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Abstract

Droplet-based microfluidics has been developed over the last two decades and presented
as a promising platform for biochemical assay. This promise relies on the system’s ability to
quantify the reagents accurately with high throughput. In addition, since each droplet act
as a micro-reactor, faster reaction time and reduced reagent consumption can be achieved.
Most of these biochemical assays require biological samples to be handled, which is non-
Newtonian in nature. However, there is little information on droplet formation dynamics of
biological non-Newtonian fluids. Therefore, this thesis investigates the formation dynamics
of the droplet of red blood cells as a non-Newtonian fluid. Then, a bio-assay to quantify the
viruses in red blood cell solution is developed by using droplet based microfluidic system
to show the system’s sensitivity and precision.

The first part of the thesis focuses on the droplet formation of biological non-Newtonian
fluids in a T-junction generator under the squeezing regime. In this regime, droplet for-
mation with Newtonian fluids depends on T-junction geometry; however, the formation
depends on the aspect ratio and width ratio of the channel, the flow rate ratio of fluids,
and the viscosity ratio of the phases in the presence of the shear-thinning biological non-
Newtonian fluids such as red blood cells. In addition, we analyze the impact of the red
blood cell concentration on the formation cycle. In the first part, we presented the ex-
perimental data of the red blood cell droplet evolution through the analysis of high-speed
videos. During this analysis, we tracked several operational parameters such as droplet
volume, the spacing between droplets, generation frequency by varying the flow conditions
of fluids, and the geometrical designs of the T-junction. Our analysis reveals that unlike
other non-Newtonian fluids, where the fourth stage exists (stretching stage), the formation
cycle consists of only three stages: lag, filling and necking stages. Based on the detailed
analysis of each stage, a mathematical model is developed to predict the final volume of the
red blood cell droplets in the second part, which can be utilized in sensitive biochemical
assay applications for future studies.

In the second part, we analyzed the three stages of single cycle of the droplet formation
and developed a mathematical model that describes the performance of the T-junction
generators for biological non-Newtonian fluids (i.e., red blood cells - (RBCs)). The model
integrated with a detailed analysis of the geometrical shape of the droplet during the
formation process and combined with analysis of a force balance and a Laplace pressure
balance to define the penetration depth and the critical neck thickness of the droplet. This
analysis captures the influence of the governing dimensionless parameters (i.e., channel
width and height, flow rate ratios, and fluid viscosities). The performance of the model was
validated by comparing the operational parameters (droplet volume, the spacing between
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the droplets and the generation frequency) with the experimental data across the range of
these dimensionless parameters. The model matches well with the experimental results as
data falls within 20% of the predicted values of the droplet volume.

The third part of this study focuses on the development of the biochemical assay using
a droplet-based microfluidic system. This study presents Influenza A virus/virus-like par-
ticles (VLPs) quantification by running hemagglutination assay (HA Assay) in a droplet-
based microfluidic system. VLPs are genetically engineered non-infectious particles, which
have proteins to mimic the original virus but lack of genetic material to infect host organ-
isms. Therefore, VLPs are good candidates for vaccine production. To determine the final
dosage of VLPs in the vaccine, HA assay is done using 96-well plates. In this assay, diluted
particles mixed with the target RBCs and the aggregation takes 4 hours to finalize. Al-
though this method is a common procedure, longer reaction time, cross-contamination and
human errors are the major drawbacks of this system. To eliminate these disadvantages, a
droplet-based HA assay was developed. In this study, it was shown that the reaction time
dropped to 4-10 seconds due to small diffusion length in droplets, the cross-contamination
was prevented due to the compartmentalization nature of droplets, and the aggregation
reaction was detected by the image analysis to eliminate human error.
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Chapter 1

Introduction

1.1 Research Background

Microfluidic technology has intensified over the last two decades and has a broad range
of applications in various research areas such as chemistry, biology, pharmacology, and
healthcare. The development of this technology has started with the need for scaling down
of volume. Microfluidics originates from the field of chemical analysis, which uses tech-
niques such as high-pressure liquid chromatography and capillary electrophoresis [70]. In
these studies, it has been shown that using small amounts of sample helps to achieve high
sensitivity and resolution. Besides providing highly sensitive analysis, scaling down has
several advantages, such as reduction of reagent consumption, minimization of waste prod-
ucts, shortened analysis time, lowered overall cost, and an amenability to high-throughput.
The advantages of microfluidic systems also allow researchers, specifically in the fields of
chemistry and biology, to have a better understanding of the kinetics of reactions [114].

The majority of microfluidic systems have been investigated using single-phase fluids in
microchannels. In single-phase systems flow is laminar. Therefore, mixing of fluids, which
is one of the critical parameters for any kind of reaction, becomes sub-optimal. This is
because mixing, under laminar flow, is dominated by diffusion, which is slow compared
to the mixing from the turbulent flow. It is, therefore, difficult to maintain an optimal
mixing in these systems. Another drawback of laminar flow is the cross-contamination
between reagents in the channel. For example, a protein solution cannot be adequately
evaluated due to the possibility of adsorption of proteins to channel walls, which can cause
cross-contamination [114]. Droplet-based microfluidics is an alternative approach, which
can prevent cross-contamination of reagents due to the compartmentalized structure of
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droplets that blocks diffusion of reagents in the carrier fluid. Mixing is also enhanced be-
cause of the nature of the convective flow, which is a result of rotating vortices in moving
droplets [90]. In addition, the small working volume of droplets prevents the use of exces-
sive amounts of reagents. Lastly, since droplet generation can be done on the order of kHz,
high-throughput can be achieved [16]. Therefore, droplet-based microfluidics can serve as
a platform for studying the chemical synthesis and to perform biochemical assays. Most of
these assays require sampling of biological fluids that are mostly non-Newtonian in nature.
In the many applications of droplet-based microfluidic systems dealing with biological flu-
ids, the focus has been on the quantification and detection of elements within these fluids,
while research on the droplets themselves, or their formation, has largely been ignored.
To fill this gap, a comprehensive formation analysis of droplet of red blood cells within
microchannels was undertaken in this study. In the literature, the droplet formation dy-
namics of Newtonian fluids were analyzed by a few research groups where a mathematical
model was developed for the prediction of the final droplet volume. However, due to the
shear-thinning property of the red blood cells, the final droplet volume cannot be predicted
using current mathematical models. Thus, a formation analysis and a new mathematical
model of the final droplet volume of red blood cells are needed to be investigated. This
study was followed by the development of a droplet-based hemagglutination assay to quan-
tify viruses and virus-like particles. To achieve precise quantification, highly monodisperse
droplets of red blood cells are needed to be generated so that batch-to-batch variations can
be eliminated. Therefore, the design of the microfluidic network was done by considering
criteria that has been identified in the dynamics analysis and more sensitive and faster
quantification was achieved.

1.2 Thesis Outline

To place this work both in the field of microfluidics and biochemical assays, a literature
survey that covers the fundamental aspects of both parts are presented in Chapter 2. In the
first section, an overview of droplet-based microfluidic is discussed. This section outlines
the fundamentals of droplet-based microfluidics, including the physics of two-phase fluids,
the mechanism of droplet generation as well as droplet manipulation. In the second section,
a brief summary of fluid properties of the interest of this study, such as rheology of red
blood cells and property of red blood cells, are explained. The chapter ends with a focus
on our virus of interest, namely Influenza, its structure and reactive components.

In Chapter 3, the fabrication of the microfluidic devices and the experimental setup
used throughout this thesis are described.
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In Chapter 4, a comprehensive study of biological non-Newtonian droplet generation
in a T-junction microfluidic device is presented. In this study, red blood cells were used
as the non-Newtonian fluid due to our interest in developing a droplet-based microfluidic
system to detect virus particles. In this section, the dynamics surrounding the formation
of droplets of red blood cells are detailed. The analysis was performed by investigating the
effect of flow conditions and channel geometries on droplet formation.

In Chapter 5, by utilizing the analysis in Chapter 4, a mathematical model is developed
to predict the final volume of red blood cell droplets, as well as the droplet generation
frequency and the spacing between droplets. Then the mathematical model is validated
by the experimental data.

Chapter 6 presents the application of a droplet-based microfluidic system aimed at the
biochemical analysis of the Influenza virus. The system utilizes the established principles of
the hemagglutination assay, such that virus or virus like particle (VLP) titer is determined
via the agglutination profile of red blood cells. Contrary to the standard HA assay, which
is more labor-intensive and time consuming, the droplet-based microfluidic system elim-
inates many of the drawbacks of the current assay. First, the hemagglutination reaction
was observed in droplets and was compared to negative controls. From this, quantification
was possible through image analysis. Various parameters that affect the hemagglutina-
tion reaction, such as red blood cell concentration, virus-like particles type, the freshness
of samples, and droplet sizes were also investigated. Finally, the limit of detection was
determined by lowering the concentration of the virus until the reaction in droplets be-
came undetectable. Overall, this study presents a better performing assay compared to
traditional protocols.

Chapter 7 summarizes the overall contributions of this work to the scientific field, states
the major conclusions from my work, and further provides recommendations for the future
development of this area.

Symbols and Nomenclature

HA
VLP
HA assay
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Chapter 2

Literature Review

In this section, an overview of the fundamentals of two-phase microfluidics and droplet
generation are provided. This is followed by a literature review on the non-Newtonian
fluid behavior of red blood cells. In addition to the flow behavior of red blood cells in
microchannels, a brief introduction is given about the interaction of red blood cells with
hemagglutinin proteins, as well as the relationship between hemagglutinin proteins and
Influenza viruses.

2.1 Fundamentals of Droplet-Based Microfluidics

Droplet-microfluidics is a two-phase flow system where two immiscible fluids flow in a
channel and share a common interface. Liquid or gas droplets flow through the channel via
a carrier fluid (in most cases, oil). The focus of this study is related to liquid droplets that
are carried with their complimentary oil. In cases where liquid droplets flow with their
complementary oil, a number of distinct forces plays role in the development of droplets in
microfluidic channels. Those forces are described in the following subsections.

2.1.1 Forces and Dimensionless Numbers

Like any kind of fluid motion, droplet formation is determined by a competition of forces
acting on a fluid. Since liquid-liquid two-phase microflows can also be described as a
continuum, Navier-Stokes Equation (2.1) can be used to find those effecting forces.
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ρ∂u/∂t+ ρu∇u = −∇p+ η∇2u+ f (2.1)

The left side of the equation represents inertial acceleration, which is the sum of the
time-dependent acceleration and the convective acceleration. The right side of the equation
consists of the pressure force, the viscous force (friction force) and the gravitational force,
respectively. Navier-Stokes equation can be simplified as four different forces acting on the
droplet formation: inertial force fi, pressure force fg, viscous force fv and capillary force
fγ, as shown in Equations 2.2 to 2.5.

fi ∼ ρu2 (2.2)

fv ∼ ηu/L (2.3)

fg ∼ ρgL (2.4)

fγ ∼ γL (2.5)

By scaling and unifying these forces, dimensionless numbers can be derived to predict
the behavior of different fluids. For example, the ratio of the inertial force to the viscous
force is represented by the Reynolds number (Re = fi/fv) (Equation 2.6).

Re = ρuL/η (2.6)

Due to low flow velocity in microchannels, the flow is laminar and the inertial forces
become negligible. Therefore, microfluidic systems run in low Re number conditions (Re
� 1).

Under macroscopic flow conditions, there are a number of other dimensionless numbers
that are used to describe the flow characteristics such as Grashoff Number, Weber Number
and Bond Number as shown in Table 2.1 [8], [94], [39], [88], [102]. However, in microfluidic
systems due to the high surface volume ratio of flows, gravity becomes insignificant which
makes Grasshoff number and Bond Number negligible. Since inertial forces are also negligi-
ble, Weber number becomes insignificant. As a result, the flow is governed by only viscous
and interfacial forces. The competition between the viscous and interfacial forces can be
evaluated using a dimensionless number known as the capillary number, see Equation 2.7.
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Ca = µU/γ (2.7)

As given in its definition, the capillary number involves specific parameters such as
viscosity µ (Pa.s), flow velocity U (m/s), and surface tension γ (N/m). All the listed di-
mensionless numbers except the capillary number has some degree of dependence on the
characteristic length (L) as shown in Table 2.1. This shows that the dependent dimen-
sionless numbers become very small and ineffective as the characteristic length is reduced
from the macro-scale to micro-scale. Eventually, by varying the capillary number, one can
manipulate the formation of droplets in microchannels.

Table 2.1: Dimensionless numbers in a two-phase microflow, which are scaled to the char-
acteristic length. All the dimensionless numbers have a dependence on the characteristic
length (L), whereas the capillary number is independent of L, which makes it the governing
dimensionless number when the flow is analyzed in micro-scale.

As one can see, the capillary number consists of the surface tension of fluids and flow
conditions. In the following section, the impact of surface tension as well as the other fluid
properties of microfluidics system are explained.

2.1.2 Effect of Fluid Properties

There are three main fluid properties that one needs to consider before generating droplets.
The first one is wettability of fluids that are encapsulated in the droplets. Droplets are
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carried in the channel via a continuous phase. The continuous phase acts as a lubrication
layer between the droplets and the channel walls. However, there are cases where the
droplets wet the channel surface not the continuous phase. As a result, the lubrication
cannot be provided, and cross-contamination can occur in the channel. To prevent wetting,
one must select a proper fluid. In most cases, an inert oil that has higher wettability than
fluids in droplets is used as a carrier fluid. In other cases, a surface treatment is applied
to the microfluidic channel to achieve the compatible wettability [56], [66].

In this study, hydrophobic channel walls were fabricated to achieve non-wetting condi-
tions without applying an additional surface treatment so that the droplets repel from the
channel walls; details are explained in Chapter 3.

The second consideration is the use of surfactants. Surfactant molecules consist of two
parts, a hydrophilic head and a lipophilic tail. These parts are soluble in aqueous phases.
Thus, the surfactant molecules migrate and become trapped at the interface of the two
fluids as shown in Figure 2.1. The adsorption of the surfactant at the interface is a dynamic
mass transfer process by diffusion or fluid flow (advection). Once the surfactant molecules
migrate to the interface, they eliminate wetting of the channel walls of the microfluidic chip
by creating a layer between the surface and the fluid. In addition, surfactants can alleviate
the merging of the droplets, in case the collection of droplets is required after the droplet
generation [106]. It is important to note that adding a surfactant lowers the interfacial
tension between the droplet and the continuum phase, which affects the capillary number
and droplet formation [117], [36].

Interfacial tension is defined as energy per unit area that minimizes the total surface
area of the droplet and reduce the free energy of the interface. Internal surfactant molecules
are balanced, surrounded by attraction and repulsion forces of the same molecules. At the
interface of two fluids, there is a force imbalance due to the acting forces on the interface
molecule. The interface molecules are pulled by the internal molecules and form a net
inward direction force. To reduce this force, surfactant molecules reduce the interfacial
area and form a spherical shape as shown in Figure 2.2. This curved shape creates pressure
around the interface, which can be calculated using the Young-Laplace Equation 2.8. It is
the equivalent of the Laplace pressure, which occurs in droplet formation in microfluidic
channels.

∆p = γκ (2.8)

where κ is the radius of curvature, and γ is the interfacial tension (or surface tension
for liquid-gas contact). Since interfacial tension depends on the temperature and the
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Figure 2.1: Schematic of the molecular transport of the surfactant molecules to the interface
of two fluids. On the left, oil droplets are encapsulated in the water phase. Head parts of
the surfactant molecules face outward and on the right, water droplets are encapsulated in
the oil phase. Head and tail parts of the surfactant molecules align corresponding to the
material of the phase [88].

Figure 2.2: Schematic of the contact angle of a droplet on a solid surface with three surface
tension values at equilibrium wetting condition. θeq is the contact angle, γsl is the solid-
liquid interfacial tension, γsg is the solid-gas interfacial tension, and γlg is the liquid-gas
interfacial tension.

surfactant molecules at the interface, lack of surfactant molecules can change the interfacial
tension dynamically resulting in formation of a Marangoni stress [8]. Marangoni stress
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causes a flow along with the interface of fluids in the direction from low to high interfacial
tension regions (Marangoni flow). As a consequence, the flow will be disturbed, and in
the case of droplets, droplet formation and motion will be affected by these changes in
the microchannel. Therefore, the surfactant was not used in this study to eliminate any
additional dynamic changes during the formation process of shear-thinning fluid (red blood
cells).

The third consideration is the material of carrier fluids (continuous phase). Many
types of carrier fluids were used in the droplet-based microfluidic systems so far such as
hexadecane, mineral oil, silicone oil, or perfluorinated oils. Hexadecane and mineral oils
are not commonly used with polydimethylsiloxane (PDMS) microchannels since they lead
to swelling of the channel [23], [63]. Perfluorinated oils have been mostly used for cell
encapsulation in droplets to enhance the gas transfer, such as carbon dioxide CO2 and
oxygen O2 in cells [81], [48]. In this study, silicone oil was employed as a carrier oil due
to its ease-of-use to achieve the hydrophobic surface of the PDMS channel (see details in
Chapter 3).

2.2 Droplet Generation Regimes and Methods

As discussed in the previous section, droplet generation occurs as a result of the competition
between viscous and interfacial forces that can be described by the capillary number, which
contains the information of four main parameters: surface tension, viscosity of fluids, flow
rate and channel geometry. By altering these parameters, the flow field can be changed, and
as a result, droplet formation can be adjusted. To manipulate the flow of dispersed phase
(droplet content) and continuous phase (carrier oil), two different approaches are employed
(Figure 2.3). The first one is the passive method, which utilizes the flow instabilities with
the help of the channel geometry and flow rates. The second approach is known as the active
droplet generation. In active generation methods, droplets are generated either by changing
the balance of the force at the interface of two-fluids with the help of additional energy
inputs (e.g. with electric fields, magnetic fields, and centrifugal forces) or by changing the
intrinsic properties of fluids (e.g. viscosity, flow velocity and capillary force).

Before explaining the generation mechanism of a particular method, the droplet genera-
tion regimes are explained to enhance the understanding of the passive and active methods.
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Figure 2.3: List of microfluidic droplet generators a) passive droplet generation methods
that include i) flow focusing, ii) cross-flow, iii) co-flow designs b) active droplet generation
methods that include iv) external forces and v) internal forces.

2.2.1 Generation Regimes

Generation regimes explain how droplets are formed under what flow conditions and cap-
illary number. Depending on the generation regime, the droplet size, the generation fre-
quency, and the spacing between droplets can change. Details are explained in the this
section.

Squeezing Regime:

In the squeezing regime, the dispersed phase first reaches to the junction and starts to
grow there. As the dispersed phase enlarges, the continuous phase is restricted, which
builds up a pressure gradient over the emerging droplet interface. As the gap between the
continuous phase and the channel wall decreases, the pressure continues to build up. Once
the pressure gradient is sufficient to overcome the pressure inside the dispersed phase, the
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interface is squeezed and deformed. Finally, the dispersed phase necks into a droplet, as
presented in Figure 2.4a. Since the build-up of pressure is also related to the distance to
the outer channel wall, the squeezing regime is dependent on the channel design. In this
study, the droplet generation was done under the squeezing regime for all experimental
studies.

Dripping Regime:

The dripping regime occurs following the squeezing regime in a case where the capillary
number is increased. As the capillary number increases, the viscous forces start to dominate
so that the dispersed phase cannot grow in the main channel as in the squeezing regime
[27], [108]. As a result, small droplets are generated, as shown in Figure 2.4b.

Jetting Regime:

Jetting regime occurs when either the continuous phase or dispersed phase flow rate is
increased while the dripping regime flow is present. The dispersed phase fluid extends along
the horizontal axis with the continuous phase and immediately breaks up into droplets
[93]. The jetting regime is driven by the viscous forces. As the magnitude of viscous forces
exceeds the magnitude of capillary force, a jet of the dispersed phase stretches along with
the continuous phase and thinning its tail before breaking up, as shown in Figure 2.4c.

