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Abstract: Rapid isolation of white blood cells (WBCs) from whole blood is an essential part of any
WBC examination platform. However, most conventional cell separation techniques are labor-in-
tensive and low throughput, require large volumes of samples, need extensive cell manipulation,
and have low purity. To address these challenges, we report the design and fabrication of a passive,
label-free microfluidic device with a unique U-shaped cross-section to separate WBCs from whole
blood using hydrodynamic forces that exist in a microchannel with curvilinear geometry. It is shown
that the spiral microchannel with a U-shaped cross-section concentrates larger blood cells (e.g.,
WBCs) in the inner cross-section of the microchannel by moving smaller blood cells (e.g., red blood
cells (RBCs) and platelets) to the outer microchannel section and preventing them from returning to
the inner microchannel section. Therefore, it overcomes the major limitation of a rectangular cross-
section where secondary Dean vortices constantly enforce particles throughout the entire cross-sec-
tion and decrease its isolation efficiency. Under optimal settings, more than 95% of WBCs can be
isolated from whole blood under high-throughput (6 ml/min), high-purity (88%), and high-capacity
(180 ml of sample in 1 hour) conditions. High efficiency, fast processing time, and non-invasive
WBC isolation from large blood samples without centrifugation, RBC lysis, cell biomarkers, and
chemical pre-treatments make this method an ideal choice for downstream cell study platforms.

Keywords: WBC isolation, Spiral microchannels, Inertial microfluidics, Passive cell separation,
High-throughput separation.

1. Introduction

In medical science, the study of characteristics and mechanisms of cell functions,
identifying external damaging factors, and finding methods to prevent and treat cellular
disorder diseases in the human body requires the preparation of cell samples with suitable
purity. Blood is the most important component of the human body, containing various
types of essential cells, including red blood cells (RBCs), white blood cells (WBCs), and
platelets which are produced in the bone marrow and released into the bloodstream [1].
WBCs comprise about 1% of whole blood and have a significant role in the body’s immune
system. The change in the total number of WBCs in the blood is the harbinger of infections,
autoimmune reactions, and other malignancies [2]. For example, in blood cancer diseases,
such as leukemia and myeloma, the life cycle of normal blood cells is interrupted by the
abnormal growth in the number of WBCs in the bone marrow and bloodstream. Hence,
enumeration and monitoring of WBCs are critical in diagnosing various kinds of diseases
[3]. Since RBCs comprise the majority of whole blood, complete or fractional separation
of RBCs from a blood sample is usually required for subsequent cellular and molecular
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examination of WBCs. However, conventional cell sorting techniques, such as density gra-
dient centrifugation, RBC lysis, porous filteration, and other methods are often labor-in-
tensive, require a large volume of sample, and sometimes use expensive particular bi-
omarkers or labels to identify the target cells [4].

In recent years, various microfluidic cell separation devices have been developed to
minimize the amount of required sample, processing time, and operator-based errors
while maintaining high-throughput and isolation efficiency [5,6]. Although they have
been successful, there is always a trade-off between the efficiency and throughput of these
platforms. Based on the separation mechanism, microfluidic cell isolation techniques can
be categorized into active and passive methods [6].

Active methods require an externally applied force so that cells are separated due to
their different optical [7], electrical [8], or magnetic [9] properties. Some examples of the
active methods are dielectrophoresis (DEP) [10], acoustophoresis [11] and magnetophore-
sis [12]. Although active methods have been proven to be useful in various biological ap-
plications, the low-throughput, complex mechanism, and high fabrication costs have lim-
ited their widespread applications in most cases.

Passive methods rely on label-free separation of cells using their physical properties
without any externally applied force field. Some passive separation methods include de-
terministic lateral displacement (DLD) [13], pinch flow fractionation (PFF) [14], hydrody-
namic filtration [15] and inertial migration [16].

Among passive cell separation techniques, inertial microfluidics has attracted much
attention in recent years. The efficiency of inertial microfluidic for cell separation depends
on inertial migration and hydrodynamic forces. Inertial migration is a function of the ge-
ometrical parameters of the device, while hydrodynamic forces separate particles based
on their physical properties, such as density [17], size [18], or deformability [19].

Segre and Silberberg [20,21] were the first to report the inertial migration effect by
showing that randomly incoming dispersed particles in a circular tube with a radius of R,
can laterally migrate towards the channel walls and form a ring-shaped annulus with a
radius of 0.6 R at the outlet. This observation led many researchers to investigate the phys-
ics of this phenomenon [22,23]. Particle lateral migration is affected by the shear gradient
lift force, which moves the particles towards the tube walls. The wall induces lift force that
pushes the particles through the tube centerline and prevents them from getting close to
the walls. As a result, particles reach a certain equilibrium position in the tube’s cross-
section depending on the magnitude of these forces, flow velocity, and particle’s physical
properties [24]. Due to difficulties with particle separation at the outlet of a circular tube,
several studies have investigated particle’s inertial migration in non-circular channels [25-
27]. In a square microchannel, eight stable particle equilibrium positions (corners and
midline of channel edge) exist in relatively low Reynolds number flows (Re < 100) [25].
However, increasing the Reynolds number (Re > 500) will reduce the equilibrium posi-
tions to four, in which particles are focused at microchannel corners [25]. In a straight
rectangular microchannel, randomly dispersed particles with a,/D,~0.1 (where ap is
particle diameter and Dn is hydraulic diameter of the channel) align in four equilibrium
positions where shear gradient lift force and wall induced lift force balance each other
[27]. According to recent studies, in a spiral microchannel, particles are focused in one
single equilibrium position close to the inner wall of the microchannel while smaller sized
particles continue to recirculate by the effect of the secondary Dean flow [16,28].

