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ABSTRACT
It is well known that cardiac surgery induces systemic inflammatory responses,
particularly when cardiopulmonary bypass procedures are used. Thus, it is crucial to
develop a system which can measure inflammatory responses in a continuous, real time
fashion because it will allow physicians or clinicians to understand the relationship
between systemic inflammatory responses and cardiopulmonary bypass procedures. The
goal of this study was to produce core technologies for the development of a
microanalytical system, which can separate blood plasma from whole blood and measure
inflammatory responses in a continuous fashion. Throughout this dissertation, two
independent microfluidic devices are discussed.
In the development of a microfluidic device for continuous, real time blood
plasma separation, the Zweifach-Fung effect was utilized to obtain successful blood
plasma separation. It was found that a 100 % particle recovery or fluid separation
efficiency can be achieved when the flow rate ratio between two daughter channels is
maintained higher than a 6 to 1 ratio. By applying a series of design technologies, the
microfluidic device was successfully developed and experimentally demonstrated in both
bench top and clinical experimental conditions. The device can separate 15 % to 25 %
plasma from whole blood depending of hematocrit levels at the device inlet. The plasma
selectivity was almost 100 % regardless of the hematocrit level at the device inlet.
In order to develop a microfluidic device for continuous biosensing, a novel
particle handling concept named “particle cross over” was proposed to manipulate
micron-sized cytometric beads within microfluidic channels. The continuous biosensing
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ability was demonstrated by measuring the fluorescent intensity of the bead at the
detection window of the device. It was found that the measured fluorescence intensity of
the beads is proportional to the concentration of the analyte solution in the range from
50 ng/ml to 200 ng/ml. The detection limit of the device was found to be around 50 ng/ml
of biotinylated Fluorescein IsoThioCyanate concentration.
Therefore, one can conclude that a microanalytical system for on-line monitoring
of clinically relevant proteins can be developed by integrating the two independent
microfluidic devices developed in this research.
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Chapter 1.
Background

1.1 Dissertation Outline
Recently, blood handling microfluidic devices have received a great deal of
attention for use in medical and biological applications due to their advantages including:
small sample consumption, fast analysis, etc., The work presented in this dissertation is
mainly focused on the development of core technologies for a microfluidic system for
blood separation, especially blood plasma separation, and the analysis of blood proteins.
The technologies described in this dissertation are expected to be used in various fields
not only for blood handling but also for micron size particle manipulations in
microfluidic environments.
This chapter provides background on research in the various fields which are
drawn upon throughout this thesis. First, systemic inflammatory activation related with
cardiopulmonary bypass (CPB) procedures is introduced. Second, the fundamentals of
fluid mechanics in microgeometries are discussed including the Navier-Stokes equation,
analytical solutions for laminar fluid flow through a cylindrical and rectangular duct.
Third, blood rheology is explored and the characteristic behavior of blood in small
vessels is introduced. Also, current particle handling technologies in microfluidic
environments are introduced. The device fabrication procedure utilized throughout this
work is also briefly introduced.
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Chapter 2 discusses the Zweifach-Fung effect in microfluidic channels. In this
chapter, the Zweifach-Fung effect is experimentally demonstrated and the particle
recovery and separation efficiency are discussed.
Chapter 3 describes a microfluidic device for continuous, real time blood plasma
separation. In this chapter, a series of design techniques to obtain optimal flow structure
for plasma separation are introduced and extensively discussed. The device performance
is demonstrated in both bench top and clinical environments.
Chapter 4 is dedicated to the principle for continuous cytometric bead based
biosensing within a microfluidic environment. The “particle cross over” mechanism is
extensively discussed and demonstrated using biotinylated FITC and streptavidin coated
8 µm diameter beads.
Chapter 5 discusses a microfluidic device for continuous biosensing. In this
chapter, extensive discussion is given to both design strategies and experimental
demonstration on the performance of this device. As a final result of the device the
relationship between the fluorescent intensity of the bead and the concentration of
biotinylated FITC molecule is demonstrated.
Chapter 6 summarizes this dissertation briefly and as a future work, several
suggestions are given not only for the devices studied in this dissertation but also for
other potential applications.
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1.2 Cardiopulmonary Bypass (CPB) and Systemic Inflammatory Activation
Cardiopulmonary bypass procedures are used extensively during cardiac surgery
to withdraw venous blood from the right atrium and pump it through an oxygenator, and
then return the oxygenated blood to the patient through the ascending thoracic aorta,
bypassing the heart and lungs. During CPB, the heart is usually arrested and the cardiac
surgeon performs the operation on the motionless heart. A cannula is inserted into the
patient’s right atrium to drain venous return. The venous blood is fed into the venous
reservoir by gravity. The blood is pumped through the membrane oxygenator and an
arterial filter removes any air bubbles and blood emboli. The blood is then returned into
the aorta distal to a cross clamp. A schematic of the CPB circuit is shown in Figure 1-1.

Figure 1-1: Schematic drawing of the Cardiopulmonary bypass circuit
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The

triggering

mechanism

of

systemic

inflammatory

syndrome

in

cardiopulmonary bypass (CPB) is associated with complement activation,1-6 although
contact activation is also involved.3 This activation leads to multiple humoral and cellular
inflammatory responses involving neutrophils, platelets, monocytes, mast cells, and
endothelial cells. The major components of these inflammations in CPB are briefly
introduced below.

1.2.1 Medical needs for a microanalytical system
Several studies have clearly shown that cardiac surgery induces systemic
inflammatory responses, particularly when cardiopulmonary bypass (CPB) is used.4,6-14
CPB induces complex inflammatory responses characterized by complement, neutrophil,
and platelet activation, and the release of pro-inflammatory cytokines. These systemic
responses are attributed to several factors, including exposure of blood to nonphysiologic
surfaces of the heart-lung circuit, ischemia-reperfusion of the involved tissues, surgical
trauma and hypothermia.

6,13-15

Considerable evidence suggests that systemic

inflammation causes many postoperative complications, including vital organ
dysfunction that can lead to multi-organ failure and even death.

8,14,16

It also results

in prolonged hospitalization and increased hospital costs. The intensity of the
inflammatory response appears to be directly correlated with the severity of CPB-related
morbidity.

6,8,13-16

Currently, there is no effective method to prevent this systemic

inflammatory response syndrome in patients undergoing CPB. The ability to
clinically intervene in inflammation, or even study the inflammatory response to
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CPB, is limited by the lack of timely measurements of inflammatory responses
(complement, neutrophil, monocyte, platelet activation, and the release of proinflammatory cytokines).
The long-term goal of this research is to develop clinical applications for
cardiopulmonary bypass procedures in the treatment and prevention of systemic
inflammatory responses (not only plasma cytokine concentrations) during cardiac surgery
in pediatric and adult patients. It is believed that the determination of the plasma cytokine
and complement concentrations will be one of the fundamental steps in solving this
particular devastating problem associated with the CPB procedures. Timely
measurements of inflammatory indicators will enable a greater understanding of,
and intervention in, inflammation processes for which current methods of
prevention and management are limited.
Current technology provides measurements of the effects of cardiopulmonary bypass on
activation of complements, neutrophils, platelets, and cytokines hours or days postsurgery. More immediate measurements would aid in understanding the mechanisms of
cellular activation, and modify surgical and perfusion protocols for minimizing adverse
effects of cardiopulmonary bypass. Therefore, the objective of this study was to develop
core technologies for the development of a microanalytical system for online monitoring
of inflammatory responses during the CPB procedure. The major components of
inflammation in CPB are described below:
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1.2.2 Complement Activation

Figure 1-2 shows a schematic drawing of the complement activation cascade.

Figure 1-2: Outline of the complement pathway17 and its relation to the CPB procedure
Complements can be activated directly by the alternative and the classical pathways18,
and indirectly by the lectin pathway.19 In the alternative pathway, C3 is activated by
exposure of blood to the artificial surfaces of the CPB circuit20 or by contact of C3 with
complex polysaccharides and endotoxin. In the classical pathway, C1 is activated usually
by antibody-antigen complexes. The classical pathway can also be activated by the
administration of protamine to neutralize heparin immediately after weaning from CPB.21
The early steps of complement activation, culminating in the formation of C5b, can occur
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by the classical pathway, the alternative pathway, or the lectin pathway. The final steps
that lead to a formation of membrane attack complex. The alternative pathway is
initiated by binding of spontaneously generated C3b to activating surfaces such as
microbial cell walls or C3 is activated by exposure of blood to the artificial surfaces
within the CPB circuit. The lectin pathway is initiated by binding of the serum
protein to the surface of a pathogen. All three pathways generate C3 convertases
and bound C5b, which is converted into a membrane-attack complex (MAC) by a
common sequence of terminal reactions. Hydrolysis of C3 is the major
amplification step in all pathways, generating large amounts of C3b, which forms
a part of the C5 convertase. C3b can also diffuse away from the activating surface
and bind to immune complexes or foreign cell surfaces, where it functions as an
opsonin. Contact activation causes the activation of factor XII, which is involved in the
generation of plasmin.3 Plasmin can activate C1 and C3. Complement activation
generates a number of active split products, including the anaphylatoxins C3a and C5a. In
turn, these substances stimulate the release of histamine, proteases and leukotriens from
mast cells and basophils, resulting in enhanced vascular permeability, vasoconstriction,
and tissue inflammation.3 In addition, C3a and C5a are potent stimulators of neutrophils
and monocytes.19,21-23 The activation of these cells results in platelet-leukocyte
aggregation and release of cytotoxic substances from neutrophils, such as oxidative free
radical and proteases. During CPB, the alternative complement pathway is found to be
the major mechanism of complement activation.1,4 In a clinical study, cardiac, pulmonary,
and renal dysfunction was significantly related to heightened C3a levels in the blood after
CPB.6 C5b-9 attacks cell membrane and activates platelets.16,24 Both C5a and C5b-9
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activate endothelial cells to express adhesion molecules essential for sequestration of
activated leukocytes that then mediate tissue inflammation and injury.25-27 The lectin
pathway was recently shown to be associated with ischemia/reperfusion injury.18

1.2.3 Neutrophil Activation

During CPB, neutrophil activation can be triggered by a number of mediators,
including C3a and C5a.19,21-23 Neutrophil adherence to endothelial cells is the first step of
tissue injury. Neutrophil-adhesive glycoprotein CD11b is primarily responsible for
endothelial binding.28 Neutrophil-endothelial adhesion is a major event leading to
inflammation and reperfusion injury. Many investigators have shown that CD11b
expression levels on neutrophils are significantly increased after clinical or experimental
cardiac surgery.29-32 CD11b is involved in lung injury and myocardial ischemiareperfusion injury.

1.2.4 Platelet Activation

Exposure of blood to the CPB circuit causes platelet adhesion, release of α granule platelet-derived growth factor, and expression of P-selectin (CD62P) on the
surface of the activated platelets.33 C5b-9 induces the CD62P expression which mediates
the binding of activated platelets to monocytes and polymorphonuclear leukocytes.33
During cardiac surgery, platelet dysfunction is also caused by hypothermia, hemodilution,
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and protamine administration.34,35 Several studies have suggested that platelet
dysfunction during and after CPB is directly correlated with postoperative morbidity,
such as excessive bleeding, myocardial ischemia-reperfusion injury, and pulmonary
injury.24, 36,37

1.2.5 Cytokine Activation

Cytokines are a major group of humoral mediators of inflammation. Tumor
necrosis factor α (TNFα) and several interleukins (IL-1, IL-6, and IL-8) play important
roles in the body’s inflammatory response.38 Because TNFα increases faster than any
other pro-inflammatory cytokines, it may play a crucial role in the humoral inflammatory
response.39 It has been suggested that endotoxin in the circulation causes massive
production of TNFα by monocytes and macrophages that have already been primed by
C5a.20,22 Many studies have shown that TNFα is responsible for the tissue injury and
other adverse effects upon exposure to endotoxin.40, 41 TNFα induces the production of
other humoral mediators of inflammation, including IL-1, IL-6, and platelet activation
factor.21, 39 TNFα also causes neutrophils to degranulate and adhere to endothelial cells.39
Therefore, TNFα plays an important role in activating both the humoral and cellular
components of the body’s inflammatory response during CPB.
Interleukin-1 plays a major role within the interleukin system, because it induces
the production of other interleukins from stimulated cells.42 IL-1 is produced by
monocytes and macrophages that have been stimulated not only by TNFα but also by C3a
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and C5a.22,23 IL-1 activates neutrophils and endothelial cells and stimulates the
production of IL-6 and IL-8.42
Interleukin-6 is produced by monocytes, macrophages, endothelial cells, and
smooth muscle cells in response to their stimulation by TNFα, endotoxin, and particularly
IL-1.43,44 IL-6 is responsible for the generalized systemic inflammatory reaction known as
the acute-phase response.43 This reaction includes tachycardia and leukocytosis, as well
as decreased synthesis of albumin and increased production of acute-phase proteins by
hepatocytes. There is a significant correlation between the plasma levels of IL-6 and
tissue injury.43-46
Interleukin-8 is similarly produced by monocytes, endothelial cells, and alveolar
macrophages upon stimulation by TNFα, IL-1, and endotoxin.47 IL-8 causes the
upregulation of adhesion molecules necessary for neutrophil adherence to endothelial
cells.48,49 Activated neutrophils then generate toxic oxygen free radicals and enzymes,
which damage endothelial cells and the surrounding tissues.47,50

1.3 Blood

1.3.1 Introduction
Blood is probably one of the most important bodily fluids used in medical
diagnostics. It participates in various body functions such as the transport of nutrients in
the body, immune defense from foreign microbial invaders and wound healing to name a
few. Also, a blood test is a routine part in the clinical evaluation of a patient’s health
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status due to its easy accessibility. An understanding of the alteration in blood physiology
is important and together with the information collected from a thorough medical history
and physical examination, provides the basis for accurate diagnosis and correct
therapeutic intervention.
It is essential to understand blood flow behavior in either small vessels or in
microfluidic channels for the successful development of any blood analysis system. In
this section, blood rheology as well as fundamentals of fluid mechanics is briefly
discussed as keystone backgrounds.

1.3.2 Blood components
Body fluid occupies about 60 % of body weight, where 40 % of body weight is
intracellular fluid and 20 % of body weight is extracellular fluid. The total blood volume
for an adult is about 5 to 6 liters, which corresponds to about 8 % of body weight. Blood
is composed of two main components, cellular elements and plasma. Plasma is the fluid
portion of the blood, within which the cellular components are suspended. Plasma is
identical in composition to interstitial fluid except for the presence of plasma proteins.
The majority of plasma proteins is made within the liver and is secreted into the blood.
Albumins are the most prevalent type of proteins in the plasma. Globulins and the
clotting protein fibrinogen are also common. Some globulins, known as immunoglobulins
or antibodies, are synthesized and secreted by immune cells rather than by the liver.
Plasma proteins participate in many functions, including blood clotting and defense
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against foreign invaders. Furthermore, they act as carriers for steroid hormones,
cholesterol, certain ions such as iron (Fe2+), and drugs.
Blood contains three main cellular elements: red blood cells (erythrocytes), white
blood cells (leukocytes), and platelets. Red blood cells have lost their nuclei by the time
they enter the blood stream. Platelets are cell fragments that have split off a parent cell
known as a megakaryocyte. The main role of red blood cells includes transportation of
oxygen and carbon dioxide between the lungs and the tissues. Platelets play a key role in
coagulation, the process by which blood clots prevent blood loss in damaged vessels.
White blood cells play a key role in defending the body against foreign invaders such as
parasites, bacteria, and viruses. Although most white blood cells circulate through the
body in the blood, their main function usually occurs in the tissues rather than within the
circulatory system. White blood cells can be categorized into five sub-families: (1)
lymphocytes, (2) monocytes, (3) neutrophils, (4) eosinophils, and (5) basophils. The
types of white blood cells may be grouped according to common morphological or
functional characteristics. Neutrophils, monocytes, and macrophages are collectively
known as phagocytes because they can engulf and ingest foreign particles such as
bacteria by the process called phagocytosis. Lymphocytes are sometimes called
immunocytes because they are mainly responsible for specific immune responses directed
against invaders. Basophils, eosinophils, and neutrophils are called granulocytes because
they contain cytoplasmic inclusions which give them a granular appearance. Figure 1-3
and Table 1-1 summarizes blood components and normal range of blood count 51.
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Figure 1-3: Blood Components. Image taken from the reference 51

Table 1-1: Normal range of blood count 51
Hematocrit
Hemoglobin (g/dL blood)
Red cell count (cells/µL)
Differential white cell count
Neutrophils
Eosinophils
Basophils
Lymphocytes
Monocytes
Platelets (/µL)

Males
40~54 %
14~17
4.5~6.5 × 106

Females
37~47 %
12~16
3.9~5.6 × 106

50~70 %
1~4 %

50~70 %
1~4 %
<1%
20~40 %
2~8 %
200~500 × 103

<1%

20~40 %
2~8 %
200~500 × 103
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1.3.3 Fundamentals of Fluid Dynamics

1.3.3.1 The Navier-Stokes Equation

1.3.3.1.1 General form of the Navier-Stokes Equation
The general form of the Navier-Stokes equation can be derived from the Cauchy’s
equation defined as

ρ

∂τ
Dui
∂p
=−
+ ρg i + ij
∂xi
Dt
∂x j

[Eq. 1.1]

The relation between the stress and deformation in a continuum is called a
constitutive equation. For Newtonian fluids, an equation that linearly relates the stress to
the rate of strain in a fluid medium is examined in this section.
In isotropic fluids at rest, a stress (τij) can be expressed as

τ ij = − pδ ij

[Eq. 1.2]

Where p is the thermodynamic pressure related to density and temperature and δij is a
Kronecker delta defined as
⎡1 0 0 ⎤
δ ij = ⎢⎢0 1 0⎥⎥
⎢⎣0 0 1⎥⎦

[Eq. 1.3]

A negative sign is introduced in Eq. 1.2 because the normal components of τij are
regarded as positive if they indicate tension rather than compression.
In isotropic fluids in motion, the stress (τij) can be expressed as
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τ ij = − pδ ij + σ ij

[Eq. 1.4]

Where σij is a deviatoric stress tensor, which is related to the velocity gradients. The
velocity gradient tensor can be decomposed into symmetric and antisymmetric parts:

∂ui 1 ⎛⎜ ∂ui ∂u j
=
+
∂x j 2 ⎜⎝ ∂x j ∂xi

⎞ 1 ⎛ ∂ui ∂u j
⎟+ ⎜
−
⎟ 2 ⎜ ∂x
⎝ j ∂xi
⎠

⎞
⎟
⎟
⎠

[Eq. 1.5]

The anitsymmetric part represents fluid rotation without deformation, and cannot by itself
generate stress. The stresses must be generated by the strain rate tensor defined as

eij =

1 ⎛⎜ ∂ui ∂u j
+
2 ⎜⎝ ∂x j ∂xi

⎞
⎟
⎟
⎠

[Eq. 1.6]

The deviatoric stress can also be expressed as

σ ij = K ijmn emn

[Eq. 1.7]

Where Kijmn is a fourth-order tensor having 81 components that depend on the
thermodynamic state of the medium. Eq. 1.7 simply means that each stress component is
linearly related to all nine components of eij. Also, Kijmn can be expressed in other form
by conducting tensor analysis as

K ijmn = λδ ij δ mn + µδ imδ jn + γδ inδ jm

[Eq. 1.8]

Where λ, µ, and γ are scalars that depend on the local thermodynamic state. Thus, by
keeping symmetric conditions, σij can be written as

σ ij = 2µeij + λemmδ ij
Where emm=∇⋅U. Therefore, the complete stress tensor then becomes

[Eq. 1.9]
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τ ij = − pδ ij + 2µeij + λemmδ ij

[Eq. 1.10]

By applying stokes assumption (k=λ+2/3*µ=0), the final form of the constitutive
equation for a Newtonian fluid can be written as

τ ij = − pδ ij + 2µeij −

2
(∇ ⋅ u )δ ij
3

[Eq. 1.11]

By plugging in the constitutive equation derived in the previous section into the Cauchy’s
equation, a momentum balance for a Newtonian fluid can be obtained as

ρ

Dui
∂p
∂
=−
+ ρg i +
Dt
∂xi
∂x j

2
⎡
⎤
⎢⎣2µeij − 3 µ (∇ ⋅ u )δ ij )⎥⎦

[Eq. 1.12]

Finally, by re-arranging the above equation, the general form of the Navier-Stokes
equation can be written as

ρ

⎡
⎤
Dui
∂p
1 ∂
(∇ ⋅ u )⎥ + ρg i
=−
+ µ ⎢∇ 2ui +
Dt
∂xi
3 ∂xi
⎣
⎦

[Eq. 1.13]

This equation is valid for all coordinate systems, for both compressible and
incompressible fluids.

1.3.3.1.2 Navier-Stokes Equation for Special Cases

The Navier-Stokes equation can be further simplified depending on the behavior
of the fluid flow. For incompressible flow, it can be simplified as

ρ

[

]

Dui
∂p
=−
+ µ ∇ 2ui + ρg i
Dt
∂xi

[Eq. 1.14]

Because the continuity equation, ∇⋅u is equal to zero for incompressible fluids.
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For inviscid flows, the Navier-Stokes equation, known as the Euler’s equation,
can be simplified as

ρ

Dui
∂p
=−
+ ρg i
Dt
∂xi

[Eq. 1.15]

Because the viscous term in the equation can be neglected for an inviscid flow.
For creeping flows, the Navier-Stokes equation can be simplified by assuming the
viscous term is much larger than the inertial and body force terms in the Navier-Stokes
equation and yields

[

∂p
= µ ∇ 2 ui
∂xi

]

i

[Eq. 1.16]

This equation is also known as “Stokes equation”.

1.3.3.2 Analytical Solution of Fluid Flow

In most cases of studying microflows, the cross-sectional channel geometry is
either circular or rectangular. Thus, analytical solutions for these cases are discussed in
this section.

1.3.3.2.1 Circular Hagen-Poiseuille Flow

Fully-developed axisymmetric Poiseuille flow, or Hagen-Poiseuille flow, studied
experimentally by Hagen in 1839 and Poiseuille in 1840, is the pressure-driven flow in
infinitely long cylindrical tubes. The geometry of the flow is shown in Figure 1-4.
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Figure 1-4: Axisymmetric Poiseuille flow
By assuming ur = uθ = 0 and ∂p ∂z = constant in a cylindrical coordinate system,
the z-axis momentum equation for an incompressible flow can be simplified as
0=−

∂p µ ∂ ⎛ ∂u z ⎞
+
⎜r
⎟
∂z r ∂r ⎝ ∂r ⎠

[Eq. 1.17]

And this equation can be integrated with respect to z and arranged in terms of uz such that
uz =

1 ∂p 2
r + c1 ln r + c2
4µ ∂z

[Eq. 1.18]

The constants c1 and c2 are determined by the boundary conditions of the flow. Along the
axis of symmetry, the velocity uz must be finite,
u z finite at r = 0

[Eq. 1.19]

Since the wall of the tube is stationary (no slip condition),
u z = 0 at r = a

[Eq. 1.20]

By applying these two conditions, the velocity profile can be written as
1 ∂p 2
(a − r 2 )
4µ ∂z
∆p 2
uz =
(a − r 2 )
4 µL

uz = −

[Eq. 1.21]
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Which represents a parabolic velocity profile. Thus the mean velocity can be obtained as
< u z >=

∆p ⋅ a 2
1
=
u
dA
z
8µL
A ∫∫A

[Eq. 1.22]

Therefore the flow rate, known as Poiseulle’s law, can be expressed as
Q =< u z > ⋅ A =

π ⋅ ∆p ⋅ a 4
8µL

[Eq. 1.23]

The shear stress can be determined from the constitutive equation derived in the next
section,

τ Zr = − pδ zr + 2µe zr −

2
(∇ ⋅ u )δ zr
3
= − pδ zr + 2 µe zr (Q ∇ ⋅ u = 0 , incompressible)
= 2 µezr (Q δ ij = 1; i = j , δ ij = 0; i ≠ j )
∂u ⎞
1 ⎛ ∂u
1 ⎛ ∂u ∂u ⎞
= 2µ ⋅ ⎜ r + z ⎟ (Q eij = ⎜ i + j ⎟ )
∂r ⎠
2 ⎝ ∂z
2 ⎜⎝ ∂x j ∂xi ⎟⎠
∂u ⎞
⎛ ∂u
= µ ⋅⎜ r + z ⎟
∂r ⎠
⎝ ∂z
∂u
⎛ ∂u ⎞
= µ ⋅ ⎜ z ⎟ (Q r = 0 , for fully developed)
∂z
⎝ ∂r ⎠
r ∂p
⎫
∂ ⎧ ∆p 2
=µ⋅ ⎨
(a − r 2 )⎬ = −
∂r ⎩ 4µL
2 ∂z
⎭
r ∆p
(Q ∂p ∂z = constant)
=
2 L

[Eq. 1.24]

Thus, the shear rate can be also determined as
•

γ zr =

1

µ

τ zr

∆p ⋅ a 2
1 ⎛ r ∆p ⎞ 4r
= ⋅⎜
< u z > (Q< u z >=
)
⎟=
µ ⎝ 2 L ⎠ a2
8µL

Therefore, the shear rate linearly increases as the r increases.

[Eq. 1.25]
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1.3.3.2.2 Rectangular Poiseuille Flow

For a rectangular duct, the same procedures applied in a circular duct can be
applied. The first study regarding a rectangular duct was conducted by Rosenhead
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.

Consider steady pressure-driven flow of an incompressible Newtonian liquid in an
infinitely long tube of rectangular cross section as shown in Figure 1-5.