Tip Streaming Regime:

The tip streaming regime was observed only in co-flow and flow-focusing designs [14]. In
this type of design, the droplet generation occurs when the dispersed phase tip deforms
into a conical shape, and its apex breaks into droplets. To form a conical shape of the
dispersed phase, the viscous force of the continuous phase must dominate the capillary
pressure at the injection nozzle. In the thin jet region where the jet has a cone shape, as
shown in Figure 2.4d. Since streamlines need to converge at the interface to form a cone
shape, tip streaming cannot be generated in a T-junction design. In addition, the average
dispersed phase velocity should be equal to the velocity of the continuous phase to enter
the tip streaming regime.
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Tip Multi Breaking Regime:

The tip multi-breaking regime has been developed by Pingan Zhou et al. and this regime
resembles the tip streaming regime in terms of forming a conical shape of the dispersed
phase [121]. However, the conical shape of the dispersed phase in the tip multi-breaking
regime can lead to instabilities and unequal droplet sizes. A discrete droplet generation
occurs as opposed to continuous droplet generation in the tip streaming regime due to the
oscillations of the conical shape, as shown in Figure 2.4e.

Figure 2.4: Microscopic images of five droplet generation regimes in the three major droplet
generator designs. Droplets can be generated in all regimes in co-flow and flow-focusing
designs (left and right images, respectively). However, tip-streaming and tip-multi breaking
regimes cannot be achieved in cross-flow design (middle image) [14].

2.2.2 Generation Methods - Passive Methods

Passive droplet generation methods have three different generation geometries: Co-flow,
Cross-flow and Flow-focusing. Besides, in each geometries different generation regimes can
be achieved.
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Generation Geometries

Co-flow:

Co-flow designs consist of two concentric capillary channels as shown in Figure 2.5a. The
inner channel carries the dispersed phase while the outer channel carries a continuous
phase. Once the inner phase meets with the outer phase, the viscous stresses stretch the
interface of the inner phase until a droplet is formed. The performance of this geometry
depends mostly on the flow rates of fluids. If the flow rate of the continuous phase increases,
smaller droplets are generated at high frequencies. The flow rate of the dispersed phase
has less influence on the droplet formation. Adding the surfactant into phases reduces the
surface tension, which results in larger droplets [39]. This configuration is mostly used
for generating droplets in the dripping and jetting regimes [21]. In the dripping regime,
droplets break off at the intersection. However, in the jetting regime, droplets break off
after forming an extended thread right after the intersection [21]. This design is not
preferred due to the tedious fabrication procedure.

Cross-Flow:

Cross-flow designs consist of two single channels that form either a T-shape [105] or Y-shape
[96]. One channel carries the dispersed phase, and the other carries the oil phase (continu-
ous phase) as shown in Figure 2.5b. The dispersed phase elongates into the junction until
the shear forces of the continuous phase pinches off a droplet. The performance of this
geometry mainly depends on the channel design and flow rates of fluids. Various generation
performances can be observed by having different generation regimes in these geometries.
In the squeezing regime, the dispersed phase penetrates the junction and touches the far
channel wall before it is pinched off by a built-up pressure from the continuous phase [34],
[109]. In the dripping regime, droplets are pinched off before the droplets contact with
the far wall. In this regime, the generation is governed by the force balance between the
viscous drag on the penetrating interface and the surface tension of the dispersed phase.
In the jetting regime, the dispersed phase penetrates the junction and, flows downstream
and the generation of the droplet occurs from the that constant dispersed phase thread.

This geometry is highly preferred for droplet generation due to its simplicity to generate
droplets and its capability to control the droplet size. Garstecki et al. developed a detailed
scaling law that models final droplet volume in the squeezing regime [34]. Formation of
droplets in this regime depends on the geometry of the intersection plus the amount of
the fluid pumped into the droplet at the junction as its neck collapses. A similar model
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has been developed for the dripping regime by which shows that droplet size inversely
scales with the capillary number [49]. An additional regime occurs in between squeezing
and dripping regimes, which is called a transition regime. Christopher et al.; developed
a model for the transition regime which required the addition of fluid viscosities [16]. In
this study, only cross-flow was used to generate droplets. In Chapter 4 and 5, a simple
T-junction was used to analyze the formation dynamics of droplets of red blood cells. In
Chapter 6, two dispersed phases flow in the Y-shaped channel connected to the T-junction
were used to generate droplets of two different reagents.

Flow Focusing:

Flow focusing designs consist of three planar channels and one orifice, as shown in Figure
2.5c. The middle channel carries the dispersed phase, and the other two channels carry
the continuous phase. Because of the symmetric viscous stresses caused by the continuous
phase and the high shear stress at the orifice, the dispersed phase breaks off as all three
flows go through the orifice [5]. The performance of this geometry depends on the channel
geometry, and the flow fields both before and after the orifice [61]. In this design, different
generation regimes can be achieved. In the squeezing regime, the dispersed phase grows
at the intersection and blocks the flow of the continuous phase, which causes pressure
to build-up. Built-up pressure squeezes the dispersed phase and a droplet pinches off at
the intersection of the channels. In the dripping regime, with the help of an increased
continuous phase flow rate, the generation occurs at the intersection of the channels. After
the droplet pinches off, the dispersed phase fluid stays at the orifice. As the flow rate of
the oil phase increases, the dispersed phase forms a thread through the downstream (after
the the intersection of the channels) at which point the system in the jetting regime. If
surfactant is added (near the critical micelle concentration), a longer thread than in the
jetting regime forms beyond the intersection where droplets form. The latter is referred
to the tip-streaming regime [6]. An additional regime, called tip-multi breaking occurs
in the presence of oscillations in the dispersed phase. In addition, monodispersity of the
droplets depends on the generation regime. For example, highly monodisperse droplets
can be achieved in the squeezing and dripping regimes. However, in the tip-multi breaking
regime, equal size droplets can not be formed due to the oscillations in the flow.

2.2.3 Generation Methods - Active Methods

The generation of droplets in active methods is mainly referred to as “on-demand gener-
ation.” While droplet size and generation frequency are dependent on each other in the
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Figure 2.5: Schematic of passive microfluidic droplet generators: a) co-flowing, b) cross-
flowing and c) flow focusing [16].

passive droplet generation methods, in the active methods, they are independent of each
other. One advantage is reduced stabilization time for droplet generation. In active meth-
ods, it has been observed that droplet generation can be stabilized faster than passive
methods [15]. Active droplet generation methods can be classified by the type of the ex-
ternal forces applied to the microfluidic system. The majority of active droplet generation
methods have utilized the flow focusing and co-flow microfluidic designs [122]. In addi-
tion, each force can be utilized for different applications in the microfluidic system. For
instance, an electrical force can be used in various ways, such as for di-electrophoresis,
electro-wetting and electrochemical reactions. To run fluid flow with the electric field,
the dielectric constant or surface tension of fluids are needed to be known. Based on the
application requirement for the flow, different electric field should be applied.

2.2.4 Comparison of Droplet Generators

A comparison of droplet generators that fall under passive and active methods can be
made based on the application type, compactness of the system, and ease of fabrication.
In the case of the droplet generation and manipulation, most researchers prefer passive
methods due to their simplicity. In the active method, droplet generation relies on tedious
fabrication steps and external equipment such as electrodes, magnets and piezo-materials.
In passive methods, the geometric design of flow focusing, and T-junction microfluidic chips
govern the droplet formation without any external force. However, the geometry of the
passive droplet generators is dictated by the application requirements. For example, flow
focusing designs are more preferred than T-junction designs for single cell encapsulation
applications due to the design’s capability to align the cells in incoming flow which increases
the probability of encapsulation only one cell per droplet. Another example is analysis
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of formation dynamics of droplets. Dynamics analysis has been investigated by many
researchers for Newtonian fluids under the T-junction geometry. Therefore, one can desire
to use the T-junction design to analyze the droplet formation of different fluids to have the
opportunity to compare the data with the previous studies.

2.3 Droplet Motion in a Microfluidic Channel

To manipulate droplets in a microchannel, motions of the droplets need to be well under-
stood. Plug-like-shaped droplets are droplets confine the cross-section of the channel and
have a longer length than the channel width, as shown in Figure 2.6.

2.3.1 Fluid Motion in a Droplet

As droplets move through the channel, counter-rotating re-circulation zones occur, as
shown in Figure 2.6. Circular motion in the droplets is divided into two half portions
of droplets, and each side flow in opposite directions. For plugs that occupy the majority
of the cross-sectional area of the channel, local and global flow fields are influenced by
hydrodynamics. Fuerstman et al. have shown that changes in vortices (flow field) that
are created by droplet motion are due to the viscosity difference of the fluids in the chan-
nels [32]. As a result, the distribution of flow in the microfluidic network depends on the
hydrodynamic resistances of both branched channels and droplets in those channels.

2.3.2 Hydrodynamic Resistance of Droplets in Microchannel (Pres-
sure Drop)

Hydrodynamic resistance is explained by the relationship between pressure drop and flow
rate. This relationship is analogous to that of Ohms’ Law, where the voltage (pressure
drop) is related to the current (flow rate) by means of resistance; however, due to the
complex physics of the droplet shape, it is hard to have as robust of an expression for
resistance in microfluidic channels. The complexities with respect to the droplet is mostly
related to the lubrication layer between the droplets and the channel walls in Figure 2.7b,
and the curvature at the front/back end of the droplets, as shown in Figure 2.7a.

To estimate the pressure drop in the microchannel, Fuerstman et al, defined the to-
tal pressure drop as a sum of three different pressure drops. The first one is related to
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Figure 2.6: Schematic of the vortices in the droplet and the continuous phase for two
different cases ((ηd)� (ηϕ) or (ηd)� (ηϕ)). The top figure indicates the case where the
viscosity of the carrier oil is much larger than the fluid viscosity in the droplets. The
bottom figure illustrates the case where the viscosity of the continuous phase is lower than
the fluid viscosity in the droplets. In the latter case, the number of vortices is higher than
the former case in droplets [32].

the pressure drop due to the viscous resistance of the continuous phase between droplets
(∆Pnb). Similar to the first one, the second one is the pressure drop due to the viscous
resistance of the body of the droplet (∆Pbody). The last one is the Laplace pressure jump
due to the curvatures of the droplet (∆Pcaps). Using the Ohms’ Law analogy, the pressure
drops can be given by the expression below (Equation 2.9):

∆P = (aµc/wh
3)LQ = (aµc/h

2)LU (2.9)

where a is a dimensionless constant, µ is the viscosity of the continuous phase, L is
the length of the plug/droplet, Q is the flow rate of the continuous phase, and U is the
mean velocity of the continuous phase. From this expression, Fuerstman et al. developed
an expression for the pressure reduction of the cap region of the droplets as given below
(Equation 2.10).

∆Pcaps = Ndcµc(γ/h)Ca2/3 (2.10)
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Figure 2.7: a) The sketch illustrates the curvature of both ends of the droplets and the
pressure drop along a microchannel b) Cross-section view of the droplet showing the lu-
brication layer (thin film) and the gutter region (the gaps between the droplet and four
channel corners), which makes the droplet resistance complex c) A schematic diagram il-
lustrates no flow of the lubrication layer is present d) A schematic diagram showing the
lubrication layer bypasses the droplet [32].

where Nd is the number of droplets, c is a dimensionless parameter which depends on
geometric parameters (w, h, Ldroplet ). By using the same expression given in Equation
2.10, the continuous phase pressure drop, and the droplet body pressure drop can be found,
as shown below, respectively in Equations 2.11, 2.12.

∆Pc = a(µc/h
2)LcUc, (2.11)
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∆Pd = b(d/h2)LdUd, (2.12)

where a, b are dimensionless parameters, µd, µc, Ld,Lc and Ud, Uc are the viscosity,
the length and the average velocity of droplets and the continuous phases respectively.
The total pressure drop is the sum of the Equations 2.10, 2.11, 2.12. One can see that
the pressure drop is a complex expression; it involves viscosity of the fluids, the velocity
of each phase, the channel geometry and the interfacial tension of the fluids. Several
experimental studies show how these parameters influence the overall droplet resistance.
For example, Adzima and Valenkar et al. have shown that the hydraulic resistance of the
droplets increases with droplet size and decreases with droplet velocity [2]. Vanapalli et al.
found that the resistance increases as the droplet fluid viscosity increases, which increases
the magnitude of the pressure drop, as shown in Figure 2.8 [110]. Finally, Labrot et al.
found that, the overall droplet train resistance decreases due to eddies that are formed
in the continuous phase as the spacing between droplets decreases (see, Figure 2.6 for
eddies/vorticies in continuous phase) [60].

Figure 2.8: Schematics of the pressure drop along a microchannel containing a droplet
train. In the case of (a) where inviscid droplets (η � 1) were generated, pressure remains
constant along the body part of the droplet. However in the case (b) where viscous droplets
(η ∼ 1) were generated, pressure drops along the body part of the droplet [8].

2.3.3 Droplet Velocity in Microchannel

Besides the hydrodynamic droplet resistance, the droplet velocity also contributes to the
flow motion in the channel. A lubrication layer surrounds the droplet, as shown in Figure
2.9 has an impact on slug (slug/plug: a droplet that confines the cross section of the
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channel) motion. In a circular capillary channel, it has been shown that a thin film causes
droplets to move faster [27]. However, in a rectangular channel, droplets move slower than
the surrounding fluid due to the flux at the gutter [115], which has the same direction as
the droplet motion, as shown in Figure 2.9c, d. Therefore, it is important to consider the
droplet size while analyzing the formation dynamics. In this study, only plug (or slug) like
droplets were used to identify the pressure drop by Equation 2.12.

Figure 2.9: a) Schematic of isolated droplets where droplets do not confine the channel
and float. b) Schematic of slug/plug like droplets that confine the channel cross-section.
c) Schematic of lubrication layer/oil phase between the isolated droplets and the channel
walls. d) Schematic of the lubrication layer with the gutter formation between the edges
of the rectangular channel and the slug/plug like droplet. The gutter region causes back
flow of the oil phase to the opposite direction of droplet flow which changes the entire flow
field in the microfluidic channel [8].

When the droplets move in the direction as shown in Figure 2.9b, the continuous phase
is pulled back by the droplets in the opposite direction due to the viscous forces, which is
the source of the lubrication film between the droplet and the channel wall. In addition to
the movement of the droplet, since the Laplace pressure in the droplet is larger than the
pressure in the continuous phase, there is a Laplace pressure jump at the interface, which
moves the carrier fluid from the lubrication layer into the bulk. The velocity difference
between the droplet and the continuous phase in the main channel is described by slip
factor, βslip, as given expression below [86], [60]:
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ud = Qm(βslip)/(wh), (2.13)

where Qm is the continuous phase flow rate in the main channel. This expression
becomes more complex in the presence of the viscous droplets [47], [3] and several studies
have been done. Vanapalli et al., showed that the slip factor is constant (βslip=1.28) for
viscous drops for any viscosity ratio in the system. However, Labrot et al., showed the
slip factor (βslip) equals to 1.6. Sessoms et al., have shown that when the droplet length
is shorter than the channel width, βslip >1 and vice versa [87]. The dependence of slip
factor on three parameters: channel width, droplet length, and viscosity ratio has been
summarized as follows [51]:

• For η < 1 and length 1.5 < l/w < 3: βslip ∼ 0.95-1.35.

• For η < 1 and l/w > 3: βslip ∼ 1.

• For η = 3: 0.6 < βslip < 0.95.

• For η = 33.3: the trend between the slip factor and the size of the droplet was linear.

In our study, to eliminate the error, a flow sensor was used to measure the flow rate of
the continuous phase and the droplet speed were calculated using frame by frame image
analysis in Chapter 4 and 5.

Adding the surfactant into the system makes the slip factor more complicated due
to the local variation in the boundary condition at the interface (Marangoni stresses).
However, it has been shown that droplet velocity decreases compared to those that have
no surfactant inside [95], [3], [34]. Since no surfactant was used in this study, the impact
of the surfactant on the flow field of microfluidic network is not a concern.

2.4 Passive Manipulation of Droplets in Microchan-

nels

In previous sections, the droplet generation mechanism and droplet motion in the mi-
crochannel are explained. By using the given information of flow physics in those sections,
manipulation of the droplets for specific functions such as droplet sorting, droplet merging,
and droplet splitting can be easily implemented. Manipulation of the droplets can be done
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actively and passively. Since all the projects are completed using passive manipulation
methods in our study, the examples in the following sections are related to the passive
manipulation methods.

2.4.1 Mixing in Droplets

Chemical reactions require mixing of reagents in a reactor. Since, droplets act as an indi-
vidual reactor in a microfluidic system, reagents must be mixed in droplets to complete the
reaction [74]. Passive mixing in droplets generally relies on the diffusion. More specifically,
in droplet-based mixing, the mechanism is based on the turns and bends of the liquids that
are encapsulated in the droplets. When a droplet flows through a serpentine channel, the
body and the edges of the droplet contact the channel at different angles. For example,
a trailing edge of the droplet is exposed to a larger arc, whereas the receding edge of the
droplet makes contact at a small angle. As a result, smaller circulation of liquids in the
droplet occurs at the receding edge compared to the trailing edge. Also, turning in the
serpentine channel causes the liquids to invert in the droplet, which leads to extra stirring,
as shown in Figure 2.10 [12].

2.4.2 Splitting of Droplets

To increase the functionality of the device, a droplet can be split into two daughter droplets.
Thus, each daughter droplet can be used in different reactions or functions in a device.
The splitting mechanism relies on using shear forces to elongate the mother droplet until
it breaks up into two smaller droplets. Several parameters are needed to be considered
during the breaking of the droplet, such as the flow rate ratio of fluids, resistance of the
outlet channels, and geometry of the channel. Splitting has been achieved using Y and T
junctions, as shown in Figure 2.11 [63]. The mother droplet comes to the bifurcation and
starts to elongate. This elongation blocks the channel, and the pressure at the upstream
of the channel builds up. Built-up pressure squeezes and elongates the droplet until it is
pinched off.

2.4.3 Coalescence/Merging of Droplets

Droplet merging can be achieved by changing the geometry of the microchannel. Bremond
et al. developed a channel that involves an expansion region where droplets slow down
and merge with the former droplet in a sequence, as shown in Figure 2.12a [10]. Droplet
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Figure 2.10: The top figure illustrates the mixing in droplets. Vortices in the droplets
changes as the angle of the serpentine channel changes. Smooth turns (i) maintain the
symmetry in the vortices and cause slow mixing. However, sharp turns (ii) break the
symmetry and lead to faster mixing. The bottom figure is the microscope image of mixing
of two different food dyes in droplets [12].

coalescence does not occur in the expansion region; but at the exit of the extension region
since the two tips of the droplets form an interface and fuse into each other.

Another design developed by Niu et al. had pillars in the expansion part [76]. A pillar
was used to trap a droplet and hold it until another droplet arrives and merges to the
former. The trap mechanism is governed by surface tension forces and hydrostatic forces
that occur due to the blockage of flow between pillars. When the second droplet comes into
the trapping region, pressure builds up at the upstream and forces the droplet to merge
with the first one, as shown in Figure 2.12b.

2.4.4 Sorting of Droplets

Sorting process is an essential step to isolate the desired droplets that are generated in the
channel. In passive sorting, two parameters are considered: drag force in the channel and
droplet size compared to channel dimensions [100]. Droplets with a smaller diameter than
the channel diameter tend to flow in the regions where the flow velocity of the continuous
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Figure 2.11: A microscope image of droplet splitting using a bifurcation design in the
channel. A larger droplet came to the T-junction at the top of the figure and was split
into two daughter droplets. Then, these two droplets were split into four at the second
T-junction. This procedure continued until the last T-junction in the design [63].

Figure 2.12: Microscope images of two different passive droplet coalescence/merging meth-
ods a) droplets merged at the exit of the expanded part of the channel b) the previously
formed droplet was held by the pillars, and the following droplet merged with the previous
droplet [10].

phase is maximum [100]. However, droplets with a larger diameter than the channel width
will flow slower than the continuous phase. Therefore, the smaller droplets will follow
a narrow branch of bifurcation, whereas the larger droplets will flow through the larger
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branch, as shown in Figure 2.13 [71].