Recently, many studies have been performed to optimize separation by increasing
throughput, separation efficiency, and resolution in a spiral microchannel [29,30]. Some
studies developed numerical calculations to better understand the inertial focusing mech-
anism [31,32]. Some studies have been investigated to modify microchip geometry to op-
timize the flow rate and isolation efficiency. Label-free tumor cell separation from whole
blood has been conducted using a double spiral microchannel device with 88.5% tumor
recovery rate as well as 92.28% recovery for blood cells [33]. Higher particle isolation effi-
ciency was reached by introducing a spiral microchannel with trapezoidal cross-section
[34,35] and ordered micro-obstacles [36]. However, the complex fabrication of and
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trapezoidal cross-section and micro-obstacles has limited the wide application of this kind
of geometry in microfluidic platforms. Our group proposed a spiral microchannel with a
stair-like cross-section for size-based particle separation. Using equilibrated vortices pre-
sent in the spiral microchannel, it was observed that there is a size-dependent threshold
for flow rate for separating each specific particle [37].

This work overcomes the limitations of previous methods by presenting a passive
microfluidic approach for high-throughput continuous isolation of WBCs from whole
blood in a spiral microchannel with a U-shape cross-section using size-dependent inertial
migration. The proposed method uses secondary Dean drag force to move smaller cells
away and inertial forces to equilibrate larger cells through the spiral microchannel. One
of the advantages of the U-shape cross-section is that target cells can be collected from
separate outlets in discrete cell streams without any restriction on channel length. The U-
shaped cross-section also avoids the re-circulation of smaller particles through the entire
cross-section. Hence, it removes certain drops in isolation efficiency due to the mixing
problems of conventional rectangular cross-sections. Unlike previous methods, the pro-
posed spiral microchannels with the U-shaped cross-section are easy to fabricate. Also,
we have developed a novel numerical algorithm to calculate inertial migration forces ex-
erted on particles to optimize the proposed device’s cell separation capability that can be
used for similar inertial focusing methods for future works. It also further eliminates the
time-consuming process of trial and error to find the optimized design of the device.
Based on numerical results, we select an optimized geometry regarding the proper place-
ment of the secondary vortices and their primary role in carrying the target cells to proper
microchip outlets. Utilizing this method, high separation efficiency for WBCs and high
removing ratios for RBCs and platelets were achieved using the fabricated parallel spiral
microchannels with a U-shaped cross-section. It was reached under a high-throughput (as
high as 6 ml/min), high-capacity (360 ml sample in 1 hour) label-free cell sorting without
the need for any significant pre-processing or post-processing. Single-layer spiral micro-
channel with the U-shaped cross-section, which is a modified version of a spiral micro-
channel with rectangular cross-section, has the following advantages: i) Strong commer-
cialization potentials due to simplified fabrication methods; ii) Low fabrication costs and
efforts; iii) A wide-range separation of cells/particles with different sizes. Such an opti-
mized microfluidic device has great potential for biological cell separation in clinical ap-
plications.

2. Design principle

In straight channels, shear-induced lift force resulting from the parabolic nature of
the velocity profile in a Poiseuille flow tends to move the dispersed particles away from
the center of the microchannel towards the channel walls. As the particle gets closer to the
walls, an asymmetric wake around the particle forms a wall-induced lift force that pre-
vents the particles from getting close to the walls and directs them away from the walls to
the channel center [38]. Hence, the particles reach equilibrium positions in narrow bands
where these two opposite forces are equal [20,21,25,28,39,40]. The overall magnitude of
inertial forces which cause the lateral migration of the particles in a straight microchannel
can be estimated by Eq. 1 [41]:

F, = pG*C,(Re, x,) a,* (1)

where p is the density of the fluid, G is the fluid shear rate (G = 2U;/Dy,), Uy is the aver-
age flow velocity, C, is a non-dimensional lift coefficient which is a function of Reynolds
number and particle position in the channel’s cross-section, U is the maximum velocity
in the microchannel, Dy, is the hydraulic diameter of the microchannel and a,, is the par-
ticle diameter. The magnitude of C; and thus F, starts from zero in the channel center-
line, reaches a maximum value, and then goes back to zero again around 0.2D,, away from
the channel wall, which is considered as the equilibrium position of particles [41]. Beyond
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this distance, C;, becomes negative in sign showing the dominance effect of wall-induced
lift force and further increases in magnitude by moving towards the walls [27].

