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Abstract
This thesis presents the experimental and computational study of hydrogel microgels
using flow-focusing devices. The microfluidic devices were fabricated to generate
microgels from two immiscible phases of fluids. Conventional replica molding and
photolithography methods were used to fabricate a rectangular channel microfluidic
device. Using the flow-focusing microfluidic devices, effects of various parameters on
hydrogel pre-polymer droplet generation were investigated experimentally and
computationally. First, three-dimensional (3D) computational simulations were conducted
to study the physics of hydrogel pre-polymer droplet formation mechanism in three
different regimes: squeezing, dripping, and jetting regime. Subsequently, effects of
viscous, inertia and surface tension force on the gelatin methacrylate (GelMA) prepolymer droplet generation and droplet size were studied through experiments. Finally,
based on computational and experimental results, the uniformly controlled size of GelMA
microgels was created. All experimental data were summarized by a capillary number of
the dispersed and the continuous phases to characterize the different regimes of GelMA
pre-polymer droplet generation and to predict the transition of dripping to a jetting regime
for GelMA pre-polymer in the flow-focusing device. Also, two types of cells, MCF-7
breast cancer cells, and 3T3 fibroblasts, were mixed in a 5 wt% GelMA pre-polymer
solution used as dispersed phase. The uniform cell-laden GelMA microgels were
fabricated and the cell viability was over 80%. In addition, a new method to create the
polydimethylsiloxane (PDMS) circular channel was developed using a rapid and cheap
3D printing process. Due to the resolution limitation of 3D printing, the channels were
elliptical, and subsequent liquid PDMS injection process was adopted to form fully
circular channels.
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Introduction
Tissue engineering aims to create, repair, or replace biologically functional tissues using a
combination of material, mechanical, chemical and biological sciences [1]. In tissue
engineering, cells isolated from the biopsied tissues are encapsulated in biodegradable
materials (e.g., hydrogels), where cells can be protected from outside environments to
maintain their cellular function. Encapsulated cells can be further proliferated in
biomimetic structures (scaffolds) which resemble cellular microenvironments. By
transplanting the resulting construct into the patients’ body, the scaffold will be degraded
over time to form a new tissue [2]. During the transplantation, cells encapsulated in
hydrogel scaffolds can be prevented from outside environments. The transplantation of
cell-laden hydrogel was first used in 1964 to minimize immune rejection of transplanted
cells [3]. Since then, several innovative methods have been developed to advance the area
of tissue engineering. Despite the advances, there are still some limitations to control
precisely the cellular microenvironment [4] and fabricate vascularized complex tissue
structures [5].

Microscale Tissue Engineering
Microfabrication techniques have been developed as a powerful tool to overcome a
number of tissue engineering challenges [6][7]. The ability to engineer the size and shape
of hydrogel scaffolds using microfabrication techniques has opened new opportunities to
address the challenges such as complex tissue architecture and vascularization [8].
Microfabrication techniques, such as photolithography, micromolding, and microfluidic
fabrication, have been used to fabricate micrometer-sized hydrogels for encapsulating
cells in micro structures [6][9]. In photolithography technique, a thin layer of
photocrosslinkable hydrogel pre-polymer solution is exposed to a UV light through a
1

photomask. The area exposed to the UV light is polymerized and becomes a gel. This
technique can be used to fabricate microstructures of hydrogels in a wide range of sizes
from micrometers to millimeters. The micromolding technique is to fabricate engineered
microtissue structures using a microfabricated mold. The hydrogels pre-polymer can be
cast and crosslinked to fabricate a variety of microstructures. Another technique to
fabricate hydrogel microstructures is the microfluidic technique which is a powerful
method to generate well-controlled hydrogel droplets in a high-throughput way. Fluid
properties within microfluidic channels can be easily modulated and generate hydrogels
with controlled environments [6].
The microfluidic technique-based cell encapsulation has been widely used in recent
years due to many advantages in comparison with other microfabrication techniques [6].
The microfluidic techniques offer the ability of a high-throughput generation of wellcontrolled monodisperse micrometer-sized spherical or rounded microgels, as well as
hollow cylindrical gel fibers that cannot be created with other microfabrication techniques
[8]. The size of droplets could be easily controlled by adjusting the flow rates of fluids
and fluid properties such as viscosity and interfacial tension [10]. The microfluidic
techniques also offer a high degree of control over the encapsulation process to get the
desired number of cells per particles and spatial organization [11]. Controlling droplet
size and fabricating small droplets (< 150 µm) can benefit the delivery of nutrients and
oxygen to encapsulated cells in microgels. The microgels created in microfluidic devices
can be used as building blocks of tissue structures [12]. For example, microgels
containing different types of cells are assembled into a desired 3D structure to create
functional tissues. A successful assembly process requires precisely controlling the size
of the microgels. The microgels can be also used as a 3D cell culturing platform to study
stem cell differentiation, cell-cell interaction, and cell-microenvironment interaction
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[13][14]. The study of cell co-culture and cell fate regarding neighbor cells and the
surrounding environment is also benefited from controlling the size of droplets and
encapsulating various cells in each microgel [15]. The study of microenvironmental
parameters (e.g., porosity and stiffness for cancer cell migration) is very crucial in tissue
engineering due to their effect on cell response and fate [16]. The cell fate is influenced
by microenvironmental parameters such as interaction with other cells, exposure to
growth factors, mechanical stimuli, and shear forces [17]. Therefore, the microscale tissue
engineering has many advantages over the conventional macroscale tissue engineering to
modulate precisely the cell microenvironmental parameters to enhance the controllability
of cell behavior. This study adopted microfluidic techniques to generate microgels for
microscale tissue engineering applications.

Hydrogel Biomaterials
The properties of hydrogels used for cell encapsulation resemble extracellular matrix
(ECM) in native tissues [18]. Hydrogels have been extensively used for a variety of tissue
engineering applications in recent years due to their unique characteristics [19][20][21].
For examples, hydrogels form hydrophilic polymeric networks that can absorb the high
volume of water without dissolving. They have native tissue-like elastic properties and
biocompatibility [18]. The porous structure of hydrogels allows cells to attach to their
microstructure, receive oxygen and nutrients, and release metabolic products to the
surrounding environment.
There are two different types of hydrogels: synthetic (synthesized in a laboratory)
and natural (obtained from natural resources) hydrogels [22]. Both synthetic and natural
hydrogels are widely used in tissue engineering applications because of their
biocompatibility and porous structures. The natural hydrogels are generally categorized
into two main types; protein-based hydrogel (e.g., gelatin, collagen, hyaluronic acid, and
3

fibrin) and polysaccharides-based hydrogel (e.g., alginate, chitosan, and agarose) [22].
These natural hydrogels form networks via physical or ionic interactions. Synthetic
hydrogels consisted of poly (ethylene glycol), poly (acrylic acid), and poly (vinyl alcohol)
are synthesized by a radical chain or step-growth polymerization reaction [23]. Different
hydrogels have different characteristics based on the polymerization methods and their
structures which affect the cellular functions such as growth, differentiation, and
migration of encapsulated cells. Each type of hydrogels has advantages and disadvantages
in tissue engineering applications [18]. Natural hydrogels are inherently biocompatible
and resemble native ECM. Therefore, they can interact with cells easily and promote
various cellular functions. However, special processes are required to extract natural
hydrogels from biological tissue, and the extracted volume is limited. On the contrary,
synthetic hydrogels have limited cell-gel interaction in comparison to natural hydrogels.
However, synthetic hydrogels are highly reproducible and readily available, and their
composition can be controlled as needed for different cell lines.
In order to encapsulate cells, the pre-polymer solutions of both synthetic and natural
hydrogels are first prepared and then crosslinked to become hydrogel scaffolds with cells.
Crosslinking methods vary based on types of hydrogels. Radical polymerization can be
done by heat, light or redox reactions [24]. Photocrosslinkable hydrogels such as
polyethylene glycol and gelatin methacrylate are crosslinked by exposing them to a light.
Temperature changes also crosslink hydrogels such as agarose and divalent ion crosslinks
hydrogels such as alginate with Ca2+ [25]. Among them, photocrosslinkable hydrogels are
most widely used in the microscale tissue engineering with the advantage of controlling
crosslinking

times.

During

photocrosslinking

process,

UV

light

disassociates

photoinitiator molecules mixed with hydrogel pre-polymers into free radicals to induce
the crosslinking of hydrogel networks [24]. However, the photocrosslinking process has
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the risk that unreacted free radicals can also react with cellular components such as cell
membranes, ECM proteins, and DNA [24]. This may result in low cell viability or the
malignant transformation of cells exposed to UV. This risk factor can be reduced by
washing the crosslinked hydrogels immediately with PBS several times to remove
unreacted photoinitiators.
In the ideal tissue regeneration process, hydrogels are degraded over time and cells
replace scaffolding structures with ECM. Therefore, degradability is particularly
important for hydrogels used in tissue engineering applications. In the degradation
process, the hydrophilic backbone of polymer chains is broken down due to enzyme
activities [26][27]. The multi-functional crosslinking molecules can provide a wider range
and tighter control over the degradation rates and mechanical stiffness of hydrogels [28].
Natural hydrogels, such as collagen, gelatin, fibrin, and chitosan, are biodegradable. Also,
a synthetic nondegradable hydrogels, such as polyvinyl alcohol and polyethylene glycol,
can be degradable by adding ester or peptide functional groups in the crosslinking agents
[28].

Microfluidic Generation of Droplets
Aqueous monodisperse droplets are generated in a variety of microfluidic device
configurations such as T-junction [29], flow-focusing [30], and co-axial [31] devices
(Figure 1.1).
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A

Dispersed phase

Continuous phase

Continuous phase
B

Dispersed phase

C
Continuous phase

Continuous
phase

Dispersed phase
Continuous phase
Figure 1.1 Schematic of microfluidic configurations for droplet generation. (A) T-junction
microfluidic configuration. (B) Flow-focusing microfluidic configuration. (C) Co-flow microfluidic
configuration.

These microfluidic methods can generate monodisperse uniform hydrogel droplets in
a high throughput way. It is also possible to fabricate two or three emulsion droplets by
arranging microfluidic channels in parallel [32][33]. Based on the required droplet
frequency, droplet size, and droplet uniformity, the microfluidic devices with various
configurations are used for generating droplets [34]. In a microfluidic device, a hydrogel
pre-polymer solution mixed with cells as a dispersed phase is entered into a central inlet
while a continuous phase fluid is entered into another inlet and surrounds the hydrogel
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pre-polymer solution to form droplets (Figure 1.1). Nonpolar liquids, such as mineral,
fluorinated, and vegetable oil, are usually used for the continuous phase [35][36][37]. In
the flow-focusing (Figure 1.1B) and co-flow devices (Figure 1.1C), droplets break up
when the viscous force of the continuous phase fluid overcomes the interfacial force that
keeps droplets connected to the disperse phase fluid. To reduce surface energy, prevent
coalescence, and increase monodispersity, surfactants (e.g., span 80, tween 20) are added
to the continues phase fluid [34][15][38].

T-junction Configuration
T-junction microfluidic devices are widely used for droplet generation due to their simple
fabrication steps and operation process [34]. In the T-junction configuration, the
dispersed phase and continuous phase enter into two channels arranged in a perpendicular
direction as shown in Figure 1.1A. The continuous phase meets and pushes the dispersed
phase at the junction. The shear force and pressure gradient generated by the continuous
phase fluid make a thin neck of the dispersed phase and finally creates a droplet. The size
of droplets depends on the flow rate and viscosity of the dispersed and continuous phase
fluids, as well as the geometry of microchannels. Several researchers have used Tjunction microfluidic devices to encapsulate cells in microgels and studied the behavior
of encapsulated cells. Kumachev et al. studied the effect of the elasticity of cellular
microenvironments on cell fate by fabricating microgels with different elastic properties
[39]. Tan et al. generated alginate particles with narrow size distribution using a new
method combined with the internal gelation method [37]. In this study, the calcium
carbonate nanoparticles mixed in the alginate solution induced the internal crosslinking.
Droplets formed at the T-junction were broken off by a corn oil fluid. Lectin and acetic
acid in the corn oil diffused into the droplets to crosslink them. Um et al. developed the
T-junction microfluidic device with three different inlets for generating cell-laden
7

hydrogel beads [40]. In this device, pre-polymer solution entered into the first inlet and
the oil phase containing surfactant entered into the second inlet to cut off the pre-polymer
solution and generate droplets. Afterward, at the downstream of the channel, another
liquid, which carries crosslinking materials, was injected into the third inlet to mix with
the droplets. In another study of T-junction device, alginate pre-polymer and CaCl2
solutions were used as dispersed phases while hexadecane was used as a continuous
phase to fabricate the alginate droplets [41]. Alginate pre-polymer, CaCl2, hexadecane
entering from three different inlets were met at the junction to form a droplet and
crosslinked by chaotic mixing in a microfluidic device.

