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Abstract
Biofabrication is the automated manufacturing technology of biologically functional,
organized cell-material constructs through bioassembly or 3D bioprinting. Microfluidic and
bioprinting principles have served as powerful tools for fabricating cell-laden 3D gels for
various biological applications, the most important of which is bottom-up tissue engineering.
However, the inherently limited throughput of micro-scale devices coupled with the low
cost-effectiveness of producing biomaterials has rendered these methodologies unsuitable for
practical application. It is also necessary that the biomaterial used for these applications be
biocompatible, display adequate mechanical properties, and be manufactured through a
reliable manufacturing technology. Due to its printability and biocompatibility, GelMA
hydrogel has attracted considerable interest as a scaffolding material for tissue engineering.
Nevertheless, the detoxification, purification, dehydration, and sterilization steps for
synthesizing GelMA hydrogels are expensive, time-consuming, and serve as a significant
reason for its low and irreproducible yields. This research aims to tackle these hurdles in
efficiency. First, this work integrated all the required steps of fabricating monodisperse cellladen microgels onto one chip. The elimination of the off-chip droplet handling requirement
enables a high-throughput process. The stability of the operation resulted in a reasonable cell
distribution among the microgels over various cell seeding concentrations. Furthermore, cells
showed a high viability of around 85% over 5 days in culture. Second, we devised a rapid
approach for GelMA detoxification in an aprotic solvent medium with moderate polarity by
employing the ion-pairing and desolvation concepts. The GelMA produced through this
method displayed a significantly higher yield in comparison to conventionally synthesized
batches while also demonstrating a comparable degree of methacrylation. Moreover, this
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GelMA displayed high biocompatibility and bioprintability. Third, the dehydration step of
GelMA was eliminated by using a toluene-based precipitation approach. The extreme
hydrophobicity of toluene protects the protein from hydrolysis and leads to the production of
a reproducible yield. Toluene also has the advantages of being volatile and lighter than water,
which allows for the direct reconstitution of the extracted known yield of GelMA in the
aqueous phase.
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Lay Summary
Combining cells and gels into a single construct can be used to treat or replace an affected
human tissue, this is termed “Biofabrication”. Several biofabrication methods are proved for
the concept; however, they are not scalable or cost-effective. In this research, we tackle three
of these inefficiency hurdles. First, we sought to simplify the incorporation of cells into
microgels by having a device that can integrate all the required complex steps. This device
displayed higher and faster throughput while minimizing gradual product loss that usually
occurs in every step. Second, the slow detoxification step that is characteristic of
contemporary synthesis methods was replaced by a new approach that simultaneously
undertakes the purification step with the sterilization step. Finally, the need for lengthy
dehydration of the produced biomaterial is eliminated, thus producing a ready-to-use
biomaterial quickly and efficiently.
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Chapter 1 : Introduction and Literature Review
Tissue engineering entails the combination of materials, mechanical, chemical, and
biological engineering and sciences to recreate tissue structures that could repair or even
replace lost biological function.1,2 Within tissue scaffolding structures, cells can grow under
biologically favorable conditions.3 Ideally, upon being transplanted in vivo, the scaffolds
gradually degrade and are replaced by the new desired tissue.1 The artificial tissues were first
transplanted in 1964 and carried cells to minimize complications resulting from immune
rejection that might occur post-transplantation.4 The encapsulated cells were also able to
effectively implement their intended therapeutic works to the surrounding environment,
which include tissue regeneration and in situ production of proteins.5 Biofabrication is
defined as “the automated fabrication and subsequent tissue maturation processes of
biologically functional products from living cells, bioactive molecules, biomaterials, cell
aggregates such as micro-tissues, or hybrid cell-material constructs, through bioprinting or
bioassembly techniques”.6 Biofabrication relies on technologies that can accurately control
the position of cells and materials because the end product is usually complex and has
multiple elements including cellular and structural components. These biofabricated
constructs can be used in a wide variety of applications from testing platforms for highthroughput drug screening to studying cell biology.7 Moreover, the biofabrication is
considered as a major methodology for the future of tissue engineering and regenerative
medicine to treat or replace diseased or damaged tissues and organs.8

1.1

Bottom-up Biofabrication

In conventional macroscale “top-down” tissue engineering, cells are cultured within a
biodegradable polymeric scaffolding material (Figure 1-1).9 As the scaffold degrades over
time, cells grow and produce their own extracellular matrix (ECM) in the process to create
the engineered tissue. However, macroscopic approaches often fall short of adequately
1

creating the intricate microstructure of native tissues, which is an essential requirement for
the realization of the successful functionality of engineered tissues.10,11 Moreover, culturing
cells within such macroscale scaffolds often results in limited cell-cell communication and
inefficient exchange of oxygen, nutrients, and metabolites. In comparison, the “bottom-up”
biofabrication approach aims to create biomimetic engineered microtissues by manipulating
the microstructural features (Figure 1-1).9 This strategy mainly has benefits of the high
surface-area-to-volume ratio that is a characteristic in a microscale domain. This allows for
the efficient exchange of oxygen and nutrients and enhances cell-matrix interactions.11 For
these reasons, such biomimetic constructs are more suitable for realizing properties of the
native extracellular matrices of cells.

Figure 1-1. “Top-down” tissue engineering approach and “Bottom-up” biofabrication
approach. In the top-down approach (right), cells are cultured within scaffolds until
the cells fill the structure, creating an engineered tissue. While, in the bottom-up one
(left), multiple microscale processes are used for modular tissue creation, which is to
be assembled into macroscale engineered tissues with precise microarchitectures.
Images are adapted from ref. 9.

2

Conventional methods for encapsulating cells in microgels, such as emulsification,
extrusion, or co-extrusion methods, are limited with regards to fabricating small-sized
microgels (≤ 100 µm) with high monodispersity.5,10 In order to address these problems,
microfabrication techniques including microfluidics, micro-molding, and soft lithography
have been developed to fabricate microscale hydrogels that are ready for encapsulating cells.
These microscale cell-laden hydrogels have become quite valuable for a wide range of
studies probing cell differentiation, cell-cell interaction, cell-environment interaction, shear
forces imposed on cells,12 and 3D tissue structures.9 For the successful bottom-up
biofabrication of tissues, the investigation of microscale environmental parameters for cells
is crucial. For example, the porosity and stiffness of extracellular matrix (ECM) have been
observed to affect cancer cell migration, and thus constructs mimicking such a tissue must
take these parameters into consideration.13 Cell fate is also influenced by various
microenvironmental cues, such as cell-cell interaction, accessibility to growth factors,
mechanical stimuli, and shear forces.14 Therefore, in the following sections, we review the
various facets of platforms and biomaterial synthesis methods for improving the efficiency of
bottom-up biofabrication. We discuss the most widely used microfluidic device
configurations for generating cell-laden microgels and the challenges that these devices are
currently faced. In addition to the tissue regeneration-related applications, the various other
applications of microgels are discussed. Then, hydrogel biomaterials involved in
biofabrication process are discussed with an emphasized analysis of the photocrosslinkable
gelatin synthesis process.

3

Figure 1-2. T-junction devices for cell-laden microgel generation. (A) A diagram of a T-junction
microfluidic device with two injection lines for microdroplets generation. (B) A
diagram of the same device with an extra line for cell encapsulation. (C-E)
Microscopic images of microbeads encapsulated with fluorescent-labeled yeasts
(green); (C) an optical image, (D) a fluorescence image, and (E) a combined image.
Images are adapted with permission from ref. 15.

1.2

Platforms for Cell-laden Microgel Fabrication

1.2.1 T-junction Microfluidic Platforms
T-junction microfluidic devices are widely used for droplet generation due to the advantages
of easy fabrication and operation.16–19 In the T-junction configuration, the dispersed phase
enters through the side channel, while the continuous phase enters through the main channel.
The continuous phase, which intersects with the dispersed phase at the junction, leads the tip
of the dispersed phase flow to the main channel. The shear stress of the continuous phase and
the pressure gradient make a thin neck of the dispersed phase at the junction and finally break
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a droplet.20 The size of droplets can be controlled by the flow rates and viscosities of the
dispersed and continuous phases, as well as the geometry of the channel.20,21
As one of pioneering studies that applied T-junction microfluidic devices for cell-laden
droplet generation, Choi et al. demonstrated a method to fabricate alginate microgels using a
T-junction device.15 After alginate and calcium came into contact to form droplets, they were
polymerized via chaotic mixing in the microfluidic device (Figure 1-2). Furthermore, the
effects of the continuous phase flow rate and non-dimensional capillary number on droplet
size and droplet distribution were discussed in this study. In a similar study, Tan et al.
fabricated alginate droplets with a narrow size distribution using a new method that
combined internal gelation with the T-junction microfluidic device.22 Calcium carbonate
(CaCO3) nanoparticles were mixed in the Na-alginate solution to induce the internal
crosslinking process. Droplets were formed at the T-junction and sheared off to the channel
by a corn oil with lecithin. At the downstream of the T-junction, an acidic corn oil mixed
with lecithin and acetic acid merged with the mainstream that carried the Na-alginate
droplets with CaCO3. The pH reduction due to the acidic corn oil released Ca2+ from CaCO3,
which reacted with Na-alginate to form Ca-alginate gel downstream. Um et al. reported the
formation of cell-laden hydrogel droplets by applying a double T-junction device.23 This
device consisted of three inlets, the pre-gel solution was entered into the first inlet, and the
oil phase (mineral oil) into the second one in order to cut off the pre-gel solution and
generate droplets. Downstream in the channel, a cell containing medium was introduced into
the third inlet and then mixed with the droplets. Then, the hydrogel beads with cells were
polymerized by ions in the cell medium.

5

Figure 1-3. T-junction-based microfluidic platform for anti-cancer screening. (A) A diagram of
the device for generation and analysis of 3D lymphoma spheroids. (B) Illustration of
a cell spheroid docking microarray device. (C) Representative micrographic
pictures of the T- junction for generating cell-laden hydrogel microdroplets. (D)
Docking droplets in the microarray device. (E-F) The crosslinked and cultured
microgel spheroids at day 1 and day 5, respectively. (G) Representative images of
fluorescently labeled spheroids to show cell proliferation for 5 days. Scale bars =50
μm. Images are adapted from ref. 24.

Several studies have investigated cell behavior using the cell-encapsulated microgels
generated by the T-junction microfluidic devices. Kumachev et al. used a T-junction
microfluidic device to fabricate 3D microgels with varying stiffness in a high throughput way
and investigated the influence of the cellular microenvironmental stiffness on cell fate.25
Recently, Pooja et al. reported the development of a T-junction-based integrated microfluidic
platform for the high-throughput generation of cell-laden microgels for anti-cancer
therapeutic screening of the diffuse large B cell lymphoma (DLBCL) spheroids (Figure
1-3).24 These spheroids consisted of cancer cells, fibroblasts, and lymphocytes in a hydrogel
combination of alginate and PuraMatrixTM (Corning Inc., Tewksbury, MA, USA). The pre6

gel microdroplets encapsulating the cells were generated at the T-junction and were then
driven into an integrated docking microarray that could house 250 cell-laden microspheroids. Calcium chloride in a complete growth media was perfused to crosslink the pregel droplets, which allowed for in situ microgels polymerization while maintaining their
spherical structure.

1.2.2 Flow-focusing Microfluidic Platforms
Flow-focusing devices are another class of microfluidic devices that are used for droplet
generation.26–29 Although the fabrication of flow-focusing devices is slightly complex in
comparison to those of T-junction devices, with the flow-focusing devices, it is possible to
obtain better monodispersity in higher frequencies.30 The flow-focusing devices often offer
droplet generation frequencies up to approximately one thousand hertz (Hz). Also, by
varying the fluid flow rates, it is possible to yield a wider range of droplet sizes. 31–33 The
flow-focusing device can also produce a jetting regime wherein the size of these jets can be
regulated by modifying the flow rates.34 This jetting regime can be used to fabricate fibrous
structures.
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Figure 1-4. A flow-focusing microfluidic device for cell-laden microdroplets generation and
manipulation. (A) Schematic of the two-layer valve-based microfluidic platform.
This device comprises of three functional parts: (I) 2 flow-focusing junctions for
microdroplets generation, (II) on-chip hydrogel crosslinking chambers, and (III) the
control part made of independently regulated valve-based trap-release units along
the serpentine main channel. Images are adapted from ref. 35. (B) Schematics of the
microfluidic platform for the generation, treatment, and monitoring of water in oil
in water (W/O/W) cell-laden double emulsions (DEs). The platform consists of 2
adjacent flow-focusing junctions for (I) DE generation and (II) a DEs anchorage
microarray. Images are adapted with permission from ref. 36.

Many studies have been conducted on creating cell-encapsulated microgels using a
flow-focusing microfluidic geometry. As shown in Figure 1-4A, a valve-regulated device
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with double flow-focusing junctions was fabricated to integrate on-chip cell immobilization
and treatment with the generated, gelled single cell-laden alginate microdroplets.35 In another
study, water-in-oil-in-water double emulsions with encapsulating single cells were generated
in two sequential flow-focusing junctions (Figure 1-4B).36 These microdroplets were
subsequently anchored in an array of microchambers located downstream for at least one
week. This microfluidic setup allowed for the long-term treatment and in situ real-time
monitoring of the non-adherent cell behaviors and responses. Edd et al. proposed the method
to encapsulate a single cell into a monodisperse picolitre droplet using the microfluidic flowfocusing devices.37 Kim et al. introduced a new type of the flow-focusing device that can
enhance the cell viability via the rapid exchange of the oil phase.38 When cell-laden alginate
was crosslinked with calcified oleic acid, this toxic oleic acid was transformed into harmless
mineral oil, and then flushed out. They later introduced a three-dimensional flow-focusing
device to generate a core-shell microcapsule for an efficient cell spheroid formation, which
was achieved by adding a hillock to the device.39 Wu et al. presented an integrated device
with fluorescently activated sorting to increase the rate of single-cell encapsulation.40 This
device consisted of two segments: a flow-focusing component for generating droplets and a
cross-shaped hydrodynamic gating for sorting droplets. Hydrogel droplets were created in the
flow-focusing part, after which droplets carrying a single cell were detected at the
hydrodynamic gating part and isolated in the reservoir. 40 Capretto et al. reported the
formation and characterization of alginate/agarose microdroplets for the encapsulation of
Sertoli cells using a flow-focusing device.41 The cell viability and functional capability of
Sertoli cells encapsulated in microgels were high, demonstrating the effectiveness of such a
flow-focusing device for cell encapsulation. Allazetta et al. used a microfluidic flow-
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focusing device to synthesize PEG microgels. Different chemicals were added to the reactive
PEG to modify it with tethered biomolecules in order to adjust their bioactive properties and
employment with different stem cell types.42 Köster et al. fabricated a new microfluidic flowfocusing device that consolidates all functions into a chip including encapsulation, incubation
and manipulation of cells in a picodroplet. The development of integrated microfluidic cell
cytometers and sorters on the chip can further increase its functionality. 43

1.3

Applications for Cell-laden Microgels

1.3.1 3D Microscale Cell Culture

Figure 1-5. Overview of cell-laden microgels in various biomedical applications. Adapted with
permission from ref. 44.

3D cell culturing is one of the main applications of cell-laden microgels (Figure 1-5).
As reported by many previous studies45,46 and review articles,47–49 the 3D cell culture can
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mimic in vivo native tissues more accurately and is more suitable for enhancing cell
functionality. There have been many examples in previous literatures dedicated to use
hydrogel droplets as platforms for carrying out 3D cell culturing, including 3T3 fibroblasts
culturing in gelatin methacrylate hydrogel50 and in collagen-gelatin with controllable
mechanical properties,51 murine embryonic stem cells within alginate,25 and mesenchymal
stem cells within PEG.52 The droplet-based method has become well-accepted 3D cell
culturing platforms.53, 54 Due to the ease of droplet generation, cell-laden hydrogel droplets
have become one of the most popular building blocks for the rapid construction of desired
tissues.55
Utah et al. presented a method to crosslink the alginate-based droplet homogeneously
for 3D cell culturing.56 This provided a more uniform and highly controllable way to
polymerize droplets without any unintended gelation. Experimental results have shown the
cell viability of mesenchymal stem cells to be around 83% right after encapsulation.
Recently, microfluidics-assisted annealable 20 wt% GelMA beads (B-GelMA) were
fabricated to develop a microporous environment with decoupled porosity and stiffness for
promoting 3D cell adhesion, spreading and proliferation (Figure 1-6A-D).57 In this study,
microfluidically generated GelMA microgels were physically crosslinked at 4°C in cold
water, after which they were streamed to shape a scaffold structure and chemically annealed
later. This innovative approach reaps the advantage of the orthogonal thermos-chemical
responsivity of GelMA to decouple the effects of porosity and stiffness in 3D tissue
engineering applications. B-GelMA, as opposed to bulk GelMA of the same concentration,
exhibited remarkably high cell viability and fast 3D seeding. In a similar study, jammed
microgels were used as an ink for extrusion printing, with the aim of demonstrating an
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alternate approach for regular hydrogel-based 3D bioprinting (Figure 1-6E-G).26 This
approach could design tissues that can exhibit a range of properties through the individual
microgels (e.g., composition, size) and the mixing them together.