Fluid flow in curvilinear channels experiences radially outward centrifugal accelera-
tion resulting in the shift of maximum velocity towards the outer wall of the channel,
leading to the formation of two counter-rotating vortices known as Dean vortices in the
top and bottom halves of the channel cross-section plane [42,43]. The strength of these two
identical vortices can be described using the dimensionless Dean number (De):

__pUsDy Dy Dy, ’
e= p 2R_Re 2R (2)

where p is the fluid density, Uy is the average flow velocity, u is the fluid viscosity, Dy,
is the hydraulic diameter, R is the flow path curvature, and Re is the flow Reynolds
number. Assuming Stokes law, particles are affected by the drag force due to the presence
of the secondary flow in the microchannel, which can be described as:

FD = 37[# UDean (3)

where p is the fluid viscosity and a,, is the particle diameter. Up,,, is the average Dean
velocity and is formulated by Ookawara et al. [44,45]:

Upean = 1.8 X 107* D03 (4)

Thus, the drag force caused by secondary Dean vortices exerted on the particles can be
estimated by:

Fp =54 x10"* mu De™® q, ()

Inertial forces and Dean drag forces act in the same direction on the particles near the
outer wall while particles near the inner wall experience these two forces in opposite di-
rections. According to Equations (1) and (5), the ratio of inertial lift force to Dean drag
force (FL/Fp) is proportional to a,3, therefore, as particles become larger, the inertial lift
force exerted on them becomes greater than Dean drag force and vice versa for small par-
ticles. Hence, in a spiral microchannel, larger particles tend to reach equilibrium near the
inner wall of the channel, while smaller ones are circulated constantly by the secondary
flow.

In this paper, we take advantage of the simultaneous acting of inertial forces and
Dean drag force on the blood cells in a spiral microchannel to develop a high-throughput
device that can isolate WBCs from whole blood without the needs of blood lysis, cell la-
beling, centrifugation, and other chemical or physical pre-processing techniques on the
sample.

3. Materials and methods
3.1. Device fabrication

The master mold was manufactured by micro-milling on a PMMA (polymethyl
methacrylate) by Dahlih MCV-1020A Milling Machine. The chip was fabricated using the
standard soft lithography method. Briefly, degassed PDMS (polydimethylsiloxane),
mixed in a 10:1 pre-polymer base to the curing agent, was cast onto the master mold and
baked in a vacuum oven for 4 hours at 75°C. Cured PDMS layer with embedded channels
was peeled off, and inlets and outlets holes were punched using a 2 mm biopsy punch.
The final microchip on PDMS was irreversibly bonded to a thick standard glass slab with
an oxygen plasma and subsequently baked for 2 hours at 85 °C to further improve the
bonding. Silicone tubes with an outer diameter of 2 mm were press-fitted into the channel
inlets and outlets. The device consists of two parallel 4-loop spiral geometry with 4 inlets,
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and 2 shared inner and outer outlets for each spiral. The cross-section of the channels is a
U-shape geometry with 700 pm width and 200 um height, and the two sections of the
channel are connected by a 200 pm x 80 um passway as shown in Error! Reference source
not found.B.

Each spiral microchannel has an initial radius of curvature of 6 mm and a distance of
1.9 mm between two successive loops. The total length of each spiral channel is approxi-
mately 17.6 cm (Error! Reference source not found.A).

Figure 1. A) The 4-loop parallel spiral microchannel fabricated in PDMS with the corresponding
mold preview. (i) The magnified view of section (i). (ii) The magnified view of section (ii). B) Sche-
matic of the cross-section of the spiral microchannel. The dimensions are in pm.

3.2. Numerical simulation

The main idea of simulation is to calculate the forces exerted on the cells in the fluid
domain. Since the cells’ size is relatively comparable to microchannel dimensions (14 um
vs. 200 pm), the effect of cells on the fluid domain cannot be ignored. Di Carlo et al. [31]
developed an algorithm to calculate the inertial forces exerted on particles in a straight
rectangular microchannel. A modified version of this algorithm is developed for a com-
plex U-shaped cross-sections microchannel in the present work.

Inertial lift force is a function of particle location within the cross-section of a micro-
channel and flow shear rate around the particle. We aim to calculate this force within the
cross-section and investigate the equilibrium positions of particles through the cross-sec-
tion plane. The simulation consists of three steps:

a) A 3D steady laminar flow is solved through the whole spiral microchannel, and
velocity profiles are extracted using COMSOL Multiphysics® software.

b) A straight channel with a proposed cross-section with a length of 20 times the par-
ticle diameter is created.

The velocity profile solved at Step (a) is set as the inlet and outlet boundary condi-
tions, and the flow field is calculated through the entire P-channel. Linear and rotational
velocities of flow on some cross-section points will be used in the next step.
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c) Particle modeled as a solid sphere is put in the middle of the microchannel along-
side the x-direction, and its location is set to change in zy plane in each solution step.
Steady-state linear and rotational velocities of the particle are unknown and should be
calculated using an iterative trial-and-error process.

The flowchart of the proposed algorithm is shown in Error! Reference source not
found..
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Figure 1. Flowchart of the numerical algorithm used in this study for the calculation of the forces
exerted on particles. The original algorithm was presented to investigate particle’s inertial migration
in a straight microchannel [28]. Such an algorithm was later modified to be used in a rectangular
spiral microchannel [32]. We extended the original algorithm to be capable of calculating any other
desired microchannel cross-sections.