Co-flow Glass Capillary Configuration
Co-flow devices consist of two glass capillaries−an inner glass capillary and outer glass
capillary. Two fluid phases flow in the same direction in the glass capillaries. The
dispersed phase fluid flows into the inner glass capillary. The continuous phase fluid
flows into the outer capillary surrounding the inner capillary in the same direction, as
shown in Figure 1.1C. Hydrogel droplets are created at the tip of the inner capillary.
Glass capillary devices have advantages of inherent wettability of glass surface, chemical
resistant, and true 3D circular geometry. However, the typical fabrication method of the
co-flow devices is to assemble glass capillaries manually, limiting the batch fabrication of
devices. The quality of fabricated devices varies and depends on the person. Furthermore,
co-flow glass capillary devices have a limitation of controlling the size of droplets [34].
Due to the difficulty of co-flow device fabrication, few studies has been carried out
using co-flow capillary devices for droplet generation in tissue engineering application
[42][43]. Sugiura et al. fabricated a micro nozzle array to control the size of alginate
beads containing cells [42][43]. In [43], the device consisted of a nozzle for alginate pre-
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polymer solution and air flow channel next to the nozzle. The alginate pre-polymer
droplets were cut off by air flow, fell into CaCl2 solution. Then, alginate droplets were
crosslinked and created. The results showed that the encapsulated cells in the alginate
droplets had a higher growth rate in comparison to alginate droplets generated by
conventional methods because of high diffusion efficiency.

Flow-focusing Configuration
One of the most widely used microfluidic devices for droplet generation is flow-focusing
devices. Although more technical effort is required for the fabrication of flow-focusing
devices in comparison to T-junction, the flow-focusing devices offer better
monodispersity and higher frequency of generating droplets up to around one thousand
hertz [34]. In delicate experiments, such as cell encapsulation in microgels, flow-focusing
devices are used more than other devices [34]. Also, flow-focusing devices offer a great
flexibility in generating different size of droplets by adjusting the flow rate of both
dispersed phase and continuous phase fluids [34].
Anna et al. first applied the flow-focusing geometry in a microfluidic two-phase flow
[30]. In the device, dispersed phase and continuous phase fluids flowed into a crossjunction channel from different inlets, which results in generating either droplets or a jet
stream. Several experimental studies have investigated the effect of different parameters
on droplet generation regimes in flow-focusing devices which include the effect of the
viscosity of the two phases [44][10] surface tension on droplet generation [30][45], the
shape of the microfluidic channel [46][47], and the different methodologies in feeding the
inflow [48].
In tissue engineering, flow-focusing devices are used to fabricate droplets of a
biocompatible pre-polymer solution for encapsulating cells and drugs. Researchers have
employed flow-focusing devices to generate droplets of several types of hydrogels
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including magnetic hydrogel particles [49], phenyl boronic acid groups and poly(vinyl
alcohol) [50], polyethylene glycol [51], gelatin methacrylate (GelMA) [52], and
grapheme oxide GelMA [53]. For the tissue engineering application, the most important
parameters are the size and type of hydrogel droplets which define the cellular
microenvironment of the encapsulated cells [50]. Dang et.al fabricated flow-focusing
devices with three different dimensions of microchannels and investigated the effect of
device geometry and fluid flow rate on the generation of PEG hydrogel microparticles
[51].
Over the last few decades, many studies have been conducted to investigate the cell
encapsulation in microgels using flow-focusing microfluidic devices. A single cell was
encapsulated into monodisperse picolitre drops using a flow-focusing device [54]. Kim et
al. developed a new flow-focusing device that enhanced the cell viability by rapidly
exchanging the oil phase [55]. When cell-laden alginate was cross-linked with calcified
oleic acid, the toxic oleic acid was transformed into a harmless mineral oil and flushed
out. A 3D flow-focusing device was introduced to generate the core-shell microcapsule
for the efficient formation of cell spheroid by adding hillock in the flow-focusing device
[56]. Wu et al. developed a microfluidic device integrated with fluorescence-activated
sorting to increase the single cell encapsulation rate [57]. The device consisted of two
modules−a flow-focusing module for the droplet generation and a cross-shaped
hydrodynamic gating module for the droplet sorting. Capretto et al. demonstrated the
formation and characterization of alginate/agarose microgels for the encapsulation of
Sertoli cells [58]. The high cell viability and functionality of Sertoli cells encapsulated in
alginate microgels demonstrated the effectiveness of this flow-focusing device for cell
encapsulation. Köster et al. demonstrated to encapsulate, incubate, and manipulate
individual cells in hydrogel droplets [59]. This study offered greater functionality of
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microfluidic cell cytometers and cell sorters, allowing assay to be performed on
individual cells in their own environment prior to sorting and analyzing. Masunaga et al.
used the flow-focusing microfluidic device to encapsulate different kinds of cells in
collagen microgels in the size range of 50-300 µm [60]. They cultured a variety of cells,
including HepG2 cells, primary neurons, primary rat hepatocytes, NIH 3T3 mouse
fibroblast cells, HUVECs, and MIN6 pancreatic cells in the collagen microgels. The
results show that cells were attached to the surface of microgels in less than 2 hours. To
study the proliferation of cells and the ability to create a 3D tissue construct, NIH 3T3encapsulated microgels were placed in a PDMS mold to form a 3D tissue structure after
17 hours.
In addition, to experimental studies, theoretical and computational studies have been
conducted to explain the dynamics of the flow-focusing process. Jensen et al. used Stokes
flow theory to analyze numerically the formation of bubbles in the flow-focusing devices
[61]. Lattice Boltzmann framework was also applied to understand the dynamics of flowfocusing devices [62]. In addition to physical model-based analysis, the adaptive meshing
phase field model was also used to analyze the flow-focusing process [63]. Recently,
researchers numerically investigated the effect of various parameters used for generating
droplets, such as capillary number, viscosity, and geometry [64]–[66][67]. Theoretical
and computational studies of the flow-focusing device are described in detail in Chapter
4. In this thesis, the flow-focusing devices were adopted to computationally and
experimentally study the mechanism of hydrogel droplet generation.

Objectives of Thesis
Fabricating well-controlled hydrogel droplets are crucial in tissue engineering application.
Microgel droplets could either use as cell culture platforms or as building blocks of tissue
fabrication. Controlling the environment of encapsulated cells is important in order to
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study cell-cell interaction and cell fate, as well as desired artificial tissue fabrication. A
number of studies have been conducted to create biocompatible microgel droplets. These
studies mostly focused on improving the biological and mechanical properties of
hydrogel materials. However, due to the lack of systematic study of physics to generate
hydrogel droplets in the flow-focusing devices, creating uniform droplets and controlling
the size of hydrogel droplets remain challenging. Therefore, there is a critical need for a
systematic study of the process to generate well-defined, cell-laden hydrogel droplet with
controllable size. Although many studies have been conducted to investigate the effect of
different parameters on water-in-oil droplet generation, these studies are not useful to
apply in the hydrogel droplet generation because the fluid properties of hydrogels such as
viscosity, density are much different from water. Therefore, the objectives of this thesis
are
1. Develop microfabrication process of flow-focusing hydrogel droplet generation
devices.
2. Theoretical and numerical study of droplet generation mechanism in a flowfocusing device.
3. Experimental study of droplet generation and cell-laden microgels fabrication.
4. Develop circular channel flow-focusing devices for the hydrogel droplet generation.
To achieve the objectives of this thesis, two different types of flow-focusing microfluidic
devices were developed. Hydrogel materials with different viscosity and surface tension
were used for continuous and dispersed phases to study the effect of different parameters
on droplet generation. As an essential part of the project, a series of numerical
simulations were carried out to study systematically the physics of droplet generation in
the fabricated microfluidic devices. Finally, optimized parameters were applied to
generate controlled hydrogel droplets with cells.
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Thesis Structure
Chapter 1 describes a thorough literature review on tissue engineering, hydrogel materials
used in tissue engineering application, and microfluidic platform used for droplet
generation. Chapter 2 describes fabrication methods of flow-focusing microfluidic
devices used for droplet generation. Basic microfabrication equipment and detail
procedure of device fabrication are covered in this chapter. Chapter 3 describes the basic
principal of droplet formation in two immiscible fluids. The effect of various parameters
such as viscosity and density of the fluid, flow rates of fluids, and device geometry of
droplet formation is presented. This chapter also includes the numerical simulation
method to study the droplet generation mechanism of the flow-focusing device. The
simulation results of droplet generation for the different regime are described. Chapter 4
presents the fabrication of hydrogel droplets in a flow-focusing device. This chapter
illustrates materials of the dispersed phase and the continuous phase, the procedure to
synthesize hydrogels, and experimental procedure to generate hydrogel microgels. Effect
of fluid properties of dispersed and a continuous phase of the droplet generation is also
discussed. Furthermore, the cell viability results of NIH 3T3 and MCF-7 cells
encapsulated in hydrogel droplets are presented. Chapter 5 presents the introduction of a
circular channel flow-focusing device and the fabrication procedure of the device. Also,
the test results of the fabricated device are described in this chapter. Finally, Chapter 6
describes the contributions of this research along with suggestions for future works.
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Microfabrication of Microfluidic Flow-Focusing Devices
The microfluidic flow-focusing method has been well-established to generate droplets
from two immiscible phases of fluids. This method has been widely used to fabricate
droplets in a wide range of applications such as foods, cosmetics, drug delivery [68], and
tissue engineering [69]. In this study, a flow-focusing microfluidic device has been
developed to generate monodisperse hydrogel droplets. This chapter describes the
development of a microfluidic flow-focusing device

using

the conventional

microfabrication and softlithography techniques.

Overview of Microfluidic Device
The flow-focusing microfluidic channel fabricated consisted of two inlets, one junction,
one chamber, and one outlet. The masks were designed using DraftSight software
(Dassault Systèmes, Vélizy-Villacoublay, France) and printed on a transparent plastic
film known as photo masks (CAD Art Services, Inc., CA, USA). After designing the
microfluidic device, the microfluidic device was fabricated through replica molding
method. Figure 2.1 shows the basic steps of replica molding method used in this work.
Fabrication stems consist of mold fabrication, casting, replica removal, and bonding of
replica to a substrate to provide a sealed device. The molds were fabricated via
photolithography and mold casting was processed through the softlithography technique.
To date, the most commonly used microfabrication technology in tissue engineering
platforms is softlithography. The main advantages of softlithography include low cost,
convenient fabrication steps, the easy control of deformation, structures in micro scale,
and high compatibility with a broad range of biomaterials [70][71].
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Figure 2.1 Microfabrication process. (A) Fabricating microchannel mold. (B) Casting PDMS on the
fabricated mold. (C) Peeling off PDMS microchannel from the mold. (D) Bonding PDMS
microchannel to a glass slide to build a device.