Figure 2.13: Passive sorting of droplets. a) Schematic of overall microfluidic channel design
for droplet separation. b) Microscope image showing the separation of the larger droplets
from the small droplets c) Enlarged view of the separation channel [71].

2.5 Characteristics of Blood Cells

In this section, elements of red blood cells are explained in general. Since all the ex-
periments were done by using chicken red blood cells in this thesis, the red blood cell
morphology, and flow characteristics are reviewed.

2.5.1 Components of Blood

Blood for vertebrates consist of three major components. The first part consists of the
blood cells, which include red blood cells (erythrocytes), white blood cells (leukocytes)
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and platelets (thrombocytes). The second part are the lipoproteins, which transport lipids
throughout the body. The third one is plasma, which consists of electrolytes, water and
other dissolved proteins. Red blood cells make up the majority of the blood cells. Human
red blood cells account for 45% of the total volume fraction of blood cells. The volume
fraction of red blood cells is also known as the Hematocrit level. Since red blood cells have
the largest fraction, flow behavior of blood is mostly governed by these red blood cells.
In addition, type of the red blood cells impact the blood flow due to the difference in cell
deformation ability, viscosity, presence of nuclei and shape.

2.5.2 Red Blood Cell Morphology

Red blood cell size and shape depend on the species [43]. For example, the human red
blood cells are smaller than those the birds and reptiles. Avian red blood cells have an
ovoid shape and are nucleated, unlike human red blood cells [19]. In addition to this shape,
avian red blood cells have additional cytoskeletal elements on the membrane, and the shear
modulus at the cell membrane is higher than mammalian cells [26].

In this study, our focus is specifically the avian red blood cells. This is because quantifi-
cation of the produced virus/virus-like particles is generally done using chicken red blood
cells due to their convenience to handle in laboratories. In addition, laboratories require
additional safety regulations to work with human red blood cells. Thus, chicken red blood
cells were used in our experiments.

2.6 Influenza A Virus and Virus-Like Particles

2.6.1 Influenza A Virus

Influenza viruses are enveloped RNA viruses that typically have a diameter of 80 to 120
nm, as shown in Figure 2.14. They are further classified into three different types; Influenza
A, B and C. Type A Influenza is the most significant cause of morbidity and mortality
in the modern world [77]. The Influenza virus genome consists of 8 single-stranded RNA
fragments. These fragments are used for encoding proteins. Of these, hemagglutinin
surface protein (HA) is used for attachment of the virus to sialic acid on a host cell and
also for membrane fusion between the virus and the cell. Another protein is known as
neuraminidase surface protein, which is required to cleave sialic acid-HA protein binding.
A third protein, M1, assists in viral structure by viral binding RNA with HA and NA. Other
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proteins such as M2, PB1, PB, PA, NP, NS1 and NS2 have functions in viral infectivity
and transmission of the host cell.

Figure 2.14: Schematic of Influenza A Virus. The virus contains Hemagglutinin (HA) and
Neuraminidase (NA) proteins at the surface, RNA at the core and Matrix Proteins at the
interface.

The infection cycle consists of several steps, as shown in Figure 2.15. In the first step,
the Influenza virus attaches to the sialic acid of the host cell membrane with the help of
the Hemagglutinin protein (HA). After binding, the virus is up taken into the host cell by
endocytosis as a second step. Due to the acidic environment of the cell, the virus opens
its channel to release its viral RNA. In the third step, the viral RNA enters the nucleus
to start replication of its own by using a host cell machinery. As a next step, the surface
proteins of the virus and the viral RNA are exported to the cell membrane. Finally, new
viruses bud out of the host cell to infect another host cell around.

2.6.2 Influenza A Virus Vaccine

Vaccines are not only used to provide immunity to a particular disease but also play a role
in therapeutic applications, such as the treatment of certain cancers. A typical vaccine
consists of either a dead or weakened microorganism or microorganism toxins/surface pro-
teins that cause disease. Once these organisms enter the body, they stimulate the immune
system. By stimulation of an immune response, antibodies are created to bind, isolate and
lead to the destruction of the foreign microorganism and the antibodies created lead to a
memory of the microorganism for subsequent infections.

The most important reservoir of Influenza A virus is wild birds. 16 different subtypes
of the virus are known, based on the antigenic properties of the HA protein. Because
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Figure 2.15: Schematic of Influenza virus infection cycle in the a host cell. The cycle starts
with attachment of the Influenza virus with the sialic acid receptors of the host cell. Once
the attachment is complete, the virus enters into the cell with endocytosis. Then, the
virus release its RNA. The released RNA enters into the nucleus of the host cell to start
replication of itself. Then, the surface proteins of the virus and the viral RNA are exported
to the cell membrane to form a new virus. Finally, the new virus emerges from the host
cell.

it is an RNA-based virus (mutations occur much more frequently in RNA than in DNA
molecules) and because of its segmented genome, it is highly possible to encounter newly
mutated viruses [31] and these viruses can cause new epidemics for the coming year –
and in some cases even a pandemic. Repeated (yearly) vaccination are the most effective
way to control Influenza infection because vaccine strains are determined based on the
epidemiological and antigenic properties of current circulating human strains. Two types
of vaccines are commonly available, which require fertilized chicken eggs as a substrate [52].
One is a chemically inactivated vaccine (inactive but previously virulent) of detergent-split
virion subunits, containing the hemagglutinin protein (HA). It has been observed that this
type of vaccine does not sufficiently protect the elderly [103]. The other vaccine type is
known as a live attenuated vaccine (active but less virulent), which has been approved by
FDA to be used in patients aged six months to 49 years [52].
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During an avian Influenza virus outbreak (an outbreak caused by the virus jumping
from one species to another - from birds to humans), propagation of the virus in eggs
may be hindered because of the lethality of the virus to chickens. In addition, and more
generally, people with egg allergies cannot be vaccinated by the vaccine that is produced in
eggs. Furthermore, biosafety level 3 facility requirements support the need for developing
new influenza vaccines that do not rely on propagating Influenza virus or use eggs. To
eliminate these drawbacks, production of virus proteins or even non-replicating virus-like
particles in cell culture have become available.

2.6.3 Virus-Like Particle (VLP)

Virus-Like Particles are protein complexes that are composed of viral structural proteins, as
shown in Figure 2.16. When structural proteins are expressed in the recombinant system,
they assemble and form virus-like particles. These particles mimic the organization and
structure of the original virus, but they do not contain any genetic material inside.

Figure 2.16: Schematic of Influenza A Virus (Left) and Influenza Virus-Like Particle
(Right). The fundamental difference between Influenza virus and Influenza VLP is that
the VLP does not contain RNA.

2.7 Virus Quantification Methods

To prevent pandemic outbreak of Influenza virus, rapid diagnosis is needed, along with
effective vaccine manufacturing during the acute phase of an infection. Recently, many di-
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agnostic methods have been developed. In the following section, these detection methods
are briefly explained. Influenza A virus quantification methods can be grouped in three ma-
jor categories: antibody-dependent methods, antibody-independent methods, and methods
for infectivity measurement as shown in the Figure 2.17 [103].

Figure 2.17: List of Influenza virus quantification methods. The quantification methods are
categorized under three main branches, which are antibody dependent methods, antibody
independent methods and measures of measures of infectivity.

2.7.1 Antibody Dependant Methods

Single Radial Immunodiffusion (SRID):

This method measures the radial diffusion of viral antigens in agarose gels containing
antibodies. A ring forms upon injecting the viral antigen into the agarose gel. The con-
centration of the target virus can be determined based on the diameter of the ring. The
limit of detection of this method is 3-5 µg/ml of HA. Although this method is approved
by the WHO, it has several limitations, such as having a time consuming detection pro-
cedure, requiring a strain-specific antibody, which raises the cost of the detection system,
and variability of results due to the operator [104].
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Enzyme-Linked Immune Sorbent Assay (ELISA):

This method is used to detect presence of antibodies in biological samples. A biological
sample is interacted with enzyme linked antibodies on a plate based assay. Once the
interaction of antigens with antibodies is complete, the activity of the enzymes, so called
reporter enzymes, is measured to quantify the amount of antigens, typically observing a
color change. Although this is a promising method for vaccine development, this method
has not been used to detect Influenza VLPs [103].

Surface Plasmon Resonance (SPR):

The principle of SPR is based on the competitive binding of antibodies to the proteins
present in the sample. The concentration of HA proteins can be quantified by analyzing
the binding of HA to sialic acid by observing the color change of gold nanoparticles [68].
However, this technique was abandoned due to the low limit of detection. In addition,
VLP detection has not been conducted with this method. Therefore, the limit of detection
for VLPs is unknown [104].

2.7.2 Antibody Independent Methods

Hemagglutination Assay (HA Assay):

Hemagglutination assay is used to quantify virus, bacteria and antibodies in red blood
cells. The activity is measured by observing agglutination of red blood cells (RBCs). In
the presence of viruses, cells and viruses start to bind together and form a lattice. The
reaction looks like a homogeneous red sheet in the 96-well plate as shown in Figure 2.18.
However, red blood cells precipitate to the bottom of the well, in the absence of the virus-
cell binding reaction.

The procedure of the assay starts with dilution of an unknown quantity of the virus
from the first well of the plate to the last well. Then, red blood cells are added into each
well to start reaction. At the end of the reaction, titer of the virus can be calculated by
dividing the dilution factor to the sample volume. For example, as shown in Figure 2.19,
virus titer was equal to 128 HAU/50 µl for the given 10% RBC concentration of the sample.

Although the assay procedure is commonly used for virus quantification, this method
has few limitations. For example, the read-out of the reaction is subjective to the operator’s
judgement, the reaction takes long time to run for a single test, assay preparation is tedious
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Figure 2.18: Schematic of hemagglutination reaction in 96-well plate. The top row indicates
no reaction where the red blood cells precipitates at the bottom of the well in the absence
of the virus. The bottom row shows that reaction occurs, where the viruses attach to the
red blood cells and form a lattice. This results in a homogeneous color in the well [30].

Figure 2.19: Photograph of the hemagglutination reaction in 96-well plate for various red
blood cell (RBC) concentrations. The concentration of the 10% washed RBCs were diluted
by phosphate buffer saline (PBS, 1X, pH=7.4). The cell concentration was adjusted to 10%
in the top two rows, 5% in the 3rd and 4th rows, 2% for the 5th and 6th rows and 1% in
the bottom two rows.

and tend to cause cross contamination due to the pipetting procedure. Moreover, the limit
of detection of this assay is 2 units HA/50 µl [103]. To eliminate these issues, we developed a
droplet based microfluidic system to improve HA assay performance for virus quantification
in Chapter 6.
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Reversed-Phase High Performance Liquid Chromatography (RP-HPLC):

This method includes a treatment with detergent to solubilize membrane proteins of viruses
followed by a treatment with a reducing agent to break the disulfide bonds between HA1
and HA2 subunits. The method has been proven to be efficient for quantification of all the
16 HA subtypes from A and B strains of Influenza. However, its use is limited to the final
vaccine formulation or purified materials such as virus-like particles [104].

Transmission Electron Microscopy (TEM):

Electron microscopy is generally used to visualize size and morphology of virus particles.
The major drawback of this method is the tedious sample preparation prior to imaging
virus samples [104] as well as being open to interpretation.

Cytometer:

The basic analytical principle behind a cytometer relies on fluorescence detection. The
cytometer uses a non-virus specific dye, which stains proteins and nucleic acids of the
sample. It is equipped with a software that quantifies intact virus particles. However,
there have been a few studies with VLPs which requires further standardization [103].

Dynamic Light Scattering with Gold Nanoparticles (DLS with AuNP):

Light scattering methods have been utilized to measure the size, aggregation and zeta
potential of particles. In this method, viruses are conjugated on gold nanoparticles using
antibodies. Then, the aggregation diameter of the target virus and the gold nanoparticles
is measured by analyzing the absorbance of light. In this method, VLP quantification can
be done [103].

2.7.3 Infectivity Measurement

Plaque Assay:

The plaque assay is used to determine infectivity of viruses. Infectivity is evaluated based
on the ability of a virus to kill a target cell. In this assay, cells are infected with serial
dilutions of the virus and incubated for 3 to 6 days. The cytopathic effect is then monitored
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with a microscope and the plaques on the cell culture plate are counted. Based on the
dilution and counted plaques, the plaque forming units can be determined. However, the
quantification of VLPs has not been studied yet [103].

Symbols and Nomenclature
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Chapter 3

Material and Methods

In this section, the fabrication process of the microfluidic chip is first presented. Then,
measurement setup for the projects, which is integrated with microfluidics chips, is ex-
plained.

3.1 Microfluidic Chip Fabrication

Fabrication of the micro-device includes photolithography and soft lithography processes.
Photolithography was used to transfer computer aided designs (CADs) of the microfluidic
chip onto silicon wafers. Soft lithography was used to replicate the designs on polydimethyl-
siloxane (PDMS). In photolithography, a negative resist (SU-8, MicroChem, MA, USA)
was used, which is desired when high aspect ratio features are needed. Moreover, the SU-8
is durable to daylight, which is needed due to the soft lithography procedure. Schematic
of the photolithography is given in Figure 3.1, while the steps are described below:

• SU-8 2005 was spin-coated onto a silicon wafer using a fluid dispenser (EFD Nordson
Company, CA, USA) at 500 rpm for 30 s using a spinner (200 CB, Brewer Science,
MO, USA). This layer is used as an adhesive layer for the top layer in Figure 3.1a.

• Coated wafers were exposed to soft bake, to crosslink the photoresist, at 65 oC, 95
oC and 65 oC for 2 min, 3 min and 2 min, respectively in Figure 3.1b.

• The wafer was exposed to the blind UV (∼300 nm) exposure for 24 s (UV exposure
machine, Newport, CA, USA) in Figure 3.1c.
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• For further cross-linking, a second rapid heating step was applied at 65 oC, 95 oC
and 65 oC for 1 min, 2 min and 1 min, respectively in Figure 3.1d.

• The second layer of photoresist (SU-8 2075 or SU-8 2025, negative photoresists,
MicroChem, MA, USA) was spin-coated onto the wafer by using the fluid dispenser
at 500 rpm for 30 s, followed by 3000 rpm for 35 s. Because different channel heights
were desired for different projects, different thicknesses of photoresist were needed
(60 and 40 µm). For SU-8 2025, the spin rate for 60 µm was 2000 rpm, and for 40
µm was 1850 rpm. However, in Chapter 6, the channel height was designed to be
80 µm. Therefore, SU-8 2075 was coated on the wafer by using the same spinning
parameters in Figure 3.1e.

• Heat was applied for soft baking at 65 oC, 95 oC and 65 oC for 4 min, 8 min and 2
min, respectively in Figure 3.1f.

• The wafer was illuminated with UV light using the UV exposure machine for 38 s
with a photomask that includes the desired channel design. The photomask was
designed via AutoCAD (Autodesk, CA, USA) and printed on Mylar film with 20K
dpi resolution (CAD/Art services, CA, USA) in Figure 3.1g.

• After exposure, a hard bake was completed at 65 oC, 95 oC and 65 oC for 3 min, 7
min and 1 min, respectively in Figure 3.1h.

• To developed the sample and achieve the final design on the wafer, the wafer was
immersed in a SU-8 developer (MicroChem, MA, USA) for 7 min. After the etching
process, the wafer was washed with Isopropyl-alcohol (Sigma Aldrich, MO, USA)
and dried with Nitrogen in Figure 3.1i.

The schematic of the second step (soft lithography) is given in Figure 3.2, and the
fabrication steps are given in detail below:

• PDMS pre-polymer (w/w) (Sylgard 184, Dow Corning, Sigma Aldrich, MO, USA)
was prepared in a mixture of 10:1 (base polymer: curing agent).

• Bubbles that occurred during the mixing of the polymer were removed by degassing
using a vacuum oven (Isotemp Vacuum Oven Model 280 A , Fischer Scientific, NH,
USA) (applied pressure was 25kPa for 30 min).

• PDMS was poured onto the silicon wafer and was incubated at 95 oC for at least 3
hours.
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Figure 3.1: Schematics of photo-lithography steps for transferring CAD design (desired
microfluidic device design) onto the silicon wafer. a) Spinning of the 1st photoresist, b)
Soft-baking the photoresist, c) UV exposure (without a mask) to harden the photoresist, d)
Post-baking the photoresist, e) Spinning a second layer of photoresist, f) Soft-baking step
for the second resist, g) UV exposure with the mask to transfer microfluidic chip pattern, h)
Post-baking for the second photoresist, i) Development of the exposed photoresist pattern,
j) The final pattern transferred onto the Si wafer.

• After heating, PDMS was peeled off from the silicon wafer. Inlets and outlets for the
channel were cut using a biopsy punch.

• To seal the channel, the PDMS microchannel was bonded onto a glass substrate,
which was covered by a thin PDMS layer. To achieve bonding, the two substrates
were exposed to oxygen plasma for 10 sec at 29.6 W at 500 mTorr using an Expanded
Plasma Cleaner (PDC-001, Harrick Plasma, NY, USA). Since oxygen plasma changes
hydrophobicity of PDMS, the bonded microchips were heated at 190 oC for 12 hours
to reverse the effect.
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Figure 3.2: Schematic of PDMS casting steps and bonding. a) Developed photoresist
on the silicon wafer, b) PDMS was poured on the silicon wafer and baked to cure the
polymer, c) The cured PDMS was peeled off of the silicon wafer, d) The detached PDMS
was punched from the inlets and outlets, e) A glass substrate and PDMS were exposed to
oxygen plasma to activate the surfaces for bonding f) PDMS was bonded onto the glass
slide.

3.2 Experimental Setup of the Microfluidic System

The experimental setup consists of several components, such as a microscope, flow sensor,
microfluidic chips, a pressure system, and cameras, as shown in Figure 3.3. To visualize
droplet flow in a microchannel, two different cameras were used. In the first project,
where red blood cell droplet formation dynamics were analyzed, high resolution imaging
was required to capture small changes during the formation. Thus, a high-speed camera
(Phantom V210, Vision Research, NY, USA) was used to record videos and images of
droplets. With a 12-bit digital image quality at 1280x800 full resolutions, the camera
recorded images at 2190 frames per second (fps). To achieve ten kfps, the resolution
and region of interest can be reduced. For low-frequency range droplet generation, an
inverted epifluorescence microscope (Eclipse Ti, Nikon, Japan) was used. Images were
recorded using a Retiga 2000R Fast 1394 monochrome CCD camera (Qimaging, AZ, USA).
4X and 60X objectives were coupled to the microscope. To control fluid flow inside the
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microchannel, a pressure pump system (Fluigent, MFCS EZ, Germany) was used. The
system had eight different programmable channels with a maximum of 1 achievable bar
pressure in 40 ms per channel. Each channel outlet was connected to the fluid reservoir
using ETFE (ethyltrifluoroethylene) tubing (IDEX, ON, Canada). The system pumps the
fluids through the channel. The pressure system software was used to adjust the applied
pressure level. Moreover, the flow sensor (SLG 1430-4870, Sensirion) was connected to the
other end of the reservoir to measure the flow rate of the silicone oil during red blood cell
droplet generation. The sensor measurement limit was 40 µl/min with update rates of 100
Hz.

Figure 3.3: Experimental setup. Fluids were pumped into the microfluidic device using
the pressure pump system (top left). The pressure pump creates air pressure that pumps
the desired fluids from the reservoir (bottom left) to the microfluidic chip. A flow sensor
is connected in between the reservoir and the microfluidic chip to measure the flow rate
of fluids. The flow is recorded using a high speed camera or a CCD camera. Images were
acquired using the microscope (right).
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Chapter 4

Experimental Analysis of Droplet
Formation of Red Blood Cells in a
T-junction

In this project Merve Marcali (Ph.D. candidate, Department of Mechanical and Mecha-
tronics Engineering) designed, fabricated, tested the microfluidic device performance, and
conducted all the experiments and data analysis. Prof. Carolyn Ren (Department of Me-
chanical and Mechatronics Engineering, University of Waterloo) and Prof. Marc G. Aucoin
(Department of Chemical Engineering, University of Waterloo) provided thoughtful dis-
cussions to accomplish the project.