The governing equations for fluid flow within the microchannel are continuity and
Navier-Stokes equations as follows [46,47]:

pV.u=0 (6)

p(u.V)u =V.[—pl + u(Vu + (Vu)7)] (7)

where p is the fluid density, V is the differential (Del) operator, u is the flow velocity
vector, I is the identity tensor and p is the pressure. Navier-Stokes equations are solved
using the finite element method and P2+P2 scheme is chosen to discretize the velocity and
pressure.

In order to start the algorithm (Step c), we set the initial linear and rotational velocity
of the particle equal to the fluid velocities at the exact location of the particle, which was
solved in Step (b). In fact, these initially estimated velocities are from the case in which no
particle is present in the flow field.

Moving wall boundary condition is applied to channel walls with velocities equal to par-
ticle’s linear velocity (U,) in the opposite direction (-x):

Upau = _Up (8)

Channel inlet and outlet are set to the same velocity profile given in Step (b) and are up-
dated in every iteration using the particle’s axial velocity as follows:

Un = Uruig,ora — Up )
Particle is treated as a solid sphere with rotating walls:

U=0,x( -7) (10)
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where (7" —7,) represents the location of a point on particle surface relative to its center
with a flow velocity vector of U, and Q_z; represents the particle rotational velocity vec-
tor.

Particle rotational and axial linear velocities are updated during the calculations until
the axial force, and cross-sectional components of momentum exerting on the particle be-
come less than 1x10-* N and 1x1020 N.m, respectively, hence, to be considered as a steady-
state condition for the particle. Once convergence occurs, calculations will start over with
the particle being placed at another location in the zy plane. The following formulas are
used to update the velocities:

U, = Uy +a, x At (11)
0, = Q) +ay x At (12)
," =0, +a,x At (13)

where superscripts indices (") and (') respectively refer to old and new calculated param-
eters, U, is the axial linear velocity of the particle, and a,, a, and «, are the linear and
cross-sectional rotational accelerations of the particle, respectively which can be found
using the Newton’s second law of motion.

After the inertial forces are calculated for a specific particle in the whole cross-section,
we can investigate whether the particle can be moved through the middle passway by the
secondary flow field or not, hence characterizing the ability of the microchannel to sepa-
rate the target cells.

3.3. Mesh independency

A mixed structured-unstructured type of mesh was used with the presence of the
particle in the microchannel (Error! Reference source not found.). The microchannel was
split into two distinct parts: i) a block containing the particle with a cross-section similar
to the cross-section of the channel in which triangular and tetrahedral grids were used for
the surface of the particle and the rest of the zone, respectively, ii) other zones excluding
the particle in which structured grids were used. The inertial lift force exerted on the par-
ticle in the y-direction throughout the microchannel cross-section was selected as the
mesh independency criteria and various mesh resolutions were considered to evaluate
grid independency. The results show that the maximum value for different parameters,
including the width of the block containing the particle, size of the tetrahedral grids, and
size of the triangular grids on the surface of the particle are 5xDy, 0.1xDy, and 0.05xDy,
respectively, in order to preserve less than 0.1% change in the y-component of the lift force
with Dy being the particle diameter.
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Figure 3. [llustration of the mesh in the fluid domain. A) The domain was separated into two
zones in which tetrahedral mesh was used between the particle surface and the microchannel
walls with a maximum size of 0.1x Dy, and the structured mesh was used outside the block, in-
cluding the particle. B) Triangular mesh was used on the surface of the particle with a maximum
size of 0.05x Dp.

3.4. Sample preparation

Blood samples were collected using a blood collection tube. 10 ml of blood was mixed
with 35 uL ethylenediaminetetraacetic acid (EDTA) solution (7 pL per 2 ml of blood) to
prevent blood clotting. The study was approved by the Research Ethics Committees of
Iran University of Medical Sciences (ID: IRIUMS.REC.1400.285), and the subject was
given written informed consent. In addition, all clinical experiments were conducted in
accordance with the ethical principles and related guidelines. Due to non-Newtonian be-
havior and high concentration of RBCs in the blood, we diluted the whole blood with DI
water. Three tubes of the sample were prepared by mixing the whole blood with DI water
with the ratios of 1:9, 1:22.5, and 1:45, yielding blood samples with 1%, 2%, and 5% hem-
atocrit, respectively.

3.5. Experimental approach

Throughout the tests, prepared blood samples were pumped through the spiral’s in-
ner inlet into the chip using a 10 ml syringe on a syringe pump with flows varying from
2 ml/min up to 8 ml/min and equal flow of DI water as sheath flow to the outer inlet.
Processed samples were collected from inner and outer outlets in silicone tubes, and cell
counting was done using a Neubauer chamber. The ratio of WBCs in the inner outlet to
the whole WBC cells in both outlets samples is reported as WBC isolation efficiency of the
spiral microchannel:

# of WBC in the inner outlet

%WBC = 14
% # of WBC in (inner + outer) outlets (14)

Moreover, the removing ratio of RBCs and platelets are obtained using the equations be-
low:
# of RBC in the outer outlet

%RBC =
% # of RBC in (inner + outer) outlets (15)

%Platelets = # of Platelets in the outer outlet y
offtatetets = of Platelet in (inner + outer) outlets (16)

In order to get well-balanced results, DI water was set to be pumped into the spiral mi-
crochannel to wash it out from the remaining blood cells from previous use before run-
ning further tests.