The most widely used biocompatible material used in softlithography is
polydimethylsiloxane (PDMS). PDMS is gas permeable in which oxygen can be perfused
inside the channel to supply enough oxygen to the cells inside the microfluidic device
[72]. PDMS is transparent from 240 – 1100 nm wavelength. It means that PDMS is
optically clear from long-wave UV to infrared radiation (IR) range, which allows several
types of microscope systems to capture high-quality images. Also, PDMS is an electrical
insulating elastomer with 750 kPa Young’s Modulus, which makes it very suitable for
generating the micro deformation dynamically. In addition, PDMS is non-toxic and
biocompatible. Cells can be cultured and grown in the PDMS micro channels [72].
Mold Fabrication
Molds to form microfluidic channels were fabricated by a photolithography technique
which is a well-established process for patterning microchannel structures out of a
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photoresist on a substrate. Microfabrication process has been done in a class 100 (i.e. less
than 100 particles in diameter of 0.5 µm or smaller per cubic foot) cleanroom facility at
the school of engineering, UBCO. To fabricate a thick, thermally, and chemically stable
microfluidic mold, the SU-8 2025 (Microchem, MA, USA) negative photoresist was
used. SU-8 2025 is a viscous photoresist used to fabricate a thick layer of desired
structure patterns. 20-80 µm thick photoresist coating can be achieved in a single spin
coating of SU8-2025. Therefore, the photoresist was spin-coated twice to get 80-150 µm
height microfluidic channels.
Figure 2.2 shows typical fabrication steps to create microfluidic channel molds. In
the first step, a silicon wafer was washed with acetone and isopropanol three times and
dried with air. Then, 1 ml of SU-8 was dispensed on the silicon substrate and spin-coated
at 500 rpm for 10 seconds with an acceleration of 100 rpm/second, and then 1500 rpm for
30 seconds with the acceleration of 300 rpm/second (Table 2.1). Afterward, the
photoresist on the wafer was baked at 65°C for 5 min and then 95°C for 10 min to remove
the solvent. A photomask with desired microfluidic channel patterns was then positioned
on top of the wafer. A glass fixed to a vertical shoulder was then placed on the photomask
and pressed slightly to make contact between the photomask and wafer. The sample was
exposed to a UV light at 365 nm and intensity of 11 mW/cm2 for 40 seconds to create the
required patterns on the photoresist. A post exposure bake took place directly after
exposure for 10 min at 95 °C. Finally, the substrate was immersed in a SU-8 developer to
remove unexposed areas of photoresist for 7 minutes. The thickness of SU-8 mold was
measured using a micrometer. The baking times, exposure times, and developing times
required for SU-8 are shown in Table 2.2. Following two sub-chapters describe details
with regard to the spin coating, photomask alignment, and exposure.
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Figure 2.2 Photolithography process. (A) Photoresist coating. (B) Mask alignment. (C) UV exposing.
(D) Developing. (F) Detail steps of photolithography process.

Table 2.1 Acceleration, RPM, duration, and cycles to coat SU8-2025 on a substrate
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Table 2.2 Baking, UV light exposure, and developing time for fabricating different thickness of SU-8
coating on a substrate

Spin Coating
Spin coating process is widely used to coat a uniform layer of photoresist on a wafer. The
process is to spin a wafer and spread a liquid photoresist by the acceleration of centrifugal
force. Even though the thickness of the coating depends on the viscosity and
concentration of materials, the thickness is ultimately controlled by the spin speed. A
layer of SU-8 with a thickness of 25-80 μm could be created using a different spin coating
speed and acceleration (Figure 2.3). Different baking processes and exposure times are
correspondingly required to the desired thickness of the SU-8 layer (Table 2.2).
According to Figure 2.3, the higher spin coating speed creates, the thinner layer of
photoresist. The maximum thickness of SU8-2025 that could be achieved is 80 μm at
1000 rpm speed. To get around 100 μm thickness of SU8-2025, the spin coating process
was applied twice. SU8-2025 was spin coated on a Si wafer using a spin coating machine
(Laurell Technologies Co., North Wales, PA, USA) in AMNF (Applied Micro and
Nanosystems Facility) at UBCO. To spin the wafer with hi-speed RPM, the Si wafer is
mounted on a chuck with suction pressure to firmly hold the wafer while spinning. The
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spin coating machine is also equipped with a control panel to control various spin coating
parameters.

Figure 2.3 Thickness of coated SU-8 2000 versus thickness. (Adopted from [72])

Photomask Alignment and UV Exposure
A mask alignment system (Optical Associates Inc., San Jose, CA, USA) is used to
transfer microchannel patterns from a photomask to the photoresist coated on the wafer.
UV light attached to the mask alignment system illuminates the wafer to expose some
parts of the photoresist onto UV light. The photomask is used to block some parts and
prevent exposing the light pass through to the wafer. SU-8 is a negative photoresist which
makes the exposed area cross-linked to create patterns while the unexposed area is
washed away through a developing process.
The alignment system consists of a stage to hold the wafer, a stage to clasp the
photomask, and a UV illumination system. The illumination system uses established a
high-pressure mercury plasma arc discharge lamp. This lamp emits the ultraviolet (UV)
light with the wavelength of 365 nm on to the photomask with uniform irradiance [73].
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Better resolution can be achieved when the mask is in contact with the wafer. The
duration of exposure depends on the types of photoresist and power of the UV lamp. For
the microchannel mold fabrication in this research, the exposure time was 40 seconds.

PDMS Microchannel Casting and Bonding
One of softlithography techniques called a replica molding method was used to fabricate
the microchannel on a silicone elastomer which is called PDMS [74]. The microfluidic
chip was fabricated by pouring the 10:1 PDMS to curing agent mixture (SYLGARD 184,
Dow Corning Co., Midland, MI, USA) over the molds in a petri dish. The petri dish was
then placed in a vacuum desiccator for approximately 90 minutes or until all the bubbles
are disappeared. The mold was then placed in an oven at 70 °C for three hours to cure
PDMS. Finally, the PDMS with the engraved microfluidic channel was peeled off from
the mold as shown in Figure 2.1C. Tubing holes for the inlet and outlets of the PDMS
were punched using a biopsy punch. The PDMS channel was then bonded to the glass
slide. To get a perfect sealing and permanent bonding between the PDMS and a glass
slide, the surfaces both PDMS and the glass slide were cleaned and dried and then a
handheld corona discharge

plasma treatment machine (Electro-Technic Products,

Chicago, IL, USA) was used to treat oxygen both surfaces for 5 minutes [75]. Since the
corona discharger activated the surfaces to create free oxygen, the PDMS and glass being
in contact together form a strong co-valent bonding as shown in Figure 2.4. However, this
causes the bonding free channel area that is turned to hydrophilic due to the plasma
treatment. Since a hydrophobic channel is needed to create hydrogel droplets in oil [76], a
post-bake process is required to change the surface property of the microchannel. To do
that, the microfluidic device was placed in an oven at 70oC for 5 hours for the hydroxyl (OH) group on the channel to be eliminated to create a hydrophobic microfluidic channel.
Figure 2.5 shows the fabricated flow-focusing device. The sealing of the device was
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checked with the injection of a colored liquid as shown in Figure 2.5A. The detail view of
cross-junction of the flow-focusing device is shown in Figure 2.5B.
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Figure 2.4 Oxygen plasma treatment and bonding mechanism. (A) Activation of the surfaces of
PDMS and glass slide with the oxygen plasma. (B) Oxygen activated surface with hydroxyl (-OH)
group. (C) Co-valent bonding of between the PDMS and glass slide. (D) Permanently bonded and
sealed device (Red color shows hydrophilic surface for requiring further baking time).

21

A

B

100 µm

Figure 2.5 Fabricated device. (A) Photographic image of testing fabricated flow-focusing device field
with red colored liquid. (B) Microscopic image of flow-focusing cross- junction channel.

Summary
In this chapter, the fabrication of the flow-focusing device using the replica molding
technique was described. The PDMS microchannel was fabricated by casting PDMS on
the microfabricated mold. The cured PDMS microchannel was peeled off from the mold
and bonded to a glass slide to complete the flow-focusing device. To make a irreversible
bond between the PDMS and the glass slide, a handheld corona discharge plasma
treatment machine was used to treat oxygen plasma on both surfaces of the PDMS and
glass. The leakage and blockage of the device were tested by injecting a colored liquid
into the channel, and no leakage was observed. The developed flow-focusing device was
used to fabricate hydrogel droplet generation for tissue engineering application.
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Theoretical and Computational Study of Droplet
Generation
In this chapter, theoretical backgrounds behind the droplet formation mechanism in
microfluidic flow-focusing devices as well as the effect of different parameters on droplet
sizes are described. To verify the theoretical mechanism of droplet generation, a
computational study using a finite element analysis (FEA) software was carried out.
Computational study results were used to investigate parameters for hydrogel droplet
generation experiments.

Theoretical Backgrounds
When a liquid is injected into another immiscible fluid in a microfluidic device, the liquid
ultimately breaks into droplets through either dripping or jetting mechanism. At a slow
flow rate, the liquid drips at the orifice channel which is called a dripping regime,
whereas, at a higher flow rate of flows, the liquid makes a thin stream that breaks into
droplets away from the orifice channel and this regime is called a jetting regime. The
formation of water droplets at a faucet is a good example to understand how these
regimes are created in the microfluidic devices. At a slow flow rate, water droplets are
created close to the faucet (Figure 3.1A). In this case, surface tension causes water to
form droplets at the tap, and the droplets are detached when the gravitational force
overcomes an interfacial tension force. At a higher flow rate (Figure 3.1C), the jetting
regime occurs because the inertia force dominates the interface tension. At the
downstream, the jet stream breaks into droplets away from the tap because of RayleighPlateau instability. Due to this theory, the jet stream of fluids was always unstable and
eventually forms droplets to minimize the surface energy [31]. Any perturbation in the jet
stream leads in a slightly thinner jetting. The Laplace pressure (the pressure difference
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between the inside and the outside of a curved surface) within the thinner region of the jet
stream increases because of the curvature of the interface.

A

B

C

Figure 3.1 Droplet formation of water from a faucet. (A) Formation of droplets at a low flow rate. (B)
Formation of droplets slightly increasing by the flow rate. (C) Formation of a jet stream of water at a
high flow rate (Adopted from [117]).

This higher pressure pushes the fluid within the jet stream to the sides, and makes the thin
region become thinner. Finally, the droplets break up once the gravitational force
overcomes the interfacial tension force. However, in the case of the microfluidic device,
the droplet formation occurs due to the balance between the surface tension force and the
viscous drag force of the outer liquid [77]. When a liquid is injected into another
immiscible liquid in a microfluidic device, the mechanism of droplet formation is
changed because of the presence of the surrounding viscous liquid [31].
There are various microfluidic device geometries for the droplet generation. Among
them, T-junction, flow-focusing, and co-flow geometries are most common in droplet
generation (Figure 1.1). A flow-focusing microfluidic device has a well-established
geometry due to the advantage of fabricating high throughput monodisperse droplets. As
shown in Figure 1.1 B, in the flow-focusing device, there is an intersection of two
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channels to form a cross junction. A dispersed phase fluid flows into a central channel
and continuous phase fluid flows through side channels to surround the dispersed phase
fluid at the junction. Then, either a jet stream or droplets of the dispersed phase fluid are
created. The formation of either droplets or jet stream depends on different parameters,
such as the geometry of devices [78][79], fluid flow rates, viscosity, density, and
interfacial energy between two fluids [80][81][10]. These parameters can be summarized
into two non-dimensional numbers, which are called “capillary number” and “Webber
number”. These two numbers govern the formation of droplets or jet stream in flowfocusing devices. The capillary number describes the relationship between the viscous
force and interfacial force [82] as follows,

=

(2.1)

, where μ and U represent the viscosity and velocity of fluids, respectively, and σ
represents the interfacial tension between the two immiscible fluids. The webber number
describes the relationship between the inertia force and the interfacial force [82] as
follows,

=

(2.2)

, where ρ, U, and D represent the density, velocity of dispersed phase fluid, and the
channel hydraulic diameter, respectively, and σ represents the interfacial tension between
the two immiscible fluids [83]. These nondimensional numbers are important to predict
the formation of droplets and jet stream and design experimental conditions.
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To better understand the droplet generation mechanism in the flow-focusing device,
three regimes of droplet formation (i.e., squeezing, dripping, and jetting regime) are
described in this chapter. The models developed to investigate the relationship between
fluid properties and droplet sizes are also presented. Figure 3.2 shows three droplet
generation modes in the flow-focusing device. In two-phase microfluidic systems,
dispersed and continuous phase fluids basically are injected into the device from two
separate microchannels. Typically, fluids meet at the junction and then the continuous
phase surrounds the dispersed phase and the two-fluid interface deforms. At this point, if
the free surface instabilities between the phases are large, droplets develop and finally
break up from the dispersed phase. In contrast, a jet stream is formed if the free surface
instabilities are minimized. These instabilities come from the competition between
stabilizing and destabilizing forces at the interface between two phases. Shear force and
fluid inertia are examples of forces that promote the formation of jet stream while other
forces like capillary pressure and interfacial force promote the destabilization and
creating droplets. Three regimes of droplet formation are described in detail following
subchapters.

