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Abstract

Abstract

Artificial organs are vital for drug development since preclinical animal testing has a
limitation in human toxicity prediction, occasionally leading to severe damages. In
particular the liver which is an organ that serves the functions in drug metabolism
and detoxification, would play a critical role in toxicity screening when reconstructed
in vitro. However, primary hepatocytes lose their functions when seeded onto plain
substrates, and maintaining the functions ex vivo has been challenging. One of the
cues found in liver tissue engineering to keep hepatocyte phenotype is the structural
dimensionality; three-dimensional (3D) culture systems which emulate the liver
microenvironment, provide enhanced cell-cell interactions and cell-material
interactions compared to those in two-dimensions, resulting in prolonged of
hepatocyte functions. Therefore, in-vivo-like platforms that mimic the liver
microstructure have been in high demand.

The overall goal of this dissertation is to create a liver-mimicking platform that
can aid in maintaining hepatic functions. Besides cells, the liver is composed of
extracellular matrices (ECM) with highly-ordered, porous structure. On the other
hand, fabrication of such ECM-based highly-ordered scaffold has been challenging.
Problems lie in high viscosity and in slow crosslinking of the aqueous protein
solutions for building complex configuration.

In this thesis, the material chosen for the platform is a photocrosslinkable protein,
gelatin methacryloyl (GelMA). Gelatin is a hydrolyzed form of collagen, which is
the main component of the liver structure. While preserving biological advantages of
collagen/gelatin, the functionalized gelatin can be crosslinked in minutes in the
presence of ultraviolet light and a photoinitiator. Furthermore, aqueous solutions of
GelMA are much less viscous than the parent materials. However, the synthesis
method has not been optimized in a systematic manner, leaving room for
improvement. The first work presented in this thesis is to revamp GelMA synthesis
through finding appropriate buffer systems and reaction conditions such as pH,

molarity, temperature, and time.
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The second part of the thesis work entails characterizing the physical properties
of GelMA hydrogels with a simplified model. Rheological experiments on
mechanical stiffness, swelling measurements in size and mass, and enzymatic
degradation experiments were carried out for comprehensive characterization.

Finally, a liver-mimicking hydrogel platform was developed, possessing highly-
ordered pores and interconnections. Protein-based inverted colloidal crystal (ICC)
scaffolds were fabricated with GelMA and a sacrificial polymer lattice. The use of
GelMA enabled easy infiltration into the lattices at a high protein concentration and
fast crosslinking. Liver model cells, Huh7.5 cells, in GelMA ICC scaffolds attached
well to the surface of GelMA ICC and formed 3D cell constructs with cell multi
layers during a culture period of high viability. Relative to GelMA plain surface,
cells in GelMA ICC exhibited higher hepatic functions. The results demonstrate the
potential of GeIMA ICC to be an artificial liver platform — that can maintain hepatic
functions and foresee human drug toxicity — and would be contributive to drug

discovery and development.
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Chapter 1 Introduction

Non-negligible lives were lost at clinical testing and post-marketing
during the process of drug development. Animal testing is not always
effective, because of species-specific activity of drug metabolism. If a
fraction of human liver could be reconstructed ex vivo, which can
react with drugs as well as the liver in the body, it would be a potent
tool for toxicity prediction. This chapter introduces the current
situation of drug development and design philosophy of the proposed

artificial liver platform.
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1.1. Background

History of drugs stretches back to prehistoric herbal medications, followed by
modernization in the nineteenth century starting from alkaloid isolations and synthesis of
chloral hydrate ™. To this date, drugs have been contributing to lives and health of
humankind.

There are still a number of diseases, whose drugs are much-anticipated to be
developed. These include end-stage liver disease (ESLD), one of the causes of worldwide
morbidity and mortality , which is mainly progressed from viral infections such as
hepatitis C virus (HCV) B! The treatment options for ESLD are primarily limited to
transplantations, while the number of donors is much less to cover that of patients !,

Currently, the drug discovery/development process is toughening with increasing
time and cost. For example, the total time from compound synthesis to New Drug
Application approval was reported to be 12.8 years in the 1990s, which increased by
more than 60% from 7.9 years in the 1960s [®!. The rise in the cost is more drastic; it was
$138 million in 1979 "1, and it marked $1.3 billion in 2005 ! (cf. Figure 1.1).

The biggest risk that pharmaceutical companies face during the development is the
failures at the late stage, clinical testing ©. For instance, an immunomodulatory drug,
TGN1412, was applied to six healthy volunteers with five hundredth part of dosage
proven to be safe by animal testing. Nevertheless, it brought immediate mortal danger to
all the volunteers with multiple organ failures ©!. Another example is fialuridine, a
nucleoside analogue for Hepatitis B virus infection. Fifteen patients were treated with the
drug after it passed animal testing with different species (mice, rats, dogs, and monkeys).
Despite a promising start, the human testing was terminated at weeks 13 due to sudden
serious complications. Seven patients experienced abrupt onsets of hepatic failure and
lactic acidosis; eventually, five of them lost their lives and two of them underwent the
emergent liver transplantation. Drug failures could happen even at post-marketing. Vioxx
was developed for inflammatory remedy, found to be causing heart attack after
commercialization. It claimed a life of more than 27,000 people and more than $10
billion was needed for settlement %, Although animal testing is conducted to avoid such

consequences at human testing and post-marketing, the overall success rate of drugs
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throughout the human trial is 1 out of 9~10 2 and toxicity accounts for over 20%

which is the second behind inefficacy ™.

Clinical Trials
Drug discovery Preclinical Phase | Phase Il Phase lll FDA review
500010000 I - 1
compounds ‘ m m drug
@ ‘ 20-80 100's 1000's »
participants participants participants $1,300 M

5.5 years 2 years 2 years 2-4 years 1-2 years

Figure 1.1 Drug development process of Food and Drug Administration (FDA) and its time [**!
and cost ¥,

One of the reasons why animal testing is not effective enough to predict human
toxicity is species-specific metabolism. Once a xenobiotic is taken, it is metabolized first
in the liver. The liver has human-specific activities of enzymes ™! and mitochondria I**
that could lead to unique metabolic pathway from the other animals ™. In a different
perspective, these metabolic activities make the liver as a prominent causative site of
drug recalls among the organs 1. Therefore, establishing an artificial liver ex vivo could
be a potent tool to predict the human toxicity of the drugs, as well as a reliable platform
for developing drugs of ESLD.

The liver has been known, perhaps from an era when myths of Prometheus passed by
word of mouth, as the organ which is capable of regenerating itself in the body 8. If the
hepatocytes could regenerate themselves in vitro, it would be a compelling artificial liver
platform. However, in practice, primary hepatocytes seeded on plain conventional
substrates lose their function significantly *°. Maintenance of hepatic functions ex vivo
is formidable, let alone regeneration ability, and therefore extensive studies have been
conducted as liver tissue engineering (LTE).

Many studies have reported that three-dimensional (3D) platforms are superior to

those in two-dimensional (2D) platforms, supporting to enhance intercellular interactions
3
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and maintenance of functions 2% Indeed, in general, cells that reside in-vivo-like
environment respond closer to in vivo. Still, there is a large gap between LTE platform
designs and the liver complex structure. Aside from cells, the liver comprises of
extracellular matrices (ECMs) with highly ordered, porous structure. It has been
challenging to build such a protein-based architecture that mimic the complex liver
configuration because of high viscosity and slowness in crosslinking.

A photocrosslinkable protein, gelatin methacryloyl (GelMA), is a good candidate to
overcome these limitations. Gelatin is a hydrolyzed form of collagen, which is the main
component of the liver structure ! While preserving biological advantages of
collagen/gelatin, GelMA can be crosslinked in minutes in the presence of ultraviolet light
and a photoinitiator. Also, due to reduced ionic interaction between molecules, an
aqueous solution of GelMA is much less viscous compared to the parent materials. Since
the synthesis method was developed in 2000 24, GelMA is utilized in various bio-related
applications °. However, the functionalization method has room to be modified to be
more controllable and effective, which could be beneficial to tailor the mechanical
stiffness of GeIMA hydrogels.

As aforementioned, liver has highly ordered architecture with a million of regularly
arranged hexagonal units called lobule. Inverted colloidal crystal (ICC) scaffolds are one
of the promising systems to mimic the lobule structure. It possesses size-controllable,
uniform pores that are hexagonally arranged and interconnected. Regarding LTE, early
polyacrylamide ICC systems exhibited hepatosphere formation with maintained albumin
production ! and in vivo-like response against nanoparticle toxicity 2" Recently we
developed collagen-coated polyethylene glycol diacrylate (PEGDA) ICC scaffolds for
enhancing cell-ECM interaction ?®!. The presence of ECM led higher albumin production
compared to bare PEGDA ICC, in which cells exhibited an aggregated shape ?°.. Also,
the albumin level depended on the amount of collagen coating. However, this ICC system
requires an additional fabrication step of coating, which could be uneven and different by
batch-to-batch. Protein-based ICC system would provide the innate bioactivity, and
GelMA has advantages to aid the fabrication process with short crosslinking time and
low viscosity. Previous attempts on GelMA macroporous structures showed good

viability of the cells in the system. However those platforms lacked uniform
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interconnectivity and also their efficacy on cellular function maintenance remained
unexplored. The product of GelMA ICC could mimic the liver from materials and
structural points of view. And with this emulation of hepatic microenvironment, liver

cells in GelMA ICC are expected to retain their functions well.

1.2. Objectives and scopes

The overall goal of this thesis is to create a liver-mimicking platform for drug screening
and discovery. We hypothesize that GeIMA ICC scaffolds will provide an adequate
environment for hepatocytes to maintain liver-specific functions. In order to test this

hypothesis, specific aims are established as stated below;

Aim1l. To improve GelMA synthesis to be more efficient and controllable in a
systematic manner

Aim 2. To characterize GeMA hydrogel physical properties comprehensively

Aim 3. To establish the fabrication method of GelMA ICC scaffolds

Aim 4. To examine efficacy of GeIMA ICC scaffolds on hepatic function maintenance

for LTE applications by utilizing a model hepatocyte cell line

1.3. Dissertation overview

This thesis is divided into six chapters. Chapter One gives the background information on
LTE and design philosophy of the proposed artificial liver platform. Chapter Two covers
the literature reviews including the liver function and structure, and studies conducted on
LTE, ICC systems, and GelMA. In Chapter Three, improvements on GelMA synthesis by
optimizing reaction conditions such as pH of the reaction solution and other parameters
are described. Chapter Four explore comprehensive characterization of GelMA hydrogels
from prospectives of mechanical stiffness, swelling, and enzymatic degradation. In
Chapter Five, GelMA ICC fabrication and its application to LTE are described. Lastly,
Chapter Six provides the conclusion of this dissertation, followed by proposed future

research directions.
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Figure 1.2 Graphical abstract of main contents of this dissertation.

1.4. Findings and Outcomes/Originality

This dissertation led novel outcomes by;

e Improving GelMA synthesis to be efficient and controllable in a facile way by
optimizing pH of the reaction solution and other synthesis parameters
e Establishing GelMA ICC scaffold platforms for LTE applications, which can

enhance liver functions of the hepatocytes
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Chapter 2 Literature review

The liver has a complex architecture, comprised of a million of
hexagonal units. This chapter presents liver biology and introduces
strategies taken for engineering a liver-mimicking platform. The
studies are viewed from the perspective of structures and materials.
Along with the review, particular focuses are placed on studies on
inverted colloidal crystal scaffolds and gelatin meathacryloyl, which

are core elements of this dissertation.
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2.1. Liver biology

2.1.1. Functions of the liver

The liver, the largest internal organ in the body, has a variety of functions to support
human life activity. The number of functions is often referred as 500 ?!: nevertheless the
essential actions can be grouped as 1) plasma protein synthesis, 2) drug metabolism, 3)
macronutrient homeostasis, and 4) formation/secretion of bile.

The plasma proteins that the liver synthesizes include albumin, globulin, fibrinogen,
and some specific proteins such as alpha 1-antitrypsin (AAT) B4 Albumin is the highest
protein component of plasma ' and its main function is to regulate blood osmotic
pressure, taking advantage of its low molecular weight (ca. 67 kDa) &l Also, it has
various ligands to carry smaller substances (amino acids, drugs, hormones, etc.), aiding
them to transport via blood ®. AAT is a major protease inhibitor in the plasma ). Lack
of AAT can damage tissues especially the lung, but also can cause liver failures and
cirrhosis . The liver is the principal site to synthesize these essential proteins © and
therefore they are often used as functional markers in LTE.