4. Results and discussion
4.1. Device design for cell separation

The concept of cell separation in this method is illustrated in Figure 2. The U-shaped
cross-section design proposed in this study can keep large particles, such as WBCs, in the
inner microchannel section, while forcing smaller cells, like RBCs and platelets, to migrate
to the outer microchannel section through the middle pass way without recirculating and
coming back to the inner section of the microchannel. Accordingly, the proposed U-
shaped cross-section eliminates the re-circulation and mixing problems of conventional
rectangular cross-sections. In order to reach a decent isolation flow rate, two identical spi-
ral microchannels are set as parallel to each other, with inner outlets and outer outlets
being merged into a single inner and outer outlet, respectively. At the end of the experi-
ment, WBCs (a, ~ 14 um) are collected from the inner outlets and RBCs (a, ~ 7 um) and
platelets (a, ~ 3 um) are collected from outer outlets. Due to the size and flow depend-
ence of the forces exerting on the blood cells, we manage to investigate the effect of flow
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rate and cell concentration on the isolation efficiency in the spiral microchannel to find the
optimum flow rate.
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Figure 2. (A) 3D schematics of the proposed spiral microchip in this study. The design including
two parallel U-shaped cross-section spiral microchannel that consists of: I) two inner inlets for the
injection of blood samples, II) two outer inlets for the injection of sheath fluid, III) shared outer
outlet for the extraction of RBC and platelets and IV) shared inner for the extraction of WBC. (B)
Larger blood cells, i.e., WBC, affected by dominant inertial forces are focused along the inner mi-
crochannel wall. In comparison, smaller blood cells, i.e., RBC and platelets, are forced to migrate
towards the outer microchannel section by the effect of the secondary flow (flow direction is
shown in green arrows), which in turn stops the smaller cells from getting back to the inner micro-
channel section. (C) The overall process of WBC sorting and enumeration. Blood cell count is done
using a Neubauer chamber, and the resulting blood cell efficiency is calculated using the fractional
ratio of blood cells in specific outlets to the total count of blood cells in both outlets.

4.2. Validation of the numerical simulations

The microfluidic device proposed by Di Carlo et al. [31] was a straight channel with
50 pm x 40 pm rectangular cross-section, and the diameter of the particle was 10 um in a
flow with Re=80. In order to validate our algorithm, inertial lift forces acting on a 10 um
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particle are calculated in the same straight microchannel (Figure 3A). Particle equilibrium
positions are located in the areas where the force vector approaches zero value, approxi-
mately 0.6 times of half channel width. As can be seen in Figure 3B, our simulations are
quite consistent with Di Carlo’s results [31] and demonstrate the same equilibrium re-
gions. Next, we investigated the ability of the developed algorithm in this study by per-
forming the calculations in the U-shaped cross-section microchannel.
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Figure 3. A) Calculated inertial force in a straight channel using the algorithm in the present study
versus inertial force reported by Ref. [31]. B) Calculated inertial force field exerted on a 10 pum
particle in the present study.

4.3. Simulation of the secondary flow in the spiral microchannel

In a conventional rectangular-cross-section spiral microchannel, pressure gradient
results in the secondary flow formation consisting of two similar counter-rotating Dean
vortices. However, in our geometry, secondary flow consists of four Dean vortices locat-
ing at the top and bottom of the inner and outer channel sections. Dean vortices” strength
is increased by further increasing the flow rate and Dean number, and therefore, the vor-
tex cores start to appear (Figure 4).
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Figure 4. Calculated secondary flow streamlines and velocity vectors in the 2nd loop of the de-
signed spiral microchannel cross-section. Velocity vectors are being directed from the inner wall to
the outer wall in the middle passway with: A) 2 ml/min, B) 3 ml/min inlet flow rate.

Contours of velocity magnitude and the schematic of the flow velocity profile in this
study are shown in

Figure 4A, B. As can be seen, there are two locations of maximum velocity in the inner
and outer section of the microchannel, with the magnitude of maximum velocity in the
inner section being higher than the outer one. This difference generates a pressure gradi-
ent that causes the secondary flow’s streamline to be directed from the inner section to-
wards the microchannel’s outer section. Thus, the secondary flow keeps the migrated par-
ticles from returning to the inner microchannel section through the middle passway. This
option removes the possibilities of cell circulation through the entire cross-section and
increases the isolation efficiency.

The calculated inertial force field acting on a 10 um particle in the U-shape channel
is shown in Figure 5C. According to the simulation results, 10 um particles migrate from
the center of the microchannel’s inner section towards the microchannel walls. As the par-
ticles get closer to the walls, a rather large inertial force stops them from further approach-
ing the walls. The particles (can be removed) tend to reach equilibrium positions where
the total amount of inertial forces exerting on them equals zero; these positions are shown
as blue dashed lines.