Mode 1- Squeezing
As shown in Figure 3.2A (Mode 1), at the very low capillary numbers of continuous and
dispersed phase, the dispersed phase entering into the orifice channel blocks the channel.
This results in an increase of the upstream hydrostatic pressure on the continuous phase
channel. In order to sustain the constant flow rate, the syringe pump increases the
pressure applied to the continuous phase fluid streams. This leads to creating a neck of
the dispersed phase at the entrance of orifice channel. Finally, the narrowing neck
becomes unstable and breaks to form a droplet of the dispersed phase fluid [84]. Droplets
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are formed by the equilibrium of the interface tension and hydrostatic pressure field.
Gastecki et al. introduced a rate-of-flow-controlled breakup model in the flow-focusing
device at a low flow rate [84][85][82]. The rate-of-flow-controlled break up model
describes that the size of the droplets is only related to the ratio of flow rates of the
dispersed phase and continuous phase fluids in case of a low flow rate.

Mode 2- Dripping
For the dripping regime, the combination of capillary instabilities and viscous drag
defines the droplet formation in a flow-focusing device. A study demonstrated that either
capillary instability or viscous drag alone could not induce the droplet formation [82]. As
shown in Figure 3.2B (Mode 2), by slightly increasing the flow rate of fluids, the
dispersed phase becomes unstable because the surface tension force seeks to minimize the
interfacial area by creating a spherical droplet, while the viscous force of the continuous
phase tries to suppress the formation of the droplet. When the shear force of the
continuous phase fluid overcomes the interfacial surface tension, that keeps droplets
attached to the aqueous neck, the droplet breaks up [83]. Dripping regime investigated
based on shearing model. The shearing model emphasizes that the diameter of droplets is
inversely related to the capillary number [10].

Mode 3-Jetting
The jetting regime occurs either when the Webber number (We) of the dispersed phase
fluid is high or the capillary number of the continuous phase is high. On the one hand,
when the Webber number of the dispersed phase is greater than 1 due to either high
dispersed phase flow rate or high density, the inertia force dominates interfacial tension
forces. This moves the aqueous neck downstream to generate the long, unstable jet stream
of the disperse phase fluid. On the other hand, when the capillary number of the
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continuous phase fluid is high due to either large continuous phase flow rate or high
viscosity, the viscous drag force of the outer continuous phase fluid pulls the dispersed
phase fluid enough to overcome the interfacial tension force. This also results in a long
thin stream of the dispersed phase fluid. In other words, if the viscous force of the
continuous phase becomes more significant in comparison with the interfacial surface
energy, or if the inertial force of the dispersed phase dominates the interfacial energy, the
perturbation is suppressed and results in a jetting regime [82]. This jet stream is unstable
due to instabilities and eventually breaks into droplets at the downstream of the channel.
Based on Rayleigh- Plateau instability, the dispersed phase fluid becomes unstable at the
downstream of the channel because the surface tension of the dispersed phase tries to
minimize the interfacial area by creating a spherical droplet. Though the viscous force of
the dispersed phase tries to suppress droplet formation, the higher viscous force of the
continuous phase than that of the dispersed phase finally overcomes the interfacial
tension to form droplets (Figure 3.2C).
A. Mode 1

B. Mode 2

C. Mode 3

Figure 3.2 Droplet formation mechanisms in the flow-focusing device. (A) Mode 1- squeezing regime
at very low flow rate and very low capillary numbers of fluids. (B) Mode 2-dripping regime at higher
flow rate and moderate capillary numbers of fluids. (C) Mode 3-jetting regime at high capillary
number of fluids.

Figure 3.3 shows the phase diagram of the dispersed phase and continuous phase in a
flow-focusing device [86]. The figure shows the capillary numbers of dispersed phase
versus continuous phase. At the low capillary numbers, droplets are easily created in the

28

flow-focusing device. However, a jet stream is created due to the increment of capillary
numbers by increasing either flow rate or viscosity of fluids. The transition of dripping to
jetting regime occurs at the capillary number around 1.

Jetting [44]
Jetting [92]
Transition [44]
Dripping [44]
Dripping [92]
Dripping [48]
Dripping [118]

Figure 3.3 Phase diagram and formation of dripping and jetting regime in a flow-focusing device
(Adopted from [86]).

The fundamental equations of mass, momentum and energy conservation are used to
investigate the droplet formation in a microfluidic device. Since the theoretical study of
droplet generation requires many parameters, most of droplet generation mechanisms are
analyzed using a numerical method to investigate shear forces and pressure changes in the
microfluidic devices using separated solution domains (e.g., dispersed phase and
continuous phase). Another important factor in the numerical simulation of droplet
generation is to resolve the phase interface since parameters, such as density, viscosity
and pressure, are not continuous between two phases.
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Moreover, most of previous studies have investigated the droplet formation and
breakup of aqueous solutions in oil. However, the fluid dynamics of the biocompatible
pre-polymer solution is different from water, which makes optimized water-oil
parameters less useful in manipulating hydrogel droplet generation. Viscosity and surface
tension are among the most important parameters influencing droplet generation regime.
With the emergence of new biomaterials and hydrogels, the range of viscosity and surface
tension values in microfluidic flow-focusing devices have been extended. Therefore, it is
important to characterize the droplet formation and breakup regimes in microfluidic flow
focusing systems for a wider range of viscosity, surface tension and capillary numbers
which have not been studied for hydrogel pre-polymer solutions. Thus, this research
utilized a numerical simulation software, COMSOL Multiphysics, to optimize the flow
rate, droplet sizes, and droplet generation mechanism with various viscosities, surface
tension, and capillary numbers for hydrogel pre-polymer solutions in oil using the flowfocusing device geometry.

Computational Simulation
Computational simulation software (COMSOL Multiphysics 4.3b, Comsol Inc.,
Burlington, MA, USA) was used to simulate the hydrogel droplet formation in a flowfocusing device. The simulations were carried out in the 3D domain to study the physics
of three different regimes in two-phase flow microchannel (dripping, squeezing, and
jetting) and also study in detail how to create uniform hydrogel droplets in a
microchannel flow-focusing device.
3D Modeling of Device Geometry
Figure 3.4 shows the dimension of the flow-focusing device with the rectangular cross
sectioned microchannel. The modeling was carried out using only a rectangular crosssection because of observations of devices. The geometry of flow-focusing devices was
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defined in the global definition section of COMSOL. The simulations were carried out in
3D to consider the effect of all constraints realistically. To build the 3D model of the
flow-focusing device, each cross-section of inlets was created in different work planes
and then extruded. A square of 90 90 µm2 was created in a XY plane and then extruded
in the distance of 300 µm. Another square of 90 90 µm2 was created in a ZY plane and
then extruded in the distance of 600 µm. Figure 3.4 also shows the modeling domain.
While Fluid 1 to be dispersed into hydrogel droplets enters into the central inlet, Fluid 2
(continuous phased oil) enters into both sides inlets and flow through the main channel.

Fluid 2

90μm

90μm

Fluid 1
Figure 3.4 Geometry and fluids domains of the flow-focusing device simulation

Numerical Model of Two Phase Flow
In this study, “Laminar Two-Phase Flow, Level Set” interface in COMSOL Multiphysics
3.3b (Comsol Inc., Burlington, MA, USA) is adapted to simulate the hydrogel droplet
generation. The laminar flow was chosen because the Reynolds number (Re =

) for all

the cases were less than 4. The fluids were assumed as Newtonian and incompressible
fluids. The level set methods, a class of numerical techniques, were first introduced by
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Osher and Sethian and deal with fluid-interface motion that is represented implicitly. The
equation of the fluid-interface motion is numerically approximated. Level set methods are
particularly useful for problems in which the topology of the evolving interface changes
during the course of events. The fluid interface between the dispersed phase and
continuous phase is set up by a momentum transport equation, a continuity equation, and
a level-set equation [87]. These equations are as follows:
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, where ρ is density (kg/ m3), u velocity (m/s), t time, µ dynamic viscosity (Pa·s), p
pressure (Pa), and Fst surface tension force (N/m3). ɸ is the level set function which is in
the range of 0 to 1. The value of ɸ at the interface is considered to be 0.5 and ɸ values
less than 0.5 corresponds to Fluid 1, whereas ɸ values greater than 0.5 corresponds to
Fluid 2. γ and ε are the numerical stabilization parameters. ε determines the thickness of
the interface and it should have the same order as the computational mesh size of
elements where the interface propagates. γ determines the amount of re-initialization of
the level set function. A suitable value for γ is the maximum value for the velocity field of
u. 1 m/s was used for the re-initialization parameter (γ) which is an approximate value of
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maximum speed occurring in a fluid flow. The density and viscosity are calculated as
follows,

∅

(2.6)

∅

(2.7)

, where ρ1, ρ1, µ 1, and µ 1 are densities and viscosities of Fluid 1 and Fluid 2.

Fluid Properties for Simulation
Fluid 1 entering into a center inlet is specified for hydrogel pre-polymer solution. Fluid 2
entering into side inlets and flows through the main channel is specified for oil with a
surfactant. Properties of Fluid 1 and 2 that used in the computational simulation, such as
densities, dynamic viscosities, and surface tension, are listed in Table 3.1. These values
obtained from the experimental measurement. The viscosity was measured using a
Viscometer (Cannon Instrument Company, State College, PA, USA). Various properties
of fluids were used to study the effect of parameters (density, viscosity, surfactant, and
flow rates) on hydrogel droplet generation mechanisms and droplet size.

Boundary Conditions and Initial Condition
Boundary conditions of the inlet and outlet were set to describe fluid flow conditions at
the inlets and outlet. Normal inflow velocity was defined for the inlet nodes (inlet and
outlets are shown in Figure 3.5) of the simulation model. Pressure without viscous stress
(p ) was chosen for the outlet boundary condition.
0
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Table 3.1 Material properties used in computational simulation. (Values of interfacial tension
adopted from [119] [120] and they measured surface tensions by the pendt drop method using a
Rame-Hart model number 500-F1 advanced goniometer).

Figure 3.5 shows the boundary condition for the simulation. The wetted wall
boundary condition applies to all solid boundaries with the contact angle of pi/4 and slip
length equal to the mesh size parameters h. In wetted wall boundary condition, the fluidfluid interface can move along the wall, and this boundary condition is proper for walls in
contact with the fluid-fluid interface. The contact angle is the angle between the fluid
interface and the solid wall at points where the fluid interface attached to the wall. The
slip length is the distance to the position outside the wall where the extrapolated
tangential velocity component is zero (Figure 3.6).
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Figure 3.5 A detail schematic of computational domain used for numerical simulation and boundary
condition of the flow-focusing device.

A

B

Figure 3.6 Illustrations of contact angle and slip length. (A) θ is the contact angle at interface/wall
contact points and (B) β is the slip length.

Figure 3.7 shows the computational mesh grid used in the simulation. A numerical mesh
grid was adopted after performing grid dependence studies with different grid resolutions.
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Figure 3.7 A 3D model of the computational mesh grid.

Computation Simulation Results and Discussion
3D Computational simulations were conducted with the same geometry of the fabricated
flow-focusing devices and same fluid properties of the gelatin methacrylate (GelMA)
hydrogel droplet generation experiments which will be discussed in Chapter 4. Figure
3.8A shows the simulation results of the change in the droplet size of 5 wt% GelMA
versus the various flow rates of oil with 3wt% surfactant and Figure 3.8B shows the
results of 8wt% GelMA. The droplet size was decreased by increasing the flow rate of the
continuous phase. The droplet size of 8 wt% GelMA, which was highly viscous, was not
decreased anymore at a flow rate greater than 30 μL/min (Figure 3.8B). The minimum
size of 8 wt% GelMA could be achieved around 40 μm when the flow rate of the
dispersed phase was 2 μL/min.
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B

Figure 3.8 Simulation results of the change in the GelMA droplet size. (A) Diameter of GelMA
droplets (5 wt%) under the various flow rates of continuous fluid, mineral oil with 3 wt% surfactant
(Span 80). (B) Diameter of GelMA microgels (8 wt%) under the various flow rate of continuous
fluid, mineral oil with 3 wt% surfactant (Span 80). Flow rate of disperse phase (GelMA) was
2µl/min.

