/min in 500 ppm PEO (El ~ 2.6). To decouple the downstream and
curvatures effects on particle lateral migration, channel length was fixed at 8cm. The results

demonstrated that in larger curvature devices (R4 and R6), the smaller effects of Fp, particles are
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Figure. 11. Curvature effects on particle focusing. (a) Fluorescent images demonstrate particle
trajectories in four devices (R1, R2, R4, and R6) at 8cm downstream in 500 ppm PEO at 50 - 350
uL/min. The flow parameters are at the top of each column. The corresponding De, which
changes with curvature, is at the top of the fluorescent images. (b) Bar plots illustrating

downstream migration distance to evolve three or one streams for 50 - 250 uL/min. Error bars
indicate ¥4 loop length from the observed position.
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streams near the sidewalls dismissed and refocused near the centerline of the channel with
confined in three distinct streams near channel sidewalls and centerline for flowrates 50 to 250
uL/min. In smaller curvature devices (R1 and R2), the stronger effects of Fp, particle streams
reduce to a single one near the centerline. However, in the larger curvature devices (R4 and R6),
where migration is at the same Re but at smaller De, particles persist in three streams. This
suggests that the persistent three streams are resulted by the inertial-elastic interaction. These
results agree with observations reported by Xiang et al.*?. In R1 device, particle equilibrium
progressively shifts from the inner wall to the outer wall with increasing flow rate. This suggests
that curvature induced Dean effect contributed to the particle lateral migration, yielding particle
increasing De (smaller radius of curvature).

Examining focusing length at 50 puLL/min to 250 uL/min for each device curvature (Fig.
11b) reveals that smaller curvature devices require shorter downstream length to produce a
single stream. This suggests particles rapidly move into three streams from random distribution
at the inlet, indicating fast lateral migration velocity occurring at first. At fixed length of the
spiral channel, the smaller inner-most curvature provides stronger Dean effects and the multiple
stream positions reduce to one. At 250 uL/min, we found that at same flow rate and downstream
length with increasing De, particles initially migrated into three streamlines transitionally
appeared two streams near the centerline in R2, finally migrated into a single stream near the
channel centerline in device R1. This matches the results discussed above where increasing De
leads to reduction of multiple streamlines to one and improvement in focusing quality.

Examining focusing length at 50 pL/min to 250 uL/min for each device curvature (Fig.
11b) reveals that smaller curvature devices require shorter downstream length to produce a

single stream. This suggests particles rapidly move into three streams from random distribution
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at the inlet, indicating fast lateral migration velocity occurring at first. At fixed length of the
spiral channel, the smaller inner-most curvature provides stronger Dean effects and the multiple
stream positions reduce to one. At 250 puL/min, we found that at same flow rate and downstream
length with increasing De, particles initially migrated into three streamlines transitionally
appeared two streams near the centerline in R2, finally migrated into a single stream near the
channel centerline in device R1. This matches the results discussed above where increasing De
leads to reduction of multiple streamlines to one and improvement in focusing quality.

To explore evolution in a larger curvature device, we extended the downstream length
from inlets to outlets and plotted the particle trajectories heat map of devices R1, R4 and R6 in
Fig. 12. At high flow rates, particles begin migrating to their final equilibrium position near
centerline in R4 and R6. This observation was similar to the R2 device at low flow rates. As
discussed above, the particle rapidly migrated from the channel bulk toward the centerline under
the influence of elastic force and inertial lift force. The dominated elastic force along channel
height pre-focused and aligned particle near centerline. On the other hand, because of the
velocity profile, the shear gradient lift force pushed the particles away from the center towards
the channel walls and the particles were finally focused at both the side walls. This confirmed
that the particle equilibrium position strongly depended on device curvature and that Dean
effects played an important role on particle migration, which is in agreement with earlier

observations in Fig. 8.
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Figure.12. Particle migration and focusing in R1, R2, R4, and R6. Heat map illustrates the
evolution of particle focusing streams. Each cell reports focusing quality (FQ = a/FWHM) of
fluorescent streams. The color of each cell indicates the unfocused (X), three stream (3),
transition (T) or single stream (1) regions.

3.3.6 Effects of Elasticity

Viscoelastic migration and equilibrium position of particles is strongly associated with
the medium elasticity®>*. The elastic number is independent of flow rate and only depends on
fluid properties and device geometry. To investigate effects of fluid elasticity, we evaluated
particle migration in DI water with 5% NaCl (pure inertial flow, El = 0), and PEO solutions at O -

5000 ppm (El =0 - 117) with 22% glycerol representing elasto-inertial and purely viscoelastic
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Figure. 13. Elasticity effects on particle focusing. (a) Fluorescent and bright-field images of
particle focusing in 0 ppm, 500 ppm, and 5000 ppm PEO solutions observed at the outlet. (b)
Single stream focusing lateral position as a function of elastic number. (c) Heat map illustrates
evolution of particle focusing downstream the channel (indicated below) in varying PEO
concentrations. In DI, DI +22% glycerin, and 50 ppm PEO, particles focus near the inner-half of
the channel and progressively move toward inner-wall, illustrating inertial flow regime. In
elasto-inertial flow regime, particles initially focus into three streams, then transition into two
streams, and finally focus into a single stream. In viscoelastic flow regime, at 5000 ppm PEO,
particles rapidly evolve into a single stream.
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flows (ElI = 117). The PEO concentration was used to adjust elasticity rather than scaling device
geometries in order to decouple these effects. The fluorescent streak velocimetry images and the
corresponding bright field images of particle distribution at the outlet of a R4 device at 100
pL/min in low (0 ppm PEO at Re=5.7, Wi=0, De= 0.6), medium (1000 ppm PEO at Re=2.9,
Wi=13.2, De=0.3), and high (5000 ppm PEO at Re=0.36, Wi=42.7, De=0.04) elastic media are
illustrated in Fig. 13a. The results show that at 0 ppm PEO (pure inertial flow, El = 0), as
expected the particles focus off-center towards the inner wall. In the elasto-inertial flow at 1000
ppm PEO (EI = 2.6), the focused stream is at the channel centerline. Increasing fluid elasticity to
5000 ppm PEO (purely viscoelastic flow, El = 117) shifts the focused stream toward the outer
channel wall. Measurements of lateral positions of particles as a function of El over a broader
range in Fig. 13b confirm this observation. These measurements also suggest that elastic force
begins to influence particle migration at approximately EI > 1, with inertial effects mostly
dissipating at El > 10. We then conclude that 1 <EI < 50 is the range for the elasto-inertial flow.
The heat map of particle lateral position along the channel downstream in varying concentration
of PEO solution is shown in Fig. 13c. When El<1 (for <50 ppm PEO solutions), the heat map
shows that particles progressively form two streams along the channel downstream. In this
inertial fluid regime, the oppositely directed Dean drag Fp and inertial lift F. forces equilibrate
off-center, closer to the inner half of the channel.®° When 1 <El< 50, particles initially focused
into three streams transition to one stream. In this elasto-inertial fluid regime, the elastic force Fe
balances inertial lift FLand Dean drag Fp, resulting in equilibrium position at the channel
centerline. When El > 50, particles rapidly migrate into a single stream (at 0.7 cm downstream)
and gradually move toward the outer wall along the downstream length, as De gradually