The U-shape microchannel’s capability to isolate the particles depends on the value
of the exerted inertial forces and Dean drag force on the particles near the middle pass-
way. Suppose the Dean drag force overcomes the inertial forces. In that case, the particles
migrate to the outer microchannel section through the middle passway and, due to the
direction of the streamlines, they cannot come back to the inner section. The inertial lift
force profile exerted on a 10 um particle alongside the y-direction is given in two different
microchannel heights at the beginning of the middle passway in Figure 5D According to
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the calculation results for 5 ml/min flowrate, the Dean drag force is strong enough to over-
come the inertial forces exerting on particles smaller than 10 um, hence moving them to
the outer microchannel section. However, for particles larger than 10 um, the inertial lift
force near the passway walls is strong enough to overcome the dean drag force to keep
these particles in the inner section. We did our calculations based on a 10 pm particle to
ensure a safe particle diameter margin in which WBCs ~ 14 um are isolated from smaller
particles (RBCs ~ 7 um and platelets ~ 3 um) in the designed spiral microchannel. The
optimum flow rate for the isolation of blood cells will be investigated through an experi-
ment, which will be discussed in the next sections.
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Figure 5. A) Contour of velocity magnitude (m/s) in the spiral microchannel at the second loop
with the inlet flow rate of 3 ml/min. B) Velocity magnitude profile with the change in inlet flow
rates at z=40 um (z=0 indicates the bottom wall of the microchannel and y=0 indicates the middle
of the microchannel cross-section), this difference in the maximum velocity magnitude results in
the streamlines being directed from the inner microchannel wall towards the outer microchannel
wall. C) The calculated inertial force field acting on a 10 pm particle in the spiral microchannel’s
inner section with the inlet flow rate of 5 ml/min. Equilibrium positions are shown as blue dashed
lines in the microchannel cross-section. D) The inertial force exerted on a 10 pm particle alongside
y-direction at z= 64.4 um (z/200 um = 0.322) and z= 82.2 um (z/200 um = 0.411). As can be seen, the
inertial force at beginning of the passway is much lower than the wall-induced inertial force. The
Dean drag force is able to overcome this inertial force, therefore, allowing the particles smaller
than 10 pm to move toward the other section of the spiral microchannel.

4.4. Presence of the secondary flow in the spiral microchip

In order to confirm the presence of the secondary flow in the spiral microchannel,
two syringes of fluid were prepared. One syringe was filled with colored fluid, while the
other one was filled with DI water. The colored fluid was introduced into the spiral mi-
crochannels through the inner inlets, and DI water was set to enter through the outer in-
lets. The two syringes with 10 ml capacity were driven at 5 ml/min (2.5 ml/min per spiral)
(Re=81.7, De=11.2) using a syringe pump, and images of the flow were captured at the
inlets and outlets of the left side spiral microchannel (can be removed). As shown in Fig-
ure 7, the colored fluid filled the entire section of the microchannel at the outlet bifurca-
tion, showing the Dean vortices’ effect to mix the flow in both the inner and outer sections
of the spiral microchannel.
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Figure 6. Images of the left side spiral microchannel at a) Inlets, b) outlets showing the effect of the
secondary flow on mixing the colored fluid throughout the entire microchannel. The colored fluid
and DI water were pumped through the microchannel from the inner and outer inlets, respec-
tively.

4.5. The effect of the flow rate

To investigate the effect of flow rate on the separation of blood cells, a blood sample
with a hematocrit of 1% was injected into the spiral microchannel through the inner inlets
with 2-8 ml/min flowrate (with 1 ml/min step), and DI water was injected through the
outer inlets as the sheath flow with the same flow rate. Multiple numbers of tests were
done for each flow rate to reduce the uncertainty and errors caused by devices and cell
enumeration.

As shown in Figure 7A, RBCs’ removing ratio reaches a maximum value of 95.7% by
increasing the blood sample flow rate up to 6 ml/min and then decreases with further
flowrate increment.

The initial expectation would be that for sample flow rates higher than 6 ml/min,
small cells do not have enough time (length) to migrate from the inner to outer section
due to higher linear velocity. However, further investigations show that increasing the
flow rate increases the inertial force more than the Dean drag force. The resultant force
stops the majority of the red blood cells from migrating through the middle passway, and,
hence, the overall efficiency decreases. Additionally, local perturbations in the place of
outlet bifurcation negatively affect the isolation efficiency, which causes the particles to
exit through the wrong outlets and further reducing the separation efficiency.