Figure 1-6. Cell-laden hydrogel droplets for 3D cell culture. (A) Schematic of GelMA
microbead generation in a flow-focusing microfluidic junction. (B) GelMA beads (BGelMA) scaffolds pore characterization. (C) Side view fluorescence images showing
on top three-dimensionally seeded HUVECs. Image dimensions ∼1550 μm×1550
μm×254 μm. (D) Representative fluorescent images of live/dead cell viability assay
of 3D encapsulated NIH/3T3 cells in 20% w/v B-GelMA scaffolds (live cells: green
and dead cells: red). Scale bar = 500 μm. Images (A - D) are adapted with
permission from ref. 57. (E) Jammed microgel ink fabrication. (i) Microdroplets
were generated on a flow-focusing microfluidic device. (ii) Suspended microgels
(left) that were then jammed through vacuum filtration into an extrudable solid ink
(right). Scale bars = 200 μm. (F) Extrusion-based printing of lattice structures with
the jammed microgel ink. (G) Representative fluorescence viability images of the 3D
cell-laden microgels (i) before and (ii) after jamming and extrusion. Scale bars = 200
μm. Images (E - G) are adapted with permission from ref. 26.
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Microgels could be composed of different materials including thermos-sensitive agarose,
photo-crosslinked PEG, and thiol-ene crosslinked hyaluronic acid. More importantly, the
jamming and printing processes have not affected the viability of encapsulated cells.
Crosslinking (wherein an additional crosslinker and photoinitiator were added) was done by
exposing to a UV light when further stabilization for inter particulate crosslinking was
needed.
Matsunaga et al. developed a rapid way to build millimeter-scale tissues via molding
cell-laden microgels.58 The cell-laden microgels were placed into a PDMS mold wherein
cells were either mono-cultured or co-cultured within the microgels for several days. After 17
hours, the cells were spread out, filled the space between the microgels, and formed a 3D
tissue structure. However, this method is not suitable for long-term culturing since the cells
fully fill the space between microgels, which results in a lack of room for nutrients and
oxygen supply. Due to the consequent insufficiency of oxygen and nutrients, cells positioned
within the inner parts of the tissue begin to die.59 A potential solution to resolve this problem
is to integrate a microvascular network with the droplets during the molding process. 60,61
This can be achieved by building microchannels for nutrition supply after the formation of
the microscale tissues.
In addition to tissue generation, the cell-laden hydrogel droplets can be utilized for
repairing damaged tissues.62–64 After generating and culturing cell-laden hydrogel droplets,
they were injected to fill the space of damaged tissues. The droplets ultimately fused with
nearby tissues and repaired the damaged area. Injectable cell-based therapy offers the
advantages of a patient-friendly procedure64 and high viability for the formation of largescale tissues.63 Chung et al. reported that mouse pre-adipocytes encapsulated in porous
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microgels were injected and the injected microgles exhibited histological features to native
adipose tissues within four-weeks.63 Studies also reported the ability of hydrogel microgels to
maintain and accommodate the differentiation of stem cell types.65 Neuronal differentiation
from cancer stem cells in alginate beads66 and neural stem cells in matrigel core-alginate
shells67 have been successfully demonstrated.

Figure 1-7. Stem cell-laden microspheres for osteogenic tissue engineering. (A) Schematic
diagrams of GelMA microgel fabrication and (B) osteogenesis of bone marrow stem
cell in GelMA microgels. (C) Pictures of co-axial flow microfluidic device, (D)
droplet generation process, (E) generated microdroplets in oil, and (F) crosslinked
microgels. Adapted with permission from ref. 68.

Mesenchymal stem cells (MSCs) are the most widely used stem cells to study
differentiation within microgels.69,70 Their differentiation potential into osteogenic,
adipogenic, myogenic, and chondrogenic pathways has been well documented, while being
encapsulated within various kinds of hydrogels, including a collagen–alginate composite,
hyaluronic acid, and alginate. Moreover, MSCs have also been used to promote osteogenic
differentiation by the inclusion and release of BMP-2 osteogenic growth factor (Figure
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1-7).68 Similarly, embryonic stem cells encapsulated in the microgels have also been
employed for a wider range of differentiation studies due to their inherent pluripotency.71–74
ESCs have been studied in the differentiation into hepatocytes, pancreatic cells, and
cardiomyocytes while being encapsulated within various hydrogel materials such as liquid
core–alginate shell, alginate, and PEG microgels.

1.3.2 Platforms for Studying Cellular Interactions

Figure 1-8. A platform for studying micro-environmental control. (A) A schematic of the setup
for the 3D fabrication of versatile spiral microarchitectures within microgels with
an airflow-assisted microfluidic nozzle. (B) A schematic illustrating the proportional
laminar extrusion of alginate solutions out from a microfluidic nozzle and the
applied tunable airflow for microdroplets designed rotation. (C) Pictures of a
spherical microgel and (D) rose-like microgel. (E) A fluorescence image of cocultured HUVECS and HMSCs in a spatially controlled spiral-based microspheroid
microenvironment. Images are adapted with permission from ref. 75.

One of the most important advantages of microfluidic droplet generation is the ease of
microenvironmental control.55 For this reason, hydrogel microgels are also widely used in
cell co-culturing systems to study cell-cell intraction.76 As shown in Figure 1-8, 3D
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fabrication of versatile spiral microarchitectures within microgels with an airflow-assisted
microfluidic nozzle has been reported.75 This method enabled to produce heterogeneous
microgels that carried different cell types in asymmetrically separated compartments of
controlled micro-tissues. Due to the laminar flow in microfluidics, adjacent different
solutions with distinct boundaries can flow in the microfluidic channel.77 Taking advantage
of this property, alginate pre-gel mixtures with or without cells were extruded to form an
droplet, while an accurately set airflow rotated the droplet and tuned originally parallel jets
inside the droplet to different arrangements as it grew. These microdroplets were then
immediately gelled in a CaCl2 solution. By controlling the fluidic parameters, the
microarchitecture inside and outside the microgels could be arranged on demand. In this
study, mesenchymal stem cells and human umbilical vein endothelial cells were co-cultured
in a complicated microenvironment of the microgels and subsequently the spatially
controlled osteogenesis and angiogenesis were realized.
Matsunaga et al. co-cultured different types of cells in collagen-based droplets and
screened their attachments and interactions.58 The various cell types were co-cultured,
including NIH 3T3 fibroblasts, primary neurons, human umbilical vein endothelial cells
(HUVECs), primary rat hepatocytes, as well as MIN6 pancreatic cells. One cell type was
encapsulated in collagen droplets, followed by the seeding of another type of cells on the
surface of the droplets. Towards the same objective, Tumarkin et al. presented a
comprehensive study of cell-cell and cell-biochemical interactions.78 In this study, factordependent cells (MBA2) and reactive blood progenitor cell lines (M07e) were encapsulated
together at different ratios. The viability of the M07e cells was regulated by the presence of
paracrine signals proportional to the MBA2 cell population since M07e cell viability was
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dependent on interleukin-3 (IL-3) which was generated by MBA-2 cells. Experimental
results showed that as the ratio M07e and MBA2 cells decreased, the cell viability increased
significantly. Shepherd et al. demonstrated a simple method to fabricate droplets containing
various chemicals.79 The focused laminar flow of different chemical compositions formed
droplets without mixing the co-flowing chemicals. This was achieved using low flow rates
and small channel dimensions.

Figure 1-9. A platform for studying cell-cell interactions. (A) Schematic of the microfluidicbased one-step fabrication of methylcellulose core–GelMA shell microgels. (B) A
photograph of the fabricated chip. (C) Bright-field and fluorescence microscopic
images of the co-cultured HUVECs and HepG2 cells at day 1. Scale bar = 100 μm.
(D) Comparative evaluation of the effect of co-culturing and mono-culturing
conditions on the urea synthesis of HepG2 cells at days 1, 3, 5, and 7. Images are
adapted with permission from ref. 27.
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The laminar stream flow was interrupted by the oil flow to form Janus-like droplets
(hemispherically distinct) with multiple-chemicals. These Janus droplets can be used to study
cell response to certain chemicals since such droplets simulate in vivo chemical and
mechanical anisotropies more accurately.55,79,80 More recently, Wang et al. demonstrated the
use of a flow-focusing microfluidic device for the one-step generation of methylcellulose
core–GelMA shell microgels (Figure 1-9).27 The encapsulated liver cells exhibited high
viability for 15 days, thus demonstrating the good biocompatibility of the system. The
microgels were then used to evaluate the co-culturing of HepG2 liver cells and HUVECs
vascular endothelial cells within the cores of the microgels. As shown in Figure 1-9D, the
level of urea production from hepatic cells in the co-culture system was found to be
significantly higher than from the same number of the hepatic cells in monoculture, which
expounds the role of cell-cell interactions.

1.4

Challenges in Microfluidic-based Microgel Fabrication

Microfluidic-based cell-laden microgels have become a high-throughput, highly tunable, and
cost-effective method for bottom-up biofabrication. Despite many exciting results being
realized, current microgels still have many limitations. A reasonable distribution of cells
among the generated microgels was not achieved, while it is important to have uniformity
and reproducibility in any subsequent applications.81–83 The cellular encapsulation process
causes high disturbance in the droplet generation process, affecting the monodispersity of the
microgels in a significant extent.81,84 Moreover, controlling cell encapsulation density is very
important to address the principal concerns for assembling macroscale tissues for the bottomup biofabrication approach. Since the cell-laden microgels are used as building blocks, the
number of cells per building blocks governs the total cell density in the resultant constructs. 9
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Cell-to-cell distance and cell density are crucial factors, which determine the structural and
functional characteristics of the engineered tissues. 44 Therefore, those factors are necessary to
be controlled by the number of encapsulated cells per microdroplet in a consistent and
reproducible manner. For example, about 220 billion cells are needed to construct a complete
human liver.44 Encapsulating more cells while maintaining both the size of cell-laden
microgels and their monodispersity is essential since that can dramatically increase the
biofabrication efficiency. However, most of the conventional microfluidic methods for
fabricating microgels require the non-efficient off-chip processes of either crosslinking
microgels or oil removal.
After the pre-gel droplets are generated in the microfluidic device, they are subjected to
crosslinking. Traditionally crosslinking of the droplets is done through one of two ways, onchip crosslinking and off-chip crosslinking. Off-chip gelation often involves a prolonged
exposure to UV that is harmful to the encapsulated cells and reduces cell viability.85 It is
known that the UV light radiation can induce DNA damage or carcinogenesis.86 In the
contrary, the on-chip approach is better in terms of productivity, ease of handling, and cell
viability.87 The most common on-chip crosslinking method is chemical crosslinking of
alginate hydrogels by adding ionic crosslinker through an additional inlet.44,88 Both hydrogels
and gelation methods are the major factor for determining further applications.44 Cells do not
adhere to alginate and the chemical gelation reaction may distort the droplets, negatively
affecting the uniformity of microgel shape.89 On-chip photocrosslinking with the UV light
was employed by applying high-intensity UV for a short time (tens of seconds). 87 However,
this process is affected by surrounding oxygen, which interacts with the free radicals of
photoinitiators to prolong the gelation time.
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Table 1-1. Summary and comparison of the on-chip microgels filtration strategies.

Filtration
Method
Fluid exchange
with the use of
filter blocks

Extraction
chamber with
the use of filter
blocks

Oil sacrificial
layer
employment

The interfacial
tension between
oil and
microparticles

Technique
Exchanging the oil
phase by infusing
the aqueous phase
through multiple
side channels while
the microgels are
retained by the filter
blocks.
The retained
microgels by the
filter blocks being
collected by sinking
into an aqueous
chamber
Applied a thin oil
layer around
microgels, which
dewet from the
microgel surface
when in contact
with an aqueous
solution
Microgels being
dragged into the
aqueous phase when
contacting a stable
oil-aqueous
interface by the
interfacial tension

Challenges
•
•

•
•

•
•

•
•
•

Refs.

Complex multiple inlets and outlets
channel configuration
High possibility to have clogging
problems due to 90˚ angle of the
washing phase inlet to the oil inlet and
the filter blocks
Unstable oil–aqueous interface

90

Additional fabrication of the aqueous
chamber (requiring two-step
lithography processes), increasing
fabrication difficulties
Possible clogging problems

91

The manual fabrication of the glass
capillary device limiting fabrication
throughput, parallelization, and
reproducibility of droplets
The oil layer preventing microdroplets
from gelation by the chemical agents
Require washing step in a separate offchip unit
The required conditions being
impractical as it demands the microgels
having a certain size and mechanical
stiffness under a stable oil-aqueous
interface with the limitation of
surfactant use

92

93

Another challenge in the microfluidic-based microgels fabrication is the oil filtration.
The traditional method to separate microgels from the oil phase is based on the several cycles
of centrifugation and washing with aqueous buffers.65,90,91,94 The high speed and long
duration of centrifugation required as compared to normal cell culturing. This process
significantly reduces the viability of the encapsulated cells and the yield of the produced
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droplets. In addition, the prolonged contact with the oil phase results in the reduction of cell
viability. To avoid theses problems, on-chip approaches, as summarized in Table 1-1, have
been recently developed to translocate the hydrogel microdroplets from the oil into an
aqueous phase. Among them, a filtration method uses an oil sacrificial layer that immediately
dewets from the microgel surface when it is in contact with an aqueous solution.65,92
However, the presence of oil layer prevented microdroplets from gelation by the chemical
crosslinking agents. Deng et al. developed a filtration method using the fluid exchange of the
oil phase with the aqueous phase by infusing through multiple side channels. 90 The presence
of filter gates helped to filter and to transfer the hydrogel microdroplets into the aqueous
phase separated from the oil phase. With another design by applying the same concept of
fluid exchange and filter gates, the droplets could also be collected in an aqueous solution
chamber.91 However, these methods could be applied either to only alginate hydrogel that
can be chemically crosslinked in the chip or to a separate filtration device. The addition of
another device can result in additional fabrication processes that increase fabrication
difficulties. With a simple channel device under specific conditions, the microgels could be
dragged into the aqueous phase when they were contacted to a stable oil-aqueous interface by
the interfacial tension force.93 However, the specific conditions are impractical in most cases
since the microgels have to be certain sizes with specific mechanical stiffness and under a
stable oil-aqueous interface with the limited use of the surfactant. All these approaches are
impractical, adversely affect cell viability, or increase the fabrication difficulties, requiring
new methods to be developed.

21

1.5

Materials for Bottom-up Biofabrication

1.5.1 Hydrogels for Biofabrication
Advances in biofabrication technologies for tissue regeneration require the development of
highly reproducible biomaterials that can be used to regenerate or replace injured tissues. 95,96
Hydrogels have been used extensively for a wide range of tissue engineering and
biofabrication applications in recent decades.97 Bioinks for 3D bioprinting are usually
hydrogel-based solutions that can encapsulate various cell-types and bioactive molecules.95,96
Hydrogels are hydrophilic polymeric networks that can absorb high volumes of water
without dissolving.98 Their porous nature, immense water-absorbing power (90% of their
weight), and tissue-like elastic property make it possible for cells to easily attach to them,
receive oxygen and nutrients, and grow.99,100 In addition, they are useful for the efficient
encapsulation of cells and growth factors applicable for the minimally invasive
transplantation.28,101,102 For these reasons, hydrogels have received considerable attention in
recent years for applications in tissue engineering as well as biofabrication.100,103
Hydrogels can broadly be classified as belonging to two categories; synthetic (initially
synthesized in the laboratory) and natural (obtained from natural resources). Both synthetic
and natural hydrogels are widely used because of their porous structure and good
biocompatibility.104 Natural hydrogels, can either be proteins (gelatin, collagen, and fibrin) or
polysaccharides (alginate, hyaluronic acid, Chilton and agarose) and form networks via
physical or ionic interactions. Whereas synthetic hydrogels consist mostly of polyethylene
glycol (PEG), polyacrylic acid (PAA), and polyvinyl alcohol (PVA), and are synthesized by
a radical chain or step-growth polymerization and therefore have covalent bonds as their
networking force.105,106 Hydrogels also display varying characteristics that depend on their
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polymerization method and the resulting structure. These, in turn also influence cellular
functions of encapsulated cells, such as growth, migration, and differentiation. Each
hydrogel-type possesses its own set of advantages and drawbacks. Natural hydrogels are
inherently biocompatible and promote many cellular functions. However, extra equipment is
often needed to extract them from biological tissues, which only yields limited volumes.
They also tend to lack in variety, while their usage remains limited to specific cells. Synthetic
hydrogels, in comparison, are highly reproducible and readily available. Moreover, their
composition can be tuned as needed for diverse cell lines, 107 and their protein absorption
tendency, limited.108 The most important advantage of synthetic hydrogels, however, is the
controllability of their mechanical properties and biochemical cues. 98,109
Crosslinking methods are essential for the gelation of both synthetic and natural
hydrogels and are dependent on hydrogel-type. For instance, photosensitive materials such as
methacrylated silk fibroin (Sil-MA), polyethylene glycol diacrylate (PEGDA), and gelatin
methacrylate (GelMA) are crosslinked via exposure to light (e.g., UV), 110–112 while thermally
sensitive materials (e.g., gelatin and agarose) solidify upon varying the temperature, 113 and
ion-based materials (e.g. alginate) are crosslinked via divalent ions (e.g., Ca2+). 114–116
Recently, high-throughput production of monodisperse bioactive polyethylene glycol
microgels applying a parallelized step emulsification technique was reported. 117 In this study,
the crosslinking of the microdroplets was initiated via the dissolved proton acceptors in the
oil phase, which ensured the uniform physicochemical properties of the generated microgels.
However, such a crosslinking reaction is lengthy and requires to be incubated overnight.
Moreover, in the study, cells were not encapsulated in 3D but seeded in a 2D orientation on
the surface of the already crosslinked microgels. The cell-bearing microgels were then
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covalently interconnected by an enzymatic reaction to construct a microporous scaffold
wherein the cells were observed to occupy the interstitial spaces in 3D.
Ideally, in tissue-engineered graft transplantations, hydrogels degrade over time as cells
replace the pre-existing structure with their own extracellular matrix. Natural hydrogels such
as collagen, gelatin, fibrin, and chitosan are biodegradable. However, it is possible to modify
non-degradable hydrogels such as PVA and PEG and render them degradable by adding
hydrolysable esters118 or peptide functionalities119 in the crosslinking agents. During the
degradation process, a hydrophilic backbone of the polymer chains is broken down by
enzymatic activity.120,121 As the gel breaks down, then again, the crosslinker protein is
digested.122 Through the course of the process, the hydrogel mass reduces and its mechanical
stability decreases. Consequently, the newly desired tissue then replaces the transplanted
cell-encapsulating

hydrogel.