increases. In this viscoelastic fluid regime, the elastic force Fe completely dominates in the
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vertical direction as inertial force is negligible (Re = 0.36 and El = 117 for 5000 ppm PEO),
leading to the particle focusing in the vertical center plane where Dean drag Fp continuously

drives the particles toward the outer wall.

3.3.7 General Focusing Mechanics

Fig. 14 illustrates numerical predictions of the velocity fields of secondary flows due to
Dean and elastic forces in the spiral channel cross-sections, with the diagrams indicating the key
forces involved in particle equilibration. As these numerical results show, the secondary flow in
the elasto-inertial case is different from that in the inertial flow where two counter-rotating
vortices are developed. Here, vortices are modified due to the fluid elasticity (due to N2), leading
to lateral asymmetry of velocity magnitude in secondary flow. The secondary flow is stronger
near the inner wall. Note that the blockage ratio is relatively large in this work. Therefore,
particles span both arms of the vortex and thus it is the net force of the two opposing Dean drag
forces must be considered to determine the lateral position of the focused stream.

Particle focusing in spiral channels manifests in three major stages in the elasto-inertial
flow. Randomly distributed particles rapidly form three distinct streams observed from the top of
the channels (Stage 3 in Fig. 8). In this stage, the three streams persist, while the side streams
gradually migrate toward the center. Here, presence of the elastic force modifies the focusing
patterns in the cross-section by balancing the shear induced lift force in the vertical direction.
This is illustrated in Fig. 14a. Next, in the transition stage (Stage T in Fig. 8), the side streams
rapidly merge into the central stream, marking the beginning of the final stage where particles
appear in the single stream. This evolution of the 3-stage particle focusing throughout the spiral

channel is result of the interaction of inertial, drag, and elastic forces. For
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Figure. 14. Evolution of particle migration in elasto-inertial flow in spiral microchannel.
Numerical results of the velocity fields of secondary flows due to Dean and elastic forces (left)
and schematic diagram (right) illustrating positions of focused particles and the force balance in
R2 channel with aspect ratio AR = 0.2. Results are for low flow rate (100 pL/min) at (a) 3 cm,
(b) 9 cm, and (c) Outlet downstream positions, as well as for high flow rate (250 uL/min) at (d) 3
cm, (e) 9 cm, and (f) Outlet downstream positions. Blue, red, and orange arrows indicate inertial
lift F, elastic force Fg, and drag force Fp, respectively. Only bottom half of the channel in the
schematic is shown due to symmetry.
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the particles focused in the stream near the outer wall, the net drag force is toward the channel
center. This net force is responsible for the toward-center migration of the outer streams
observed in top view (Fig. 8). According to the simulation, Dean flow dominates at higher flow
rate (e.g., 250 pi/min) while the modification of the secondary flow due to fluid elasticity is
significant at low flow rate (e.g., 100 piL/min). Such change of the secondary flow alters the
relative intensity of Fp near channel center and near channel bottom/top. And due to high
blockage ratio, particles near channel sidewalls experience differing degrees of drag, leading to
different disappearance sequences of the side streams observed in the transition stage between
the low and high flow rate cases (Fig. 14 b/e). The high blockage ratio of the 25 pm beads in our
50 pm high channel (8 = 0.3 since Dy = 83.3 um) means that beads span both the top and bottom
portion of each of the Dean vortices, as illustrated in numerical results of Fig. 15. The smaller 15
m beads, which occupy 60% of channel half height and have a blockage ratio of g = 0.18, still
follow the same pattern of focusing dynamics (Fig. 15). The smaller 7.32 pm beads, which span
only 29% of channel half height and have a blockage ratio of 4 = 0.088, no longer follow the

described pattern.

3.4. Summary

In this work, for the first time, we experimentally demonstrated evolution of particle
focusing behavior along channel downstream length at high blockage ratio. We discovered that
the vertically movement of the particles closely coordinated with their lateral migration, leading
to slightly different focusing behavior depending on the flowrate and flow direction. We found
that flow rate, device curvature, minimum De, and medium viscosity play an important role in

particle lateral migration. Our results illustrate the full focusing pattern along the downstream
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Figure. 15. Downstream evolution of focusing for 7.32 pm, 15 pm, and 25 pm diameter
beads. Stacked fluorescent streak images illustrating downstream evolution of particle focusing
in R2 spiral channel (aspect ratio AR = 0.2) at 250 puL/min flow rate in 500 ppm PEO solution.
The +/-125 scale indicates the normalized width of the 250 pm wide channel. Downstream
position is indicated at the bottom of the panel set.

channel length. Additionally, the simulation results sequentially predict that secondary flow
dynamics in channel cross-section is due to the combined effects of the Dean and N2-induced
secondary vortices along the channel downstream. Analyses of the particle lateral and vertical
migration evolution demonstrated the underlying hydraulic forces balance. Ultimately, we
anticipate that these results will offer a useful guide on elasto-inertial microfluidics device design

for improving efficiency of 3D focusing in cell sorting and cytometry applications.
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CHAPTER 4
FOCUSING DYNAMICS OF ASYMMETRIC CELLS

IN SPIRAL CHANNELS

4.1 Introduction

The conventional semen analysis on sperm cell number, morphology, and motility is
evaluated by light microscopy. Flow cytometers and the wide range of biomarkers for cell
structure and function have allowed to measure more critical parameters in sperm, such as
viability, fertilization capacity, or chromosomal sex!'®. However, due to the asymmetric shape
and the high index of refraction of sperm cells, the emission intensity from the narrow edge is
approximately twice that of the flat face and the edge intensity varies sharply with angle!%.
Therefore, precise manipulation of sperm cell position, focusing, and alignment are essential for
in vitro fertilization (IVVF) and artificial insemination.