Figure 3.9A shows the computational simulation result of the squeezing regime. The
simulation was conducted to visualize the physics of droplet generation during squeezing
regime. The flow rate of the dispersed phase (Qd) and the continuous phase (Qc) was 2
μL/min and 5 μL/min, respectively. Fluid properties of 5 wt% GelMA were used for the
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dispersed phase and oil with 3 wt% surfactant (Span 80) was used for the continuous
phase.
Two different regimes (i.e., squeezing and dripping) was numerically simulated in
the flow-focusing geometry. In the squeezing regime, droplets were generated in the
orifice channel (Figure 3.9A). As discussed in Chapter 3.1.1, this regime occurred when
the flow rate and viscosity of fluids were low. In this regime, the dispersed phase flow
(GelMA) enters into the orifice and block the channel, resulting in an increase of the
upstream hydrostatic pressure (pressure at point 1 in Figure 3.9A) in order to sustain the
constant flow rate. The diameter of the droplet, in this case, was greater than the diameter
of the orifice channel. The pressure changes in the microfluidic channels are shown in
color. It was found that during the squeezing regime when the dispersed phase blocked
the channel, the pressure at point 1 built up to 2 kPa. When the dispersed phase blocks the
channel in the squeezing regime the difference between before (point 1in Figure 3.9A)
and after (point 2 in Figure 3.9A) cross-junction pressure was around 0.8 kPa. Thus, the
droplets break up in the squeezing regime because of the pressure build-up at the crossjunction. Garstecki et al. investigated the mechanism governing the squeezing regime in a
flow-focusing device when the disperse phase is a gas [84]. Gas droplets were generated
in a flow-focusing device at low flow rates, which matches well with the results of
generating hydrogel droplets at low flow rates. Both studies demonstrated that droplets
can be generated at low flow rates under the squeezing regime.
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Figure 3.9 Computational simulation results of droplet generation during (A) the squeezing regime
and (B) dripping regime.

During the dripping regime (shown in Figure 3.9B), the flow rate or viscosity of the
continuous phase was much greater than the dispersed phase. As discussed in Chapter
3.1.2, droplets broke because of Rayleigh-Plateau instability. In fact, the dispersed phase
fluids tended to minimize its surface tension energy by forming a spherical shape.
Therefore, the neck was formed by the continuous phase fluid, which dragged the
dispersed phase fluid to the orifice channel. When the viscosity of the continuous phase
fluid overcame the interfacial force of the disperse phase, the droplets were cut off. The
droplets were smaller than the width of the orifice channel. In the dripping regime, the
pressure does not change much before or after droplet generation. The pressure difference
between before (point 1 in Figure 3.9B) and after (point 2 in Figure 3.9B) cross-junction
is around 0.4 kPa, which is smaller than the squeezing regime (0.8 kPa). Therefore, the
droplets break up due to the Rayleigh-Plateau instability theory.
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Summary
Theoretical background of droplet generation was discussed in this chapter. Three
different regimes of droplet formation in a flow-focusing device: squeezing, dripping, and
jetting regime was described. Either droplets formation or jet stream depends on different
parameters, such as the geometry of devices, fluid flow rates, viscosity, density, and
interfacial energy between two fluids. To study the effect of all these parameters nondimensional capillary numbers, which are called “capillary number” and “Webber
number” introduced in this chapter. At a high capillary number of dispersed and
continuous phases, a stream of the jet is created in a flow-focusing device. However, at
the capillary number below 1 the droplets are created in a flow-focusing device. To study
the mechanism of droplet formation in different regimes, a computational study using
COMSOL software was carried out. Computational simulation results were used to
optimize parameters for experiments. The geometry of simulation, boundary condition,
fluid properties, mesh grids, and simulation results was described in this chapter. The
simulation results were comparable to the previous studies and matched well with the
experimental results of this study. Simulation results show that the droplets are formed in
the squeezing regime because of the pressure gradient in the continuous phase channels
while the formation of droplets in a jetting regime is because of the viscous force of the
continuous phase.
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Experimental Study of Hydrogel Droplet Generation and
Cell Encapsulation
In this chapter, the experimental study of the GelMA droplet generation in the flowfocusing device is described. To achieve a wider range of capillary numbers, this study
quantitatively investigated the GelMA droplet generation mechanism in the flow-focusing
device from experiments. The effects of several key parameters, such as the concentration
of hydrogel, the concentration of surfactant, and the viscosity of continuous and dispersed
phases were experimentally studied. All experimental data were summarized by capillary
numbers of the dispersed phase and the continuous phase to characterize the different
regimes of droplet generation and to predict the transition of GelMA drops to jet. Taken
together, by controlling those parameters, we can control the GelMA droplet size between
30 µm to 200 µm and achieve uniform droplet size. Finally, the experiment of cell
encapsulation in GelMA microgels and cell viability test results is depicted.

Materials
Experiments were carried out using materials with various viscosities, densities, and
concentrations of surfactants for the continuous and dispersed phase fluids. Two different
concentrations of GelMA pre-polymer solutions for the dispersed phase were prepared by
dissolving 5 wt% and 8 wt% of GelMA in Phosphate Buffered Saline (PBS). Light
mineral oil (high viscous material) and hexadecane (low viscous material, Sigma-Aldrich,
St. Louis, MO, USA) with different concentrations, 0 wt%, 3 wt%, and 20 wt% of
surfactant (Span 80, Sigma-Aldrich, St. Louis, MO, USA) were used for the continuous
phase.
Gelatin methacrylate pre-polymer solution was used for the dispersed phase fluid. To
prepare the GelMA pre-polymer solution, different percentages of GelMA (5 wt%, 6
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wt%, and 8 wt%) were dissolved in PBS. Then, different amount of photoinitiator added
to the pre-polymer GelMA solution and then final solution placed in an oven for 30
minutes at 70

o

C to be fully dissolved. Two different photoinitiators were used in this

study, 0.2 wt% irgacure and 2 wt% VA-086. Each photoinitiators were mixed with
GelMA pre-polymer in 15 mL centrifuge tubes, and tubes placed in the oven for 30 min
at 70 o C to be fully dissolved.

Figure 4.1 Schematic of GelMA synthesis process.

As shown in Figure. 4.1, GelMA was synthesized by the method described in [88].
Briefly, 5 g of gelatin from porcine skin (Sigma-Aldrich, St. Louis, MO, USA) was
dissolved in 45 ml of dimethyl sulfoxide (Sigma-Aldrich, St. Louis, MO, USA) at 50 oC,
followed by dissolving 0.5 g of 4-(dimethylamino)-pyridine (Sigma-Aldrich, St. Louis,
MO, USA) in the solution. Then, 0.5 g of glycidyl methacrylate (Sigma-Aldrich, St.
Louis, MO, USA) was slowly added to the solution while it was stirring at 50 °C. The
reaction was kept at 50 °C for 48 hours. After that, the solution was dialyzed against
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deionized (DI) water by using a dialysis membrane tube (molecular weight cut off:
12000–14000 Da; Fisher Scientific, Waltham, MA, USA) for seven days, while the
deionized water was changed twice a day. Finally, the dried GelMA was made through
the

lyophilization

process.

Methacrylate

group

is

added

to

make

gelatin

photocrosslinkable by the reaction with photoinitiators. Gelatin (denatured protein)
backbone is chemically changed so as to have methacrylate groups along the backbone.
The vinyl methacrylate groups allow this polymer to react either with itself or with other
vinyl monomers/macromonomers to generate permanent hydrogels. This reaction can be
initiated by UV. Gelatin itself becomes gel by cooling. However, this gel is not
permanently crosslinked so that it becomes liquid by increasing the temperature. Gelatin
has a good binding site for cell growth and thus GelMA offers a useful surface for cell
attachment and growth [89].
Two different oil types were used for continuous phase: light mineral oil and
hexadecane. To decrease the surface tension and prevent droplets from merging, a
surfactant (Span 80) with different amounts, 3 wt%, and 20 wt%, were added to the
mineral oil and hexadecane. Surfactants are organic materials that reduce the surface
tension (interfacial tension) between two liquids or between a liquid and a solid. They are
amphiphilic, meaning they have both hydrophilic head and hydrophobic tail groups.
Surfactants are adsorbed at the interface of water and oil. The water-insoluble
hydrophobic group extends out of the bulk water phase into the oil phase, while the
water-soluble head group remains in the water phase. Therefore, the surface energy of the
interface is reduced.

Experimental Setup and Procedure
As shown in Figure. 4.2, the flow-focusing device consists of two inlets, one outlet, a
junction, an orifice channel, and an expanding chamber. The GelMA pre-polymer
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solution is injected into the main inlet while oil with a surfactant is injected into the other
inlet through syringes connected by plastic tubes (0.38 mm inner and 0.79 mm outer
diameters). Oil flowing from two opposite sides of the channel breaks GelMA prepolymer solution at the junction, which leads to generating GelMA droplets at the
junction, the orifice channel, or the expanding chamber.

Figure 4.2 Schematic of droplet generation in a flow-focusing device

Figure. 4.3 shows the experimental setup built around a microscope, syringe pumps,
a heater, and a temperature control chamber. The flow rates of both GelMA and oil are
controlled by syringe pumps (KD Scientiﬁc Inc., Holliston, MA, USA). The syringe
pump for injecting GelMA pre-polymer solution was placed in the temperature control
chamber as GelMA tends to become a gel at room temperature. In all experiments, the
flow rate of GelMA was kept constant at 2 μL/min, and the flow rate of oil was in the
range of 5-40 μL/min. For the reliability of the results of each test, the device was
continuously operated for 5 minutes at a constant flow rate, and then experimental data
were recorded. The experiments were monitored by an inverted microscope.
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Figure 4.3 Experimental Setup

Experimental Study of Hydrogel Droplet Generation
Experimental Validation of Computational Simulation Results
In order to validate the computational results with experimental results, the droplet size
from experimental results was compared with simulation results with the same
parameters. Figure 4.4A shows the comparison of experimental and numerical results of
the change in the droplet size of 5 wt% GelMA versus the various flow rates of oil with 3
wt% surfactant and Figure 4.4B shows the results of 8 wt% GelMA. As shown in these
figures, the droplet size of the simulation results matches well with the droplet size of the
experimental results (within 10% confidence interval). According to the Figure 4.4, there
is an interval at 15 µL/min fo bth 5 and 8 wt% GelMA. This interval happened because at
this flow the regime changed from the squeezing to the dripping.
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B

Figure 4.4 Comparison of experimental results with simulation results of the change in the GelMA
droplet size. (A) Diameter of GelMA droplets (5 wt%) under the various flow rates of continuous
fluid, mineral oil with 3 wt% surfactant (Span 80). (B) Diameter of GelMA microgels (8 wt%) under
the various flow rate of continuous fluid, mineral oil with 3 wt% surfactant (Span 80). Flow rate of
the dispersed phase (GelMA) was 2 µL/min.

Three different regimes (i.e., squeezing, dripping, and jetting) of droplet generation
were demonstrated experimentally in the flow-focusing devices. Figure 4.5 shows
snapshots of the droplet generation from experiments under the three regimes. In the
squeezing regime experiment, 5 wt% GelMA was used for the dispersed phase and oil
with 3 wt% surfactant (span 80) was used for the continuous phase. The flow rate of the
dispersed phase (Qd) and the flow rate of the continuous phase (Qc) was 2 µL/min and 5
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µL/min, respectively. As shown in Figure 4.5A, droplets were generated in the orifice
channel. This regime occurred when the flow rate and viscosity of fluids were relatively
low.
For the dripping regime experiment, 5 wt% GelMA was used for the dispersed phase
and oil with 3 wt% surfactant (Span 80) was used for the continuous phase. The flow rate
of the dispersed phase (Qd) and the flow rate of the continuous phase (Qc) was 2 µL/min
and 20 µL/min, respectively. The flow rate of the continuous phase was much greater
than the dispersed phase. As shown in Figure 4.5B, the droplets were cut off because the
viscosity of the continuous phase fluid overcame the interfacial force of the dispersed
phase and the size of droplets was smaller than the width of the orifice channel. In this
case, droplets broke because of Rayleigh-Plateau instability [90]. Both squeezing regime
and dripping regime experiment results were well matched with computational simulation
results described in Chapter 3.3.
In the jetting regime (shown in Figure 4.5C), the thin stream of the dispersed phase
was created, and droplets were finally cut off in the expansion chamber as a result of
Rayleigh-Plateau instability. This regime occurred when the viscosity of the continuous
and dispersed phases were both high. Therefore, 8 wt% GelMA was used for the
dispersed phase and oil with 20 wt% surfactant (Span 80) was used for the continuous
phase. The flow rate of the dispersed phase (Qd) and flow rate of the continuous phase
(Qc) was 2 µL/min and 40 µL/min respectively. The viscosity of the continuous phase
dragged the dispersed phase, but the formation of the droplets was suppressed because of
the high viscosity of the dispersed phase, resulting in the jetting regime.
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C