Unlike the RBCs and WBCs in which inertial and Dean drag forces exerting on them
compete with each other all the time, platelets are always affected by Dean drag force due
to their very small diameter. Removing ratio for platelets reaches a maximum value of
94.6% at a flow rate of 4 ml/min and remains almost constant up to 8 ml/min. Since inertial
forces and Dean drag force are proportional to the 4th and 1st power of the particle diam-
eter, respectively, the value of the inertial forces exerting on the platelets are negligible,
and they accumulate in the outer section of the spiral microchannel with a high average
removing ratio (Figure 7C).
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Figure 7. The effect of sample inlet flow rate on the removing ratio of A) RBC, B) Platelets for 1%
blood hematocrit sample. RBC isolation efficiency is the most sensitive to changes in inlet flow rate
with a maximum value at 6 ml/min. WBC isolation efficiency experiences a massive drop in higher
flow rates due to the existence of high-strength dean vortices which force the WBCs to migrate to
the outer microchannel wall. The isolation efficiency of platelets is the least dependent on the flow
rate and they can be extracted from the shared outer outlets with high removing ratios.

Test results show that the isolation efficiency of WBCs from whole blood is almost
stable up to a flow rate of 6 ml/min with 96.8% maximum efficiency at 5 ml/min. Increas-
ing the sample flow rate has virtually no significant effect on the isolation of WBCs be-
cause the inertial forces have the leading role in keeping the cells in the inner section of a
spiral microchannel. However, a further increase in flow rate from 6 ml/min increases the
Dean vortices’ strength, which tends to move the white blood cells to the outer section
and decreases the WBCs isolation efficiency (Figure 8A). According to Figure 8B, WBC
purity increases significantly from 44.3% at 2 ml/min to 88.3% at 6 ml/min by increasing
the flow rate since the removing ratio of RBCs has also the same trend with respect to flow
rate. A further increase in the flow rate results in a fall in purity since RBCs and platelets
manage to remain in the inner section within the strong vortices.
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Figure 8. The effect of sample inlet flow rate hematocrit on WBCs”: A) isolation efficiency, and B)
purity for 1% blood hematocrit sample. The WBC isolation efficiency experiences a massive drop
in higher flow rates due to the existence of high-strength dean vortices which force the WBCs to
migrate to the outer microchannel wall. The outlet samples are the purest in flow rates of 4, 5, and
6 ml/min. The higher the removing ratio of RBCs and platelets, the higher WBC purity.

Since RBCs’ removing ratio is highly dependent on the inlet flow rate, the overall
criteria of the success of the spiral microchip on isolating the WBCs from whole blood
must be selected based on the best isolation efficiency of WBCs and removing ratio of
RBCs at the same time. As a result, for a 1% hematocrit blood sample, our spiral microchip
can isolate WBCs from whole blood with 96.8% efficiency at the inlet flow rate of 6 ml/min
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with a WBC sample purity of 88.3%. Moreover, the removing ratio of RBCs and platelets,
in this case, are 95.8% and 94.2%, respectively.

Using flow rates of more than 8 ml/min is not applicable due to cell damage possibil-
ities. Additionally, higher flow rates may break up the PDMS-glass slide bonding and are
dangerous for test operators, so continuing the tests with flow rates of more than 8 ml/min
was not possible.

4.6. The effect of hematocrit

The same methods and tests were applied on blood samples with 2% and 5% hema-
tocrit to find the effect of the hematocrit on the efficiency of cell separation.

As shown in Figure 9A, the general trend of the removing ratio of RBCs remains the
same for three tested blood hematocrits. Starting with relatively low values for 2 ml/min
flow rate, removing ratio peaks at values of 88.4% and 82.5% by increasing the flow rate
to 4 ml/min and 5 ml/min flow rates for 2% and 5% hematocrit, respectively, which is
considered as a significant drop in isolation efficiency compared with 95.7% of 1% hema-
tocrit blood sample. At relatively low flow rates, the difference in isolation efficiency is
negligible for three hematocrits. However, in the 3-7 ml/min flow rate band, the ratio
drops with the increase in hematocrit, and this difference tends to grow by increasing the
flow rate. A decrease in removing ratio with an increase in hematocrit is due to the higher
concentration of RBCs in higher blood hematocrits that raise the effect of cell-cell interac-
tion force alongside the inertial forces and Dean drag force, which further degrades the
overall removing ratio. Platelets typically focus on the outer microchannel section and can
be extracted from the outer outlet at relatively high removing ratios. The effect of hema-
tocrit on the isolation is relatively low in this case. It peaks at a value of 93.8% at 5 ml/min
and 91.6% at 4 ml/min for 2% and 5% blood hematocrit, respectively, which is pretty much
close to 94.2% extraction at 6 ml/min for 1% blood hematocrit. The reason is that the plate-
lets are quite small, and cell-cell interactions are negligible. Hence, the primary force act-
ing on the platelets is the secondary Dean drag force which carries them to the outer sec-
tion of the spiral microchannel through the middle passway.
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Figure 9. The effect of blood hematocrit on the removing ratio of A) RBC, B) Platelets. Removing
ratio mainly decreases with an increase in blood hematocrit due to a rise in the effect of cell-cell
interaction. While RBC removing ratio is highly dependent on blood hematocrit, the removing
ratio of platelets does not seem to change very much with a change in blood hematocrit.

According to Figure 10A, the overall isolation efficiency of WBCs decreases as hem-
atocrit increases. The efficiency starts at relatively high amounts at the flow rate of 2
ml/min; i.e., 92% and 90.2% for 2% and 5% hematocrits which are lower than 95.2% effi-
ciency value reached by 1% blood hematocrit.