Degradability

is,

therefore,

a

particularly

important

characteristic of hydrogels that must be studied before applying them for tissue engineering.

1.5.2 GelMA Hydrogel for Biofabrication
The selection of appropriate biomaterials is crucial for the realization of a realistic
microenvironment for cells where they can migrate, proliferate, and differentiate normally,
and subsequently form healthy tissues.123 The ideal biomaterial is biocompatible, displays
appropriate mechanical properties, and is manufactured through an efficient production
technique.124 GelMA is a photopolymerizable biomaterial that can be used along with
biocompatible photoinitiators at different wavelengths of light, including those comprising
visible light.125–129 This property has enabled the creation of photo-patterns with high
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fidelities, the fabrication of 3D microtissues, and the creation of 2D structures for in-vitro
cell studies.80,125,126,129,130

Figure 1-10. Conventional GelMA Production Methods

GelMA has been employed towards tissue engineering applications such as bone tissue
engineering,131 breast cancer treatment,132 3D biofabrication,133 corneal stromal tissue
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engineering,134 3D microtissue fabrication,135 and cartilage tissue repair.136 However, the
synthesis process for GelMA is not fully characterized and is hardly reproducible, leading to
high batch to batch variation. Furthermore, the process is time-consuming and highly
laborious.137,138 Contemporary synthesis processes last around 2 weeks, which is also a
significant reason as to why GelMA is quite expensive to obtain commercially at about CAD
270/g.137,139 In the commonly practiced GelMA synthesis methods (Figure 1-10), a gelatin
solution is prepared in either dimethyl sulfoxide (DMSO) or phosphate-buffered saline
(PBS).137,140 This is followed by the addition of either a 4 %V/V of glycidyl methacrylate to a
DMSO based mixture or 10% V/V of methacrylic anhydride to a PBS based one. It should be
noted that different combinations of reagents are used according to specific chemical and
physical compatibilities. For example, methacrylic anhydride is incompatible with DMSO in
the presence of dissolved gelatin whereas glycidyl methacrylate is only moderately soluble in
water.141
It takes longer for the reaction between glycidyl methacrylate and Gelatin in DMSO to
take place (2 days) as compared to the reaction between methacrylic anhydride and gelatin in
PBS (1-3 hours). This is mainly a result of the lower volume% of glycidyl methacrylate that
is used relative to the volume% used of methacrylic anhydride. After the reaction, the reacted
mixture is dialyzed against reverse osmosis (RO) water. The dialysis is conducted for about a
week at 40°C. Subsequently, the dried GelMA is obtained after freeze-drying the mixture for
several days. The dehydration step is also time-consuming and ensues high capital equipment
costs, which is a primary motivation in minimizing process times. 142
During GelMA synthesis, the gelatin backbone accepts the substituting methacryloyl
groups from the methacrylating agent on its amino acid residues' primary amines and active
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hydroxyl groups, as shown in Figure 1-11. Increasing the reaction volume of the glycidyl
methacrylate to the same level as methacrylic anhydride, while anticipating a comparable
reaction time to the PBS reaction mixture, is a challenge. To be stoichiometrically equivalent
to the volume% of methacrylic anhydride, it is required that the volume% of glycidyl
methacrylate be increased to 18% V/V (considering the densities, the molecular weights and
the fact that each mole of methacrylic anhydride gives 2 units of methacrylate while each
mole of glycidyl methacrylate gives only 1 unit). This very high-volume increase would
make the elimination of the glycidyl methacrylate more difficult by dialysis.

Figure 1-11. Schematic of the chemical reaction of gelatin and glycidyl methacrylate for
conjugating methacryloyl groups during GelMA synthesis.

Additionally, it would also mandate prolonged dialysis for purification, especially
when considering the moderate solubility of glycidyl methacrylate in water. This is
particularly important since the concentration of glycidyl methacrylate needed for the
methacrylation of one gram of gelatin is only around 1% V/V. Furthermore, the excess
amount of glycidyl methacrylate (3 - 17% V/V) that is used to speed the reaction will remain
in the solution mixture.143 On the other hand, methacrylic anhydride is more soluble in water
as compared to glycidyl methacrylate. Although using higher volumes of methacrylic
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anhydride makes it possible to perform the dialysis purification of the PBS solution mixture
within a week, it is known to be considerably toxic. It should be noted that performing the
dialysis at relatively warm temperatures (≃ 40°C) exposes the protein to degradation risk.137
Carrying out the dialysis at 35 to 40°C has been previously observed to result in a large
reduction of the reaction yield.144 This yield ranges widely from 18% to 72%, demonstrating
a large inconsistency. This is one of the major reasons for the poor reproducibility and the
high batch to batch variation that is observed in synthesized GelMA. As an alternative, the
dialysis process could be performed at 4°C to minimize degradation137, though; this may
entail operational difficulties and result in an extended dialysis time as diffusivity reduces at
lower temperatures. It can be inferred from above that the main hurdles preventing the
GelMA synthesis process from being time-efficient, economical and reproducible are,
therefore, the detoxification and dehydration steps.
Solvent precipitation is usually used to extract protein samples from aqueous solutions.
However, protein loss and hydrolysis are known to be inevitable consequences.145 For
example, the extraction efficiency for 6 out of 10 standard proteins has been observed to be
≤15%.146 In addition, because of the high polarity of water, high volumes of the organic
solvents are required to precipitate the hydrophilic proteins. Thus, this was found to be less
efficient on the basis of resulting in a high, and more importantly, reproducible yield, while
also requiring much higher volumes of the precipitating organic solvents. 144 More
considerably, the samples still required dialysis to get rid of the toxic by-products of the
reaction, which reduced the cost effectiveness of the process further. Moreover, if that
aqueous-based reaction solvent is a buffer solution (like PBS or bicarbonate buffer)
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purification is not entirely possible, as most of these buffer salts have very poor solubility in
organic solvents, which in turn mandates further dialysis after precipitation.
Freeze-drying (FD) and spray-drying (SD) are the most widely used drying methods
for protein solutions. Freeze-drying, also known as lyophilization, is the process of drying a
frozen solution by sublimating the solvent medium under appropriate temperatures and
pressures.147,148 The lyophilization is the method of choice for drying GelMA, as well as for
other materials, which are susceptible to inactivation or chemical degradation at temperatures
higher than ambient. Freeze drying is carried out at low temperatures, which minimizes
thermal decomposition in proteins. It is also possible to control the sterility and the
concentration of particulate contents levels by sterile filtering the solution directly, before
dispensing it into containers for storage. Although the process can be carried out without the
need for solid handling in subsequent steps, the freeze-drying process is relatively expensive
due to the long processing times (typically several days), high energy consumption, and the
high cost of equipment.142 The process also results in inadequate batch sizes limiting its
large-scale application. Freeze-drying is also well documented to cause batch-to-batch
variation and heterogeneity within batches, which is attributed to fluid-dynamics and
radiation.149–151 The optimization of a given freeze-drying process necessitates the
development of a suitable formulation, as well as the characterization of the heat and mass
transfer setup of the dryer and the container system.
Spray-drying is the process wherein a dry powder can be produced from a liquid
material solution through its atomization into a hot gas medium. The particle sizes of the
formed powder are distributed narrowly within the micron to submicron levels. Considering
the high production costs and long drying times of FD, SD could be considered a favorable
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alternative.152,153 It is remarkable that the efficiency per kilogram of material when freezedried is about 10 times lower than when spray dried.154 Therefore, in contrast to FD, SD
offers a higher throughput as a continuous process that is reproducible, scalable, and which
can produce powders suitable for direct processing without the need for milling or further
secondary processing.152,155 Despite the high temperatures that are applied, this dehydration
process does not cause any extensive thermal degradation, even for heat-sensitive materials,
due to the considerably short exposure times (seconds to milliseconds). However, for protein
solutions that are sensitive to heat, research in the food and pharmaceutical sciences have
demonstrated that thermal, and air interface-related stresses cause inactivation or
denaturation to a fraction of the spray-dried proteins.156–158 Usually, the yield of conventional
spray-dryers is low and irreproducible, ranging from 20 to 70%.159–161 This is mainly because
of powder loss witnessed in the drying chamber and the inability of the cyclone to collect the
very fine particles.162–164 Since a smaller amount of powder is lost in proportion to the total
volume produced under a large scale production, the scale of work is another factor that
determines yield.165,166 To surpass a yield of 70%, a thorough optimization of the formulation
and process parameters is mandated.167 There is also an emergent need for biomaterials that
are easy-to-handle and ready-to-use in a modified production system that does not involve
drying.

1.6

Motivation and Objectives

This thesis work is directed towards tackling the inefficiencies facing bottom-up tissue
engineering. The main modules of such a system that challenge its general productivity
include (i) the low-throughput generation of microgels in a microfluidic device, (ii) the
detoxification of the polymeric hydrogel material, and (iii) the necessary purification,
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sterilization, and dehydration steps. To efficiently produce microgels in a high-throughput
way, this thesis presents an integrated microfluidic device that combines the steps of
fabricating a microgel tissue construct on a chip. These production steps include the
generation of cell-laden hydrogel precursor droplets, microdroplet crosslinking, and the
separation of these microgels from oil. The integration of these three stages enables a highthroughput process that eliminates the need for handling the droplets off-chip. However, an
efficient production of a cost-effective and highly functional hydrogel is a remaining
challenge.
This moved us into a broader aspect that is common between nearly all biofabrication
techniques; the efficient development of applicable biomaterials. The base hydrogel material
for in this research is GelMA, which is sourced from gelatin obtained via hydrolysis from
collagen. Upon the addition of methacrylate groups, the gelatin become photocrosslinkable to
form a stable hydrogel. While collagen can be immunogenic, GelMA being a natural
hydrogel and a product of protein hydrolysis does not elicit an immune response and is nontoxic.168,169 Additionally, GelMA, unlike synthetic hydrogels and several natural ones, offers
binding sites for cellular attachment and proliferation. 168,170 Nonetheless, the typical GelMA
synthesis process is quite long and takes around 10 - 14 days to complete. The main hurdles
preventing the GelMA synthesis process from being time-efficient, economical, and
reproducible are the detoxification, sterilization, and dehydration steps. In addition,
conventional GelMA production methods display variable batch to batch yields.
Therefore, the objectives of this thesis to develop highly efficient biofabrication
methods for cell-laden gelatin methacryloyl hydrogels are:
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 Objective 1. To develop a stable continuous and integrated microfluidic platform for the

high-throughput fabrication of cell-laden microgels with a high and consistent cell viability.
This research aims to have a reasonable distribution of cells among monodisperse
microdroplets and to reduce the loss of generated droplets throughout the subsequent
fabrication steps. This is achieved by combining all production steps onto one chip that
integrates all required processes, from droplet generation in a flow-focusing microfluidic
junction, through on-chip photocrosslinking, to the separation of the droplets from the
continuous oil phase.

 Objective 2. To develop a new GelMA detoxification and collection method using the
integrated, rapid, high yield, and sterile GelMA synthesis. This new method eliminates the
dialysis-related variability in the properties of the hydrogel component and integrates the
sterilization step with the purification process. In this work, the method is also compared to
other well-established GelMA production techniques. The newly produced GelMA is
characterized by yield rate, chemical (degree of methacrylation), physical (microstructure,
mechanical properties, mass swelling ratio, and degradation), and biological (cell viability
and morphology analysis) properties. Nonetheless, the efficiency of the production process is
still affected by the mandatory drying step.

 Objective 3. To develop a dehydration-free efficient production process of biocompatible,
easy-to-handle, and ready-to-use GelMA prepolymer. This method leads to reduce the
production time more than 95% from 2 weeks in the conventional methods to 4 - 8 hours as
well as reduce the material costs around 90%. A rigorous investigation of various organic
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solvents is conducted for the selection of the most suitable agent for the dehydration-free
GelMA production process. We employed a tailored production method using toluene to
eliminate the labor-intensive and time-consuming drying step as well as the dialysis and
sterilization steps. The produced hydrogel exhibits high yield, adequate physical properties,
and high cell viability.

1.7

Thesis Structure

Chapter 1 briefly introduce the bottom-up biofabrication technologies as compared to topdown tissue engineering. Then, microfluidics-based techniques for fabrication of cell-laden
microgels as a major bottom-up biofabrication are reviewed. The various applications of cellladen microgels and the major challenges are also elaborated. In addition, this chapter
introduces biomaterials widely used in the biofabrication and especially focuses on GelMA
hydrogels and its synthesis process which requires to be improved for highly efficient
biofabrication process.
Chapter 2 describes the high-throughput generation of cell-laden GelMA microgels.
The design, simulation, and fabrication of the integrated microfluidic flow-focusing platform
for the on-chip fabrication and filtration of cell-laden microgels are elaborated. Approaches
for having a practical cellular distribution among the microdroplets without affecting its
monodispersity at various cellular seeding densities are discussed.
Chapter 3 presents the principals of the efficient detoxification process for GelMA
production. This chapter explains the process design concept of the combined ion pairing and
protein desolvation in a solvent medium of low polarity, and the necessitated backward
changes to the methacrylation reaction conditions.
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Chapter 4 illustrates the tailored dehydration-free GelMA hydrogel production method
using toluene. Factors considered for selecting the appropriate organic solvent are discussed.
The new GelMA synthesis strategy, the process, and the product characterization are
elaborated.
Finally, Chapter 5 concludes the thesis with the summary of the entire works, describes
the significance of contributions of this research, and suggests directions of future works.
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Chapter 2 : Integrated Microfluidic Fabrication Platform for Cell-laden Mirogels
This chapter presents the development of a stable continuous and integrated microfluidic
platform for the high-throughput fabrication of monodisperse cell-laden microgel droplets
with high and maintained cellular viability. This is through combining onto one chip all the
required processes from the droplet generation in a flow-focusing microfluidic junction
passing through on-chip photocrosslinking to the separation of the droplets from the
continuous oil phase. These approaches resulted in having a reasonable distribution of cells
among monodisperse microdroplets. Using this method of controlling cell encapsulation with
on-chip crosslinking and oil filtration, highly efficient cell-laden microgel production is
achieved. The presented integrated microfluidic platform can be a candidate for standard
cell-encapsulation experiments and other tissue engineering applications.

2.1

Hydrogel Synthesis

GelMA is synthesized following the protocol reported previously.171 Briefly, 5 g of gelatin
from the porcine skin was added to 50 ml of dimethyl sulfoxide (DMSO), and the solution
was stirred continuously at 50C until the gelatin completely dissolved. Subsequently, 0.3 g
of 4-dimethyl aminopyridine (DMAP) was slowly supplemented to the mixture to avoid
aggregation. Glycidyl methacrylate (2 ml) was then added dropwise to acquire proper
dispersion and prevent aggregation. The solution was stirred consistently at 500 rpm at 50C
for 48 hours. The mixture was later dialyzed against reverse osmosis (RO) water using a
dialysis membrane (MWCO: 12-14 kDa, Spectrum Labs, Rancho Dominguez, CA, USA).
The dialysis was conducted for 5 days at 40C with a stirring speed of around 400 rpm, the
water was changed twice a day. The synthesized GelMA solution was frozen, and the freeze-
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dried product was then obtained via lyophilization for 3 days. The Dried GelMA is then
stored at -20oC until further use. All materials were purchased from Sigma-Aldrich (St.
Louis, MO, USA) unless otherwise specified.

Figure 2-1. Integrated high-throughput microfluidic platform. (A) Schematic of the integrated
microfluidics platforms for the generation, crosslinking, and filtration of cell-laden
GelMA microgels. The platform consists of three main functional parts—a flowfocusing junction for droplet generation, an on-chip photocrosslinking chamber,
and a hydrodynamic filter for filtering oil. (B) Photograph of the microfabricated
device.

2.2

Design Optimization of the Microfluidic Device

Figure 2-1 shows an overview of the integrated microgel fabrication device and platform.
The detailed layout and dimension of the device are also shown in Figure 2-2. The device
consists of three main functional parts—a flow-focusing junction for droplet generation, an
on-chip photocrosslinking chamber, and a hydrodynamic filter unit for filtering oil. A flow36

focusing nozzle is used for droplet generation and cell encapsulation. The 300 μm channel
height of the device is designed for the stable generation of highly monodisperse hydrogel
microdroplets with 250 μm in diameter. With this design, the stability of the droplet
generation is maintained with the completely spherical shape of the droplets rather than the
squeezed shape possibly in the short channel. The tall channel height coupled with a
minimum channel width of 250 μm (at the flow-focusing nozzle), which is required for the
designed microdroplet size, enabled the generated microdroplets not to contact with the
channel walls. It also prevents the microdroplets from the friction to the walls that often
causes merging droplets to form bigger droplets than the channel height.