Drug metabolism pathways in the liver are to alter the xenobiotics to be inactivated
(Phase One: oxidation, reduction or hydrolysis) and be hydrophilic (Phase Two:
complexing or conjugating) for excretion 1. The Phase One is mainly exerted by groups
of the enzyme, cytochrome P450 (CYP). Among its subfamilies, CYP3A is the most
important as it engages biotransformation of approximately half of commercialized drugs
(1% However, the isoforms vary across species, which causes ineffective translation of
drug toxicity from animal to human. Regarding human, there are four CYP3A members
and all of them are human-specific; namely CYP3A4, CYP3A5, CYP3A7 and CYP3A43
[l Both CYP3A4 and CYP3A5 play major roles, while catalytic activities are higher
with CYP3A4 M Another isoform, CYP3A?7, is predominant in the fetal liver and its

presence is reduced in the adult liver (averaging 1.6% of CYP3A4 expression) 3!

nevertheless, it has a high catalytic activity for specific hormones and retinoic acids ™.
As for CYP3A43, its function is not well revealed, and its transcription level is limited to
around 0.2% of CYP3A4 ',

Glucose homeostasis is also one of the unique features of the liver. When the blood

has high sugar level, glucose is transported into the liver and phosphorylated to encage it

10
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within the cellular membrane. The altered glucose, glucose-6-phosphate, is a key
intermediary compound that can undergo different metabolic pathways (e.g. being altered
further into glycogen for storage). At a hypoglycemic state, an enzyme, glucose 6-
phosphate (G6Pase), dephosphorylates glucose-6-phosphate back to glucose. The glucose
is eventually released into the blood by facilitated diffusion, and thus the sugar level in
the blood is maintained ¢,

Bile is a complex fluid, with bile acids, lipids, cholesterol, etc., and the liver accounts
for 60-70% of its production ™71, The bile acids are especially important as they emulsify
fats and fat-soluble vitamins to be easily digested in the small intestine. The liver is the
only site for bile acids synthesis ¢,

These diverse liver functions are regulated by different hepatocyte nucleus factors
(HNFs), which transcript genes into proteins. One of the HNFs that play the central roles

in differentiated hepatocytes is HNF4a, involving CYP activities ™!

, glucose secretion
201 "1ipid homeostasis Y, and bile acid synthesis ?2. Also, HNFs regulate one another;
for example, HNF6 controls HNF4a ! and HNF3a 24, as well as a wide variety of

liver-specific genes 2%,

2.1.2. Liver structure and composition

As briefly described in Background section, the liver is comprised of a million of
hexagonally-arrayed micrometric units (Figure 2.1). This unit, lobule, is around 1 mm in
diameter and 2 mm in thickness ?®. The main component of the liver is a parenchymal
cell, hepatocyte, which spreads cord-like from the central vein. The adjacent cells are
connected by tight junctions, and they occupy 78% of the liver volume "1 Sinusoids
spread over the lobule between the cords, supplying blood via large surface area.

The hepatocytes are polygonal-shaped cells with a diameter of 13-30 um 8. They
take the most of the roles of diverse liver functions. As their oxygen uptake is higher than
other cells % sufficient oxygen provision via blood is crucial.

Other non-parenchymal cells, such as Kupffer cells, sinusoidal endothelial cells,
stellate cells, occupy only 6.3% of the volume ). However, they play important roles in

producing cytokines for regeneration and inflammatory response B%.
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A

Hepatic sinusoid

B

Hepatocytes

Bile canaliculi

Kupffer cell
Central vein
Hepatic sinusoid

Bile canaliculi
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bile duct
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Figure 2.1 The schematic illustrations of (A) the liver, (B) the hexagonal liver units, lobules, and
(C) the detail of the lobule microstructure. Redrawn from reference B4,

2.1.3. Extracellular matrices in the liver

Extracellular matrices (ECMs) are non-cellular macromolecules that provide structural
integrity and modulate biological processes such as cell attachment, migration, signal
transduction, and development 2. Specifically, as for the liver, they play an important
role to maintain differentiation of hepatocytes 2.

Collagens are the most abundant ECM in the liver ¥, as well as in the human body
351 To date, at least 29 different types of collagen were identified 2, yet in common,
they have helical structures with three polypeptide chains. Each chain is composed of
tripeptide (Glycine-X-Y) repetition, where often X and Y are proline and hydroxyproline,
respectively. Also, they have arginine-glycine-aspartic acid (RGD) motifs that can
involve cell attachment via integrin.

Fibronectin is another predominant ECM in the liver B who has dimer structure
with two long peptide chains. It has various domains for cells (e.g. RGD) and ECMs (e.g.
collagen and fibrin) to reinforce cell and ECM bindings &2,

In the liver, those ECMs are locally distributed as shown in Figure 2.2 B, Basement
membrane proteins such as collagen type IV and laminin are located near the central vein

and portal triad (cf. Figure 2.1C), compositions of which are analogous to that of other
12
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epithelial organs ?®). In contrast, in the parenchyma, the basement membrane proteins are
absent; ECMs in parenchyma dwell in the gap of 0.2-0.5 um between hepatocytes and
sinusoids, called “space of Disse "\ The site is occupied by mainly fibronectin and

collagen type | and as well as a smaller amount of collagen type 11l and 1V B,

SERWRIER

X Wxxxxm >ooo<x X X X

XOOOK Collagen | Y often + Laminin x Collagen VI Sy, Fibronectin s Fibrillin
XO00KX Collagen IIIJ' composite  + Collagen IV Organized o Collagen XIV === Fibrillin/elastin
-+ Collagen v/ fibrils * Perlecan 12752 basement . Tenascin-C fibre, associated
membrane with collagen VIII

PV, portal vein; CV, central vein; HA, hepatic artery; SC, hepatic stellate cell; EC, sinusoidal endothelial cell; PF, portal fibroblast;
SD, space of Disse; BD, bile duct; H, hepatocyte; TS, thick, organized septa; S, sinusoid; P, portal tract.

Figure 2.2 Localized ECMs in the liver. Redrawn from reference &7,

2.2. Cell sources of liver tissue engineering

From this subchapter, approaches as LTE are described in different views. As for cells, it
is always ideal to use primary liver cells from tissues to engineer an artificial liver.
Primary human- and alternatively rat-hepatocyte have been utilized to assess the system
on cell function maintenance. However, they have limitations in availability, phenotypic
stability over the culture and consistency (donor-dependent), which is constitutive for
personalized drug screening but is difficile for high-throughput screening purpose.
Therefore hepatocellular carcinoma cell lines, which show liver-specific functions, have
also been employed as model cells. The cell lines include HepG2 B KYN-1 1% KYN-2

141 and Huh7 ™. The most widely-used cell line is HepG2; meanwhile, a study on gene
13
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expression showed the highest efficacy with Huh7 ¥2. A subclone of Huh7, Huh7.5 (3]
is permissive to Hepatitis C Virus (HCV) and also used extensively. A platform with
such type of cells could be not only a versatile hepatotoxicity tool but also a potent
platform for developing drugs for ESLD.

2.3. System designs for liver tissue engineering

2.3.1. 2D systems

In 1983, Clayton et al. reported their experimental result on primary rat hepatocyte
seeded on the normal 2D substrate, which showed rapid vanishment of albumin
expression within 24 h “J. Indeed primary hepatocytes cultured in the conventional 2D
system lose their hepatic functions within days “*). Decades of studies have been
conducted for maintaining phenotype from different approaches.

Some of the initial studies were directed toward co-culture of feeder cells with
hepatocytes. Not only non-parenchymal liver cells 24647 put also various types of cells
have been employed; including kidney epithelial cells !, umbilical vein endothelial cells
1491 bone marrow cells %, pancreatic islets ) or embryonic fibroblasts >, Overall
heterotypic cellular contact and cytokines from these cells aided hepatocyte with high
viability and maintenance of hepatic functions “**. The most widely-used cell is rat
embryonic fibroblast, 3T3 cells, and some studies reported the highest albumin
production with 3T3 cells among several types of cells co-cultured with rat hepatocytes
[55,56].

Another approach was a surface coating of the substrate, on which cells were
cultured. The major coating materials are ECMs, which approximate the environment
closer to in vivo. The materials include collagen 7, liver ECM extracts °®, laminin-rich
tumor-derived matrix (Matrigel® ). Cells on those coated-substrates could exhibit
longer lifetime and function maintenance in comparison to conventional polystyrene (PS)
substrates.

To organize cells in lobule-like structure, some attempts were made from engineering
approach. One of the pioneering studies was conducted with a micro-patterned system
(Figure 2.3A) . They seeded primary rat hepatocyte or lung endothelial cells onto an

etched silicon wafer; hepatocyte on the wafer maintained alboumin production constantly
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until four days. Ho et al. took a similar approach but allowed more precise distribution of
HepG2 and endothelial cells with the use of dielectrophoresis of the cells (Figure 2.3B)
%1 The result showed enhancement of one of the hepatic functions, CYP1Al enzyme
activity, compared to mono-culture and non-patterned culture. However, these 2D system
designs have a limitation in cell-cell and cell-ECM interactions, which were found to be

essential.
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Figure 2.3 Engineering approaches to reconstruct liver-mimicking structure in 2D. (A) Micro-
patterned wafer, made of silicon and Pyrex. Adopted from reference . (B) Lobule-like
patterned electrodes to arrange cells by dielectrophoresis. Adopted from reference .

2.3.2. 3D systems
The human body is a 3D complex, which has a greater extent of cell-cell and cell-ECM
interactions in contrast with 2D culture systems. Studies on tissue engineering are
revealing that cells in 3D systems can respond closer to in vivo regarding morphology
and functions 6%54],

One of the pioneering 3D approaches in LTE is collagen sandwich configuration by
Dunn et al. in 1989 ¥ as illustrated in Figure 2.4A. In this study, they seeded primary
rat hepatocytes onto collagen gel, followed by casting of second collagen layer after one
day. Interestingly, this difference of one layer could lead maintenance of polygonal
morphology and albumin production for 42 days ®3®; nonetheless, retention of CYP
activity was found to be limited ®. Cell-matrix interaction can be further enhanced in
the form of cell encapsulation, which is to confine the cells in polymer network of low
density. This covers non-crosslinked solution (e.g. chitosan ! and alginate 8% as
shown in Figure 2.4B) as well as crosslinked gels (e.g. collagen "%, synthetic peptide

[71.72] and poly(ethylene glycol) diacrylate [PEGDA] ">, inclusive of their composites.
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These approaches could alter cellular morphology with longer function maintenance than
2D system 773! however, they lack interplay between cells.

Besides 3D interaction with matrices, studies on hepatospheres revealed that 3D
homotypic cellular interaction of hepatocytes are vital as well. In early studies,
hepatospheres were formed by culturing cells onto a flat substrate, which was positively-
charged ["® and/or coated by proteoglycans /" (Figure 2.4C). Subsequent advanced
systems include hanging-drop culture system 8" micro-molding techniques %84
(Figure 2.4D) and rotary cell culture system 2% that provided better size control,
oxygen supply to the cells, faster spheroid formation, and so on. The hepatospheres
exhibited upregulated expressions of adherens junction and tight junction 848
emulating vivo situation closely where hepatocytes are securely connected via cell
junctions . Indeed a comparative study of ‘encapsulated spheroids’ and ‘encapsulated
single cells’ revealed the relevance between cell junctions and maintaining hepatic
functions ). Through a variety of studies, hepatospheres showed prolonged lifetime and
hepatic functions as well as efficient hepatotoxicity response [>#7). However, they have
size limitation at around 200 um, beyond which the hepatocytes in the core of
hepatosphere started to suffer from oxygen depletion 8. Further, the system by its nature
lacks cell-ECM interaction.

Some studies explored 3D constructs for hepatocyte seeding; such as sponge-like
structure 9" and fibrous system 2. These constructs have larger freedom in system
designing (material, porosity, etc.); nevertheless, they lack spatial control over the system.