Figure 1-5: Schematic drawing of a rectangular duct of width 2a and height 2b.
The flow is governed by the Poisson equation
∂ 2 u x ∂ 2 u x ∆p
+ 2 =
∂z
µL
∂y 2

[Eq. 1.26]

This is a 2nd order nonhomogeneous partial differential equation. This equation can be
solved by obtaining both homogeneous solution and particular solution separately.
Taking into account the symmetry with respect to the plane y=0 and z=0, the flow can be
studied only in the first quadrant. The boundary conditions can then be written as
follows:

∂u x
= 0 on y=0, u x = 0 on y=+a
∂y
∂u x
= 0 on z=0, u x = 0 on y=+b
∂z

[Eq. 1.27]
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Eq. 1.26 can be transformed into the Laplace equation by setting
ux = −

1 ∂p

(b 2 − z 2 ) + u ' x ( y, z )

2 µ ∂x

[Eq. 1.28]

Note that the first term in the right hand side is just the Poiseuille flow profile between
two infinite parallel plates placed at z=±b. Substituting Eq. 1.27 into Eq. 1.28 and Eq.
1.26,

∂ 2 u x'

∂ 2 u x'

+

∂y 2

∂z 2

=0

[Eq. 1.29]

And subject to the BC’s

∂u x'
=0
∂y
u x' =

on y=0
1 ∂p

2µ ∂x

(b 2 − z 2 ) on y=+a

∂u x'
=0
∂z
u x' = 0

[Eq. 1.30]

on z=0
on y=+b

The above problem can be solved using separation of variables. The solution is

16a ⎛ ∂p ⎞
⎜⎜ −
⎟⎟ ∑ (−1)
µπ 3 ⎝ ∂x ⎠i = 1,3,5,...
2

u x ( y, z ) =

∞

i −1
2

iπy
iπz ⎤
⎡
cosh( ) ⎥ cos( )
⎢
2a ⎥
2a
⎢1 −
3
⎢
iπb ⎥ i
cosh( ) ⎥
⎢
2a ⎦
⎣

[Eq. 1.31]

Therefore, the flow rate (Qx(y,z)) is
Qx ( y, z ) = ∫

+ a +b

∫

− a −b

u x ( y, z )dy ⋅ dz

iπb ⎞
⎛
tanh( ) ⎟
4ba 3 ⎛ ∂p ⎞⎜ 192a ∞
2a ⎟
=
⎜ − ⎟⎜1 − 5
∑
3µ ⎝ ∂x ⎠⎜
i5
π b i=1,3,5,...
⎟
⎜
⎟
⎝
⎠

[Eq. 1.32]
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1.3.4 Blood rheology

The rheological properties of blood in shear flow are well documented in a
textbook by Y.C. Fung53. As a reminder, some of the key features regarding blood
rheology are reviewed here. The rheology is the science of the deformation of nonNewtonian fluids in response to applied loads.

1.3.4.1 Constitutive Equations for blood flow

The constitutive equation is the relation between the stress and deformation in a
continuum as mentioned in previous discussion. Figure 1-6 shows a schematic drawing
of the relationship between shear stress (τ) and shear rate ( γ ) for various fluids.
•

Figure 1-6: Schematic drawing of the relationship between shear stress (τ) and shear rate
( γ ) for various fluids.
•
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Blood is a non-Newtonian fluid, which means its viscosity is not constant with
respect to shear rate and is a shear thinning fluid so that the viscosity decreases as the
shear rate increases. Figure 1-7 shows the relationship between the viscosity and the
shear rate.

Figure 1-7: Schematic drawing of viscosity versus shear rate for various fluid types.
Obviously, it is very difficult to predict blood flow behavior due to its nonlinear
dependency on shear rate. However, the deformation of the blood flow under the given
shear stress (constitutive equation) can be predicted by empirical ways. In general, three
constitutive equations can be applied depending on the shear rate range blood experiences.
Table 1-2 summarizes representative constitutive equations of blood flow generally
accepted. The Casson equation is valid for hematocrits less than 40 %, whereas the
Walburn-Schneck equation is applicable until at least 50 %. For a shear rate range higher
than a 500 s-1, blood can be assumed as Newtonian fluid because there is no rouleaux
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formation due to red blood cell aggregation and no elastic deformation (shear thinning) at
high shear rates.
Table 1-2: Representative constitutive equations categorized by shear rate range
Shear rate Range
(s-1)
•

γ ≤ 1~10

Expression for τ

τ

1/ 2

=τ

1/ 2
y

+µ

1/ 2
∞

Remark
• 1/ 2

⋅γ

τ y : yield stress

µ ∞1 / 2 : viscosity at high shear rate
region (~10 s-1)
B2VM (Best 2 Variable Model)

Casson54

K = C1eC3⋅H
n = 1.0 − C3 ⋅ H

C1 = 0.00148P(sec) n
C 2 = 0.0512
C3 = 0.00499
•n

•

1~10< γ < 500

τ = K ⋅γ

,

• n −1

µ app = K ⋅ γ

Where, H: hematocrit
P: pascal=10 dynes/cm2
B3VM (Best 3 Variable Model)

[

C2 ⋅H

][

K = C1 e
⋅e
n = 1.0 − C3 ⋅ H

C 4 (TPMA / H 2 )

]

WalburnSchneck55

C1 = 0.000797 P (sec) n
C2 = 0.0608
C3 = 0.00499
C 4 = 145.85dl / g

Where, TPMA: Total Protein Minus
Albumin, dl: deciliter=100 ml
•

γ

> 500

•

τ = µ ⋅γ

,

Newtonian, for normal hematocrits

1.3.4.2 Microrheological properties of blood
Figure 1-8 (a) shows how the viscosity changes with respect to shear rate. The
viscosity decreases as shear rate increases. It is also seen that whole blood has a higher
viscosity than defibrinated blood. Also, defibrinated blood has a higher viscosity than
washed cells in Ringer solution; a buffered isotonic salt solution, which means the cells
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are suspended in a medium with near physiological conditions, 150 mM NaCl. In the
washing process, the plasma is replaced with Ringer solution, and thus the viscosity is
lowered.

Figure 1-8: (a) the viscosity versus shear rate in blood with various conditions. (•--•):
whole blood, (x--x): defibrinated blood, and (°--°): washed cells in Ringer solution. 56 (b)
the viscosity versus shear rate in blood with various temperature. 57
Figure 1-8 (b) shows the viscosity change with respect to temperature. The
viscosity of blood decreases with increasing temperature. The rough estimation of
viscosity of particulate suspensions is possible using the Einstein’s theory. The effective
viscosity (µeff) for dilute suspensions can be written as

⎧
⎩

5
2

⎫
⎭

µeff = µo ⎨1 + ⋅ c + O(c 2 )⎬

[Eq. 1.33]

Where µo is a viscosity of fluid and c is a volume fraction of the solid phase. This result
has been verified by experiment for value of c less than about 0.1. For larger volume
fractions, the complicated mutual interaction of particles has to be taken into account and
this involves terms proportional to c2. Thus, for instance, when c≈0.45 (45% hematocrit)
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and µo= 1.3 cP, then µeff is estimated to be 2.7 cP. In order to obtain a precise viscosity
value, direct measurement is strongly recommended. Also, in 1932, Einstein’s result was
extended by G.I. Taylor to suspensions of spherical liquid drops. The result is

µ eff

_
⎧
⎛
5 µ ⎞⎟⎫
+
µ
⎜
o
⎪
2 ⎪
= µ o ⎨1 + c⎜
⎟⎬
_
⎜
⎪
µ + µ ⎟⎠⎪
⎝ o
⎩
⎭

_

[Eq. 1.34]

_

Where µ is the viscosity of a liquid drop. This reduces to Eq. 1.33 as µ becomes
infinite, i.e., as the drop becomes effectively rigid.
Figure 1-9 shows the importance of aggregation and deformation of RBCs on the
viscosity.58 When normal RBCs in plasma (NP) is compared with normal RBCs in 11%
albumin (NA), there is significant difference in viscosity value in the low shear rate
region. This is due to the aggregation of RBCs, which is known as “rouleaux” formation
(a stack of coins). Since the effective diameter of the RBCs in the rouleaux shape is
larger than a single RBC, the effective viscosity is also larger than that of an individual
RBC. The degree of the rouleaux formation is a strong function of hematocrit and
fibrinogen concentration in plasma. The higher the hematocrit and concentration of
fibrinogen, the higher the possibility of the blood to the rouleaux will form. Also,
rouleaux formation primary affects the yield stress of the blood to deformation.
When NA is compared with hardened RBCs in 11% albumin (HA), the viscosity
of NA decreases as the shear rate increases, while HA maintains its viscosity over the
entire range of shear rates. This comparison shows that the decrease in viscosity for NA
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is mainly due to the RBCs deformation under the flow because the only difference
between NA and HA is deformability of the cells.

Figure 1-9: Relation between relative apparent viscosity and shear rate in three types of
suspensions, each containing 45 % human RBC by volume. NP=Normal RBC in plasma;
NA=Normal RBC in 11% albumin; HA=Hardened RBC in 11% albumin. 58
Above a 500 s-1 shear rate, the viscosities of the unhardened blood solutions
converge towards one value (constant), implying the blood can be considered a
Newtonian fluid above 500 s-1 shear rate. Since, in most microfluidic environments, the
average shear rate across the microchannel is above 1000s-1, blood flows within
microfluidic channels can be modeled as Newtonian fluids with fairly good accuracy.
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1.3.4.3 Cell Free Layer

1.3.4.3.1 Introduction

When cells flow through a conduit, there is a tendency for cells to move away
from the wall and to concentrate in the core of the tube. The effect of this is to create a
layer of suspending fluid very close to the tube wall that is depleted of cells; the cell free
layer. This layer is not entirely free of cells for high cell concentrations and the agitated
nature of the flow tends to push cells into this region where they can collide with the wall.
However, the particle or cell free layer can be formed purely due to geometrical
reasons. Imagine a uniformly packed bed of beads (Figure 1-10) in which a circle is
described to represent the wall of a tube containing the beads. Clearly, beads whose
centers are closer than one bead radius to the wall cannot fit in; this implies a reduction in
bead concentration near the wall.

Figure 1-10: The Cell free layer which results from the inability of beads to exist within
one bead radius of the tube wall.
In terms of the development of a microfluidic device for continuous, real time
blood plasma separation, the cell free layer phenomenon is expected to help in the
separation of pure blood plasma because it reserves certain width of Blood cell free,
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which doesn’t include blood cell within that region. By skimming plasma within this
layer (See Plasma skimming section); it is possible to extract pure blood plasma without
having blood cells incorporation.

1.3.4.3.2 Analytical Solution of cell free layer blood flow

Viscosities of the cell free layer (plasma layer) and RBC rich core layer are
assumed to be µp and µc, respectively. The thickness of cell free layer is also assumed to
be δ as shown in Figure 1-11. It is also assumed that the two layers are Newtonian fluids
with different viscosities in the two layers, although, in reality, the RBC core layer is a
non Newtonian fluid.

Figure 1-11: Schematic drawing of cell free layer flow. δ= a thickness of cell free layer,
a= a radius of vessel
Then, the z-momentum equation can be written as

∂u z
1 ∂p
+ υ∇ u2 z
+ (u ⋅ ∇)u z = −
∂t
ρ ∂z

[Eq. 1.35]

Where υ is a kinematic viscosity (υ =µ/ρ ). By assuming a steady state, incompressible,
axisymmetric, and fully developed flow, the general solution of the velocity profile can
be obtained as
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uz = −

∆p 2
r + c1 ln r + c2
4 µL

[Eq. 1.36]

Where µ is a dynamic viscosity, c1 and c2 are constants. By applying appropriate
boundary conditions, the velocity profiles at each region can be written as
⎡1
∆p 2
∆p 2 ∆p
1 ⎤
r +
a +
(a − δ ) 2 ⎢ − ⎥ (0 <z< a-δ)
4µc L
4µ p L
4L
⎣⎢ µ c µ p ⎥⎦
∆p 2
∆p 2
(a-δ <z <a)
r +
a
=−
4µ p L
4µ p L

u z ,c = −
uz, p

[Eq. 1.37]

Where uz,c and uz,p are velocities in a RBC core layer and a cell free layer, respectively.
Thus the flow rate can be obtained as

∆pπa 4 ⎡ 4 ⎛⎜ µ c ⎞⎟ µc ⎤
Q=
+ ⎥
⎢ K ⋅ ⎜1 −
⎟
8µc L ⎣⎢
⎝ µ p ⎠ µ p ⎦⎥

[Eq. 1.38]

Where K=1-δ/a. Thus the apparent viscosity can be written as

µ app =

µc
⎛ µ
K 4 ⋅ ⎜1 − c
⎜ µ
p
⎝

⎞ µc
⎟+
⎟ µ
p
⎠

[Eq. 1.39]

Therefore, it is clear that the apparent viscosity is a combination of viscosities, µc, µp. It is
expected that the cell free layer phenomenon causes the plasma skimming, the FahraeusLindqvist effect and the Fahraeus effect. These characteristic properties of blood flow are
discussed in below.
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1.3.4.4 Plasma Skimming in Small Vessel

If we consider a large microcirculatory vessel with a very small side vessel
(Figure 1-12) attached, then it is likely that the flow into the small vessel is much smaller
than the larger vessel due to higher fluidic resistance in the small vessel. Thus the fluid
flowing into a small vessel will contain blood with a greater proportion of plasma than in
the parent tube. This is because the blood supply to this vessel comes mainly from near
the wall in the large vessel where the blood is plasma rich (cell free layer). This
phenomenon is known as plasma skimming.

Figure 1-12: Plasma skimming effect of a small side vessel
By utilizing the plasma skimming effect, as mentioned in the previous section, the
blood plasma can be effectively separated into a channel where a fluidic resistance is
higher than that of a main channel.

1.3.4.5 Fahraeus-Lindqvist Effect

In 1931, Fahraeus and Lindqvist discovered that blood viscosity decreases when
blood is flowing into a tube with a diameter smaller than 500 µm. In other words, the
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viscosity was lower in the viscometer tube than in the feed reservoir. This phenomenon is
named the Fahraeus-Lindqvist effect (Figure 1-13). The implication of the FahraeusLindqvist effect results is in the shear stress at the wall decreasing as tube size is reduced.

Figure 1-13: Fahraeus-Lindqvist effect.59

1.3.4.6 Fahraeus Effect

Fahraeus investigated the Fahraeus-Lindqvist effect further and found that the
lower viscosity was due to a decrease in hematocrit within the viscometer tube (Fahraeus
effect). According to Fung53, Barbee and Cokelet extensively investigated the Fahraeus
and the Fahraeus-Lindqvist effects60 and showed that the Fahraeus effect could be
measured in tubes with diameters from 29 µm to 221 µm (Figure 1-14). This
phenomenon can be attributed to the cell free layer close to the wall as mentioned in the
previous section. Barbee and Cokelet also found that the tube hematocrit linearly
increases as the feed reservoir hematocrit increases.
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Figure 1-14: The Fahraeus effect. 60
Also, the tube hematocrit decreases as the tube diameter decreases. This is probably due
to the presence of the cell free layer. Since RBCs are distributed preferentially near the
center of the vessel due to the cell free layer, the cells have higher average velocity
plasma. Thus, for conservation of mass, the dynamic volume of cells (hematocrit) in the
tube at any given time must be lower than that in the feed or the discharge reservoirs.
Theoretically, the tube hematocrit (Ht) can be related to the discharge hematocrit
(Hd). The feed hematocrit (Hf) is the value obtained from the feed reservoir. The tube
hematocrit is the value obtained by suddenly stopping the flow in a tube or microvessel,
and measuring the packed cell fraction of RBCs. The discharge hematocrit is the one
obtained in the effluent of the tube (Figure 1-15).

Figure 1-15: Schematic experimental setup for demonstrating the Fahraeus effect.
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If Ac is a cross-sectional area of the core RBCs layer, and Ap is a cross-sectional area of
the cell free plasma layer, then these cross-sectional areas can be defined as

Ac ≡ H t ⋅ At

Ap ≡ (1 − H t ) ⋅ At

[Eq. 1.40]

Where At is a cross-sectional area of the tube. Also, the volumetric flow rate at each layer
can be written as

Qc = u z ,c ⋅ H t ⋅ At
Q p = u z , p ⋅ (1 − H t ) ⋅ At

[Eq. 1.41]

Where uz,c and uz,p are flow velocities in a core RBC layer and a cell free plasma layer,
respectively. Thus, by using mass balance on discharge reservoir, the hematocrit at the
discharge reservoir can be written as

Hd =

u z ,c ⋅ H t
Vc
Qc ⋅ t
=
=
Vc + V p (Qc + Q p ) ⋅ t u z ,c ⋅ H t + u z , p (1 − H t )

[Eq. 1.42]

u z ,c ⋅ H t = u z , p ⋅ H d + H d ⋅ H t (u z ,c − u z , p )

[Eq. 1.43]

Therefore,

By neglecting the 2nd order term, H d ⋅ H t (u z ,c − u z , p ) , the ratio of the tube hematocrit to
the discharge hematocrit can be written as

H t uz, p
=
H d u z ,c
Therefore, Ht can be estimated by obtaining Hd, uz,c, and uz,p.

[Eq. 1.44]
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1.3.4.7 Hematocrit in Very Narrow Tubes: Zweifach-Fung Effect (Bifurcation Law)

The bifurcation law describes that, in the microcirculation, when erythrocytes (red
blood cells) flow through a bifurcating region of a capillary blood vessel; they have a
tendency to travel into the daughter vessel, which has the higher flow rate leaving very
few cells flowing into the lower flow rate vessel. The critical flow rate ratio between the
daughter vessels for this cell separation is approximately 2.5:1 when the cell-to-vessel
diameter ratio is of the order of one. As described in Figure 1-16 (a), the reason for this
apportioning is that cells are drawn into the higher flow rate vessel because they are
subjected to a higher pressure gradient (∆Ph > ∆Pl). In addition, the asymmetric
distribution of shear forces (γcell_wall_high_flow > γcell_wall_low_flow) on the surface of cell
produces a torque on the cell pulling it towards the faster flow rate vessel. The stagnation
point of the flow is a critical streamline (see the dashed line on Figure 1-16 (b)) within
the flow field. If the centroid of the cell is located away from the lower flow rate area
beyond the critical streamline, it will flow towards the higher flow rate branch. Therefore,
the higher the flow rate ratio between the two daughter branches, the closer to the low
flow rate branch the critical streamline occurs as shown in Figure 1-16 (b). The
background flow pattern in Figure 1-16 shows streaklines for a 4:1 flow rate ratio
between high and low flow rate channels. Each particle and line overlayed on the flow
pattern represents the expected flow path of the particles depending on their position
within the channel.
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Figure 1-16:(a) Schematic of the Zweifach-Fung effect; Red blood cells have a tendency
to travel into the higher flow rate daughter vessel with no cells traveling to the lower flow
rate daughter vessel when the flow rate ratio is more than 2.5 and the cell-to-vessel
diameter ratio is of the order of 1.The primary reasons for this effect are because of
differential pressure drops and shear forces acting on a cell.(b) An illustration of the
critical streamline; A particle (I) whose centroid is beyond the critical streamline will
travel into the high flow rate channel. A particle (II) whose centroid is within the critical
streamline will travel into the low flow rate channel. A particle (III) whose centroid is on
the critical streamline will travel into the high flow rate channel because of the ZweifachFung effect.
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1.3.4.8 Blood Damage

Cells can be distorted by immersion in a shear flow. In addition, they will rotate,
which can lead to membrane stretching and compression. RBC’s distortion can be
increased with the magnitude of the shear stress. At large values of applied fluid stress,
disruption (lysis) of RBC occurs. This stress-induced lysis is also seen in platelets, PMN
leukocytes and lymphocytes in plasma subjected to high shear. For instance, cell damage
above a 1500 dyne/cm2 shear stress can be lethal, although it depends on exposure time.
As consequences of cell damage, many clinical issues which occur include anemia,
hemorrhage, thrombus, etc. Figure 1-17 shows a comparison of the locus in the stress
exposure-time plane of shear-related damage to blood cellular elements 61. Regions above
and to the right of each line (high stress-long exposure time) would generate significant
cell lysis for the given cell type.

Figure 1-17: Hellums Curve61.
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1.4 Particle or Cell Handling in Microfluidic Devices

Microfluidic platforms have great potential to change the way medicine and
biology are conducted in hospitals and laboratories. Such platforms have attracted
considerable research interest due to the opportunity to fabricate a highly integrated
system which is able to perform parallel sample handling and analysis on a single chip
(i.e., lab-on-a-chip). While microfluidics promises to have an impact in many research
fields, one of the more attractive applications of microfluidics has been towards
biomedical and life science diagnostics.62-64 Microfluidic devices are attractive because
they offer many advantages such as smaller reagent volume consumption, shorter
reaction times, and the possibility of parallel operation. These advantages result not only
in time and cost savings for diagnostic tests but can also be life saving in time critical
environments such as critical medical diagnostics.
The separation of a specific biological sample from an original mixture of
biological samples is an essential step for various ranges of applications in biological
research and in medical diagnostics and treatment. In most cases, one specific type of
biological sample must be examined to quantify the population, obtain genetic material or
assay for gene expression and protein synthesis. However, raw biological samples
obtained from various sources, e.g., blood, tissue, or cell culture; generally contain
different types of cells and proteins mixed together. To use these samples, a purified
sample containing only the desired material must be separated before assays can be
conducted. Furthermore, the desired biological sample population must often be
concentrated well beyond the initial concentration in the raw sample to acquire a
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sufficient quantity of material to analyze and to increase the signal to noise ratio. Thus,
most laboratory technologies have been developed and improved to separate efficiently
and concentrate specific biological samples based on different physical, chemical
properties, and surface charge, or immunological properties of biological samples. Thus,
among biological sample manipulation techniques, the cell or particle separation
techniques with high efficiency are the key technology to accelerate various biological
and medical studies.
Recently, microfluidic technologies have shown great potential for particle or cell
handling in miniaturized environments using various technologies. These include
fluorescence-activated cell sorting, magnetic-activated cell sorting, affinity-based cell
sorting, dielectrophoresis, hydrodynamic separation, aqueous two-phase system, and
ultrasound separation. In following sections, microfluidic technologies to handle cells or
particles are introduced and categorized into two ways, i.e., immunological and
nonimmunological methods.65

1.4.1 Particle or Cell Handling Using Immunological Methods

1.4.1.1 Fluorescence-Activated Cell Sorting (FACS)

Fluorescence-activated cell sorting (FACS) method is one of the most common
techniques used in investigation of cell population because of its effective performance in
discrimination and sorting of cells into their subpopulations. The microfluidic cell sorting
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device was reported by the Quake group 66,67 (see Figure 1-18). With the forward-sorting
algorithm, the fluid flow is switched as fluorescence is detected so that red beads are sent
directly to the collection channel (Top). The reverse-sorting algorithm allows rare-event
capture at a rate independent of the switching speed of the device (Bottom). Fluid flow is
established at a high rate from the input well to the waste channel. After event detection,
the fluid flow is halted and reversed until the bead is detected a second time. It is then
directed at a slower speed to the collection channel. They have demonstrated a disposable
microfabricated fluorescence-activated cell sorter (µFACS) for sorting various biological
entities. Also many other groups have reported FACS microfluidic devices coupled by
various technologies including hydrodynamics68,69, electroosmotics70,71, electrostatics72,
electrokinetics73, and dielectrophoretics74-79.

Figure 1-18: A sketch of the algorithms proposed by Quake’s group for the forward
sorting and reverse sorting.66
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1.4.1.2 Magnetic-Activated Cell Sorting (MACS)

Magnetic-activated cell sorting is an attractive method because the magnetic force
can decouple the cell of interest from the rest of cell population. In many cases, micron or
nanometer size magnetic particles are used in MACS. These particles are usually
conjugated with the appropriate antibodies to physically bind with target cells. Once the
magnetic beads bind with the target cells, they are attracted by magnetic field gradient
toward designated regions for downstream analysis, while the unwanted cells pass toward
waste regions. Zborowski, Chalmers, and colleagues have conducted extensive research
about cell separation using magnetic particles in microscale as well as in macroscale80-90
(see Figure 1-19). In spite of these research activities, there are still with many issues
that have to be addressed including the integration of magnetic components within the
microfluidic device.

Figure 1-19: Schematic diagram of the quadrupole magnetic flow sorter (QMS). Adapted
from the reference. 86
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1.4.1.3 Affinity-Based Cell Separation

Affinity-based cell separation technologies are generally based on an
immobilization of either antibodies or antigens on a substrate, where the immobilization
of the target cells occurrs, while unwanted cells pass through the device. Once the target
cells are captured, then the target cells can be released by changing medium with the
appropriate solutions. Recently, microfluidic devices with affinity-based cell separation
have been reported. Chang and colleagues reported a microfluidic device for separating
cells by mimicking the physiological process of leukocyte recruitment to blood vessel
walls: adhesive cell rolling and transient tethering91 (see Figure 1-20). By reproducing
these interactions of cells on surfaces of microstructured fluidic channels they
demonstrated capture, concentration of cells and even fractionation of differencet cell
types from a continuously flowing sample. Also, Revzin and colleagues reported a
cytometry platform for creating high-density leukocyte arrays and demonstrated retrieval
of single cells from the array92.

Figure 1-20: Chang’s Cartoon91 showing phases of cell dynamics around a post.
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1.4.2 Particle or Cell Handling Using Nonimmunological Methods

1.4.2.1 Dielectrophoresis

Dielectrophoresis (DEP) refers to the motion of polarizable particles or cells
suspended in an electrolyte and subjected to a nonuniform electric field
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. Dielectric

particles, including cells, can be categorized into two types depending on their behavior
against nonuniform electric field, i.e., positive and negative DEP. In positive DEP,
particles or cells are attracted toward electrodes. On the contrary, in negative DEP,
particles or cells are repelled from electrodes under a nonuniform electric field. Using
this phenomenon, extensive research has been conducted using polymer beads (see
Figure 1-21) as an analogue of a biological cell to address the performance of the device
94-99

.

Figure 1-21: Behavior of polystyrene latex particles (5.0 µm) in applied ac field (1 MHz,
1.5 Vrms) in hyperbolic quadruple electrode system (200 nm electrode thickness): (a)
before field application; (b) 10 s after field application; (c) 15 min after field application.
Adapted from the reference 95.
For instance, Gascoyne and colleagues have extensively studied various
microfluidic DEP devices for cells

100-103

as well as polymer beads

98

by assisting field
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flow fractionation. Also Li and Kaler experimentally demonstrated a DEP fluidic system
capable of fractionation of intact biological cells in suspension into purer subpopulations.
To achieve an efficient separation of cells, they have employed a specially shaped
nonuniform electric field, synthesized by microfabricated planar microelectrode arrays,
housed on an insulating glass substrate. Recently, Huang and colleagues have
demonstrated that a microfabricated DEP device can separate and identify six types of
cells with greater than 95% purity104.

1.4.2.2 Hydrodynamic cell separation

Hydrodynamic cell separation or flow induced cell separation is the most
attractive and ideal way to separate particles or cells because it requires only well
controlled flow structures unlike the other methods discussed in this chapter. Usually, this
method utilizes cells’ physical properties to distinguish them from unwanted cells. For
instance, size, density, and stiffness of cells can be used as criteria for separating the cells
of interest from the rest of cells. Olbricht and colleagues have studied particle or cell
separation by considering the local microflow profile and hydrodynamic forces on
particles 105-107. Continuous particle separation in microchannels using flow fractionation
method was extensively studied by Seki and colleagues 108-110. Bitensky’s group reported
autoseparation of leukocytes in the microfluidic device by mimicking leukocytes’
behavior in vivo111(see Figure 1-22). Austin’s group has reported separation of white
blood cells as well as nanometer size particles in the microfabricated lattice112-114.
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Crowley and colleague demonstrated the use of passive, operating entirely on capillary
action, transverse-flow microfilter device for the microfluidic isolation of plasma from
whole blood115.