Microfluidics based particle and cell sorting devices have been utilized in sperm cell
sorting!?!, isolation!?? and enrichment'23, However, their attention has been on applications
rather than on the underlying principles of sperm cell migration. Further, the majority of the
previous work on cell sorting were demonstrated by spherical particles. However, the sperm cell
consists a larger asymmetrical head and long-thin tail which alternates the focusing dynamics in
flow and impacts the sorting efficiencies??. . Therefore, it is important to improve the
understanding of mechanism of the sperm cell migration in spiral microchannels, including the

shape, size, and orientation effects, which offer a useful guide for inertia microfluidics device
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design.

Further, the majority of the previous work on cell sorting has been demonstrated by
symmetric particles. However, large portion of cells are asymmetric. Due to the limited source of
asymmetrical and cell-like shape particles, it is difficult to explore the shape effects and not
ideally to mimic cells migration by using the spherical particles. Therefore, spermatozoa cells
will be used in viscoelastic and inertial fluids and to investigate the mechanism of asymmetrical
shape effects on lateral migration. In this work, we aim to improve the understanding of the
underlying mechanisms of sperm cells migration in spiral channels. Using spiral microfluidic
channels described earlier, we investigate migration of sperm cells, both laterally and vertically,
over a wide range of flow parameters. Spherical polymer particles are used as controls. Our
results demonstrate that a critical Dean number determines the migration direction of sperm cells
as well as their orientation. Ultimately, we anticipate that these results will offer a useful guide
on microfluidic device design for improving efficiency of 3D focusing in sperm cells sorting and

cytometry applications.

4.2  Experimental Methods
4.2.1 Sperm Cell Morphology

Sixteen adult male bovine spermatozoa samples (n=16) were used to measure
morphology of the bovine sperm cells. The raw bovine samples post collection were kept in 10
mL plastic tubes and shipped overnight in temperature insulated box (ThermoSafe, Inc., USA).
Upon receipt, samples were warmed to 34 <C in a water bath for 45 min. Then, the sperm
samples with cell concentration >519 M/mL were diluted in PBS to cell concentration of 2

M/mL measured from hemocytometry. Subsequently, 10 puL of diluted sperm sample was added
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to a hemocytometer (Buldog Bio, Boston, MA, USA) and bright field images were taken at 100
magnification by an inverted microscope (1X83 Olympus, Inc., USA). CellSense software

(Olympus, Inc.) was used to measure morphology of sperm cells.

4.2.2 Fluorescent Label

Hoechst 33342 is a highly permeable DNA fluorescent dye, which is not intercalated with
DNA helix and binds to the minor groove of the adenine-thymine regions'?. Vazquez JM et al.
showed that Hoechst 33342 does not affect motility of spermatozoa or fertility after artificial
insemination’?®.To visualize migration of sperm cell within flow in microchannel, Hoechst
33342 was used to fluorescently label cell nuclei. Sperm cell loss the motility at temperature
below 4 <C and loss the motility and viability at temperature above 37 <C. To maintain the
motility and retain the viability of sperm cells'?, received samples were warmed to 34 <C in a
water bath for 45 min and diluted to 200 M/mL using Tyrode’s albumin lactate pyruvate (TALP)
medium (Genus PLC, Inc.). Next, a 50 um cell strainer (ThermoFisher Scientific, Inc.) was used
to filter out large aggregates. the unexpected contamination. After filtration, Hoechst 33342 (20

mM, ThermoFisher Scientific, Inc.) was mixed with cells for 45 min at 34 <C.

4.2.3 Cell Viability

Viability of the spermatozoa before and after flow experiments was evaluated using
Calcein AM/ propidium iodide (PI). The spermatozoa were incubated for 30 min at 34 <C. The
spermatozoa were then diluted to 10 M/mL in PBS. To stain the sperm for viability, the diluted
sample were incubated in a 600x dilution of Calcein AM (1mM, ThermoFisher Scientific, Inc.)
and 3000x dilution of P1 (ThermoFisher Scientific, Inc.) for 15 min at room temperature. Sample

viability was calculated as the ratio of live fluorescence (green) to total live and dead
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fluorescence (green + red).

4.2.4 Sperm Cell Head and Tail Isolation

A sperm cell consists of a large head and a long-thin tail. To investigate the effects of the
head and tail on sperm migration in flow, we need to cleave sperm tails from the head. First,
spermatozoa from adult bovine were washed twice in PBS at pH 7.4 then centrifuged at 300g
(Thermo Fisher Scientific, Inc,.) for 20 min. For isolation of the tail from sperm head, the
washed samples were sonicated at 25 KHz for 10s by using a microtip sonicator (Qsonica
Sonicator Q500, Fisher Scientific, Inc,.). After sonication, the sample was centrifuged at 7509
for 10 min at 34 <C. Next, the supernatant of the sample was removed then diluted the sample to

desired concentrations in PBS.

4.2.5 Device Principle and Fabrication

Focusing sperm cells in inertial fluids is dependent on the balance of inertial lift forces.
Shear gradient induced lift force, Fs, drags cells to the channel walls. As they approached closer
to the channel wall, this force is balanced by the wall repulsive force, Fw , near the channel
walls. In straight rectangular channel, sperm cells focused into two broad streams near the center
of the channel at Re =88.7?2,

As discussed in chapter 2, cell in spiral channel experiences two counter-rotating Dean
vortices, which induced an additional transverse Dean drag force, Fp. The Dean effect on cell
migration can be characterized by the Dean number (De).The Fp alternates the cell lateral
equilibrium positions, leading to reduce two streams to one from top-view!??,

Three Archimedean spiral devices were used in this work, with 150 um, 100 um and 75
um width of the channel. The inner most radius of curvature (R) was 1 mm and height of the

channels was fixed at 50 um. The corresponding aspect ratio of the devices are 0.33, 0.5, and
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0.67. Spacing between inner walls was set at 500 pm. A single outlet was located at the center of
each spiral, while a single inlet with debris filter was located at the circumference.

Spiral devices were fabricated in polydimethylsiloxane (PDMS) using the standard soft
lithography process with dry photoresist masters, as applied in previous chapter. Briefly, master
mold with the designed spiral channel structures were obtained by following the dry film

fabrication procedure shown in Fig.16. The mixed PDMS was mixed with curing agent in a 10:1

A Master Fabrication b Top-view Device C  Side-view Device

1 =

Si Substrate

Flat-PDMS

Petri-Dish[ |
[ Glass substrate ]

Figure. 16. Schematics of soft lithography. (a) master fabrication by align dry film on silicon
substrate. (b) Top-view device fabrication by casing PDMS and oxygen plasma bonding on glass
substrate. (c) Side-view device fabrication by bonding a flat PDMS and vertically cured inside of
a Petri Dish.
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ratio, was cast on the fabricated master mold and cured on a hot plate at 60<C for 4 h. PDMS
replicas with the spiral structure were obtained. Then, the PDMS were bonded to standard
microscope glass slides using oxygen plasma treatment. For side-view imaging, devices were
mounted vertically and the edges of PDMS replicas were cut using a sharp blade orthogonal to
the spiral pattern, then placed vertically on uncured PDMS in a Petri Dish and cured on a hot

plate at 60 T for 4 h to improve optical transparency and flatten the cutting edge.