Advancements in hydrogel-related studies (cf. Subsection 2.4) and microfabrication
techniques allowed further strategies to engineer liver-mimicking structures. For example,
implementation of the microfluidic system led to the formation of hepatic-cord like
structures with the endothelial-like flow as shown in Figure 2.4E 3. Photolithography
technique has been applied to obtain cell-laden hydrogels in delicate, liver-like
configurations °*°°! (Figure 2.4F, G). The rise of 3D printing techniques allowed direct
designing of 3D scaffolds ®” as well as bioprinting ®®°! whose precursor solution
contains cells. In order to overcome the lack of hepatocyte homotypic interaction in cell-
laden hydrogel systems, preformed hepatospheres can be incorporated into bioprinting

(1001 (Figure 2.4H). These types of fabrication methods can mimic the lobule structure
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better and are ideal for prototype testing; however, they could have a limitation in mass

fabrication.

I| . A/A@|I

Positive charges

A Plastic dish Type | collagen

80sec 120sec 240 sec

Spheroids

Figure 2.4 Engineering approaches to reconstruct liver-mimicking structure in 3D. (A) Collagen
sandwich configuration. Redrawn from reference °Y. (B) Cell encapsulation in alginate capsules,
with a diameter of 0.4-0.5 mm. Adopted from ®8. (C) One of the early studies on hepatosphere
formation. Adopted from ®!. (D) Hepatosphere formation in microwells. Redrawn from reference
8 (E) Hepatic cord-like structure with the endothelial-like flow in the microfluidic system.
Redrawn from reference *3!. (F) Lobule-like construct by photolithography. Redrawn from %,
(G) The multilayered construct of cell-laden hydrogels. Redrawn from reference *3. (H)
Incorporation of bioprinting and microspheres to improve hepatocyte intercellular interaction.
Redrawn from reference %!,

Inverted colloidal crystal system

On the other hand, inverted colloidal crystal (ICC) shaped constructs have been
developed for versatile applications from photonic devices ™°? to energy storage ™.
Figure 2.5 shows the general fabrication procedure with a base material and sacrificial
colloidal crystal lattice %1% It has following advantages: a three-dimensional structure

with hexagonal and uniform configuration, size-controllable cavities, and the presence of
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interconnection between the cavities. Also, compared to prototype-friendly 3D printing

techniques, this process is more compatible with mass production.

v v
v

Removal of

Annealing lattice

o WO ,0

i ‘ s
Seetetl¢
et 08¢
’o"o‘.o:..

Sphere Colloidal Crystal Crosslinking ICC scaffold
assembly lattice base material

Figure 2.5 Schematic illustration of ICC fabrication process. Redrawn from reference %4,

As for tissue engineering purpose, it was first applied by Peter et al. as the
development of PLGA ICC scaffolds on 2001 2% Following studies affirmed the
efficacy of ICC structure, such as the positive impact of scaffolds’ uniformity on cell fate
1071 cavity-size dependent influence on cell function maintenance %! and internal
diffusion of nutrients/oxygen ™!,

To date, various studies were conducted on ICC scaffolds with different cells and
materials. The cells include fibroblast M7 hone marrow stromal cells 115121
chondrocytes 1212 stem cells 4?31 and so on. With regards to the liver cell, Kotov et
al. first applied with HepG2 cells, demonstrating hepatospheres in the lobule-like cavities
(> 75 um) with long-term survival ™21, As for their functions, Lee et al. investigated
albumin production of hepatocytes in ICC scaffolds of different pore sizes (50-200 um)
(1991 “nitially, cells in smaller cavities (yielding smaller size of hepatospheres) showed a
higher secretion level, but those from cells in larger cavities nearly caught up after eight
days of culture. Also, the same system with 150 mm-diameter was applied to
nanoparticle toxicity check, showing a similar response to in vivo compared to that of
the 2D system 3. However, these scaffolds were made from poly(acrylamide) (PAM),
lacking cell-ECM interaction (cf. Figure 2.6). Recently our group developed collagen-

[133]

coated poly(ethylene glycol) diacrylate (PEGDA) ICC scaffolds . Hepatocytes in

these scaffolds could have both cell-cell and cell-ECM interaction eminently. The ECM
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coating led higher albumin production compared to bare PEGDA ICC, in which cells
exhibited aggregated shape. Also, the albumin level depended on collagen amount; cells

in contact with a higher amount of collagen led higher albumin production.

Figure 2.6 Hepatocytes in ICC systems. (A) PAM ICC scaffolds. Redrawn from reference ",
(B) PEGDA with collagen layer, conjugated on the surface. Adopted from reference **3.

In terms of materials for ICC scaffolds, most of the approaches were from synthetic

polymers (cf. next subsection), such as aforementioned PAM [109127:128.132134-139]

poly(lactic-co-glycolic acid) (PLGA) [10¢-108140-1461 = noly(ethylene glycol) diacrylate
/dimethacrylate (PEGDA or PEGDMA) 10411331 - poly(2-hydroxyethyl methacrylate)
(PHEMA) [1712913L1471501 ote 1n order to add bioactivity to the scaffolds, surface
coatings were implemented in some studies (collagen [04133136138.147] *fihronectin 1%
etc.). However, these surface modification method requires one additional step, which
could cause uneven coating and batch-to-batch difference. There are fewer but some
scaffolds, which are made from native natural polymers such as alginate, chitosan, and
gelatin as shown in Table 2.1. These systems could provide innate biological cues.
However, the base material solutions were prepared at below 10%, due to the high
viscosity of aqueous natural-polymer solution ™. This low concentration can lead to
repetitions of the process or low mechanical strength. Also, most systems employed
chemical crosslinkers (calcium chloride, genipin, etc.) for crosslinking, which require
longer processing time and could result in inhomogeneous crosslinking over the samples.

Recently, Kim et al. developed ICC system based on functionalized protein, gelatin
methacryloyl (GelMA) "*2. This photocrosslinkable material allowed crosslinking within
20 min, directly after infiltration. Also, the functionalization reduced intermolecular ionic
interaction, reducing the viscosity of the aqueous solution. Hence the concentration was

increased to 20%. Mouse mesenchymal stem cells seeded in the scaffolds were highly
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viable. However, the system does not have a uniform the structure, as the sacrificial
alginate lattices were utilized without annealing. Furthermore, their efficacy on cell
function maintenance has not been investigated. Fu et al. demonstrated GelMA
macroporous hydrogels to support vascularization in vivo ", Yet this system lacks
structural uniformity. And importantly, none of the natural polymer-derived ICC

scaffolds have been applied to LTE, which keeps their potential veiled.

Table 2.1 Natural polymer-based ICC systems and their applications, crosslinking methods,
spheroid size, crosslinking time, base material concentration, and structural characteristics.

Materials Function/ Crosslink-  Spheroid  Fabrication procedure  Concen- Ref
application ing method  size (um) and the time* tration
(w/v %)
Natural polymer-based ICC systems
Alginate Able to disinte-  CaCl, 250 I: Us.5, F: 5 h, D: 4 [130]
grate in 10 min” overnight, C: 1 h
Alginate/poly(g- Neural tissue CaClyand 158 I: 50min, C: 24 h,D: 3 [124,125
glutamic acid)  engineering EDC? 24 h (I+ D were ]
repeated 8 times)
Chitin/chitosan  Cartilage tissue ~ Genipin 160 I: Us.5, C: 24 h, D: 24h 3-4 [122,123
engineering (I + D were repeated 8 ]
times ['*)
Chitin/chitosan  Neural tissue Genipin 160 I: Us.5, C: 24 h, D: 24h 2.5 [126]
/gelatin engineering (I + D were repeated 5-
8 times)
Chitosan Hypoallergenic, Physical 148 I: Us.5, F: 5h, D: 1 [154]
antibacterial overnight
Chitosan/gelatin Neural tissue Genipin 160 I: 50 min, C: 24 h,D: 5 118,119
engineering 24h (I + D were ]
repeated 5-8 times)
Fibroin Biophotonics Physical 0.25-0.35
Protein-based porous systems [13]
Bovine serum  Fluidic system Glutaral- 0.5 I1:24h,C: 6 h 4 [156]
albumin dehyde
GelMA Regenerative Ultraviolet 156, 500- 1I:Us.5, C:5 1531 5r20 20 (152,153
medicine, (UV) light 1500 152 min ]
vascularization
Fibroin Biophotonics Physical 0.25-0.5  I&D: 1" or4 131 3-8 (151,157,
days,C: 1 h 158]

* |: infilteration, F: freezing, D: drying, C: crosslinking
2 Concentration of base material, ® With presence of K,HPO, and ethylenediaminetetraacetic acid (EDTA)
¢ Us.: Unspecified, “ EDC: 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
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2.4. Materials used for liver tissue engineering

2.4.1. Synthetic polymers

In this subsection, materials used for LTE is described. They are mainly polymers, which
can be classified into two groups as synthetic polymers and natural polymers. Synthetic
polymers are made from petroleum. Compared with natural polymers, synthetic polymers
have following advantages in general; mass production with higher reproducibility,
controllable property (e.g. molecular weight), higher mechanical stiffness, and wider
options of chemical functionalization as seen in Table 2.2.

Table 2.2 Comparison of general characteristics of synthetic and natural polymers used for tissue
engineering purpose

Feature/function Synthetic polymers Natural polymers
Bioactivity (e.g. RGD) Limited High
Biocompatibility Material dependent Mostly applicable
Biodegradability Material dependent Mostly applicable
Chemical modification Relatively wider options Relatively limited
Controllability, reproducibility High Relatively low
Mechanical strength Relatively high Relatively low

Most widely-used synthetic materials include PAM, PLGA, and poly(ethylene
glycol) (PEG) derivatives, which were employed for ICC scaffolds fabrications (cf.
previous subsection).

PAM is composed of a repetition of (—CH,CHCONH,—) unit and utilized in early
LTE to immobilize sugar **°**%Y (and recently ECMs ™). The typical crosslinking
method is to utilize N,N'-methylenebisacrylamide as a crosslinking monomer with
ammonium persulfate and N,N,N',N'-tetramethylethylene-diamine as initiators. Although
PAM is biocompatible, there could be some residues of monomer (acrylamide), which is
toxic to the cells 6%,

PLGA is a co-polymer of lactic acid and glycolic acid. It is a biocompatible material
with biodegradability, which can be tailored by the composition ratio. Regarding the
formation, simple, direct condensation method is usually adopted. It is utilized in various

systems such as a low adherent substrate for spheroid formation %4, fibrous systems
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[165.1661 ‘3D solid supports 67, spongy systems (%81 etc. Since the material is approved
for therapeutic use, it is extensively applied for in vivo experiments as well 1701721,

Poly(ethylene glycol) (PEG) is a molecule with repeating (—OCH,CH,—) units,
possessing advantages of biocompatibility, high solubility in water and organic solvents,
being easy to be chemically modified, and absence of immunogenic/toxic response. In
tissue engineering, particularly PEGDA/DMA has been used, which can be crosslinked in
the presence of UV light and photoinitiator %1, As for LTE, PEGDA/DMA has been
utilized for cell encapsulation [*™1 micro-patterned system P4, bioink ™™ in vivo
application " and so on.

Despite these advantages, synthetic polymers inevitably lack bioactivities. Especially
cell attachment sites (e.g. RGD) are essential not only for adhesion but also to have
proper signaling pathway ). Therefore in most cases, they are utilized together with

natural polymers which are described below.

2.4.2. Natural polymers

Natural polymers are composed of materials that exist in nature such as collagen and
fibronectin. They are mostly biocompatible, degradable and possessing innate
bioactivities that can affect cell morphology, function, differentiation, fate, etc.

In LTE, the most used natural polymer is collagen. As mentioned in Subsection 2.1.3,
it is the most abundant ECM in the liver; therefore the utilization of the collagen can
make the system closer to the in vivo environment. It has been utilized for early sandwich
culture B8 to microfluidic systems 1781 in vivo study *®% and so on. Also, it has
been employed with other materials for adding biological features; the presence of
collagen can enhance cell attachment 7, proliferation **3, functions >, etc.

Gelatin is obtained by partial hydrolysis of collagen via acid (pH 1-2) or alkali (pH

t 18U These treatments reduce the

12-13) process with a final ultra-heat treatmen
antigenic aromatic groupings, and therefore gelatin is less immunogenic than collagen
[182183] 'Also, it is much less expensive compared to the parent material. Besides, gelatin
inherits the advantages of collagen and widely used for 3D cell supports 88 hioink

[186.287] in vivo study % and so on.
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Fibronectin is one of the abundant ECMs in the liver, owning different domains for
strengthening cell-ECM bindings (c.f. Subsection 2.1.3). However, in LTE, fibronectin is

less utilized compared to collagen/gelatin, probably due to its expensiveness.