Figure 1-22: Microseparation device. The geometry of the device is illustrated in the
center; snapshots and plots of leukocyte (WBC) distributions are shown at the sides of the
figure. Blood enters the supply channel from the sample reservoir (not shown). Flow is
from top to bottom in all segments. All channels in the device are drained into a lowpressure reservoir (not shown). Length of the supply channel (points 1-3) is ~5.5 mm;
distance between the first and the third bifurcation is 0.48 mm. Flow rates in segments 7
and 8 were approximately 120 and 16 pL/s, respectively. Adapted from the reference111.
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1.4.2.3 Ultrasound Separation

It is a well known fact that particles in fluid suspensions may be enriched at
defined positions by means of forces generated by acoustic standing wave fields. These
forces will move the particles towards either the pressure nodes or the pressure antinodes
depending on the density and compressibility of the particles and the medium. Laurell’s
group has extensively studied acoustic standing wave force to separate various types of
particles. They described that particle separation using ultrasound can radically reduce
embolic load to brain after cardiac surgery116. Also, they demonstrated the separation of
lipids from blood utilizing ultrasonic standing waves in a microfluidic channel
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. In

addition, they demonstrated that the carrier medium can be exchanged through ultrasonic
particle switching in microfluidic channels 118 (see Figure 1-23).

Figure 1-23: Schematic illustration of the medium exchange principle. The particles in
the contaminated medium enter through the side inlets and exit through the side outlets
when the ultrasound is turned off (left). If the ultrasound is turned on, as indicated by the
schematic standing wave in the right microfluidic structure, the particles are switched
over to the clean medium and exit through the center outlet together with the clean
medium, whereas the contaminated medium still flows to the side outlets118.
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1.5 Device Fabrication Process

Microfluidic channels have been fabricated in polydimethylsiloxane (PDMS)
using the conventional soft-lithography process

119,120

. In soft lithography (see Figure 1-

24), a master mold is first made by photolithographic techniques and followed by silicon
etching to form a negative imprint of the channels on a silicon (Si) wafer. Next, an
elastomeric material (PDMS) is cast from this master (Si) mold to obtain a positive
pattern. Once the PDMS is peeled off, then it is bonded with either a conventional glass
slide or another piece of PDMS to form a closed fluidic channel.

Figure 1-24: Schematic drawing of the PDMS replica molding process.
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1.6 Fluorescent Cytometric Bead Assay

As a detection method for a microfluidic device for continuous biosensing, a
fluorescent cytometric bead assay (FCBA) is utilized to determine the concentration of
antigen. A FCBA is an automated fluorescent intensity measurement method that enables
analysis of an extremely high number of beads within a very short period of time. Since
the fluorescent intensity can be assumed to be proportional to the concentration of
analytes, the concentration of analytes can be easily determined by simply measuring
fluorescent intensity of beads. A number of variations of FCBA have been developed,
allowing quantitative detection or quantitative measurement of either antigen or antibody.
Each type of FCBA can be used qualitatively to detect the presence of antibody or
antigen. Alternatively, a standard curve based on known concentrations of antibody or
antigen is prepared, from which the unknown concentration of a sample can be
determined. Two representative methods are introduced here as shown in Figure 1-25.
Figure 1-25 (a) shows a schematic drawing of the process required to detect the binding
event between biotin molecules and a streptavidin coated bead. . First, it is assumed that a
biotin molecule is conjugated with a FITC, which is a fluorescent molecule and
streptavidin is coated onto the surface of a cytometric bead. The first step is to mix the
biotin-FITC and the streptavidin coated bead to obtain biotin-strepavidin binding. Once
enough binding is obtained, the mixture is washed to remove the unbound biotin-FITC
molecules. As a final step, the biotin-FITC bound streptavidin coated beads undergo
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Figure 1-25: Schematic of fluorescent cytometric bead assays (a) biotin-FITC and Streptavidin coated bead system (b) A general
sandwich type fluorescent cytometric bead assay.
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fluorescent excitation to excite the FITC molecules. After exciting the beads, the
fluorescence intensity of the beads is measured to determine the concentration of the
biotin-FITC molecules. As previously mentioned, by constructing a standard calibration
curve of bead fluorescence intensity as a function of known concentrations of biotinFITC, the concentration of biotin-FITC molecules within unknown samples can be
determined. Thus, for biotin-FITC and streptavidin system, only one washing step is
required because a biotin molecule has a fluorescence label already on it.
However, for antibody antigen binding assays, two washing steps are required as
shown in Figure 1-25 (b). In this case, since an antigen does not have an intrinsic
fluorescent label on it, a secondary antibody which has a fluorescent label on it, is
required. Thus, two washing and mixing steps are generally required to obtain
appropriate fluorescent signals from the cytometric beads. First the antibody coated bead
is mixed with a sample containing the antigen of interest. After antibody-antigen binding
occurs the beads are washed to remove unbound antigen. Next, the beads are mixed with
the fluorescently labeled secondary antibody which is also specific to the antigen of
interest. After mixing, a second washing step occurs to remove unbound antibody and the
fluorescence intensity of the bead is determined. Again, due to the specificity of
antibody-antigen binding the fluorescence intensity of the beads can be directly
correlated to the concentration of antigen of interest in the original sample.
Due to the relatively simple bead handling protocols, cytometric bead based
assays are viewed as an attractive candidate technology for developing microfluidic
devices for continuous biosensing applications as demonstrated in this dissertation.

Chapter 2.
Zweifach-Fung Effect (Bifurcation Law) in Microfluidic Channels: The Principle of
Continuous, Real Time Blood Plasma Separation

2.1 Introduction

The purpose of this study was to utilize the Zweifach-Fung effect in blood plasma
separation. Thus, it is very important to find out the criteria with which only blood
plasma can be collected to the desired plasma outlet, while all cellular elements of blood
are removed from the device. Thus, a simple microfluidic device was prepared to
investigate the Zweifach-Fung effect in the microfluidic channels. The detailed
description about the Zweifach-Fung effect can be found in chapter 1.

2.2 Design

In order to accurately design and characterize the channels, numerical simulations
were conducted using Femlab (Comsol Inc., MA, USA) and CFDACE+ (CFD Research
Corporation). Figure 2-1 shows a numerical simulation result and an actual experimental
result of streamlines for 4:1 flow rate ratio separation channel, which demonstrates good
agreement in streamline patterns. In both cases, the stagnation points occurred at the
exactly same position and it is located within the low flow rate channel side. Four-fifths
of the inflow is going into the higher flow rate channel which coincides with the
estimated value from the flow rate ratio. Also, by tracking the stagnation point, 100 %

52
separation efficiency can be obtained if particle diameter (D) over the inlet channel width
(Wi) is greater than 0.4. This implies that, for 2.5:1, 6:1 and 8:1 flow rate ratio cases,
100 % separation efficiencies can be obtained if D / Wi are greater than 0.57, 0.29 and
0.22, respectively. As discussed previously, the main driving forces for separation could
be the difference in pressure drop next to the particle and the asymmetric shear force
acting on the particle surface. To clarify these possible driving forces, numerical
simulations were conducted. Figure 2-2 and Figure 2-3 show CFDACE+ numerical
simulation results of the pressure distribution and strain distribution near a particle when
the flow rate ratio is 4:1 by setting two daughter channel lengths as 200 µm and 800 µm.
As expected, the higher flow rate channel has a lower pressure compared with the lower
flow rate channel. Also, the surface of a particle facing the higher flow rate channel has a
slightly higher strain rate than the surface facing the lower flow rate channel, which
causes a rolling force on the particle toward the higher flow rate channel. Furthermore,
the shear force difference generated at the surface of a particle helps a particle move
toward the higher flow rate channel.
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Figure 2-1: (a) A numerical simulation result of streamlines profile using Femlab for 4:1
flow rate ratio separation channel when inlet velocity is 1 µm/sec and two outlets are
exposed to the atmosphere. (b) An actual experimental result of streamlines for 4:1 flow
rate ratio separation channel. The white dashed line guides readers to the stagnation point
of streamlines. 1 µm-diameter orange fluorescent polystyrene microspheres were used for
observation of streamlines with 0.524 Vol. % of seeding density to compare a numerical
simulation result of flow profile and actual experimental result (Qinlet=10 µl/hr).
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Figure 2-2: Numerical simulation results of the pressure distributions from the surface
of a particle to the outlet of the channels. (a) Pressure contour (b) Pressure drop along
the channels for a high flow rate channel (AÆB) and for a low flow rate channel
(CÆD). Inlet condition are 10 µm/sec, 35 µm-width and outlet conditions are fixed
pressures at 1 atm and particle diameter is 35 µm.
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Figure 2-3: Numerical simulation results of the strain distributions on the surface of a
particle when a particle is located at the bifurcating region. (a) Strain contour (b) Strain
change along the perimeter of the particle toward a high flow rate channel (AÆBÆD)
and for a low flow rate channel (AÆCÆD). Inlet condition are 10 µm/sec, 35 µm-width
and outlet conditions are fixed pressures at 1 atm and particle diameter is 35 µm.
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2.3 Experimental

Microfluidic channels have been fabricated in polydimethylsiloxane (PDMS)
using the conventional soft-lithography process

119,120

as discussed in chapter 1. As

shown in Figure 2-4, the inlet channel dimension was 35x35 µm2 and total device size is
23x13 mm2. The daughter channels have different channel widths to introduce different
flow rate ratios (1 to 8) between two daughter channels.
In order to track and analyze fluorescent particles passing through a bifurcating
channel region, an optical diagnostic system was constructed as shown in Figure 2-5 (a).
Particle motions within the microchannel are captured using a conventional CCD camera,
which transmits image data to the computer through a NI (National Instrument) IMAQ
(IMage AcQuisition) board in real time fashion at 25 frame/sec. The series of image data
were analyzed by a “Particle Counting System (PCS)” program (Figure 2-5 (b))
constructed using LabVIEW 7.0 (National Instrument, TX, USA). In PCS, the number of
particles passing through each daughter channel was counted in an automatic fashion by
analyzing the captured images. In actual separation experiments, 16 µm-diameter green
fluorescent polystyrene divinylbenzene (DVB) microspheres (Duke Scientific Co., CA, USA)
and human C8161 melanoma cells were used. To visualize these cells, they were stained
and incubated with calcein AcetoxyMethyl (AM) (Molecular Probes, OR, USA) at a
concentration of 1µl Calcein AM per 1 ml media for 3 minutes. Calcein AM enters the
cell cytoplasm and is cleaved by intracellular esterases, generating a fluorescent signal in
live cells with no fluorescence generation for dead cells. After cells reached confluency,

57
the cells were trypsinized (0.025 % trypsin) and were stored in 1X phosphate buffer
saline (10mM phosphate buffer, pH 7.4, 140mM NaCl, 3mM KCl) solution for use in
experiments. The cell sizes were about 8 to 10 µm-diameter when they were suspended in
PBS. Every separation experiment with human melanoma cells was conducted within 15
min. after trypsinization to ensure that cells are alive throughout the experiments.

Figure 2-4: Schematic of the single bifurcation microchannel to demonstrate ZweifachFung effect; An inlet channel is 35x35 µm2 and the outlet channels have different channel
widths in the downstream region to introduce different flow rate ratios (1:1 to 8:1)
between the two daughter channels. The dashed box represents the observation window
of the moving cells
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Figure 2-5: (a) A schematic experimental setup. Every particle movements are captured
by a CCD camera, which is directly connected to the computer through NI (National
Instrument) IMAQ (IMage AcQuisition) board in pseudo-real time fashion with a frame
rate of 25 frames/sec for all experiments. (b) A particle counting program, prepared by
LabVIEW 7.0., to analyze the number of particles passing through each daughter
channels in an automatic fashion.
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2.4 Results and Discussion

The initial demonstration of the Zweifach-Fung effect in microchannels used a
simple device containing a single bifurcation as described in Figure 2-4. The particle
recovery efficiency with respect to the flow rate ratios between the two daughter channels
was studied using rigid 16 µm fluorescent beads and 8-10 µm human C8161 melanoma
cells. Figure 2-6 shows a series of fluorescent images overlayed on the bright field
channel image, while a human melanoma cell travels through the device with a 4:1 flow
rate ratio. Due to the higher pressure drop and a higher shear force acting on the cell in
the higher flow rate channel, the human C8161 melanoma cell travels into the higher
flow rate channel. The cell diameter to inlet channel width ratio is between 0.23-0.29.
The recovery efficiency for this experiment was 98.9 %. As shown in Figure 2-7, the
larger flow rate ratio yields the higher particle recovery efficiency. As a result of the
Zweifach-Fung effect, there is a 100 % particle recovery efficiency for flow rate ratios
larger than 6:1. A greater than 15% increase in particle recovery over that predicted by
the simple flow rate distribution is also seen.
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Figure 2-6: A series of fluorescent images of the Calcein AM dye stained human C8161 melanoma cell; The human cell is
heading for the higher flow rate channel. The cell diameter / channel width is about 0.23~0.29 and the flow rate ratio is 4:1.
The recovery efficiency was 98.9 %.
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Figure 2-7: Percentage recovery efficiencies with respect to flow rate ratios; Due to
the Zweifach-Fung effect, there is more than 15 % improvement in the recovery
efficiency predicted by the asymmetric flow distribution regardless of the particle
type.

2.4.1 16 µm-diameter fluorescent particles (particle diameter / channel width =
0.46)

For the 16 µm-diameter fluorescent particles, 87.2 % recovery efficiency was
obtained for a 2.5 to 1 flow rate ratio. In order to obtain a 100 % particle recovery
efficiency for the 2.5 to 1 flow rate ratio, a particle diameter to inlet channel width ratio
of 0.57 is estimated as the minimum flow rate ratio required to place all of the particle
centroids beyond the critical streamline. The actual particle to the inlet channel width is
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about 0.46 so the 87.2 % particle recovery experimentally observed is considered
reasonable. For the 4:1 flow rate ratio, a 95.68 % recovery efficiency was obtained. This
result is somewhat lower than the 100 % particle recovery expected. The reason for this
discrepancy may be from the statistical size distribution of the fluorescent particle
diameters. However, 100 % particle recovery efficiency was achieved using 6:1 and 8:1
flow rate ratios. In general, to improve particle recovery efficiencies at lower flow rate
ratios, a higher particle diameter to channel width ratio is needed.

2.4.2 8-10 µm-diameter human C8161 melanoma cells (cell diameter / channel
width = 0.23~0.29)

For the 8-10 µm-diameter human C8161 melanoma cells, for the 2.5:1 and 4:1
flow rate ratios, 88.7 % and 98.9 % particle recovery efficiencies were obtained
respectively. 100 % particle recovery efficiency was also achieved using 6:1 and 8:1 flow
rate ratios. The recovery efficiencies are higher than those of the 16 µm-diameter
fluorescent particles case, even though the cell diameter to channel diameter ratio is
lower and is expected to lead to a lower recovery efficiency. However, a deformable
particle within a channel tends to have an equilibrium position closer to the center of the
channel than a rigid particle does because of shear induced migration of particles121. This
means that deformable cells are not evenly distributed across the channel as is expected
with a rigid particle, but distributed closer towards the middle of channel (beyond the
critical streamline), yielding an even higher particle recovery efficiency than those of 16
µm-diameter rigid particles. For both experiments, a 6:1 flow rate ratio is required to
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obtain 100 % particle recovery and it is set as a minimum flow rate ratio for subsequent
designs for blood plasma separation.

2.4.3 Particle concentration using the recycling fluid circuit

In order to more effectively apply these results to microdevices for cell
concentration or cell-free biological sample preparation, the cells or particles should be
concentrated in more effective ways. For this purpose, an additional fluid circuit is
prepared and tested to increase the particle or cell concentration as shown in Figure 2-8.

Figure 2-8: A schematic diagram of the recycling fluid circuit to concentrate cells. A
peristaltic pump is used for maintaining flow rate ratio (>6:1) and introducing pressure
force for fluid circulation.
The main functions of a peristaltic pump are to maintain flow rate ratio (> 6:1) and
introduce pressure force for fluid circulation. For example, the channel II feels a negative
pressure due to the presence of the peristaltic pump downstream, introducing fluid into
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channel II. The fluid passing through the peristaltic pump feels a positive pressure due to
the presence of it upstream this time, heading for the inlet junction. In other words, under
the steady state, the conservation of mass law could be expressed as
Qt = Qo + Q p and Qt = Qi + Q p

[Eq. 2.1]

Where Qt is the total flow rate of fluid heading for bifurcation, Qi is the inlet flow rate, Qp
is the pumping flow rate of the peristaltic pump and Qo is the flow rate of fluid heading
for outlet. Thus, Eq. 2.1 could be arranged as
Qo = Qt

[Eq. 2.2]

Again, Eq. 2.2 could be expressed in another form by considering the flow rate ratio
between two daughter channels (channel I and II) to maintain 100 % separation or
recovery efficiency, that is, Eq. 2.3
Qp
Qo

=

Qp
Qi

>6

[Eq. 2.3]

based on experimental results discussed in Figure 2-7. Thus, 100 % separation or
recovery efficiency and the pressure force for fluid circulation could be obtained by
simply controlling flow rate ratio between an inlet and a peristaltic pump regardless of
the geometric structure of two daughter channels (channel I, II). Of course, the flow rate
ratio to obtain 100 % separation or recovery will be strongly dependent of the particle
diameter to the inlet channel width ratio. The larger diameter ratio we have, the smaller
flow rate ratio is required to obtain 100 % separation or recovery efficiency. Based on
this mechanism, the recycling experiment is conducted. The particle concentration is
increased with respect to the number of cycles as well as 100 % of particles are separated
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or recovered. Figure 2-9 shows the estimated concentration factors with respect to the
number of recycles.

Figure 2-9: (a) The estimated concentration factors with respect to the number of recycles
or stages for 16 µm-diameter rigid particles. (b) Zoom-in-view of the shadowed region.
In here, the concentration factor is defined as Eq. 2.4
Fc =

Vj
Vi

[Eq. 2.4]

Where Fc is the concentration factor, Vi is the initial volume % of particles and Vj is the
volume % of particles after j th recycling. All calculations are based on 10000 of 16 µm
diameter rigid particles as an initial condition and the separation or recovery efficiencies,
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which are determined by experimental results (Figure 2-7) because the concentration
factor depends on the initial volume concentration of particles.

2.5 Conclusions

In conclusion, microfluidic devices for particle recovery have been successfully
developed simply by controlling flow rate ratio between two daughter channels. For the
fluorescent particles (Df / Wi =0.46), the recovery efficiencies are 87.2%, 95.7%, 100%,
and 100% for 2.5:1, 4:1, 6:1, and 8:1 flow rate ratios, respectively and for the human
C8161 melanoma cells (Dc / Wi =0.23~0.29), the recovery efficiencies are 88.7%, 98.9%,
100%, and 100% for 2.5:1, 4:1, 6:1, and 8:1 flow rate ratios, respectively. From these
experimental results, it is clearly expected that the particle recovery based on ZweifachFung effect could be applied to develop the blood plasma separation device because the
high particle recovery efficiency (100%) implies high fluid separation efficiency.

Chapter 3
A microfluidic device for continuous, real time blood plasma separation

3.1 Introduction

In the previous chapter, particle separation or recovery based on the ZweifachFung effect was successfully demonstrated using a simple bifurcation channel by
controlling the flow rate ratio between two daughter microchannels. It was found that all
particles travel into a faster daughter channels when the flow rate ratio between two
daughter channels is more than 6:1 for both 16 µm-diameter fluorescent particles and
8~10 µm-diameter human C8161 melanoma cells in a 35 x 35 µm2 channel. These results
imply that blood plasma can be also extracted from whole blood because 100 % of the
particles or cells can be recovered, while some fraction of fluid is extracted. However,
blood is more complicated than the one studied for the Zweifach-Fung effect so a more
precise design is required to ensure that only plasma is collected to the desired reservoir.
The blood plasma separation device was designed to have a whole blood inlet, a purified
plasma outlet, and a concentrated blood cell outlet. Figure 3-1 (a) shows a schematic
structure of one of the representative devices. The main channel (15 µm wide) is fed by
the whole blood inlet and leads to the blood plasma separation region. Each channel
extending from the separation region to an outlet is 5 mm in length. The individual
plasma skimming channels are each 9.6 µm wide (Figure 3-1 (b)). The channel depth for
the entire device is 10 µm. Since 100 % particle recovery could be achieved when 6:1
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flow rate ratio between two daughter channels this device was designed to separate
plasma from defibrinated sheep blood with hematocrit levels up to 45 % and achieve flow
rate ratios around 8:1 between the main channel and plasma channels. At this flow rate
ratio, the critical separation streamline is placed 1.67 µm from the main channel wall for
a 15 µm-wide channel. In order to increase the total plasma volume which could be
separated from the main channel, five parallel plasma channels are placed within the
device rather than a single bifurcating.
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Figure 3-1: Schematic diagrams of a microfluidic blood plasma separation device
(PSDG02-01); (a) An overview of a device. This device is designed to have a whole
blood inlet, a purified plasma outlet, and a concentrated blood cell outlet. Each channel is
5 mm in length. (b) A zoomed-in view of the blood plasma separation region. The main
blood channel width is 15 µm, while all plasma skimming channels have widths of 9.6
µm. The channel depth for the entire device is fixed as 10 µm-deep. The bifurcation
positions are indexed from 5 (upstream) to 1 (downstream). 122,123
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3.2 Design

To obtain a consistent flow rate ratio (8:1) at each bifurcating point, the flow
resistance ratios between main (blood) and each branch (plasma) channels were used as a
control parameter in the design since the flow rate in a channel is inversely proportional
to its flow resistance. In actual design stage of the studies based on the Zweifach-Fung
effect, a series of design techniques were incorporated to determine the optimal channel
geometries to skim off cell free plasma within the microfluidic network. The optimal
channel geometries were determined using an analogous electrical circuit analysis and
analytical studies. After determining all dimensions of the devices, the performance of
the devices are verified using computational simulation (CFD).

3.2.1 Analogous Electrical Circuit Analysis

3.2.1.1 The resistance relationship between the main and plasma channels

In order to design a complex fluidic circuit, it is essential to have an efficient way
to determine channel geometries that meet specific criteria. Since the fluid network
contains many channels in parallel and series, the pressure-flow relationship at each
network node is inherently coupled and cannot be described analytically. Each portion of
the network is therefore described by an analogous electrical circuit to obtain optimal
resistance ratios between the main and each plasma channel. In a manner analogous to an
electrical current, fluidic flow rate (Q) can be defined by Eq. 3.1
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∆P = Q ⋅ R

[Eq. 3.1]

where R is the fluid flow resistance and ∆P is a pressure drop. Thus, the flow rate ratio at
each bifurcation can be determined by controlling the flow resistance ratio between the
main channel and a plasma channel at each bifurcation. In order to determine the flow
resistance of each channel, an analogous electrical circuit is analyzed where the flow rate
is modulated by the current and the flow resistance is modulated by an electrical
resistance as described in Figure 3-2. It is assumed that capacitance (compliance) of the
system is negligible because the channel dimensions and pressure within the channels are
small. To obtain flexibility in the design of the blood plasma separation device, it is
essential to obtain a generalized expression for the relationship between flow rate ratio
and resistance ratio. If the flow rate ratio is assumed to be rQ, the resistance relationship
between the main and plasma channels at each node should satisfy the criteria that

⎧⎪
⎫⎪
1
R p , j = rQ ⋅ ⎨1 +
⋅ R p , j −1 ⎬ ⋅ RB , j
⎪⎩ rQ + 1
⎪⎭

[Eq. 3.2]

Where, RP,j is a resistance of a plasma channel at jth node and j=2,3,4,…,n. RP,1 = rQ⋅RB,1.
The detailed derivation of Eq. 3.2 can be found in the Appendix A.
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Figure 3-2: An analogous electrical circuit showing a network of electrical resistances.
For calculating flow resistance of each channel, an analogous electrical circuit is
analyzed where the flow rate is modulated by the current and the flow resistance is
modulated by an electrical resistance. The flow rate of whole blood at the inlet can be
assumed as a current source. Plasma outlet and concentrated blood cell outlet can be
assumed as grounds since they are at atmospheric pressure. Also, individual fluidic
channels can be modulated as electrical resistors. 122
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3.2.1.2 Analogous electrical circuit simulations

In this study, a total of 5 types of devices were prepared. Since the 100 % of
particle recovery or fluid selectivity is obtained when the flow rate ratio between two
bifurcating channels is higher than a 6 to 1, all devices were designed to have flow rate
ratio at least a 8 to 1 at each bifurcation to ensure no blood cells enter into the blood
plasma channels. Table 3-1 shows design criteria for five types of blood plasma
separation devices studied in this research. The position of the critical stream line from
the main channel wall was designed to be around 1.7 µm for all cases. The flow rate ratio
at each bifurcation is larger than a 8 to 1.
Table 3-1: Design criteria for five types of blood plasma separation devices
Model Name
PSDG02-01 PSDG02-02 PSDG02-03 PSDG02-04 PSDG02-05
Main channel Width [µm]
15.00
25.00
35.00
45.00
100.00
Number of plasma channels
5
5
10
10
20
rQ
8.00
13.70
19.40
25.10
56.50
1.67
1.70
1.72
1.72
1.74
Wc
rQ: Flow rate ratio @ each bifurcation, Wc : Critical stream line position from the main channel wall [µm]

For the validation of the Eq. 3.2, Figure 3-3 shows the PSpice (Cadence Design, NY,
USA) simulation result based on Eq. 3.2. At each bifurcation, a 8:1 flow rate ratio
(current ratio) is maintained when the resistances of the plasma channels are from 120 to
102 times larger than that of the individual segments of the main channel except for the
channel RB,1 which requires a resistance 15 times larger than that of the main channel.
All tables from Table 3-2 to Table 3-6 summarize PSpice simulation results for all
devices based on Eq. 3.2. In all cases, PSpice simulation results are well matched with
the criteria of the design shown in Table 3-1.
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Figure 3-3: A PSpice simulation result; A 8:1 flow rate ratio or current ratio is maintained
at each bifurcation.
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Table 3-2: PSpice simulation results for PSDG02-01 based on Eq. 3.2
Bifurcation Index
QB
Qp
rQ
5
888.90
111.10
8.00
4
790.10
98.77
8.00
3
702.30
87.79
8.00
2
624.30
78.04
8.00
1
554.90
69.37
8.00
QB: Flow Rate [A.U.] at Main channel, Qp: Flow Rate [A.U.] at Plasma channel