4.2.6 Flow Experiment

Sperm, tail-off, and particle samples were separately loaded into a 10 mL syringe with
luer lock interface and connected to microfluidic devices using 0.06” PTFE tubing. A
programmable syringe pump (Legato 201, Kd Scientific, USA) was used to drive particles into
devices with preset flow rates. The flow rate was varied from 10 pL/min to 350 uL/min. The
fluorescence imaging was accomplishing using an inverted microscope (IX83 Olympus, Inc.,
USA) with a 16-bit SCMOS camera (Zyla 5.5, Andor Technology Ltd, Belfast, UK). Fluorescent
images of top view were taken at quarter-circle positions throughout channel length with
exposure time of 150 ps for acquiring the flowing trajectories by using 20x objective with high
numerical aperture (NA = 0.7). The CellSense software (Olympus, Inc.) was used to sequentially
obtain 150 images at each position. Streamline width was defined as fluorescent intensity
FWHM across channel width. Bright-field images of top view were captured with a high-speed
camera (AX 200 Mini, Photron USA, Inc.) at frame rate of up to 10,000 fps depending on flow
rate, with exposure time of 1 pus for obtaining particle distribution probability and height position
along the channel height. Bright-field side view images of particles were taken using 20x
objective with long (10 mm) working distance using procedure described above. ImageJ was

used to measure the lateral and vertical position of sperm cells.
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Figure.17 Bovine spermatozoa morphology. (a) Bright-field image of a bovine sperm cell in
100 x magnification. The head major axis, minor axis, and tail length were measured by using
CellSense software. (b) Schematic of the sperm head (c) Box plots of sperm head major and
minor axis (d) size from Day 1 to Day 4 with N= 291
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4.3  Results and Discussion
4.3.1 Sperm Cell Morphology

Inertial microfluidic techniques are highly dependent on particle size "®'?” and shape®*12
. Thus, morphological measurement of spermatozoa is essential for microfluidic device design. A
sperm cell consists of an asymmetrical paddle shape head and a long-thin motile tail*?® shown in
Fig.17a. The major axis (a) of the sperm head is defined as the distance starting from the top of
the head to the tail and the minor axis (b) is defined as the length of the chord connecting the arc
ending points (Fig.17b).

Table Il shows the statistical results of the morphology parameters of bovine sperm cells.
The major axis was 9.08 £0.56 um and minor axis was 4.73 + 3.78 um. The length of tail was
62.44 + 3.04 um. Next, we preserved the raw sperm sample (n=16) in 4 <C for four days and
measured the major and minor axis every day. The box plots in Fig.17c and d shows that the
sperm head enlarged after two days. The results suggest the experiments need to be done within

two days for focusing sperm cells.

TABLE Il

MORPHOLOGY PARAMETERS OF BOVINE SPERMATOZOA

Morphology Parameters N total Mean Standard Deviation ~ Minimu Media  Maximu
m n m
Head Major Axis (pum) 291 9.08 0.56 7.59 9.03 10.62
Head Minor Axis (um) 291 4.73 0.38 3.84 4.73 5.69
Tail Length (um) 291 62.44 3.04 45.18 62.96 67.71
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4.3.2 Cell Viability

Fig.18 a/b demonstrated that the live and dead sperm cell after Calcein AM/ propidium
iodide (PI) staining. Recent studies*** %2 confirmed that the flow rate and the corresponding

shear rate has influenced the cell viability in microfluidic devices. Increasing the shear rate in

Magnification: 40x Magnification: 40x
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Figure.18 Live/Dead stain of sperm cells. (a) The live and (b) dead sperm cells were
fluorescent labeled by Calcein AM and P1 with green and red color respectively. (c) The

composed image of live and dead.(d) Viability of the sperm cells at 60000 s was not
significantly lower than 0 s* (n=3). *p <0.05.
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flow caused increased shear stress surround cells and an increase in cell death. The shear rate

equation was expressed as:

-2

" hw? (13)
Comparing the cell viability in range of shear rate shown in Fig.18d, cell viability after flowing
through the device with the shear rate of 60000 s ( 250 uL/min) not significantly decreased the

sperm cell viability (p ~0.05). These viability results suggest that the spiral device focused sperm

cells maintain the cell viability and morphology.

4.3.3 Sperm Cell Head and Tail Isolation

The cell migration mechanism can be explained by the hydraulic forces balance in spiral

Figure.19 Tail-off sperm cell preparation from raw spermatozoa. (a) Bright field image of
the tail-off cells after isolation from microtip sonicator. (b) The corresponded fluorescent stain
image. The isolation efficiency is 94.4% +3.2% by measuring 1684 cells (n=10).
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channel. A sperm cell consists of a larger size and asymmetrical shape of head and a thin-long
tail which are characterized in previous section. To investigate the effects of the head and tail on
sperm migration in flow, we need to isolate sperm tails away from the head. The Fig. 19a
illustrated that sperm tails were successfully chopped off. The tail-off sperm cells were
fluorescent labeled by using Hoechst 33342 shown in Fig.19b. The isolation efficiency is 94.4%

+3.2% by measuring 1684 cells (n=10).

4.3.4 Effects of Shape and Tail on Sperm Cell Migration

Dean coupled inertial focusing behavior was proposed by Kuntaegowdanahalli’® that the
determining factor of particle equilibrium position is the ratio of F./Fp, where the larger particle
equilibrates closer to the inner-wall of the channel than smaller particle. The curvature induced
Dean vortices introduce an asymmetric velocity profile in spiral rectangular and result in
asymmetric distribution of the hydraulic forces, which is expected to a focus cell along their
largest diameter and shapes to minimize shear, leading to alternation of equilibrium positions.
The balance of inertial and Dean forces that determines the particle and cell stream lateral
position depends on the size and shape(citations). Most of the microfluidic devices reported in
literature mimic the cell migration by using spherical particles. However, asymmetrical cells that
do not experience similar force balance as spherical particle, also due to the asymmetrical shape
that alters the equilibrium positions in flow.