[189,190]

Nevertheless, some studies utilized fibronectin for surface coating . Fibronectin

itself has the effect to maintain hepatic functions, and they can be further facilitated by
mixing with other ECMs 19029,

Alginate, one of the anionic polysaccharide, can be obtained from brown algae. It
possesses advantages of being non-animal source (not immunogenic), able for ionic
crosslinking (e.g. with calcium chloride), and relatively low in cost; these allowed the

material to be widely employed for LTE including cell encapsulation systems [68:6°192]

non-adhesive porous scaffold applications for hepatosphere formation % and bio-
artificial liver applications !,
Table 2.3 Natural polymers and their features and advantages on LTE
Natural polymer  Features Advantages
Collagen Most abundant ECM in the Cell attachment sites
liver Elongated cell viability
Enhanced hepatic functions
Gelatin Partially hydrolyzed collagen Inherited advantages from collagen
Less immunogenic
Economical
Fibronectin Most abundant in the space Cell attachment sites
of Disse Enlonged cell viability
Enhanced hepatic functions
Alginate Obtained from seaweeds Non-animal source (not immunogenic)

Non-adhesive property for hepatosphere formation
Ionic crosslinking
Economical

Gelatin methacryloyl

As introduced in the previous subsection, gelatin is one of the attractive biomaterials with
good bioactivities and relative inexpensiveness. However, raw gelatin can only form
physically crosslinked hydrogels at limited ranges of mass concentration and temperature,
yet the hydrogels have weak mechanical integrity. In order to maintain mechanical

strength, different covalent crosslinking methods were developed. One of them is to pour

23



Literature review Chapter 2

an aqueous solution of chemical crosslinkers (e.g. glutaraldehyde ™4 and genipin 2%
into gelatin substrate, which is normally dried or physically crosslinked. An alternative
method is to functionalize the gelatin with chemical reagents (e.g. methacrylic anhydride
[MAA] and glycidyl methacrylate ™) to be photocrosslinkable. This method enables
quicker, more homogeneous and in situ crosslinking with better control over hydrogel
density.

GelMA is a popular type of photocrosslinkable gelatin, which has been utilized for
wide bioapplications (e.g., micropatterning %! fluidic systems 1?4 3D scaffolds
[201.202] “hioprinting [°°2%%2%)) with different cells (e.g., fibroblasts 2%62%1 stem cells

[209.210) e 203211 henatocytes 7)) and composite materials (e.g., carbon

o [213214] g [215.216]

, cartilag

nanotubes % graphene oxid , natural polymer , synthetic polymers
[217.218)y ‘The synthesis method is originally developed by Van den Bulcke et al. in 2000,
which is to let amino groups of lysine and hydroxyl lysine of gelatin react with MAA in
phosphate-buffered saline (PBS) ?'*). Their work opened up the new field of research
with the material for bioengineering and regenerative applications. Its hydrogels with
different mechanical stiffness and crosslinking density are obtainable by changing the
ratio of MAA to gelatin and alter the degree of substitution (DS). Also, the aqueous
solution of GelMA has low viscosity due to functionalization of the amino groups,
reducing intermolecular ionic interactions with carboxyl groups. Moreover, this
functionalization does not impair bioactivities of gelatin (cell attachment,
biodegradability, etc.), in particular, RGD sites that do not involve in the reaction with
MAA. However, GelMA synthesis routes remain suboptimal, leaving room for
improving its controllability and efficacy. For example, theoretically, one MAA molecule
could react with one amino group. Nonetheless, studies following the original method
have reported using an 18-47 molar excess of MAA to obtain GelIMA of high DS (>

85%) as summarized in Figure 2.7.
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Figure 2.7 Ratio between MAA and gelatin (mL/g) in previous studies that follow the original
method. Redrawn from reference %,

Different attempts have been made in order to improve the reaction efficacy. For
instance, Martineau et al. chose a water-miscible organic chemical (dimethyl sulfoxide)
as the solvent instead of PBS 21 This method could hamper hydrolysis of MAA that
caused by its contact with water, and improved the DS comparing to the case of using
PBS. However, it requires the organic base and an additional precipitation step of with
ethanol, which leads to a low yield *>?2!1_ Another way of improvement is to conduct pH
adjustment during the synthesis. This is to maintain the pH of the reaction solution above
the isoelectric point (IEP) of gelatin, keeping the free amino groups neutral to let them
react with MAA. The use of PBS (pH 7.4) as a buffer is not strong enough for pH
maintenance due to a byproduct of the reaction, methacrylic acid, which alters the pH to
acidic. Although pH adjustment could improve the efficacy, it still requires a 10-32

A 222222 pyrther, manual pH adjustment is laborious, and the

molar excess of MA
resulting DS can depend on the operating technique.

Overall, the synthesis methods of an attractive biomaterial, GelMA, have been
requiring much MAA consumption and they are not controllable; it is hard to predict
what amount of MAA results in a certain DS (cf. Figure 2.7). Moreover, the synthesis
parameters such as reaction temperature and reaction time are not fully examined. The

GelMA synthesis has some room to be improved.

2.5. Summary: Rationales of system design
In order to build an artificial liver platform for drug screening and development, it is
important that the platform is not only effective but also amenable for mass production.
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Toward that end, as for cells, hepatocellular carcinoma cell lines were selected in lieu of
primary human hepatocytes. Among the cell lines, Huh7.5 was chosen for their
characteristic of HCV permissivity. With this model cell, a designed platform could be a
potent platform to develop drugs for the acute liver diseases, in addition to being a
versatile tool for hepatotoxicity testing.

The configuration chosen for the platform was ICC, which is similar to the structure of
liver lobule. It has the uniform, interconnected cavities that realize good diffusivity of
oxygen and nutrients into the structure. This accessibility is especially important for
hepatocytes as their oxygen uptake is high. Also, the 3D cell culture in ICC system can
enhance intercellular interaction, which is found to be essential for the hepatocytes to
maintain their functions.

It is imperative for the cells to have sufficient physical and biochemical supports.
Regarding material, GeIMA was chosen as it is biocompatible, less immunogenic,
possessing cell attachment sites, and relatively inexpensive. It is compatible with ICC
fabrication process since GelMA is low in viscosity, allowing easy infiltering of its
aqueous solution into sacrificial lattices. Also, it can be crosslinked in fast and uniform
fashion via photopolymerization.

In summary, on the basis of literature review, GelMA ICC scaffold with Huh7.5 cells

was designed as the artificial liver platform.
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Chapter 3 Improvement of Gelatin methacryloyl synthesis*

Gelatin methacryloyl (GelMA) is one of the most widely-used
photocrosslinkable, natural protein-based material, which is
applicable for wide range of bioapplications. However, its synthesis
method has limited control over the degree of substitution (DS) and
low efficacy. In this chapter, improvement of GelMA synthesis is
described. By considering pH of the reaction solution and other
experimental parameters, high DS was achieved with much low

reactant consumption.

* This chapter was published substantially as: (1) Lee BH', Shirahama H, Tan LP¥ Cho NJ*.
"Efficient and Controllable Synthesis of Highly Substituted Gelatin Methacrylamide for
Mechanically Stiff Hydrogels." RSC Advances 5, 106094-106097 (2015). (2) Shirahama H', Lee
BH', Tan LP* Cho NJ*. "Precise Tuning of Facile One-pot Gelatin Methacryloyl (GelMA)
Synthesis." Scientific Reports 6, 31036 (2016). (" denotes equal first authors; * denotes equal
corresponding authors).
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3.1. Introduction

Gelatin is an attractive biomaterial that is obtained from the partial hydrolysis of collagen,
the most abundant protein in the human body ™. It is biocompatible, biodegradable, and
suitable for a wide range of cell types. Gelatin can provide adequate cell attachment via
RGD (Arg-Gly-Asp) motifs ', and it plays an important role in cell proliferation =,
function , and differentiation . Furthermore, gelatin is less immunogenic than
collagen 1 due to the reduced presence of aromatic groups . In addition, gelatin is
relatively easy to obtain and low in cost compared with other natural materials.

Raw gelatin can only form a physical hydrogel at specific concentrations and
temperatures, albeit with low mechanical strength. To improve hydrogel stiffness, a
number of crosslinking strategies have been adopted, including the use of crosslinking
chemicals (e.g., glutaraldehyde ! and genipin 2% and chemical modification to support
photo-crosslinking (e.g., glycidyl methacrylate ™ and methacrylic anhydride [MAA]).
Compared with the use of crosslinking chemicals, photo-crosslinking methods provide
fast, uniform in situ curing. Among the chemicals used for gelatin modification, MAA is
the most widely used. The product, gelatin methacryloyl (GelMA), has been used in
various bio-applications.

The method of synthesizing GelMA was originally developed by Van Den Bulcke et
al. in 2000 2. Briefly, MAA monomers react with lysine and hydroxyl lysine groups of
gelatin by dissolving the gelatin in phosphate buffer solution (PBS) at 50 °C (cf. Figure
3.1). Their report opened up a new arena for GelMA in biomaterial research and tissue
engineering applications. However, GelMA synthesis remains suboptimal, leaving
considerable room for improvement especially in its controllability and efficacy ™. For
example, in theory, one MAA molecule could react with one lysine group. Nevertheless,
studies following the original method have reported using MAA of 18-47 times higher
than that for high degree of substitution (DS) (> 85%) 1.
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Figure 3.1 Schematic illustration of gelatin methacryloyl (GelMA) synthesis. Redrawn from
reference .

Various attempts have been made to enhance the synthesis scheme to improve
reaction efficacy. For example, Martineau et al. used a water-miscible organic solvent
(dimethyl sulfoxide, DMSO) as the buffer choice rather than PBS . This method
effectively hindered MAA’s contact with water, which can result in hydrolysis, and
certainly improved the DS in comparison with the use of PBS. However, it requires an
organic base and an additional step of precipitation with ethanol, which leads to a low
yield 2422

Another means of synthesis is to employ pH adjustment during synthesis to keep the
free amino groups neutral to react with MAA. The essence of this method is to maintain
the pH of the reaction solution above the isoelectric point (IEP) of the gelatin, keeping
the free amino groups of lysine neutral to allow them to react with MAA. The IEP differs
for different types of gelatin: 8-9 for type A and 5-6 for type B ?®!. The use of PBS (pH
7.4) as a buffer is not sufficient for pH maintenance because a byproduct of the reaction,
methacrylic acid (Figure 3.1), alters the pH, rendering it acidic. In turn, the free amino
groups of gelatin become ionized, which inhibits the reaction with MAA (cf. Figure 3.2).
Although pH adjustment leads to improved efficacy, it still requires a 10-32 molar excess
of MAA 2281 |n addition, manual pH adjustment is laborious, and the eventual DS is

highly dependent on the operating technique.
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Figure 3.2 Schematic illustration of how solution pH affects the charging of
functional groups of type A gelatin. Redrawn from reference #7.,

We hypothesize that maintaining a pH above the corresponding IEP of the gelatin
type would provide highly efficient conversion of gelatin into GeIMA. In addition, to the
best of our knowledge, there is no comprehensive understanding of how reaction
parameters (e.g. gelatin concentration, reaction temperature and molar ratio) affect the
DS. The goal of this study is to develop a suitable reaction scheme to convert type A
gelatin into GelMA by considering pH of the reaction solution and to systematically
examine reaction parameters. To this end, a sodium carbonate—bicarbonate (CB) buffer
system was introduced to provides a suitable buffer range around pH 9.0, which is above
the corresponding IEP of the gelatin molecules (pH 7-9). First, we examined the efficacy
of CB buffer on DS with/without manual pH maintenance. Next, CB buffer molarity and
other experimental parameters are thoroughly optimized to achieve high DS without

manual pH adjustment.