Wc
1.67
1.67
1.67
1.67
1.67

Table 3-3: PSpice simulation results for PSDG02-02 based on Eq. 3.2
Bifurcation Index
5
4
3
2
1
Table 3-3

QB
932.00
868.60
809.50
754.40
703.10

Qp
68.02
63.40
59.08
55.07
51.32

rQ
13.70
13.70
13.70
13.70
13.70

Wc
1.70
1.70
1.70
1.70
1.70

Table 3-4: PSpice simulation results for PSDG02-03 based on Eq. 3.2
Bifurcation Index
10
9
8
7
6
5
4
3
2
1
Table 3-4

QB
951.00
904.40
860.10
817.90
777.80
739.70
703.50
669.00
636.20
605.00

Qp
49.01
46.60
44.32
42.15
40.08
38.12
36.25
34.47
32.78
31.18

rQ
19.40
19.41
19.41
19.40
19.41
19.40
19.41
19.41
19.41
19.40

Wc
1.72
1.72
1.72
1.72
1.72
1.72
1.72
1.71
1.71
1.72

76

Table 3-5: PSpice simulation results for PSDG02-04 based on Eq. 3.2
Bifurcation Index
10
9
8
7
6
5
4
3
2
1
Table 3-5

QB
961.70
924.90
889.40
855.40
822.60
791.10
760.80
731.60
703.60
676.70

Qp
38.31
36.84
35.43
34.07
32.77
31.51
30.30
29.14
28.03
26.95

rQ
25.10
25.11
25.10
25.11
25.10
25.11
25.11
25.11
25.10
25.11

Wc
1.72
1.72
1.72
1.72
1.72
1.72
1.72
1.72
1.72
1.72

Table 3-6: PSpice simulation results for PSDG02-05 based on Eq. 3.2
Bifurcation Index
20
19
18
17
16
15
14
13
12
11
10
9
8
7
6
5
4
3
2
1

QB
982.60
965.50
948.80
932.30
916.10
900.20
884.50
869.20
854.10
839.20
824.60
810.30
796.20
782.40
768.80
755.40
742.30
729.40
716.70
704.30

Qp
17.38
17.08
16.78
16.49
16.20
15.92
15.64
15.37
15.10
14.84
14.58
14.33
14.08
13.84
13.60
13.36
13.13
12.90
12.68
12.45

rQ
56.54
56.53
56.54
56.54
56.55
56.55
56.55
56.55
56.56
56.55
56.56
56.55
56.55
56.53
56.53
56.54
56.53
56.54
56.52
56.57

Wc
1.74
1.74
1.74
1.74
1.74
1.74
1.74
1.74
1.74
1.74
1.74
1.74
1.74
1.74
1.74
1.74
1.74
1.74
1.74
1.74
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3.2.2 Analytical Studies

Once the optimal flow resistance ratios were obtained from the electrical circuit
analysis, an analytical study was conducted to determine optimal fluid channel
dimensions, which meet the flow resistance ratio requirement. Eq. 3.3 describes the
analytical solution of flow resistance within a rectangular duct 52
nπb ⎞
⎛
tanh(
)⎟
⎜
3µL ⎜ 192a ∞
2a ⎟
R=
1
−
∑
⎟
π 5 b n =1,3,5,...
n5
4ba 3 ⎜
⎜
⎟
⎝
⎠

−1

[Eq. 3.3]

Where µ is a fluid viscosity, L is a channel length, a is a half width of a channel, and b is
a half depth of a channel. By combining Eq. 3.2 and Eq. 3.3, the actual channel
dimensions can be analytically determined. Figure 3-4 represents the analytically
obtained flow resistance ratio vs. the concentrated blood cell channel (a) and the plasma
channels (b) widths when the main channel width and length of each segment are fixed at
15 µm and 20 µm, respectively. All channels analyzed are assumed to have a depth of 10

µm. As shown in Figure 3-4 (a), a 154 µm-wide concentrated blood cell channel is
required to obtain a resistance 15 times larger than in the main channel. For the plasma
channels, channels widths ranging from 9.6 to 10.4 µm-wide are required to obtain a
resistance 120 to 102 times larger in the plasma channels than that in the main channel as
determined by PSpice simulation (Figure 3-3). However, due to the lithographic
resolution of the mask aligner used to fabricate the device, it is very difficult to control
the variation of the plasma channel width with 0.1 µm resolution. Therefore, all plasma
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channel widths were fixed at 9.6 µm wide to obtain more consistent channel widths
during device fabrication. Thus, the flow rate ratio between the main and plasma
channels varies from 8:1 to 9.2:1. Channel dimensions for all the devices are summarized
in from Table 3-7 to Table 3-11. In all cases, since the flow rate ratios are above 6:1, a
100 % plasma separation is still expected.
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Figure 3-4: Analytical study results; The flow resistance ratios versus channel widths (a)
the concentrated blood cell channel resistance (Rc) / the main channel resistance (Rm)
versus the concentrated blood cell channel width. (b) the plasma channel resistance (Rp) /
the main channel resistance (Rm) versus the plasma channel width.
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Table 3-7: Device dimensions obtained from analytical studies for PSDG02-01
Bifurcation
Index

RB/Rr

RP/Rr

rQ

Main channel
width [µm]

Wc
[µm]

5
4
3
2
1

1.00
1.00
1.00
1.00
15.00

120.00
120.00
120.00
120.00
120.00

9.20
9.00
8.70
8.40
8.00

15.00
15.00
15.00
15.00
154.00

1.47
1.50
1.55
1.60
1.67

Plasma
channel width
[µm]
9.60
9.60
9.60
9.60
9.60

Rr: Fluidic resistance at the reference channel, RB: Fluidic resistance of the main channel, RP: Fluidic
resistance at the plasma channel. In this study, RBi=Rr except RB1.

Table 3-8: Device dimensions obtained from analytical studies for PSDG02-02
Bifurcation
Index
5
4
3
2
1
Table 3-8

RB/Rr

RP/Rr

rQ

Main channel
width [µm]

Wc
[µm]

1.00
1.00
1.00
1.00
24.98

342.20
342.20
342.20
342.20
342.20

15.09
14.79
14.46
14.10
13.70

25.00
25.00
25.00
25.00
193.50

1.55
1.58
1.62
1.66
1.70

Plasma
channel width
[µm]
8.35
8.35
8.35
8.35
8.35

Table 3-9: Device dimensions obtained from analytical studies for PSDG02-03
Bifurcation
Index
10
9
8
7
6
5
4
3
2
1
Table 3-9

RB/Rr

RP/Rr

rQ

Main channel
width [µm]

Wc
[µm]

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
34.96

678.51
678.51
678.51
678.51
678.51
678.51
678.51
678.51
678.51
678.51

22.28
22.04
21.77
21.50
21.20
20.88
20.55
20.19
19.81
19.41

35
35
35
35
35
35
35
35
35
211.50

1.50
1.52
1.54
1.56
1.58
1.60
1.62
1.65
1.68
1.72

Plasma
channel width
[µm]
7.43
7.43
7.43
7.43
7.43
7.43
7.43
7.43
7.43
7.43
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Table 3-10: Device dimensions obtained from analytical studies for PSDG02-04
Bifurcation
Index
10
9
8
7
6
5
4
3
2
1
Table 3-10

RB/Rr

RP/Rr

rQ

Main channel
width [µm]

Wc
[µm]

Plasma
channel width
[µm]

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
44.96

1128.64
1128.64
1128.64
1128.64
1128.64
1128.64
1128.64
1128.64
1128.64
1128.64

28.18
27.90
27.61
27.30
26.98
26.64
26.28
25.91
25.51
25.11

45
45
45
45
45
45
45
45
45
221.50

1.54
1.56
1.57
1.59
1.61
1.63
1.65
1.67
1.70
1.72

6.79
6.79
6.79
6.79
6.79
6.79
6.79
6.79
6.79
6.79

Table 3-11: Device dimensions obtained from analytical studies for PSDG02-05
Bifurcation
Index

RB/Rr

RP/Rr

rQ

Main channel
width [µm]

Wc
[µm]

Plasma
channel width
[µm]

20
19
18
17
16
15
14
13
12
11
10
9
8
7
6
5
4
3
2
1

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
99.81

5643.93
5643.93
5643.93
5643.93
5643.93
5643.93
5643.93
5643.93
5643.93
5643.93
5643.93
5643.93
5643.93
5643.93
5643.93
5643.93
5643.93
5643.93
5643.93
5643.93

63.18
62.88
62.59
62.29
62.00
61.68
61.35
61.03
60.72
60.36
60.01
59.66
59.32
58.93
58.55
58.17
57.79
57.37
56.95
56.53

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
241.00

1.56
1.57
1.57
1.58
1.59
1.60
1.60
1.61
1.62
1.63
1.64
1.65
1.66
1.67
1.68
1.69
1.70
1.71
1.73
1.74

5.05
5.05
5.05
5.05
5.05
5.05
5.05
5.05
5.05
5.05
5.05
5.05
5.05
5.05
5.05
5.05
5.05
5.05
5.05
5.05
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3.2.3 Numerical Studies

After determining the optimal channel geometries based on the analogous
electrical circuit and the analytical studies, the performance of the microfluidic device
was estimated using computational fluid dynamic (CFD) simulation. For this numerical
study, CFDACE+ (CFD Research Corp., AL, USA) was used. In all simulations, the
blood is assumed as a homogeneous Newtonian fluid because blood behaves as a
Newtonian fluid in high shear rate conditions (~1850 s-1, Q (inlet flow rate) =10 µl/h).
The hemolysis of cells were ignored even at the high shear rate condition (~ 1850 s-1)
because the average shear stress (~134 dynes/cm2 for 45 % inlet hematocrit) is lower than
required for hemolysis (>1000 dynes/cm2)61 and the blood exposure time to the device is
short (<1 sec). It is also assumed that the hematocrit level changes gradually as blood
travels through the main channel region due to the increase in hematocrit as the plasma is
separated at each bifurcation region. All viscosity values with respect to hematocrit levels
used in numerical studies were obtained from measurement (RotoVisco 1 viscometer,
Rheology Solutions, Victoria, Australia). Figure 3-5 shows the structural grids used in
the CFD simulation for PSDG02-01. In all cases, 3D simulation was conducted to obtain
precise results. The validation of the design techniques discussed (i.e., analogous
electrical circuit, analytical studies) and the device performance is estimated by
calculating the flow rate at each bifurcation. Figure 3-6 (a) shows the velocity magnitude
contour at the separation region for a 45 % hematocrit level obtained from the CFD
simulation (PSDG02-01). Due to the plasma skimming at each bifurcation, the velocity
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Figure 3-5: (a) Schematic geometry used in CFD simulation (PSDG02-01). All
structures are considered in CFD simulation except the reservoirs. (b)A zoom-in-view of
the blood plasma separation region. The device performance is estimated by calculating
flow rate at each bifurcation.
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gradually decreases as blood flows downstream to meet the conservation of mass law
(Figure 3-6 (b)). Figure 3-7 plots the flow rate ratio at each bifurcation with respect to
hematocrit levels and is compared with the analogous electrical circuit result. For a 45 %
hematocrit, the flow rate ratio at each bifurcation is well matched with the result obtained
from the analogous electrical circuit study. However, as the hematocrit level decreases,
the flow rate ratio increases due to the decrease in fluidic resistance in the main channel
because of the decrease in blood viscosity in the main channel, while maintaining the
same fluidic resistance in the plasma channel. Thus, the flow rate ratio between the main
channel and plasma channels increases as the hematocrit level decreases.
Based upon the results obtained from the numerical simulation, it is clear that a
series of design techniques used in this study, i.e., analogous electrical circuit, analytical
studies, are very useful in designing a complex fluidic circuit.
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Figure 3-6: Numerical simulation results showing (a) the velocity magnitude contour at
the separation region (b) the velocity magnitude obtained at I to V.

86

Figure 3-7: The flow rate ratio at each bifurcation with respect to the microchannel
hematocrit levels.
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3.3 Experimental

In all experiments demonstrating blood plasma separation, three types of particles
were used for flow visualization: 0.85 µm-diameter fluorescent microspheres (Duke
Scientific Corp., CA, USA), defibrinated sheep blood at 36 % hematocrit (Hemostat Labs,
Inc., CA, USA) and bovine blood, which was collected from the jugular vein via a
catheter in a heparinized blood bag. The sheep blood was used within 3 weeks of harvest
and stored at 4 oC. Prior to experiments, the sheep blood was diluted in PBS to a known
hematocrit level (10%, 15%, 20%, 25%, 30%, 35% hematocrit). In demonstration of the
performance of the blood plasma separation device with a mock CPB circuit, Jostra HL20 Heart-lung machine (Maquest, Inc., Bridgewater, NY, USA) was used. The detail
experimental setup for this study is introduced in the following discussion.
After preparing the device, it was mounted on an inverted microscope (Olympus
IX71) using 20X and 40X objectives for visualization as shown in Figure 3-8.
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Figure 3-8: (a) Whole blood was contained in 1 ml syringe and was infused through inlet
of the device by a syringe pump. The behavior of blood flow at the bifurcation region
was monitored by a CCD camera (b) The plasma outlet is connected to an additional
tubing to collect purified plasma but the concentrated blood cell outlet is not connected
because the concentrated blood is not an interest of this research.
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The plasma outlet is connected to an additional tubing to collect purified plasma but the
concentrated blood cell outlet is not connected because the concentrated blood is not an
interest of this research. Then, the particles were infused through the device using a
syringe pump (KDS210, KD Scientific Inc., MA, USA). The particles in the
microchannels were imaged using two different types of CCD cameras. The first was a
conventional NTSC CCD camera, which has a 640x480 pixel resolution and a frame rate
of a 30 frames/sec. The other was a high resolution (1376 x 1040 pixel) CCD Camera
(Cooke SensiCam QE, MI, USA) at a 10 frames/sec and variable shutter time. For blood
plasma separation experiments, the shutter is allowed to remain open for 20 µsec/frame.
After obtaining images, they were analyzed using an image processor program to obtain
the hematocrit change between upstream and downstream of the separation region as well
as the particle motion at the bifurcation.

3.4 Results and Discussion

3.4.1 Bench Top Test

In the first stage of the experiment, 0.85 µm-diameter fluorescent particles were
infused through the whole blood inlet at 10 µl/hr to investigate flow patterns at the
bifurcation regions. It was assumed that 0.85 µm-diameter fluorescent particles were
small enough to follow flow streamlines and would not experience preferential separation
as seen with blood cells. As shown in Figure 3-9, 0.85 µm-diameter fluorescent particles
flow into both the concentrated blood cell outlet and the plasma outlet because they
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follow the flow streamlines. Due to the high particle velocity (~ 18.5 mm/sec), the
particles appear as streak lines at 10 frames/sec. From these studies, the critical
streamline for preferential separation can be visualized at the flow stagnation point. A
particle whose centroid is beyond this critical streamline should flow into the plasma
channels. However, since the critical streamline is designed to occur around 1.67 µm to
1.47 µm from the channel wall, sheep blood cells, which are discoid cells with a 5 µm
diameter and 2 µm thick
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will have centroids at around 2.5 µm from the wall and are

not expected to flow into the plasma channels. In addition, as discussed in chapter 1, the
cell free layers presented near the channel wall (Figure 3-10) helps to avoid cells
incorporation into the plasma channels. Figure 3-10 (a) shows a photograph taken from
upstream of the bifurcation of the device. Due to the presence of the cell free layer, the
bright and thin layers are found near the wall, while blood flows toward the bifurcation
region downstream. Figure 3-10 (b) represents a line profile of average pixel intensity
across the channel. Due to the presence of the cell free layers, two peaks are found within
the channel. The estimated cell free layer width is about 2.5~3.0 µm based on image
processing. Thus, the cell free layer significantly helps in promoting efficient blood
plasma separation since the cells migrate beyond the critical streamline.
In the second stage of the experiment, the blood plasma separation experiment
was conducted at a 10 µl/hr input flow rate using commercially available defibrinated
sheep blood with a 36% initial hematocrit. Figure 3-11 shows an image obtained using a
standard NTSC CCD camera, where the blood cells flow through the device. These
streaklines are seen in the main channel, but not in the plasma channel. This image
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demonstrates that blood cells flow only towards the concentrated blood cell outlet and not
into the plasma channels. To observe individual blood cell dynamics, images were
acquired using a higher resolution (1376 x 1040 pixels) CCD camera with a shorter
shutter speed (20 µsec) at 40X magnification. In Figure 3-11 (b), the individual blood
cells flowing through the device are clearly observed. Again, no cells are observed in the
plasma channels. In addition, severe deformation of red blood cells was not observed
throughout the experiment. During a total of 30 minutes of continuous blood infusion at a
variety of inlet hematocrit levels, only few blood cells flowed into the purified plasma
outlet. Therefore, only plasma was skimmed into the purified plasma outlet. In addition,
no clogging or hemolysis of cells was observed. These results experimentally
demonstrate that the continuous, real time blood plasma separation could be
accomplished by simply controlling the flow rate ratio at each bifurcation.
Once blood plasma separation in the microfluidic device was demonstrated, the
performance of the device was quantified by determining the total plasma separation
volume percent from the total plasma volume and the plasma selectivity. The plasma
selectivity (σ) is defined as

⎛

H

p

σ = ⎜⎜ 1 −
H mu
⎝

⎞
⎟ × 100 %
⎟
⎠

[Eq. 3.4]

where Hp, Hmu are the hematocrit levels in the plasma channel and upstream of
the separation region, respectively. A plasma selectivity of 100 % implies that no cells
travel into the plasma channels. The total plasma separation volume percent out of total
plasma volume (η) is also defined as
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Figure 3-9: A fluorescent photograph (40X magnification, 1376 x 1040 pixels) of the
separation region after infusing 0.85 µm-diameter fluorescent particles at a flow rate of
10 µl/h.
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Figure 3-10: Cell free layer formation in a microfluidic channel. (a) a photograph
showing the cell free layer near the channel wall (b) a line profile of the average pixel
intensity across the channel. CFL: Cell Free Layer.
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Figure 3-11:(a) A photograph (20X magnification, 640x480 pixels) of the blood plasma
separation region after infusing defibrinated sheep blood (36 % Hct) through the whole
blood inlet at a flow rate of 10 µl/h. (b) Another snap shot of same region taken using a
higher resolution (40X magnification, 1376 x 1040 pixels) CCD camera with shorter
shutter open time (20 µsec).
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[Eq. 3.5]

where Hmd is the hematocrit level downstream of the separation region.
The detailed derivation of the Eq. 3.5 can be found in the Appendix A. In order to
determine hematocrit levels at each local position of the device, more than 200 successive
images were taken using the 1376 x 1040 pixel resolution CCD camera at a 10 frames/sec
and a 20 µsec/frame shutter time and were analyzed to determine the hematocrit
distribution upstream and downstream of the separation region. For image processing, a
“hemocytometer” program was prepared using LabVIEW 7.0 (National Instruments
Corporation, TX, USA) as shown in Figure 3-12.

Figure 3-12: A front panel of the hemocytometer prepared by LabVIEW 7.0. In order to
use this program, the user must know volume of RBC (µm3) and volume of region of
interest (µm3).
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The hemocytometer was designed to find particles within a given region of interest (ROI)
(Figure 3-13 (a)) and to count the number of particles (Figure 3-13 (b), (c)). To convert
the number of cells found in a given ROI into a hematocrit level, a red blood cell volume
was experimentally determined by counting the number of red blood cells per unit
volume (Coulter Counter ZM, Hialeah, FL, USA) and measuring the sample hematocrit
level (Autocrit Ultra3 Centrifuge, Clay Adams, Parsippany, NJ, USA). Using an
experimentally determined RBC volume of 48 µm3, which is slightly larger than one
previously reported
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, the hematocrit level within a known ROI volume is determined.

To maintain the same sampling conditions, the same ROI areas were used at both
upstream and downstream positions. Figure 3-14 shows a significant change in the
hematocrit level distributions between the upstream and downstream of the separation
region for an inlet hematocrit of 36 %. The mean hematocrit levels at upstream (Hmu) and
downstream (Hmd) of the separation region are significantly different (p<0.001) between
the upstream (10.69 %) and downstream (13.70 %) positions. Table 3-12 summarizes
statistical distributions of hematocrit obtained from image processing.
Table 3-12: Statistical summary of hematocrit distributions obtained from the image
processing for an inlet hematocrit of 36 %.
Sample
Na
Mean H b [%]
SD c
Upstream
210
10.69123
0.73756
Downstream
210
13.69921
0.71345
a
Number of images analyzed, b, Hematocrit c Standard deviation, d Standard error

SE d
0.0509
0.04923

It should be noted that the measured hematocrit upstream of the separation region (15

µm-wide) is much lower than the infused hematocrit (10.69 % versus 36 %). This is due
to the Fahraeus effect 60 which has documented that when blood of a constant hematocrit
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Figure 3-13: A sequence of image processing used in determination of the total plasma
separation volume %; (a) A representative original image used in image processing (b)
After finishing image processing (c) A overlay image of (a) and (b).
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Figure 3-14: Representative histograms of hematocrit distributions upstream and
downstream of the separation region obtained from the image processing.
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flows from a large feed inlet into a small channel, the average hematocrit in the channel
decreases as the channel diameter decreases.
To investigate the total plasma separation volume percent out of the total plasma
volume as well as the plasma selectivity, the blood (Hin = 10 % - 35 %) was infused into
the device and the images of the separation region was recorded every two minutes for 30
minutes. In each data collection, 210 images were taken for 21 seconds (10 frames/sec),
thus the total number of images analyzed was 3360 for each case. The acquired images
were then analyzed using the “Hemocytometer” image processing program introduced in
the previous discussion. Figure 3-15, Figure 3-16, and Figure 3-17 show the
microchannel hematocrit levels with respect to data collection time. In all cases, the
hematocrit level changes significantly (P<0.05) between upstream (Hmu) and downstream
(Hmd) of the separation region. A higher inlet hematocrit level (Hin) produces a higher
upstream hematocrit level (Hmu). As a result, a higher downstream hematocrit level (Hmd)
is produced. When blood is first introduced into the device, an initial increase in
hematocrit level followed by a gradual decrease was observed in all cases except when
the inlet hematocrit was 25 %. The initial increase of the upstream hematocrit might be
due to the initial mixing of blood with the PBS that initially filled the device. The
subsequent decrease of hematocrit levels may be due to the sedimentation of blood cells
within the tubing since erythrocyte density (1090 kg/m3) is higher than that of blood
plasma (1030 kg/m3)125. However, after approximately 10 minutes, the hematocrit levels
in the device remain fairly constant. The plasma separation volume percent is represented
by the difference between Hmu and Hmd. Thus, a larger upstream hematocrit produces the
larger plasma separation volume percent because the larger the upstream hematocrit level,
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Figure 3-15: Microchannel hematocrit changes with respect to time for 10 % and 15 %
inlet hematocrit levels.
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Figure 3-16: Microchannel hematocrit changes with respect to time for 20 % and 25 %
inlet hematocrit levels.
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Figure 3-17: Microchannel hematocrit changes with respect to time for 30 % and 35 %
inlet hematocrit levels.
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the lower the flow rate ratio between the main and plasma channels is established so that
a higher fluid volume flows into the plasma channels.
Figure 3-18 analyzes the Fahraeus effect observed in the device by plotting the
upstream microchannel hematocrit (Hmu) as a function of the inlet hematocrit (Hin). The
upstream microchannel hematocrit level is linearly dependent on the inlet hematocrit
level. This result is very similar with the one observed in vivo53.
Using the results obtained from Figure 3-15 to Figure 3-18, the plasma
selectivity was calculated and plotted in Figure 3-19. The plasma selectivity with respect
to the blood hematocrit level is almost 100 % regardless of the variation of the hematocrit
levels. This result implies that no cells travel toward the plasma channels for lower inlet
hematocrit levels (Hin<25 %) and only a few cells at higher inlet hematocrit levels
(Hin>30 %).
Figure 3-20 shows a comparison of the experimental and CFD simulation results
of the total plasma separation volume percent with respect to the upstream microchannel
hematocrit level. The total plasma separation volume percent varies from about 15 % to
25 % depending on the hematocrit level. To obtain a larger plasma separation percent,
additional plasma channels may be placed in parallel. The experimental results are well
matched with the CFD predictions. Thus, it is clear that the series of design techniques
used in this study are very useful in designing a complex fluid circuit for particle
separation.
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Figure 3-18: Fahraeus effect in a 15 µm-wide microchannel.
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Figure 3-19: Plasma selectivity with respect to microchannel and inlet hematocrit
levels; The digits shown above each data point represent the inlet hematocrit levels.
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Figure 3-20: A comparison of the experimental and CFD simulation results of the total
plasma separation volume percent with respect to the upstream microchannel
hematocrit level; The digits shown above each data point represent the inlet hematocrit
levels.
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The average flow rate ratios determined from the experiments were also
compared with those obtained from the CFD simulations. Due to the technical difficulties
of an experimental determination of the flow rate ratio at each bifurcation, the average
flow rate ratio of the entire fluidic circuit was analyzed. In determining the experimental
average flow rate ratio from the experimentally obtained total plasma separation volume
percents, all bifurcations were assumed to have the same flow rate ratio. According to the
CFD results, the predicted flow rate ratio at each bifurcation is not expected to deviate
from each other by more than 10%. The experimentally determined average flow rate
ratios are obtained from the total plasma separation volume percents shown in Figure 320. In order to determine the average flow rate ratio, the flow rate ratio is assumed and
the plasma skimming volume is determined at each bifurcation. The final skimmed
volume is compared to Figure 3-20 and the assumed flow rate ratio is adjusted until the
two numbers agree. As shown in Figure 3-21, the experimentally determined average
flow rate ratios compare well with the CFD results. The average flow rate ratio decreases
as the inlet hematocrit level increases because a higher hematocrit level in the main
channel produces a higher viscosity in the main channel which in turn leads to a lower
flow rate in the main channel. The viscosity in the plasma channels, however, is always
constant due to the lack of cells so the average flow rate ratio decreases.
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Figure 3-21: A comparison of the average flow rate ratio between CFD simulation and
experimental results. Digits shown above each column represent the inlet hematocrit
level.
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3.4.2 Integration with a mock CPB circuit

3.4.2.1 Introduction

As a final stage of the research for the continuous, real time blood plasma
separation, the device was integrated with a mock cardiopulmonary bypass (CPB) circuit.
The continuous, real time blood plasma separation is demonstrated using freshly
harvested bovine blood hemodiluted with lactated Ringer’s solution to 26% or 37%
hematocrit levels during extracorporeal circulation.
The challenging part of this experiment is that the pressure head to drive blood
flow through the microfluidic device is not as stable as in the bench top test because a
CPB pump is a peristaltic pump driving a large fluidic circuit with a large amount of
compliance.