To probe asymmetric shape effects and disassemble the size impacts on ellipse head
motion, we selected fluorescent polystyrene spherical particles with diameter of 7.32 um, 4.16
um and 2.01 um, the intact sperm cells , and tail-off cells were individually introduced through
the inlet of the spiral device with channel dimensions 75 pm x 25 um (w x h). We recorded the

fluorescent streak trace images of in wide range of flow rates from 10 to 250 pL/min with
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accorded Re from 3.3 to 83.3 in PBS at the outlet. For each of the stacked fluorescent image, the
flow direction is from left to right. The top-view fluorescent images in Fig.20a illustrate sperm
cells with asymmetrical shape performed a different focusing behaviors as increasing the flow
rates at outlet. As increasing the flow rates, spherical particles with diameters of 7.32 um and
4.16 um, with blockage ratios of p > 0.07, focused into one streamline and the lateral positions
closer to the inner wall of the channel, which is in conformance to our previous study’®. Smaller
particles with diameter of 2.01, with a blockage ratio of B < 0.07, randomly distributed
throughout the channel. This can be explained that particle with B < 0.07 was flowed with the
curvature induced the secondary Dean flow through the cross-section. To demonstrate the effects
of the tail on sperm cell migration, intact and tail-off sperm cells will introduce into devices at
same experiments conditions. Interestingly, comparing the migration behaviors of spherical
particle and tail-off sperm cells from top-view, we found that the tail-off cells exhibited similar
focusing behaviors as 4.17 um spherical particles, while the larger asymmetrical head with a
larger major axis (a) ~ 9.08 pm and a smaller minor axis (b) ~4.73 um .Although these streak
fluorescent images visualized the particle and cells migration trajectories and positions at range
of flow rates, they are not enough for helping on quantitative analysis the subtle changes on
focusing behaviors.

To illustrate the quantitative measurements sperm cells lateral migration evolution, we
measured and plotted fluorescent intensity line scans across the channel width at selected Dean
numbers in Fig.20b. We observed that two symmetrical peaks to the centerline of channel width
appeared at De ~ 0.77, suggesting sperm cells migration away from the center and sidewalls. As
increasing the De to 5.13, the intensity near the outer wall raised and formed one peaks, due to a

stronger Dean effect. While the thin-long tail distinctly differences the equilibrium lateral
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Figure.20. Top view focusing dynamics of spherical particles and asymmetrical sperm cells.
(a) Stacked fluorescent streak images illustrate spherical particles, tail-off cells, and sperm cells
focusing dynamics at outlet. Teal and orange dash lines indicates the inner wall and outer wall of
the channel. Spherical particles with diameters of 7.32 um, and 2.01 um labeled as green and
4.16 um as red. The asymmetrical intact sperm cells and tail-off cells were labeled as blue. The
left column indicates the flow rates of the experiments. The light blue and orange dash lines
represent the inner wall and outer wall of the channel. (b) Measured fluorescent intensity profiles
of sperm cells across the channel width at selected De from 0.77 to 10.26, clearly illustrating the
lateral migration evolution. (c) Particles, tail-off cell, and sperm cell lateral migration as function
of Dean number.
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position. This can be explained that the Dean drag force dominates on thin-long tail following
with the secondary Dean flow yield a new force balance near the outer wall of the channel.
Interestingly, at De ~ 6.15, the intensity near the outer wall decreased, suggesting diminution of
sperm cells and their migration toward to the center of the channel. This can be partially
explained that the increased Fp pushed sperm cells with the thin-long tail toward the bottom and
top walls from the centerline of the channel height, where the Dean vortices toward the center of
the channel width. This is validated by further increasing De > 10.26, the intensity near the
center of channel width grew, indicating the sperm cells migration toward to the center of the
channel. Interestingly, the sperm cells performed a dual migration direction which is dependent
on the De. This strongly suggests that the thin-long tail enhances the Dean effects on intact
sperm cell lateral migration results sperm cell follow the Dean vortices across the channel.

In addition, Fig.20c shows the lateral positions of spherical particles, tail-off cells, and
sperm cells as a function of Dean number at the device outlet. Due to the dispersal distribution, 2
um spherical particle is not included. We observed that 4 um and tail-off cells exhibited a similar
trajectories as increasing flow rates, while 4 um lateral positions closer to the inner wall. In
contrast to straight channel, Hur et al claimed that the asymmetry in shapes would not
significantly contribute to the variation in equilibrium lateral position*®. However, in spiral
channel, we found the asymmetrical shape of the sperm head with a larger major axis alters the
lateral position. In our previous study, the spherical particles migrate toward the inner wall of the
channel due to curvature induced Dean drag force and the equilibrium position depends on the
ratio of FL/Fp. In curved microfluidics channels, the secondary flows appear within the cross-
section and induce a drag force, Fp, which scaling with the particle size and viscous drag

coefficient'. On the one hand, drag force increases in proportion to the cross-sectional area of
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the body and in proportion to pU?. On the other hand, surface friction increases in proportion to
the surface area of the body and in proportion to U, Therefore, the Fp differs in drag
coefficient which is expected to sperm cell. Thus, this can be explained that the asymmetrical
tail-off sperm cells experienced a stronger Fp force, leading to the lateral position shift away
from the inner wall towards the center of the channel. On the other hand, the asymmetrical tail-
off cells experienced higher secondary Dean drag force as they have a larger major axis when

their orientation is vertical to the Dean vortices.

4.3.5 Shape and Tail Effects on Vertical Migration

Similarly, the hydraulic forces along the channel height can also influence particle and
sperm cell focusing behaviors along the channel height. Toner!'” and others'® suggested that two
focusing positions are present along the channel height at the outlet. Asymmetrical cell migration
along the channel height remains unclear due to lack of direct observation. Additionally, the
side-view imaging can aid on understanding the shape influences on sperm cells migration. Thus,
we vertically mounted a spiral microchannel to visualize particles and sperm cells migration
along the channel height at outlet. This approach was described on previous chapter. We next
investigated migration of particles and cells along the channel height near the outlet. Fig.21
presents the stack fluorescent images at the outlet of particles, sperm cells, and the tail-off cells
at the flow rates range from 10 pL/min to 250 uL/min at outlet from side-view. The staked
fluorescent images confirm that 7.32 um and 4.16 pwm spherical particles, tail-off cells, and
sperm cells present two streams appearing along the channel height, suggesting two positions in
the cross-section. This inertial focusing behavior of larger particles from side-view remain two
stable positions over the range of flow rates, which is consistent with previous studies!*"''8, For