Figure 2-2. Detailed dimensional layout of the integrated microfluidic platform (unit: mm).

The microdroplets then pass through the crosslinking chamber where they are
irradiated with a 405 nm wavelength laser beam (100 mW) for around 30 to 50 seconds. The
laser diode was placed 7 cm above the microfluidic device to form a spot size of 5 mm in
diameter. To provide enough crosslinking time of the microdroplets within the laser spot, we
adopted a diamond-shaped crosslinking chamber design.172 Design parameters of the
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chamber, such as lengths of diagonal and each side, were optimized by COMSOL
Multiphysics software (COMSOL Inc., Burlington, MA, USA) to obtain sufficient travel
time of the GelMA microdroplets from entering to exiting the crosslinking chamber (Figure
2-3). The device design configurations with different dimensions were designed in
Solidworks. The 3D parts were created based on the height of the channels. The extension of
the parts should be “x.t” or Parasolid to be importable to COMSOL software. The design was
imported into COMSOL using import function in the GUI. For performing the simulation
Creeping Flow was used. The inlet’s and outlet’s faces were selected and the condition for
walls was selected as no slip. The mesh was generated automatically using COMOSL
physics control mesh generator. The quality of mesh was then checked to be in the software.
Average mesh quality was around 0.06 which is in the acceptable range based on COMSOL
Manual. The creeping flow simulation was simulated in stationary to mimic the real case of
the device. To study the droplets movement, “Particle tracing for fluid flow” package was
used. The same inlet and outlet were selected. To simulate the droplets more like the real
case “Drag force” was added to the domain. The computational simulations were done in
time-dependent to check the droplet movement in different time sequences.
The obtained travel times with the 7 mm × 7 mm crosslinking chamber were 67 - 105
seconds based on the different flow rates. After laser illumination at the crosslinking
chamber, the droplets pass through the serpentine channels to allow for sufficient time for
complete gelation via the crosslinking chain reaction. The serpentine channels are designed
to have enough length that gives the droplets around 90 seconds after exposure to the laser
and before entering the filtration unit.
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Figure 2-3. Computational simulation results of hydrogel droplets generation and crosslinking.
(A) GelMA prepolymer droplet generation at the flow-focusing cross junction (the
color bar specifies the volume fraction of the dispersed phase). (B-D) Travel time
estimation in the on-chip photocrosslinking chamber (diamond shape) with a laser
beam spot (circular area). Droplets enter the crosslinking chamber (B), travel
through the area of laser spot (C), and leave the crosslinking chamber (D).

The droplets are then separated from the oil and suspended in an aqueous washing
buffer solution (1.25% v/v of a water-based surfactant (Tween® 80, Sigma-Aldrich, St.
Louis, MO, USA) in PBS) in the filtration unit of the device. The filter micropost design is
adopted from the previous study.173 The microposts are 200X200 μm squares with a 100 μm
gap between each post that prevents microgels from passing through. The microposts are
arrayed at an angle of 1˚ to the flow direction. This low angle helps the microgels move
parallel to the flow direction of the oil and washing buffer smoothly, minimizing turbulence
possibly caused by the hindrance of the microposts. Design parameters of the filter unit were
optimized by COMSOL (Figure 2-4). Both the microposts and the addition of a water-based
surfactant in the washing buffer enable smooth separation of the microdroplets from the oil.
The filter unit channel is designed to be three times wider (1.5 mm) than the input channels
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(0.5 mm) to reduce the oil flow rate and be able to gently separate the soft microgels without
affecting their integrity.

Figure 2-4. Computational simulation results of the flow within the filter unit.

2.3

Device Fabrication and Experimental Setup

Molds to form microfluidic channels were fabricated using a photolithographic technique in
a class 100 cleanroom facility. A SU-8 2025 negative photoresist layer was spin-coated on a
washed silicon wafer at 1000 rpm/sec for 30 seconds. The wafer was baked at 65°C for 5 min
and then at 95°C for 10 min to remove the solvent. Spin coating and the two-step baking
procedure was repeated twice to get microfluidic channels, 300 μm in height. A photomask
with the desired patterns was then aligned on top of the wafer. Expose the wafer to UV light
at 365 nm and intensity of 11 mW/cm2 for 40 seconds. Bake directly after exposure for 10
min at 95 °C. Immerse in a SU-8 developer for 12 minutes to remove unreacted photoresist.
Soft lithography replica molding techniques were used to produce the microchannels. After
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mixing thoroughly 10:1 polydimethylsiloxane (PDMS, SYLGARD 184, Ellsworth
Adhesives Canada, Stoney Creek, ON, Canada) to curing agent mixture was poured over the
mold in a petri dish. It was then placed in a vacuum desiccator to remove bubbles. The mold
was put in an oven at 70°C for three hours to cure the PDMS. The PDMS was then peeled
from the mold. Tubing holes for the inlets and outlets of the device were punched. The
PDMS substrate and a glass slide were exposed to oxygen plasma for 1 minute using an
oxygen plasma treatment machine and then attached together. The microfluidic device was
then placed in an oven at 70oC for 5 hours.
The experimental set-up was placed on the stage of an inverted optical microscope to
monitor the microdroplet generation (Figure 2-5). The aqueous dispersed phase consisted of
PBS mixed with 7.5 % w/v GelMA prepolymer and 2% w/v photoinitiator (VA-086, Wako
Chemicals USA, Inc., Richmond, VA, USA). The oil phase consisted of light mineral oil
enriched with 20% v/v oil-based surfactant (Span® 80, Sigma-Aldrich, St. Louis, MO, USA)
to prevent droplets from merging in the crosslinking chamber. The flow rate of GelMA
polymer solution was kept constant at 1.12 μL/min while the flow rate of the oil phase was
varied from 9 to 12 μL/min, resulting in GelMA microsphere droplets with diameters around
250 μm. The flow rate of the aqueous washing buffer solution was maintained at 150 μL/min
in parallel to the oil flow.
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Figure 2-5. The entire experimental system setup built around a microscope.

2.4

Fabrication of Cell-laden Microdroplets

For cell encapsulation, NIH 3T3 fibroblasts were trypsinized from the cell culture flasks.
Before mixing with the GelMA prepolymer solution, cells were treated with 1% bovine
serum albumin (BSA) solution in PBS for 45 minutes with continuous swirling to avoid
cellular aggregation. Four cell encapsulation densities (2.5×106, 5×106, 10×106, and 20×106
cells/ml) were used. Microdroplets were generated at the flow-focusing junction of the
microfluidic device. The aqueous phase (PBS solution of 7.5 % GelMA prepolymer
supplemented with 2% w/v VA-086 photoinitiator) and the oil phase (20% w/v Span 80
surfactant in mineral oil) were injected into the inlets of the microfluidic device via plastic
tubing connected to the syringe pumps that are controlling the flow rates and the droplets
size. A magnetic mixer was applied to the aqueous phase syringe. As a control group
experiment, we collected cell-laden microgels in oil without filtration and then removed the
oil by using the centrifugation method (4500 rpm for 5 min). We did the centrifugation
multiple times until the oil was completely removed from the microgels.
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2.5

Biocompatibility Assessment

After incubation for 1, 3, and 5 days, the viability of the cells inside the microdroplets was
examined using the live/dead cell viability assay (Biotium, Fremont, CA, USA) containing
the fluorescent dyes, calcein-AM (green) and ethidium homodimer-1 (red). As per the
manufacturer’s instructions, encapsulated cells were washed twice with PBS. Cells were then
stained by the dye solution after incubation in the dark for 20 minutes at 37 °C. Greenfluorescent live cells and red-fluorescent dead cells were imaged by using an inverted
fluorescent microscope (Axio Observer 7, Carl Zeiss Canada Ltd., Toronto, ON, Canada).
The obtained images of live and dead cells were quantified by using ImageJ software (NIH,
Bethesda, MD, USA). Cell viability was measured as the ratio of live cells to the total
number of cells.
Staining of the cell nucleus and the F-actin was done on day 5 using DAPI and
phalloidin, respectively. After one wash with PBS, cells were fixed using 3.7%
paraformaldehyde for 20 minutes, washed with PBS again, and then permeabilized by
submersion in 0.1% Triton X-100 solution (VWR, Radnor, PA, USA) for 5 minutes. 1 ml of
100 nM solution of Phalloidin 488 (Cytoskeleton, Denver, CO, USA) was added, and the
samples were incubated at room temperature, in the dark, for 45 minutes. The samples were
then washed with PBS. A few drops of the DAPI (Fluoroshield with DAPI) mounting media
were added. The fluorescent images were immediately taken with a fluorescence microscope.
One-way analysis of variance (ANOVA analysis) function in Microsoft Excel was used
to analyze the data. The results were expressed as average + standard deviation, and
statistical signiﬁcance was accepted at p <0.05.
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2.6

Microgel Fabrication and Filtration

The dispersed phase of GelMA prepolymer microdroplets were generated in the continuous
oil phase on the flow-focusing microfluidic junction part of the platform (Figure 2-6A). The
250 m droplets were stably generated with a completely spherical shape rather than the
squeezed shape. The shape of droplets becomes spherical due to the surface tension as long
as the size of droplets is maintained smaller than the width and height of channels and thus
the droplets are not squeezed. In addition, the generated droplets were not contacted with the
channel wall and prevented from merging. This also allowed the droplets to be completely
surrounded by mineral oil and away from the oxygen permeable PDMS channel wall during
crosslinking. Thus, the generated free radicals for the photoinitiation process were only used
for fast crosslinking reactions rather than reacting with the oxygen which delays the duration
of crosslinking process. Also, the tall channel height slowed down droplet moving speed to
have enough exposure time of the droplets under the laser beam for secure crosslinking. The
GelMA concentrations are usually between the minimum concentration of 4% w/v for
hydrogel formation and the maximum concentration of 10% w/v for promoting cell
spreading and proliferation within the microgels. We chose the GelMA concentration of
7.5% w/v by considering reliable manufacturability and biofunctionality to enhance the
integrity of microgels with cell growth and proliferation.
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Figure 2-6. Representative micrograph pictures for generating GelMA microdroplets. (A) Flow
focusing junction for generating cell-laden microdroplets. (B) Photocrosslinking
chamber with the crosslinked microgels moving toward the outlet after exposure to
a laser beam. (C) Images show the railing microposts help microgels to pass the
interface between the oil and aqueous buffer in the presence of surfactant. (D) An
image shows that microgels are accumulated due to the inability to cross the
interface between the oil and aqueous buffer in the absence of surfactant. (E) An
image shows the end of the angled filter microposts array with the outlet fork to
separate the microgel collection outlet from the oil waste outlet. (F) An image shows
the instability of droplet generation due to cell aggregation in the absence of BSA
and a cell mixer in the syringe. Scale bars = 200 μm.

Flow rates of the aqueous prepolymer phase and the continuous oil phase were both
important in regulating the microdroplet generation process. Thus, the flow rate of 1.12
μL/min for GelMA prepolymer and flow rate of 9 to 12 μL/min for mineral oil were
maintained throughout the entire experiment to stably generate the droplet size of 250 μm in
diameter throughout the different cell encapsulation concentrations as shown in Figure 2-6B.
The droplet generation without fluctuation helped to keep the cell distribution across the
GelMA microgels stable and constant. The crosslinking chamber as shown in Figure 2-6B,
also plays an important role in fabricating monodisperse and reliable microgels. To provide
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enough crosslinking time of the microdroplets within the laser spot, we adopted a diamondshaped crosslinking chamber design.172 In addition, one of the factors possibly affecting the
crosslinking time is the PDMS thickness of the device as the laser intensity passing through
the PDMS is decreased, and hence the crosslinking time is increased as shown in Figure 2-7.
Incomplete crosslinking makes microgels much softer and squeezed into the gaps between
the filter posts or damaged while passing the interface between the oil and the aqueous
washing buffer in the downstream filtration unit. As the device was fabricated with 3.5 mm
thick PDMS, both computational simulation and experimental results demonstrated that the
crosslinking chamber allowed enough time for crosslinking microgels through the thickness
of the PDMS.

Figure 2-7. GelMA crosslinking time under different thicknesses of PDMS pieces.

The photoinitiator, VA-086, used in this research has an absorption peak of 385 nm,
which is close to the wavelength of the laser diode.174 This permits the initiation of
crosslinking via visible light range with a relatively short crosslinking time (< 20 sec),
avoiding the usage of harmful UV light. Concentrations up to 1.5% w/v were widely tested
and proven to be biocompatible.175–177 However, we found that 1.5% was not enough to
completely crosslink GelMA microgels, resulting in that the microgels were escaped through
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the filter microposts or dissolved in the washing buffer while transiting from oil the phase.
This is due to that in microscale the inhibition effect of crosslinking chain reaction due to the
existence of oxygen is more critical.178,179 This happens even in the enclosed microfluidic
chamber because of the oxygen permeability of the PDMS.180,181 Therefore, we have used
the concentration of 2% w/v to ensure full crosslinking of the microgels. VA-086 is known to
be more biocompatible than other commonly used photoinitiators in tissue engineering. 176,182
However, it was previously reported that VA-086-based photocrosslinking process in a
macroscale level generates nitrogen gas bubbles within the hydrogels, which makes it
unfavorable for tissue engineering applications.127 This does not happen on the microscale
since the small droplet size allows the gas to rapidly diffuse out, preventing the formation of
bubbles (Figure 2-6B). It is also worth noting that the laser diode is also much more costeffective light source than the high-intensity UV light, which is widely used in tissue
engineering.
Figure 2-6C shows the transfer of the microdroplets from the oil phase to the aqueous
washing buffer phase in the presence of tween 80, while Figure 2-6D shows the
accumulation of microdroplets in the oil phase due to the absence of tween 80 in the washing
buffer. The low angle (1) of the arrayed micropost rail to the filter channel helps the
microgels move parallel to the flow direction of the oil and washing buffer smoothly,
minimizing turbulence possibly caused by the hindrance of the microposts. Both the
microposts and the addition of a water-based surfactant in the washing buffer enable smooth
separation of the microdroplets from the oil. The water-based surfactant reduced the
interfacial tension between the oil and the aqueous washing buffer phases. Tween 80 was
selected due to its proven biocompatibility with many cell types for up to 24 hours of
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contact.183,184 An effective flow rate (150 μL/min) of the washing buffer was determined by
the flow rate and the viscosity of the coming oil phase at the entrance of the filter unit, and
the viscosity of the washing buffer phase. Considering these factors, the filter unit was
designed to be three times wider (1.5 mm) than the input channels (0.5 mm) to reduce the oil
flow rate and be able to gently separate the soft hydrogel microdroplets without affecting
their integrity. Figure 2-6E shows the complete separation of the microdroplets in the
aqueous washing buffer phase from the oil phase, which goes to the waste outlet at the exit of
the filter unit. To confirm complete oil removal, we collect the droplets in a petri dish and
check under the microscope. If the oil is not completely removed, we are able to see that the
solution containing droplets is cloudy and then we wash the collected droplets on a cell
strainer (mesh size of 75 m) using the washing buffer for three times. Without filtration, oil
removal manually is impossible, and thus the centrifugation is mandatory.

2.7

Cell Encapsulation and Biocompatibility Assessment

Cells tend to agglomerate together forming clumps, resulting in a larger size droplet and
encapsulating a larger number of cells in a droplet than others. The fabricated microgels
around 250 m in diameter were chosen to be optimum for encapsulating enough cells to
promote cell-cell communication. In addition, 250 m is the size of droplets that is easily
generated with the current flow-focusing nozzle design (250 μm width and 300 μm height).
On the one hand, bigger droplets are squeezed by the channel walls, which affects the
stability of droplet generation process. To fabricate the devices with the wider and taller
nozzle and channel, microfabrication process becomes more complex and challenging. On
the other hand, generating smaller droplets requires higher flow rate of the oil phase, which
subsequently affects all the downstream processes (i.e., photocrosslinking and oil filtration)
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and causes insufficient crosslinking and filtering microgels. With smaller droplets, less
number of cells are encapsulated, which makes cell proliferation delayed. Moreover,
microscale tissues are also beneficial for easy oxygen exchange of the encapsulated cells
from surrounding environments, enhancing long-term cell viability and proliferation.
However, cell encapsulation during the microdroplet generation process causes the instability
and inconsistency of droplet generation motion, leading to heterogeneous droplet size and
non-uniform cell distribution. Since cell-laden microgels are often employed as building
blocks for fabricating macroscale tissues, the number of cells per a building block governs
the total cell density in the resultant constructs.185 The cell density and cell-to-cell distance
are crucial factors to determine the structural and functional characteristics of the engineered
tissues.44 All these considerations are necessary to control the number and uniformity of
encapsulated cells per microdroplet with consistent and reproducible results. By treating
BSA for cells and adding a magnetic mixer setup on the platform as shown in Figure 2-5, we
could fabricate monodisperse microgels with a uniform number of cell distribution.
As shown in Figure 2-8A, the platform was tested with 4 different cell concentrations
(2.5×106 cells/ml, 5×106 cells/ml, 10×106 cells/ml, and 20×106 cells/ml) mixed the GelMA
prepolymer solution. Highly controllable cell encapsulation with the desired number of cells
per microdroplet was demonstrated without affecting the stability of the droplet generation
process and with a monodispersity of the microdroplet size (Figure 2-8B and C).
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Figure 2-8. Characterization of the fabricated cell-laden microdroplets. (A) Micrographic
images of the cell-laden microgels with different cell concentrations on day 1
demonstrate that the numbers of encapsulated cells are controllable in accordance
with cell concentrations. Scale bar = 250 μm. (B) Plots show that around 80% of the
fabricated microgels are in the same size range for each cell concentration. (C) A
plot represents the average number of cells/microgel with different cell
concentrations.