4.1 Overview of Previous Works

Droplet-based microfluidic systems have shown great potential in a variety of applications
involving chemical processes to biochemical analysis. This promise relies on the ability of
these systems to produce monodisperse droplets of biological fluids such as cells, blood,
saliva, and tear [91], [69], [1], [67], [58], [41], [116]. Producing monodisperse droplets is of
great importance for these applications to eliminate batch-to-batch variability. Therefore,
it is essential to understand if and how the droplet formation dynamics affect the final
droplet volume. Several research groups have investigated droplet formation dynamics
using both Newtonian and non-Newtonian fluids. Among these studies, the T-junction is
the most common channel geometry used to form droplets. In this design, the channel
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that carries the fluid destined to become the droplet (dispersed phase), is perpendicular
to the channel that carries the continuous phase. As the dispersed phase flows into the
main channel, forces created at the junction causes droplets to form [105]. This generator
can work under three different generation regimes: squeezing, dripping, and jetting [16],
[24], [40]. The regime is controlled by the capillary number, and the flow rate ratio of the
phases. The monodispersity of droplets can only be achieved in the squeezing and dripping
regimes, as mentioned in Chapter 2.

Formation of Newtonian fluid droplets in the dripping regime occurs in the range of
0.02 < Ca < 0.3, and the dispersed phase can only penetrate a small distance in the
main channel. Droplet break up is governed by the competition between surface tension
forces, which resist formation, and the viscous drag forces, which act on the interface of the
droplets. The final size of the droplet is defined at the point where the forces are balanced
[34], [49], [17]. However, in the squeezing regime Newtonian-droplet break up occurs in the
range of Ca < 0.02. Since the surface tension forces exceed the drag force, the interface
between the dispersed and continuous phases penetrates the main channel, touches the
far wall, and blocks the main channel [34], [17]. Formation of the droplet is governed by
channel geometry.

In summary, depending on the generation regime, several parameters affect the forma-
tion of a droplet. In Figure 4.1, parameters that are investigated are presented in details.

The first group of parameters that affect droplet formation is related to the channel
geometry and includes the dispersed phase channel width, wd, and the continuous phase
channel width, wc. The main channel, wm, which is the part where the dispersed and
continuous phase intersect, is equal to wc. Channel height is denoted as h.

The second group is related to the flow conditions. The flow rate in the main channel,
Qm, is the sum of the flow rates of the continuous phase, Qc and dispersed phase, Qd.
Flow rates are controlled by the pressure pump, and the related pressures, P, follow the
same subscript notation (c, d and m for continuous, dispersed and main, respectively).
By changing these parameters, the volume of the droplets, Vd, the droplet generation
frequency, f, and the spacing between the droplets, λ, change. The droplet flow rate Qdrop

is equal to the product of the droplet generation frequency and the droplet volume (Qdrop=
Vd*f), while the droplet velocity, ud, is the product of the generation frequency and the
spacing between droplets (ud= λ*f). Finally, the number of droplets can be obtained by
the division of the main channel length, Lm, to droplet spacing (n = Lm/λ).

To analyze the formation dynamics, these parameters are needed to evaluate the per-
formance of the system. To simplify the analysis of the formation, the Buckingham π
theorem has been used to reduce the parameters to six dimensionless numbers that are
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Figure 4.1: Microscope image of the generated droplets of red blood cells in a T-junction
generator. Parameters affecting the droplet formation: Pc, Qc, wc are the continuous phase
pressure, flow rate, and channel width, respectively. Pd, Qd, wd are the dispersed phase
pressure, flow rate, and channel width, respectively. Ld is the length of the droplet, Lc
is the length of the oil phase between droplets, ud is the droplet speed, Vd is the droplet
volume, λ is the spacing length between the droplets. Qm and wm are the main channel
flow rate and channel width, respectively.

listed from Equation 4.1 to Equation 4.6 below [40]:

ϕ = Qd/Qc (4.1)

∧ = wd/wc (4.2)

h∗ = h/wc (4.3)

η = µd/µc (4.4)

Re = ρQc/hµc (4.5)

Ca = Qcµc/γhwc (4.6)

where ϕ is the flow rate ratio, ∧ is the channel width ratio of the phases, h∗ is the aspect
ratio, η is the viscosity ratio, Ca is the capillary number, and Re is the Reynolds number.
Since Re << 1 in microfluidic channels, Re can be neglected. Then, the final dimensionless
droplet volume becomes dependent on the remaining five dimensionless groups (V∗

d=f (ϕ,
η, ∧, h∗, Ca)). By using these dimensionless groups, several physical models have been de-
veloped to describe the final droplet volume. In the squeezing regime, where the formation
of the droplet is governed by the channel geometry, Garstecki et al. described the droplet
size of Newtonian fluid by the Equation 4.7 given below [34]:
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Ld/w = 1 + aQd/Qc (4.7)

where Ld is the droplet length, w is the channel width, a is a geometric factor, and Qd/Qc

is the flow rate ratio between the dispersed and the continuous phases. In the transition
regime (in between squeezing and dripping regimes) where the droplet formation depends
not only on the channel geometry but also on the capillary number, Christopher et al.
showed that the Newtonian-droplet volume could be described by the Equation 4.8 given
below [17]:

V ∗
d = b∗2 + ∧Qd/Qc (4.8)

where Vd* is the dimensionless volume, b* is the dimensionless penetration depth of
the dispersed phase, ∧ is the channel width ratio, and Qd/Qc is the flow rate ratio of the
two phases. Based on these two equations, one can see that the droplet formation in a
T-junction is governed by the geometry of the generator and the flow conditions together.

For non-Newtonian fluids, Zhang et al. evaluated the dynamics of the droplet for-
mation for a viscoelastic polyethylene oxide (PEO)-glycerol solution under three different
generation regimes using both a T-junction and a flow-focusing generator [119], [25]. Using
a similar dimensional analysis that was used in Newtonian fluids, it was found that the
elasticity of the non-Newtonian fluids is also needed to calculate the final droplet volume
and is described by Equation 4.9 given below:

Ld/W = 0.92(Qc/Qd)
−0.22Ca−c

0.36El0.08 (4.9)

PEO-glycerol or PEO-water mixtures are considered viscoelastic fluids where their vis-
cosities are independent of shear rate. Furthermore, changing the PEO molecular weight
does not change the solution viscosity. However, fluids that are non-Newtonian or have
a time-dependent viscosity such as blood, tears, xanthan gum, and gellan gum have a
dependence on the amplitude of shear stress or duration of shear stress. Therefore, it is
expected to observe different formation dynamics with such fluids. For example, Rostami
et al. investigated the droplet formation of a non-Newtonian fluid (xanthan gum solution)
in a flow-focusing generator with a stadium-shaped cross sectioned glass channel for all
three generation regimes (squeezing, dripping and jetting regimes). They showed that the
role of the viscosity ratio, and the shear thinning property of the xanthan gum solution
on the droplet volume is weak in both the squeezing and dripping regimes [83]. Using the
same polymer solution, Gu and Liow et al. investigated the effect of the dispersed phase
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angle and polymer concentration on the droplet formation dynamics in the jetting regime.
They found that the angle does not change the formation dynamics, but the increased con-
centration of xanthan gum results in a more prolonged breakup of droplets [38]. In contrast
to Rostami et al., Costa et al. used another non-Newtonian fluid. They generated gellan
gum droplets in soybean oil under the three different regimes using a flow-focusing gener-
ator. They showed that droplet size not only depends on the flow rate ratio but also the
viscosity of fluids and the interfacial tension of the different phases [20]. One can see that
there are conflicting results in the literature. Furthermore, none of these studies presented
a mathematical model to predict the final droplet volume with biological non-Newtonian
fluids.

4.2 Introduction and Objective of the Project

The objective of this project was to investigate droplet formation dynamics of red blood
cell solutions in a T-junction in the squeezing regime; and to predict and control the final
droplet volume.

Although studies have investigated the mechanisms of non-Newtonian droplet formation
in microfluidic channels with different geometries and under different generation regimes,
none performed a comprehensive analysis involving all five dimensionless groups. To deepen
our understanding of the dynamics of biological non-Newtonian droplet formation, a com-
prehensive analysis of the droplet formation using red blood cell solutions are presented
in this chapter. In this analysis, the role of the width ratio (∧=wd/wc), aspect ratio
(h*=h/wc), flow rate ratio (ϕ=Qd/Qc) and viscosity ratio (η=µd/µc) on droplet formation
was elucidated. Furthermore, the cell concentration (Ccell) was used to alter the viscosity
of the red blood cell solution.

To analyze the effects of these parameters on droplet formation, various conditions were
tracked during the formation cycle such as the shape of the droplet, spacing between the
droplets and production rate of the droplets. A formation cycle using Newtonian fluids
consists of three major stages: the lag, filling and necking stages. The cycle begins with
the lag stage, where the dispersed phase is pulled back into its channel after the previous
droplet is pinched off, and re-flows back to the junction to form a new droplet. As the
droplet comes to the intersection, it starts to penetrate the main channel and reaches the
maximum penetration depth, and a neck begins to form. During this time, the continuous
phase bypasses the droplet and constructs the spacing between the droplets. Then necking
of the droplet starts because the continuous phase pushes the interface to collapse due to
the pressure build-up at the junction. At the same time, the dispersed phase continues
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to grow and reaches the far wall. In the end, the neck reaches its critical thickness,
collapse accelerates, and the droplet pinches off. The cycle repeats, starting from the lag
stage again [109]. However, in non-Newtonian fluids, another stage has been recorded.
The stretching stage is when the elongation of the non-Newtonian fluid occurs before the
droplet is pinched off [49], [119]. Our experimental studies presented different stages than
the other non-Newtonian fluid studies, details are given in the results section.

In this study, a squeezing regime was preferred to isolate the effects of the viscous
drag force and the shear thinning property of the red blood cell solution during droplet
generation. Although the generation is only governed by channel geometry in the squeez-
ing regime for Newtonian fluids, experimental results suggested that droplet formation
depended on not only channel geometry, but also capillary number, flow rate ratio and
viscosity ratio of the fluids in the presence of biological non-Newtonian fluids (red blood
cells). Furthermore, in previous works on non-Newtonian fluids, isolated droplets were
generated where the droplets did not confine the entire cross-section of the microchannel.
However, it has been shown that the speed of the plug-like droplets in the main channel
and the pressure at the junction change due to the flow of the carrier fluid from the gutter
regions. This change results in variations in the flow field at the junction [32]. Therefore,
to compare the formation dynamics of a non-Newtonian fluid with Newtonian fluids, only
plug-like droplets were analyzed in this study.

4.3 Design of Experiment

The design of this experimental study was done by varying parameters affecting droplet
formation such as width ratio, aspect ratio, cell concentration, flow rate ratio and viscosity
ratio. Conditions for each experimental setup are listed in Table 4.1. In Table 4.2, the
physical properties of the fluids were given.

4.3.1 Material And Methods

To evaluate the droplet formation response to geometrical differences, the channel height
and the channel width of the dispersed phase were adjusted. For all the experimental sets,
the channel width of the main channel was kept constant around 100 µm, and the dispersed
phase width was set to two different values, ∼ 50 µm and ∼ 100 µm, corresponding to
∧=0.5, and 1, respectively. Garstecki et al. showed that droplets could not form at ∧=0.2
(1:5 ratio) in the squeezing regime and determined the minimum ratio as 1:3 [34]. In
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addition, two different channel heights were fabricated: ∼ 60 µm and ∼ 40 µm. This
corresponds to aspect ratios, h*, of 0.6 and 0.4, respectively.

Table 4.1: List of conditions for each experimental case study. Overall there were 13
different experiments. Among these experiments, only diluted red blood cell sample (45%
RBCs) were tested using one silicone oil type (100 mPa.s) and one geometrical design
(h*=0.6, ∧=1) (see experiment number 13)

Table 4.2: Physical properties of the dispersed and continuous phases. Viscosity of the red
blood cells was adopted from the literature for both cell concentration values [29], [26]. The
interfacial tension of red blood cells with the silicone oil was measured using a Wilhemy
plate tensiometer (Data Physics, DCAT 11, Germany).

The Continuous Phase

In this study, silicone oil (DC200, Sigma Aldrich, MO, USA) was used as a continuous
phase. Since red blood cells adhere to the surface of the PDMS channel, surface treatment
was needed. Among the other surface treatment methods available, such as the use of
perfluorinated solutions, silicone oil presented itself as the simplest and the most effective
solution to eliminate cell adhesion. Silicone oil was preferred as a carrier oil as well.
However, it should be noted that after the treatment, PDMS swells, which causes a change
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in channel height and width. Therefore, channel dimensions were measured carefully before
running experiments. As shown in Tables 4.1 and 4.2, experiments were done using three
different viscosities of silicone oil (10, 50 and 100 mPa.s) to analyze the effect of the viscous
drag force on the emerging interface of the shear-thinning fluid (red blood cell solution).

The Dispersed Phase

Solutions of red blood cells (Rockland, Chicken RBC %10 washed cell, 1.20 x 106 cells/ml,
USA) were used as a dispersed phase. Washing procedure was done by the supplier. As
shown in Table 4.2, different cell concentrations were used in experiments to alter the
viscosity of the dispersed phase. The shear-thinning behavior of red blood cells is mostly
related to a rouleaux formation of red blood cells [79]. As the red blood cell solution is
exposed to shear stress, cells start to clump together and form the rouleaux, which causes
a change in the viscosity of the solution. The number of red blood cells was defined as a
hematocrit level (Hct = Ccell = Cell concentration), and it has been shown that as the Hct
level decreases, the viscosity of the red blood cell solution decreases [28], [79]. Viscosities
for specific cell concentrations were adopted from the literature and presented in Table
4.2 [29]. Due to the shear-thinning property, the viscosity of red blood cell solutions were
given as ranges. These ranges were determined by applying shear from 0 to 3000 1/s.
The cell concentration of the dispersed phase was varied from 100% to 0% i.e. blood
plasma. Dilution of the chicken red blood cell was done with phosphate buffer solution
(PBS 1x, pH=7.4, Sigma Aldrich) and pH was kept constant for each dilution. Since blood
samples were stored in EDTA (ethylenediaminetetraacetic acid) tubes at 4◦ C before its
dilution with the buffer solution, cell coagulation was prevented. Then, Hct level of the
final mixtures were measured using a hemocytometer (Countess II Fl, Life Technologies,
ThermoFisher Scientific, MA, USA). In addition , cell deformability changes the rouleaux
formation, which results in a change in the viscosity of the sample as well [4], [29]. Therefore
to have consistent cell deformability for a single experimental set, fresh samples were used.
It is essential to mention that, due to the Fahraeus-Lindqvist effect [4], the number of cells
in the droplet did not reflect the same number of cells that were prepared in the bulk
solution. Therefore, the concentration of the cells in the droplets was labeled relative to
each other.

Interfacial Tension

Interfacial tension of the silicone oil with the red blood cells was measured using the
Wilhemy plate method (Data Physics DCAT 11, Germany), and shown in Table 4.2.
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Surfactant

In this project, a surfactant was not added to either phases so that uniform interfacial
tension can be achieved throughout the droplet formation process, which also simplifies
the analysis due to the absence of dynamic mass transport of surfactant molecules to the
emerging interface of the droplet.

Global Network Design and Design Criteria

The microfluidic channel design is presented in Figure 4.2. The length of the dispersed
and the continuous phase channels are equal (1 cm), and the main channel length is 5
cm. The channel was designed based on the design criteria reported by Glawdel et al.
[36]. The study showed that the performance of the droplet generation was affected by the
channel design. For example, the main channel length should be long enough so that the
overall flow in the system does not fluctuate when one droplet enters and exits the system.
However, it should also be short enough so that the pressure system can provide enough
pressure to drive the flow.

Figure 4.2: Schematic of the overall microfluidic device design. The design consists of
one dispersed phase, one continuous phase and a main channel. To generate droplets, a T-
junction generator was used. At the junction, we used two dispersed phase channel widths.
The left side of the enlarged figure represents a wider dispersed phase channel width, and
the right side of the enlarged figure represents a narrow dispersed phase channel width.
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Channel Dimension Measurement

To measure the droplet volume accurately, channel dimensions need to be measured pre-
cisely. PDMS swells due to the surface treatment with silicon oil. As a result, the channel
dimensions vary from the original dimensions. To measure the dimensions, flow sensors and
pressure systems were used to measure the hydrodynamic resistance of the network. Since
hydrodynamic resistances are a result of channel dimensions, channel height can be cal-
culated by applying the 1-D hydrodynamic model for pressure-driven flow. The dispersed
phase was plugged with a metal tip to eliminate incoming flow (red cross in Figure 4.3).
Next, the flow of silicone oil was applied only from the continuous phase. After a certain
pressure was applied, the flow rate of the silicone oil was recorded by the flow sensor, and
the hydrodynamic resistance, Rhyd, was calculated by Equation 4.10:

Rhyd = P/Q (4.10)

By applying circuit analysis, one can conclude that Rhyd is the sum of two serial resis-
tances, as shown in Figure 4.3.

Rhyd = Rm +Rc (4.11)

For a rectangular microchannel operating under laminar flow conditions that has h<w,
Rhyd can be calculated from the following Equation 4.12 [13]:

Rhyd =
12µL

wh3
(4.12)

where the channel width, w, was measured from the microscope image of the T-junction
intersection and length, L was already known to form the design. By substituting the
pressure and flow rate values into the given Equation 4.10 above, Rhyd was calculated.
Once Rhyd was measured, h, channel height could be calculated. This measurement was
done for each experimental set due to the variation in channel dimensions.

4.3.2 Experimental Setup

The microfluidic chip was mounted on the microscope, and the desired fluids were connected
to the chip via tubing (ETFE, ethyltrifluoroethylene, IDEX, WA, USA). By using the
Fluigent pressure system (Germany), constant fluid flow was provided to the microchannel.
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Figure 4.3: Schematic of the equivalent electrical circuit of the microfluidic chip design.
The circuit was utilized to calculate the hydrodynamics resistances of the channels and the
channel height. In this case, the dispersed phase channel was plugged to prevent incoming
flow into the channel. Then, silicone oil was flushed into the device from the continuous
phase through the outlet, and flow rate of the silicone oil was measured using a flow sensor.
Finally, hydrodynamic resistances of the two serially connected channels (Rc and Rm) were
calculated using the flow rate data and Equations 4.10, 4.12 which also give channel height
information.

As the droplets were generated, the high-speed camera recorded videos for each set of
experiments. Each experiments were done in room temperature, 24 oC. To span a range
of capillary numbers, the pressure of the fluids was adjusted to various levels. At each
level, the pressure of the dispersed phase was adjusted to change the flow rate ratio, hence,
droplet sizes. The minimum pressure limit was the pressure that allowed an isolated
droplet to form or the pressure which resulted in the flow sensor reading 0.5 µl/min. The
maximum pressure limit was the pressure at which large droplets merged once formed or
1050 mBar. Droplet formation was recorded three minutes after setting the pressure to
eliminate fluctuations in the system.

4.3.3 Experimental Procedure

First, the flow sensor was calibrated for three silicone oil viscosities. Details of the calibra-
tion were given in Appendix B. Then, the interfacial tension measurement of the desired
fluids was done using the tensiometer (Data Physics, DCAT11, Germany). By utilizing
the data of these measurements, a microfluidic device was designed. Then, the microfluidic
chips were fabricated using the procedure described in Chapter 3.1. Before the experiment,
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the fabricated microfluidic chips were flushed with the desired silicone oil type and were
baked at 120◦ C overnight. During the experiments, the microfluidic chip was connected
to the pressure system at one end, and to the flow sensor on the other end. Silicone oil
was flushed into the channel for 10 minutes before the droplet generation to eliminate
PDMS channel wall expansion which causes channel height variations. The chips were also
inspected for dust or any clogs. 10 minutes after flushing the system with silicone oil, the
channel dimensions were measured. Then, the dispersed phase fluid was connected to the
pressure system, and pressures of both fluids were adjusted to form droplets. Formation of
droplets was recorded using a high speed camera (Phantom V210, Vision Research, NY,
USA), and videos were edited by using MATLAB (MathWorks, MA, USA) image process-
ing tools to capture 5 to 10 droplets. Recorded videos were analyzed using a custom image
analysis program. Details of the program are given in the next section. This procedure
was repeated for all new configurations.