smaller 2 um particles, with a blockage ratio of p < 0.07, particles remained in random
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distribution across the channel height. Tail-off sperm cells with major axis ~9.08 um consistently
exhibited similar focusing behaviors as 4.17 um spherical particles from top-view and side-view.
Interestingly, at lower flow rates, 10 uL/min and 50 pul/min, intact sperm cells with tail
concentrated near the center of the channel. At flow rate > 100 uL/min, the two distinct streams
appeared near the centerline and we measured the vertical positions of the two streams along the
channel height. The data in Fig.21b. illustrate that the sperm cells focused into a single stream
near the centerline with De < 6.15 from side-view. For the observation of top-view, one single
stream focused near the outer wall of the channel, suggesting a single stream at the cross-section
of the channel at range of 2.56 < De < 6.15. Note that the Dean drag is toward the outer wall
near the vertical centerline, which leads to the sperm cells lateral migration toward the outer wall
of the channel. On the other hand, as De > 6.15, the single stream of sperm cells split into two
near the centerline of the channel height, where the sperm cells gradually moved toward the
horizontal centerline from top-view (Fig.20). These two streams near the bottom and top walls
where Dean drag is toward the center, which leads to the sperm cells migrate toward the
horizontal center of the channel. Additionally, the gap distance of sperm cells is greater than
spherical particles and tail-off cells at higher De shown in Fig.21c. This suggests that sperm cells
experienced a stronger F. which push them away from the centerline of the channel. Due to the
FL o ap* with direction away from the centerline, the orientation of the cells may strongly impact
on the hydraulic force and yield the differences vertical positions. On the other hand, the
asymmetrical sperm cells may experience a higher secondary Fp force with the longer tail when
their orientation is vertical to the Dean vortices. We next investigated the asymmetrical cell

orientation dynamics in spiral channel.
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Figure.21 Side-view focusing evolution of spherical particles and asymmetrical sperm cells.
(a) Stacked fluorescent streak images illustrate spherical particles, tail-off cells, and sperm cells
focusing dynamics at outlet. White dash lines labeled the channel top and bottom walls. (b)
Vertical position as function of Dean number. The +/-12.5 indicates the normalized vertical
position of the 25 um channel height. (c) Gap distance of particles, tail-off cells, and sperm cells
as a function of Dean number. The red, orange, teal, and dark blue represents the 7 um, 4 pm,
tail-off cell, and sperm cells respectively. Each point of the plots collected from a triple
measurement at outlet. Due to channel deformation, empirical #2 um systematical error bars
added in (d).
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4.3.6 Cell orientation and alignment

The spherical particle presents the same area and size to the oncoming fluid independent
as its orientation. However, due to the asymmetrical shape, sperm cells display varying area and
size depending on its orientation which impact on the magnitude of hydraulic forces and
alternate the focusing positions. Asymmetrical cells and ellipsoid particles usually exhibit
differences motions and orientations in shear flows depending on the applied Re in straight
channel*®1%:137 While sperm cells with long tail in curvature included secondary flow spiral
channel has rarely been studied.

To investigate the orientation of sperm cells in flow, we measured sperm cell orientation
index (OI) which is defined as the ratio of the major axis (M) to minor axis (m). We measured
and calculated the Ol of the sperm cells and classified as Flat-on (1.5 < M/m < 2.6), Edge-on
(4.3 <M/m < 7), and Misaligned (2.7 < M/m < 4.2). The Ol obtained from a typical bright field
image, which is corresponded to the line scan in fluorescent images from top-view, is shown in
Fig.22a at De ~ 5.13. The three sperm cell orientations are illustrated in this figure. The Flat-on
orientation indicates that the sperm cell head is aligned with x-y plane. The Edge-on orientation
suggests that the major axis (a) is parallel to the x-y plane and the sperm cell head is rotated with
the major axis. The Misaligned orientation indicates that the sperm cell head is not aligned with
x-y plane and rotated with major and minor axis.

Fig.22b shows the orientation of sperm cells distribution in spiral channel at range of De
from 2.05 to 12.31. In flow with lower De < 4.11, only 49% of sperm cells exhibited Flat-on
orientation and aligned with x-y plane. As the De increased to 6.15, 91% of the sperm cells were
aligned with x-y plane with Flat-on orientation. Only 4% of the sperm cells are Misaligned. This

suggests that the sperm cell alignment was readily achieved. Note that the sperm cells were
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Figure.22 Cells orientation distribution in spiral channel.(a) High-speed camera bright field
image of sperm cell at De ~ 5.13 illustrate sperm cell orientation and schematic of the flat-on,
edge-on, and misaligned orientations of sperm cells.(b) The sperm cell orientation distribution at
range of Dean number.(c) Sperm cell and tal-off cell orientation distribution at De ~10.26. Flat-
on, Edge-on, and Misaligned orientations are labeled as blue, orange, and red respectively. The
total measured number of sperm cells is N= 3362.
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focused into two streams from one stream along the channel height at high De from side-view in
Fig.21. This suggests that the Dean effects take place on sperm cell vertical migration where the
Fo drag the sperm cells toward the bottom and top walls that cause sperm cell aligned with the x-
y plane without any dimensional rotation. From top-view, the lateral position of sperm cells was
gradually migrated toward the center of the channel. Our results agree with the previous study
that aligned ellipsoid shape of particles without freely rotation followed in Jeffery orbits in which
the ellipsoid particles are periodically pushed toward the center of the channel®. In addition, as
the sperm cells aligned with x-y plane, lateral position was gradually migrated from outer wall to
centerline of the channel width as De > 6.15 in Fig.22b. Prohm et al. performed simulation
studies that when prevent the particle from rotating, particle experiences a lift force always shifts
the lateral equilibrium position toward the center of the channel. These results further indicate
the aligned sperm cell near the bottom and top walls experiences Fp and F. with same direction
which toward the center of the channel as being responsible for sperm cell lateral migration.