As shown in Figure 2-9, with the 2.5×106 cells/ml concentrations, cells needed 7 days
for elongation, while the cells with the other 3 concentrations were elongated and formed 3D
networks within 5 days. The lower cell concentration required a longer time for cell
attachment and elongation due to the lack of cell-cell interactions. For encapsulating cells in
microgels, there is a temporary loss of cell-cell contact and cell-matrix interactions during
and after the droplet generation process since the cells are suspended in the hydrogel
prepolymer solution. As a result, the cells maintain their round shape within the microgels
for the first few days after encapsulation. During culturing, the cells are elongated to re50

establish attachment on the matrix and reform the cell-cell 3D networks in accordance with
the degradation of hydrogels. The cells that were not elongated within a few days would lack
essential cell-cell and cell-matrix signaling, and lose their functionality, resulting in dedifferentiation or anoikis.44 Therefore, controlling the number of encapsulated cells per
microdroplet with consistent and reproducible results is necessary.

Figure 2-9. Micrographic images of representative microgels per each concentration show the
effect of the initial cell encapsulation concentration on the required time for the cell
spreading and proliferation. Scale bar = 50 μm.

We found that 20×106 cells/ml was the best concentration as it allows the greatest
number of cells to be encapsulated in a 250 m droplet without affecting the crosslinkability
of GelMA hydrogel. Encapsulating more cells, while maintaining both the cell-laden
microdroplet size and its monodispersity, is necessary to increase the efficiency of
fabricating cell-laden microgels. Although the higher the cell concentration is, the more the
cells are encapsulated in a droplet; this is limited by the cell to hydrogel ratio for effective
crosslinking to maintain the integrity of cell-laden microgels.
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Figure 2-10. Live/dead cell viability assay results for the on-chip filtration of cell-laden GelMA
microgels with 4 different cell concentrations vs. the off-chip oil filtration with the
concentration of 5×106 cells/ml at day 1. (A) Representative fluorescent, phase
contrast, and merged images of live/dead assayed samples (live cells: green and
dead cells: red). Scale bar = 100 μm. (B) Cell viability quantification data at day 1
shows that the cell viability of off-chip oil filtration is significantly lower than the
on-chip filtration. *p<0.05.
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Figure 2-11. Live/dead cell viability assay results for the on-chip filtration of cell-laden GelMA
microgels with 4 different cell concentrations vs. the off-chip oil filtration with the
concentration of 5×106 cells/ml at day 5. (A) Representative fluorescent, phase
contrast, and merged images of live/dead assayed samples (live cells: green and
dead cells: red). Scale bar = 100 μm. (B) Cell viability quantification data at day 5
shows that the cell viability is maintained for five days. *p<0.05.

As shown in Figure 2-10 and 2-11, the cell viability was around 85% for day 1 (Figure
2-10) and was maintained for 5 days (Figure 2-11), demonstrating the high cytocompatibility
of the platform. The viability is the combined result of cell proliferation, cell migration from
the microspheres, and cell death. A control group of the cell-laden microdroplets using cycles
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of centrifugation and washing was also tested to examine the effect of the off-chip separation
and washing method. The cell viability at day 1 and day 5 was around 60%, which was
significantly lower than droplets filtered from the on-chip filter unit. The fabricated cellladen GelMA microdroplets with high viability demonstrated that the developed microfluidic
platform is suitable for the in vitro fabrication of injectable microtissues with highthroughput.

Figure 2-12. Immunostaining of cells encapsulated in GelMA microgels at day 5. Fluorescent
microscopy images of (A) nucleolus labeled by DAPI (blue) and (B) actin labeled
by phalloidin (green), respectively. (C) Phase-contrast image of the same microgels.
(D) Combined image showing both nuclei and actin. (E) 3D constructed image of
cells in the microgels. Scale bar = 50 μm.

In addition to the cell viability, the ability of spreading, proliferating, and migrating are
known to determine the biocompatibility of the microgels for tissue engineering
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applications.186 Therefor, cell morphology and 3D tissue network structures were
investigated using F-actin and nucleolus staining. Figure 2-12 shows that the cells were
integrated well with the GelMA hydrogel microstructure and exhibited a characteristic
polarized, polygonal morphology. Cells spread and proliferated inside the microgels over the
culturing period, having the cell concentration increased gradually as shown in Figure 2-13.
In addition, the degradability of the microgels is directly related to the number of
encapsulated cells and their proliferation, as cells secrete protease enzymes for degrading
GelMA at the metalloproteinase active sites168,169 rather than the crosslinkability of the
microgels. As microgels degrade, the cells are able to form their 3D network to actively
communicate together. The average time for full droplet degradation was around 11 days.
Cells that cannot establish these networks may undergo apoptosis after certain time. Based
on our observations, for the 2.5×106 cells/ml, the microgels required around 2 weeks for
complete degradation. On the other hand, for the 3 other concentrations (5×10 6 cells/ml,
10×106 cells/ml, and 20×106 cells/ml), it took around 10 days for them to be completely
degraded. As the GelMA hydrogel degraded, the cells migrated from the interior of the
microgels to the surrounding tissue culture plastic surface, demonstrating that the cell-laden
microgels were able to fuse into surrounding tissues after implantation as shown in Figure
2-14. Many cells migrated to the boundary of the microgels on day 8 and that the big number
of growing cells could reach confluency on a petri dish on day 10. This is a central
precondition for the active participation of cells in any regeneration activity and demonstrates
that the produced microenvironment is suitable and sufficient for the cells to preserve their
innate characteristics.
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Figure 2-13. A plot to show cell concentration changes in microgels with different cell seeding
densities in GelMA on day 1and day 5.

Figure 2-14. Cell migration study shows that the cells migrated out from microgels to the
surrounding area on the tissue culture plastic over time and confluent for ten days
of culturing. Scale bar = 100 μm.

The effect of GelMA concentration on cell spreading was also investigated. With the
same initial concentration of 10×106 cells/ml, 7.5% w/v and 10% w/v GelMA prepolymer
solutions were used to fabricate cell-laden microgels. Figure 2-15 shows that after 5 days of
culture, the cells encapsulated in the 7.5% w/v GelMA show noticeably greater elongation
and proliferation than 10% w/v GelMA. This is possibly due to the smaller pore size and
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lower degradation rate of 10% GelMA than 7.5%. In summary, the analyses of cell viability
and 3D tissue structure demonstrates that the developed platform is capable of producing
cell-laden GelMA microgels with high functionality. The microgels can actively contribute
to the process of tissue regeneration. This result can be attributed to the combined approaches
of the on-chip photocrosslinking with the cell-compatible laser beam and the on-chip oil
filtration unit using the biocompatible washing buffer, which enable cells to minimize
contact time with the oil phase and avoid excessive centrifugation after fabrication.

Figure 2-15. Effect of GelMA concentration on cell spreading within the microgels.
Representative fluorescent images of immunostained cell nuclei and actin with (A)
7.5% w/v GelMA microgel and (B) 10% w/v GelMA microgel. Scale bar = 50 μm.
Cells are more spread out in 7.5% w/v GelMA to form a 3D network.

Therefore, there are two main advantages of the integrated microfluidic device to
fabricate cell-laden microgels. First, integrating the off-chip handling steps into a single step
could provide high practical efficiency and low operational difficulty. This is because
multiple manipulation steps induce the loss of many fabricated microgels and the reduced
cell viability (as proven by the control group experiment and previously reported in

90,91,94

).

Second, the device enabled us to encapsulate cells in microdroplets without causing any
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turbulence and fabricate monodisperse cell-laden microgels with high cell viability. This is
coupled with the encapsulation of a high, well-distributed number of viable cells.

2.8

Summary

In this chapter, cell-laden hydrogel droplet generation with a continuous high-throughput was
established with a practical cellular distribution among uniformly sized microgel droplets
over 4 different cellular encapsulation densities. This is by applying the approaches of having
enough channels’ height, pre-treating the cells with BSA, and applying the magnetic mixer in
the dispersed phase. On-chip manipulation strategies, photocrosslinking and removal of
carrier oil were successfully integrated into the microfluidic device improving the quality of
hydrogel microcapsules and the encapsulated cells’ viability. Up to our knowledge, this is the
first study to integrate all the fabrication steps into a single chip. The synthesized microgels
provide a good platform for 3D in vitro cell culture. Their miniaturized homogeneous size
across different cell seeding densities and controllable structures enable them for success in
vitro cell culture. Numerous cellular activities, such as cell growth, proliferation, and cell
interaction, have been shown. The analyses of cell viability and 3D tissue structure
demonstrate that the developed platform is capable of producing cell-laden GelMA microgels
with high utility that can actively contribute to the process of tissue engineering. This can be
attributed to the combined approaches of the on-chip fast photocrosslinking with the cellcompatible visible wavelength of the laser beam, and the on-chip oil filtration unit using a
biocompatible washing buffer to minimize the contact time of cells with the oil phase to
avoid excessive centrifugation after fabrication. This technology holds the promise for
widespread applications in tissue engineering with enhancements in overall efficiency.
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Chapter 3 : Rapid, High Yield, and Sterilized Synthesis of GelMA
The development of well-performing, sterile, and reproducible hydrogels is in great demand,
especially due to recent advances in biofabrication of living tissues. Due to their
biocompatibility, biodegradability, and porosity, gelatin methacryloyl (GelMA) hydrogels
have been widely used in various biofabrication applications. However, the synthesis process
for GelMA remains uncharacterized and displays high batch-to-batch variation. Moreover,
the process is highly time-consuming and lasts up to 2 weeks and produces a small yield.
Contemporary synthesis methods make use of toxic reagents like glycidyl methacrylate
(GMA) and methacrylic anhydride (MAA) that require lengthy dialysis purification to be
eliminated. In this chapter, we present our method for successfully synthesizing high-quality
GelMA, which was achieved by employing a combined approach consisting of ion-pairing
and desolvation in an aprotic solvent medium of low relative permittivity. It is also worth
mentioning that the process was accomplished within a few hours and did not require the use
of excess organic solvents. This rapid, scalable, sterile, and high-yield process is a candidate
for being the standard GelMA synthesis process and could be of great benefit to studies and
applications in regenerative medicine, tissue engineering, and 3D cell culturing.

3.1

Materials and Methods

3.1.1 GelMA Synthesis
GelMA hydrogel synthesis was carried out based on 4 different protocols. The conventional
dialysis based GelMA was synthesized as described previously. 137,140Briefly, a 10% W/V
gelatin solution was prepared in either one of dimethyl sulfoxide (DMSO), or phosphatebuffered saline (PBS) at 50 °C and stirred. 0.6 %W/V of 4-dimethylaminopyridine (d-map)
was then added gradually as a catalyst, only to the gelatin solution in DMSO and not to the
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PBS solution. Finally, 4 %V/V of glycidyl methacrylate (GMA) was added to the mixture
containing DMSO, while 10% V/V of methacrylic anhydride (MAA) was added to the
mixture with PBS, in a dropwise manner. The DMSO mixture was stirred for 48 hours at 50
°C, while the PBS mixture was stirred for 1 to 3 hours. The reaction mixtures were then
diluted and dialyzed against reverse osmosis (RO) water using dialysis membranes (MWCO:
12-14 kDa, Spectrum Labs, Rancho Dominguez, CA, USA). The dialysis was conducted for
a week at 40°C, during which the water was changed twice a day in order to remove
unreacted toxic chemicals. Subsequently, dried GelMA was obtained after freeze-drying the
mixture for 7 days.
For the more efficient approach, a 10% W/V gelatin solution was prepared in DMSO at
50 °C, to which 0.6 %W/V of d-map was added. Then 18 %V/V of GMA was gradually
added to the mixture. The reaction ran for 2 hours at 50 °C, after which 0.154% W/V sodium
chloride was added to the GelMA-containing reaction mixture. This mixture is then dropped
onto 3 volumes of ethanol at -200 C, with moderate stirring. The precipitate was found to be
in the form of small pellets due to the drop-by-drop addition (Video 3.1), which simplifies
the subsequent steps of collecting, washing, dissolving, and drying of the resultant product.
The precipitates are then collected by centrifugation at 5000 RPM for 5 minutes and washed
in an equal volume of Reagent Alcohol by vortexing for 2 minutes. The process of washing
was repeated twice. The precipitated and washed GelMA was then dissolved in 10-15X of
sterile type 1 water that was poured into 50 ml petri dishes to form a thin layer that was a few
millimeters thick, followed by snap freezing in liquid nitrogen and freeze-drying. The dry
weight of the GelMA was then recorded. The yield of the methacrylation procedure was
calculated as the ratio of the final dry weight of GelMA to the initial dry weight of gelatin.
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All materials were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise
specified.
The degree of methacrylation of each sample is investigated using proton nuclear
magnetic resonance (1H-NMR) spectroscopy. Briefly, 20 mg of the lyophilized GelMA or
the gelatin reference was dissolved in 1.5 ml of deuterium oxide (Sigma, St. Louis, MO,
USA). The spectra were collected at 35 °C using a 400 MHz spectrometer (Bruker, Billerica,
MA, USA). MestReNova software (Mestrelab Research, Spain) was used for phase
correction, baseline subtraction, and integration of the acquired spectra. The degree of
methacrylation of each sample is measured as:
Degree of Methacrylation = 100% × (1 −

Lysine integration signal of GelMA
)
Lysine integration signal of gelatin

3.1.2 Characterization of Material Properties
For preparing photo-crosslinkable hydrogels, 5%, 7.5%, and 10% w/v of the freeze-dried
GelMA was dissolved in PBS containing 0.5% w/v of 2-Hydroxy-4′-(2-hydroxyethoxy)-2methylpropiophenone

(Igacure2959,

CIBA

Chemicals)

photoinitiator.

For

the

characterization of the elastic modulus of GelMA, 1 ml of GelMA prepolymer solution was
pipetted into cylindrical PDMS molds that were of 8 mm diameter and 6 mm height. The
sample was then exposed to a 375 nm UV light for 5 min. The disk samples were
compressed by a mechanical testing system (MACH-1TM V500C, Biomomentum, Laval,
QC, Canada). The slopes of the linear portion of the stress-strain curves were used to
calculate the compressive elastic modulus of each sample.
Four cylindrical specimens from each sample were used to evaluate the mass swelling
ratio. The excess water content was wiped out using a tissue paper, and then the swollen
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weight was measured. After freeze-drying under -50˚C, the dry weight was also measured.
The mass swelling ratio was calculated as:

The mass swelling ratio =

The swollen weight of the sample
The dry weight of the sample

The prepared hydrogel samples were incubated in PBS at 37˚C for a month. At
predetermined specific time points, the samples were collected, rinsed with RO water, freezedried and weighed. The mass remaining % was evaluated as:

Mass remaining % = 100 ×

The dry weight of the sample
The initial sample dry weight

GelMA hydrogels were left in RO water overnight, and subsequently, snap frozen in
liquid nitrogen. Then, the frozen samples were lyophilized. The dried samples were sputtercoated with 10 nm thick gold-palladium layers and imaged with a scanning electron
microscope (SEM) (Mira3 XMU, TESCAN, Brno, Czech Republic).

3.1.3 Biocompatibility Analysis
With the same initial concentration of 7×106 cells/ml, 5% w/v, 7.5% w/v and 10% w/v
GelMA prepolymer solutions were prepared and crosslinked as described above. The
viability of the cells inside the hydrogels was examined after culturing for 1 day and 5 days
by using the LIVE⁄DEAD® cell viability assay (Biotium, Fremont, CA, USA) containing
fluorescent dyes, calcein-AM (green) for live cells and ethidium homodimer-1 (red) for dead
cells. The encapsulated cells were washed twice with PBS and were stained with the viability
assay via incubation at 37 °C for 20 minutes. Green live cells and red dead cells were imaged
by using an inverted fluorescent microscope (Axio Observer 7, Carl Zeiss Canada Ltd.,
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Toronto, ON, Canada). The obtained images of live and dead cells were quantified by using
ImageJ software (NIH, Bethesda, MD, USA). Cell viability was measured as follows.