4.3.4 Video Analysis

Droplet Shape, Size and Volume Calculation using Image analysis

Analysis of droplet volume, size and shape were done using a custom image analysis pro-
gram in MATLAB (MathWorks, MA, USA). In the analysis, the direction of a moving
droplet was adjusted such that droplets flow from the top to the bottom of the recorded
image and the T-junction was located on the right side of the image, as shown in Figure
4.4. The microfluidic chips were mounted on the microscope by considering this orienta-
tion to be consistent. In each video, the region of interest was cropped and recorded as
an image. Then, the cropped images were filtered by using the median and Weiner filters
to eliminate the noise before the images were turned into binary image (Black and White
Image). Threshold binning was applied to eliminate dark spots in the gray scale image
that were not attributed to the droplet of red blood cell solution. The edge of the droplet
was detected by an edge detection function. To differentiate the dispersed phase from the
droplet, the objects that were enclosed by the boundary (droplets) were filled with a white
color. Labelling function was use to discriminate two droplets in case two droplets appear
in the same frame. The function selects the droplet that is closer to the T-junction. The
final product of this procedure was the droplet of interest. By analyzing the boundary
information of the labelled droplet, the length and width of the droplet were calculated,
which were utilized to calculate the volume of the droplet. In this study, it was assumed
that the out of plane curvature of the droplet was equal to the half the channel depth
(r≈h/2) and the volume calculation was done using Van Steijn model in given Equation
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5.2 below [109]:

V = hA− h2/2(1− π/4)l (4.13)

where V is the volume of the droplet, h the channel height, l the perimeter of the
droplet, and A the 2D top-view area of the droplet.

Figure 4.4: Sequence of image processing for a single droplet image. First, a video of
the droplet formation was recorded using a high-speed camera. Then, each frame of the
recorded video was cropped to be analyzed. The cropped images were filtered to eliminate
noise using median and Weiner filters. The filtered images were sharpened to highlight the
boundary of the droplets. Then, the sharpened images were converted into binary images
(Black and white image). The edge of the droplet was defined by using edge detection
function to differentiate the droplet from the dispersed phase and enclosed object (droplet)
was labelled with white color. Finally, the droplets were labelled in different colors to
eliminate double processing in case two droplets are captured in a single frame. By doing
this only the droplet closer to the junction was analyzed.
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Droplet Speed, Frequency and Spacing Calculation using Image Analysis

In the calculation of speed, frequency and spacing, only the top droplet that was closest to
the junction was used. First, the position of the top droplet was determined. Displacement
of this droplet was calculated and compared with the median value of the droplet frame by
frame so that any erroneous droplet identification was eliminated. To calculate generation
frequency, a detection point was determined in the y-direction. Then by measuring the
time it takes between the droplets passing the detection point, the generation frequency
was calculated. The speed of the droplet was calculated by dividing the displacement
between frames to the frame rate. The spacing between droplets (λ) was calculated by
multiplying the generation frequency (f) to the droplet speed (λ=ud.f). Moreover, the flow
rate of the dispersed phase was calculated by the product of the generation frequency and
the droplet volume (Qd=Vd.f). All these data were averaged for the number of droplets in
each video, and the standard deviation was less than 3%.

Penetration Depth and Neck Thickness Calculation using Image Analysis

By tracking the farthest point that the dispersed phase reached in the main channel,
penetration depth was calculated. The neck thickness of the droplet was calculated by
tracking the farthest point of the droplet from the opposite inner corner of the junction at
a 45◦ angle.

Data Output

All the information was obtained from the image analysis was outputted to an excel file
that includes the microfluidic channel geometry, fluid properties, applied pressures, flow
rates, droplet dimensions, generation frequencies, the spacing between droplets, penetra-
tion depths and neck thicknesses. All the non-dimensional analysis was computed using
the information in this output file.

4.4 Results and Discussions

4.4.1 Dynamics of Red Blood Cell Droplet Formation

In contrast to the studies of non-Newtonian fluids, the high-speed video evidence suggested
that the droplet formation process of red blood cells consisted of only three major stages
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similar to Newtonian fluids, as shown in Figure 4.5.

Figure 4.5: Microscopic images of a single formation cycle of red blood cells droplets in a
T-junction generator under the squeezing regime. The cycle consists of three stages: lag,
filling and necking stages. After these three stages, a detachment of the droplet occurs.

To demonstrate a broad overview of droplet formation, 6 cases were selected from the
13 experimental conditions as shown in Figure 4.6. Each case was selected such that when
compared to case A, a single parameter was effectively changed. For instance, case A and
case B are demonstrative of the influence of the width ratio on droplet formation. On the
other hand, case A and case C show the effect of the aspect ratio on droplet formation,
and so on. Although cases have a unique combination, all cases presented an identical
formation cycle where the formation process could be divided into three stages: the lag,
filling, and necking stages. Each stage was investigated in detail. To follow the analysis
better, it is suggested that readers refer to Figures 4.6 and 4.7 for the following sections.

Similar to Newtonian fluids, each cycle started with an injection of the dispersed phase
into the main channel. Then, the interface of the dispersed phase reached its maximum
penetration depth, bf ill (square in Figure 4.7a, Figure 4.7b), while the continuous phase
bypassed the interface constructing a gap between droplets. At the same time, the neck
thickness of the droplet increased and reached a plateau. The neck thickness is the 45◦
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Figure 4.6: High-speed camera images of an individual droplet formation cycle for six dif-
ferent cases. Droplet formation with non-Newtonian fluid (red blood cell solution) consists
of three stages: lag, filling, and necking stages. Each case was differentiated from case
A in terms of channel dimensions and fluid properties (detailed parameters of each case
were given under each figure). Droplet volume, spacing between droplets and generation
frequency were different in each case showing the impact of the listed parameters on a
formation cycle.

distance between the right corner of the T-junction to the back half of the droplet and
is defined as 2rn (triangle in Figure 4.7a, Figure 4.7b). As pressure built up due to the
obstruction of the continuous phase, the necking stage began, and neck thickness started to
decrease. While the neck of the droplet was collapsing, the dispersed phase continued to be
pumped into the droplet. Once the droplet touched the far channel wall, the penetration
depth is redefined as the penetration depth at pinch-off, bpinch (see Figure 4.7a), necking
accelerated, and the droplet pinched off. The neck thickness at this point is defined as
2rpinch (see Figure 4.7a). All these variables were converted into non-dimensional form
by dividing all lengths by wc, all volumes by w2

ch, and time by the period of formation
(t/period). As shown in Figure 4.7a, depending on the channel geometry and the flow
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conditions, these variables presented different characteristic features. For example, the lag
stage lasted longer for narrower dispersed phase channel designs (Case B). A more detailed
analysis of these variables is discussed in the next section.

Lag Stage

For ∧=0.5, the lag stage was very similar to what has been seen for Newtonian fluids. The
emerging dispersed phase receded into its originating channel following the detachment
from the released droplet; followed by the dispersed phase pushing back into the junction
to form a new droplet (see Figure 4.6, Case B). In systems with a wider dispersed phase
channel, the interface of the emerging droplet pinned at the entrance of the junction after
the previous droplet detachment.

Glawdel et al. showed that the lag stage generally represents 2-10% of the formation
cycle, which affects the spacing between the droplets and has no role in the final droplet
volume [36]. In this study, the lag stage represented 20-35% of the formation cycle, as
shown in Figure 4.6, and the duration of the stage increased with a narrower dispersed
phase channel (see Figure 4.7, Case B). In some cases the lag distance was immeasurable,
i.e., ∼ 1-2 µm, whereas for experiments with ∧=0.5, the lag distance was generally ∼
8-18 µm. Thus, a smaller dispersed phase channel width was associated with longer lag
distances and the lag stage. All 12 cases were analyzed to confirm this analysis, and all
experimental sets with narrower dispersed phase channel had longer lag distances and a
longer lag stage (Figure 4.8). The duration of this stage was mostly governed by the width
ratio. As shown in Figure 4.8, width ratio was the parameter that created a significant
difference on duration compared to other dimensionless parameters such as aspect ratio,
cell concentration and the viscosity ratio of the fluids. Hence, it was concluded that the
lag stage was governed by only the width ratio of the channel. In addition, similar to
Newtonian fluids, this stage did not play a significant role in the final droplet volume
(details are given in Chapter 5). However, the spacing between droplets was larger in the
presence of the narrower dispersed channels, as shown in the Figure 4.12c.

Filling Stage

In this stage, the dispersed phase penetrated into the main channel and progressed to the
far wall. As the droplet grew, the gap between the interface and the outer wall narrowed.
The neck thickness (2rn*, triangle, see Figure 4.7b) increased for all cases and reached a
plateau as the dispersed phase filled the main channel. The filling stage ended when the
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Figure 4.7: a) Schematic of the critical points of the three stages of a droplet formation
cycle in the T-junction with analyzed dimensionless variables (Llag, bfill, bpinch Vfill, 2rn,
2rpinch), and b) Evolution of droplets with respect to time for six representative cases
and the dynamic changes of the dimensionless variables (Droplet volume (Vd*, circle),
penetration depth (bfill*, square), and neck thickness (2rn*, triangle)) over time.
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Figure 4.8: Bar plot of the duration of the lag stage for all experimental cases. Duration
of lag stage was governed by the width ratio (∧) of the channels and other dimensionless
parameters (h* and η) became less effective. As the width ratio decreased (∧= 1 to 0.5),
the lag duration increased due to the receding of the dispersed phase into the channel.

maximum neck thickness (2rn*, triangle, see Figure 4.7b) was reached. In a prior study
using Newtonian fluids, manipulating the channel height and width resulted in a signifi-
cant difference in the penetration depth [36]. In our study, to examine the dimensionless
parameters individually, an additional experiment allowed the effect to be attributed to
either the channel height or width.

Contrary to what has been previously reported, bf ill* did not vary as extensively for all
cases (0.69 to 0.78) under the same flow conditions except the experiments with 10 mPa.s
silicone oil where the penetration depth reached the highest point (0.80-0.90) (see, Figure
4.11a). Furthermore, the penetration depth was mostly affected by the aspect ratio rather
than the width ratio. As the aspect ratio reduced, the penetration depth decreased for all
experiments.

For Newtonian systems, the final penetration depth is reached when the capillary force
and the drag force acting on the dispersed phase are balanced, and a characteristic shape
appears [109]. In our system, a similar characteristic shape was achieved: a half-circle at
the front of the droplets with diameter bf ill*, and a quarter circle or a circular segment at
the back half of the droplet (see Figure 4.7a). The emerging droplet volume (Vf ill*) during
the filling stage was calculated using this characteristic shape; hence, a linear correlation
between the bf ill* and Vf ill* was expected. Our analysis showed that larger bf ill* resulted
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in larger Vf ill* as shown in Figure 4.11b.

Higher viscosity oil resulted in similar Vf ill* values (0.48-0.62), whereas for low viscosity
oil i.e. 10 mPa.s silicone oil, Vf ill* values were distinctly higher (0.63-0.73). It should
also be noted that the effect of the channel height on the final droplet volume may be
confounded in this analysis, given that the dimensionless filling volume is the result of
dividing the filling volume by the channel height (thus making the dimensionless filling
volume larger). Similar analysis effects were highlighted by others [113].

Similar to what is observed for Newtonian fluids, the duration of the filling stage repre-
sented the largest portion of the formation cycle (from 40% to 55%). However, compared
to other non-Newtonian fluid, a longer filling stage was observed in our study [85]. As
shown in Figure 4.9, the length of the filling stage varied in all twelve cases. Among all
the dimensionless parameters, the width ratio (∧) was found to affect the filling stage the
most. As the width ratio decreased, the duration of the filling stage increased (Figure 4.9).

On the other hand, oil viscosity, cell concentration, and aspect ratio had limited impact
on the filling duration. Lower oil viscosities and higher aspect ratios represented shorter
filling stages. This stage was a function of both geometrical and flow conditions of the
system.

Figure 4.9: Bar plot of the duration of the filling stage for all experimental cases. Duration
of the filling stage was mostly governed by the width ratio (∧) of the channels and other
dimensionless parameters (h* and η) had limited impact on the duration. As the width
ratio was decreased, the duration of the filling stage increased. However, as the oil viscosity
or the aspect ratio was decreased, the duration of this stage decreased.
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Necking Stage

The necking stage was the last part of the formation cycle seen for all conditions. In this
stage, the droplet volume continued to increase at a linear rate as it penetrated into the
main channel. As the droplet grew, the penetration depth continued to increase (bf ill*, cir-
cle, see Figure 4.7a,b) and the neck thickness reduced and reached a critical size, (2rpinch*,
triangle, see Figure 4.7a,b) where the droplet pinches off suddenly. This stage was shorter
than what has been previously reported for Newtonian fluids, making up only 15-25% of
the formation cycle. Furthermore, no stretching of the dispersed phase into the main chan-
nel was observed before pinch-off like in other non-Newtonian fluids. As shown in Figure
4.7b, all cases indicated similar necking time except, Case E, where the oil viscosity was
reduced to 50 mPa.s. Therefore the necking stage has some dependence on the viscosity
of the continuous phase. As the oil viscosity was reduced, the duration of the necking
stage also reduced (Figure 4.10). Furthermore, the analysis showed that aspect ratio, cell
concentration, and width ratio had no impact on the duration of the necking stage.

Figure 4.10: Bar plot of the duration of the necking stage for all experimental cases.
Duration of this stage was only governed by the oil viscosity (or the viscosity ratio of
fluids: η) and as the oil viscosity was reduced, the necking duration was shorten due to
the shear thinning property of the red blood cells. Other dimensionless parameters (h*,
∧) had no impact on the duration of this stage.

The duration of this stage is correlated with a degree of blockage of the continuous
phase. Thus, droplet volume is correlated with the characteristic shape of the droplet in
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each stage. Van Steijn et al. suggested that for Newtonian fluids, the neck thickness at the
pinch-off point is determined by the geometry of the system (2rpinch*=h*/1+h*) [109]. For
non-Newtonian fluids, Zhang et al. compared the neck thicknesses of fluids with various
elasticity. They found that the neck thickness is not only controlled by the continuous
phase but also by the shear-thinning property of the fluid [119]. However, it was found
that neither oil viscosity nor red blood cell concentration affects the neck thickness at
pinch-off (see Figure 4.7b, case E and F and Figure 4.11c). Moreover, our analysis agreed
well with Van Steijn’s analysis, where 2rpinch* only depends on the aspect ratio of the
channel (see Figure 4.7b and Figure 4.11c). However, it was also found that, as the oil
viscosity increased, the droplet elongated, likely due to the shear-thinning property of the
red blood cell solution, which resulted in the differences seen in the necking duration (see
details in Chapter 5).

The overall formation cycle was governed by three dimensionless parameters, but was
most affected by the width ratio. As the width ratio decreased, the duration of droplet
formation increased due to the long lag stage, as shown in Figure 4.11d. The second
parameter was the viscosity ratio. Increasing the oil viscosity resulted in a longer formation
cycle due to the elongation of the droplet of the red blood cell solution. The last parameter
was the aspect ratio, where its increase resulted in a longer formation cycle. As shown in
Figure 4.7b, the cell concentration did not significantly affect the formation cycle.

4.4.2 Scaling of Operational Parameters

In this section, the effect of the dimensionless parameters on the final droplet volume,
droplet spacing, and droplet frequency was investigated. As shown in Figure 4.12, all the
experimental data followed the general scaling law Vd*=α+β that is known to be valid for
Newtonian fluids. ϕ and β are functions of the various dimensionless parameters defined
previously, which will be elucidated shortly. In general, the droplet volume scaled with the
flow rate ratio linearly (Figure 4.12a). This linear correlation was utilized in modeling of the
final droplet volume for non-Newtonian fluids in the Chapter 5. The generation frequency,
however, did not conform to a linear relationship (Figure 4.12b) and the spacing between
the droplets scaled linearly with the inverse of the flow rate ratio for all cases (Figure
4.12c).

As shown in Figure 4.12, under the same flow conditions, reducing the width ratio or
aspect ratio resulted in smaller droplet formation at higher frequencies with longer spacing
(Case A-C or Case A-B). Thus, the geometry of the channel plays a role in the droplet
formation. Under the same geometrical conditions, increasing the flow rate ratio resulted
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Figure 4.11: Bar plots showing the dependence of the four dimensionless variables (bfill*,
Vfill*, 2rpinch*, ttotal*) to the dimensionless parameters (h*, ∧, η) for twelve cases a)
Dimensionless penetration depth (bfill*) at the end of the filling stage was dependent
only to the aspect ratio (h*) b) Similar to the penetration depth, dimensionless droplet
volume at the end of the filling stage (Vfill*) was dependent to the aspect ratio (h*) c)
Dimensionless neck thickness right before the pinch-off point (2rpinch*) was dependent only
to the aspect ratio (h*) d) Dimensionless total duration of a droplet formation cycle (ttotal*)
was dependent to all dimensionless parameters (h*, ∧, η).

in larger droplets at a higher formation frequency with shorter spacing between droplets
(Case A-D). When both geometrical conditions and flow rate ratio were kept fixed, droplet
volume decreased, and both generation frequency and spacing increased as the oil viscosity
was increased (Case A-E). Finally, it was observed that changing the concentration of red
blood cells did not affect the observed trends (Case A-F).

4.5 Conclusion

In summary, the dependence of each formation stage on the dimensionless parameters
was analyzed, and it was found that all the dimensionless parameters play a role in a
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Figure 4.12: Scaling analysis of the dimensionless operational parameters (final droplet
volume (Vd*), spacing between droplets (λ) and droplet generation frequency (f*)) over
a range of flow rate ratios (ϕ) for six representative cases, a) Dimensionless final droplet
volumes over flow rate ratios. Final droplet volumes were linearly proportional to the
flow rate ratios for all cases, b) Dimensionless generation frequencies over flow rate ratios.
The data exhibit a non-linear trend with respect to the flow rate ratios, c) Dimensionless
spacing between droplets over flow rate ratios. Spacing between droplets were inversely
proportional to the flow rate ratio.
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specific stage of the formation. Among the dimensionless parameters, cell concentration,
which was expected to impact on viscosity ratio, did not vary the formation cycle or any
variables discussed above. Thus, one can see that, unlike the standard squeezing regime,
the droplet formation depends not only on the geometry and flow conditions but also on
fluid viscosities in the presence of the biological non-Newtonian fluids. In the observation
part of this study, a detailed analysis of the droplet formation dynamics with the biological
non-Newtonian fluids was investigated experimentally. Unlike other non-Newtonian fluids,
the evolution of the droplet was divided into three stages: lag, filling, and necking stages.
In the following chapter, a mathematical model was presented to define the final droplet
volume of red blood cell droplets in a T-junction.

Symbols and Nomenclature

PEO
1D
EDTA
PBS
wc
wd
h
Qc

Qd

Vd
λ
f
Qdrop

Lm
n
ϕ
∧
h∗

b∗

El
Ccell
Rhyd, Rm, Rc

ud
bfill
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Chapter 5

Mathematical Modeling of Droplet
Formation of Red Blood Cells in a
T-junction

In this project Merve Marcali (Ph.D. candidate, Department of Mechanical and Mecha-
tronics Engineering) conducted all the data analysis and developed a mathematical model.
Prof. Carolyn Ren (Department of Mechanical and Mechatronics Engineering, University
of Waterloo) and Prof. Marc G. Aucoin (Department of Chemical Engineering, University
of Waterloo) provided thoughtful discussions to accomplish the project.