Figure 4.5 Representative snapshots of droplet generation during (A) the squeezing regime, (B) the
dripping regime, and (C) the jetting regime. Scale bar = 100 µm.
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Various Parameters for Controlling Droplet Size
In order to study the effect of surface tension on droplet generation, hexadecane and
mineral oil without surfactant were compared with hexadecane and mineral oil with 3%
surfactant (Span 80). By adding surfactant up to 3% to the fluid, the surface tension of the
continuous phase liquids was dramatically decreased. However, it did not change the
viscosity of the liquids.
The diameters of the droplets created by mineral oil and hexadecane, with different
percentage of surfactant, are shown in Figure 4.6. Comparing the results of hexadecane
without surfactant, hexadecane with 3% surfactant, mineral oil without surfactant, and
mineral oil with 3% surfactant shows that when surface tension between two immiscible
fluid drops, the size of droplets were decreased. In addition to the effect of surfactant on
decreasing the size of droplets, uniform monodisperse droplets were dependent on the
existence of the surfactant in the continuous phase. As shown in Figure 4.7A, droplets
that were created without the surfactant were easily merged after generation, resulting in
non-uniform droplet sizes. However, uniform monodisperse droplets were created by
adding surfactants (Figure 4.7B).
In order to study the effect of the dispersed phase viscosity (GelMA concentration),
two different solutions of GelMA 5 wt% (Figure 4.6A and C) and 8 wt% (Figure 4.6B
and D) were carried out. It was found that the generated droplet diameters were very
sensitive to the concentration of GelMA. Comparing the cases with the same continuous
phase, but different GelMA concentrations (as their dispersed phase), it was found that
droplet size increases by increasing the GelMA concentration. This suggests that the size
of the droplet does not only depend on the viscosity of a continuous phase but also
depends on GelMA concentration. In addition, the jetting regime observed, when GelMA
8 wt% and mineral oil with 20 wt% surfactant (for the dispersed phase and the continuous
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phase, respectively) were used, due to the high viscosity of the continuous phase fluid and
dispersed phase fluid (Figure 4.6D).

Figure 4.6 GelMA droplet sizes versus various flow rate of oil. (A) 5 wt% GelMA was used for the
dispersed phase and Hexadecane with different concentrations of surfactant was used for the
continuous phase. (B) 8 wt% GelMA was used for the dispersed phase and Hexadecane with different
concentrations of surfactant was used for the continuous phase. (C) 5 wt% GelMA was used for the
dispersed phase and mineral oil with different concentrations of surfactant was used for the
continuous phase. (D) 8 wt% GelMA was used for the dispersed phase and mineral oil with different
concentrations of surfactant was used for the continuous phase. The number of measurement for
droplet size is five and standard deviation is shown for five droplets in each cases.
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Figure 4.7 Effect of surfactant for the droplet generation. 5 wt% GelMA was used for the dispersed
phase with two different solution for the continuous phase: (A) mineral oil without surfactant (B)
mineral oil with 3 wt% surfactant. Flow rate of GelMA and flow rate of the continuous phase was 2
µL/min and 10 µL/min, respectively. Scale bar = 100μm.

Using a higher concentration of GelMA makes the inertia force of the dispersed phase to
be considerable, which results in creating a jetting regime. In this study, the flow rate of
hydrogel pre-polymer solution kept constant at 2 μL/min in order to prevent the formation
of the jetting regime. At higher flow rates of hydrogel pre-polymer solution, the inertia
force of dispersed phase fluid (hydrogel pre-polymer solution) becomes dominant and the
Webber number of disperse phase is more than (We >1), resulting in a stream of the jet.
The effect of viscosity of the continuous phase was studied by comparing cases of
mineral oil and hexadecane with 3% surfactant (µ = 4.2 mPa·s) and 20% surfactant (µ =
6.7 mPa·s). Adding more than 3% surfactant to the fluid will not change the interfacial
tension between the dispersed phase fluid and the continuous phase fluid because of the
micelle effect [91]. However, it increases the viscosity of the fluids dramatically. Figure
4.6A and B showed droplet sizes when hexadecane was used as a continuous phase.
Comparing hexadecane with 3% surfactant and 20% surfactant shows that the size of the
droplets was decreased by increasing the viscosity of the continuous phase (the amount of
surfactant). Also, the same results are shown by comparing the mineral oil and
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hexadecane (Figure 4.6), since the viscosity of hexadecane is much less than mineral oil
while the surface tension of mineral oil and hexadecane is almost the same. In addition,
the high viscosity of the continuous phase fluid caused the dispersed phase fluid to stretch
into long thin streams. At the high viscosity of the continuous phase, it is difficult to
fabricate 8 wt% GelMA droplet. However, a higher concentration of GelMA is required
for fabricating stiffer microgels in tissue engineering applications. In addition, UV
exposure time to crosslink the hydrogel is decreased with a higher concentration of
GelMA, resulting in higher cell viability for cell-laden hydrogel application. According to
Figure 4.6, small 8 wt% GelMA droplets could be created when less viscous continuous
phase fluid (e.g. hexadecane) was used. When hexadecane used as a continuous phase,
due to the low viscosity of the hexadecane, GelMA droplets of two different
concentrations (5 wt% and 8 wt%) were created through the squeezing regime. These
results show that hexadecane could be a good option for fabricating high concentration of
hydrogel droplets in tissue engineering application. Moreover, hexadecane presents high
biocompatibility using as a continuous phase for fabricating cell-laden alginate droplets
[41].
Figure 4.8 shows the effect of the flow rate for the continuous phase. The sizes of the
droplets were dramatically decreased by increasing the flow rate of a continuous phase.
By increasing the flow rate of the continuous phase, the viscosity of the continuous phase
increased, thus, the high viscosity of the continuous phase suppressed the dispersed phase
fluid, resulting in the small size of droplets.
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Figure 4.8 GelMA microgels generation in flow-focusing device under various flow rate of the
continuous phase, (A) Qc = 5 µL/min, (B) Qc = 10 μL/min, (C) Qc = 20 μL/min, and (D) Qc = 30
μL/min. 5 wt% GelMA was used for the dispersed phase and mineral oil with 3 wt% surfactant
(Span 80) was used for the continuous phase. Flow rate of dispersed phase was Qd = 2 μL/min. Scale
bar = 200 μm.

Characterization of Hydrogel Droplet Generation Regime
Figure 4.9 shows a phase diagram of GelMA droplet generation observed through the
experiments. Capillary numbers of each experiment were calculated and plotted on the
phase diagram to predict the formation of GelMA droplets or a jet stream in a flowfocusing device. In flow-focusing geometry, non-dimensional capillary numbers are
important in describing the transition between the dripping and the jetting regime,
because the viscosity of the flow-focusing devices. The capillary number of the
continuous phase Cac = μν/σ and disperse phase Cad = μν/σ described in Figure 4.9 shows
the range of formation of each regime.
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Figure 4.9 A phase diagram shows three different regimes resulting from the flow-focusing device in
comparison with previously reported results.

The result shows that at very low capillary numbers of continuous (Cac<10-2) and
dispersed phase fluids (Cad<10-2), the squeezing regime happens, and droplets are created
at a size bigger than the width of the channel. When 10-2<Cac<10-1 and Cad<10-2, the
dripping regime happens, and the droplets are created at a size smaller than the width of
the channel. At high capillary numbers of continuous phase fluid (10-1 <Cac< 10) and
Cad>10-2, the thin jet stream of the dispersed phase fluid is created. The results show that
the transition from the dripping regime to the jetting regime happens at Cac ~ 10-1.
The capillary numbers of jetting and dripping regime observed from different studies,
water in oil droplets, are also shown in the phase diagram. According to the results in [44]
[92] [48], most of the capillary numbers of the dispersed phase in the experiments were in
the range of Cad > 10-2 for both dripping and jetting regime. However, the results of our
experiment shows that due to the high viscosity of hydrogels (the viscosity of 5 wt%
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GelMA = 2.8 mPa·s and 8 wt% GelMA = 4.9 mPa·s), the GelMA prepolymer droplets are
not created at Cad > 10-2. At Cad > 10-2 only the jetting regime of GelMA is created.
Therefore, the results from the previous studies for droplet generation of water in oil
is not applicable for hydrogel droplet generation for tissue engineering application. This
phase diagram provides a comprehensive study of hydrogel droplet generation in tissue
engineering application.

Cell Encapsulation Experiments
Cell Culture
NIH-3T3 mouse embryonic fibroblasts were cultured in Dulbecco’s modified Eagle’s
medium (Invitrogen, Carlsbad, CA, USA) supplemented with 1% penicillin-streptomycin
(Invitrogen, Carlsbad, CA, USA) and 10% fetal bovine serum (Invitrogen, Carlsbad, CA,
USA) at 5% CO2 and 37 °C. When cell proliferation rates reach around 80-90%
confluency (Figure 4.10A), cells were passaged into new flasks. Old media was aspirated,
and 5 ml of PBS was used to wash out the flask twice to remove floating dead cells. 3 mL
of trypsin was used to detach the cells from the flask for 3 minutes inside the incubator.
The trypsin was then deactivated with 9 mL of fresh media. The mixture of cells, trypsin
and media were centrifuged at 1400 rpm for 2 minutes. The liquid phase was aspirated,
and a cell pellet was suspended in 3 ml of new media. Suspended cells were seeded in
flasks for culturing. The same protocol was used to culture MCF-7 breast cancer cells.
However, the media used for MCF-7 cells were DMEM supplemented with 1%
penicillin-streptomycin, 10% fetal bovine serum (FBS), and 1% fungizone. MCF-7 breast
cancer cells cultured in a flask are shown in Figure 4.10B.
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Figure 4.10 Cells are cultured and confluent in flasks (A) NIH3T3 fibroblast and (B) MCF-7 breast
cancer cells show different behavior. Scale bar = 100 μm.

Materials and Experimental Procedure
For a cell encapsulation experiment, two different types of cells (NIH 3T3 fibroblast and
MCF-7 breast cancer cells) were detached from the flask and resuspended in the GelMA
pre-polymer solution. 6 x 106 cells/mL of MCF-7 cells were mixed with 5 wt% GelMA
pre-polymer

solution

and

0.5

wt%

2-Hydroxy-4′-(2-hydroxyethoxy)-2-

methylpropiophenone ( Sigma-Aldrich, St. Louis, MS, USA) as a photoinitiator (PI 1).
Also, 6 x 106 cells/mL of 3T3 fibroblasts were mixed with a 5 wt% GelMA pre-polymer
solution and 2 wt% 2,2'-Azobis[2-methyl-N-(2-hydroxyethyl)propionamide (VA-086,
Wako Pure Chemical Industries, Ltd., Japan) as another photoinitiator (PI 2). GelMA prepolymer solution mixed with cells were used as a dispersed phase and mineral oil with 20
wt% surfactant was used as a continuous phase. The flow rate of the dispersed phase
applied to GelMA pre-polymer solution with cells was in the range of 0.3-1 μL/min and
the flow rate of continuous phase was in the range of 0.8-3 μL/min. Since adding cells in
the GelMA increased the viscosity of the solution, the low flow rate of dispersed and
continuous phase had to apply to avoid the increment of capillary numbers.
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Cell-laden GelMA pre-polymer droplets were created in a flow-focusing device
(Figure 4.11) and were exposed to UV light at 365 nm and intensity of 4 mW/cm2 for
photocrosslinking. The photocrosslinking process allows the spatial and temporal control
of the hydrogel formation [93]. Therefore, as the concentration of photoinitiator is
increased, the crosslinking time of GelMA is decreased. However, the amount of
photoinitiator and UV exposure time to crosslink affect cell viability. Optimizing the
minimum amount of photoinitiator and shortest crosslinking time is critical for cell
viability.