3.2. Experimental details

3.2.1. Synthesis of gelatin methacryloyl

Effect of CB buffer and pH maintenance

First we have investigated effect of CB buffer employment with and without pH
maintenance as following protocol: Type A gelatin of 175 bloom, derived from acid-
cured porcine skin tissue, was dissolved at 10 w/v% at 60 °C in two buffer systems (PBS
and 0.1 M CB buffer [3.18 g sodium carbonate and 5.86 g sodium bicarbonate in 1 L
distilled water]). GelMA was prepared by reaction of free amino groups of

lysine/hydroxylysine amino acids in the gelatin with MAA (94%) at 0.1 mL per gram of
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gelatin at 50 °C for 3 h. One-sixth of 1 mL MAA (167 uL) was added every 30 minutes
for 3 h in a drop-wise format to the gelatin solutions with or without pH adjustment at
600 rpm stirring speed. After 3 h of reaction, the solutions were readjusted to a pH of 7.4,
filtered with standard filter paper and membrane filter with 0.2 um pore diameter,
dialyzed using a PALL Minimate TFF Capsule (with 10 kDa molecular weight cut-off) at
40 °C for 1 day, lyophilized, and stored at -20 °C until further use. MAA concentration-
dependent experiments were also conducted with different feed ratios of MAA (mL) to
gelatin (g) ranging from 0.0125:1 to 0.2:1 were added into 10 w/v% gelatin in CB buffer.
The synthesis condition was the same as in CB with pH maintenance at 9.0. In order to
investigate the effect of pH on the degree of substitution in CB buffer solutions, pH
dependent experiments were carried out at the fixed feed ratio of MAA (0.1 mL) to
gelatin (1 g) in different pHs (7, 8, 9, 10, and 11) of CB buffer solutions. All chemicals

were purchased from Sigma-Aldrich.

Comprehensive optimization toward facile one-pot synthesis

Similarly, comprehensive optimization of experimental parameters was conducted as
following protocol: The gelatin was dissolved in CB buffer, and the pH was adjusted with
5 M sodium hydroxide or 6 M hydrochloric acid. Subsequently, MAA was added to the
gelatin solution under magnetic stirring. The reaction proceeded for 3 h, and then the pH
was readjusted to 7.4 to stop the reaction. After being filtered, dialyzed, and lyophilized,
the samples were stored at -20 °C until further use. The standard conditions of the
synthesis were: CB buffer at 0.25 M, initial pH adjustment at pH 9, MAA amount at 0.1
mL per gram of gelatin concentration at 10 w/v%, reaction temperature at 50 °C and
reaction time for 3 h. In performing detailed characterization of the synthesized GelMA
scheme, the following experimental parameters were investigated: CB molarities (0.1,
0.25, 0.5, 0.75, and 1 M), initial pHs (pH 8, 9, 10, and 11), MAA/gelatin feed ratios
(MAA/gelatin: 0.0125, 0.25, 0.5, 0.1, and 0.2 mL/g), gelatin concentrations (1, 2.5, 5, 10,
and 20 w/v%) and reaction temperatures (35, 40, 45, and 50 °C).
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Reaction kinetic experiments

To investigate reaction efficacy, reaction Kkinetic experiments were performed by
sampling the reaction solution at different reaction time points, namely, 0, 1, 5, 10, 15, 30,
60, 120, and 180 min after MAA addition. Each sample of 10 mL was immediately
quenched with a 5- to 10-fold amount of water, dialyzed and lyophilized for the
determination of DS. For supplemental inspection, 300 p L of the reaction solution was
taken at each time point, immediately frozen (without dialysis) at -80 °C, and lyophilized
for 'H NMR measurement.

3.2.2. 'H NMR analysis
'H-NMR (400 MHz Varian) experiments were conducted in order to directly verify the
DS of GelMA. Around 50 mg of each lyophilized GelMA sample was dissolved in 1 mL
of deuterium oxide (D,O) at 40 °C. The peak area of aromatic acids in the GelMA
samples was employed as a reference in each spectrum. The peak area of lysine
methylene protons appearing at around 2.8 ppm was used for calculation of the DS as
follows [2!;

the area of lysine methylene of GelMA

DS (%)=(1 _ )xlOO

the area of lysine methylene of gelatin

3.2.3. TNBS measurement

For quantification of the DS, 2,4,6-trinitrobenzene-sulfonic acid (TNBS), which can
change its color by reaction with primary amino groups, was used as follows: Gelatin and
GelMA samples were separately dissolved in 0.1 M sodium bicarbonate buffer (pH 8.5)
at a concentration of 1.6 mg/mL. Then, 0.5 mL of 0.01% TNBS solution was added to 0.5
mL of each sample solution. The sample solutions were mixed well and incubated at
37 °C for 2 h. Subsequently, 0.5 mL of 10 w/v% sodium dodecyl sulfate (SDS) and 0.25
mL of 1IN HCI were added to each sample in order to stop the reaction and the
absorbance of each solution was measured at 335 nm. The molar concentration of
primary amino groups in each GelMA solution was determined by comparison with

glycine standard solutions °!, which were prepared at 0, 8 16, 32, and 64 ug/mL.
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3.3. Results and discussions

3.3.1. Multiple process

Effect of buffer and sequential pH adjustment

First, we investigated the effect of buffer system on the solution pH during the course of
the reaction between gelatin and MAA as presented in Figure 3.3 and Table 3.1. Two
buffer systems were selected: PBS (a neutral buffer) and CB (an alkaline buffer). In each
case, 1 mL of MAA was initially added to 10 g of gelatin, which is a relatively low feed
ratio compared to the conventional feed ratio of MAA (620 mL) to type A gelatin (10 g)
in order to obtain GelMA with a degree of substitution above 85%. Type A gelatin has
approximately 2.86 mmol of lysine per 10 g according to the literature; E% hence, the
reaction molar ratio of MAA (6.31 mmol per 1 mL) to lysine (2.86 mmol per 10 g
gelatin) is around 2.2 to 1 in our reaction scheme. As depicted in Figure 3.3, the
sequential loading of MAA (0.167 mL at each step) every 30 min at 50 C for 3 h was
applied, and the solution pHs were monitored as the reactions progressed. All buffer
solutions decreased in pH as the reaction proceeded due to an increase in the amount of
methacrylic acid generated as a by-product. After gelatin was dissolved in PBS at pH 7.4
and CB buffer at pH 9.7, the pHs of PBS and CB buffers dropped to 5.3 and 7.8,
respectively. The final pHs of PBS and CB were 3.7 and 5.3, respectively, after 3 h

reaction.

Table 3.1 Comparison of GelMA preparation methods in feed ratio, buffer system, pH and DS

Group Conventional  PBS w/o pH PBSatpH 7.8 CB w/opH CBatpH9.0
method adjustment adjustment

Gelatin ( w/v%b) 10 10 10 10 10

MAA (% v/v) 6-20 1 1 1 1

MAA (mL) 0.6-2/1 0.1/1 0.1/1 0.1/1 0.1/1

/gelatin (g)

Molar ratio 13-44 2.2 2.2 2.2 2.2

(MAA/amine)

Buffer PBS PBS PBS CB CB

pH adjustment No No Six times at No Six times at

pH 7.8 pH 9.0
DS from NMR (%) 47 87 78 100
DS from TNBS (%) > 85 51.81 +0.16 80.35 + 0.49 76.24 £ 0.54 97.20+£0.28
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Figure 3.3 (A) Schematic illustration of for different experimental conditions. (B) Change in
solution pH of PBS and CB buffer systems during reaction progress (without pH adjustment). (C)
Change in solution pH of PBS and CB buffer systems during reaction progress (with pH
adjustment before each MAA addition step). Error bars indicate the relative standard deviations
of two different samples (n = 2). (D) 'H-NMR verification of GeIMA conversion based on DS
values. Peaks correspond to acrylic protons (2H) of methacrylamide grafts of lysine groups (a)
and those of hydroxyl lysine groups (b), methylene protons (2H) of unreacted lysine groups (c),
methyl protons (3H) of methacrylamide grafts (d), acrylic protons (2H) of methacrylated grafts of
hydroxyl groups (e), and methyl protons (3H) of methacrylated grafts of hydroxyl groups (f).
Redrawn from reference "),

The pHs of the two buffer systems dropped more rapidly compared to the same

reactions without pH adjustment, indicating that MAA could be consumed more quickly
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due to the reaction with regenerated free amino groups and continual hydrolysis of MAA
at pH maintenance. The yield was 67-73% for all the groups.

Next, in order to calculate the DS in the GelMA products, we conducted the 2,4,6-
trinitrobenzene sulfonic acid (TNBS) assay for determination of unreacted free amino
groups in gelatin. Reactions in PBS without pH adjustment resulted in a DS of 51.81 +
0.16% while similar reactions in CB buffer resulted in a DS of 76.24 = 0.54%, as
presented in Table 3.1. With pH adjustments, significant improvements were observed
for both buffer systems, with a DS of 80.35 + 0.49% for PBS (at pH 7.8) and a DS of
97.20 + 0.28% for CB buffer (at pH 9.0). *H-NMR analysis was also used to verify the
extent of the DS. The results are in agreement with the aforementioned values as depicted
in Figure 3.3D. There were minimal side reactions with hydroxyl groups of gelatin other
than amino groups in all experimental groups, while the spectra of the gelatin derivatives
at 5.6 < 6 < 6.1 ppm appeared when a 10-20 : 1 molar ratio of MAA to type B gelatin
was employed in PBS .

Effect of methacrylic anhydride/gelatin feed ratio

The dependence on MAA concentration was also investigated in CB buffer with pH 9
adjustment, as presented in Figure 3.4. The concentrations of MAA added to gelatin (10
g per 100 mL, 10 w/v%) ranged from 0.125 to 2% v/v, which correspond to a range of
molar ratios of amino groups to MAA from 1 : 0.275to 1 : 4.4. All the gelatin solutions
reacted with different amounts of MAA at pH 9 adjustment in CB buffer. The pH of each
reaction solution dropped in proportion to the amount of MAA added which is directly
associated with the production of the methacrylic acid by-product. The DS results
achieved with our improved scheme are presented in Figure 3.4B alongside results
obtained by the conventional scheme in past studies. In the conventional method using
PBS, it was difficult to control the DS beyond 80-90% because a higher feed ratio of
MAA to gelatin might produce more by-product (methacrylic acid) and cause protonation
of the remaining free amino groups. Even a feed ratio of 0.6-2.0 mL (MAA)/g (gelatin)
(1344 molar excess of MAA over free amino groups) was limited to producing type A
GelMA with a DS of 90% or less with the conventional method. By contrast, using our

method, the DS of GelMA increased up to around 97% or more in a nearly linear and

51



Improvement of Gelatin methacryloyl synthesis* Chapter 3

controllable manner based on the feed ratio—a more than three-fold improvement in DS
over the conventional method in a similar range of feed ratios.

Indeed, the feed ratio from 0.0125 to 0.1 mL (MAA)/1 g (gelatin) led to type A
GelMA with DS ranging from 22.32 + 1.27 to 97.20 + 0.27%. The feed ratio of 0.1 mL
(MAA) to 1 g (gelatin) corresponding to a 2.2-fold molar excess of MAA over free amino
groups yielded a near-100% DS. The feed ratio of 0.2 mL (MAA) to 1 g (gelatin) caused
free amino groups to be completely consumed and additionally some hydroxyl groups on
amino acids reacted with MAA, as interpreted from the *H-NMR data showing peaks at
between 6.1 and 5.7 ppm (Figure 3.4C). Therefore, type A GelMA with a DS ranging
from 20 to 100% could be tailored within a low concentration of MAA (1% v/v) with a

negligible degree of side reactions of hydroxyl groups of gelatin with MAA.
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Figure 3.4 (A) Change in solution pH of CB buffer system as a function of MAA/gelatin feed
ratio. (B) DS versus MAA/gelatin feed ratio in comparison with previous studies. (C) *H-NMR
verification and its DS values. Redrawn from reference #7),
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3.3.2. Facile one-pot process

Effect of molarity of alkali buffer

As the effect of CB buffer is confirmed, we further optimized molarity of CB buffer,
hypothesizing that a higher CB molarity can simplify the synthesis scheme by omitting

manual, sequential process (Figure 3.5).

Conventional

Method
' MAA/gelatin 0.8-2.0 (mL/g) GelMA
Gelatin X (DS >85%)
PBS, 50°C, 1-3h
. Sequential pH adjustment and
Sequential MAA/gelatin total 0.1 (mL/g)
Method
, : : : : GelMA
Gelatin (DS 97%)
CB buffer 0.1 M, 50°C, 3h °
Facile One-pot
Method . pH adjustment and
. MAA/gelatin 0.1 (mL/g) GelMA
Gelatin (DS 96%)
CB buffer 0.25 M, 35-50°C, 1h g

Figure 3.5 Schematic illustration of different synthesis processes of GeIMA and their respective
degrees of substitution.