5.1 Introduction and Objective of the Project

In the first part of this study, experimental observations of the evolution of red blood
cell droplets under the squeezing regime in a T-junction generator were presented. Unlike
Newtonian fluids where the channel geometry governs the formation of the droplet under
the squeezing regime, the formation of red blood cell droplets was found to be the result of
a combination of channel geometry (h*=aspect ratio, ∧=width ratio) and flow conditions
(fluid viscosities and ϕ=flow rate ratio). Furthermore, video analysis showed that the
formation of red blood cell droplets consisted of three stages: the lag, filling and necking
stages (see Figure 4.5). In literature, a stretching phase was observed for other non-
Newtonian fluids where a thread elongated into the main channel before detachment of a
droplet [16], [49], [99], [83], [119]. In our work, thread elongation was not present, and it
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was found that the red blood cell droplets immediately pinched off from the corner of the
T-junction at the end of the necking stage.

In the lag stage, the interface of the droplets receded into the dispersed phase channel
after the previous droplet detached. However, receding of the interface of red blood cell
solutions was most prominent in channel designs that had a lower width ratio, which
resulted in a longer lag stage and a larger spacing between droplets.

In the filling stage, the interface penetrated the main channel and deformed. It was
found that the deformed droplet presented a similar characteristic shape of the droplet that
presented by Van Steijn et al., and was used to model the final droplet volume [109]. As
discussed in previous sections, the penetration depth of the red blood cell droplet (bf ill*)
was dependent on the aspect ratio. Since the penetration depth of the interface changes the
characteristic shape, volume of the droplet at this stage became dependent to the aspect
ratio.

In the necking stage, the neck thickness of the droplet (2rn*) reduced leading the droplet
to pinch-off due to obstruction of the main channel. Contribution of the necking stage to
the final droplet volume was calculated by defining the shape of the droplet at this stage
and the critical neck thickness of the droplet (2rpinch*) right before pinch-off similar to Van
Steijn et al. [109]. In addition, the critical neck thickness was only a function of the aspect
ratio of the microchannel similar to previous studies with Newtonian fluids. Therefore, a
similar mathematical expression was utilized to define the critical neck thickness of the red
blood cell droplet.

In this current study, the aim was to develop a model that predicted the final volume
of red blood cell droplets. For this, the analysis of two variables (bf ill* and 2rpinch*) are
required. To verify the capability of the model to predict the droplet volume and other
operational parameters (spacing between droplet and generation frequency), a comprehen-
sive experimental analysis across the various channel geometries and flow conditions was
performed in Chapter 4.

Droplet volume for Newtonian fluids has been described by the given Equation 5.1:

V ∗
d = αlag + αf ill + βϕ (5.1)

where Vd is the droplet volume, ϕ is the flow rate ratio, αlag and αf ill are the volumes
added during the lag and filling stages respectively, and β is the dimensionless necking
time, which relates to the growth of the droplet while the neck of the droplet collapses. In
this study, mathematical expressions for these three terms were developed and validated
against experimental data. The mathematical expressions for these terms were related to
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the characteristic geometrical shape of the droplet that was formed, which was previously
defined by Van Steijn et al. in Equation 5.2:

V = hA− h2/2(1− π/4)l (5.2)

where V is the volume of the droplet, h the channel height, l the perimeter of the droplet,
and A the 2D top-view area of the droplet. To apply this expression to our analysis, the out
of plane curvature of the droplet, r∼h/2, was predicted by assuming that the non-wetting
condition was achieved [39]. Furthermore, all the droplets were plug-like (sizes were larger
than the channel width). In addition, the dynamics of changing interfacial tension were
neglected by avoiding the use of surfactant and with the assumption that interfacial tension
was at equilibrium throughout the formation process [96], [111].

Other variables that are required to define the 2D shape of the droplet and to modify the
given definition in Equation 5.2 were presented, as shown in Figure 5.1. The penetration
of the droplet interface into the main channel was defined as “b”, and this variable was
defined as bf ill* at the end of filling stage and bpinch* at the end of necking stage. Bf ill*
also defined the diameter of the half-circle at the front of the droplet. The back circle
radius was defined as Rn*, and the distance from the droplet interface to the opposite
corner of the T-junction was defined as neck thickness, 2rn*. Similar to penetration depth,
Rn* and 2rn* were defined as Rfill* and 2rn* at the filling stage and Rpinch*, 2rpinch* at
the necking stage. In the following section, the mathematical expressions of the αlag, αf ill
and β parameters are explained.

5.1.1 Lag Stage

In this stage, the droplet interface receded into the dispersed phase channel after detach-
ment from the previous droplet. Then the interface was pushed back to the entrance of
the junction. Contribution of this recovery to the final droplet volume of this stage can
be described based on the shape of the droplet interface after a previous droplet detaches
from the dispersed phase channel, as shown in Figure 5.2. Hence, by applying Equation
5.2, the lag phase volume can be calculated using the Equation 5.3 given below:

V ∗
lag = αlag = L∗

lag ∧+
1

2
(1− π

4
)(∧2 +

π ∧ h∗

2
) (5.3)

where Llag* is the dimensionless lag distance, and αlag is the dimensionless lag volume.
The only unknown in this equation is the lag distance. Since lag distance has an unde-
fined and complex relation to the flow conditions and the geometry, instead of defining a
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Figure 5.1: Schematic of a 2-D view of the characteristic shape of the droplet a) Top view
b) Cross-section view. Channel width of the dispersed phase is indicated as wd, channel
width of the continuous phase wc, h is the channel height, 2rn is the neck thickness of the
emerging droplet, Rn is the radius of the back half of the droplet, b is the penetration
depth (or the radius of the front half of the droplet), and wgap is the gap between the
droplet and the far channel wall where silicone oil bypasses.

mathematical expression, experimental data was inserted into Equation 5.3. Experimental
observations showed that the lag distance was more significant when a narrower dispersed
phase channel was used. For wider channel designs, the lag distances become immeasurable
(Llag* ∼ 1,2 µm). Thus, the contribution of the lag stage was only considered for ∧=0.5.

5.1.2 Filling Stage

In this stage, as the interface penetrated into the main channel, hydrodynamic forces
balanced out and deformed into a characteristic shape as shown in Figure 5.3. The shape
consisted of two small circular geometries. The first one was a half-circle located at the
front of the droplet with a diameter bfill, and the second one was a circle segment located
at the back half of the droplet with a radius Rn. Depending on the width ratio of the
channel, the radius of the circle segment at the back changed, becoming either equal to
bfill or wd (Rn=bfill; if wd ≤ bfill or Rn=wd; if wd > bfill). Thus, two different cases
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Figure 5.2: Schematic of the droplet interface during the lag stage (top figure). Microscopic
images of red blood cell droplets before and after the detachment for two different channel
width ratios (bottom image). For the designs where width ratio (∧=1), no receding of
the interface was observed, and the interface stayed right at the junction entrance after
the previous droplet detached as indicated with the black dashed lines. However, in case
width ratio (∧=0.5), the dispersed phase receded back and the lag distance (Llag) became
observable.

defined the volume at the filling stage (see Figure 5.3a, Figure 5.3b). The filling volume
for wd ≤ bfill can be calculated in given Equation 5.4:

V ∗
fill = αfill =

3π

8
b∗2fill −

h∗

2
(1− π

4
)(πb∗fill + (b∗fill − ∧)) (5.4)

For wd > bf ill, the back circular segment becomes a half-circular segment, as shown in
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Figure 5.3b. Thus, the volume, Vfill* was calculated as follows:

V ∗
fill = αfill =

π

8
b∗2fill +

∧2

4
(θ − sin θ)− h∗

4
(1− π

4
)(πb∗fill + ∧θ) (5.5)

where the angle was calculated by given Equation 5.6 below:

θ = 2 arccos(1−
b∗fill
∧

) (5.6)

The penetration depth bfill* at the end of the filling stage was the only unknown
variable. Since hydrodynamic forces define the final shape of the droplet, bfill* can be
determined by a force balance analysis.

5.1.3 Necking Stage

In this stage, the droplet continued to grow as the neck of the droplet collapsed. Thus, the
final droplet size depended on the necking time and the flow rate ratios. The dimensionless
necking time was defined as β in the current model, and was correlated with the fraction of
the flow of the continuous phase that was blocked by the interface. Once the neck reached
the critical point (2rpinch*), the droplet pinched off. Thus, the shape of the continuous
phase fraction (control volume - red area in Figure 5.4 or red dashed area, see Figure 5.5)
was needed to calculate β from the following Equation 5.7:

β = (v∗cpinch
− V ∗

cfill
)(1−

A∗
gap

h∗
)−1 (5.7)

where (1− Agap ∗ /h∗)−1 represents the fraction of the continuous phase which pushes
the interface of the droplet to the opposite corner, vcpinch

* is the control volume at a pinch-

off point, Vcfill
* is the control volume at the end of the filling stage. A∗

gap, is the area of the
gap between the droplet and the outer wall, can be calculated using the given Equation
5.8:

A∗
gap = (1− b∗ave)h∗ + (1− π

4
)
h∗2

2
(5.8)

Because the penetration depth is dynamic during the necking stage, the average pen-
etration depth, bave* (b∗ave = (b∗pinch + b∗fill)/2), was used to define the gap. Both control
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Figure 5.3: Schematic of 2D-shape of the droplet at the end of the filling stage for two
cases a) For cases wd ≤ bfill, the back half of the droplet is a quarter-circle with a diameter
equal to bfill and the radius of the front half of the droplet also is bfill b) For cases wd

> bfill, the back half of the droplet is not equal to a quarter circle and the radius of the
circular segment equals to the dispersed phase channel width (wd). Therefore, the volume
contribution of this stage to the final droplet volume is calculated by utilizing these two
different geometrical shapes.

volumes, V ∗
cfill

and V ∗
cpinch

, can be obtained by applying Equation 5.2 to the 2D shape of
the droplet at those stages. More detailed images of the 2D-shapes of these two volumes
were presented in Figure 5.4a, b. In Figure 5.4a, one can say that V ∗

cfill
was the sum of two

regions (purple and red area). Thus, V ∗
cfill

was calculated by using Equation 5.9:
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Figure 5.4: Schematic of 2D-shapes of the droplets at the end of the filling and necking
stages. The subtraction of the two geometrical shapes (b-a) help to calculate the volume
contributions of the oil phase to the droplet pinch-off a) Left top image indicates the end
of the filling stage. Red area represents the control volume of the oil phase (V ∗

cfill
) that

contributes to necking of the droplet. Bottom left figure illustrates a detailed view of
the control volume which is the sum of two distinct geometrical regions (red and purple
areas) b) Right top image indicates the end of the necking stage. Red area represents the
control volume of the oil phase (V ∗

cpinch
) that contributes to necking of the droplet. Bottom

right figure represents the detailed view of the control volume that was the sum of two
geometrical shapes (red and purple areas).

V ∗
cfill

= (1− b∗)R∗
fill + (1− π

4
)(R∗

fill)
2 +

πh∗

4
(1− π

4
)R∗

fill (5.9)
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The first expression on the right hand side of the Equation 5.9 indicates the volume
contribution of the purple section. The middle expression indicates the red area and the
final expression indicates the volume contribution of the droplet depth into the paper.

In the model of Van Steijn for the Newtonian fluids, the shape of the control volume
at the pinch-off point was approximated as a quarter-circle [109]. However, it was found
that due to the shear-thinning property of the red blood cell solution, the droplet elongated
into the main channel before the detachment, and the quarter-circle shape was distorted as
shown in Figure 5.5. The distorted shape of the red blood cell droplet presented a similar
shape with the formation of droplets of the Newtonian fluids under the transition regime
[36]. For example, the neck shape resembled a quarter-circle shape initially. Then, the
shape was distorted as the continuous phase started to penetrate into the dispersed phase
channel by a distance wd. After that, the continuous phase pinned at that distance as
the droplet elongated into the main channel and increased the neck radius (Rn*=Rpinch*,
see Figure 5.5). As a result, the necking duration increased as the neck radius increased.
Furthermore, unlike the droplets under the transition regime, it was found that as the
oil viscosity increased, the elongation increased, causing a larger neck radius, as shown in
Figure 5.5a. Thus, to develop a mathematical expression for V ∗

cpinch
, the shape of the back

half of the droplet was adapted using the given variables in Figure 5.5b. In addition, these
variables were modified based on the shear-thinning property of the red blood cell droplet
to the shear stress.

d∗ = b∗pinch + ∧ (5.10)

θ = 2 arccos(1−
∧+ b∗pinch
R∗
pinch

) (5.11)

a∗

η
=

√
d∗(2R∗

pinch − d∗) (5.12)

2r∗pinch − ε = R∗
pinch −

√
(a∗ − ∧)2 + (R∗

pinch − b∗pinch)2 (5.13)

where a* was the elongation length, θ was the angle, ε the roundness of the corner of
the T-junction and, η was the viscosity ratio of the phases. As the shear increases, the
red blood cell droplet viscosity changes, causing a dynamic change in the ratio of the fluid
viscosities. However, the viscosity of red blood cells varied slightly under a wide range of
shear rate, as shown in Table 4.2. Therefore, the effect of the dynamic viscosity change
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was minimal, and the average viscosity of red blood cell provided enough accuracy for the
analysis of the formation. Moreover, the roundness of the channel must be considered to
minimize the error as suggested by Van Steijn et al. [109].

In the analysis of Glawdel et al., it was shown that the critical neck thickness 2rpinch*
was dependent on the viscosity ratio of the fluids and the channel geometry. Therefore,
the changes in the neck radius before pinch-off (Rpinch*) was calculated by iterating the
Equation 5.12 for the specific 2rpinch*. Nevertheless, our analysis showed that 2rpinch*
was independent of the fluid viscosities, and it only changed when the aspect ratio of the
channel was changed. Thus, the neck radius was calculated before the pinch-off (Rpinch*) by
iterating the elongation length (a*) of the droplet under different shear rates. As a result,
as the oil viscosity increased, the shear stress acting on the droplet increased resulting
in lower viscosity ratio, an elongation of the droplet, and a larger neck radius. This also
explains, why a longer neck duration was observed under the viscous continuous phases.
After the definition of the back half of the droplet, control volume at the pinch-off (V ∗

cpinch
)

can be calculated by the Equation 5.14:

V ∗
cpinch

= (1− b∗pinch)a∗ + (1− ∧)a∗ −
R∗2
pinch

4
(θ − sin θ) +

θh∗

4
(1− π

4
)R∗

pinch (5.14)

As shown in Figure 5.4b , the volume contribution of each area were represented in
two colors (purple and red areas). Hence, one can say that the volume contribution of the
purple area (the part where oil phase bypasses) was represented with the first expression of
the Equation 5.14. Then, the middle expression was calculated by the geometrical shape
of the red area. The final expression was calculated by considering the depth of the droplet
into the paper.

As a final step, calculated V ∗
cpinch

(5.9) and V ∗
cfill

(5.10) were substituted into Equation

5.7 to determine β. In summary, α, ϕ, and β factors have been determined. However, (b∗
fill

and 2r∗pinch still need to be further defined. In the following section, these two variables
were defined.

5.1.4 Calculation of bfill∗ and 2rpinch∗

Force Balance Analysis of the Emerging Droplet:

Droplet formation is governed by three major forces: the capillary force, the viscous force,
and the pressure force. Once these forces are balanced, the characteristic shape of the
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Figure 5.5: a) Sequence of microscopic images of the droplet collapsing during the necking
stage. At the beginning of the necking stage, the back half of the droplet had a quarter
circle shape. Then, as the droplet elongated due to the shear thinning property of the
red blood cells and the pinning of the continuous phase at a distance wd, a quarter-circle
converted to a circular-segment and red dashed area changed over time. The volume change
in the red dashed area contributed to the collapsing rate of the droplet b) To analyze the
volume change, geometrical relations between variables were constructed. The schematic
represents the geometrical shape and the required variables to calculate the volume of the
oil phase at this stage. Elongation length was indicated as a, d was the distance from the
pinning point to the farthest penetration distance of the droplet.
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droplet is formed. When this occurs, the penetration depth is defined as b∗
fill. When the

sum of the viscous and pressure forces exceed the capillary force, necking begins. Thus, if
forces are known the penetration depth can be calculated.

The capillary force acts against the deformation of the emerging droplet, and it is given
by the multiplication of the projected area of the emerging droplet at the end of the filling
stage with the Laplace pressure difference between the upstream and downstream ends
of the droplet. The curvature of the downstream end is kdown=2/bf ill+2/h; while the
upstream curvature is kup=1/Rn+2/h, and, the projected area is A ∼ bfillh. The resulting
capillary force becomes:

Fγ ≈ (−γ(
2

bfill
+

2

h
) + γ(

1

Rn

+
2

h
)bfillh ≈ −γh (5.15)

The viscous force acts on the interface of the droplet to deform the droplet. The viscous
force is given by the product of the shear stress acting on the droplet, and the associated
area (A ∼ bfillh) of that stress applies. The shear rate is approximated by the product of
the continuous phase viscosity with the average velocity of the continuous phase flowing
through the gap τ ≈ µcugap/h. The resulting viscous force becomes:

Fτ ≈
µcugap
h

bfillh ≈
µcQc

h(wc − bfill)
bfillh ≈

µcQCbfill
(wc − bfill)

(5.16)

The pressure force can be approximated by using the lubrication analysis for pressure-
driven flow in a thin-gap based on the Hagen-Poiseuille relation [101]. Although this
relation is more complicated for non-Newtonian fluids, the current approximation provided
enough information to determine the penetration depth at the end of the filling stage
accurately. Based on this estimation, the resulting pressure force becomes:

Fp ≈
µcQCb

2
fill

(wc − bfill)2
(5.17)

Once the balances of these forces were done, a relation was obtained where the pene-
tration depth, b∗

fill scales with the inverse of the capillary number. Christopher et al. have
shown the balance of the forces, which is estimated according to [17]:

1/Ca ≈
b∗fill

(1− b∗fill)3
(5.18)
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To analyze the validation of Equation 5.18 to predict the penetration depth, experimen-
tal penetration depths of the six cases were substituted into the Equation 5.18. Moreover,
the penetration depths at a different capillary number of these six cases were included in
the fitting (into Equation 5.18). As shown in Figure 5.6a, fitting the experimental data
with the model was satisfactory. Figure 5.6b presents the accuracy of the penetration
depth calculations for all experiments under the same flow rate ratios. More than 85% the
data falls within ±10% of the predicted values. Furthermore, there is potential that error
came from the measurement of the variables during video analysis.

Laplace Pressure Balance of the Emerging Droplet:

Van Steijn et al., demonstrated that necking starts once the continuous phase bypassing
the emerging droplet reverses direction due to the Laplace pressure difference from the tip
and the neck of the droplet [109]. This additional flow speeds up the process, and pinch-off
occurs almost immediately. Therefore, to define the critical neck thickness before pinch-off
(2rpinch*), we defined the Laplace pressures on both sides of the droplet. Based on the
given definition, the Laplace pressures were modified for our system. The pressure at the
neck of the droplet was redefined as Pneck = γ(1/Rn +min(1/rn, 2/h) and the pressure at
the tip of the droplet was redefined as Ptip = γ(2/h+ 2/wc). Once the sum of these forces
equals zero, the flow reverses direction and the critical neck thickness could be calculated
by;

2r∗pinch =
h∗

(1 + h∗)
(5.19)

The given expression suggests that the neck thickness was only a function of the aspect
ratio (h*). Our experimental data in the previous section presented a similar trend where
the neck thickness was a function of only the channel height. Therefore, Equation 5.19 was
applied to the experimental data to predict the critical neck thickness. As shown in Figure
5.7, the given expression satisfies the experimental data well, where all data falls within
±15% of the expected values. Since pinch-off occurs suddenly, there is an error that comes
in determining the exact video frame where pinch-off occurs.