Cell Viability =

Number of live cells
Number of live and dead cells

To investigate 3D cell culturing, the nucleus and F-actin of the cells were fluorescently
labeled at day 7 of culturing. Briefly, the hydrogels were washed with PBS twice, after which
the cells were fixed by 3.7% paraformaldehyde for 20 minutes. The fixed samples were
washed with PBS three times, and cell membranes permeabilized by 0.1% Triton X-100
(VWR, Radnor, PA, USA) for 5 minutes. Subsequently, the samples were incubated at room
temperature in a dark location for 45 minutes, followed by the addition of 1 mL of 100 nM
Phalloidin 488 solution (Cytoskeleton, Denver, CO, USA). The stained samples were washed
with PBS three times. Finally, DAPI mounting media (Fluoroshield with DAPI, Sigma
Aldrich, St. Louis, MO. USA) was added. The fluorescently labeled cell images were taken
immediately, under an inverted fluorescent microscope.
Two structures were fabricated using a stereolithography 3D bioprinting system, as
described earlier187. A prepolymer solution was prepared using 10% w/v GelMA in PBS and
adding visible light photoinitiator. The photoinitiator comprised of 0.02mM 2′,4′,5′,7′tetrabromofluorescein disodium salt (Eosin Y), 0.02% w/v triethanolamine (TEA) and 37 nM
1-vinyl-2-pyrrolidinone (NVP). The bioink was obtained by adding NIH-3T3 fibroblasts
(5x106 cells/mL) to the pre-polymer solution. Next, 850 µL of bioink was dispensed in a
Petri dish (60 mm diameter) to form a uniform layer of 300µm thickness. The patterns of
UBC logo and miniature bone were projected, respectively. Each structure comprised of 3
layers to achieve a total thickness of 900µm. Upon completion of the bioprinting process, the
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samples were washed trice with PBS and then cultured in an incubator. The cell morphology
in the samples was examined after 5 days of culture by actin/nuclei staining using
phalloidin/DAPI. The stained samples were imaged using a fluorescent microscope (Axio
Observer 7, Carl Zeiss Canada Ltd.) with DAPI and EGFP channels. Objective lenses of
magnification 5X, 10X and 20X were used with z-stack and tile modes.

3.1.4 Statistical Analysis
A one-way analysis of variance function in Microsoft Excel was used to analyze the data
statistically. Results are shown as the average ± standard deviation. Statistical signiﬁcance
was accepted at p <0.05.

3.2

Analysis of Synthesis Process and Yield Rate

In polar solutions, proteins embrace a structure that exposes their hydrophilic region to the
surrounding media, allowing the formation of a hydration (solvation) layer that prevents
protein-protein interactions. Disrupting this hydration layer usually causes protein
precipitation.188 As shown in Figure 3-1, towards the end of the reaction, NaCl salt is directly
added to the reaction mixture in DMSO before precipitation with ethanol. This inclusion was
mainly intended for enhancing the precipitation of GelMA at lower volumes of the more
expensive organic solvent, and consequently increased the efficiency of the production
process. The effect of NaCl on the precipitation efficiency of GelMA in ethanol can be
described using the model of ion-pairing.189–191 Ion-pairing shields the repulsive electrostatic
forces, which are responsible for maintaining protein solubility.
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Figure 3-1. Schematic representation for the efficient production approach. Precipitationgelatin methacryloyl (ppt-GelMA) is produced by reacting gelatin dissolved in
dimethyl sulfoxide (DMSO) with high glycidyl methacrylate (GMA) concentration
(18% V/V) in the presence of dimethylaminopyridine (DMAP) as a catalyst. Sodium
Chloride (NaCl) is then added for de-shielding the charges from the surfaces of the
protein. GelMA is then purified by adding to cold ethanol which dissolves all the
reaction by-products and the excess GMA.

Despite the fact that sodium chloride is a 1:1 salt that is hydrated when added to water
(permittivity∼80 at 20◦C),192–194preventing ion pairing, the low dielectric constant of DMSO
(permittivity∼40 at 20◦C)192–194 facilitates ion-pairing between Na+ or Cl− and charges on the
protein surface. Additionally, the presence of the dissolved protein in DMSO affects its
dielectric constant. This allows it to attain enough ionic strength for shielding the protein
charges, which in turn makes it possible to achieve high yield protein precipitation at a
relatively low sodium chloride concentration.195 Taking into consideration NaCl solubility in
both DMSO (0.4%W/V) and ethanol (0.65 g/Kg),196–198 a sodium chloride concentration of
0.154 %W/V of the initial reaction mixture was introduced. This concentration was
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specifically used to achieve sufficient ionic strength for successful precipitation, in a mixture
of solvents of relatively low permittivity (∼24 for ethanol and ∼ 40 for DMSO at 20◦C)192–
194

, while maintaining the salt solubility in the final mixture, thus avoiding any impurities in

the final GelMA product.
This shielding of the charges on the protein increases the likelihood of aggregation due
to the hydrophobic interactions between proteins, upon the addition of ethanol
(permittivity∼24 at 20◦C),192–194 which further reduces the polarity of the medium. There is,
therefore, a synergistic effect between the NaCl ion pairing, the low DMSO permittivity, and
the Ethanol desolvation effect. With a reduced number of hydration layers, solvent-induced
precipitation can be described according to Coulomb’s law, which relates the magnitude of
the electrostatic force to the dielectric constant of the medium. Solvents with reduced
dielectric strength, increase the interactions between hydrophobic protein parts causing
protein aggregation.199,200
The choice of the precipitating agent used in our approach was based on the following
criteria: The agent must display hydrophobicity (low dielectric constant), enough to allow for
a high and reproducible precipitation yield of the hydrophilic GelMA protein. At the same
time, it should be characterized by superior solubility of all the reaction by-products and
unreacted chemicals. It is also essential for it to maintain strong antibacterial properties in
order to integrate sterilization with the production and purification processes. Based on these
criteria, ethanol was selected as the organic solvent of choice carrying out three roles in this
method.
As a precipitating agent, ethanol reduces the dielectric constant (polarity) of the solvent
of the methacrylation reaction, which renders the GelMA less soluble and therefore
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precipitates it with high yield in a reduced volume (3X). This is because ethanol has a low
dielectric constant (∼24 at 20◦C)192–194 As shown in figure 3-1, ethanol-miscible gelatin
aprotic solvent of low relative permittivity (Dimethyl Sulfoxide) works better with this
approach. This is because precipitating from solvents of low relative permittivity (of around
40)201 requires smaller volumes of the organic solvent volume, which is also more efficient.
Subsequently, glycidyl methacrylate is the preferred methacrylate group donor in our
approach as it permits the usage of a sufficient concentration of NaCl without its
precipitation as any impurity. This is due to the relatively higher solubility of NaCl in ethanol
(0.65g/Kg) as compared to other organic solvents.198 Figure 3-2 illustrates the different
stages of the GelMA synthesis process.

Figure 3-2. Images depicting the different stages of the ppt-GelMA production process. (A)
Pelleted GelMA precipitated in cold ethanol. (B) Washed pelleted GelMA. (C) Fast
dissolution of the pelleted GelMA in sterile type 1 water. (D) Freeze-dried GelMA.
(E) Yield of the different gelatin methacrylation production approaches (*p < 0.05,
***p < 0.001, n = 3).

Figure 3-3 shows the yield of the reactions of the GelMA produced by various
methacrylation protocols; the yield differs widely between the groups. The dialysis-reliant
purification approaches, either using MAA or GMA in PBS or DMSO respectively, produced
a yield (∼60% - 70%), which is higher than the salt-free ethanol precipitation method but
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significantly lower than the ion pairing-aided precipitation (ppt + NaCl) group (∼90%). It is
noteworthy that these dialysis-reliant methods showed poor yield reproducibility as
demonstrated by their standard deviations and also as previously reported. 144 The directethanol precipitation group, with no addition of salt (ppt – NaCl) showed the lowest yield
(∼50%). This finding might be related to the absence of charge shielding, which makes the
precipitation less efficient. Alternately, the precipitation was conducted in volumes much
larger (10 folds) of the initial reaction mixture volume, but this has not been observed to
enhance the yield significantly.

Figure 3-3. Yield of the different gelatin methacrylation production approaches (*p < 0.05, ***p
< 0.001, n = 3).

Proteins have poor solubility at pHs that are equal to their isoelectric points (IEPs)
because of shielding the electrostatic repulsions. However, gelatin, and subsequently GelMA,
is a heterogeneous mixture of proteins derived from collagen by either alkaline or acidic
hydrolysis. Therefore, gelatins have an IEP range rather than a definite point. Type A gelatin
(derived from acid-cured tissue) has an IEPs range of 7.0-9.0, whereas type B (derived from
lime-cured tissue) has an IEPs range of 4.7-5.2.202–204 Moreover, the charges on the gelatin
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moiety, which determines its isoelectric point, are primarily a function of its side
chains.205,206 For this reason, each produced GelMA batch has an unknown IEP due to the
difference in reagents used and degrees of substitution on these side chains, which mandates
IEP range determination for every batch. Adjusting the pH of the GelMA solution would be
an impractical approach to enhance the precipitation efficiency. This is not only due to the
fact that the precipitation of a complex protein mixture would not be feasible at a single pH
since the IEP varies throughout the sample, but also due to the IEP of each GelMA being
unknown. These alternative approaches increase the cost and technical difficulty of the
purification process as compared to the simple addition of the pre-calculated amount of
NaCl.
As shown in Figure 3-3, increasing the initial concentration of GMA to 18% V/V and
applying ion-pairing-aided precipitation has resulted in the highest reproducible yield of
GelMA in a much shorter time. Also, this increased GMA concentration has led to a
methacrylation rate comparable to conventionally used methods (Figure 3-4A). Ethanol acts
as a purifying agent in which a reaction impurities and toxic materials are soluble. Glycidyl
methacrylate, its by-products, and the toxic d-map catalyst have better solubility in ethanol
than they have in water.192,207 As glycidyl methacrylate is very soluble in the ethanol and
only moderately soluble in water,192,207 its volume % could be increased up to 18% V/V of
the initial gelatin methacrylation reaction mixture to further catalyze the reaction and reduce
the reaction time from 2 days to 2 hours, while producing a highly substituted GelMA ((≃ 75
- 80%), as shown in Figure 3-4A and B. This makes the elimination of the glycidyl
methacrylate easier and thorough. Furthermore, for long, ethanol has been recognized for its
use as a bactericidal, tuberculocidal, fungicidal, and virucidal agent.208 Therefore ethanol is
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used as a disinfecting agent sterilizing the GelMA during the precipitation and the washing
steps. It is necessary to handle GelMA as sterile from this step onward and during freezedrying.
The freeze-drying process is also time-consuming and ensues high capital equipment
costs, which is a primary motivation for minimizing process times. 142 Conventionally, the
water content of the final GelMA hydrogel precursor is more than 97% due to many dilutions
during the synthesis process combined with the subsequent step of dialysis. In our approach,
the solvent content is much lower and more controllable, which enables faster freezedrying.142,149,151 The water content (10X to 15X of the precipitate volume) was kept within
the effective limits for fast drying (within few hours) and for maintaining the porosity,
allowing for efficient drying with no packing, which might result into difficult subsequent
dissolution of GelMA. Additionally, the relatively fast drying step was aided by increasing
the surface area to volume ratio that was achieved by performing the freeze-drying process in
wide petri dishes.

3.3

Results of Material Properties Characterization

3.3.1 Degree of Substitution
Four sets of GelMA were produced using the various synthesis and purification methods and
are discussed above. Their degrees of methacrylation were then comparatively studied using
1

H-NMR. Representative 1H-NMR spectra are shown in Figure 3-4B. The degree of

methacrylation can be defined by comparing the amino lysine integration signal (the
component “b” in Figure 3-4B) of the gelatin and GelMA spectra to those of the
phenylalanine signal of the gelatin spectrum (the component “a” in Figure 3-4B) as an
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internal reference. All the groups showed similar methacrylation rates of around 70% to 80%
with no statistically significant difference, as shown in Figure 3-4A. These results
demonstrate that the proposed protocol of increasing the GMA initial concentration to 18%
V/V and running the reaction for only 1-3 hours is able to produce GelMA pre-polymer with
a degree of methacrylation similar to that produced by conventional methods consisting of
MAA in PBS for 1-3hours, or GMA in DMSO for 48 hours.

Figure 3-4. Degree of substitution results (A) Quantification of the degree of gelatin
methacrylation. (B) 1H-NMR spectra of GelMA produced by different approaches
in reference to gelatin. (a) Denotes the gelatin internal reference, and (b) denotes the
unsubstituted primary amines used to calculate the degree of methacrylation. (Ppt =
precipitation).

3.3.2 Mechanical Property
Upon exposure to UV light, the GelMA prepolymer solution formed a crosslinked network.
Previously, the mechanical properties of a hydrogel matrix environment have been shown to
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influence cell function, proliferation, and differentiation.209,210 It was, therefore, important to
characterize the mechanical properties of GelMAs at differing concentrations. An unconfined
compression test was performed on samples composed of 5%, 7.5%, and 10% GelMA
concentrations to assess the effect of the pre-polymer concentration on the mechanical
properties of the hydrogels.

Figure 3-5. Mechanical properties of the ppt-GelMA hydrogel at various GelMA % (w/v). (A)
SEM pictures depicting the crosslinked hydrogel microstructures. Scale bar = 50
μm. (B) Compressive modulus (*P ˂ 0.001, n = 5).

Figure 3-5A shows an increase in the density of crosslinking with the increase in
GelMA concentration, in an agreement with previous reports. 211,212 Figure 3-5B demonstrates
a direct association between GelMA concentrations and the respective compressive moduli,
ranging from less than 5 kPa (5% GelMA) to ~23 kPa (10% GelMA). While on one hand,
despite the fact that stiffness increases with the density of the microstructure, this may be a
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negative effect on cell spreading and proliferation inside the hydrogels. However, some
applications, such as keratinocyte culturing, need high compressive moduli for favorable
adhesion, growth, and proliferation on the hydrogel for skin tissue engineering.212,213

3.3.3 Swelling Ratio
The swelling behavior of a hydrogel network is another important property that may predict
its mechanical and surface properties, degradation rate, solute diffusion, and cell
behavior.214–216 The mass swelling ratio is dependent on the pore size of the network
microstructure and the solvent-polymer interaction.215,217 As shown in Figure 3-6A, the
change in the mass swelling ratio of ppt-GelMA was investigated at different hydrogel
concentrations, 5%, 7.5%, and 10%, and found to be 14.8, 10.7, and 9.4, respectively. Thus,
the mass swelling ratio decreased significantly with increasing hydrogel concentrations. This
limits the amount and rate of water uptake into the hydrogel and consequently slows down its
degradation.218 From Figure 3-6B, the change in hydrogel degradation rate of the three pptGelMA concentrations can be observed and seen to have exhibited a similar trend as was
observed for the swelling ratio. The mass remaining (%) of ppt-GelMA over time was
considered as a measure of degradation. The 5% ppt-GelMA displayed a much faster
degradation with 100% mass loss at 2 weeks compared to 3 weeks and 4 weeks for the 7.5%
and the 10%, respectively. In summary, the above results have proven that the tunable
mechanical behavior and degradability of the ppt GelMA hydrogel demonstrate its broad
spectrum of properties and also renders it an ideal candidate for a wide range of applications.
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Figure 3-6. Swelling characteristics (A) Mass swelling ratio (*p < 0.05, ***p < 0.001, n = 4). (B)
Mass retention during in vitro degradation.

3.3.4 Biocompatibility
The ability of cells to integrate and grow within the hydrogel 3D microstructure is of utmost
importance for tissue engineering. For the evaluation of cell viability, NIH-3T3 cells were
encapsulated into ppt-GelMA hydrogels composed of differing concentrations. Cell
viabilities were quantified based on the counting of live-green and red-dead cells. As shown
in Figure 3-7, cell viabilities were found to be higher than 90% at days 1 and 5 for all pptGelMA concentrations. On the fifth-day of culturing, the cells were elongated and displayed
a characteristic spindle-shaped morphology in the 5% GelMA (Figure 3-7A). Cells did not
elongate or spread to the same extent in the 7.5% or the 10% concentrations. It is
documented that cell elongation relates inversely with the gel concentration. However
individual elongated cells could be identified in the 7.5% group, demonstrating that
increasing the hydrogel concentration does not inhibit the process entirely. These
observations motivated further investigation into cell spreading and networking within the
5% ppt-GelMA 3D microenvironment.
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Figure 3-7. Biocompatibility results of the cell-laden ppt-GelMA (A, B) Live/dead cell viability
assay results for the cell-laden ppt-GelMA at varying GelMA concentrations at days
1 and 5. (A) Representative fluorescent images of live/dead assayed samples (live
cells: green and dead cells: red). Scale bar = 100 μm. (B) Quantification of cell
viability shows high cell survival.

To investigate the cell behavior in 3D microenvironments, the cell’s F-actin and
nucleolus were fluorescently stained at day 7 of culture. A series of z-stack images were
obtained from the cell-laden samples, after which they were projected orthogonally to form a
2D view (Figure 3-8A) and reconstructed to form the 3D isometric view image (Figure
3-8B). As shown in Figure 3-8, cells were well distributed in the z-direction, elongated,
migrated and successfully formed 3D interconnected networks with neighboring cells. These
results demonstrate the innate cytocompatibility of the ppt-GelMA hydrogel and of our
highly efficient production process.
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Figure 3-8. Nuclei/F-actin immunostaining of cells encapsulated in 5% GelMA at day 7. (A)
Orthogonally projected 2D fluorescent microscopy images (scale bar = 100 μm). (B)
3D constructed image of cells in GelMA (scale bar = 20 μm). The nucleolus is
labeled by DAPI (blue), and actin is labeled by phalloidin (green).