Therefore we first altered the molar concentration of CB buffer, which is comprised
of sodium carbonate and sodium bicarbonate as shown in Figure 3.6. The control range
of the CB molar concentration was set from 0.1 to 1 M, with the aim of maintaining the
pH at a level higher than that of the IEP of type A gelatin during the reaction. Further, we
initially adjusted the pH to 9 prior to the reaction with MAA. The gelatin solution was
prepared at a concentration of 10 w/v%, and 0.1 mL of MAA per gram of gelatin was
used, the same conditions as those used in our previous study (cf. Table 3.1). This MAA
amount was calculated to be a 2.2-fold molar excess over the free amino group of gelatin,
with reference to the literature (0.286 mmol of amino groups per gram of gelatin). The
pH changes in each reaction solution were monitored every 30 min for 3 h during the
reaction at 50 °C, as shown in Figure 3.6A. During synthesis, reaction solutions with a

higher CB buffer concentration had a greater buffering capacity and hence were able to
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maintain more closely the original pH up to completion of the reaction scheme. However,
in both the 0.1 M and 0.25 M CB buffer cases, we observed a sharp drop in pH to 6.6
during the initial reaction, signifying that the reaction took place within a short period of
time. Furthermore, after 30 min of reaction, we observed a slight increase in pH, which
suggests that the reaction might be completed, and that the pH of the solution was being
restored by the CB buffer capacity. To measure DS as a function of CB buffer
concentration, TNBS assay was conducted after completion of the reaction. The results
showed that the DS decreased significantly with an increase in the CB buffer
concentration, particularly above 0.5 M CB buffer solution. This supports that the
hydrolysis of MAA is further accelerated in CB buffer solutions with a higher molarity
(Figure 3.6B). This trend was also observed in experimental results obtained by proton
nuclear magnetic resonance (*H NMR) analysis, as shown in Figure 3.6C.

100
A of, B
\&g:@:g:;:g:
\ ;l,igfluku-—/ 90
\ —t—?
84 \ (T,/—/?/ : CB buffer __ gp
= \v g § a0 X
! g 0y |
L& B 5 & —o—025 @ 70
- —e—0.5 a
—0—0.75 60
6 —e—1.0
T T 50 T T T T
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Figure 3.6 Effect of different CB molarities on DS of GelMA synthesis. Error bars indicate the
relative standard deviations of three or more different samples (n > 3). Redrawn from reference
[0 (A) pH transition kinetics during the reaction. (B) DS versus CB molarity, obtained from
TNBS assay. (C) 'H NMR verification. Schematic illustration denotes parameters used in this
series of experiment.
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The peaks of methylene lysine protons (2H) around 2.8 ppm (peak c) did not appear
in the spectra with a high DS, indicating the complete conjugation of lysine with MAA.
Further, the acrylic protons (2H) of the methacrylamide grafts around 5.5 ppm (peak a +
b) and those of the methyl protons (3H) of methacrylamide around 1.9 ppm (peak d) were
higher in the higher DS samples. Nearly complete substitution (DS = 95.75 + 0.98%) was
achieved at a CB buffer concentration of 0.25 M, which is the highest DS among the
experimental groups. The polynomial fitting curves of the data points suggest a local
maximum value at 0.257 M, which implies that 0.25 M CB buffer is close to the optimal

buffer concentration. This concentration was therefore selected for further investigation.

Effect of initial pH adjustment

We then investigated the optimal pH for the initial pH adjustment step in order to further
optimize the synthesis conditions. In the preceding set of experiments that identified the
dependence on CB buffer concentration, the pH of the gelatin solution was adjusted to 9
prior to MAA addition. In this next set, different initial pH adjustments were conducted,
including pH 8, 9, 10, and 11, in order to determine the optimal initial pH adjustment
condition based on determining which one yielded the highest DS. The pH transitions in
Figure 3.7A show that 0.25 M CB buffer stabilized the pH around pH 8-10 as the
reaction progressed. The corresponding DS results in Figure 3.7B show that the initial
pH adjustment step to pH 9 led to a higher DS than the reactions conducted with other pH
adjustment steps above or below this optimal value (pH 8, 10 and 11). This finding
indicates that reactions at a lower pH (pH 8) may be hindered by greater protonation of
the free amino groups, whereas those at a higher pH (pH 10 and 11) may be hampered by
excess MAA hydrolysis catalyzed by a strong base (hydroxide ion). The polynomial
fitting curve reached a local maximum value at pH 8.8, which implies that initial
adjustment to pH 9 is optimal among the test cases. As shown in Figure 3.7C, the TNBS
results agree well with the *H NMR results. Taken together, these findings support that
initial pH adjustment to 9 with 0.25 M CB buffer creates the optimal conditions for

balancing the deprotonation of amino groups with MAA hydrolysis.
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Figure 3.7 Effect of different initial pH adjustments on DS of GelMA synthesis. Error bars
indicate the relative standard deviations of three independent measurements (n = 3). Adopted
from reference .. (A) pH transition kinetics during the reaction. (B) DS versus initial pH. (C) *H
NMR verification.

Effect of methacrylic anhydride/gelatin feed ratio

The dependence of GelMA DS on the MAA concentration was next investigated in order
to identify the range or DS controllability and to compare the results with those obtained
by other synthesis methods with regards to the MAA supply. The feed ratio was varied
from 0.012 to 0.2 ml of MAA per gram of gelatin, which corresponds to 0.265-4.4 molar
ratios of the MAA over the amino group. As shown in Fig. 4A, when a larger MAA
amount was used, a lower pH was observed during synthesis, as the by-product of
methacrylic acid is proportional to the amount of MAA consumed. Figure 3.8B
summarizes the DS results based on different feed ratios compared with literature values.
Our present findings agree well with our previous identification of a streamlined
approach (0.1 M CB with pH adjustment), with the additional advantage that no pH
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adjustment is required in our improved reaction scheme. As a result, the optimized
scheme enables simple, facile one-pot GelIMA synthesis under conditions of a 0.25 M CB
buffer concentration and initial pH adjustment to 9 with a similar effect on DS as
sequential GelMA synthesis under conditions of multistep pH adjustment and MAA
addition every 30 min. Moreover, in the present study, the DS results for the
MAA/gelatin feed ratio from 0.012 to 0.05 mL/g increased linearly, showing better
controllability of DS, compared to a conventional method where the relationship is less
controllable 32 In particular, we observed that methacrylation of lysine groups almost
reached saturation around 0.1 mL/g. In Fig. 4C, additional peaks were observed at around
5.6 ppm and 6.1 ppm (peak €) in the *H NMR spectrum of the 0.2 mL/g (MAA/gelatin)
sample. These peaks can be attributed to partial methacrylation of the hydroxyl groups of
gelatin, which occurs when a high molar excess of MAA is supplied.
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Figure 3.8 Effect of MAA/gelatin ratios on DS of GelMA synthesis. Error bars indicate the
relative standard deviations of three independent measurements (n = 3). Adopted from reference

(21 (A) pH transition kinetics during the reaction. (B) DS versus MAA/gelatin ratio. (C) *H NMR
verification.
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Effect of gelatin concentration

Based on the aforementioned conditions, we further optimized the gelatin concentration,
a parameter which was not discussed in the original paper ™ although 10 w/v% is
conventionally used in most GelIMA studies. We investigated gelatin concentrations
ranging from 1, 2.5, 5, 10, and 20 w/v%, with all samples containing 10 g gelatin. During
synthesis, the 1 w/v% gelatin group exhibited highly separated phases of aqueous (gelatin
in CB buffer) and organic compounds (MAA). MAA did not disperse evenly, and it
appeared to form large oil droplets in the reaction solution. This apparent phase
separation could be the result of the low gelatin concentration, and gelatin is known to be
a good emulsifier due to its amphiphilic structure B3, Indeed, it is reported that surface
tension decreases with an increase in gelatin concentration B4, and this surfactant
behavior could help MAA to become evenly dispersed in the reaction solution. Based on
these characteristic properties of MAA in aqueous suspensions, we observed that a lower
gelatin concentration with a higher buffer capacity maintained a more constant pH
(Figure 3.9A), but the aforementioned strong phase separation resulted in a lower DS
compared with the other groups with a higher gelatin concentration (Figure 3.9B). Hence,
higher gelatin concentrations are favorable due to improved dispersibility taking into
account its surfactant behavior. This result was supported by *H NMR analysis, in which
small peaks of methylene of the unreacted lysine amino groups still appeared in the 1
w/v% gelatin group, indicating that some of the lysine amino groups did not react with
MAA. One possibility is that MAA may be quickly hydrolyzed at the interface between
the MAA droplets and water. The DS was almost saturated above 10 w/v% and the
highest DS was obtained with the 20 w/v% concentration. In conclusion, a high
concentration of gelatin improved the reaction efficacy with MAA due to the improved
miscibility of MAA with gelatin. Importantly, this result indicates that MAA’s solubility

in the gelatin solution is an important parameter in the MAA-gelatin reaction.
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Figure 3.9 Effect of gelatin concentrations on GelMA synthesis. Error bars indicate the relative
standard deviations of three independent measurements (n = 3). Adopted from reference *%. (A)
pH transition kinetics during the reaction. (B) DS versus gelatin concentration. DS was obtained
from TNBS assay. Gelatin solutions at 10 w/v% and above led to a high DS. (C) '*H NMR
verification.

Effect of reaction temperature

Similarly, the effect of reaction temperature on DS was also investigated. In most reports,
a single temperature has been used, with the original protocol utilizing a reaction
temperature of 50 °C, whereas some studies conducted the GelMA reaction at
temperatures between 40 and 60 °C. In our experiments herein, we systematically
evaluated the reaction efficacy in lower temperature range to seek possibility in reducing
heat supply. Temperatures below 30 °C were excluded because 30 °C is the approximate
gelling point of 10% type A gelatin of 250 bloom P and stirring could become
inefficient below this temperature. Note that the actual gelling temperature in our case

may be slightly lower than that reported in the literature because gelatin of a lower bloom
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Figure 3.10 Effect of reaction temperature on GelMA synthesis. Error bars indicate the relative
standard deviations of three independent measurements (n = 3). Adopted from reference *%. (A)
pH transition kinetics during the reaction. (B) DS versus reaction temperature. DS was obtained
from TNBS assay. All conditions led to a high DS. (C) *H NMR verification.

(175 bloom) was used in our experiments. Besides taking into consideration the gelling
point, the temperature could also be expected to influence the reaction kinetics, although
the effects on the corresponding DS ratio remained to be investigated. Across the
evaluated temperatures, the pH transition was similar in the different experimental groups
(Figure 3.10A), while higher temperatures yielded modestly faster reaction kinetics with
more moderate drops in pH during the initial reaction stage. Nevertheless, the DS results
in Fig. 6B showed no significant differences across the test groups, with even the 35 °C
sample resulting in 96% DS. Collectively, these results support that the GelMA reaction

can be conducted at 35 °C with equivalent results to the conventional 50 °C.

Time dependent monitoring of the synthesis
The final experimental series was focused on identifying the dependence of GelMA

synthesis on the reaction time. Van Den Bulcke et al. used a reaction time of 1 h, and
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subsequent studies used 1-3 h. To investigate the DS as a function of reaction time,
sampling was carried out during the standard reaction (0.25 M CB, 0.1 mL/g of
MAA/gelatin, 10 w/v% gelatin at 50 °C reaction temperature with initial pH adjustment
at 9) at time points 0, 1, 5, 10, 15, 30, 60, 120, and 180 min after MAA addition. The
collected samples were immediately quenched, dialyzed, and lyophilized. Figure 3.11A
shows the DS versus reaction time results. It can be seen that the DS continued to
increase until 30 min, but after 1 h there was no significant difference among the reaction
time points. The *H NMR result in Figure 3.11B corroborates the TNBS result, showing
a decrease and chemical shift in the methylene peaks of unreacted lysine amino groups

(peak c) until and after 30 min, respectively.
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Figure 3.11 Time-dependent DS monitoring of GelMA synthesis, conducted at standard
condition. (A) DS versus reaction time obtained from TNBS assay. (B) ‘H NMR verification.

The immediately lyophilized samples without dialysis showed the exact same tendency in
'H NMR peak signatures as shown in Figure 3.12A. Peaks at around 2.8 ppm, which
correspond to methylene protons (2H) of unreacted lysine groups, disappeared almost
completely after 60 min. Additional peaks, appeared at 1.8, 5.3 and 5.6 ppm, are
attributed to methacrylic acid (the reaction byproduct) B®. The spectra between 5.2 and
5.4 ppm are enlarged and shown in Figure 3.12B. Peak o at 5.35 ppm corresponds to an
acrylic proton in methacrylated grafts of GelMA, and peak 3 at 5.25 ppm corresponds to
an acrylic proton in methacrylic acid. They are integrated and presented in Figure 3.12C.