5.1.5 Validation of the Mathematical Model

Once the b∗
fill and 2rpinch* were determined, substituting these variables into Equations

5.4, 5.5 and 5.7, the volume contribution of the filling (αfill), and the necking stages
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Figure 5.6: Comparison of experimentally measured penetration depth with the theoret-
ical penetration depth using Equation 5.18. a) The experimental data of six cases under
different capillary numbers were fitted to the model developed during the force balance
analysis. b) Parity plot of the penetration depth for all cases under the same flow rate
ratio (ϕ ∼ 0.04). The solid line represents the perfect parity, and the dashed lines are
±10%.

(βϕ) can be calculated. For cases where ∧=0.5, the final droplet volume was estimated
using Equation 5.1 ((V ∗

d = αlag + αfill + βϕ)). However, for cases where ∧=1, the final
droplet volume was estimated without the contribution of lag phases ((V ∗

d = αfill + βϕ)).
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Figure 5.7: Parity plot of the critical neck thickness for all experiments under the flow rate
ratio: ϕ ∼ 0.04. The experimental neck thickness data fell within ± 15% of the theoretical
neck thickness data using Equation 5.7.

Validation of this theoretical model was analyzed in the parity plot (Figure 5.8a). All
the experimental data for T-junctions ∧=0.5-1 and h*=0.4-0.6 under conditions ranging
from η=0.06-1 and Ca=0.001-0.019 fell within ±20% of the expected values. This suggests
that the performance of the theoretical model developed in this study was successful in
predicting the final droplet volume formed in the T-junction generator under the squeezing
regime.

The performance of the model was investigated for other operational parameters of
the T-junction generator, such as spacing between droplet and generation frequency. The
spacing between droplet was estimated assuming that droplet length was proportional to
the volume (V ∗

d ∼ L∗
drop) and approximated based on the given Equation 5.20 below:

λ = Ldrop + Lc ≈ λ∗ = (αlag + αfill)(
ϕ+ 1

ϕ
) + (ϕ+ 1)β (5.20)

The generation frequency was approximated with the reciprocal of the total generation
time, where the total generation time is the sum of the duration of each stage i.e. ttotal =
tlag + tfill + tneck and in dimensionless form:
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t∗total =
αlag + αfill

ϕ
+ β (5.21)

The reciprocal of the dimensionless total time yields the generation frequency:

f ∗ =
ϕ

αlag + αfill + βϕ
(5.22)

As shown in Figure 5.8b and 5.8c, the predictions for droplet spacing and generation
frequency were in good correlation with the experimental data. It should be noted that
the volume contribution of the lag phase was only included for ∧=0.5 cases for both the
spacing and the frequency calculations given in Equations 5.21 and 5.22.
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Figure 5.8: Parity plots for model validation for three major dimensionless operational
parameters (final droplet volume (Vd*), droplet generation frequency (f*), spacing between
droplets (λ*) a) Experimental droplet volume data fell within ± 20% of the calculated data
b) Experimental droplet generation frequency data fell within ± 15% of the expected values
c) Experimental data of the spacing between droplets fell within ± 25% of the expected
values.
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5.2 Conclusion

A mathematical model was presented to define the final droplet volume in a T-junction
under the squeezing regime based on channel geometry and flow conditions. The model was
constructed and validated in three steps. In the first part, the characteristic shape of the
red blood cell droplet at the end of the filling stage and during the necking stage was de-
termined. In the second part, an overall force balance and a Laplace pressure balance were
done to define the penetration depth and the pinch-off point, which were substituted into
the volume calculations of the droplet at filling and necking stages. Finally, experimental
data was compared with the model predictions. It was shown that the model’s predictions
were in good agreement with the experimental data for various conditions such as different
flow rate ratio, viscosity ratio, cell concentration, channel geometries, and capillary number.

Symbols and Nomenclature

PEO
1D
EDTA
PBS
wc
wd
h
Qc

Qd

Vd
λ
f
Qdrop

Lm
n
ϕ
∧
h∗

b∗

El
Ccell
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Rhyd, Rm, Rc

ud
bfill
2rn
bpinch
V ∗
d

V ∗
fill

t∗total, t
∗
lag, t

∗
fill, t

∗
neck

α, β
αlag, αfill
Rn, Rfill, Rpinch

L∗
lag

V ∗
cpinch

V ∗
cfill

A∗
gap

b∗ave
a∗

ε∗
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Chapter 6

Development of Hemagglutination
Assay in Microdroplets to Quantify
Influenza Virus

In this project Merve Marcali (Ph.D. candidate, Department of Mechanical and Mecha-
tronics Engineering) designed, fabricated, tested the microfluidic device performance, and
conducted all the experiments and data analysis. Mark Bruder (Ph.D. candidate, Depart-
ment of Chemical Engineering, University of Waterloo), Madhuja Chakraborty (M.Sc. can-
didate, Department of Chemical Engineering, University of Waterloo), Eduardo Ramirez
(M.Sc. candidate, Department of Chemical Engineering, University of Waterloo) assisted
in preparing the virus-like particle constructs, insect cell cultures and the virus-like parti-
cle stocks. Prof. Carolyn Ren (Department of Mechanical and Mechatronics Engineering,
University of Waterloo) and Prof. Marc G. Aucoin (Department of Chemical Engineering,
University of Waterloo) supported the project by guiding discussions.

6.1 Overview of Previous Works

Infectious diseases are the leading cause of worldwide mortality and morbidity every year
[77]. The World Health Organization has been recorded around 500 million cases of In-
fluenza infections during seasonal epidemics [77]. Influenza A virus is one of the most
virulent pathogens with a high potential of pandemic outbreak each year. To prevent pan-
demics, rigorous monitoring is needed, along with effective vaccine manufacturing. Both
benefit from the ability to rapidly detect virus.
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Virus-Like Particles (VLPs) are protein complexes that are composed of viral structural
proteins. These particles mimic the organization of the original virus, but they do not
contain any genetic material, as shown in Figure 2.16 in Chapter 2. Therefore, they have
no ability to infect the host. Not only can VLPs as vaccines, themselves, but they can act
as surrogates for viruses instead of risking infection by the wild-type virus.

The focus of this study was to develop a microfluidic assay to quantify the level of
heamagglutination activity of Influenza VLP preparations. Influenza vaccines can be char-
acterized in many ways, but all rely on the assessing the activity of heamagglutinin. There
are many different characterization techniques available – and while SRID is used as release
criteria, it does not need to be used in throughout the manufacturing process and is not
well suited for rapid detection. It is important to note that different techniques may be
used for different purposes. Virus detection throughout a vaccine manufacturing process is
different then detection of virus in a human (or animal). Furthermore, depending on the
application, quantifying virus may infer knowing the number of particles or it may infer
knowing the number of infectious particles. In the context of this work, there is a desire to
quantify the virus i.e. the number of particles, by assessing the activity of HA molecules –
which should be proportional to the total number of particles.

Techniques for quantifying virus can be grouped into two major categories: antibody-
dependent methods and antibody-independent methods. SRID, ELISA (Enzyme-linked
immune sorbent assay) and SPR (Surface Plasmon Resonance) are antibody-dependent
methods, which require a strain-specific antibody. SRID, with a detection limit of 3-5
µg/ml of HA, has been used to detect Influenza VLPs [104], [59]. However, it has been
shown that Influenza VLP quantification is challenging in SRID due to the interference of
diffusion in agarose gel caused by non-aqueous components of the VLP (lipid envelope)
[55]. Furthermore, HA molecules are prone to aggregate in the presence of high virus
concentration resulting in improper diffusion of HA and interference in the test output [7].
Another promising technique was developed using reversed-phase high-performance liquid
chromatography (RP-HPLC), which showed better sensitivity than SRID where the limit
of detection (LOD) was 0.25 µg/ml of HA [64].

All antibody independent quantification methods are based on the characterization of
the viral particle in terms of viral spike proteins or size and shape of the viruses. For ex-
ample, TEM (transmission electron microscopy) is used to visualize virus particle size and
morphology. The major drawback of this method is the elaborate sample preparation be-
fore imaging virus samples as well as being highly subjective [103]. Other methods depend
on the virus particle size, such as cytometer, dynamic light scattering (DLS), have not been
developed for VLP quantification yet. But they have presented promising results for virus
quantification [97], [72]. The remaining antibody independent methods include hemagglu-
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tination assay (HA Assay), and liquid chromatography-mass spectrometry (LC-MS). These
methods utilize the antigen of the viral particle (spike protein) for quantification. Among
these methods, Influenza VLP quantification has only been shown using a HA assay. How-
ever, promising HA and NA protein quantification in LC-MS has been demonstrated [22],
[64]. During the production and purification of Influenza VLPs, the most commonly used
quantification method is HA assay. This technique relies on the agglutination activity of
the spike protein (HA) of Influenza with red blood cells. Although the assay procedure
is most commonly used, this method has a few limitations. For example, dependence to
the operator’s judgment on the reading, labor-intensive preparation, and lack of sensitivity
and standardization [103]. This study aims to eliminate the drawbacks of the standard HA
assay by developing a quantification method using a droplet-based microfluidic system.

6.2 Introduction and Objective of the Project

The objective of this work is to develop a droplet-based microfluidic system able to quantify
Influenza VLPs faster and with greater sensitivity than a standard HA assay that run in
96-well plates. Several research groups have investigated hemagglutination reactions using
microfluidic devices. For example, investigation of blood typing sera in microdroplets where
related antigens aggregate red blood cells in microdroplets was observed using various
detection techniques [58], [91], [67], [69]. Although these techniques have shown promise
for hemagglutination assays, there is a significant need to simplify the fabrication and
overall testing. For example, most of these studies relied on tedious microfluidic channel
surface modifications. In this study, protein absorption on channel walls was eliminated
by merely treating the walls with silicone oil, eliminating the need for surfactant.

In this study, Influenza virus-like particles were quantified by running a hemagglutina-
tion assay in a droplet-based microfluidic system. Compared to a standard HA assay in
well plates, the microfluidic system provided greater sensitivity and faster quantification
where a minimal amount of reagents was consumed. To investigate the performance of
the microfluidic device, the impact of virus concentration, red blood cell concentration,
reagent freshness, virus-like particle type and droplet size on the reaction was analyzed as
well as the limit of the detection of the system. The system provided enough information
to differentiate the effect of each parameter in detail.
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6.3 Design of Experiment

6.3.1 Materials and Methods

Continuous Phase

50 mPa.s silicone oil (DC200, Sigma Aldrich, MO, USA) was used as the continuous phase.
In addition, it has been shown that using the silicone oil surface treatment provided good
contact angle with red blood cells where non-wetting conditions were achieved [69]. Fur-
thermore, in a previous study (Chapter 4 and 5), it was observed that the higher viscosity
of silicone oil (100 and 50 mPas) provided better control in red blood cell droplet formation
rather than 10 mPa.s silicone oil. Therefore in this study, only 50 mPa.s silicone oil was
used.

Dispersed Phase

Red blood cells (Rockland, Chicken RBC %10 washed cell, 1.20 x 106 cells/ml, USA) and
various dilutions of red blood cell solution with phosphate buffer saline (PBS) were used
as the dispersed phase. Red blood cell samples were stored in EDTA (ethylenediaminete-
traacetic acid, Additive: K2Edta (Spray Dried), 7.2Mg.) tubes at 4◦ C to prevent cell
coagulation before red blood cells were diluted. Virus-like particle stocks were used as
another dispersed phase.

Crude Virus-Like Particle Preparations

Briefly, Spodoptera frugiperda clonal isolate 9 (Sf9) cells were maintained in SF-900TM

III serum-free media (GIBCO, Carlsbad, CA, USA) at 27◦C on an orbital shaker (VBR,
Champaign, Illinois, USA) rotating at 130 revolutions per minute (rpm). Cell density was
maintained between 0.5x106 to 4x106 cells/mL in 125 mL. Cell viability of the cell culture
was maintained above 95%. Cell counts were measured using CountessTM II (Thermo
Fisher). Insect cells were then infected with baculovirus at a density of 1.5x106 cells/mL
in a 30 mL culture with an MOI of 0.1 using P1 stock. From that, P2 stock was amplified,
once the viability reaches below 70%, baculovirus was harvested. The infected culture was
collected and centrifuged at 800 µg for 10 min, then filtered through a 0.2 µm membrane
(VWR International, Mississauga, ON, Canada). Baculovirus stocks were stored at 4◦C.
These samples were prepared by Madhuja Chakraborty and Eduardo Ramirez in Prof.
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Aucoin’s Laboratory. Two types of baculovirus constructs designed and prepared by Mark
Bruder in Prof. Aucoin’s Laboratory. The first genetic construct included genes for three
influenza proteins (HA, M1, and NA). The other construct included genes for a human
immunodeficiency virus (HIV) protein, GAG, fused to the gene for green fluorescent protein
(GFP) and an Influenza protein, HA. To produce the fluorescent VLP, 100 mL of Sf9 cells
at a density of 2x106 cells/mL were infected at an MOI of 0.1. Then infected cultures were
harvested and filtered as described above.

Hemagglutination Assay

HA activity of the harvested bulk supernatants and cell lysates obtained were measured
using an HA assay. 50 µL of 1x PBS were added to each well (except the first column) of
a 96-well plate. 100 µL of a virus sample was added to the first well, and the virus sample
was diluted by serial two-fold dilutions. 50 µL of 0.5% chicken red blood cells were added
into all wells. After mixing, the plate was incubated at room temperature overnight. The
HA titer of stocks was reported as HAU/50 µL and represents the amount of material that
agglutinates the red blood cells.

Surfactant

It has been shown that surfactants interfere with the interaction of the virus with the
target cell. Therefore, surfactant was not added to either phase in this project [89], [18].

Global Network Design

In the current project, the microfluidic channel design is presented in Figure 6.1. There were
several parameters to consider while designing the final structure of the channel. Droplet
formation and mixing of two reagents were the main functions of interest. Therefore, a
T-junction was used for the formation of the droplets and serpentine channels were used to
insure mixing of the reagents within the droplets. In addition, to combine the two elements
of the dispersed phase, a Y-junction was added prior to the T-junction.

Mixing in droplets is governed by molecular diffusion. Therefore, to enhance the mixing,
the symmetry of the two reagent streams coming together into droplets needs to be broken.
To break this symmetry, serpentine channels were used as initially proposed by Song et al.
[93]. As the droplets turn in each curved region of the channels, the symmetry is disrupted,
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Figure 6.1: a) Schematic of the microfluidic device design. From point A, the virus stock
was applied to the system. From point B, the red blood cell solution was applied. Silicone
oil was used as a continuous phase (Point C). Droplets were generated at the T-junction
(Point Y). Reagents in the droplets were mixed in the serpentine channels and the reaction
was recorded from point Y through the end of the last serpentine channel. b) Equivalent
electrical circuit of the microfluidic channel. The circuit analysis was done to design the
microfluidic device robust enough to eliminate droplet size variations during formation and
to achieve sufficient mixing in droplets.

and non-asymmetric vortexes in the droplets create chaotic advection. As a result, the two
reagents mix in the droplets. The mixing time is approximated by Equation 6.1:

tmix, Ca ∼
aw

u
log(Pe) (6.1)

where Pe is the Peclet number, w is the channel width, and a is the dimensionless
length of the droplet. Depending on the flow conditions, it is required to have at least 30
turns in this design when considering a channel width of 200 µm and channel height of ∼
80 µm after swelling.
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Other channel dimensions were designed by considering several criteria. The first one
is the main channel length. The device should contain 50 droplets so that the flow field
at the junction is not influenced by the formation or exit of droplets from the channel
[36]. The second one is the length of the channel from point X to Y shown in Figure 6.1a.
This length should be long enough so that the parallel flow of the two reagents would not
be disturbed by the pressure jump at the T-junction. To eliminate this, a long dispersed
phase channel were implemented as previously suggested by others [36], [42]. Furthermore,
because different combinations of reagents was desired to see the effect of concentration on
the reaction, the width and the length of the channel from X to Y was designed in a way
that the pressure at point A would not overcome pressure at point B and able to flow under
different applied pressures. By considering the analysis in Chapter 4 and 5 and the design
criteria mentioned above, the required dimensions were calculated using Equation 4.10 as
shown in Figure 6.1b. The calculation is based on the analogy of Kirchoff’s current/voltage
law, and an equivalent 1-D electrical circuit of the design is given in Figure 6.1b. As a
result, the channel width from point X to Y was designed to be 150 µm with a length
of 1950 µm. The dispersed phase channel widths were designed as half of the junction
channel width, 75 µm. The main channel where droplets were generated was designed to
be 200 µm wide.

6.3.2 Experimental Setup

The experimental setup consists of three major parts. The first one was the microfluidic
chip mounted on the microscope stage, as shown in Figure 6.2. The second one is the
pressure system that pumps the reagents into the microfluidic chip, and the third is the
microscope where the images of generated droplet were recorded.

6.3.3 Experimental Procedure

In this subsection, the experimental procedure is provided. First, the virus stock was col-
lected and purified. While preparing the cell culture, the microfluidic chips were fabricated
using the soft lithography method, as described in Chapter 3. Before the experiment, the
fabricated microfluidic chips were flushed with the silicone oil (50 mPa.s, Sigma Aldrich,
MO, USA) and were baked at 120◦ C overnight. For the experiments, the chips were
mounted onto the microscope stage (Ti. Eclispe, Nikon, Japan), and the silicone oil was
flushed into the channels once again to prime the channel surfaces with oil. Then, the
dispersed phases were connected to the pressure system (Fluigent, MC-8, Germany), and
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Figure 6.2: Images of the experimental setup and the microfluidic chip (on the left). Image
of the microfluidic chip after the experiment was completed, see generated droplets inside
the tubing that was connected to the outlet of the channel (on the right).

pressure values were adjusted to form droplets. Formation of droplets was recorded using
a monochrome camera (Qimaging, Retiga, 2000R Fast 1394 monochrome CCD camera,
Tucson, AZ, USA), and videos were edited to capture 20 droplets. The recorded videos
were analyzed using the custom image analysis program implemented in MATLAB (Math-
Work, 2018, MA, USA) and Image J (1.52r, WIS, USA). Details of the program are given
in the next section. This procedure was repeated for each configuration of the reagents.

6.3.4 Image Analysis

Analysis of agglutinated red blood cells was done using ImageJ 1.52r (WIS, USA) and
MATLAB (2018, MA, USA). In the analysis, MATLAB was used to extract frames of the
videos. Then, a region of interest in each frame was cropped and recorded as an image.
Cropped images were filtered to eliminate grey-scale noise in the image so that day to day
differences in light exposure were eliminated. Filtered images were turned into a binary
image. Threshold binning was applied to eliminate dark spots in the image that resulted
from the PDMS defects other than red blood cells. The edge of the droplets was detected,
and the agglutinated red blood cells area was calculated within the boundary of the edge,
as shown in Figure 6.3.

92



Figure 6.3: Illustration of the image analysis sequence and microscope images of droplets
from different locations of the microfluidic channel. Videos of the droplet formation and
reaction were recorded. Then each frame was extracted from the videos to be analyzed.
Four regions of interests (ROI: 7s, 26s, 43s, 77s - red dashed rectangles) were selected.
Then, the droplets passing those regions were analyzed by converting the images into
binary images (black and white) to count the agglutinated red blood cells (clumps). The
area of black region in the droplets indicated the agglutinated red blood cells. By measuring
the clump size change over time in droplets passing through ROI, the end of the reaction
was determined. Then, the reaction time was calculated.

6.4 Results and Discussions

The microfluidic device had two major components. The first section was the T-junction,
where the droplets containing VLP stock and red blood cells were generated under the
squeezing regime. These two reagents came in contact at the Y-junction and flowed in par-
allel before coming to the T-junction (see Figure 6.4a). Control of fluid flow was achieved
using a pressure pump. The second section was the serpentine channels where the mixing
of the two reagents in droplets occurred (see Figure 6.4b,c). As the HA protein attaches
the red blood cells, dispersed red blood cells separated from the buffer solution and formed
a clump of red blood cells within the droplet. The reaction started at the beginning of
the Y-junction, where the two fluids met and was completed once the red blood cells were
agglutinated and formed a lattice (clump) in the droplet, as shown in Figure 6.4c.
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Figure 6.4: Schematic of the microfluidic device and microscope images of droplets in
certain sections of the channel a) Two-phases flew in parallel through the Y-junction and
droplets were generated at the T-junction (blue dashed rectangle) b, c) Mixing of reagents
started at the dense turns and the reaction in droplet was complete as the agglutinated
red blood cells (clumps) were formed in the mixing region (yellow and orange rectangles).