This study found that the

minimum amount of

2-Hydroxy-4′-(2-

hydroxyethoxy)-2-methylpropiophenone (PI 1) to crosslink 5 wt% GelMA was 0.5 wt%
with 7 minutes UV exposure time. The minimum amount of VA-086 (PI 2) to crosslink 5
wt% GelMA was 2 wt% with 5 minutes UV exposure time. Although these
photoinitiatores crosslink the GelMA prepolymer at short wave length (254 nm) in less
than 5 min, the GelMA prepolymer was exposed to UV at long wave length (365 nm) for
longer time in order to decrease the cell damage. Because the shortwave length of UV
effects on cell viability.
The GelMA droplets containing fibroblast cells generated in the flow-focusing device
were collected in 1.5 mL centrifuge tubes and crosslinked by UV exposure for 7 minutes.
Also, GelMA droplets with MCF-7 cells were crosslinked by 5 minutes UV exposure.
The surfactant and oil were separated from the cell-laden GelMA microgels using a
centrifuge at 10000 rpm for 5 minutes. The centrifugation process was repeated two times
to make sure all the oil and surfactant were removed from the cell-laden GelMA
microgels.
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Figure 4.11 Cell laden droplet generation (100-150 μm in diameter). 6 x 106 cells/mL of MCF-7 breast
cancer cells were mixed in 5 wt% GelMA and 2 wt% VA-086 photoinitiator. Scale bar = 200 μm

Assessment of Cell Viability
To examine the cell viability, the cell-laden microgels were stained with a Live/Dead cell
viability assay (Invitrogen, Carlsbad, CA, USA). The assay consists of two fluorescence
dyes, calcein acetoxymethyl (Calcein AM) and ethidium homodimer III (EthD-III), for
staining both live and dead cells and measures two recognized parameters of cell viability
such as intercellular esterase activity and plasma membrane integrity. Calcein AM, which
is a permeable and fluorescent reagent, is converted to the intensely green fluorescent
calcein by the intracellular esterase [94]. EthD-III enters into cells through the damaged
membrane, producing a bright red fluorescence signal when binding to nucleic acids.
EthD- III is excluded by the intact plasma membrane of live cells.
Dye concentrations are required to adjust to achieve distinct labels of live cells with
Calcein-AM and of dead cells with EthD-III. The optimal concentration of dye is
different for different cell types. However, it is best to use the lowest dye concentration
that gives a sufficient signal. The standard staining solution is prepared as follows;
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1- Calcein-AM and EthD-III stock solutions are removed from the freezer and
allowed to warm at room temperature for 30 min.
2- 4 μL of EthD-III and 2 μL of Calcein-AM are added to 2 mL PBS.
3- The stock solution is vortexed to ensure complete mixing of two dyes and
keep in a refrigerator before use.
200 μL of stock solution of the live/dead assay was added to a 1 mL tube with cell-laden
GelMA microgels, and then the tube was incubated at 37 oC and 5% CO2 for 30 minutes.
The cell-laden microgels in the tube were washed with PBS three times to remove the
excessive assay solution. The cell-laden microgels were examined under a fluorescent
microscope (FLUOVIEW FV1000, Olympus, Japan) to check cell viability. Figure 4.12
shows fluorescently labeled NIH 3T3 cells encapsulated in a GelMA microgels with PI 1.

A

B

Figure 4.12 NIH 3T3 fibroblast cells encapsulated in a microgel. (A) A phase contrast image and (B)
live/dead assayed image. Both were taken from a confocal microscope at day 0. Scale bar = 50 µm.

Figure 4.13 shows fluorescently labeled MCF-7 cells encapsulated in GelMA microgels
with PI 2. As shown in Figure 4.14, the cell viability analysis of MCF-7 (~90 %) is higher
than NIH 3T3 (~80%). The possible reason is that PI 2 with shorter UV time is more
biocompatible than that of PI 1 with longer UV time. However, a further experimental
investigation will be required in future works.
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A

B

Figure 4.13 MCF-7 breast cancer cells encapsulated in a microgel. (A) A phase contrast image and (B)
live/dead assayed image. Both were taken from a confocal microscope at day 0. Scale bar = 50 µm.

*

Figure 4.14 Cell viability analysis. (n=5 microgels, Error bar: Standard Deviation, *P-value < 0.05).

Summary
The experimental study of GelMA pre-polymer droplet generation was described in this
chapter. GelMA pre-polymer solution with various concentrations was used as a
dispersed phase and light mineral oil and hexadecane with different amounts of surfactant
were used as a continuous phase to study the effect of various parameters on droplet
generation in a flow-focusing device. Experiments were carried out with various flow
rates of the oil and hexadecane and constant flow rate of GelMA pre-polymer solution to
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characterize the effect of continuous viscous force on the droplet size. Experimental
results showed that the flow rates of the continuous phase controlled the size of GelMA
pre-polymer droplets and created squeezing, dripping, and jetting regimes. All the
parameters were summarized into a non-dimensional capillary number which defines the
effect of continuous viscous force and interfacial force on GelMA pre-polymer droplet
generation. A phase diagram of capillary numbers of the dispersed phase versus
continuous phase was plotted to place different regimes of generating GelMA prepolymer droplets with different conditions. The results show that the transition from the
dripping regime to the jetting regime happens at Cac ~ 10-1. Finally, GelMA microgels
encapsulating two types of cells were fabricated, and the viability of cells encapsulated in
GelMA microgels was tested using the Live/Dead cell viability assay. Cell viability of
higher than 80 % was achieved in this study.
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Fabrication of Circular Channel Microfluidic Devices
In chapter 2, the fabrication method of flow-focusing microfluidic devices was described.
With the conventional microfabrication method, the cross-section of the microchannel is
limited to a rectangular shape. Droplet generation using the rectangular channel devices
has drawbacks that are explained in details in the introduction of this chapter. To address
these problems, this study developed a method to fabricate a circular microchannel flowfocusing device. This circular cross-section flow-focusing device could be used for
droplet generation to generate more uniform droplets. The fabrication process as well as
results of droplet generation using this device is presented in this chapter.

Overview
A photolithography microfabrication method [95] has been used to fabricate a master
mold to cast microfluidic channel devices for droplet generation. However, the crosssectional shape of the channels fabricated by the photolithography technique is limited to
a rectangular shape. The rectangular channel has several drawbacks to generate droplets
[96]. In the rectangular channel, the dispersed phase fluid wets the top and bottom walls
at a low flow rate of continuous phase fluid. Wetting walls have two disadvantages: (1)
cells mixed in dispersed phase tend to attach to the walls or are damaged because of shear
force at the surface [97]; and (2) capillary instability is changed and in the result droplet
break up is not controllable [98][99]. By increasing the flow rate of a continuous phase,
the wetting surface of dispersed phase might be eliminated; however, another problem
occurs, such as device leaking and cell damage because of high shear force. Another
important factor in droplet generation is the uniformity of droplets. To generate uniform
droplets, a uniform velocity profile in the cross-sectional direction is required. Since the
circular microfluidic channel is truly symmetrical unlike the rectangular cross-sectional
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channel, it can generate the uniform velocity profile in the cross-sectional direction [100].
Circular channels that squeeze the dispersed fluid in all direction prevent dispersed fluid
to wet the walls. This results in creating well controllable, monodisperse droplets. Also,
rectangular channels are more likely to clog due to aggregation of synthesized droplets
[101].
Due to these disadvantages, alternative fabrication methods have been developed to
fabricate circular channels. For example, one method involves a trench imbedded in a
silicon wafer. The trench is then filled with a thick layer of doped silicon oxide, followed
by heating, which closes the trench, and creates a circular channel [102]. However, this
technique is able only to fabricate small-sized silicon channels (a few micrometers in
diameter). Another method for making circular channels utilized the capillary rise of
liquid PDMS inside an open channel in a PDMS slab [103]. This method is not practical
for fabricating circular channels smaller than 100 μm. Abdelgawad et al. introduced a
new method of fabricating circular channel by injecting liquid PDMS through a
rectangular channel, fabricated by the microfabrication softlithography method, followed
by passing air stream in a channel filled with liquid PDMS [96]. PDMS injection fills the
corner of the rectangular channel which can make a simple circular channel. In addition
to these methods, standard fabrication methods such as three dimensional (3D) printing
[104][105], micro-cross construction [106] and laser machining [107] have also been
used for fabricating circular channels. Also, the circular microfluidic channel was created
using the combination of micromolding and softlitoghraphy [108] and photolithographic
reflowable photoresist [109]. The mold fabrication using these methods often requires
many processing steps. Among these methods, due to the emergence of high resolution
3D printers, 3D printing provides a simple and efficient tool for creating the molds (with
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micro-sized features) that can be used for fabricating microfluidic channels with circular
cross section.
Recently, 3D printing has been used to fabricate circular microfluidic channels for
flow focusing applications [110]. However, the fabricated circular channels were not
perfectly circular. Therefore, although the resolution of 3D printing has increased,
creating a perfect circular microfluidic channel for a micro droplet generation remains
challenging. In this chapter, a fast, low cost technique is presented for fabricating circular
channel flow-focusing microfluidic devices using a 3D printing method. Challenges
regarding the use of 3D printed molds in the peel-off process, removing cloudy surface
finishes in the castings, getting fully circular geometries, and fixing misalignment have
been addressed. The flow-focusing channels are used to generate hydrogel droplets ~200
µm in diameter, with the diameter of the droplet being controlled by the flow rates of the
fluid [111].

Methods for Circular Microchannel Fabrication
Mold Fabrication Using a 3D printer
The mold is designed using SolidWorks® (Dassault Systems, Vélizy-Villacoublay,
France) software. Two identical molds are designed with similar geometry except for the
alignment pins. The male and female alignment features are made so that the two halves
of the microfluidic chip would align as desired [110]. An STL format of the mold is then
printed (see Figure 5.1A) with a poly jet 3D printer (Object500 Connex, Stratasys Ltd.,
Eden Prairie, USA) using VeroWhite-FullCure®830 (Stratasys Ltd., Eden Prairie, USA)
materials at 16 µm layer resolution in Z direction and 45 µm build resolution in X-Y
direction. The molds were fabricated with a glossy surface finish to allow a smooth
surface with the roughness (Rz) of 3.8 µm previously reported in [112]. After printing,
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the mold is baked at 80⁰C overnight. The part is then silanized with Trichloro
(1H,1H,2H,2H-perfluro-octyl) silane (Sigma-Aldrich, St. Louis, USA). Salinization is
performed by adding 50 µL of the silane solution to a petri dish and placing the petri dish
and the molds into a desiccator for 30 minutes. These processes are necessary to easily
peel the cured PDMS channel from the mold made of the VeroWhite material [113].

A

Outlet Port
Cross Junction

Female and Male
Alignment Pins

Inlet Ports
B

Figure 5.1 Device fabrication using 3D printed molds. (A) SolidWorks rendering of 3D modeled
molds for the microfluidic chip castings with features labeled. (B) Assembled microfluidic chip with
light blue dye shows channels with no leakage observable. Scale bar = 5 mm.

PDMS Casting
The casting process creates the two halves of the microfluidic channel device with their
internal geometries. It is important that the reusable molds are first properly prepared by
cleaning the surface with isopropanol to ensure that the surface is particle and residue
free. The two halves of the microfluidic chip are made by pouring the liquid PDMS
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(SYLGARD 184, Dow Corning Co., Midland, USA) over the molds in a petri dish. The
PDMS is made of an elastomer and a curing agent mixture with a 10:1 ratio. Once the
liquid mixture is poured, it is placed in a desiccator for approximately 90 minutes or until
all the bubbles have dissipated. The mold is then placed in an oven at 70 °C for three
hours to solidify the PDMS. Once the PDMS has cured, it can be peeled from the petri
dish and mold.

Device Bonding
The procedure for assembling the two halves of the microfluidic parts into a chip are as
follows. First, the holes for the inlet and outlets are cut using a punch. To get a strong
bond between the two halves of the microfluidic chip, the surfaces of both chips must be
clean. To clean the PDMS parts, they are placed in an ultrasonic bath with reverse
osmosis water for approximately 5 minutes. When the parts are dry, they are exposed to a
handheld corona device (BD-20, Electro-Technic Products, USA) for 5 minutes (at 30
seconds/cm²) which is necessary to achieve a strong bond [75]. Finally, the two halves are
put together and clamped for 72 hours to allow the bond to cure. The bonding of the
device is checked with the injection of colored liquid shown in Figure 5.1B.

Liquid PDMS Injection
To obtain circular channels, a PDMS injection coating method [96] is adopted. A 2:1
liquid heptane/'PDMS mixture is injected into the microfluidic chip, and then allowed to
cure while an air stream flowed through the channels. The PDMS is the standard 10:1
base to curing agent ratio. After the heptane/PDMS is fully injected into the internal
geometries of the chip, the chip is placed on a hotplate for 60 seconds at 100°C. After 60
seconds, air is pumped into the chip at a constant flow rate of 24 mL/min. Air is pumped
into all inlets and allowed to escape through all outlets. It is important that the air is
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forced through all the channels to prevent blockages in the device. The chip should
remain on the hotplate, with constant air flow, for 10 minutes. This process can be
repeated to obtain smaller diameter channels with slight variations to curing times, baking
temperatures and air flow volumes. Circular channels ranging from 200 µm to 5 µm were
successfully fabricated by Abdelgawad et al. [96].