3.4

3D Bioprinting Experimental Results

To demonstrate the applicability of the synthesized GelMA in 3D bioprinting, we fabricated
two different structures using the stereolithography bioprinting system219. Two patterns with
variable complexities were selected – (i) UBC logo and (ii) bone with rectangular pores.
Both patterns were printed with well-resolved features and structural integrity (Figure 3-9).
Figures 3-9A (i) and B (i) show the printed structures on day 0 stained with blue dye for
visualization. Figure 3-9A (ii) shows the fluorescent image of the printed UBC logo formed
by stitching tile images. The waviness of the boundary indicates the softening of the hydrogel
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in culture which is expected as the hydrogel undergoes enzymatic degradation in the
presence of living cells. Uniformity of the fluorescence signal also demonstrates that the cells
integrated with the GelMA scaffold throughout the domain. Figure 3-9A (iii) shows a
zoomed-in representative image of the region marked in Figure 3-9A (ii). The cells exhibit
elongated morphology forming a network among the cells. These observations demonstrate
that the GelMA scaffold provides a highly biocompatible environment for the cells to grow
and integrate. Figure 3-9B (ii) shows the bioprinted bone structure with a uniform
distribution of cells throughout. The square pores are also distinctively marked by the
boundaries demonstrating the capability of the bioprinting system and the biomaterial to
output high-resolution internal features. A close-up view of the region marked in Figure 3-9B
(ii) is shown in Figure 3-9B (iii). A further zoomed-in view of the marked region in Figure
3-9B (iii) is shown in Figure 3-9C. Parts (i), (ii), and (iii) of Figure 3-9C show the stained
nuclei with DAPI, stained cytoskeleton with phalloidin, and combined DAPI/Phalloidin
images. Closer examination of cellular morphology shows the formation of interconnected
networks among cells with highly elongated cytoskeleton. These observations highlight the
excellent biocompatibility and integration of cells with the scaffold. Overall, the synthesized
GelMA presented in this work is found to be suitable for 3D bioprinting applications.
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Figure 3-9. Stereolithographic (SLA) three-dimensional (3D) bioprinting with GelMA. (A)(i)
Printed UBC logo stained with blue dye. (ii) DAPI (blue)/Phalloidin (green) stained
bioprinted UBC logo after 5 days of culture. Scale bar = 1 mm. (iii) Zoomed-in view
of the cell morphology in the bioprinted UBC logo after 5 days of culture. Scale bar
= 200 µm. (B) (i) Printed bone pattern stained with blue dye. (ii) DAPI
(blue)/Phalloidin (green) stained bioprinted bone pattern after 5 days of culture.
Scale bar = 2 mm. (iii) Zoomed-in view of the cell morphology in the bioprinted
bone pattern after 5 days of culture. Scale bar = 100 µm. (C) Zoomed view of section
of bioprinted bone pattern showing (i) nuclei stained with DAPI, (ii) cytoskeleton
stained with phalloidin, and (iii) combined DAPI/Phalloidin image. Scale bar = 50
µm.

Finally, because of the controllable and relatively low water content of the pre-drying
samples developed by the current methodology, we recommend that future studies should
focus on other drying alternatives that have not been possible before due to the very high
water content of the pre-drying samples, such as Spray drying (SD), drum drying, or pulse
combustion drying.220 By the high production costs and long drying times of FD, it can be
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concluded that SD could be a good alternative.152,153 FD efficiency per kilogram of material
is about 10 times lower than SD.154 So, in contrast to FD, SD is a higher throughput process
that is simpler, scalable, and can produce powders suitable for direct processing without
milling or other secondary processing.152,155

3.5

Summary

We have presented a method that enables GelMA production with a highly reproducible
yield with efficient purification and sterilization through a combined ion pairing and
precipitation-based approach. Specific reaction conditions were selected for the GelMA
synthesis process, which ensured its compatibility with the applied extraction and
purification principles, while the reagents were chosen to ensure the simplified integration of
all the production phases. In this approach, we have used an aprotic solvent (DMSO) as the
reaction medium to allow, in the subsequent steps, the usage of an appropriate concentration
of a neutral salt (NaCl) and a hydrophobic organic solvent (ethanol) for thorough
precipitation of the protein (GelMA) at lower volumes of the precipitating agent.
Additionally, ethanol has a superior dissolution power of the used organic reagents and their
by-products, which has allowed for the usage of higher GMA concentration, thus reducing
the reaction time considerably. For the first time, methods of GelMA hydrogel synthesis and
production have been compared for their yields and degrees of methacrylation. The currently
proposed method showed the highest and most reproducible yield of a highly substituted
GelMA product.
The characteristics of this newly produced GelMA hydrogel were also thoroughly
investigated. In brief, the ppt-GelMA showed excellent performance in consideration of both
physical properties (compressive modulus, swelling properties, and degradability) and
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biological properties (cell viability, and 3D cell spreading and elongation). The authors
envision that the developed method for synthesizing the ppt-GelMA hydrogel can be of great
benefit for tissue engineering and regenerative medicine applications, especially since it has
demonstrated cell-response behaviors identical to conventionally produced GelMA
hydrogels.
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Chapter 4 : Dehydration-free, High Efficiency Synthesis of GelMA
The process of synthesizing GelMA remains vastly uncharacterized and has been plagued
with inconsistent batch to batch properties, low yields, and long process times. Additionally,
after lengthy detoxification, this method necessitates a dehydration step, which is achieved
via drying. Drying methods are usually expensive, time-consuming, laborious, and hinder the
large-scale application of the synthesis process. In this work, we have outlined an approach
that makes use of toluene as a detoxifying, precipitating, and sterilizing agent. In addition,
toluene, by virtue of its immiscibility with water and a strong ability to precipitate, enables to
directly obtain high purity GelMA (which we named as direct-GelMA or d-GelMA) without
the need for an additional drying step. Using this method, we were able to produce sterile dGelMA within 4-8 hours, which is a significantly shorter time frame as compared to
conventional synthesis methods that take up to 2 weeks to complete.

4.1

Materials and Methods

4.1.1 d-GelMA Synthesis
Type A porcine skin gelatin (G-2500, Sigma-Aldrich, St Louis, MO, USA) was added to
dimethyl sulfoxide (DMSO) aprotic solvent (Fisher Scientific, Ottawa, ON, Canada) at a
temperature of 50°C and stirred at 400 rpm until fully dissolved to form a solution of 10%
w/v. In a pellet-by-pellet fashion, the catalyst N, N-Dimethyl-4-aminopyridine (DMAP)
(Sigma-Aldrich, St Louis, MO, USA) was added to attain a final concentration of 0.6 % W/V
of the original DMSO volume. 1.8 ml of glycidyl methacrylate (Alfa Aesar, Tewksbury, MA,
USA) per gram of dissolved gelatin were then dropped gradually onto this solution mixture
while stirring. The reaction was left to run for at least 45 minutes. Either the reaction mixture
or toluene (Fisher Scientific, Ottawa, ON, Canada) at three times (3X) the used initial
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volume of DMSO was poured or dropped onto each other at room temperature with no
stirring. The methacrylated gelatin product of the reaction is obtained as the precipitate from
the resulting solution. The supernatant solution, of the other reaction’s by-products, the
catalyst, and any excess unreacted reactants in toluene, is decanted away from the GelMA
product. Optionally, the GelMA product can be washed with more toluene. The precipitate is
left to dry for at least 15 minutes. Aseptically, GelMA is to be dissolved directly into a
suitable aqueous medium: phosphate-buffered saline for direct usage, or sterile reverse
osmosis (RO) water to form a 20% stock solution. Any residual toluene will float on the
surface of the aqueous medium and evaporates. The GelMA solution is stored at -80°C until
further usage.

4.1.2 Yield Rate Analysis
To determine the optimal volume of toluene required for maximizing the retrieval of GelMA
from the reaction mixture solution, we added toluene to the reaction mixture in increments of
1X (a similar volume to the originally used DMSO volume). After each addition, the
supernatant is decanted into a new container where the subsequent 1X of toluene is added.
The precipitate of all containers is then individually dissolved in pure, sterile RO water. The
synthesized d-GelMA solution in pure water was frozen for 24 hours at-20°C, and then the
dried d-GelMA product was recovered via lyophilization in a freeze dryer (Labconco, Kansas
City, MO, USA). The dried GelMA weights are recorded. The yield of the production
method was calculated as the percentage of the d-GelMA dry weight at the end of each
drying process to the initially used gelatin weight.
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4.1.3 Characterization of Material Properties
The d-GelMA stock solution, a 3% w/v stock solution of the 2-Hydroxy-4′-(2hydroxyethoxy)-2-methylpropiophenone

(Irgacure2959,

CIBA

Chemicals,

Basel,

Switzerland) photoinitiator, and sterile PBS were used in relevant amounts to prepare
workable concentrations. 5%, 7.5%, and 10% w/v photocrosslinkable Df-GelMA hydrogel
solutions having a final concentration of 0.5% w/v of the photoinitiator were prepared for the
material characterization. The d-GelMA’s degree of methacrylation, mechanical properties,
and the cell viability biocompatibility assessment were performed as previously described in
Chapters 3.1.1, 3.1.2, and 3.1.3, respectively.

4.2

Experimental Results

4.2.1 d-GelMA Synthesis Analysis
This study intended to produce high quality, high yield, sterile and biocompatible gelatin
methacryloyl (GelMA) prepolymer through a highly efficient synthesis process, and
primarily for use in tissue engineering and regenerative medicine-based applications. As
shown in Figure 4-1, our production process was based on a dialysis-free and drying-free
approach, comprising of the direct precipitation of the synthesized GelMA from an aprotic
solvent using a water-immiscible organic solvent. Through this process, the time taken to
produce ready-to-use GelMA was around 4 to 8 hours. The GelMA synthesis reaction under
the conditions described above in chapter 3 takes about 1 to 3 hours. The strong precipitative
ability of toluene coupled with the ability of impurities (all except GelMA) to dissolve
resulted in the elimination of the dialysis step, which was instead replaced by a simple 30minute-long dissolution and decantation procedure. Additionally, the immiscibility of toluene
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with water eliminated the additional drying step. An extra hour was reserved for air-drying
the GelMA, which was followed by its dissolution in an aqueous medium, leaving enough
time for the light and immiscible toluene to effectively evaporate from the surface of the
aqueous solution. Thus, completing a highly efficient method that demonstrates a reduction
in material costs by around 90%, and the production time by more than 95% from up to 2
weeks in current methods down to a maximum of 8 hours.

Figure 4-1. Schematic representation of the direct GelMA (d-GelMA) production steps.
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Figure 4-2. Images depicting the d-GelMA production major process steps.

Major steps in producing d-GelMA are highlighted in Figure 4-2. In this approach,
DMSO was used as the aprotic reaction medium-solvent while toluene was used to
precipitate GelMA out of the reaction mixture. Since DMSO is miscible with both aqueous
and hydrophobic organic solvents, it could dissolve the reagents readily, allowing the
reaction to take place. Upon the addition of toluene, in which GelMA is insoluble, both the
DMSO and the reagents were removed easily. Furthermore, since proteins denature quicker
in the presence of water, the absence of water in this reaction mixture prevented protein
denaturation.208 Eventually, due to the extreme hydrophobicity of the toluene, the precipitate
adhered to the bottom surface of the glass beaker, allowing the considerably easy handling
and washing of the resultant product. Following this, the supernatant was simply decanted,
while the precipitate was washed in fresh toluene. Then, PBS was added to attain the
required GelMA concentration based on the known reproducible yield of the manufacturing
method. The water simply dissolved the GelMA while the lighter and more volatile toluene
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floated onto the surface, evaporating and in the process, leaving behind a pure and sterile
GelMA solution.221 While this produced GelMA was ready for use or packaging, d-GelMA
could now also be dissolved in pure water and dried for carrying out yield and degree of
substitution measurements. As compared to the ethanol-based ppt-GelMA production
methodology, the d-GelMA synthesis process can be conducted at room temperatures
without the need for the addition of any other salt and/or chemical. More importantly, there is
no longer a requirement for an additional drying step.
4.2.2 Yield Optimization

Figure 4-3. Yield optimization strategy. (A) Images showing the d-GelMA yields after
incremental additions of toluene. (1X = the volume of the used dimethyl sulfoxide in
the reaction mixture). (B) Yield quantification shows that the highest d-GelMA
precipitation is obtained upon adding 3X of toluene.

Figure 4-3A highlights images depicting the optimized d-GelMA recovery process with the
incremental addition of 1-fold (1X) of a toluene volume that equals to the DMSO volume
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used in the reaction mixture. Figure 4-3B demonstrates that the highest yield of GelMA
precipitation is obtained upon adding a maximum of 3-folds (3X) toluene volumes. With
each addition of an increment of toluene, the yield was seen to increase, but this relation was
not proportional. The most effective volume was the first fold of toluene that produced a
yield of about 70%. Upon the addition of the second fold, the yield increased by about 20 %.
With the third increment, a nearly complete recovery of the hydrogel monomers was
attained. A fourth increment had no effect, thus exhibiting that there was little to no more
GelMA remaining to precipitate. This was especially important in determining the minimum
amount of organic solvent required for the efficient precipitation of the pre-hydrogel. The
step-precipitation of the GelMA can be attributed to the mixed length of monomers that is a
characteristic of GelMA and its gelatin precursor, and the variation in ionic strength that is
observed at different volumes of toluene, which also has a low dielectric constant. The large
GelMA protein chains could be precipitated first at relatively higher polarities of the medium
as they were heavier and tended to have more hydrophobic interactions that allowed them to
settle, thus forming the precipitate. With an additional reduction of medium polarity upon the
addition of extra toluene, smaller chains were precipitated. For this reason, various gelatin
sources with diverse average molecular weights and bloom numbers will also display varying
precipitation behaviors. It should be noted that the GelMA monomers were not exposed to
water during the entire process. They were, however, subjected to moderate heat (50 0 C, for a
maximum duration of 4 hours), without the need for any additional warm dialysis. Therefore,
most of the GelMA was precipitated with the first increment of toluene.
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4.2.3 d-GelMA Characterization

Figure 4-4. Schematic of the GelMA photocrosslinking reaction under 360 nm ultraviolet light
irradiation in the presence of Irgacure 2959 photoinitiator.

GelMA monomers polymerize into a hydrogel via a chain photocrosslinking reaction
that is initiated by the release of free radicals from the photoinitiator, irgacure 2959 upon its
exposure to ultraviolet light (Figure 4-4). Characterization of the d-GelMA is illustrated in
Figure 4-5. Figure 4-5A shows representative 1H-NMR spectra of the d-GelMA and gelatin
as a reference for determining the degree of methacrylation. The GelMA and gelatin spectra
component “b” (the amino lysine integration signal) is compared to the component “a”
internal reference (the phenylalanine signal). Methacrylating gelatin with 18% V/V GMA in
the presence of a DMAP catalyst for 2 hours results in a degree of methacrylation of around
80%.
At this point, it is possible to use the d-GelMA directly for an additional assessment of
its mechanical properties and biocompatibility. By skipping the dialysis and drying steps, the
d-GelMA was directly dissolved in the biocompatible buffer, PBS. Due to the immiscibility
of toluene in water, with stirring, residual toluene formed an emulsion-like appearance
88

initially, Figure 4-5B. At the end of the dissolution process, the toluene had already
evaporated from the surface of the aqueous solution, rendering it clear. The bioactivity of a
hydrogel network, in terms of cellular attachment, morphology, and function, is highly
guided by its mechanical properties, which in turn is directly correlated with the monomer
concentration that is used.209,210 Therefore, the unconfined compressive young’s moduli at 3
different concentrations, 5%, 7.5%, and 10% W/V, of the d-GelMA monomers were
examined. As predicted, an increase in the mechanical stiffness of the hydrogel was directly
proportional to an increase in the monomer concentration, Figure 4-5C.

Figure 4-5. Physical properties of the d-GelMA. (A) 1H-NMR spectra of the d-GelMA in
reference to gelatin, a connotes the internal reference of the gelatin backbone, and b
connotes the unsubstituted primary amines. (B) Toluene evaporation upon the
dissolution of GelMA in PBS. (C) A plot represents the compressive moduli at
various d-GelMA concentrations.
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Figure 4-6. Viability of cells encapsulated in 5%, 7.5%, and 10% d-GelMA on day 1. (A)
Live/dead 2D fluorescent images. (B) 3D constructed images (green: live cells, red:
dead cells). Scale bar = 100 μm. (C) Cell viability quantification.
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Figure 4-7. Viability of cells encapsulated in d-GelMA on day 5. (A) Live/dead 2D fluorescent
images. (B) 3D constructed images (green: live cells, red: dead cells). Scale bar = 100
μm. (C) Cell viability quantification.

Biofabrication largely depends on the capacity of the hydrogel to provide a cellfriendly 3D microenvironment. Figures 4-6 and 4-7 show the viability of the 3D
encapsulated NIH-3T3 fibroblasts viability over days 1 and 5, respectively, in the three
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different d-GelMA hydrogel concentrations that were mentioned above. Viable cells emit
green fluorescence, whereas dead cells emit red fluorescence. Cell viabilities around 90%
were maintained for 5 days of culturing the cells. The cells also started to display their
characteristic spindle-shaped elongations on day 5. The cell-cell interaction, as a function of
the mixed cell density, is a fundamental factor to control the structural and functional
properties of a given engineered tissue.222 An optimum concentration of cells, 10X106 per
ml, was used to maintain proper cellular interactions.222 Different degrees of elongations are
shown in Figure 4-7. The degree of elongation was found to be inversely proportional to the
hydrogel concentration. On day 5, the cells were forming highly interconnected networks and
occupied more space within cell-laden 3D hydrogels constructs in the 5% and 7.5% GelMA
concentrations, but to a lesser extent in the 10% concentration.