Ellipsoid particles exhibit tumbling movement in inertial flow, leading to an alternate
focusing position due to the different rotational motion**”3, However, sperm cells may exhibit
a different rotation motion due to the long tail. To insight the tail effects on sperm cells
orientation, Fig.22c demonstrated the orientation distribution of sperm cells and tail-off cells at
De ~ 10.26. 91% of sperm cells were Flat-on orientation, suggesting majority of the sperm cells
aligned with x-y plane. However, the Flat-on orientation of tail-off cell dramatically reduced to
33% but 60% of the tail-off cells were Edge-on. Only 4% increased of Misaligned orientation
without tails. This agrees with Li et al. claimed that higher aspect ratio, ellipsoid shaped, cells
are easier to align with flow direction with a tumbling motion in straight channel 3. These

results suggests that the long tail strongly reduced the sperm cell rotation along the major axis.
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4.3.7 General Focusing Mechanism

Fig.23 illustrates sperm cells focusing in spiral microchannel with the diagrams
indicating the key forces involved in sperm cell equilibration. Due to the curvature induced the
secondary Dean flow, sperm cells experience two counter-rotating Dean vortices in the top and
bottom halves of the channel. Note that the vortices toward the inner wall of the channel near the
top and bottom walls, whereas the direction changed to outer wall near the center of the channel.
Three top-view orientations schematics of sperm cells are presented to indicate the sperm cell
orientation in flow. Near the side-walls, the secondary flow generates a vertical force in both
vortices. Due to the long tail ~60 um, the sperm cells experience higher secondary Dean effects
and thus the sperm cells across both arms of the vortex with two opposing Dean drag forces must
be considered to impact on migration behaviors.

Sperm cells focusing in spiral channel presents dual direction of lateral migration in
depending on the Dean number Fig.20.We defined the critical Dean number (Dec) as the sperm
cell lateral migration direction changed from outward to inward. For example, in 75 um x 25 pm
spiral channel, sperm cells lateral position migrated toward outer wall at De < 6.15 and when the
De > 6.15 the sperm cells migrated towards the center of the channel. Thus, the critical Dean
number (Dec) is 6.15. Meanwhile, as the De > 6.15 , 91% of sperm cells were Flat-on orientation,
suggesting sperm cells focusing with free rotation as De > Dec in Fig.22. Therefore, we propose
that the sperm focusing manifests in three regimes in spiral channel depending on the De.. At De
< Dec, the sperm cells focused into two streams closer to the outer wall of the channel and one
bulk stream near the centerline of the channel height. Three orientations likely even distributed
near in flow. The sperm cell is subjected to the Fp and F. with same direction, which leads to a

net force acting on particle toward the outer wall of the channel. As a result, these positions are
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Figure.23. General force mechanics on sperm cell migration depending on the critical Dean
number. Schematics images illustrate the sperm cells focusing positions and the corresponded
force balance in low aspect ratio spiral channel with dimension of 75 um x 25 um at (a) De <
Dec, (b) De = Dec, and (c) De > Dec . Blue, orange, and red arrows indicate the inertial lift force
F, Dean drag force Fp, and lift force with no rotation Fing, respectively. The schematics of
sperm cell orientations are same as in Fig.21.

unstable because the force balance is not zero, illustrated in Fig.23a. The sperm cell migrates
toward the outer wall of the channel, due to the long tail enhanced the Dean effects in lateral
position. As increasing the De = Dec , the long and thin tail means that the sperm cells span both
the top and bottom Dean vortices. Note near the outer wall of the channel, the Dean vortices with
vertical directions toward the top and bottom walls, yielding one stream split to two streams near
the top and bottom walls from side-view. Meanwhile, 91% of sperm cells were Flat-on

orientation, suggesting that the sperm cell aligned without freely rotation, which alters the lift
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force with no rotation, Fing , toward the center of the channel®°. Similarly, for the sperm cell
near the outer wall of the channel, Fp and FLnr With same direction causes unstable positions and
the sperm cells to start its inward migration (Fig.23b). This vertical movement and sperm cell
alignment is responsible for the inward migration. While the De > De. , as the sperm cells span
in the top and bottom walls, the lateral position change from outer half to center of the channel,
leading to a force balance shown in Fig.23c. Near the center of the channel width, due to the
sperm cell alignment, the Fp and Finr have opposite directions near the top and bottom walls. As
a result, the balance of Fp and Finr is responsible for the inward and outward migration of sperm
cell and the stronger Dean effects due to the long tail drags the sperm cells to the outer wall of
the channel, resulting outward migration. The sperm cell alignment modifies the Finr direction,

resulting in two final equilibrium position.

4.3.8 Critical Dean Number

We observed the migration direction of sperm cells in spiral channels changes from
outward to inward over a certain threshold of the Dean number (De), which we defined as the
critical Dean number (Dec). For De < Dec , the sperm cell migrates toward the outer half of the
channel, whereas tail-off cells focused in the inner half of the channel, suggesting the long tail
attached sperm cells in Dean vortices followed the curvature induced Dean vortices. Due to the
same direction of F_and Fp, the imbalanced hydraulic force pushed sperm cell outward. For De
= Dec, the aligned sperm cell with no rotation modified the F_ to F ng which toward the center
of the channel and the Dean vortices with vertical direction split sperm cells to top and bottom of
the channel. The net force toward the center of the channel and swifts the migration direction
from outward to inward.

Fig.24 shows the sperm cell lateral positions at range of De in spiral channel with
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Figure.24 Plot of the normalized lateral positions of sperm cell streams in spiral channels.
The orange, red, and blue color represent the spiral channel with dimensions of 150 pm x 25 um,
100 um x 25 pm, and 75 um x 25 pum, respectively.

dimensions of 75x25 (AR=0.33), 100x25 (AR=0.25), and 150 x25 (AR=0.17). We observed that
sperm cell initially migrated in outward at low Dean number and the migration direction
transitionally changed to inward as increasing Dean number. We also observed the De¢ ~6.5 for
sperm cell is independent of the channel AR. As a result, the De. determines the sperm cell
migration direction and alignment in spiral channel which is highly dependent on the

asymmetrical shape and long tail.

44  Summary
In this work, we experimentally demonstrated migration of sperm cells in spiral

microchannel in top and side view. We found that the sperm cell migration direction and
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alignment depend on the critical Dean number (Dec) in spiral low AR rectangular channel.
Analyses of the sperm cell, tail-off cell and spherical particle lateral and vertical migration
demonstrated that the asymmetrical shape and long tail play an important role in sperm cell
migration. Our results illustrate the underlying hydraulic forces balance of sperm cell migration
in cross-section. Ultimately, we anticipate that these results will offer a useful guide for inertial
microfluidics device design for improving efficiency of sperm focusing, sorting, and cytometry