To evaluate the evolution of the clump of red blood cells, videos of the droplet flowing
through the different locations of the channel were recorded. Each experiment was done
using a single chip and in each experiment, 20 droplets were recorded to take the average
of the reaction output. Then, individual droplets were analyzed using ImageJ. A minimal
agglutinated RBC (clump) pixel size (∼ 20 µm) was determined to differentiate the agglu-
tinated from non-agglutinated red blood cells in the droplets. Clumped RBCs gathered at
the front of the droplet. However, non-agglutinated RBCs were homogeneously distributed
in the droplets under the same flow condition when HA was not present. Therefore, mini-
mal particle size remained the same as the droplet flew through the outlet of the channel
(see Figure 6.5 - blue line). However, at the presence of reaction, agglutinated red blood
cell size increased over time and reached a plateau where red blood cells no longer com-
bined, as shown in Figure 6.5 - red line. Furthermore, video analysis showed that the
reaction was completed in 60 s while it takes around 5 hours in standard 96-well plates
[104]. Thus, one can conclude that the reaction time was reduced by utilizing the small
diffusion length of the droplet-based microfluidic systems.
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Figure 6.5: Agglutinated red blood cells (RBC) size (µm) measurement in droplets over
time. The red line indicates the presence of agglutination in droplets (undiluted stock of
known HA activity) in one chip (Chip 1); the blue line represents no reaction in droplets
(12th dilution of stock of known HA activity) in another chip (Chip 2). The applied
pressures were the same (Poil=300 mBar, PRBC=290 mBar, PHA=290 mBar) for both
experiments. N=20 droplets were recorded for each chip (Chip 1 and 2) in a single run.

6.4.1 Effect of Red Blood Cell Concentration on Reaction

To evaluate the effect of red blood cell concentration on reaction dynamics, red blood
cells were diluted off-chip with phosphate buffer solution (PBS) to 10% and 50% RBCs.
Cells were mixed with the same concentration of VLP stock (VLP containing HA, NA and
M1 and having known HA activity) in microdroplets. Under the same flow conditions,
VLP stock concentration and droplet size, larger agglutinated RBC sizes were measured
for higher RBC concentrations. It is likely that this was due to the increase in available
binding sites that were present with the increased number of cells. However, as shown in
Figure 6.6 - red line, with lower concentrations of the red blood cells (Figure 6.6 - blue
and green lines), clump formation saturated around 43 s resulting in much faster reaction
time compared to agglutination of undiluted RBCs (100% - red line).

In standard 96-well plates, a higher concentration of red blood hindered the analysis,
as shown in Figure 6.7. However, the microfluidic system was able to use different cell
concentrations, all with acceptable linearity (R2=0.9448 and p=0.000179). These experi-
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Figure 6.6: Effect of RBC concentration on hemagglutination reaction in microdroplets.
The red line shows non-diluted red blood cell concentration in Chip 3, the blue line shows
50% RBC concentration in Chip 4, and the green line shows 10% RBC concentration in
Chip 5. Flow conditions were kept the same for all three experiments (Poil=300 mBar,
PRBC=290 mBar, PHA=290 mBar. Reaction ended after 43 s for lower concentrations of
RBCs due to the excess virus stock per cell. However, the reaction ended after 60 s in
undiluted RBC sample. Right graph represents the system linearity of a quantification
assay where R2=0.94. N=20 droplets were recorded for each chip (Chip 3, 4 and 5) in a
single run.

ments were done using three separate microfluidic chips for each concentrations of RBCs
(Chip 3 for 100% RBC, Chip 4 for 50%RBC, and Chip 5 for 10%RBC). Then, the reaction
was observed and analyzed on 20 different droplets for each set of experiment. Also, a
difference in reaction time for various concentrations could not be detected when higher
RBC concentration was used in the 96-well plate assay.

6.4.2 Effect of Mixing Ratio on Reaction

Previous experiments were completed by mixing an equal volume of the two dispersed
phases. In this experiment, the mixing ratio was changed, and the VLP stock volume that
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Figure 6.7: Photograph of hemagglutination reaction in 96-well plate for various RBC con-
centrations (from 1% to 10%). Reaction became undetectable in higher RBC concentration
by naked-eye in 96-well plate.

was encapsulated in the droplet was increased (RBC : VLP = 1:3 - Chip 6). To make
comparisons with previous experiments that had a 1:1 (RBC : VLP - Chip 1) mixing ratio,
pressures of phases were fine-tuned to have similar droplet size and speed. As shown in
Figure 6.8, the reaction was completed much faster in droplets where a larger volume of
VLP stock was encapsulated (∼ 32 s). Furthermore, smaller agglutinated RBC size was
recorded. The amount of HA activity from larger volume fraction of VLP solution (3:1)
increased the rate towards a constant agglutinated RBC size (∼ 43 s).

6.4.3 Effect of Droplet Size on Reaction

Flow topology of the moving droplet in a rectangular channel is a complex concept, and
the flow field inside the droplet depends on various parameters such capillary number,
interfacial tension, droplet shape and the viscosity of fluids [44], [65], [57]. Therefore, it
was assumed that changing droplet size may affect the RBC flow resulting in variations
in the duration of the reaction. To investigate the effect of droplet size on the reaction,
larger droplets were formed by increasing the applied pressure to the continuous phase
while keeping the dispersed phase pressure constant. As a result, droplets of length ∼
900 µm and ∼ 600 µm were compared. For both experiments, the same concentration of
RBC and VLP stock were used. As shown in Figure 6.9, reaction time did not vary as
the droplet size increased; the agglutination was completed around 60 s for both droplet
sizes. Larger agglutinated RBC size was measured in the larger droplet likely due to the
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Figure 6.8: Effect of different mixing ratio of the reagents on the reaction. The flow
conditions were kept the same for all experiments (Poil=300 mBar, PRBC=290 mBar,
PHA=290 mBar and droplets were generated in similar sizes). Blue line indicates the
larger virus fraction sample where the reaction ended after 32 s (Chip 1) and red line
indicates the droplet encapsulated the equal volume of reagents where the reaction ended
after 60 s (Chip 6). N=20 droplets were recorded for each chip (Chip 1 and 6) in a single
run.

increased number of cells that were encapsulated in the droplet (Figure 6.9 - red line).

6.4.4 Effect of Red Blood Cell Freshness on Reaction

It has been shown that agglutination varies depending on the freshness of the RBCs [46].
As the red blood cells stored in a EDTA tube, they start to lose their cell integrity,
deformability and decay over time. Therefore, available binding sites on the red blood
cells surfaces change over time. To test the impact of this factor on the reaction, we tested
two different red blood samples. The first sample was freshly collected and tested before
its expiration date and the second sample was the red blood sample that was expired and
stored in the EDTA tube for a day after its expiration date. The impact of RBC freshness
was investigated in different droplet sizes. In a fresh RBC sample, the reaction time did
not change in either droplet size; all reactions were completed after 60 s, as shown in Figure
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Figure 6.9: The effect of droplet size on the reaction. The red line represents the larger
droplet (Poil=300 mBar and PHA, PRBC=290 mBar) - Chip 7. The blue line represents the
smaller droplet (Poil= 310 mBar PRBC , PHA= 290 mBar) - Chip 8. Reaction ended in a
similar time for both cases. However, a smaller clump size was measured in small droplets
due to number of cells encapsulated in droplets.N=20 droplets were recorded for each chip
(Chip 7 and 8) in a single run.

6.10 - red and green lines (Chip 9, 10). However, larger clumps of RBCs were formed in
either droplet size due to the more available binding sites of the fresh RBCs.

6.4.5 Effect of Type of Virus-Like Particle Stock on Reaction

Three different preparations having different levels of HA activity were used to see if the
differences could be detected by the microfluidic assay. When the different preparations
were tested in a droplet-based microfluidic system, similar results were achieved to what
was observed from the 96-well assay, as shown in Figure 6.11. As shown in Figure 6.12, a
smaller agglutinated RBC size was measured for the HA-NA-M1 preparation than for the
GAG-GFP-HA preparation; however, in small droplets, the differences were insignificant.
Also, the reaction time for all preparations was similar for all droplet sizes.
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Figure 6.10: Effect of red blood cell freshness on the reaction. Green-red lines indicate
the fresh red blood cell samples (1st day of red blood cell collection - Chip 9 and 10) in
different droplet sizes. Blue-purple lines indicate the non-fresh red blood cell sample (6th
day of the red blood cell collection - Chip 10 and 11) in different sizes of droplets. Reaction
ended in 60 s for all cases but the clumps size was bigger in fresh samples.N=20 droplets
were recorded for each chip (Chip 9, 10, 11 and 12) in a single run. (Poil=300 mBar and
PHA, PRBC=290 mBar).
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Figure 6.11: HA activity of the three different preparations with 3 replicates in 96-well
plates. Three different VLPs were analyzed. Asterisk (**) indicates freshly prepared
material, while the HA-NA-M1 VLP was prepared eight months earlier and stored at 4◦

C. GAG-GFP-HA was another construct of the Virus Like Particle. Highest HA activity
was measured in freshly prepared HA-NA-M1** virus stock.
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Figure 6.12: Effect of virus type on the reaction for two different droplet sizes for each
virus type. Red-green-blue lines represent the larger droplets, while yellow-light blue-
purple represent smaller droplets. Reaction was similar in all types and highest HA activity
was observed in the freshly prepared HA-NA-M1** virus stock similar to the 96-well plate
results. N=20 droplets were recorded for each chip (Chip 13-red line, 14-green line, 15-blue
line, 16-purple line, 17-light-blue line, 18-yellow line) in a single run. were used for each
virus preparations to prevent cross-contamination. (Poil=300 mBar and PHA, PRBC=290
mBar, for larger droplets), (Poil= 310 mBar PRBC , PHA= 290 mBar, for smaller droplets).
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6.4.6 Performance of the Quantification System

A standard 96-well hemagglutination assay limit of detection is approximately 2 HAU/50
µL [46], [104]. For the fresh HA-NA-M1** preparation, the HA activity was 2560 HAU/50
µL. To examine the limit of detection in the microfluidic assay, dilutions of this preparation
were used and examined in the device. The minimum concentration of HA activity that
could be detected in the microfluidic device was 1.25x10−4 HAU/ µL or 0.625 HAU/50 µL
(Figure 6.13). It should be noted, however, only 0.004 µL is required at that concentration.
Future work should look into the limit of detection by increasing the mixing ratio at low
HA concentrations.

Figure 6.13: Comparison of the standard HA assay with the microfluidic system in terms
of the limit of the detection. Top figure represents the HA assay in 96-well plate of a given
virus stock (HA-NA-M1**). Agglutination reaction ended at the 8th (Chip 19) dilution of
the sample. However, when the same samples were transferred into the microfluidic chip,
the reaction was still observable at the 11th (Chip 22) dilution of the virus stock which
proves the greater sensitivity of the droplet based microfluidic system over the standard
assay.
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6.5 Conclusion

In this study, a droplet-based microfluidic device was reported, which can quantify HA ac-
tivity in different VLP preparations. Droplets that included Influenza virus like particles
were mixed with a red blood cell solution to form hemagglutination reactions in droplets.
The formation of agglutinated red blood cells was quantified using image analysis. The
performance of the quantification method was investigated by analyzing the impact of sev-
eral parameters which affect the hemagglutination assay such as cell concentration, VLP
preparations, and sample freshness. Furthermore, the impact of flow conditions of the flu-
idic network on the reaction was tested by varying the droplet size. The presented device
provides a method that allows quantifying the samples in a robust manner. This study
also demonstrates a sensitive label-free method, which makes this method a new candidate
for an automated hemagglutination assay.

Symbols and Nomenclature

PE
SRID
ELISA
RP-HPLC
TEM
DLS
LC-MS
EDTA
Sf9
HAU
PBS
MOI
GFP RFP
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Chapter 7

Contributions to the Field and
Recommendation for Future Studies

7.1 Contributions to the Field

Droplet-based microfluidic systems improve biochemical assay performance due to the fast
reaction time, increased sensitivity and less reagent consumption. Depending on the ap-
plication, there are several functions of droplet microfluidics that need to be coupled in
a microfluidic network. For example, in this study, droplet generation was coupled with
mixing of reagents to develop a more sensitive hemagglutination assay that can be used
to evaluate VLP preparations. The ability of microfluidic systems to form monodisperse
droplets eliminates variability in repeated reactions, leading to smaller standard devia-
tions in results. One complicating aspect of biological fluids is that they tend to be non-
Newtonian. The literature surrounding non-Newtonian fluids in microfluidic channels is
sparse. Therefore, we undertook studies to show how to design a microfluidic device that
works for these biological non-Newtonian fluids.

This work focused on T-junction droplet generators. Dimensionless parameters that
affected formation dynamics were analyzed. Video analysis showed that droplets of RBC
in solution formed in three stages (lag, filling and necking stages). The lag stage was only
observed for narrower dispersed phase channel designs. The filling stage was affected by
the aspect ratio. The necking stage was mostly affected by the fluid viscosities. All these
findings were considered in the modeling of each stage. A final model of droplet formation
covered all dependencies such as channel geometry, flow rate ratios, fluid properties and
capillary number, which is different from Newtonian fluids where only channel geometry is

105



the governing factor in the squeezing regime. With the optimized experimental condition
provided in this study, one can design a generator for monodisperse RBC solution droplets
for further biochemical assay applications.

The next phase of research was the development of a droplet-based microfluidic device
to quantify the HA activity of virus-like particle preparations. This system required a
robust microfluidic device design that coupled generation and mixing modules. By us-
ing the model and the analysis in Chapter 4 and 5, an appropriate T-junction geometry
was designed to produce droplets of desired size and at a desired frequency. The design
consisted of a Y-junction, where two reagents of interest flowed in parallel without diffus-
ing into each other before droplet generation, a T-junction, where droplets formed, and a
mixing region, where serpentine channels were located for enhancing mixing of reagents
in droplets. As the two reagents mixed, the aggregation reaction started, and the design
enabled label-free observation of the evolution of reaction in real-time. To further test the
performance of the method, variables affecting aggregation such as red blood cell concen-
tration, VLP preparation, and freshness of samples were investigated. A comparison of the
quantification results with the standard methods showed that the droplet-based microflu-
idic system provides faster and more sensitive quantification. Therefore, this study closes
the gap between research and commercial methods and provides a new methodology for
advancing the field.

7.2 Recommendations for Future Work

In this study, the dynamics of biological non-Newtonian droplets were analyzed, and a
mathematical model was developed by this analysis. Although the model presented in this
study predicts well the operation parameters, there are several aspects to be furthered
studied. For example, the focus of this study was only generation under the squeezing
regime. Therefore, other generation regimes should be evaluated to see if RBC solution
droplets can be generated. In addition, red blood cell droplet formation dynamics can
be evaluated using other droplet generators like flow focusing device. The influence of
surfactant on formation dynamics has not been investigated in this study and could play
a role in other types of blood analysis.

The method developed for quantification of HA activity of VLP preparations can be
further developed by eliminating bulky fluid handling systems and dependence on a large
microscope and turning the system into point of care device. By integrating a benchtop
pressure pump, a small camera, and a microfluidic chip, the system can be automated.
In this study, association and dissociation kinetics have not been studied. However, the
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binding kinetics of different virus strains can be analyzed with the help of the system’s
ability to image reaction in real-time as well as to detect precisely.
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Appendix A

Image and Video Analysis Codes

A.1 Extraction of Frames from Videos - Matlab Code

This code is for extracting frames from the videos.
v=VideoReader(’at the junction 1.avi’);
get(v);
nFrames=v.NumberOfFrames;
for img=1:nFrames
filename=strcat(’frame’,num2str(img),’.jpg’);
b=read(v,img);
imwrite(b,filename);
end

A.2 Converting Gray Scale Image into Binary Image

- Matlab Code

This code is for turning each gray scale frame of droplet videos into binary for further
analysis.
asd = VideoReader(’V1.avi’);
nFrames=asd.NumberOfFrames
firstframe=read(asd,1);
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movLength = nFrames;
for i=1:movLength
K=read(asd,i);
median=medfilt2(K, [10 10]);
k=wiener2(median, [5 5]);
H = fspecial(’unsharp’);
sharp=imfilter(k,H,’replicate’);
level = graythresh(median);
BWW = imbinarize(median,level);
bw2=1-BWW;
threshold=0.9;
edgemedian = edge(bw2, ’Canny’, threshold);
binimagefill= imfill(edgemedian, ’holes’);
subplot(1,9,8), imshow(binimagefill)
labeledImage = bwlabel(binimagefill, 4);
end
disp ’image labeling complete’

A.3 Channel Height Calculation - Matlab Code

This code is used to calculate the channel height by using flow sensor data.
Vis10cst=10*(10−3);
Vis50cst=50*(10−3);
Vis100cst=100*(10−3);
W=100*(10−6);
Lc=10000*(10−6);
Lm=50000*(106);
Ltot=Lm+Lc;
Qc=1.86997E-11;
Pc=50000
H10=((Qc*12*Vis10cst*Ltot)/(Pc*W))1/3;
H10=H10*(106);
H50=((Qc*12*Vis50cst*Ltot)/(Pc*W))1/3;
H50=H50*(106);
H100=((Qc*12*Vis100cst*Ltot)/(Pc*W))1/3
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H100=H100*(106);
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Appendix B

Fluid Property Measurements

B.1 Flow Sensor Calibration for Oil Viscosity Mea-

surements

Inlet of the flow sensor was connected to the pressure system (Fluigent, Germany) and the
output of the flow sensor was connected to the microfluidic chip. As the fluid flows inside
the capillary channel of the flow sensor, flow rate of the fluid is measured by using thermal
anemometry principles. Therefore, fluid property, for example, fluid viscosity, becomes an
essential parameter for the sensor. If the thermal properties of the fluids change, the sensor
must be calibrated. Since three different silicone oil were used in this study, calibration of
each oil was required (see, Figure B.1). Sensor outputs as ‘tick counts’ (Figure B.1). To
calculate the flow rate of the fluids while running an experiment, these tick counts were
substitute into the calibration curve of each oil type (see Figure B.1).

B.2 Viscosity Measurements of Red Blood Cells

To be able to design a microfluidic channel, it is essential to measure the properties of
the target fluids. Specifically, viscosity and interfacial tension of fluids are needed to be
known. In this study, silicone oil was mainly used as carrier oil where its viscosities are
given by the producer, as shown in Table B.1. Red blood cells exhibit non-Newtonian fluid
behavior and the viscosity of the red blood cell varies under the shear rate. The viscosity
range of chicken red blood cells for a range of shear rates was adopted from the literature,
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Figure B.1: Calibration curves of the flow sensor for three different silicone oil viscosities.

as shown in Figure B.1 [29]. Since the channel width of the microfluidic chip was used in
Chapters 4 and 5 was 100 µm, viscosities given in Figure B.2 was adopted from the plot
where the channel width was 102 µm.

Table B.1: Physical properties of the dispersed and the continuous phases.

B.3 Interfacial Tension Measurement of Fluids

The equilibrium interfacial tension for red blood cell/silicone oil and virus stock/silicone
oil combinations were measured using a Wilhemy plate Tensiometer (Data Physics, DCAT
11, Germany). Based on the measurements, the blood/oil interfacial tension was 15.117
mN/m and virus stock/oil was 16.913 mN/m.
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Figure B.2: Viscosity measurements of the chicken red blood cells for various cell concen-
trations under the range of shear rate from 1-3000 1/s in the microfluidic channels (cross,
100% RBC), (parallelogram, 45% RBC), (cube, 30% RBC), (triangle, 20% RBC), (circle,
10% RBC), (plus, Plasma) [29].
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