3.4.2.2 Experimental

For the integration of the blood plasma separation device with an extracorporeal
circuit, the inlet of the separation device was connected to the arterial port of the
membrane oxygenator as shown in Figure 3-22. The extracorporeal circuit consisted of a
heart-lung machine (Jostra HL-20, Maquet, Inc., Bridgewater, NJ, USA), a low-prime
hollow-fiber membrane oxygenator (Capiox baby-RX, Terumo Corp., Tokyo, Japan), an
arterial filter (Capiox), and 1/4 inch arterial and venous tubing. The extracorporeal circuit
was primed with fresh bovine blood and Lactated Ringer’s solution. Fresh bovine blood
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Figure 3-22: Experimental setup of successful integration of the blood plasma separation
device with a cardiopulmonary bypass (CPB) circuit. The device is mounted onto a
microscope, which is equipped with CCD camera for visualization of the blood flow
inside of the device. Fresh bovine blood hemodiluted to 37% or 26% hematocrit was
introduced to the separation device from the CPB pump by connecting the inlet of the
separation device to the arterial port of the membrane oxygenator. The flow rate of CPB
Pump was 500 ml/min. for this study.
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was collected from the jugular vein via a catheter in a heparinized blood bag and was
hemodiluted to 37% or 26% hematocrit with Lactated Ringer’s solution. In all
experiments, the flow rate of the CPB pump was fixed at 500 ml/min and the blood was
fed into the device from the pressure head generated from the pumphead at an estimated
flow rate of 3 µl/min. The blood cells in the microchannels were imaged using a high
resolution (1376 x 1040 pixel) CCD Camera (Cooke SensiCam QE, MI, USA) at a 10
frames/sec frame rate and with a shorter shutter speed (20 µsec/frame) at 20X
magnification. After obtaining images, they were analyzed using the “Hemocytometer”,
an image processor program (See Figure 3-12) to obtain the hematocrit change between
upstream and downstream of the separation region as well as the particle motion at the
bifurcation.

3.4.2.3 Results and Discussion

Figure 3-23 shows representative photographs of continuous, real time blood
plasma separation within a device coupled to the extracorporeal circuit for 26% inlet
hematocrit (a) and 37% inlet hematocrit (b). During a total of an hour of continuous
blood infusion through a mock CPB machine at 26 % of inlet hematocrit, no cells
traveled into the plasma channels. However, for 37 % inlet hematocrit, a few cells
traveled into the plasma channels, probably due to individual cell bombardments which
push a cell into the side plasma channels. These results are similar to those obtained from
the bench top experiments as discussed in the previous section and experimentally
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Figure 3-23: Successful demonstration of continuous, real time blood plasma separation
during CPB procedure using bovine blood (a) 26% Inlet Hematocrit and (b) 37% Inlet
Hematocrit. In both cases, the flow rate of CPB pump was fixed at 500 ml/min. and
nonpulsatile mode. The dashed boxes represent regions of interest for image processing
(ROIu: Region of Interest upstream of the separation region, ROId: Region of Interest
downstream of the separation region). 126
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demonstrate that continuous, real time blood plasma separation could be accomplished
during cardiac surgery utilizing CPB procedures.
The device performance was determined by calculating the plasma selectivity (σ)
and the total plasma separation volume percent out of total plasma volume (η) previously
defined in Eq. 3.4 and Eq. 3.5. The hematocrit levels at each region of interest (See
Figure 3-23) are obtained using the previously prepared “hemocytometer” program (See
Figure 3-12). Figure 3-24 shows hematocrit histograms obtained from image processing
of 210 consecutive images for (a) 26% inlet hematocrit and (b) 37% inlet hematocrit
levels. First, it should be noted that the measured hematocrit levels (6.6 %, 10.4 %)
upstream of the separation region is much lower than the infused hematocrit (26 %, 37 %,
respectively). This is due to the Fahraeus effect
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and is consistent with the previously

observed hematocrit reduction within the plasma separation device 10. In both cases, there
are statistically significant (p<0.05) shifts in hematocrit levels between upstream and
downstream of the bifurcation region. Plasma selectivity of 100 % and 99.41 % were
obtained for 26 % and 37 % inlet hematocrit levels. The plasma separation volume
percents out of the total infused plasma volume are 18.76 % and 24.5 % for 26 % and
37 % inlet hematocrit levels, respectively. A higher inlet hematocrit level (Hin) produces
a higher upstream hematocrit level (Hmu). As a result, a higher downstream hematocrit
level (Hmd) is produced. Since the plasma separation volume percent is represented by the
difference between Hmu and Hmd as described in Eq. 3.5, a larger upstream hematocrit

114

Figure 3-24: Hematocrit histograms obtained from image processing of 210 images for
(a) 26% inlet hematocrit and (b) 37% inlet hematocrit. In both cases, there is a shift in
hematocrit between upstream (Hmu) and downstream (Hmd) of the bifurcation. Where σ is
the plasma selectivity and η is the plasma separation volume percent out of total plasma
volume.
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produces the larger plasma separation volume percent. The performance of the device
coupled to the mock CPB circuit is similar to that obtained from the bench top test.
However, the plasma selectivity (99.41%) obtained is somewhat lower than the one
(99.98%) obtained from the bench top test due to a higher hematocrit level (37%) than
the case of the bench top test (35%). Therefore, it is clear that the blood plasma
separation device studied here may be used in cardiac surgery with CPB procedures to
collect blood plasma in continuous, real time fashion.

3.5 Conclusions

A microfluidic device for continuous, real time blood plasma separation based on
the Zweifach-Fung effect was successfully designed and experimentally demonstrated
using commercially available sheep blood. By studying the Zweifach-Fung effect in a
simple bifurcating microfluidic channel, it was found that a minimum flow rate ratio of 6
to 1 is required to obtain a 100 % of particle separation.
To design a complex fluidic circuit, the combination of various design techniques,
including an analogous electrical circuit, analytical, and numerical simulations, was
introduced and successfully supported by experimental results.
From the bench top test of the device, the plasma selectivity obtained from
experiments was close to 100 % regardless of the inlet hematocrit levels. The total
plasma separation volume percent out of the total plasma volume varied from 15 % to
25 % depending on the inlet hematocrit levels.

116
The performance of the integrated blood plasma separation device with a mock
CPB machine was successfully demonstrated using bovine blood and showed similar
results obtained from bench top test. Regardless of the inlet hematocrit levels, the plasma
selectivity was almost 100 %. The plasma separation volume percents out of total plasma
volume were 18.76% and 24.5 % for 26% and 37 % inlet hematocrit levels, respectively.
Therefore, it may be concluded that the microfluidic device developed in this
research is a very attractive for on-line monitoring of clinically relevant proteins during
cardiac surgery with CPB procedures and/or an extracorporeal membrane oxygenation
(ECMO).

Chapter 4
Particle Cross Over in Microfluidic Channels: The Principle of Continuous
Biosensing in Microfluidic Channels

4.1 Introduction

As an operating principle of continuous biosensing in microfluidic channels, a
novel concept is proposed, named particle cross over.” This involves a moving
cytometric bead with antigens of interest through different regions within the
microfluidic device where antigen binding, washing and detection may occur without any
sample dilution. When a micron-sized bead approaches a bifurcation, it is possible for the
bead to cross over from one fluid stream into another by controlling flow rate ratio of the
two downstream channels without mixing of the two fluids. For example, a streptavidin
coated bead in buffer media can cross over to the biotinylated fluorescein isothiocyanate
(FITC) solution without mixing two fluids by precisely controlling flow rate ratio to be
1:1 between the two daughter channels. Figure 4-1 shows a schematic diagram of the
particle cross over method. By utilizing this effect, the binding between a biotinylated
FITC molecule and the streptavidin coated bead could be achieved within the
microfluidic channel without any mixing of the two fluids at the 1st bifurcation. In
addition there is no serial dilution effect on the analyte of interest as would be expected
by simply mixing the fluids together through converging channel geometry. At the 2nd
bifurcation, the biotinylated FITC bound streptavidin bead can then cross over to a wash
solution without any contaminating background fluorescence from the FITC dye in
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Figure 4-1: A conceptual drawing of particle cross over mechanism and continuous
measurement of a biotin-streptavidin binding event using the particle cross over
mechanism.
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solution. Finally, the fluorescent intensity of the biotinylated FITC conjugated
streptavidin bead can be measured at a downstream detection window. The fluorescent
intensity is assumed to be proportional to the concentration of biotinylated FITC dye. The
concentration of biotinylated FITC dye can be determined against a calibration curve of
known standards. Since beads are continuously infused into the device, it is expected that
the bead fluorescence intensity will change in response to changes in biotinylated FITC
dye concentration. Thus, the system can dynamically respond to changes in analyte
concentration allowing continuous analyte sensing.

4.2 Design

In order to successfully design the device, it is essential to have well defined
flow structure at each bifurcation region. To avoid bead loss toward the outlets at each
bifurcation, the device was designed to have 8 parallel sub-bifurcations at each
bifurcation similar to the blood plasma separation device discussed in chapter 3. At each
sub-bifurcation, the device was designed to have an 11 to 1 flow rate ratio between the
main channel and daughter channels. As discussed in the previous chapters, it is not
expected that beads enter into low flow rate channels when the flow rate ratios at each
bifurcation are higher than a 6 to 1 due to the Zweifach-Fung effect. In addition, due to
the presence of another flow incoming into the bifurcation, the particle cross over can be
obtained. Figure 4-2 shows a schematic drawing of the design criteria. Digits shown on
each channel represent the relative flow rate ratio at each bifurcation. The design goal is
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to obtain an 11 to 1 flow rate ratio at each sub-bifurcation as well as to obtain a 1 to 1
total flow rate ratio at each bifurcation as described.
By having these flow structures, it is expected that no beads will flow into
parallel channels but fluid can flow into parallel channels to meet a 1 to 1 flow rate ratio
at each bifurcation. In the actual design stage, the design techniques introduced in the
previous chapter were again used to find the optimal channel dimensions.
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Figure 4-2: (a) Schematic of the flow rate ratio criteria at each position of the device (b)
Zoomed-in View of one of the bifurcations.

122
4.2.1 Analogous Electrical Circuit Analysis

The device for demonstrating “particle cross over” mechanism is composed of
four inlets and four outlets to feed appropriate media into the device and to precisely
control the flow rate ratio at each bifurcation as described in Figure 4-2. To obtain
optimal resistance ratio at each position of the device, a PSpice simulation was conducted
as shown in Figure 4-3. Table 4-1 summarizes the simulation results. As seen in
Table 4-1, a total of 1 to 1 flow rate ratio is maintained at each bifurcation as the bead
experiences different environments, i.e., Bead solution Æ Biotin-FITC, Biotin-FITC Æ
Wash01, and Wash01 Æ Wash02. An 11 to 1 flow rate ratio is also maintained at all subbifurcations. Table 4-2 summarizes the optimal resistance values at each bifurcation to
meet the design criteria (see Figure 4-2). The critical stream line width (Wc) was
calculated based on the assumption of a 18 µm main channel width.
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Figure 4-3: A PSpice simulation result; A total of 1 to 1 flow rate ratio is maintained at each bifurcation and A 11 to 1 flow rate
ratio or current ratio is maintained at each sub-bifurcation of each bifurcation.
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Table 4-1: Summary of PSpice simulation results of a device for the demonstration of
“Particle Cross Over” mechanism.
Bifurcation Index
Qm
Qp
rQ
8
1835.00
165.40
11.09
7
1683.00
151.80
11.09
6
1544.00
139.20
11.09
Bead Sol
5
1416.00
127.80
11.08
↓
4
1299.00
117.30
11.07
Biotin-FITC
3
1191.00
107.90
11.04
2
1092.00
99.01
11.03
1
1001.00
90.88
11.01
8
1834.00
166.50
11.02
7
1682.00
152.70
11.02
6
1542.00
139.80
11.03
Biotin-FITC
5
1414.00
128.00
11.05
↓
4
1297.00
117.00
11.09
Wash01
3
1189.00
107.30
11.08
2
1091.00
98.31
11.10
1
1000.00
90.89
11.00
8
1833.00
166.80
10.99
7
1681.00
152.90
10.99
6
1541.00
140.00
11.01
Wash01
5
1412.00
128.30
11.01
↓
4
1295.00
117.60
11.01
Wahs02
3
1187.00
107.80
11.01
2
1088.00
98.84
11.01
1
997.00
90.66
11.00
Qm: Flow Rate [A.U.] at Main Channel, Qp: Flow Rate [A.U.] at Parallel Channel, rQ: Flow Rate Ratio
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Table 4-2: Summary of the optimal flow resistance values at each bifurcation to obtain a
total 1 to 1 flow rate at each bifurcation and a 11 to 1 flow rate ratio at each sub-bifurcation.
Bifurcation Index

Bead Sol → Biotin-FITC

Biotin-FITC → Wash01

Wash01 → Wahs02

8
7
6
5
4
3
2
1
8
7
6
5
4
3
2
1
8
7
6
5
4
3
2
1

Rm/Rr
1
1
1
1
1
1
1
100
1
1
1
1
1
1
1
100
1
1
1
1
1
1
1
100

RP/Rr
1995
2162
2345
2542
2757
2986
3242
3520
1320
1428
1547
1678
1823
1977
2145
2308
658
706
759
816
878
946
1020
1100

Rr: Fluidic resistance at the reference channel, Rm: Fluidic resistance of the main channel, RP: Fluidic
resistance at the parallel channel. In this study, Rmi=Rr except Rm1.
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4.2.2 Analytical Studies

As discussed in the previous chapter, the optimal device dimensions can be
determined by considering the analytical solution for fluid flow resistance with respect to
channel dimensions. Figure 4-4 (a) shows schematic structure of the particle cross over
device. The device is composed of four inlets and four outlets to precisely control the
flow structures. Figure 4-4 (b) shows a zoomed-in-view of the 1st bifurcation of the
device. To meet the flow resistance ratio requirements calculated from the analogous
electrical circuit analyses, each sub-bifurcation channel has to have different channel
widths from 4.8 µm to 9.4 µm at the 1st bifurcation as listed in Table 4-3. In this
calculation, the channel depth throughout the device was fixed at 18 µm. The channel
width at the bifurcation was fixed at 18 µm to have a critical stream line width around 1.5
µm from the side wall.
Unlikely in the case of the blood plasma separation device, the channel width of
each parallel channel is allowed to vary as designed because it is not easy to achieve a
total of 1 to 1 flow rate ratio at each bifurcation by having same channel width within all
of the parallel channels.
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Figure 4-4: (a) Schematic drawing of the particle cross over device (b) Zoomed-in-View of the 1st bifurcation of the device. Each
bifurcation is composed of 8 parallel sub-bifurcations to ensure that no beads enter into parallel channels as well as to extract all
of old fluid (e.g., bead carrier solution) from the device.
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Table 4-3: Summary of analytical study results to obtain a total 1 to 1 flow rate ratio at
each big bifurcation and a 11 to 1 flow rate ratio at each sub-bifurcation.
Main channel
Parallel channel
Wm
Lm
Wp
Lp
8
18.00
20
5.87
7
18.00
20
5.70
6
18.00
20
5.54
Bead Sol
5
18.00
20
5.38
↓
4
18.00
20
5.22
Biotin-FITC
3
18.00
20
5.07
2
18.00
20
4.93
1
23.87
3000
4.78
8
18.00
20
7.54
7
18.00
20
7.32
6
18.00
20
7.11
Biotin-FITC
5
18.00
20
6.89
↓
3000
4
18.00
20
6.68
Wash01
3
18.00
20
6.49
2
18.00
20
6.29
1
20.65
3000
6.13
8
18.00
20
9.41
7
18.00
20
9.16
6
18.00
20
8.90
Wash01
5
18.00
20
8.65
↓
4
18.00
20
8.41
Wahs02
3
18.00
20
8.17
2
18.00
20
7.94
1
23
3000
7.72
Wm: Main Channel Width, Lm: Main Channel Length, Wp: Parallel Channel Width, Lp: Parallel Channel
Length. All unit is µm and the channel depth is a 18 µm throughout the device.
Bifurcation Index
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4.2.3 Numerical Studies

After determining the optimal channel geometries based on the analogous
electrical circuit and the analytical studies, the flow structure at each bifurcation was
estimated by using computational fluid dynamic (CFD) simulations. For this numerical
study, CFDACE+ (CFD Research Corp., AL, USA) was used. Figure 4-5 shows the
structural grid of the 1st bifurcation region of the device used in this study. A 3
dimensional simulation was conducted to obtain more precise results. At each subbifurcation, the flow rate toward downstream of the main and parallel channels are
calculated and compared to obtain the flow rate ratio at each sub-bifurcation. Figure 4-6
(a) shows a velocity magnitude contour at the 1st bifurcation region. Due to the fluid
extraction at each sub-bifurcation (parallel channels), there is a reduction in the velocity
magnitude as the fluid flows downstream to conserve the fluid volume. Figure 4-6 (b)
shows the velocity distribution across the main channel. Again, due to the fluid extraction
toward the parallel channels, the fluid velocity at the main channel is decreased to satisfy
the conservation of mass. All figures from Figure 4-7 to Figure 4-9 show flow rate ratio
comparisons between the computational fluid dynamic (CFD) simulations and the
analogous electrical circuit analyses (ECA) results at each bifurcation. As expected, a 11
to 1 flow rate ratio is maintained at all bifurcations and the CFD results are well matched
with the ECA results. Therefore, the analogous electrical circuit analysis very efficient
and precise way in designing of complex microfluidic circuit. Table 4-4 summarizes
flow rate ratios and critical streamline width obtained from CFD simulations.
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Figure 4-5: A grid structure of the 1st bifurcation region of the particle cross over device. At each sub-bifurcation, the flow rate
downstream of the main and parallel channels are calculated and compared to obtain the flow rate ratio at each sub-bifurcation.
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Figure 4-6: (a) Velocity magnitude contour at the 1st bifurcation (b) Velocity distributions across the main channel at the 1st
bifurcation. All simulations assumed steady state condition.
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Figure 4-7: Flow rate ratio comparison between the computational fluid dynamic
(CFD) simulation and analogous electrical circuit analysis (ECA) results at the 1st
bifurcation.
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Figure 4-8: Flow rate ratio comparison between the computational fluid dynamic
(CFD) simulation and analogous electrical circuit analysis (ECA) results at the 2nd
bifurcation.
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Figure 4-9: Flow rate ratio comparison between the computational fluid dynamic
(CFD) simulation and analogous electrical circuit analysis (ECA) results at the 3rd
bifurcation.
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Table 4-4: Summary of the CFD simulation results of the particle cross over device.
Bifurcation Index

rQ
8
11.19
7
11.20
6
11.23
5
11.23
Bead Sol → Biotin-FITC
4
11.25
3
11.23
2
11.25
1
11.26
8
11.00
7
11.02
6
11.05
5
11.10
Biotin-FITC → Wash01
4
11.16
3
11.20
2
11.24
1
11.17
8
10.66
7
10.69
6
10.73
5
10.76
Wash01 → Wash02
4
10.78
3
10.81
2
10.83
1
10.84
rQ: Flow rate ratio, Wc : Critical Stream line width from the main channel wall [µm]

Wc
1.48
1.48
1.47
1.47
1.47
1.47
1.47
1.47
1.50
1.50
1.49
1.49
1.48
1.48
1.47
1.48
1.54
1.54
1.53
1.53
1.53
1.52
1.52
1.52
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4.3 Experimental

For the demonstration of the particle cross over device, commercially available 8
µm-diameter streptavidin coated beads (Bangs Laboratories, Inc., IN, USA) and
biotinylated-FITC (Fluorescein Isothiocyanate) dye (Invitrogen, CA, USA) were used.
The streptavidin coated beads were also imaged using the high resolution CCD camera
(1376 x 1040 pixels) with two different shutter open conditions. For capturing bead
motion, the shutter was allowed to remain open for 20 µsec/frame. For investigating the
flow patterns, a 100 msec/frame was maintained to obtain a fluorescent image of the flow
pattern. After obtaining each image, they were overlayed to obtain a final image, which
shows both the fluorescent flow pattern and the bead motion within the microchannels.
The fluorescent intensity at the detection window was analyzed using a novel image
processor program named “µIA (micro-Immunoassay) Intensity Analyzer.” prepared by
LabVIEW 7.0 (National Instruments Inc., Austin, TX, USA) as shown in Figure 4-10.
To extract pure pixel intensities of each bead, a series of background images were taken
and processed to obtain the maximum background pixel intensities of each pixel. Once
the maximum background pixel intensities were obtained, then each pixel intensity of the
bead was subtracted from the maximum background pixel intensities obtained to acquire
the pure pixel intensities of the bead. The pixel intensities of each bead were statistically
assumed to have a Gaussian distribution. The mean and standard deviation of the bead
pixel intensities were obtained by conducting Gaussian fitting of the raw distribution.
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Figure 4-10: A Front panel of the µIA Intensity Analyzer prepared by LabVIEW 7.0.
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4.4 Results and Discussion

Figure 4-11 to Figure 4-13 show micrographs of the streptavidin coated bead motion at
each bifurcation region. The flow rate at all inlets was fixed at a 10 µl/hr. At the 1st
bifurcation (Figure 4-11), the streptavidin coated bead is shown approaching the
bifurcation region (1st-1). The well developed flow pattern of the biotinylated FITC
solution and the streptavidin coated bead carrier solution is shown. No significant
diffusion between the two fluids at the carrier-dye interface is seen. Due to the precisely
defined flow rate ratio (11 to 1) at each sub-bifurcation, the streptavidin coated bead
crosses over into the biotinylated FITC solution without flowing into the parallel
channels (outlet). Once the streptavidin coated bead enters into the biotinylated FITC
solution, the binding between the biotinylated FITC dye molecule and streptavidin coated
on the bead surface occurs. It is assumed that the biotin-streptavidin binding event is
proportional to the concentration of the biotinylated FITC dye. The bead residence time
in the microfluidic channel is about 0.464 sec. The longer the residence time in the dye
solution, the larger the amount of biotin-streptavidin binding so will have a higher
fluorescent intensity within the detection window. Also, the measured bead fluorescence
intensity is assumed to be proportional to the concentration of the biotinylated FITC
concentration at the detection window. At 2nd bifurcation (Figure 4-12), the biotinylated
FITC conjugated streptavidin coated bead crosses over into the first washing solution I
(PBS, Phosphate Buffered Saline, for this study). Again, the flow pattern between the
biotinylated FITC dye solution and washing solution is well developed and a clear
boundary between the two fluids is seen without significant mixing. By passing the
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bifurcation region, the biotinylated FITC conjugated streptavidin bead enters into the
washing solution I (2nd-2 and 2nd-3) without mixing between the biotinylated FITC and
washing solutions. Thus, the minimal background fluorescent intensity (noise) is
expected and a maximum signal to noise ratio on the measured bead fluorescence can be
achieved. At the 3rd bifurcation (Figure 4-13), the biotinylated FITC conjugated
streptavidin coated bead is approaching toward the bifurcation, where the particle cross
over occurs. Here, the bead crosses over from the washing solution I (PBS) into the
washing solution II, which is also PBS. As shown in the figure, no background
fluorescence is observed in the washing solution I or II, which implies that the particle
crossed over at the 2nd bifurcation without mixing of the two fluids, i.e., from the
biotinylated FITC solution into washing solution I (PBS). Actually, the 3rd bifurcation is
redundant structure for the demonstration of the particle cross over using the biotinylated
FITC dye and streptavidin beads because the appropriate fluorescence can be detected
after binding event between them. However, this is necessary for the case, where a
secondary binding is required such as most protein systems. Thus the 3rd bifurcation is
intentionally included in the device.
Also, throughout the study, no beads entered the parallel channels (outlets),
implying the 11 to 1 flow rate ratio at each sub-bifurcation secures all beads within the
main channel. Therefore, the particle cross over mechanism is very promising technique
for continuous sensing of clinically relevant proteins because the bead can enter into
“fresh” fluid without any mixing with the “old” fluid to experience different local fluid
environments for either a binding event or a washing step in a continuous fashion.
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Once the bead motion and the flow pattern at each bifurcation were studied, the
stability of the device was evaluated by measuring the fluorescent intensity of the bead at
the detection window. In this study, the concentration of the biotinylated FITC solution
was fixed at 1 µg/ml and the flow rate of all inlets were also fixed at 10 µl/hr. Figure 414 shows a series of fluorescent images of the bead motion at the detection window. The
dashed box guides the region of interest for the measurement of the fluorescent intensity
of the bead. Due to dynamic binding and washing processes in the upstream portions of
the device without mixing of reagent solution (Biotinylated FITC) and washing solutions
(PBS), the biotinylated FITC conjugated streptavidin bead generates a bright fluorescent
signal with a noise free background. Figure 4-15 shows a histogram of the average bead
pixel fluorescence intensities obtained from the analysis of 339 beads at the detection
window and its Gaussian distribution for a dye concentration of 1 µg/ml. The mean and
standard deviation of the bead pixel intensities are 43.52 and 19.39, respectively, and the
distribution of the bead pixel intensities fits with a Gaussian distribution.
For a biotinylated FITC concentration lower than 1µg/ml, the fluorescence
intensity of the beads was hardly detected at the detection window. The reason for this
poor detection of the binding event at lower dye concentrations (biotinylated FITC) is
due to the short bead residence time for the biotinylated FITC-streptavidin binding event.
Since the flow rate at all inlets were fixed at 10 µl/hr, the residence time of the beads
within the dye solution, where the binding event occurs, is less than a second. Thus, the
biotinylated FITC and streptavidin coated beads are unlikely to have sufficient time to
bind with each other to generate maximum signal intensity.
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In order to have longer residence time of the beads within the biotinylated FITC
solution, it is necessary to either lower the flow rate within the main channel or designing
a longer main channel.
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Figure 4-11

Figure 4-11: Photographs showing “Particle Cross Over” from the bead carrier solution to the Biotinylated FITC solution. A
streptavidin coated bead is crossing over from the bead solution to biotinylated FITC solution without any mixing of two fluids.
Since the flow rate ratio at each sub-bifurcation is maintained at the 11 to 1, no beads found into the parallel channels, while the
bead carrier fluid entered into parallel outlet channels. Once the bead enters the biotinylated FITC solution, the binding event
between biotinylated FITC and streptavidin occurs.
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Figure 4-12

Figure 4-12: Photographs showing “Particle Cross Over” from the biotinylated FITC solution to the washing solution I. A
biotinylated FITC conjugated streptavidin coated bead is crossing over from biotinylated FITC solution to the washing solution
without any mixing of two fluids.