applications.
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

5.1.  Summary

In this work, particles migration dynamics were tested in spiral channels with initial radii
of curvature at range of 1 mm to 6 mm, Elastic number (El) at a broader range from 0 to 117, and
particle diameters at range of 7 um to 25 um with blockage ratio from 0.088 to 0.3. The results
suggests that the particle equilibrium position strongly depended on device curvature and that Dean
effects played an important role on particle migration, where increasing De leads to reduction of
multiple streamlines to one and improvement in focusing quality. The elasticity of fluids significant
alternate particle focusing behaviors, dividing into three regimes. When EI<1, in this inertial
regime, particles progressively form two streams along the channel downstream due to the
inertial effects. When 1 <El< 50, particles initially focused into three streams transition to one
stream. In this elasto-inertial fluid regime, the elastic force Fe balances inertial lift F. and Dean
drag Fp, resulting in equilibrium position at the channel centerline. When EIl > 50, particles
rapidly migrate into a single stream (at 0.7 cm downstream) and gradually move toward the outer
wall along the downstream length. In this viscoelastic fluid regime, the elastic force Fe
completely dominates in the vertical direction as inertial force is negligible (Re = 0.36 and El =
117 for 5000 ppm PEO). Particles with different sizes experience differing degrees of drag,
leading to different disappearance sequences of the side streams observed in the transition stage

between the low and high flow rate cases.
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After exploring the broad range of device design, fluids, and particle parameters, this
work provides the first experimental and simulation proof of particle 3-T-1 focusing evolution
along the channel downstream length. The numerical results demonstrated that vortices are
modified due to the fluid elasticity (due to N2), leading to lateral asymmetry of velocity
magnitude in secondary flow. The secondary flow is stronger near the inner wall. The balance of
the elastic force and inertial force is responsible for the formation of the three streams (six
positions) and the net drag force due to the secondary flow brings the side stream to the center,
resulting in two final equilibrium positions. Consequently, the lateral position of the final
focused streams is not permeant, depending on the evolution of the secondary flow as evidenced
in the fluorescent images near the end of the channel.

Due to the asymmetrical shape, the emission intensity from the narrow edge
approximately twice that of the flat face *2°, which significantly impacts on results of the
fluorescent labeled sperm cells from current cytometry flow aided IVF. Therefore, effective cell
sorting and consistent cell orientation is critical. Therefore, precise manipulation of sperm cell
position, focusing, and alignment is the essential processes of IVF and improve fertilization and
ongoing pregnancy rates'“°. Additionally, due to the limited source of asymmetrical and cell-like
shape particles, it is difficult to explore the shape effects and not ideally to mimic cells migration
by using the spherical particles. Therefore, spermatozoa cells were used to investigate the
mechanism of asymmetrical shape effects on lateral migration.

The shape and tail effects on migration were proved by comparing the spherical particles
( diameter of 7 um, 4 pm, and 2 um) lateral and vertical migration. This work found that 4 um
and tail-off cells exhibited a similar trajectories as increasing flow rates, while 4 um lateral

positions closer to the inner wall. In our previous study, the spherical particles migrate toward
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the inner wall of the channel due to curvature induced Dean drag force and the equilibrium
position depends on the ratio of F./Fp. The asymmetrical tail-off sperm cells experienced a
stronger Fp force, leading to the lateral position shift away from the inner wall towards the center
of the channel. On the other hand, the asymmetrical tail-off cells experienced higher secondary
Dean drag force as they have a larger major axis when their orientation is vertical to the Dean
vortices.

The sperm cell orientation distributions were measured within the spiral channel as a
variation of De. In flow with lower De < 4.11, only 49% of sperm cells exhibited Flat-on
orientation and aligned with x-y plane. As the De increased to 6.15, 91% of the sperm cells were
aligned with x-y plane with Flat-on orientation. Only 4% of the sperm cells are Misaligned. The
results found that the sperm cell was aligned by the Dean effects that cause sperm cell aligned
with the x-y plane without any dimensional rotation, indication the aligned sperm cell near the
bottom and top walls experiences Fp and F. with same direction which toward the center of the
channel as being responsible for sperm cell lateral migration. Comparing the orientation
distribution of sperm cell and tail-off cell that the long thin tail strongly reduced the sperm cell
rotation along the major axis. As a result, the balance of Fp and Finr is responsible for the
inward and outward migration of sperm cell and the stronger Dean effects due to the long tail
drags the sperm cells to the outer wall of the channel, resulting outward migration. The sperm
cell alignment modifies the Finr direction, resulting in two final equilibrium position. We also
observed the critical De. determines the sperm cell migration direction and alignment in spiral
channel which is highly dependent on the asymmetrical shape and long tail.

Overall, this work presented a model of particle lateral migration in viscoelastic fluids,

which should allow an improved understanding of the underlying mechanisms of Dean-coupled
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viscoelastic focusing. The investigation of cell shape and tail effects should offer a new tool
which can be used in precise separation applications for sperm cells. Ultimately, this work
should yield guidelines for improved design of microfluidic devices for handling asymmetric

cells, and perhaps to a broader acceptance of the viscoelastic microfluidics devices.

5.2. Future Work

Previous work*" investigated the evolve of the curvature included secondary vortices
across the low aspect ratio spiral devices. However, the Dean vortices dynamics in high aspect
ratio (HAR) spiral devices have not been studied yet. Study of the phenomenon of the evolution
of the secondary flows in high aspect ratio spiral channels will improve the understanding of the
Dean effects on particle and cell sorting and potentially assist in manipulation of the Dean
vortices and the interaction of the hydraulic forces to achieve a 3D focusing. To determine the
secondary Dean vortices dynamics in high aspect ratio spiral channel, a three-inlet system will be
fabricated to provide 1/3" of dye at input to visualize the vortices development. We need to use
confocal microscopy to acquire the cross-section images at multiple positions through the
channel downstream length. This enable to observe the development trend of secondary Dean
vortices, which expect to perform different from the low aspect ratio channels in our previous
work*’. By measuring the fluorescent trajectories along the channel downstream length, the Dean
vortices velocity profile will be obtained. The results will provide critical information about the
Dean vortices evolution which helps on understanding of the focusing mechanism in spiral
channels and provide an better concept of particle/cell focusing in spiral channel.

Design and optimization of spiral microfluidic chip based on the knowledge gained from

this work will enable to separate red blood cells from spermatozoa. RBCs often contaminate
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seminal fluid during the testicular sperm extraction (TESE) procedures, which enriches the
number of non-motile cells and adversely impacts the results of fertility screening. The
conventional sperm separation approaches take advantage of the motility of sperm cells. Feng et
al developed a spiral microfluidic device to separate RBCs from sperm TESE sample. However,
the viability of sperm cells is uncertain under the influence of the shear stress in fluids. Only in
this work, the sperm cell viability before and after flowing in device were tested using Calcein
AM. The results showed that the shear rate viability has little effect on sperm cell’s viability. The
influence of cell viability under high flow rates and shear rates are still unclear, which deserves

more attention from academiC SOCIELY. .......c.ciiiiiiiiie et re e
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