Result and Discussion
The fabrication process explained in the previous section was used to fabricate a circular
channel microfluidic flow-focusing droplet generator. The half circular channels were
fabricated in PDMS, and bonded to each other. If the PDMS is not fully cured (where it is
in contact with the mold), it could indicate that the VeroWhite material was interfering
with the curing process. As mentioned in the previous section, this problem can be
mitigated by baking and silanizing the mold. Another potential problem with casting is a
cloudy or rough surface finish. This can be mitigated by ensuring the mold is free of any
residue. In addition, the curing temperature during the casting process has the potential to
warp to mold. Therefore, to decrease the chance of warping the mold, it is important to
keep any temperature during casting below 70°C.
As shown in Figure 5.1B, the two parts were successfully attached to each other, and
no leakage was observed. Acceptable bonding strength between the two halves of this
microfluidic chip can be difficult to obtain consistently. Thus, it is important that the
surfaces between the two halves of the microfluidic chip are in full contact with one
another. Warped molds, or casting the PDMS on uneven surfaces, can lead to problems
with achieving full surface contact. Using a clamp is a good way to ensure full contact.
The bond was found to be strong enough to carry out experiments without any leakage
from the channels shown in Figure 5.1B.
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Due to the limitations of the 3D printer, the ~200 µm channels fabricated using the
3D printed molds were elliptic shaped as opposed to the desired circular. Figure 5.2A
shows a cross section of the PDMS channel after the assembly. As can be seen, the width
of the individual channel was extended and the depth of the channel was too shallow. The
channels were elliptic shaped with pointed edges where the two halves of the PDMS join
together. This problem was caused by the limitations of printing at the micro scale, as the
printer material cannot hold the desired half circle shape and collapses into the “mound”
shape. Even 3D printers with high resolution were not able to fabricate sharp edge of the
half circular channel. In result, a perfect circular channel was not created after bonding
two PDMS halves. Therefore, a post PDMS injection was required to cover misalignment
and create a fully circular channel. To achieve circular channels, we injected the liquid
PDMS solution and cured it by pumping air flow through the channels described in the
method section. A common problem associated with this process was the air not reaching
all of the outlets. Air can create a path to one outlet, and not make a path to another. A
simple fix was to plug the outlet that has the path, and to force the air to the other outlet.
Once a path has been formed by the air to all outlets, it is important that air is allowed to
flow freely through all of them. If air is not allowed to flow through a channel, the PDMS
will cure, and block the entire channel. Post PDMS injection coating yields results were
shown in Figure 5.2B.
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A

B

Figure 5.2 Optical microscope images of the cross-section of channels. (A) Cross-section of a channel
around 200 µm in diameter prior to PDMS injection. (B) Post PDMS injection and curing procedure.
Scale bar = 100 µm.

A

B

Figure 5.3 Optical microscope images of the cross-section of misaligned channels. (A) Cross-section
of misaligned channel prior to PDMS injection. (B) Post PDMS injection and curing procedure.
Misaligned channel resulted in correction by the PDMS injection. Scale bar = 100 µm.

Here the channels were perfectly circular as desired. The PDMS injection coating
also allowed us to correct misaligned channels (Figure 5.3A). This misalignment can be
present for various reasons; however, the PDMS injection coating mitigated the problem
significantly (Figure 5.3B). Scanning electron micrograph (SEM) of the cross section of a
circular channel is shown in Figure 5.4. This figure shows that a perfect circular channel
was created after PDMS injection and all misalignments were corrected.
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Figure 5.4 Scanning electron micrograph of the cross section of a circular channel.

In this microfluidic chip, two different phases of liquids are pumped into the center
channel (water phase) and the outer channels (oil phase). The fluids meet at the crossjunction where the viscous force of the continuous oil phase flow overcomes the surface
tension of water phase flow, which causes water droplets to be created. The crossjunction is a critical portion of this flow-focusing microfluidic chip. Figure 5.5
demonstrated that the cross-junction was not affected by liquid PDMS coating to form
circular channels. As shown in Figure 5.6, the droplet generation was successful, and
fluid flowed smoothly with no trace of blockage or leakage. Hydrogel droplets of
different size were achieved through this process.
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A

B

Figure 5.5 Junction of microfluidic chip after PDMS injection. (A) Different colored channels show
clearly that there is no blockage of the junction during PDMS injection and circular channel
formation. Scale bar = 5 mm. (B) an optical microscopic image shows the detail of the junction. Scale
bar = 100 µm

Figure 5.6 Droplet generation from the Microfluidic chip. Scale bar=200 µm

The 3D printed mold is a relatively simple manufacturing process to fabricate
microfluidic channel devices. The 3D printing technique has advantages to rapidly
fabricate complex structures with high aspect ratio comparing with the conventional
photolithography technique which requires photomasks and a series of microfabrication
process. Although the current resolution of 3D printers has a limitation to fabricate
structures with hundreds of micrometers, in combination with the PDMS injection
technique, 3D printed molds will be a promising solution to provide the flexibility to
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fabricate various sizes of circular channels using the replica-molding softlithography
technique. Therefore, the developed fabrication method using 3D printed molds can
overcome the size limitation of microfluidic channel and will facilitate to use the 3D
printing technique for fabricating a variety of microfluidic channel devices. For future
work, this rapid fabricated device will be used to encapsulate cells to generate injectable
microscale tissues and has many potential applications in biomedical engineering area.

Summary
In this chapter, a simple and low cost fabrication method is proposed for microfluidic
droplet generators with circular channels. The PDMS channels were successfully cured
and peeled off the 3D printed molds, and challenges regarding the interference of the 3D
printed material as well as the cloudy (and rough 3D printed) surface finishes were
addressed. Moreover, to create fully circular channels, and address challenges regarding
the misalignment of the upper and lower halves, a PDMS injection coating method was
utilized and optimized. The channels were successfully fabricated, and a flow-focusing
microfluidic device for creating microgel droplets was assembled. No leakage was
observed, and due to the use of circular channels, the device successfully created droplets
of different size without blockage. The developed methodology provides a simple and
effective way of fabricating circular microfluidic channels for numerous biological and
chemical applications.
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Conclusion and Future works
Summary of Remarkable Results
Microfluidics flow-focusing devices are a promising platform for generating microgels
that can be widely used in various applications such as tissue engineering, drug delivery,
and cosmetic. In the tissue engineering application, cells are encapsulated in the
microgels to produce injectable microscale tissues and study the effect of
microenvironment on cell behaviors and cell-cell interactions. Investigating the effect of
various parameters on droplet generation and optimizing these parameters are important
to fabricate well-controlled cell-laden microgels.
In this thesis project, microfluidic flow-focusing devices were designed and
fabricated. The conventional replica molding method using a microfabricated mold was
adopted to fabricate the flow-focusing device. The physics of hydrogel pre-polymer
droplet generation mechanism was computationally studied in three different regimes
(i.e., squeezing, dripping, and jetting) and compared with previous results mostly
discussing water droplet generation. In a squeezing regime, the droplets are usually
created due to hydrodynamic pressure, while the dripping regime is due to the viscous
drag force of continuous phase and the jetting regime is due to Rayleigh-Plateau
instability. With the computational simulation, it was found that the concentration of
GelMA dramatically affected the viscosity of pre-polymer solution and creation of
droplets. GelMA pre-polymer droplets created with GelMA 8 wt% are bigger than
GelMA 5 wt% at the same flow rate. The jetting regime observed due to the high
viscosity and density of dispersed phase fluid, when GelMA 8 wt% was used as the
dispersed phase at high flow rate of the continuous phase. It was found that increasing the
flow rate ratio of the continuous phase and dispersed phase resulted in creating smaller
droplets.
73

Using the fabricated flow-focusing devices, this study also experimentally
investigated the effect of fluid properties, including viscosity, density, surface tension,
and the flow rate of the dispersed and continuous phase for generating hydrogel prepolymer droplets. GelMA pre-polymer solution with two different concentrations, 5 wt%,
and 8 wt%, were used as the dispersed phase. Two different oils (i.e., hexadecane and
light mineral oil) with 0 wt%, 5 wt%, and 20 wt% surfactants were used as the continuous
phase. Experiments were conducted using different flow rates of continuous phase to
study the influence of effective forces on droplet generation and optimize the hydrogel
droplet generation. Three different regimes were investigated experimentally and
compared with computational simulation results. All the results were summarized in two
none dimensional numbers, Cac, and Cad, to determine the range of the squeezing,
dripping, and jetting regimes in a flow-focusing device for hydrogel droplets and shown
in the phase diagram.
The presented phase diagram demonstrated that the range of capillary numbers
created different regimes for generating GelMA pre-polymer droplets. It was found that at
higher capillary numbers of GelMA pre-polymer solution droplets cannot be created
because of the viscosity of the pre-polymer solution and resulted in the jetting regime,
while water droplets could be created in the same condition based on the result of
previous researches. Therefor, the phase diagram of water in the oil droplet generation
from previous researchers is not helpful for hydrogel pre-polymer droplet generation
because of the difference in viscosity and density between hydrogel and water.
The optimized parameters for GelMA pre-polymer droplet generation were used to
encapsulate cells in GelMA microgels. By controlling the flow rate of the two phases, the
type of oil, and the concentration of surfactant, the droplet size of the phase with different
GelMA concentrations can be manipulated between 30 µm to 250 µm, which will be very
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useful to control further the number of encapsulated cells and their surrounding
microenvironment. MCF-7 breast cancer cells and 3T3 fibroblasts were encapsulated in
the GelMA microgels and high cell viability >80% demonstrated that the flow-focusing
system for generating GelMA pre-polymer droplets was a promising platform to fabricate
cell-laden microgels for tissue engineering applications.
In addition to the microfabricated rectangular channel devices, a new method to
fabricate circular channels has been introduced since the microfabrication method for the
mold fabrication has limitations to fabricate only rectangular shape channels. With
advantages of generating more uniform droplets using circular channels due to the
uniform velocity profile produced in the circular channel cross section, the new method
has been developed using 3D printed molds for upper and lower halves. To create fully
circular channels, and address challenges regarding the misalignment of the upper and
lower halves, a PDMS injection coating method was utilized and optimized. The channels
were successfully fabricated, and the device generated hydrogel pre-polymer droplets.
The developed methodology provides a simple and effective way of fabricating circular
microfluidic channels for numerous biological and chemical applications.

Future works
There are several future works that are suggested in this thesis to improve the flowfocusing droplet generation system.


Improve the method of separating the GelMA microgels from the continuous
phase fluid (oil and surfactant): This study used a centrifugation method to filter
oil out from the microgels. The process required several repetitions of
centrifugation and re-suspending the microgels in PBS solution, resulting in losing
many microgels during the process. For the future work, an addition of filtering
chamber to the flow-focusing devices will help solve the problem of losing
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microgels during the oil filtration process. The proposed design of filtering
chamber is given in Figure 6.1. There are two inlets and two outlets. In the inlet 2,
the microgel droplets with oil are injected into the filtering chamber, while PBS is
injected into the inlet 1 with a higher flow rate to wash the oil out on the
microgels. Then the microgels with PBS are coming out from the outlet 1, while
the oil and surfactant are coming out from the outlet 2.

Inlet 1

Inlet 2

Outlet 1

Outlet 2

Figure 6.1 Schematic of filtering microfluidic device



Improve cell viability: Using the UV light with low intensity, the crosslinking
takes longer than 5 min which may cause harmful effects on cells. Our lab
recently developed an ultrafast photocrosslinking method (< 1 min) using a laser
diode. The laser-based method can be also applied to reduce the crosslinking time
and increase the cell viability further.

Even distribution of cells: Evenly distributing cells in each droplet is currently difficult
since cells tend to aggregate over time. Accordingly, cell numbers in droplets created in
the flow focusing device were not controlled. For the future work, a microfluidic mixer
can be added to the system to mix evenly cells with the hydrogel pre-polymer solution
during the entire experimental process. A magnet mixer can be also used to mix the cells
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in a syringe right before injecting into the tubing. Our lab is planning to place a small
magnetic stirring bar inside the syringe and we will be able to mix the cells evenly by
string the magnetic bar using a magnet rotor. In addition, a dielectrophoresis method can
be also adapted to sort out droplets with and without cells [114][115][116].
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