144
Figure 4-13

Figure 4-13: Photographs showing “Particle Cross Over” from the washing solution I to the washing solution II. A biotinylated
FITC conjugated streptavidin coated bead is crossing over from the washing solution I to the washing solution II without the loss
of beads into the parallel channels.
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Figure 4-14: Biotinylated FITC conjugated Streptavidin bead motion at the detection window. Due to dynamic binding and
washing within the upstream portions of the device without any mixing of the reagent solution (Biotinylated FITC) and wash
solution (PBS), the bead is generating fluorescence. The fluorescent intensity of the bead is assumed to be proportional to the
concentration of the Biotinylated FITC in solution. The dashed box represents a region of interest for the fluorescence intensity
measurement.

Figure 4-15

Figure 4-15: A representative histogram of the average bead pixel fluorescence intensities
obtained from the analysis of 339 beads at the detection window.
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4.5 Conclusions

The “particle cross over” mechanism from one fluid stream to another was
successfully demonstrated using commercially available biotinylated FITC dye and
streptavidin coated 8 µm-size beads. The streptavidin coated bead crossed over from one
fluid (e.g., bead carrier fluid) into another (e.g., biotinylated FITC solution) without
significant mixing of two fluid streams. The fluorescent intensities of the streptavidin
beads after biotin-streptavidin binding have shown Gaussian distribution. For 1 µg/ml of
biotinylated FITC, the mean and standard deviation of the bead pixel intensities are 43.52
and 19.39, respectively.
It is clear that the particle cross over mechanism introduced in this study is a very
useful mechanism when applied to the continuous sensing of biomarkers within
microfluidic channels.
However, a calibration curve of beads with respect to dye concentration of
biotinylated FITC dye could not be obtained due to the short residence time (<1 sec) of
the beads within the microfluidic channel, where the binding between biotinylated FITC
dye and streptavidin coated beads occurs leading to a lower signal intensity.
Therefore, to increase the bead residence time within the biotinylated FITC solution, the
device was redesigned to maintain a lower flow rate within the main channel and to have
the longer main channel.

Chapter 5
A microfluidic device for continuous biosensing

5.1 Introduction

In the previous discussion, the continuous binding event between biotinylated
FITC and streptavidin coated bead was demonstrated using the mechanism, named
“particle cross over.” It was clearly demonstrated that the streptavidin coated 8 µmdiameter bead can cross over from one fluid to another without mixing of two fluids. In
addition, throughout the experiment, no bead entered into the outlets, where all the fluids
are removed from the device. However, due to the lack of the residence time (< 1sec) of
the streptavidin coated beads in the biotinylated FITC solution, where the binding event
between biotinylated FITC molecule and streptavidin coated beads occurs, the beads
generated a significant fluorescence signal only for at the biotinylated FITC
concentration of 1 µg/ml. To address this detection limit issue, the device was redesigned
so that the beads can have a longer residence time within the biotinylated FITC solution.

5.2 Design

In order to increase the bead residence time within the analyte (biotinylated FITC)
solution, two modifications have applied to the original design. First, the main channel
lengths right after each bifurcation were increased and given a serpentine geometry to
obtain a longer bead residence time within the analyte solution as shown in Figure 5-1.
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The main channel width is also increased to decrease a flow rate within the main channel
so that the bead velocity within this channel is decreased, yielding a longer resident time.
Second, the fluid dividers (BP) at each inlet were placed to remove most inflows so that
only a small portion of fluid flows into the actual device. By doing this the actual flow
rate within the main channels are much lower than those infused into the inlets. This
allows a lower device flow rate than can be accomplished reproducibly with a syringe
pump. Thus, the bead can travel within the analyte solution for a longer time. For the
streptavidin bead solution inlet, all beads can be infused into the device without losing
them by having multiple bifurcations (BB). This also has the added benefit of
concentrating the beads within the bead solution to increase bead sampling rate. At this
bifurcation, the Zweifach-Fung effect is applied to successfully transport beads toward
the 1st bifurcation. The design goal was to obtain a maximum bead residence time of 10
min. within the analyte solution so that the streptavidin coated 8 µm-sized beads can have
sufficient time to bind with analytes (biotinylated FITC molecule). The minimum target
flow rate within the main channels (serpentine) is 1 µl/hr at a 20 µl/hr of inlet flow rate.
Thus, all fluid flow dividers are designed to divide a 20 µl/hr infusion flow rate into a 1
µl/hr device flow rate and a 19 µl/hr waste flow rate as shown in the figure. Thus the
bead resident time within the main channel, where the binding events occurs, is estimated
to be a 10 min. for a 1 µl/hr of actual flow rate at this channel. Also, each bifurcation is
maintained to have a total of 1 to 1 flow rate ratio and the each sub-bifurcation is
maintained to have a 11 to 1 flow rate ratio like the previous design.
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Figure 5-1: Schematic of the flow rate ratio criteria for the 2nd generation of the microfluidic device for continuous
immunosensing of clinically relevant proteins.
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5.2.1 Analogous Electrical Circuit Analysis

As shown in Figure 5-1, the device is composed of four inlets and 8 outlets. The
device also has three large bifurcation regions to allow the “particle cross over” from one
fluid to another. Each big bifurcation is also composed of 8 sub-bifurcations. At each
bifurcation region, where the particle cross over occurs, the device is designed to have a
total of 1 to 1 flow rate to remove fluid coming from the upstream of the bifurcation.
Also, at each sub-bifurcation, the device is designed to have a 11 to 1 of flow rate ratio to
ensure that no beads enter the side channels. At the bifurcation of the bead inlet (BB), a
17 channel sub-bifurcation is placed and a 5.2 to 1 of flow rate ratio is maintained at each
sub-bifurcation to remove a 19/20 of the bead carrier fluid to allow a lower flow rate
through the device. According to the experimental result discussed in Figure 2-7 (the
Zweifach-Fung effect), for a 5.2 to 1 of flow rate ratio of two daughter channels, more
than 98 % of input beads can pass through this bifurcation without flowing into the side
channels, while a 19/20 of the bead carrier fluid is removed from the device to obtain a
final 1 µl/hr of actual flow rate within the main channel for a 20 µl/hr of the inlet flow
rate. Thus the bead solution can be concentrated 20 times by simply applying the
Zweifach-Fung effect at the bifurcation BB. Figure 5-2 shows the PSpice simulation
result and Table 5-1 summarizes the results. As shown in Table 5-1, a 5.2 to 1 of flow
rate ratio is maintained at the sub-bifurcation of the bead inlet (BB) throughout all 17
sub-bifurcations. Also, at each sub- bifurcation, a 11 to 1 of flow rate ratio is maintained.
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Thus, it is clear that the fluidic resistance values obtained from the PSpice simulation is
the optimal fluidic resistance values to achieve the planned flow structure.
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Figure 5-2: An analogous electrical circuit simulation result of the microfluidic device for continuous immunosensing of clinically
relevant proteins.
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Table 5-1: Summary of PSpice simulation results of the 2nd generation device
Bifurcation
Qm
Qp
Index
17
16.78
3.22
16
14.07
2.70
15
11.81
2.27
14
9.90
1.90
13
8.31
1.60
12
6.97
1.34
11
5.85
1.12
Bead Sol inlet
10
4.90
0.94
↓
9
4.11
0.79
Bead Sol.
8
3.45
0.66
7
2.89
0.56
6
2.43
0.47
5
2.03
0.39
4
1.71
0.33
3
1.43
0.28
2
1.20
0.23
1
1.01
0.19
8
1.84
0.17
7
1.68
0.15
6
1.54
0.14
Bead Sol.
5
1.41
0.13
↓
4
1.30
0.12
Biotin-FITC
3
1.19
0.11
2
1.09
0.10
1
1.00
0.09
8
1.83
0.17
7
1.68
0.15
6
1.54
0.14
Biotin-FITC
5
1.41
0.13
↓
4
1.29
0.12
Wash01
3
1.19
0.11
2
1.09
0.10
1
1.00
0.09
8
1.83
0.17
7
1.68
0.15
6
1.54
0.14
Wash01
5
1.41
0.13
↓
4
1.29
0.12
Wash02
3
1.19
0.11
2
1.09
0.10
1
1.00
0.09
Qm: Flow Rate at Main Channel, Qp: Flow Rate at Parallel Channel, rQ: Flow Rate Ratio
Position

rQ
5.21
5.20
5.21
5.20
5.20
5.20
5.20
5.20
5.20
5.20
5.20
5.20
5.20
5.19
5.19
5.19
5.18
11.01
11.01
11.01
11.01
11.01
11.01
11.01
11.02
11.00
11.01
11.01
11.01
11.00
11.00
11.00
11.01
11.00
11.00
11.00
11.00
11.00
11.00
11.00
11.01
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5.2.2 Analytical Studies

As a second stage of the device design, the actual device dimensions were
determined based on the fluidic resistance values obtained in the previous section. The
entire channel depth was assumed to be 20 µm and the main channel width at the each
bifurcation region was fixed at 18 µm. Thus the critical stream line width at the each
bifurcation region was about 1.5 µm. Figure 5-3 to Figure 5-9 show the detailed device
structure of the microfluidic device for continuous immunosensing of clinically relevant
proteins. The device is composed of four inlets and eight outlets to obtain optimal flow
structures at each position of the device. Bypass channels are placed to construct flow
dividers to obtain a 19 to 1 flow rate ratio so that only one twentieth of an inlet fluid is
actually infused into the device. By having these bypass structures, the bead resident time
within the biotinylated FITC solution could be increased 20 times than that of the system
without the bypass channels by lowering the actual flow rate of the fluid in the main
channels.
The bead solution bypass region is composed of 17 sub-bifurcations (Figure 5-5).
A total of 1 to 1 flow rate ratio is maintained between the bypass channels and the
concentrated streptavidin bead inflow channel. At each sub-bifurcation, a 5.2 to 1 flow
rate ratio is maintained. This flow rate ratio is a slightly lower value than the one required
to obtain a 100 % of particle recovery efficiency. As discussed in the demonstration of
the Zweifach-Fung effect in the microfluidic channels, the minimum flow rate ratio to
obtain a 100 % of particle recovery or separation is 6 to 1 at each bifurcation. However,
more than 98 % particle recovery efficiency is expected.
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Figure 5-3: Schematic drawing of the microfluidic device for continuous immunosensing
of clinically relevant proteins. The device is composed of four inlets and eight outlets to
maintain a total of 1 to 1 flow rate ratio at each big bifurcation and a 11 to 1 flow rate
ratio at each sub-bifurcation.
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Figure 5-4: A zoomed-in-view of the particle cross over region of the device. (BB) Bead
Bypass, (1st) 1st bifurcation, (2nd) 2nd bifurcation (3rd) 3rd bifurcation (ST) Serpentine
channel, (DW) detection window.

158

Figure 5-5: A zoomed-in-view of the Bead solution Bypass region. A total of 19 to 1 flow
rate ratio is maintained to infuse one twentieth of inlet bead solution flow. At each subbifurcation a 5.2 to 1 flow rate ratio is maintained to ensure that no beads enter bypasses.
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At each bifurcation region (1st, 2nd, and 3rd), a total of a 1 to 1 flow rate ratio is
maintained. At each sub-bifurcation, a 11 to 1 flow rate ratio is also maintained (See
Figure 5-6 to Figure 5-8). As discussed in the demonstration of the Zweifach-Fung effect
in the microfluidic channels, the minimum flow rate ratio to obtain a 100 % particle
recovery is 6 to 1 at each bifurcation. Thus no beads are expected to enter the parallel
side channels, while all fluids coming from the upstream of the main channel are
removed from the device to obtain the particle cross over. The side channel widths were
determined by using analytical solution of fluidic resistance for a rectangular duct.
The detection window is designed to maximize the bead residence time within the
detection window. It is 200 µm-wide and 145.40 µm-long. By flowing through the
expansion the bead velocity will decrease to allow a longer camera shutter speed to
maximize signal intensity. For instance, for a 1 µl/hr flow rate within the detection
window, the bead is expecting to move within the detection window at a velocity of
69.44 µm/sec. Thus, a bead will travel within the detection window for two seconds.
Table 5-2 summarizes analytical study results.
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Figure 5-6: A zoomed-in-view of the 1st bifurcation. At this bifurcation, the streptavidin
coated 8 µm-size bead crosses over from the bead carrier solution to the biotinylated
FITC solution. Once the bead travels into the biotinylated FITC solution, the binding
event between the biotinylated FITC molecule and the streptavidin bead occurs.
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Figure 5-7: A zoomed-in-view of the 2nd bifurcation. At this bifurcation, biotinylated
FITC conjugated streptavidin bead cross over from the biotinylated FITC solution to the
Wash solution I so that the bead travels into the wash solution I without having
background fluorescence intensity, i.e., the biotinylated FITC solution.
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Figure 5-8: A zoomed-in-view of the 3rd bifurcation. For the demonstration of the biotinstreptavidin binding event, this bifurcation is not necessary but this additional bifurcation
is required for more complicated systems which require a secondary binding event such
as for cytokines, complements.
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Figure 5-9: A zoomed-in-view of the detection window. By widening the channel width
within the detection window, the bead velocity is decreased so the bead can be captured
by a CCD camera more easily.
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Table 5-2: Summary of the analytical study results to obtain a total of 1 to 1 flow rate
ratio at each big bifurcation and a 11 to 1 flow rate ratio at each sub-bifurcation.
Bifurcation
Wm
Lm
Wp
Lp
Index
17
18
40
33.47
16
18
40
31.18
15
18
40
28.99
14
18
40
26.92
13
18
40
24.98
12
18
40
23.18
11
18
40
21.50
Bead Sol inlet
10
18
40
19.95
↓
10000
9
18
40
18.53
Concentrated
8
18
40
17.22
Bead Sol.
7
18
40
16.01
6
18
40
14.90
5
18
40
13.89
4
18
40
12.95
3
18
40
12.09
2
18
40
11.29
1
50
222.08
10.55
8
18
40
7.55
7
18
40
7.35
6
18
40
7.15
Concentrated
Bead Sol.
5
18
40
6.95
5000
↓
4
18
40
6.76
Biotin-FITC
3
18
40
6.57
2
18
40
6.39
1
200
39700
6.20
8
18
40
10.84
7
18
40
10.57
6
18
40
10.30
Biotin-FITC
5
18
40
10.03
↓
5000
4
18
40
9.76
Wash01
3
18
40
9.50
2
18
40
9.25
1
200
39700
8.99
8
18
40
12.35
7
18
40
12.10
6
18
40
11.85
Wash01
5
18
40
11.60
↓
5000
4
18
40
11.36
Wash02
3
18
40
11.10
2
18
40
10.85
1
50
8752
10.60
Wm: Main Channel Width, Lm: Main Channel Length, Wp: Parallel Channel Width, Lm: Parallel Channel
Length. All unit is µm. All channel depth is asuumed to be 20 µm.
Position
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5.2.3 Numerical Studies

As a final stage of the device design, a numerical simulation was conducted to
evaluate the flow rate ratios at each bifurcation region of the device as well as the flow
patterns. Figure 5-10 shows the device structure used in this study. All inlets and outlets
were ignored to minimize computing loads. A 3 dimensional simulation was conducted to
obtain precise results. The flow rate of all inlets was fixed at 20 µl/hr. Thus, the actual
flow rate within each serpentine channel is expected to be 1 µl/hr because of 19 to 1 flow
rate ratio is maintained at the bypass of each inlet channel.
Figure 5-11 shows one of the representative simulation results showing the
velocity magnitude distribution at the 1st bifurcation. Due to the skimming of the bead
carrier fluid from the main channel to the bead carrier solution outlet, the velocity
magnitude is decreasing as fluid flows downstream to meet the conservation of mass law.
All figures from Figure 5-12 to Figure 5-15 show the flow rate ratio comparisons
between the numerical simulation results (CFD) and the analogous electrical circuit
analyses results (ECA) at each bifurcation. At the bead bypass (BB) bifurcation, both
numerical and electrical analyses results show similar flow rate ratios at each subbifurcation. The average flow rate ratios obtained are 5.2, 5.08 for ECA and CFD,
respectively. Thus, the CFD result only deviates a 2.3 % from the ECA result. At the 1st
bifurcation, the average flow rate ratios obtained are 11.01, 10.82 for ECA and CFD,
respectively. Thus, the deviation of the CFD result from the ECA result is only about
1.6 %. The maximum deviation of the CFD result from the ECA result occurred at the
2nd bifurcation. The deviation was about 6 % from the ECA result. Thus, it is clear that a
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series of design techniques used in this research is very efficient and precise in design of
a complex fluidic network because the conventional electrical circuit theory can be
directly applied to fluidic network to find appropriate fluidic resistances. Table 5-3
summarizes the calculated critical stream line widths from the flow rate ratio at each
bifurcation. At the bead solution bypass (BB) bifurcation, the critical stream line width
varies from 3.00 µm to 2.94 µm. Since the bead radius is about 4 µm, it is expected that
no beads will enter into the bead solution bypass. At the particle cross over bifurcations,
i.e., 1st, 2nd, and 3rd bifurcations, the critical stream line width varies from 1.52 µm to
1.61 µm. Thus, it is also obvious that no beads are expected to enter parallel side
channels. At each bifurcation region, CFD simulation predicts the flow rate ratios a
maintained slightly lower than 11 to 1 so that the total flow rate ratio at each bifurcation
is not exactly a 1 to 1.
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Figure 5-10: The device structure used in the numerical simulation.
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Figure 5-11: A numerical simulation result showing the velocity magnitude at the 1st
bifurcation. Due to the skimming of the bead carrier fluid from the main channel to the
bypass channels, the velocity magnitude is decreasing as fluid flows downstream to meet
the conservation of the mass.
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Figure 5-12: Flow rate ratios comparison between the ECA and CFD results for the bead
bypass (BB) bifurcation.
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Figure 5-13: Flow rate ratios comparison between the ECA and CFD results for the 1st
bifurcation.
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Figure 5-14: Flow rate ratios comparison between the ECA and CFD results for the 2nd
bifurcation.
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Figure 5-15: Flow rate ratios comparison between the ECA and CFD results for the 3rd
bifurcation
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Table 5-3: Summary of the critical stream line widths recalculated from the flow rate
ratio at each bifurcation
Bifurcation
rQ
Index
17
5.01
16
5.03
15
5.04
14
5.06
13
5.07
12
5.08
11
5.10
Bead Sol inlet
10
5.10
↓
9
5.11
Concentrated
8
5.12
Bead Sol.
7
5.12
6
5.12
5
5.11
4
5.10
3
5.09
2
5.08
1
5.06
8
10.84
7
10.84
6
10.84
Concentrated
Bead Sol.
5
10.83
↓
4
10.83
Biotin-FITC
3
10.82
2
10.81
1
10.75
8
10.44
7
10.42
6
10.40
Biotin-FITC
5
10.38
↓
4
10.35
Wash01
3
10.31
2
10.27
1
10.18
8
10.52
7
10.55
6
10.58
Wash01
5
10.61
↓
4
10.63
Wahs02
3
10.65
2
10.68
1
10.72
rQ: Flow rate ratio, Wc : Critical Stream line width from the main channel wall [µm]
Position

Wc
3.00
2.99
2.98
2.97
2.97
2.96
2.95
2.95
2.95
2.94
2.94
2.94
2.95
2.95
2.96
2.96
2.97
1.52
1.52
1.52
1.52
1.52
1.52
1.52
1.53
1.57
1.58
1.58
1.58
1.59
1.59
1.60
1.61
1.56
1.56
1.55
1.55
1.55
1.55
1.54
1.54
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5.3 Experimental

All experimental procedures for this study were exactly the same as the one
discussed in Chapter 4 and are not repeated here. The only difference is that the
biotinylated FITC solution is now varied to produce a calibration curve of bead
fluorescence intensity versus biotinylated FITC dye concentration. Throughout the
experiments, concentrations of 200 ng/ml, 100 ng/ml, 75 ng/ml, 50 ng/ml, and 25 ng/ml
biotinylated FITC solutions were used. All solutions were prepared from concentrated
stock right before conducting experiments. Throughout the experiments, all the bypass
fluidic circuits were not used intentionally to minimize the consumption of expensive
analytes, although the device is designed to achieve a maximum of 10 min. of the bead
residence time for a 20 µl/hr inlet flow rate. Instead, the flow rate at each inlet was fixed
at 25 µl/hr throughout the experiments so that the actual flow rate within the main
channel where the binding events occurs is also 25 µl/hr.

5.4 Results and Discussions

After co-infusing all fluids including the bead solution, the biotinylated FITC
solution and wash solutions, the each bifurcation was observed using a combination of
fluorescent and bright field images were captured by a microscope and recorded using a
CCD camera. By overlaying the images obtained from the bright field and the fluorescent
images at each bifurcation region, both the flow pattern of the biotinylated FITC solution
and the position of the micro channel and the bead motion were obtained. As shown in
Figure 5-16 (1st), due to the fluorescence generated from the biotinylated FITC solution
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Figure 5-16: Photographs showing “Particle Cross Over” of a streptavidin coated 8 µm-size bead (1st) from the bead carrier
solution to the Biotinylated FITC solution (2nd) from the Biotinylated FITC solution to the wash solution I.
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(200 ng/ml) and no fluorescence generated from the bead carrier solution (water), the two
fluids are easily distinguished. Since, the total flow rate ratio between the two solutions at
the 1st bifurcation is supposed to be maintained at 1 to 1, all of biotinylated FITC solution
is flowing into the downstream microfluidic channel. Also, all of bead carrier solution is
flowing into the bead carrier solution outlet. Thus, it is clear that a total of 1 to 1 flow rate
ratio is maintained at the 1st bifurcation as designed. In the microfluidic environment,
since the mass transport is dominated by diffusion, the clear boundary between the two
fluids is observed and the minimal background fluorescence is expected in the washing
solution due to the minimal mixing of two fluids.
Figure 5-16 (1st) also shows a streptavidin coated bead approaching toward the 1st
bifurcation (1st-1), crossing over from the bead carrier solution (1st-2), and binding with
the biotinylated FITC molecule within the biotinylated FITC solution. Due to the
precisely defined a 11 to 1 flow rate ratio at each sub-bifurcation, the bead can cross over
from the bead carrier solution to the biotinylated FITC solution without getting into the
bead carrier solution outlet.
Since the binding event between biotinylated FITC molecule and streptavidin
coated bead occurs within the serpentine channel (SP) right after passing the 1st
bifurcation, the residence time of the bead within the biotinylated FITC solution will
primarily determine the fluorescent intensity of the bead at the detection window. At an
input flow rate of 25 µl/hr without using fluidic bypass circuits, a bead traverses the
serpentine channel in 24 sec. Thus, there is about a 50 fold increase in the bead residence
time within the biotinylated FITC solution compared with the (0.464 sec) 1st generation
device introduced in the previous chapter.

177
By traveling within the main channel, the bead passes through another particle
cross over to remove all the biotinylated FITC solution from the device. Figure 5-16 (2nd)
shows another particle cross over from the biotinylated FITC solution to the wash
solution I. Again, a successful particle cross over through a well defined microflow
structure is observed.
Figure 5-17 (3rd) shows the 3rd bifurcation and the particle cross over from the
wash solution I to the wash solution II. As mentioned in the previous discussion, the 3rd
bifurcation is placed because an additional washing or reagent infusion process may be
required for more complicated systems such as for sensing cytokines or complements.
Figure 5-17 (DW) shows a bead motion at the detection window. Due to dynamic
binding and washing in the upstream regions of the device, the bead is generating a clear
fluorescence signal. The fluorescent intensity of the bead is assumed to be proportional to
the concentration of the Biotinylated FITC. The dashed box represents a region of interest
for intensity measurements. The rectangular box within the detection window represents
the region of the interest for the fluorescent intensity measurement using the image
processing program introduced in previous chapter (See Figure 4-10: A Front panel of the
µIA Intensity Analyzer prepared by LabVIEW 7.0.).
Figure 5-18 shows a representative histogram of the fluorescent bead pixel
intensity obtained from a single bead for the biotinylated FITC at a concentration of 200
ng/ml. As assumed in the previous discussion, it shows a Gaussian distribution and
Figure 5-19 shows the histogram of the average pixel bead intensities obtained from a
population of 320 successive beads for concentration of 200 ng/ml biotinylated FITC
solution. The average intensity of the beads is about 27 [A.U.].
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Figure 5-17: (3rd) Photographs showing “Particle Cross Over” of a biotinylated FITC conjugated streptavidin coated 8 µm-size
bead from the wash solution I to the wash solution II. (DW) A motion of the Biotinylated FITC conjugated streptavidin bead at
the detection window.
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Figure 5-18: A representative histogram of the fluorescent bead pixel intensity obtained from a single bead for the concentration
of a 200 ng/ml biotinylated FITC solution.

Figure 5-19: A histogram of the bead intensities obtained from 320 beads for a
biotinylated FITC solution concentration of 200 ng/ml.
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In order to investigate a relationship between the measured fluorescent bead intensity and
the input biotinylated FITC concentration, the bead intensities for 5 sets of the
biotinylated FITC solutions were measured at concentrations of 200, 100, 75, 50, and 25
ng/ml. Figure 5-20 shows the relationship obtained from the experiments. The fluorescent
intensity of the bead is linearly proportional to the concentration of the biotinylated FITC
solution at the inlet. However, at a biotinylated FITC concentration of 25 ng/ml, the bead
intensity could not be obtained due to the lack of fluorescent signal and thus the
minimum detection limit is considered around 50 ng/ml. The linear relationship
(calibration curve) between the fluorescent intensity of the bead and the “input”
concentration of the analyte (biotinylated FITC solution) strongly implies that the
continuous monitoring of the clinically relevant proteins is possible.
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Figure 5-20: The relationship between the measured fluorescent bead intensity and the
input biotinylated FITC concentration.
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5.5 Conclusions

A microfluidic device for continuous biosensing was successfully developed and
demonstrated using biotinylated FITC and streptavidin bead. The device was precisely
designed using a series of design technologies including an analogous electrical circuit,
analytical, and numerical studies. The particle cross over from one fluid to another was
consistently achieved throughout the experiments. The functionality of the device was
demonstrated using biotinylated FITC and streptavidin coated 8 µm-size bead. The
fluorescent intensity of the bead was linearly dependent of the concentration the analyte
(biotinylated FITC) of the inlet. The detection limit was found to be around a biotinylated
FITC concentration of 50 ng/ml.