As the flow rate increases, the reduction in isolation efficiency becomes noticeable for
higher hematocrits. In terms of purity, higher sample hematocrits are less pure than the
sample with 1% hematocrit due to the fact that more RBCs and platelets are present in
these samples. The WBC outlet sample has a maximum purity of 78.8% at 6 ml/min and
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65.5% at 5 ml/min flow rate for 2% and 5% hematocrits, respectively. These figures are
pretty much lower than the maximum purity for 1% hematocrit which is 88.3%. Therefore,
increasing the sample hematocrit has a negative effect on WBC purity.
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Figure 10. The effect of blood hematocrit on WBCs’: A) isolation efficiency, B) purity. Separation
efficiency mainly decreases with an increase in blood hematocrit due to a rise in the effect of cell-
cell interaction in higher flow rates. Sample purities for lower hematocrits are mainly higher to the
lower amount of RBCs in the diluted sample. WBC purity is higher in flow rates of 5,6, and 7
ml/min due to an increase in RBCs removing ratio.

The best overall performances of the spiral microchannel tested at different flow rates
and hematocrits are listed and summarized in Table .

Table 1. Summary of the spiral microchip best performance results in the isolation of WBC, RBC,

and Platelets
Sample hematocrit
1% 2% 5%
Flow rate (ml/min) 6 5 4

Purity (%) 88.3 74.8 61.5

WBC
Isolation efficiency (%) 95.3 92.5 88.8
RBC Removing ratio (%) 95.7 8§84 82.5
Platelets Removing ratio (%) 94.2 93.8 916

With all things considered, optimum results are achieved under a flow rate of 6
ml/min for a 1% hematocrit blood sample. The illustration of flow and collected blood
samples from the microchip outlets are shown in Error! Reference source not found..
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Figure 11. Schematic illustration of the flow in outlet bifurcation in the left spiral microchannel for
1% hematocrit blood sample with A) 2 ml/min B) 4 ml/min C) 6 ml/min and D) 7 ml/min flow rates
and collected blood samples with E) 1%, F) 2% and G) 5% hematocrit for 6 ml/min flow rate from
microchip: I) outer and II) inner outlets. As can be seen, for constant sample hematocrit, increasing
the flow rate reduces the concentration of RBC in the inner outlets, which results in the increases
of the WBC and RBC isolation efficiency. For constant flow rates, reducing the sample hematocrit
(i.e. higher dilution factors) further reduces the concentration of RBC in the inner outlets, which
the collected sample from the inner outlet looks more transparent in comparison to higher sample
hematocrits.

The isolation of white blood cells from whole blood has been the main purpose of
our spiral microchip. Since the isolation of red blood cells is highly sensitive to inlet flow
rates, even a slight improvement in removing the red blood cells from the target outlet is
a success. Because any sample contains numerous RBCs compared to other blood compo-
nents (about 1 WBC to every 600 RBC), we managed to select the best performance based
on the best RBC removing ratio. Yet, we had to sacrifice a small amount of WBC efficiency.

The numerical simulations showed that a 5 ml/min flow rate could force particles
smaller than 10 pm to migrate to the outer microchannel section while holding the parti-
cles larger than 10 pm in the inner section. Although the simulation settings are for the
case of a single solid particle dispersed in a Newtonian fluid without the interference of
other particles, the experimental reported results are reasonably acceptable for 1% hema-
tocrit at 5-6 ml/min flow rate.
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5. Conclusion

This paper proposed a passive cell separating method using two parallel U-shaped
spiral microchannels for size-based, label-free and continuous separation of blood cells
from whole blood based on cell inertial migration. The U-shaped cross-section spiral mi-
crochannel increases cell isolation efficiency by avoiding the re-circulation of smaller cells
(RBCs and platelets) through the entire microchip, thus eliminating the major drawback
of the conventional rectangular spiral microchannel. Numerical simulations were per-
formed to study the flow behavior, secondary flow distribution, and particle migration
mechanism in the proposed design. An algorithm was developed to calculate the hydro-
dynamic forces exerted on particles present in the U-shaped spiral microchannel to further
predict the design’s performance before proceeding to the fabrication of the microchip.
Subsequently, we successfully isolated different types of blood cells from whole blood in
our experiments and investigated the effect of flow rate and hematocrit on the isolation
efficiency. The best performance can be achieved for 6 ml/min flow rate with 90.3%, 90.7%,
and 92.7% isolation efficiency for WBCs, RBCs, and platelets, respectively, for a 1% hem-
atocrit whole blood sample. The proposed spiral microchip allows a high-throughput,
high-efficiency, non-invasive, size-based label-free blood cell separation from whole
blood without the assistance of RBC lysis, density gradient centrifugation, cell bi-
omarkers, and chemical treatments on the sample. Most importantly, it can be integrated
into more complex microfluidic platforms.

Moreover, we successfully tested the double parallel spiral microchannel. We
reached decent isolation results that are already superior to most of the microfluidic cell
sorting platforms in case of fast processing time. There is still room for improvement in
microchip throughput, which can be done by parallelizing more spiral microchannels
while maintaining high isolation efficiencies.
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