All the integrations are normalized to peaks of aromatic groups at around 7.2 ppm.
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Methacrylation reached a plateau after 60 min whereas production of methacrylic acid
increased slightly. These results support that the GeIMA reaction can be completed
within 1 h, also suggesting that there is a small amount of unreacted MAA after 1 h,

being hydrolyzed further.
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Figure 3.12 (A) NMR spectra of samples, taken during GelMA synthesis, conducted at standard
conditions (cf. Figure 3.11). (B) Enlarged spectra of shadowed part in (A), between 5.2 and 5.4
ppm. Peak o and B corresponds to methacrylated grafts of GelMA and methacrylic acid,
respectively. (C) Normalized and integrated NMR peaks of o and 3.

3.4. Conclusions

In summary, we have proven that efficacy and controllability of GeIMA synthesis can be
improved by considering pH during the process. First, we employed CB buffer and
sequential pH adjustment, resulted in high DS with an appreciably smaller molar excess
of MAA. Next, CB buffer molarity and other experimental parameters were
comprehensively investigated to realize a facile GelMA synthesis, which is to achieve
high DS with minimal MAA consumption without manual pH adjustment. The
parameters systematically examined were CB buffer molarities, MAA concentrations,
gelatin concentrations, reaction temperatures, initial pH adjustment steps, and reaction
time. The results suggested that a simplified synthesis process with a feed ratio of
MAA/gelatin at 0.1 mL/g (equivalent to 2.2 molar excess of MAA) in 0.25 M CB buffer
(pH 9) produces GelMA with nearly complete substitution within 1 h. This is more
efficient than previous studies, which employed 10-47 molar excess of MAA. Regarding
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other experimental parameters, most previous studies on GelMA synthesis set the
reaction temperature at 50 °C with gelatin concentration at 10 w/v%. Additionally, the
results presented herein show the possibility of obtaining GeIMA with a high DS at
reaction temperature of 35-50 °C or higher gelatin concentration of 10-20 w/v%. Our
one-pot GelMA synthesis method yields a GelMA with a controllable DS and is less

laborious and more efficient compared to the conventional methods.
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Chapter 4 Characterization of gelatin methacryloyl hydrogel*

With improved synthesis method, gelatin methacryloyl (GelMA) could
be synthesized with a controlled degree of substitution (DS). In this
chapter, GelMA aqueous solutions and its hydrogels with different DS
were characterized from various perspectives; namely viscosity,
stiffness, nanomaterial composite, density, swelling property and
degradation property. This fundamental report could be useful for

extensive studies utilizing GelMA as a material.

* This chapter was partially published as: (1) Lee BH', Shirahama H', Tan LP* Cho NJ.
"Efficient and Controllable Synthesis of Highly Substituted Gelatin Methacrylamide for
Mechanically Stiff Hydrogels." RSC Advances 5, 106094-106097 (2015). (2) Shirahama H', Lee
BH, Tan LP* Cho NJ*. "Precise Tuning of Facile One-pot Gelatin Methacryloyl (GelMA)
Synthesis." Scientific Reports 6, 31036 (2016). (" denotes equal first authors; * denotes equal
corresponding authors).
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4.1. Introduction

Gelatin is a denatured form of collagen, which is the most abundant and ubiquitous
protein in the body M. It inherits most of the advantages of the parent material, such as
biocompatibility, biodegradability, good cell attachment, and versatility of applicable
tissues. In addition, gelatin has further benefits of reduced immunogenicity »* and being
relatively economical.

A functionalized form of gelatin, gelatin methacryloyl (GelMA), is a popular
material that can be crosslinked under ultraviolet (UV) light and photoinitiator. It is
utilized for wide bio-applications. This GelMA is obtained from a reaction between free
amine groups of gelatin and methacrylic anhydride (MAA) ™. Since this
functionalization does not largely affect important amino acid sequences (e.g. arginine-
glycine-aspartic acid (RGD) and matrix metalloproteinase (MMP) cleavage site), GelMA
keeps the bioactivities such as cell adhesion and biodegradation .

The biodegradation is one of the essential properties of GeIMA that widens in vivo
applications. So far, various studies were conducted against different experimental
parameters such as GelMA concentration [°°!, the degree of substitution (DS) of GelMA
5121 types of enzymes %!, and enzyme concentration ®+*%. However, these experiments
were conducted with different experimental systems and effect of each parameter is not
comparable. Therefore, a systematic, comparable degradation study is expected. Also,
although extensive measurements have been conducted on mass swelling of GelMA
hydrogels, to our best knowledge, dimensional swelling is not well investigated. The
degree of dimensional swelling would be important information in designing GelMA
hydrogels, especially in delicate structure. Altogether this chapter provides
comprehensive information on mechanical properties of GelMA hydrogels. Multiple
characterizations were conducted specifically on viscosity, storage modulus, reinforcing
with nanomaterials, swelling, and degradation property. The results would be useful

guidance in utilizing GelMA hydrogels with various concentration and DS.
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4.2. Experimental details

4.2.1. Gelatin methacryloyl synthesis

GelMA samples were prepared as described in the previous chapter, Chapter Three 1617,
Briefly, type A gelatin (175 bloom) was dissolved at 10 w/v% in different buffers
(phosphate-buffered saline [PBS] or carbonate-bicarbonate buffer) at 50 °C. After
adjusting pH at 9 with hydrochloric acid, MAA was added at a different amount to vary
resulting DS. The reaction proceeded for 3 h under magnetic stirring, and then the pH
was readjusted to 7.4 with sodium hydroxide to stop the reaction. After being filtered,
dialyzed, and lyophilized, the samples were stored at —20 °C until further use. Heretofore

and hereinafter, all the chemicals were purchased from Sigma-Aldrich unless specified.

4.2.2. Rheological measurements

Viscosity measurement

The viscosity of GelMA samples (30 w/v% in distilled water) containing 1 w/v% of 2-
hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (12959) were measured using
steady shear rheometry. Temperature-sweep measurements were performed using an
Anton Paar Physica MCR 501 instrument with 25 mm cone-plate geometry with a cone
angle of 1 degree at the shear rate of 50 s™*. The temperature was decreased from 40 °C at

the rate of 2 °C/min until the collapse of the physically-gelled sample.

Gelling properties measurement
Similarly, the gelling properties of GelMA solutions (30 w/v% in distilled water with 1
w/v% 12959) upon UV curing were performed using sinusoidal shear rheometry. The
instrument was equipped with a Peltier temperature-controlled transparent glass plate and
connected to a UV curing system (365 nm, 150 mW/cm?) through an 8 mm light guide
and the same cone-plate geometry was used. The testing conditions for all measurements
were 2% strain amplitude, and the temperature was maintained at 37 °C throughout the
measurements.

Time-sweep measurement was conducted to examine the response of the GelMA
samples against UV exposure. The UV irradiation was conducted 30 seconds after

running the rheometer under constant oscillation frequency at 1 Hz.
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Frequency-sweep measurement was conducted for obtaining storage modulus. UV
exposure times were 2 min for GeIMA solutions and 8 min for those containing graphene
oxide (GO), whose preparation method is described hereinafter, to ensure the complete
crosslinking through the turbid solution. The oscillation frequency was between 0.1 and

10 Hz within the linear viscoelastic regime.

4.2.3. Graphene Oxide composite preparation

GelMA samples of 96% DS were mixed with distilled water at 30 w/v%, containing GO
at 0 (control), 0.1, 0.25, 0.5, or 1.0 mg/mL. The mixtures were subsequently applied
ultrasonication (S 60H, 150 W; Elma Schmidbauer) for 1 h to obtain a suspension with

good dispersity.

4.2.4. Bulk hydrogel fabrication and demonstrating their deformations

Bulk samples were fabricated with GelMA solutions (30 w/v% in distilled water with 1
w/v% 12959) with and without GO. A volume of 200 pL of each GelMA solution in
silicone tube molds (inner diameter of 6 mm) was photocrosslinked by UV irradiation for
6 min. Deformation of the GeIMA hydrogels was demonstrated with a 10 mm parallel-

plate, applying a normal force (1.0 N) to each GelMA hydrogel.

4.2.5. Density measurement of gelatin methacryloyl precursor solutions

To obtain the density of the precursor solutions, aforementioned silicon molds were
placed on a balance and GelMA solutions (in distilled water with 1 w/v% 12959) with
different concentration and DS, preheated at 50 °C, were poured into each mold by 50 pL.
The densities were calculated based on the volume (50 pL).

4.2.6. Swelling analysis in mass and size

Fabrication of discoidal samples

Discoidal samples for swelling measurement were fabricated with the same silicone
molds. GelMA solutions (in distilled water with 1 w/v% 12959) with different
concentration and DS, prepared at 50 °C, were cast in the mold by 50 uL respectively and

cured with UV light for 6 min. After the fabrication, the samples were kept in PBS or
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water for at least overnight in the fridge. Prior to swelling analysis and degradation study,

samples were equilibrated at room temperature.

Mass swelling analysis

First, the weight of each discoidal sample at wet state (W, sp1) Was measured. After
lyophilizing them, each freeze-dried sample was weighed (Wgysp) to calculate mass

swelling ratio as following:

Mass Swelling =

Dimensional swelling analysis

The discoidal samples were taken pictures by a microscope, or a camera for large
samples (diameter over 12 mm). In each picture, three diameters were picked for
quantification using ImagelJ. In the case of pictures taken by the camera, a cap of 12-well

plate was used as a reference size. The diameter of sample (D) was normalized by the
diameter of mold (D514 = 6 mm) as following:

Dsp) — D
Dimensional Swelling = w
mold

4.2.7. Accelerated Enzymatic Degradation
The fabricated GelMA discoidal samples being kept in PBS were utilized for degradation
study. Type IA collagenase was dissolved in PBS and prewarmed at 37 °C for at least an

hour. Each discoidal sample was weighed as initial wet weight (W,, ,1). After enzymatic

spl
treatment, the samples were immediately lyophilized and eventually weighed as treated
dried weight (Wy sp1). The initial dried weight was estimated from the ratio of wet weight
(W ct1) and dried weight (Wq4 o) Of untreated, control samples (n > 3). Finally, mass loss

was obtained as following;

_ Wa.cu
Mass Loss (%) = {1 — Wy sp1/| Wawsp1 X W X 100

w.ctl
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4.3. Results and discussions

4.3.1. Characterizations on mechanical property of gelatin methacryloyl hydrogels
Viscosity vs temperature

In general, aqueous protein solutions have high viscosity, which limits fabrication of
complicated structures. Therefore it often compromised by lowering the protein
concentration 8. Gelatin itself is relatively viscous with low gelling temperature ™
however, methacrylation can reduce the viscosity 92!, This reason can be explained due
to the hindrance of helix formation physically and electrostatically (reduced ionic
interaction between amino groups and carboxyl groups ). As shown in Figure 4.1, the
viscosity at 40 °C was below 200 mPa-s for high DS solutions (>76%), which can widen

its applications.
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Figure 4.1 Viscosity of GelMA solutions (30 w/v% in distilled water, 1 w/v% 12959) with
different DS versus temperature. Error bars indicate the standard deviations of three independent
measurements (n = 3).

Response against UV irradiation

To examine the response of GelMA samples against UV exposure, the time-sweep
experiment was performed as shown in Figure 4.2. The UV irradiation was initiated 30
seconds after the measurement, and the storage modulus was immediately increased. The

crosslinking was saturated around 30 seconds, within submillimeter thickness.
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Figure 4.2 Rheological analysis of storage modulus on UV irradiated GelMA solutions (30 w/v%
in distilled water, 1 w/v% 12959) with different DS. Error bars indicate the standard deviations of
three independent measurements (n = 3).

Bulk hydrogel deformation

Similarly, storage moduli of the GeIMA samples (30 w/v% and 1 w/v% 12959) were
obtained from in situ curing as shown in Figure 4.3A. The storage modulus showed
dependency on DS; ranging from 0.38 + 0.06 kPa (25% DS) to 86.03 + 0.96 kPa (98%
DS). This trend is in agreement with previous reports . To demonstrate GelMA
hydrogels with different stiffness values, bulk hydrogels were fabricated and a 1.0 N
normal force was applied (Figure 4.3B). The DS of 98+% signifies substitution of
hydroxyl groups in addition to amino groups (cf. Figure 3.4). The hydrogel of the lowest
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Figure 4.3 (A) Storage moduli of GelMA hydrogels (30 w/v% in distilled water, 1 w/v% 12959)
(B) Bulk samples for demonstrating deformation, before and after applying normal force.
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DS (25%) deformed significantly due to low crosslinking density, while hydrogels of
higher DS values showed less deformation. These results support the controllability of
GelMA hydrogel stiffness.