Chapter 6
Summary and Future Work

6.1 Summary
In the study of a microfluidic device for continuous, real time blood plasma
separation, as a preliminary study, the Zweifach-Fung effect, one of characteristic

phenomena of RBCs’ flow in capillary vessels, was imitated to understand the behavior
of biological cells and artificial particles within microfluidic channels. The ZweifachFung effect in microfluidic channels was successfully examined in the microfluidic
channels using a single bifurcation. It was found that all of the biological cells (C8171
human melanoma cells) as well as artificial particles can be recovered within a single
bifurcating microchannel. This implied that the Zweifach-Fung effect could be directly
applied to develop the blood plasma separation device because the high particle recovery
efficiency (100%) implies high fluid separation efficiency (100 %). It was also found that
the minimum of a 6 to 1 flow rate ratio between two daughter channels is required to
obtain a 100 % of particle recovery or fluid separation efficiency. This is somewhat
higher than the one (2.5 to 1) described in the literature.127,128 This discrepancy is
probably due to the fact that the minimum flow rate ratio to obtain a 100 % of separation
or recovery efficiency is a strong function of the ratio between the cell diameter (D) to
channel or vessel width (W). In other words, the higher the D/W ratio, the lower flow rate
ratio needed to obtain a 100 % separation efficiency.
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A microfluidic device for continuous real time blood plasma separation was
successfully developed based on the Zweifach-Fung effect. The device was tested in both
bench top and clinical circumstances using defibrinated sheep blood and bovine blood,
respectively. It showed almost a 100 % of the plasma selectivity regardless of the inlet
hematocrit levels. It also showed 15 % to 25 % of the total plasma separation volume
percent out of the total plasma volume depending on the inlet hematocrit levels. The
device performances obtained from both the bench top and clinical circumstances were
similar to each other.
In order to develop a microfluidic device for continuous immunosensing of
clinically relevant proteins including cytokines and complements, a new concept named

“particle cross over” was proposed and demonstrated using biotinylated FITC dye and
streptavidin coated 8 µm-diameter beads. At each bifurcation, the flow rate ratio was
precisely controlled to transport beads from one fluid from the other without significant
mixing between two fluids. The flow patterns at each bifurcation were investigated by
using a combination of bright field and epi-fluorescence. Using an image processing
program, which was especially designed for the measurement of the fluorescent intensity
of a moving bead, the spatial distribution of the fluorescence intensity of the bead was
obtained. However, the relationship between the fluorescence intensity of the bead versus
the concentration of the biotinylated FITC dye could not be obtained due to the lack of
the streptavidin coated bead residence time (< 1 sec) within the biotinylated FITC dye
solution.
In order to optimize the microfluidic device for the continuous measurement of
clinically relevant proteins, a second generation the device was designed to have a longer
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bead residence time within the biotinylated FITC solution. Its functionality was
demonstrated using biotinylated FITC dye and streptavidin coated 8 µm size beads. To
address the issue regarding the bead residence time within the biotinylated FITC solution,
the length and width of the main channel were increased so that the bead can reside in the
main channel for up to 10 min. at a micro channel flow rate of 1 µl/hr. Using a 25 µl/hr
inlet flow rate at each inlet without using bypass fluid circuits, the relationship between
the fluorescence intensity versus the biotinylated FITC concentration was obtained and
shows a linear dependency on the inlet concentration of the biotinylated FITC solution.
The minimum detection limit of the biotinylated FITC dye was around 50 ng/ml.
Therefore, one can conclude that a microanalytical system for on-line monitoring
of clinically relevant proteins can be developed by simply integrating the two
independent devices. It is also believed that these technologies for the manipulation of
micro-sized artificial particles or biological cells within microfluidic channels are unique
and important in various applications of BioMEMS research.
There are several significant advantages of the microfluidic devices studied
throughout this research. First, a real-time separation of blood plasma along with a real

time blood protein measurement system will allow the surgical team to determine any
significant changes in systemic inflammation as soon as they occur. The cause of
inflammation will be more precisely defined and intra-operative adjustments such as
anesthetic substitution or more aggressive plasma ultrafiltration during postoperative
hemoconcentration will be possible. 129-139 Second, conventional assays requiring several
ml of blood per sample are not compatible with the use of serial samples to study the time
course of inflammatory processes in neonates or infants (total blood volume of a 3 kg
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neonate is only 240ml). A microfluidic device discussed in this dissertation would require
very small blood volumes (~ 25 µl/hr. of flow rates) and would permit such repeated
measurements.
Third, clinical pharmacological agents including anesthetic drugs, and

performance of CPB procedures with different modes of perfusion (pulsatile vs. nonpulsatile) may have significant effects on systemic inflammation.129-139 On-line
measurements would permit a study of the effects of different pharmacological agents
and provide indications for intra-operative substitution of agents.
Also, the results of this research may also apply to monitoring and study of
systemic inflammation during extra corporeal membrane oxygenation (ECMO),
particularly in pediatric patients, with corresponding opportunities for adjusting
treatment.
Therefore, it is believed that the results of this research will provide
contributions in aiding the recovery of cardiac surgery patients in the United States
and the around the world. It is strongly believed that the continuous determination
of the plasma cytokine and complement concentrations will be one of the
fundamental steps in solving this particular devastating problem associated with
CPB procedures.
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6.2 Future Work

6.2.1 The optimization of the microfluidic device for continuous immunosensing of
clinically relevant proteins

Even though the funtionality of the device was successfully demonstrated in this
study, there were issues related with bead transportation through the serpentine channels.
The device was originally designed to handle flow rate as low as 1 µl/hr through the
microchannel where the binding event occurs. In this case, the average residence time of
the bead within an analyte solution (biotinylated FITC solution) was designed to be 10
min. However, the actual experiment was conducted at 25 µl/hr ( ~24 sec bead residence
time) because, throughout the study, many beads were adhered to the bottom of the
serpentine channel at flow rates lower than 25 µl/hr. Most of the beads were found at the
corners of the serpentine channel as shown in Figure 6-1. This sticking problem is
probably due to the low local velocity of the fluid at the corners as shown in the figure.
The beads that adhered to the corners of the channel would not only stay there but some
would randomly become dislodged. As a result, these beads may potentially increase the
variation of the fluorescence intensity of the beads at the detection window due to the
variation in the residence time of these beads within the analyte (biotinyated FITC
solution). Therefore, the shape of the serpentine channel must be modified so that all
beads experience enough fluidic shear to avoid this sticking problem at the corners of the
serpentine channel. In addition, it is believed that the detection limit of the device has to
be improved. According to Mainwaring et al 20, the level of the activated complement C3
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Figure 6-1: The numerical simulation result of the velocity magnitude distribution within the serpentine channel and the locations
where the beads adhered. Due to the low local fluidic velocity, most of beads were stuck at the corner of the channel for flow
rates lower than 25 µl/hr. The flow rate of all inlets was fixed at 20 µl/hr so that the actual flow rate within the serpentine channel
was 1 µl/hr for this simulation.
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(C3a) level in 16 patients undergoing modified Fontan procedure varied from 1000 ng/ml
to 4000 ng/ml. However, the level of the interleukin 6 (IL-6) varied from 10 pg/ml to 150
pg/ml depending on the stage of the operation. This means that it will be difficult to
detect IL-6 using the device developed because of the relatively poor detection limit (~50
ng/ml). Thus a longer residence time of a cytometric bead within an analyte is required to
have a larger binding event between analytes and antibody.
Therefore, by decreasing the serpentine channel width and increasing the
serpentine channel length, a longer bead residence time within the analyte solution
without sticking of beads at the corners of the serpentine channel can be obtained.
As an alternative way to improve a detection limit, a photomultiplier tube (PMT)
can be mounted to an epi-fluorescent microsope. A PMT can significantly amplify a
fluorescence signal so the detection limit can be also improved significantly.
In order to improve a signal detection limit, optical waveguides can be integrated
to the device. In this study, the concentration of the analyte was determined by measuring
fluorescent intensity of the bead using a CCD camera and a fluorescent microscopy.
However, it is neither convenient nor efficient to obtain a low signal, which directly
determines the detection limit of the device. Thus, it is more efficient to have an
integrated detection system. For instance, Figure 6-2 shows a schematic diagram of a
micro total analytical system (µTAS) integrated with optical waveguides to excite the
bead and detect the fluorescence intensity of the bead without a CCD camera and a
fluorescent microscope. Since the laser light can travel easily within wave guides, it can
reach proximity of the detection window and excite the bead. Once the bead is excited,
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then its fluorescent light can be collected in opposite side of the channel and can be
guided to a spectrum analyzer to measure fluorescent intensity of the bead.
This method has several advantages compared with the one used in this study.
First, since the light source is laser, it is believed that the excitation light intensity is very
stable compared with conventional Mercury and Xenon lamps. Also, by illuminating
laser light in pulsed fashion, the photobleaching of the fluorescent dye can be minimized.
By incorporating a spectrum analyzer, it is possible to pick up a desired wave length,
which corresponds to the emission wavelength of the fluorescent bead. Thus, it is also
possible to easily amplify pure signal for low fluorescence intensity. As a result, an
extremely low signal can be detected, yielding a much higher sensitivity of the device.
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Figure 6-2: Schematic diagram of the micro total analytical system (µTAS) integrated
with optical fibers to excite and detect the fluorescent intensity of the bead without a
CCD camera and a fluorescent microscope.
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6.2.2 A continuous, real time detection of clinically relevant proteins

Once the microfluidic device for continuous, real time immunosensing is
optimized, the performance of the device can be demonstrated using inflammatory
makers such as cytokines, and complements. As mentioned in the previous section, the
challenging part is to detect cytokines because they have relatively low concentration in
blood stream (~ 100 pg/ml). Depending on the performance, the device may be
redesigned to improve the detection limit.

6.2.3 A micro Total Analytical System (µTAS) for continuous and/or real time
monitoring of clinically relevant proteins

Future work to be conducted includes the integration of the two separate devices,
i.e., the blood plasma separation device and the biosensing device, to construct a true
micro total analysis system (µTAS) for continuous, real time monitoring of clinically
relevant proteins during cardiac surgery with cardiopulmonary bypass (CPB) procedures.
Figure 6-3 shows a schematic drawing of a system when a sandwich ELISA based
principle is applied for the detection of the biomarkers such as cytokines, complements.
Since the two devices have to be coupled, the fluidic resistances at each region of the
device have to be considered in the design stage. As mentioned in the previous section,
the device must be designed to have a longer bead residence time within the channel
where a binding event occurs between antigen (cytokines, complements) and antibodies
(1st and 2nd). Also a detection method may be changed to improve the fluorescence signal
detection limit.
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Figure 6-3: Schematic diagram of the micro Total Analytical System (µTAS) for
continuous and/or real time monitoring of clinically relevant proteins during cardiac
surgery with cardiopulmonary bypass procedures (CPB).
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6.2.4 A microfluidic device for continuous real time blood separation for clinical
blood tests.

A microfluidic device for continuous, real time blood separation is composed of
three inlets and four outlets to control microflow structures within the device to achieve
the “particle cross over” (Figure 6-4). At the 1st bifurcation, the device is designed to
separate blood plasma and platelets from blood. At the 2nd bifurcation, the device is
designed to conduct an additional separation process to obtain “pure blood plasma” from
the mixture of platelets and blood plasma. Finally, at the 3rd bifurcation, WBCs are
separated from WBCs and RBCs mixture. In designing the device, the series of design
technologies introduced throughout this dissertation applied. First of all, each channel is
assumed to be a fluidic resistor such that the optimal fluidic resistances are computed to
obtain appropriate flow structures in each channel. Once the optimal fluidic resistances
are obtained, the device dimensions are determined by combining the optimal fluidic
resistance value with the analytical solution for a rectangular duct. The microflow
structures can be estimated by conducting numerical simulations.
Technically, the flow structure at the 1st bifurcation (Figure 6-5) is designed to
skim a 2 µm-thick layer of plasma from the wall at each sub-bifurcation so that the
centroids of the WBCs and RBCs are located beyond the skimmed plasma at each subbifurcation. Due to the relatively small size of platelets (1~2 µm), platelets can flow into
parallel channels. However, it is unlikely WBCs and RBCs will enter into these parallel
channels since the centroids of the cells are located beyond the skimmed stream entering
the parallel channels. Thus, only blood plasma and platelets are separated into the parallel
channels.
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Figure 6-4: The device is composed of three inlets and four outlets to control the
microflow structure at each bifurcation, (1st, 2nd, and 3rd bifurcation). All cellular
elements (WBCs, RBCs, and Platelets) of blood as well as blood plasma are separated
into designated outlets.
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Figure 6-5: Platelet and Plasma separation at the 1st bifurcation of the device. Due to the
relatively small size of platelets compared to other cellular elements (WBCs, RBCs),
platelets and blood plasma are separated into the plasma+platelet outlet, while WBCs and
RBCs cross over from blood stream into buffer I solution.
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At the 2nd bifurcation (Figure 6-6), the separated platelets and blood plasma
undergo an additional separation process to obtain “pure blood plasma” from platelet +
blood plasma stream separated from the first stage. In this bifurcation, the main channel
width is designed to be around 6 µm and the flow rate ratio at each sub-bifurcation needs
to be maintained at a 8 to 1, so that only the blood plasma is skimmed into the blood
plasma outlet, while all of the platelets flow into the “platelet + blood plasma outlet”. The
volume of pure blood plasma obtained can be adjusted by increasing the number of
further sub-bifurcations. The more sub-bifurcations the device has, the larger the volume
of pure blood plasma which can be collected.
In the final stage of the separation (Figure 6-7), WBCs are separated from the
WBC + RBC mixture at the 3rd bifurcation by infusing additional buffer solution (Buffer
II) into the device. It is helpful to have an additional buffer infusion since it allows for
much easier control over the position of WBCs and RBCs within the main channel of
flow.
As a measure of device performance, the selectivity of cellular elements of blood
is determined. The selectivity (σ) is defined as
⎛

N

⎞

σ = ⎜⎜ 1 − p ⎟⎟ × 100 %
N mu ⎠
⎝

[Eq. 6.1]

where, Np is the total number of cells that flow into the parallel channels. Nmu is the total
number of cells approaching to the bifurcation. In order to determine the number of cells
found in the region of interest, an image processing program is developed using
LabVIEW programming (National Instrument, Austin, TX, USA). The performance of
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Figure 6-6: Pure blood plasma can be separated from the mixture of blood plasma and
platelets by controlling flow rate ratios at each sub-bifurcation.
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Figure 6-7: WBCs can cross over from the mixture of WBCs, RBCs, and Buffer I solution
to Buffer II solution, while RBCs flow into the parallel channels.
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the device is examined with respect to various hematocrit levels in the blood.
The most challenging part of this study is the design of the microflow structures
at each bifurcation. However, it is possible to design a well defined microflow structure
as long as the precise values of the viscosities of fluids used in the microstructure are
obtained from experiments. All of the viscosity values used in theoretical study are
determined experimentally using an available viscometer (e.g., cone-plate viscometer).
The particle or cell handling in microfluidic channels using only hydrodynamics
has many advantages. First, due to the relative simplicity of the operating principle,
minimal changes in parameters are required to control the functionality of the device.
Second, owing to the simple structure of the device, it is easy to mass fabricate the device
in a cost-effective fashion. Third, it allows for continuous, real time separation of the
blood components ensuring the biochemical analysis of each blood component can be
performed using appropriate analytical devices downstream of each individual outlet.
Finally, the particle or cell handling technology proposed in this study can also be used in
applications such as continuous cell-based biosensing and continuous cell lysis for DNA
extraction.
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Appendix A
Derivation of Equations Used In the Study

A.1 General Fluidic Resistance Relationship in microfluidic channels
Figure A-1 shows a general equivalent fluidic circuit for an arbitrary number of
bifurcations.

Figure A-1: A generalized equivalent fluidic circuit for arbitrary number of bifurcations
If the flow rate ratio is assumed to be rQ, and a resistance of a plasma channel at jth node
is assumed to be a RP,j, an equivalent resistance at jth node is assumed to be a R’B,j, and a
flow rate ratio at each node is assumed to be rQ:1, then a fluidic resistance of a plasma
channel at 1st node, Rp,1 can be determined by
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R p ,1 = rQ ⋅ RB' ,1 = rQ ⋅ RB ,1

(Eq. A.1)

Where R’B,1 is equal to RB,1. At the 2nd node, a fluidic resistance of a plasma channel is
also obtained by
R p , 2 = rQ ⋅ RB' , 2

(Eq. A.2)

Also, an equivalent resistance at jth bifurcation, R’Bj can be defined as

RB' , j = RB , j + RB' , j −1 || R p , j −1
'
B, j

R

= RB , j +

RB' , j −1 ⋅ Rp , j −1
'
B , j −1

R

(Eq. A.3)

+ Rp , j −1

Thus, the equivalent fluidic resistance of a plasma channel at jth node can be expressed by
R p , j = rQ ⋅ R B' , j

(Eq. A.4)

Where j=2,3,4,…,n. If we assume that RB,1= x, RB,j=1, then
R B' ,1 = RB ,1 = x and R p ,1 = rQ ⋅ x

(Eq. A.5)

And
'
B,2

R

= RB , 2 +

RB' ,1 ⋅ R p ,1
RB' ,1 + R p ,1

⎛ r ⋅x ⎞
= ⎜1 + Q ⎟
⎜ r +1⎟
Q
⎝
⎠

(Eq. A.6)

Thus,

⎛
r ⋅x ⎞
R p , 2 = rQ ⋅ RB' , 2 = rQ ⋅ ⎜1 + Q ⎟
⎜ r +1⎟
Q
⎠
⎝

(Eq. A.7)

At the 3rd node, if the same procedures are applied, then
'
B ,3

R

= RB ,3 +

RB' , 2 ⋅ R p , 2
RB' , 2 + R p , 2

⎧⎪
⎛ r ⋅ x ⎞⎫⎪
r
= ⎨1 + Q ⋅ ⎜1 + Q ⎟⎬
⎪⎩ rQ + 1 ⎜⎝ rQ + 1 ⎟⎠⎪⎭

(Eq. A.8)
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Thus,
⎧⎪
rQ ⎛
rQ ⋅ x ⎞⎫⎪
⎟⎬
⋅ ⎜1 +
R p ,3 = rQ ⋅ R B' ,3 = rQ ⋅ ⎨1 +
⎜
⎟⎪
r
+
1
r
+
1
⎪⎩
Q
Q
⎝
⎠⎭
⎫⎪
1
⎪⎧
R p ,3 = rQ ⋅ ⎨1 +
⋅ Rp,2 ⎬
⎪⎭
⎪⎩ rQ + 1

(Eq. A.9)

Therefore, in general, a fluidic resistance at jth node can be written as

R p, j

⎧⎪
⎫⎪
1
R p , j = rQ ⋅ ⎨1 +
⋅ R p , j −1 ⎬
⎪⎩ rQ + 1
⎪⎭
⎧⎪
⎫⎪
1
= rQ ⋅ ⎨1 +
⋅ R p , j −1 ⎬ ⋅ R B , j (Q RB , j = 1 )
⎪⎩ rQ + 1
⎪⎭

(Eq. A.10)

Where, RP,j is a resistance of a plasma channel at jth node and j=2,3,4,…,n. RP,1 = rQ⋅RB,1.

A.2 Plasma Skimming Volume % out of Total Plasma Volume

The plasma skimming volume % out of total plasma volume (η) is defined as

η=

VP ,Sep
VP ,mu

× 100%

[Eq. A.11]

Where Vp,sep is a separated plasma volume into the plasma outlets and Vp,mu is a plasma
volume at upstream of the microchannel. If a plasma volume at downstream of the
microchannel is Vp,md , then

VP ,Sep = VP ,mu − VP ,md

(Eq. A.12)

Thus η can be written as

⎛

η = ⎜⎜1 −
⎝

V p ,md ⎞
⎟ × 100%
V p ,mu ⎟⎠

(Eq. A.13)
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Also, hematocrit levels at upstream and downstream of the microchannels can be defined
as
H mu =
H md

Vc ,mu

× 100%
Vc ,mu + V p ,mu
Vc ,md
=
× 100%
Vc ,md + V p ,md

(Eq. A.14)

Where Vc,mu, Vc,md are total volumes of RBCs at upstream and downstream of the
microchannel, respectively. By assuming Vc,mu = Vc,md = Vc, the ratio between two
hematocrit levels can be written as
H md

H mu

⎞
⎛ V
= ⎜ c + 1⎟
⎟
⎜V
⎠
⎝ p ,mu

⎛ Vc
V
⎜
+ p ,md
⎜V
⎝ p ,mu V p ,mu

⎞
⎟
⎟
⎠

(Eq. A.15)

Thus, the ratio between Vp,md and Vp,mu in terms of Hmu and Hmd can be written as
V p , md
V p , mu

=

H mu
H md

⎛ V
⎞
V
⋅ ⎜ c + 1⎟ − c
⎜V
⎟ V
p , mu
⎝ p , mu
⎠

(Eq. A.16)

Also, from Hmu in Eq. A.14
Vc = Vc ,mu =

Vc ,mu ⋅ H mu
100% − H mu

(Eq. A.17)

Thus, by plugging Eq. A.17 into Eq. 16, the ratio between Vp,md and Vp,mu can be
rewritten as
V p ,md
V p ,mu

⎞
⎛H
H mu
H
+ mu
= ⎜⎜ mu − 1⎟⎟
⎠ 100% − H mu H md
⎝ H md

(Eq. A.18)

Therefore, the total plasma separation volume % out of total plasma volume (η) can be
written as
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V p ,md ⎞
⎟ × 100%
⎟
V
p ,mu ⎠
⎝
⎞ ⎛
⎞ H mu ⎫⎪
H mu
⎟⎟ −
− 1⎟⎟ ⋅ ⎜⎜
⎬ × 100%
100
%
H
H md ⎪⎭
−
mu ⎠
⎠ ⎝
⎛

η = ⎜⎜1 −
⎧⎪ ⎛ H
η = ⎨1 − ⎜⎜ mu
⎪⎩ ⎝ H md

(Eq. A.19)

Appendix B
Design of a Side-View Particle Imaging Velocimetry Flow System for Cell-Substrate
Adhesion Studies

B.1 Introduction

As an extension of technology development in microfluidic environments, a µPIV
(Particle Imaging Velocimetry) system was integrated with a side-view flow chamber to
build an integrated system for cell-substrate adhesion studies. By collaborating with
Jordan Leyton-Mange1, Meghan H. Hoskins1, Robert F. Kunz2, Jeffrey D. Zahn3, and
Cheng Dong1, a novel side-view µPIV system for cell-substrate adhesion studies was
developed. In this appendix, the paper published in the “Journal of Biomechanical
Engineering” is attached. As a future work to improve µPIV image quality and accuracy
of the flow profile, a new microfluidic flow chamber is proposed. I’d like to thank all
collaborators mentioned above.

1: Cellular Biomechanics Laboratory, Department of Bioengineering, The Pennsylvania
State University, University Park, PA 16802-6804
2: Applied Research Laboratory, Computational Mechanics Division, The Pennsylvania
State University, University Park, PA 16802-6804
3: Thesis Advisor, BioMEMS Laboratory, Department of Bioengineering, The
Pennsylvania State University, University Park, PA 16802-6804

Journal of
Biomechanical
Engineering

Design Innovation

Design of a Side-View Particle Imaging
Velocimetry Flow System for
Cell-Substrate Adhesion Studies
Jordan Leyton-Mange
Sung Yang
Meghan H. Hoskins

Keywords: shear stress, cell deformability, cell adhesion, in vitro
flow assay

Department of Bioengineering,
The Pennsylvania State University,
205 Hallowell Building,
University Park, PA 16802-6804

Introduction

Robert F. Kunz
Applied Research Laboratory,
Computational Mechanics Division,
P.O. Box 30,
State College, PA 16804-0030

Jeffrey D. Zahn
Cheng Dong1
e-mail: cxd23@psu.edu
Department of Bioengineering,
The Huck Institutes of the Life Sciences,
The Pennsylvania State University,
205 Hallowell Building,
University Park, PA 16802-6804

Experimental models that mimic the flow conditions in microcapillaries have suggested that the local shear stresses and shear
rates can mediate tumor cell and leukocyte arrest on the endothelium and subsequent sustained adhesion. However, further investigation has been limited by the lack of experimental models that
allow quantitative measurement of the hydrodynamic environment
over adherent cells. The purpose of this study was to develop a
system capable of acquiring quantitative flow profiles over adherent cells. By combining the techniques of side-view imaging and
particle image velocimetry (PIV), an in vitro model was con1
Corresponding author.
Contributed by the Bioengineering Division of ASME for publication in the JOURNAL OF BIOMECHANICAL ENGINEERING. Manuscript received July 8, 2005; final manuscript received October 20, 2005. Review conducted by Christopher Jacobs.
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structed that is capable of obtaining quantitative flow data over
cells adhering to the endothelium. The velocity over an adherent
leukocyte was measured and the shear rate was calculated under
low and high upstream wall shear. The microcapillary channel
was modeled using computational fluid dynamics (CFD) and the
calculated velocity profiles over cells under the low and high
shear rates were compared to experimental results. The drag force
applied to each cell by the fluid was then computed. This system
provides a means for future study of the forces underlying adhesion by permitting characterization of the local hydrodynamic
conditions over adherent cells. 关DOI: 10.1115/1.2165689兴

Cell adhesion to the microvascular endothelium is one of the
important initial steps in the extravasation of leukocytes in the
inflammatory response and tumor cells in the metastasis process.
The process of adhesion involves a complex balance of forces
resulting from hydrodynamic shear forces and the adhesive bonds
between the adhering cells and the endothelium. The roles of fluid
shear stresses and cell deformation in cell adhesion and cell rolling have been studied extensively 关1–6兴. In vivo studies 关2,7兴 of
leukocyte-endothelial adhesion as well as computational fluid dynamics 共CFD兲 studies 关8–11兴 have found that the drag force on
leukocytes adhering on the endothelium is affected by the incoming wall shear stress as well as the degree of deformation. The
endothelial contact area of the leukocytes under adhesion in these
studies was found to increase under periods of increasing shear
forces, suggesting an increase in viable interactions among adhesion molecules. The computational models have also suggested
that the effective drag forces acting on adhering cells is reduced
following deformation, thus offering another enhancement of the
ability of cells to maintain adhesion under shear flow as a result of
deformation. Interestingly, the modeling studies by Liu et al.
关3,12–14兴 have noted that deformation may increase as a result of
changes in the Reynolds number with maximum deformation occurring at higher Reynolds numbers. Although the role of shear
stress in flow has been analyzed extensively, little attention has
been given to the role of shear rate and fluid viscosity in deformation. Increases in the Reynolds number within identical microvascular geometry reflects changes in the fluid velocity and
shear rate as well as the viscosity 关15兴. Thus, it is possible to alter
the Reynolds number while maintaining constant incoming shear
forces.
A side-view flow chamber was developed by Dong et al. 关16兴 to
visualize cell surface adhesion and deformation in a microchannel. It consisted of two chromium plated 45 deg prisms that allowed cells to be visualized and studied in a fashion that is not
possible with conventional parallel plate chambers. Among other
applications, the side-view flow chamber has been used to measure the effects of flow on cell-surface adhesion strength and the
cell-substrate contact interface 关6,10兴.