4.3

Discussion

Solvents with reduced dielectric strengths increase the attractive forces between oppositely
charged protein parts, causing protein aggregation by attractive electrostatic and dipole
forces.199,200 At the isoelectric point, the relationship between the dielectric constant and
protein solubility is given by:
log 𝑆 = 𝑘⁄𝑒 2 + log 𝑆 0 (4-1)
, where S0 is an extrapolated value of S, e is the dielectric constant of the mixture, and k is a
constant that relates to the dielectric constant of water. This study presents a dialysis-free
rying-free direct approach for high-purity high-yield sterile GelMA rapid production. The
basis for this method is the quick and easy elimination of toluene, which enables the
simultaneous precipitation of protein and the dissolution of impurities. An array of organic
solvents was considered for meeting some specific characteristics complementary to the
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requirements of the reaction. In addition to the hydrophobicity, antimicrobial activity, and
impurities dissolution abilities of the projected organic solvent, the ideal solvent must be
water immiscible with lighter density and volatile. Water-immisciblity is a physical factor
that restricts the solvent’s access to the hydrophilic GelMA, and subsequently inhibits protein
hydrolysis. The precipitating agent is required to be volatile and lighter than water to enable
its easy removal by evaporation upon the addition of the aqueous PBS solution for dissolving
the GelMA. In this approach, water miscible organic solvents were excluded due the
following reasons. 193,194,207,223–225 First, they have no enough hydrophobicity for high yield
precipitation of GelMA. The dielectric constant (ε) at room temperature ranges between 17 to
24, while this of toluene is around 2. Second, ethanol and isopropanol are the only 2 most
widely used relatively safe disinfectants. Third, the currently applied GelMA synthesis
reaction impurities’ dissolution power of this group widely differs. For example, ethanol has
good dissolution power of the impurities but less hydrophobicity (ε= 24) than acetone (ε= 20)
or isopropanol (ε= 17), which have almost no purification ability of the reaction by-products.
Fourth, despite the majority are volatile, getting rid of them without lyophilization is not
possible due to their miscibility with water.
Toluene was selected as the organic solvent of choice since it met all of the abovementioned conditions while also having a superior safety profile for working personnel as
compared to other similar solvents, such as benzene, carbon tetrachloride, dichloroethane and
dichloromethane that exhibit small permissible exposure limits. 226–231 Table 4-1 summarizes
and compares the properties of different organic solvents and their suitability for the current
approach. An attempt was made to make this list of candidate solvents as comprehensive as
possible. In fact, any solvent that could meet the above-stated criteria could be deemed
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suitable for use in this method. However, to the best of our knowledge, toluene is the most
suitable choice. For instance, benzene, dichloroethane, dichloromethane, butanol, butanone,
ethyl acetate, alkanes (pentane, hexane, cyclohexane, heptane, and octane), diethyl ether, or
carbon tetrachloride either show limited or no antimicrobial effects. 232 Also, dichloroethane,
dichloromethane, butanol, butanone, ethyl acetate, diethyl ether, and chloroform are less
hydrophobic as compared to toluene.194,223–225 Similarly, dichloroethane, dichloromethane,
carbon tetrachloride, and chloroform have a higher density than water. As well, if any of
these criteria is missing, the replacement approaches would make the process less
economical. For example, for solvents with no antimicrobial activity, a sterilization step
(such as syringe filtration) would be needed. If the solvent was found to be less hydrophobic,
there would be a need to add larger volumes for reducing the overall polarity of the media
down to appropriate values. However, safety is still a difficult issue that is needed to be
addressed.
As a precipitating agent, toluene fulfills the following roles; since it is highly
hydrophobic and miscible in DMSO, it reduces the dielectric constant (polarity) of the
solvent of the methacrylation reaction making the GelMA less soluble and therefore
precipitates it. Toluene is also used to increase the production yield as it is extremely
hydrophobic and has a very low dielectric constant (relative permittivity) (= 2)194,223,225 and is
better for completely precipitating the GelMA in high yield at a reduced volume (3 X) at
room temperature (Figure 4-3). Additionally, toluene has a zero HLB (Hydrophile-Lipophile
Balance) (a value that expresses the relationship of the strength of hydrophilic to
hydrophobic moieties of a chemical).233 The extreme hydrophobicity displayed by toluene
protects GelMA against hydrolysis since, in this medium, it has restricted access to water. As
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a purifying agent, toluene dissolves all reaction impurities and toxic materials. Glycidyl
methacrylate, its by-products, and the d-map catalyst are highly soluble in toluene.192,207
Toluene has also long been recognized for its use as an antimicrobial and a sterilizing
agent.234 Toluene is a bacteriostatic agent that interferes with the microbial protein
production.235 Examples of other commonly known bacteriostatic antibiotics classes are
tetracyclines, sulfonamides, spectinomycin, trimethoprim, chloramphenicol, macrolides, and
lincosamides. Therefore, toluene is also used as a disinfecting agent for sterilizing the
GelMA during the precipitation and the washing steps at room temperature.
By virtue of their miscibility with toluene and low relative permittivities (of around
40),194,223,225 that reduces the solubility of the pre-gel monomer, thereby enabling a more
efficient purification, aprotic solvents are chosen as the suitable reaction media for this
approach. DMSO is less toxic as compared to other aprotic solvents. For instance, as per the
International Agency for Research on Cancer (IARC), dimethylformamide is a possible
carcinogen and causes liver disease.236,237 It has also been reported as a reproductive toxin
that could damage the developing fetus in animals. Meanwhile, pyridine, triethylamine, or
any other tertiary nitrogen base could be used as a catalyst as an alternative to
diaminopyridine. While these catalysts have been in use since the turn of the 20th century, DMAP is a newer catalyst that is stronger and could enhance the rate of acylation by a factor of
approximately 10,000.238,239 All these catalysts are relatively toxic but are used in small
quantities for our reaction.238,240,241
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Table 4-1. Summary of various organic solvents properties and comparison of their suitability for the dehydration-free method.
Organic
Solvents/Required
Solvent Properties

Hydrophobicity
(for GelMA ppt)

Dichloroethane and
Dichloromethane

Less Hydrophobic
(ε ~ 10)

Butanol and
butanone

Less hydrophobic
(ε= 6.02)

Ethyl Acetate

Less hydrophobic
(ε ~ 17)

Alkanes (Pentane,
hexane,
cyclohexane,
heptane, octane)
Diethyl ether

Carbon tetrachloride

Chloroform

Benzene

Toluene

(ε ~ 2)
Less hydrophobic
(ε= 4.33)

(ε= 2.24)

Antimicrobial
Property (for
sterilization)
X

X

Limited

NA

X

NA

X

Density
(needs to be
lighter than
water)

Relative Safety

Heavier than
water

X
permissible exposure limit
(25 - 50 ppm)
permissible exposure limit
(100 - 200 ppm)

NA

NA

X

Volatility
(needs to be
volatile at room
temperature)

NA

X

Less hydrophobic
(ε= 4.81)

(ε= 2.27)

By-products
Dissolution
Power (for
purification)

permissible exposure limit
(400 ppm)
permissible exposure limit
(~500 ppm)
permissible exposure limit
(400 ppm)

NA

Heavier than
water

NA

Heavier than
water

X
permissible exposure limit
(10 ppm)
permissible exposure limit
(50 ppm)
X
permissible exposure limit
(1 ppm)
permissible exposure limit
(200 ppm)

Ref

194,223–
225,231,242
194,223–
225,243,244
194,223–
225,245,246
194,223–
225,247–251

191, 227–
229, 250
191, 224,
227–229
191, 227–
229, 251
191, 223,
227–229
191, 220,
227–229
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4.4

Summary

The dialysis and freeze-drying steps comprising the GelMA synthesis process are significant
hurdles that have prevented it from being time-efficient, economical, and reproducible. Also,
currently popular methods are plagued with irreproducible yields, despite maintaining similar
reaction conditions from batch to batch. In our approach, we have used an aprotic solvent as
the reaction medium to allow the use of an extremely hydrophobic organic solvent. This
subsequently enables the complete precipitation of the protein when lower volumes of the
precipitating agent are used, thus producing high and reproducible yields. Of all the used
reagents, the precipitating agent displays a superior dissolution ability by virtue of its high
hydrophobicity. The immiscibility of the precipitating agent with water221 coupled with its
lightness and volatility allows it to be purified easily via evaporation, eliminating any need
for an additional drying process, thus ensuring the purity of the final product. Additionally,
using the extremely hydrophobic toluene, which does not have access to the polar GelMA,
prevents protein denaturation and so enables properties of GelMA that are reproducible.
Thus, using the specifically designed toluene-based GelMA precipitation method has
enabled: 1- The elimination of two primary causes of irreproducibility; dialysis and freezedrying. 2- The integration of the purification and sterilization steps to enable a reduction of
the production time, and finally, 4- A reduction in the cost of materials by about 90% and
production time by about 95%.
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Chapter 5 : Conclusion and Future Works
5.1

Concluding Remarks

Many challenges still face the efficient production of cell-laden microgels that are subject to
extensive

study.

For

tissue

engineering

applications,

current

microfluidics-based

technologies are still considered as being low throughput and, thus, unfeasible. The cell
distribution among the generated microdroplets needs to be controlled, and the off-chip steps
of gelation and oil extraction need to be replaced by more innovative techniques. In addition,
the hydrogel component manufacturing represents another low-yield and a non-cost-effective
process.
In this research, the required steps of microgel production are parallelized by
integrating

droplet

generation

with

simultaneous

cell

encapsulation,

droplet

photocrosslinking, and oil filtration within one chip. This automates the bio-manufacturing
process of cell-laden microgels as a serial, parallel, and continually operational approach that
fully eliminates the need for any off-chip handling of the generated microdroplets. Bypassing
the off-chip crosslinking and filtration steps increases the total yield and efficiency of
manufacturing, while also improving the viability of encapsulated cells. Over 4 different
cellular seeding densities, monodisperse hydrogel microdroplets loaded with cells in a
reasonable uniformity were generated in high-throughput. The BSA cellular pre-treatment,
using the dispersed phase magnetic mixer and manufacturing the device with a relatively
elevated channel height, resulted in a stable droplets-generation process. The microgels
produced under this platform conditions were able to serve as excellent microenvironments
for 3D cell culture. The encapsulated cells were investigated for healthy cellular activities
and exhibited normal growth, proliferation, and formation of intercellular connections. The
cells could also migrate from the degrading gels over time and integrated effectively with
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their surrounding tissue culture environment. This result confirms that the developed
microfluidic platform could indeed fabricate biocompatible micro-3D environments. This is
owing to the on-chip rapid photogelation under a visible light wavelength laser, and to the
rapid elimination of the oil phase in the microfilter that is integrated to the same device. With
these functionalities, this platform can greatly increase the efficiency of microgel-based
tissue engineering.
For inefficiencies concerning hydrogel manufacturing, this thesis presents a novel
method for GelMA detoxification and purification. Tackling these hurdles enabled a rapid,
highly reproducible yield process along with the integration of the sterilization step within
the purification phase. This was based on the concept of applying a combined approach
integrating the properties of desolvation and ion-pairing for effective dialysis-free
purification of the photocrosslinkable hydrogel. The reaction conditions were manipulated to
reduce the methacrylation reaction time in a manner that is compatible with the proposed
detoxification process and simultaneously permitted the complete integration of all the
production stages.
A medium polarity reaction milieu was initially created by using DMSO aprotic
solvent. This allowed for easier desolvation of the produced GelMA protein upon the
combined addition of small amounts of the NaCl salt and the hydrophobic ethanol solvent in
the following steps. In addition, all the other reaction components and impurities except
GelMA display high solubilities in ethanol. This property permitted the usage of higher
concentrations of the methacrylating agent GMA, which was not possible before.
Consequently, the reaction was forward faster and was completed sooner. As a part of this
study, the yield and the extent of methacrylation in GelMA batches produced by various
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protocols were also compared. This precipitation-based method exhibited the highest yield
with a similar degree of substitution of methacrylate groups. Moreover, ppt-GelMA
demonstrated mechanical and biological properties similar to conventionally produced
GelMA to the extent that it could be applied for tissue engineering applications such as 3D
bioprinting, as shown in this thesis.
Post-extraction dehydration of proteins, among other chemicals, is essential for
determining the quantities of the isolated protein to specify its reconstructed concentration.
This is mainly due to the highly variable and mostly low yield production of general protein
extraction processes. The inherent properties of each protein, preparation conditions, and/or
isolation methods define the subsequent drying and reconstitution approaches. In case a
protein is synthesized in a chemical reaction, the physical and chemical properties of each of
the reagents, products, and by-products need to be considered before and during executing
the purification and drying approaches. In the case of GelMA, it is commonly synthesized in
a chemical reaction that requires dialysis for detoxification and a subsequent freeze-drying
step to produce a highly diluted dialysis-product. Freeze-drying and spray drying are the
most widely used dehydration methods; however, they are, in general, either expensive, timeconsuming, or expose the protein to some risk of destabilization and loss of yield.
With careful analysis and contemplation upon the options and conditions expected
during the methacrylation reaction, we could tailor specifications of the used reaction media,
reagents, and their relative concentrations for efficient purification that did not require an
additional drying step. This depends on the production of a high reproducible known yield
that allows for the direct reconstitution of the protein immediately after detoxification.
Depending on the adjusted reaction conditions, thorough consideration of organic solvents
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was conducted with a predetermined set of criteria including; high hydrophobicity,
dissolution power of the selected reagents and their by-products, antimicrobial properties,
densities, immiscibility with water, and safety. It was found that toluene met these pre-set
criteria to the greatest extent and so was used as the solvent of choice for the reaction. This
approach could effectively produce a purified, sterile GelMA through a reproducible, high
yield, and dehydration-free manufacturing process. Table 5-1 compares the two precipitation
GelMA synthesis methods with the conventional method.

Table 5-1. Comparison of the GelMA synthesis methods.

5.2

Standard GelMA
(Dialysis + Freeze
Drying)

Ppt-GelMA
(Precipitation in
Ethanol + NaCl)

d-GelMA
(Precipitation in
Toluene)

Yield

60 – 70%

90%

99%

Production Time

2 weeks

3 – 4 days

8 hours

Production Cost

High

Medium

Low

Reproducibility

X

Sterility

X

Significance of Contributions

Advances in biofabrication technologies for tissue engineering require the development of
highly efficient and reproducible technologies that can be translated clinically to regenerate
or replace injured tissues. The microscale tissue engineering approach aims to create
biomimetic engineered microtissues by manipulating the microscale structural features.
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Hydrogel-based solutions, that can encapsulate various cell-types and bioactive molecules,
are used as matrices in microgels and 3D bioprinting biofabrication approaches. However,
the cell-laden microgels biofabrication has a limited throughput, and the hydrogel component
manufacturing is a low-yield and a non-cost-effective process. This represented significant
hurdles against exploring the maximum potential of these biofabrication techniques. This
thesis intended to resolve these efficiency challenges. The contributions of this thesis to
research include,
1.

The novel on-chip platform integrating several steps for the microfluidics-based
fabrication of the cell-laden microgels has been developed. This platform allowed for a
high-throughput process of fabricating microgels by eliminating any off-chip
requirements for handling the microgels.

2.

A dialysis-free detoxification and purification method for GelMA production without the
need of excess volumes of organic solvents has been developed. The synthesis protocol
demonstrated a high yield GelMA and the resulting GelMA was sterile, reproducible,
showed acceptable physical properties, and was highly biocompatible. The yield of
different GelMA production protocols was a knowledge gap that has been addressed
along with their methacrylation rates.

3.

Furthermore, this thesis research has developed the tailoring of a dehydration-free
GelMA production method that uses toluene to eliminate the labor-intensive and timeconsuming drying step, in addition to the dialysis and product sterilization steps. This is
an efficient novel method to directly produce high yield GelMA within a few hours.
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5.3

Recommendations for Future Work

There are a few recommended future works. First, the integration of multiple microgel
fabrication chips onto a single chip for a parallel operation will enable to realize scale-up
production of microgels for practical tissue regeneration applications as shown in Figure 5-1.

Figure 5-1. Schematic of mass production process for cell-laden microgels

The integrated microfluidic channels will be stacked onto the same chip with only a single
set of inputs and outputs. The horizontal parallelization layout of several chips necessitates
large dead-volumes due to long distribution channels.254 While vertically packing
microfluidic chips on top of each other would permit a higher density of microfluidic chips
per area and volume with reduced device structure complexity. Current fabrication
techniques, such as micromachining and soft-lithography, confine the structures to twodimensional, precluding common use of parallelized devices. 255,256 Rapid prototyping based
on additive fabrication principles is required to enable the production of complex threedimensional structures at low cost, and design freedom. Hot embossing and bonding
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techniques of several polymethyl methacrylate (PMMA)-based chips can be used for
parallelization and stacking of the integrated platform.
Second, we believe that GelMA production will be fully automated in the near future.
The reported novel methods for GelMA production eliminate the requirement for any devices
or excessive equipment. The selective precipitation approach in water immiscible organic
solvent for GelMA manufacturing do not require separate purification steps, such as dialysis
and dehydration steps (e.g., freeze-drying or spray-drying). Having a single-compartment
container for the multistep process opens the door for the development of an automated
synthesis system. Automated GelMA synthesis will significantly reduce material handling
time to facilitate the concept of highly efficient biofabrication of cell-laden hydrogel tissues
for real clinical applications.
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