Reinforcement with graphene oxide

In order to further explore the possibility of GeIMA applications, GelMA composite was
studied with GO as a model composite material. GeIMA (96% DS) hydrogels were
fabricated with different GO concentrations, specifically 0 (control), 0.1, 0.25, 0.5, and
1.0 mg/mL (Figure 4.4). Overall, there was a positive correlation between stiffness and
GO concentration, which agrees well with previous reports ?* and further supports that
even highly substituted GelMA can be reinforced with nanomaterials in composite

configurations.
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Figure 4.4 (Top) Storage moduli of GelMA-GO composites with different GO concentrations.
(Bottom) Pictures of corresponding bulk hydrogels.

4.3.2. Characterizations on swelling properties of gelatin methacryloyl hydrogels
Density of precursor solutions

The densities of GelMA precursor solutions at 50 °C were measured. First, the solutions
were prepared at different concentrations from 10 to 40 w/v% with different DS. By

dissolving the material, the total volume of the solution was increased. Subsequently the
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solutions were taken out by 50 uL and poured on a balance to obtain the weight.The
results in Figure 4.5 show no significant difference of the density in terms of DS. There
is an overall dependency on the concentration and higher density was seen in higher
concentration; however, the density did not change linearly. This is due to increase in
volume by dissolving GelMA, which is a partially-hydrophobic macromolecule.
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Figure 4.5 Density of GelMA precursor solutions at 50 °C, containing 1 w/v% 12959. GelMA
solutions were prepared at different DS (22, 35, 66, 96, and 98%) with different concentration:
(A) 10, (B) 20, (C) 30, and (D) 40 w/v%. Error bars indicate the standard deviations of more than
three independent measurements (n > 3).

Mass swelling
Crosslinked GelMA hydrogels have the ability to confine water molecules within the
polymer network. However, the degree of water uptake differs by mass concentration and
the DS, which can affect system design. Also, it can be altered further by storage solution
(e.g. water or PBS).

Mass swelling of GelMA hydrogel has been extensively investigated in different
studies with PBS as a storage solution (1292024281 "|n general, a consistent tendency is
that lower GelMA concentration and lower DS can recruit more water molecules, which

could be due to looser crosslinking density and higher ionic interaction between water
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molecules. The measurement results in Figure 4.6A are well consistent with previous
reports. The sample with 22% DS with 10 w/v% were not able to measure the mass and
size since it lacked mechanical integrity. When the hydrogels are kept in water, the
degree of swelling is further enhanced (Figure 4.6B). Analogous behaviors can be found
in other hydrogels based on poly(hydroxyethyl methacrylate) 27, poly(ethylene oxide)
28] “poly(ethylene glycol) 2% silk fibroin %, chemically crosslinked gelatin Y and so on.
Hydrogels in the saline buffer undergo dehydration, which is known as “salting-out” or

biphasic effect and to be explained further together with dimensional swelling results.

A B 5
8 25 - & 300 7
- 1 o 22
2 20] : S 2501 s 35
.E = E 200 A 66
) o 96
g 15 L & l § g.' ? 3 e 98
= ; 1 i = 150 g
o 104 - ]
2 Dz 2 2 100 s
W 1 aes } 1 i 7] . ; i
o o 96 J . n 501 s I
s 8 ¢ 4 .
= 10 20 30 40 = 10 20 30 40
GelMA concentration (w/v%) GelMA concentration (w/v%)

Figure 4.6 Mass swelling ratio of GelMA hydrogels (30 w/v% in distilled water, 1% 12959) kept
in different solvents. (A) Mass swelling of GelIMA hydrogels in water. (B) Mass swelling of
GelMA hydrogels in PBS. Error bars indicate the standard deviations of more than three
independent samples (n > 3).

Dimensional swelling
Similar to the mass swelling, DS, mass concentration, and storage solution influence the
hydrogel size as well. The degree of dimensional swelling could be critical for designing
the hydrogel, especially for building a delicate configuration. However, to our best
knowledge, the dimensional swelling of GelMA hydrogels has not been well investigated.
Figure 4.7A shows the dimensional swelling ratio of the GelMA hydrogels (1 w/v%
12959) with different DS and concentration, kept in PBS. The sizes are standardized by
the diameter of the mold (6 mm); showing swelling (> 0) or shrinkage (< 0). The
measurement results showed shrinkage of hydrogels with high DS. It can be explained as

due to reduced presence of amino groups by functionalization, which limits retention of
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water molecules. Hydrogels at high DS tend to release water molecules easily by the
presence of salts. At low DS (22-35%), the dimensional swelling is larger with high
GelMA concentration. This could be because of higher mechanical stiffness that enables
water confinement better. In the case of hydrogels in water in Figure 4.7B, there is
nothing to hinder the uptake of water molecules. Therefore hydrogels with lower

concentration and DS could hold more water in looser and ionic networks.
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Figure 4.7 Swelled size of GeIMA hydrogels with different DS (30 w/v% in distilled water, 1
wi/v% 12959). Error bars indicate the standard deviations of more than three independent samples
(n>3).

4.3.3. Enzymatic degradation studies

Subsequently, enzymatic degradation property of GelMA was systematically investigated.
First, the discoidal GelMA samples (96% DS, 30 w/v%) were immersed in different
concentration (0.1, 0.5 and 1.0 mg/mL; corresponds to 12.5, 62.5 and 125 CDU/mL
respectively) of type IA collagenase solution and incubated at 37 °C. They were degraded
in time-dependent and concentration-dependent manner. At high collagenase
concentrations, the degradation speed increases which makes the two groups (62.5 and

125 CDU) close to each other as reported elsewhere ™.
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Figure 4.8 Mass loss of GelMA hydrogels (96%DS, 30 w/v% in distilled water) in different
collagenase concentration. Error bars indicate the standard deviations of three independent
samples (n = 3).

The dependency on GelMA concentration (96% DS) was examined similarly in 12.5
CDU collagenase concentration (Figure 4.9). Half time of 10 w/v% samples was around

1 h while those of 20 is 6-7h and 30 and 40 w/v% is more than 8 h, respectively.
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Figure 4.9 Mass loss of GelMA hydrogels (96% DS, dissolved in distilled water, 1w/v% 12959)
with a different GelMA concentration in collagenase solution at 12.5 CDU/mL. Error bars
indicate the standard deviations of three independent samples (n = 3).

Lastly, the dependency on DS of GelMA degradation was studied. The GelMA
hydrogels were prepared with different DS (22, 35, 66, 96, and 98%) prepared at 30
w/v% concentration and incubated in collagenase solution (12.5 and 125 CDU/mL). At
high collagenase concentration, the hydrogels of low DS (22 and 35%) were degraded
quickly within 1 h. Especially, 22% DS samples were completely dissolved within 2 h in

collagenase solution at 12.5 CDU/mL. This is faster than 10 w/v% GelMA sample (96%
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DS). This result shows degradation speed is highly tailorable by altering mass

concentration and DS.
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Figure 4.10 Mass loss of Gelatin hydrogel (30 w/v% in distilled water, 1 w/v% 12959) with
different DS in collagenase solution at (A) 125 CDU and (B) 12.5 CDU/mL. Error bars indicate
the standard deviations of three independent samples (n = 3).

4.4. Conclusions

In this chapter, mechanical properties of GelMA aqueous solution and hydrogels were
investigated from the perspective of viscosity, storage modulus, density, swelling
properties, and degradation. As for viscosity, GelMA aqueous solution with high DS
samples exhibited lower viscosity, which could be due to reduced ionic interaction
between molecules. The solutions between parallel plates at submicron thickness could
crosslink within 30 seconds in the presence of UV light and photoinitiator. The
mechanical stiffness of the GelMA hydrogels could be tailored by mass concentration
and DS, and even further reinforced by the amount of composite additive. The swelling in
size also depended on GelMA concentration and DS, showing lower DS and higher
concentration can attract more water molecules that resulted in higher degree of swelling.
Finally, degradation speed dependency on DS, GelMA concentration and enzyme
concentration was investigated systematically to enable comparison between the
parameters. The overall information could be useful for designing GelMA hydrogels

suitable for their applications.
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Chapter 5 Development of gelatin methacryloyl inverted
colloidal crystal scaffolds and its application for liver tissue

engineering

Inverted colloidal crystal (ICC) system possesses hexagonally-
interconnected uniform pores, which is favorable for cells to grow and
function. On the other hand, gelatin is obtained from collagen, which
is the most abundant extracellular matrix in the liver. Herein, we
developed gelatin methacryloyl (GelMA) ICC scaffolds that mimic the
liver regarding structure and material. Liver cells seeded on the
scaffolds showed higher hepatic functions compared to those on a flat
substrate. The results demonstrate the potential of GelMA ICC to be

an artificial liver platform.

* This chapter was submitted substantially as: Lee BH', Shirahama H', Kim M, Lee JH', Cho NJ¥,
Tan LP*. "Colloidal Templating of Highly Ordered Gelatin Methacryloyl-Based Hydrogel
Platforms for Liver Tissue Engineering."” NPG Asia Materials
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5.1. Introduction

The liver is an assiduous organ, bearing various essential functions for sustaining life
such as protein synthesis, glucose homeostasis, and drug metabolism [ Unfortunately,
this metabolic activity makes the liver as the main organ to suffer from drug toxicity %,
This hepatotoxicity occurs at the late stage of drug development or post-marketing since
preclinical animal testing is not always effective due to species-specific metabolism .
Reconstruction of the human liver ex vivo could be a potent tool for drug screening
purpose. Culturing the primary hepatocyte could be a possible solution; however, it loses
its function rapidly on a conventional two-dimensional (2D) substrate . In the body,
cells reside in a three-dimensional (3D) extracellular matrix (ECM) environment; studies
on tissue engineering are revealing that cells in 3D systems can respond closer to in vivo
in terms of cell morphology and functions 1. Therefore different approaches were taken
for maintaining hepatic function with 3D in vitro systems.

An inverted colloidal crystal (ICC) scaffold is one of the promising 3D systems that
possesses uniform pores, which are hexagonally arranged and interconnected . The size
of the pores is controllable, and the structure has good diffusivity to transport nutrients
and the oxygen. The configuration is generally made of a base material and sacrificial
colloidal crystal. Regarding liver tissue engineering, early ICC systems exhibited
hepatosphere formation with long-term viability ®, maintenance of albumin production
1 and in vivo-like response against nanoparticle ™. However, these scaffolds were
made from polyacrylamide, lacking cell-ECM interaction. Recently our group developed
collagen-coated polyethylene glycol diacrylate (PEGDA) ICC scaffolds 112,
Hepatocytes in these scaffolds attached well to the cavity walls, having both cell-cell and
cell-ECM interaction eminently. The presence of ECM proteins led to higher albumin
production compared to bare PEGDA ICC, in which cells exhibited aggregated shape.
Also, the albumin level depended on the amount of collagen coating. However, this ICC
system requires an additional fabrication step, being possible to have an uneven coating
and batch-to-batch difference, not to mention its non-biodegradability. Protein-based ICC
could be an ideal platform to provide innate bioactivity in a more reproducible manner as

well as to be useful for in vivo applications.
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Some ICC systems of native natural polymers such as alginate ™3 chitin 167,
chitosan 82 inclusive of their composites have been reported. As these native materials
have high viscosity, the base material solutions were prepared at below 5%, leading
repetition of the process or low mechanical strength. Also, most systems employed
chemical crosslinkers (calcium chloride 3! genipin 6171921 “etc.) for crosslinking,
which require longer processing time (1 h ~ days) and could result in inhomogeneous
crosslinking over the samples. Recently, Kim et al. developed a porous platform based on
functionalized protein, gelatin methacryloyl (GelMA) 221 This UV crosslinking system
with this photocrosslinkable material allowed shortening the curing time within 20 min.
With reduced viscosity by the methacryloyl functionalization, the GelMA material
solution could be prepared at 20 wt%. Mouse mesenchymal stem cells seeded in the
platform were highly viable. However, the system does not have structural