Copyright © 2006 by ASME
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Fig. 1 „a… A schematic experimental setup for side view imaging and PIV data
acquisition within a microchannel „700Ã 550 m2…. „b… A representative image
frame with fluorescent tracer particles. The image is gridded into smaller interrogation windows to calculate local velocity vectors.

Particle image velocimetry 共PIV兲 is a quantitative field measurement technique that involves using laser illuminated tracer
particles to visualize and quantify flow structure. Generally, for
two-dimensional flow data, sets of two closely spaced frames are
compared using a cross correlation algorithm that grids the total
image field into many smaller “interrogation windows” of known
area within which correlation functions are calculated. The maximum of the correlation function within a given interrogation window theoretically corresponds to the given displacement within
the associated spatial region of tracer particles during the time
delay between frame acquisitions. It is normally advantageous to
have a high density of tracer particles so that accurate displacement measurements within each interrogation window can be
achieved. Higher spatial resolution velocity profiles can be
achieved by minimizing the size, and thus maximizing the number, of interrogation windows. In recent years, PIV techniques
have been extended to the microscale, proving highly useful for
acquiring flow data 关17–20兴 in microfluidic studies. For example,
PIV was used recently to reconstruct the three-dimensional flow
profile within several microchannels 关21兴.
The purpose of this study was to develop a system capable of
acquiring quantitative flow profiles over adherent cells. Experimental models that mimic the flow conditions in microcapillaries
have suggested that the local shear stresses and shear rates can
mediate tumor cell and leukocyte arrest on the endothelium and
can alter the likelihood of adhesion 关22兴. However, the mechanisms involved, especially in tumor cell adhesion, are poorly understood and investigation has been limited by the lack of experimental models that allow quantitative analysis of flow profiles
over adherent cells. Here we report the construction of an in vitro
model capable of acquiring such data by combining the tech272 / Vol. 128, APRIL 2006

niques of side-view imaging and particle image velocimetry
共PIV兲, thus providing a means for future study of the hydrodynamic forces underlying cellular adhesion. To complement the
experimental results, a CFD model was created that corresponds
with the experimental conditions, including the deformed cell
shape, under low and high shear rates. Velocity profiles and cell
surface shear rates are compared. The good correspondence between experimental and CFD results provides confidence in the
presented predictions of quantities not obtainable in these experiments, including drag forces on the cells, local pressure, and viscous forces on the adherent cell and endothelial wall, and local
velocity profiles and streamlines.

Materials and Methods
System Design. A PIV system has been constructed by combining an Olympus IX 71 microscope with a 20X, 0.4 NA objective, and a TSI microPIV system 共TSI Inc., MN兲 共see Fig. 1共a兲兲. A
45 deg mirror has been coated with a double layer of Cr 共50 nm兲
and Au 共200 nm兲 using sputtering techniques and has been
aligned to distribute side-view incident light from a mercury lamp
or Nd-YAG 532 nm laser to an objective beneath the stage. An
identical setup as used by Cao et al. 关16兴 was used for side-view
image capturing of cells, involving the use of a second mirror to
redirect light from a condenser bulb above the stage. To ensure
proper alignment, an aluminum chassis was designed to hold the
channel and mirrors firmly in place.
This system was used to obtain side-view PIV data in the form
of double frame pairs using a Nd-YAG 532 nm laser light source.
One m-diameter orange fluorescent polystyrene microspheres of
density 1.05 g / cm3 共Molecular Probes, Inc., OR兲 were used as
Transactions of the ASME

Fig. 2 „a… A top view experimental setup and a fluorescent image showing two 16 m diameter fluorescent
beads, „b… a side view experimental setup when the focal plane is placed on the front bead „bead I…, and its
fluorescent image, and „c… when it is on the next bead „bead II… and its fluorescent image

tracer particles at a concentration of 0.0175% by volume. For flow
experiments involving cells, the microspheres were suspended at a
concentration of 0.0524% by volume in RPMI-1640 media lacking phenol red 共Gibco Laboratoies, Long Island, NY兲. To reduce
the nonspecific binding of the spheres to each other and to the
endothelial monolayer, this solution was supplemented with 5%
bovine serum albumin 共Sigma-Aldrich, Inc., St. Louis, MO兲 and
incubated for 24 h at 37° C. Prior to experimentation, the solutions were cooled to room temperature and further diluted in
RPMI-1640 media to reach the desired microsphere concentration
of 0.0175% by volume. The viscosity of this solution was measured with a RotoViscoI cone-plate viscometer 共ThermoMC,
Madison, WI兲 to be approximately 1.5 cP at room temperature
共18.5° C兲.
For postprocessing, an average background processing algorithm and image stacking were used to decrease background noise
and increase the apparent tracer particle density. Following image
stacking, data was imported into INSIGHT 6.0 共TSI Inc., MN兲 for
analysis. The image field was gridded into a set of interrogation
windows 共Fig. 1共b兲兲 with a 50% overlap to satisfy Nyquist sampling and the data was processed using a direct correlator or FFT
correlator. Since only cases of steady state flow were considered,
in which the velocity profile did not change during the time when
acquiring data, the signal to noise ratio was greatly improved by
ensemble averaging the correlation function across all frame pairs
according to the techniques outlined by Meinhart and co-workers
关23兴. The pixel sizes were estimated to be 0.23 m / pixel and
interrogation window sizes were optimized accordingly. The laser
pulse spacings used ranged from 150 s to 600 s.
Flow Chamber Design. A 700 m ⫻ 550 m in crosssectional area channel was constructed according to the methods
of Cao et al. 关16兴. Prior to use, the microslides were washed
successively in acetone, 93% ethanol, and double distilled water.
Preceding these washes, the 93% ethanol and double distilled water were both perfused through 0.20 m polycarbonate filters to
eliminate impurities. Flow was controlled by means of a syringe
pump.
The pertinent equations for a flow assay with the side-view flow
chamber have been derived by Cao et al. 关16兴 describing an
x-directed velocity field in a rectangular capillary of y and z crossJournal of Biomechanical Engineering

sectional area. The desired shear rate on the bottom of the flow
chamber was attained by calculating the corresponding volumetric
flow rate infused through the microcapillaries. Only cells in the
central third of the channel width were used in order to minimize
sidewall effects on the shear rate from the rectangular shaped
capillaries.
Side-View Imaging Demonstration. Sixteen m-diameter
green fluorescent polystyrene divinylbenzene 共DVB兲 microspheres 共Duke Scientific Corp., CA兲 were used to demonstrate the
side-view imaging abilities of the system. The microspheres were
adhered to the inserted microslide by dropping dilute aqueous
solutions onto the microslides and allowing surface-surface interactions to promote adhesion. Shown in Fig. 2 are the top and
side-views of two beads visualized using a mercury light source.
The beads are easily distinguished by changing the focal plane in
the z-direction 共Fig. 2兲.
Cell Culture. Fibroblast L-cells that had been transfected to
express human ICAM-1 共EI cells; provided by Dr. S. Simon, UC
Davis兲 were maintained in culture as described by Gopalan and
co-workers 关24兴. Prior to flow experiments, these cells were
grown to confluency on the inserted microslides of the channel,
thus creating an ICAM-1 adhesive substrate. T-leukemic Jurkat
cells 共provided by Dr. M. Lawrence, University of Virginia, Charlottesville, VA兲 were maintained in a humidified 5% CO2 tissue
culture incubator at 37° C. They were cultured in a suspension of
RPMI 1640 medium supplemented with 10% FBS, L-glutamine
共0.292 mg/ ml兲, penicillin 共100 U / ml兲, and streptomycin sulfate
共100 g / ml兲 共Gibco Laboratoies, Long Island, NY兲. Prior to use
in flow experiments, the Jurkat cells were incubated with phorbol
myristate acetate 共PMA兲 at a concentration of 200 ng/ ml for
20 min at 37° C to promote LFA-1-dependent cell adhesion.
Velocity Profiles over a Leukocyte. The channel was perfused
with a leukocyte suspension. For a period of approximately
5 – 10 min, flow was suspended and the cells were permitted to
adhere to the EI monolayer grown on the microslide before flow
was reapplied at 73 l / min and 365 l / min, corresponding to
low and high shear rate cases of 50 s−1 and 250 s−1, respectively.
The channel Reynolds number is defined as Re= VDh / , where
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Fig. 3 „a… Front view of the channel grid used for the CFD simulations, „b… side view of the cell grid used
to model the low shear case, and „c… high shear case, with dimensions

 denotes the density of the fluid, V is the average velocity
through the channel calculated by the flow rate divided by the
cross-sectional area, Dh is the hydraulic diameter calculated as
four times the cross-sectional area divided by the perimeter, and 
is the fluid viscosity. The channel Reynolds number associated
with the low shear case was 1.3 and the high shear case was 6.5.
A larger than average cell 共estimated at 22 m in width兲 was
imaged to give a maximum disruption in the flow field. For the
velocity profiles, the interrogation windows were 30⫻ 20 pixels in
size 共width⫻ height兲.
The upstream wall shear rates were verified by plotting the
x-directed velocity values from three columns of vectors calculated using interrogation windows of 128 pixels in width and
12 pixels in height. These were sampled far enough upstream
such that there was no disruption in the flow due to the cell,
approximately 5 cell lengths upstream from the cell. Linear regressions were calculated from data points less than 55 m above
the channel wall 共10% of channel height兲 where zero velocity was
assigned at the top of the endothelial layer as estimated from the
image. The upstream wall shear rates in the 73 l / min 共low
shear兲 and 365 l / min 共high shear兲 cases were calculated from
the linear regression and found to be 51.0 共R2 value 0.9924兲 and
257.7 共R2 value 0.994兲, respectively. These wall shear rates correspond to wall shear stresses of 0.765 dyn/ cm2 and
3.864 dyn/ cm2. To ensure deviations from a linear flow profile
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near the wall did not alter the calculated upstream wall shear rates,
quadratic regression curves were also calculated using x-directed
velocity values from points up to 170 m above the channel wall
共30.9% of channel height兲. As in the linear case, zero velocity was
assigned at the endothelial cell layer. The slopes at the wall were
within 10% of the corresponding values calculated from the linear
regressions.
In order to calculate the maximum shear rates over the surface
of the cell in each case, the velocity profile above the highest
point on the cell were used. In the low shear case the cell’s maximum height is right above the center of the cell, whereas in the
high shear case the cell’s maximum height has been displaced
forward due to the deformation of the cell in the high shear flow.
These chosen velocities were plotted for each case and quadratic
regression curves were fitted to the measured flow profiles with
the zero velocity occurring at the estimated location of the top of
the cell. The slopes of the curves at the point of zero x-directed
velocity were taken to be the maximum shear rates above the cell.
Computational Fluid Dynamics Simulations. The computational fluid dynamics code used in this study was developed and
validated at Penn State University as described previously and
solves the full fluid momentum and continuity equations 关25兴. A
three-dimensional model of the microchannel was created
700 m wide and 550 m tall. At the center of the channel, a
Transactions of the ASME

Fig. 5 Velocity vector fields representing calculated velocity
values associated with the images shown in Figs. 4„b… and 4„c…

Fig. 4 A large Jurkat cell of approximately 22 m in diameter
was adhered under static conditions to an EI monolayer within
the channel. Flow was applied in low and high shear cases to
yield corresponding upstream wall shear rates of 51.0 s−1 and
257.7 s−1. Large deformation in the cell shape is apparent in
both cases.

model cell was generated on the bottom wall as shown in Fig. 3.
A no slip boundary condition was applied to all four walls of the
chamber and the outside of the cell shape. The defined cell shape
corresponded to the deformed height, width, and length of the
deformed Jurkat cell in the low and high shear cases. Spatially, the
observed cell shapes were achieved by applying the analytic deformation, y t = 共y / a共x兲兲b共x兲, to the y-coordinates or heights of a
sphere with a one micron radius and scaling to the appropriate
size, where y t is the transformed y-coordinate and y is the original
coordinate. Various functions of the x-coordinates were used for a
and b to recreate the cell shapes under low and high shear rates.
Since it has been observed previously 关10兴 that deformed cells
maintain their width dimension, no transformation was applied to
the z-coordinates. A front view of the channel and cell grids and a
close-up of the side views of the cells are shown in Fig. 3. Overset
grids were used in order to minimize the total number of elements
while maintaining a high resolution immediately surrounding the
cell. A fully developed laminar velocity profile in a rectangular
duct with the same flow rate as the low and high shear rate experiments, 73 and 365 l / min, was specified at the inlet 关26兴. The
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computational grid extended approximately 4 cell diameters upstream and 2 cell diameters downstream, lengths sufficient for
these very low channel Reynolds number flows and given the
analytical specification of the inlet velocity.
To validate the CFD computations, the simulated drag force on
an isolated sphere in a shear flow was shown to be consistent with
Stokes’ law 共CD = 24/ Re兲 within 1%. Also, Cao et al. 关10兴
8 dyn/ cm2 shear stress case was modeled using the same method
as described above. The calculated drag force, which includes
both the pressure and viscous force components, was 3.0
⫻ 10−5 dyn, which is within the range of previously reported experimental approximations and theoretical predictions of drag
force on an adherent leukocyte of 2 ⫻ 10−7 to 76⫻ 10−5 dyn
关10,7,27兴.
To further validate the simulation technique, shear rates were
calculated upstream and over the cell using the same regression
methods as described for the PIV data. The upstream shear rate
was calculated using horizontal velocities up to 55 m above the
bottom wall approximately 3 cell diameters upstream of the cell,
far enough that there was no disturbance due to the cell. To calculate the shear rate over the cell, one vertical column of horizontal velocity was taken over the highest point on the cell that
reached to approximately the same height above the cells as the
PIV data. These were then plotted and a quadratic regression
curve was fitted with the zero velocity at the location of the top of
the cell. The slope of the curve at that point was taken to be the
shear rate.

Results
Velocity Profile Over a Leukocyte. Figure 4 shows a large
Jurkat cell of approximately 22 m in diameter that adhered under static conditions to an EI monolayer within the channel. Flow
was applied at 73 l / min and 365 l / min to correspond to low
and high shear cases of 50 s−1 and 250 s−1, respectively. These
shear rates were experimentally verified as discussed in the section Materials and Methods. The cell deformed significantly under
both low and high shear when compared to static conditions. The
APRIL 2006, Vol. 128 / 275

Fig. 6 Velocities over the top of the cell in the low shear case attained from „a… experimental PIV results, „b… CFD
results, and „c… both PIV and CFD data plotted. Velocities in the high shear case attained from „d… experimental PIV
results, „e… CFD results, and „f… both PIV and CFD data plotted. The computation model cells in „c… and „e… are shaded by
the pressure distribution on the cell surface.

corresponding velocity profiles are shown in Fig. 5.
The velocities directly above the top of the cell under low and
high shear conditions, taken from the data in Fig. 5, is plotted in
Figs. 6共a兲 and 6共d兲. The calculated shear rates above the cell were
124.21 s−1 and 502.4 s−1 in the low and high shear cases, respectively. Table 1 compares these values to the upstream wall shear
rates and reports the ratios of the shear rate above the cell to the
upstream wall shear rate. Under the more severe deformation of
the high shear case, the ratio of the shear rate at the cell surface to
that at the upstream wall is 13.6% lower than the corresponding
ratio of the low shear case.
Computational Fluid Dynamics Simulations. Table 1 also
compares the shear rate values calculated from the PIV data to
those calculated from the CFD simulation results. The differences
Table 1 Comparison of shear rates upstream and above a cell
calculated from PIV and CFD results.

PIV results
CFD results

Upstream wall
shear rate

Local shear
rate

Ratio

51.0 s−1
257.7 s−1
48.0 s−1
232.8 s−1

124.21 s−1
502.4 s−1
123.34 s−1
507 s−1

2.44
1.95
2.57
2.18
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in shear rates calculated using the CFD results from those calculated using the PIV results were 5.8 and 9.7% for the low and high
shear cases upstream and 0.7 and 0.9% for the low and high shear
cases above the cells. The velocities used to determine the shear
rates above the cells from the CFD results are shown in Figs. 6共b兲
and 6共e兲 as vectors and plotted with those from the PIV data in
Figs. 6共c兲 and 6共f兲.
The drag force calculated on the deformed cell under the low
shear rate tested, 51/s, was 1.07⫻ 10−5 dyn. The ratio of the viscous component of the drag force to the pressure component was
2, with a pressure force of 3.58⫻ 10−6 dyn, and a viscous component of 7.17⫻ 10−6 dyn. Under the high shear rate, 257.7/s, the
drag force on the deformed cell was 5.46⫻ 10−5 dyn. The pressure
component of this force was 1.67⫻ 10−5 dyn and the viscous
component was 3.8⫻ 10−5 dyn, for a ratio of 2.3.
Since the CFD results have a higher resolution than the PIV
results, the shear rate upstream and above the cell can be examined very close to the walls. Above the cell, the PIV results yield
an average shear rate over a vertical distance above the cell approximately twice the cell’s height. From the CFD results, the
horizontal velocity profile up to 6 m above the top of the cell
was used in a quadratic regression to calculate the shear rate on
the cell surface. This shear rate for the high shear case was 731.8/s
共R2 value 0.9999兲, which is 1.46 times the shear rate calculated
using the previous regression. For the low shear case, the same
method yields a shear rate of 208.8 共R2 value 0.9976兲, which is
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1.69 times that calculated using velocities further away from the
top of the cell. There is no significant difference between the
upstream shear rates calculated using the velocity profile up to
6 m or 55 m above the wall.

Discussion
Technique of Side-View PIV. Building on the developments of
previous work in the study of microflows and cellular adhesion, a
side-view flow chamber has been integrated with particle image
velocimetry 共PIV兲 to produce a novel quantitative method of
studying cellular adhesion experimentally. The small scale of the
imaged objects in these experiments necessitates the use of aggressive processing to increase the signal to noise ratio and the
apparent particle density. This processing facilitates accurate
quantitation of steady-state flow profiles in the side-view system.
In the future, the system could be improved to allow collection of
the dynamic flow profiles as well.
The accuracy of side-view PIV in describing the hydrodynamic
activity within the microchannel was assessed by using the system
to measure velocity near the bottom wall of the channel and comparing them to theoretical predictions. The experimental PIVacquired data match the theoretical predictions very closely, with
errors of 2.0 and 3.0% for the low and high shear cases, respectively. The usefulness of the side-view PIV system to characterize
disturbances in the flow at the cellular length scale has been demonstrated by calculating the flow profile over a Jurkat cell under
low and high shear rates.
Implications of Shear Rate Data. The shear rate over the surface of the Jurkat cell in Fig. 4 was calculated to be 124.2 s−1 for
an upstream shear rate of 51.0 s−1 共0.765 dyn/ cm2兲 and 502.4 s−1
for an upstream shear rate of 257.7 s−1 共3.864 dyn/ cm2兲. The ratio of the shear rate over the cell to the upstream wall shear rate
was 2.44 for the low shear case and 1.95 for the high shear case
共Table 1兲. Thus the normalized shear rate over the surface of the
cell decreased by 20.1% when the cell deformed. Since the viscous drag force is directly related to the shear rate, this lends
experimental support for the computational studies that have suggested that the effective drag forces acting on adhering cells are
reduced following deformation.
Computational Fluid Dynamics. The simulations presented
here serve to validate the flow solver used by comparing the calculated flow profile and shear rates to experimental results of the
modeled system. Both the upstream and above the cell shear rates
were within 10% of the measured shear rates when similar data
collection methods were used. This discrepancy may be due to
experimental uncertainty of the location of the boundaries, the
lack of a cell monolayer in the computational model, and the
difference in resolution between the two methods. PIV data is in
essence an average of the fluid velocity over a small threedimensional space. CFD data does not deliver this kind of averaging. The CFD model conserves mass to within a tenth of an
order of magnitude. Accordingly, the underprediction of the velocity profile above the cell is likely due to one or both of 共1兲
three-dimensional effects associated with the modeled shape of
the cell, and 共2兲 attendant overprediction of velocity closer to the
center of the channel 共i.e., above the PIV interrogation space兲.
The enhanced resolution of the CFD results allowed the velocity profiles directly above the top of the cell to be examined more
closely. This showed the shear rate very close to the cell was
approximately twice what was calculated using the averaging
technique, which is an indication of the nonlinearity of the velocity profile above the cell. The quadratic profiles yielded R2 values
very close to 1 in the region immediately above the cell, showing
a high accuracy of the quadratic regression method.
In future study, the experimental and computational setup will
be used to model and validate the calculation of deformable cell
shapes under different flow conditions. This coupling of experiJournal of Biomechanical Engineering

mental and computational models will yield an accurate prediction
of the effect of flow conditions on both cell deformability and
adhesion parameters.
Future Study. In future research the experimental system and
the computational model described here will be used to investigate the interactions between human neutrophils 共PMNs兲 and
melanoma cells in PMN-mediated melanoma extravasation.
Analysis of the flow profiles over adherent PMN-melanoma aggregations exposed to differing shear rates and shear stresses may
help specify the relative importance of shear rates and shear
stresses in mediating the adhesion of leukocyte-tumor cell aggregations 关22兴. The relative importance of each parameter will likely
depend upon the degree of deformation and the Reynolds number.
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B.2 A noise free side view µPIV microfluidic flow system for cell-substrate adhesion
studies

B.2.1 Introduction to µPIV

Particle Imaging Velocimetry (PIV) is a quantitative measurement technique that
has greatly improved researchers’ ability to visualize and analyze flow structure.
Figure B-1 shows a schematic diagram for µPIV system. For PIV techniques, the flow is
seeded with tracer particles that follow the fluid flow while the particle positions are
imaged onto a sensor and velocity profiles are determined using cross correlation analysis.
µPIV techniques continue to be instrumental for acquiring microscale flow data. In PIV
the flow image is captured through a microscope objective that is directly perpendicular
to the 2-D plane of interest. In this technique the fluid is seeded with tracer particles that
flow along with the fluid. These particles are generally epi-fluorescent and are visible
when excited with incident light of the appropriate wavelength. Therefore, µPIV uses
volume illumination of all particles within the light path, with a thin plane of
particles in focus. Typically a high numerical aperture lens whose depth of focus is
small compared to that of the flow is used. The optical system will then focus on the
particles that are within the depth of focus while the remaining particles will be
unfocussed and contribute to the background noise only. The positions of these

particles are tracked by imaging them onto a sensor at two consecutive times. These
image pairs are divided into contiguous arrays of small “interrogation windows.” Within
each window, values are assigned at each spatial position (pixel in digital images) based
on the local brightness (or darkness) from the presence (or absence) of tracer particles.

229

Figure B-1: Schematic diagram of a µPIV system.
During a “cross correlation” of the image pairs, each interrogation window is
mathematically compared with the corresponding window of a successive image of the
flow using a following equation,
q

p

Φ k (m, n) = ∑∑ f k (i, j ) ⋅ g k (i + m, j + n)

[Eq. B.1]

j =1 i =1

where f k (i, j ) and g k (i, j ) are the gray value distributions of the first and second
exposure, respectively, in the k th PIV recording pair at a certain interrogation spot of size
of p × q pixels. The relative 2-D displacement between the interrogation windows that
yields the highest correlation value is deemed to correspond with the average
displacement of the particle within the fluid during the interval between the acquisitions
of the image pairs.
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B.2.2 A noise free side view µPIV microfluidic flow system for cell-substrate
adhesion studies

As mentioned in the introduction, µPIV uses volume illumination of all particles
within the light path, with a thin plane of particle in focus. Typically a high numerical
aperture lens whose depth of focus is small compared to that of the flow is used. For
instance, using a 40X objective with a 0.4 of numerical aperture, the depth of focus is
around 10 µm. Thus the minimum spatial resolution in the light path direction is 10 µm
and the rest of particles present in the unfocused volume act as the background noise.
However, when the channel width is significantly large enough the background noise is
significant and contributes spatial resolution. As discussed in the paper (see Fig. 3 in the
paper), since the channel dimensions are 700 x 550 µm2 and the cell is about 19 µm wide,
12 µm height. It is obvious that the spatial resolution in the depth direction is poor and
the background noise is significant because the objective depth of focus is about 10 µm
so that the rest of volume acts as the background noise source. Therefore, there are
always issues regarding both the spatial resolution in the light path direction and the
background noise.
Here, a novel microfluidic device for a noise free and high spatial resolution side
view µPIV system is briefly proposed. In order to overcome both issues, an ideal
situation is to have µPIV particles within a confined volume, which is the region of
interest to investigate flow structures, while the rest of volume is maintained particle free
so that zero background noise can be obtained. Figure B-2 shows a schematic diagram of
the microfluidic device with a background free and an extremely thin plane of particle in
focus. The device is composed of 7 inlets and one outlet. Water is infused from the inlets
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Figure B-2: Schematic drawing of a microfluidic device for background free side view µPIV.

1 to 3 and 5 to 7, µPIV particles are infused from the inlet 4. If the fluids are infused with
flow rates of Q1, Q2, Q3, Q4, Q5, Q6, and Q7 as shown in Figure B-3, then the fluid stream
width of each fluid at the main channel is simply determined by the combination of flow
rate ratio of each fluid and the main channel width.

Figure B-3: Zoomed-in-view of the fluid merging region into the main channel.
Also, due to the negligible migration of µPIV particles from one position to
another across a microchannel under microfluidic circumstance, µPIV particles will
travel downstream without having significant lateral migration. Thus, they can be
confined within same fluid width which was originally developed at the inlet. Once the
designed flow structure is obtained, µPIV particles can be excited to investigate flow
structure by using a laser light source (Figure B-4). The configuration described here is
very unique. The flow structure and µPIV particle distribution described here allows
background free µPIV studies because there are no µPIV particles outside of the region
of interest. Also, the width of the fluid containing the µPIV particles, which is the volume
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Figure B-4: Conceptual drawing of the fluorescent PIV particle confinement within one
fluid stream (e.g., Q4).
generating fluorescent signal, can be easily controlled by adjusting each inlet flow rate.
The fluid stream width of the fluid, which contains µPIV particles (WµPIV), can be defined
as

WµPIV = Wc ⋅

QµPIV
Qt

[Eq. B.2]

Where Wc is a main channel width, QµPIV is a flow rate of a fluid containing µPIV
particles, Qt is a total flow rate within the main channel. Thus, the WµPIV can be
controlled by the ratio of QµPIV and Qt. Also, the position of the fluid containing µPIV
particles within the main channel can be controlled by either switching the particle inlet
or changing the relative flow rate ratio between the rest of the fluids, which do not
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contain µPIV particles. In an ideal situation, the WµPIV can be as thin as the diameter of
the particles. Also, the minimum number of inlets to construct the situation described
here is 3.
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