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Abstract

Abstract

Biomimetic poly (ethylene glycol) (PEG)-based hydrogels have been widely
explored as extracellular matrix (ECM) mimicking hydrogels as they conserve
the advantages of both ECM (cell-responsive molecules) and synthetic hydrogels
(controllable structure and mechanical properties), but did not mimic natural
ECM well enough due to limited instructive cues. The aim of this work is to
synthesize and characterize a novel and facile prepared multi ECM proteins
incorporated PEG hydrogel system that can better mimic natural ECM and
innately guide cell behavior. Gelatin, elastin and PEG diacrylate (PEGDA) were
designed to synthesize biomimetic hydrogels in this study for developing ECM-
mimicking synthetic hydrogels. In this thesis, the thiolation of ECM proteins
were finished first; thiolated ECM protein was then conjugated to one end of
PEGDA by Michael type addition reaction. Two kinds of elastin-PEG hydrogels
were fabricated and encapsulated with smooth muscle cells (SMCs), but SMCs
were not able to attach in 3-dimensional (3-D), presumably due to lack of strong
cell adhesion peptides or sequences. Therefore, gelatin was considered that
combining other biological cues with elastin to support ADCs attachment and
growth. Two kinds of gelatin-PEG precursors, GP30 and GP60, were synthesized
by adjusting the amount of Traut's reagent. FRP (NHDFs) were encapsulated into
the gelatin-PEG hydrogel by crosslinking the remaining double bonds of
precursor under UV light in situ with high cell viability. In particular, this study
proved that a minimum amount of cell-binding motifs (gelatin > 2.3 wt/v %) are
required for attachment; and appropriate initial mechanical properties (storage
modulus <~100 Pa or mesh size >~150 nm) can accelerate the attachment of cells
and improve cell viability. Therefore, this gelatin-PEG hydrogel system with
tunable mechanical properties (storage modulus: 40~2000Pa) can support cell
attachment, growth and help to rebuild a new ECM in 3-D microenvironments.
Further studies of gelatin-PEG hydrogels on better mimicking natural ECM were
done by covalently conjugating soluble elastin. Elastin has been conjugated into
gelatin-PEG hydrogel to innately guide cell behavior and help the remolding of
new ECM in 3-D microenvironment for better mimicking natural ECM. To

evaluate the benefits of covalently-bound elastin, NHDFs were encapsulated into
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the hybrid hydrogel systems in situ and demonstrated high viability (>95%). This
work showed that covalently conjugating elastin to gelatin-PEG hydrogel is more
effective in guiding fibroblast behavior by promoting the spreading and
proliferation of NHDFs and finally to secret their-own ECM protein in 3-D.
Results from NHDFs studies showed that proliferation rate of NHDFs in GEP45
(13.5%) and GEP30 (11.4%) were higher than that of control (7.3%) on day 9.
Live/dead staining showed that NHDFs in GEP45 and GEP30 could form
extensive intercellular networks, while NHDFs in GPE control showed limited
spreading and networks. Besides, F-actin and ECM proteins (collagen type | and
elastin) staining revealed that cells in GPE45 and GPE30 showed significant
cytoplasmic spreading and F-actin bundling compared with GPE control
hydrogels. Taken together, the ability of elastin to alter the biological response of
gelatin-PEG hydrogel in 3-D has led to a better ECM-mimicking construct highly
suitable for soft tissues (especially dermal substitutes). To the best of our
knowledge, this is the first injectable and multiple ECM-proteins incorporated
ECM-mimicking PEG hydrogel with tunable mechanical properties that can
effectively help to rebuild new ECM for the specific application of soft tissue

replacement.
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PEG (100mg/mL), EP-PEG (100mg/mL), respectively.

Figure 4.7 Morphology of SMCs encapsulated in ES-PEG, EP-PEG and PEGDA
hydrogel.

Xiv



Figure Captions
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(B) Cells were encapsulated into gelatin-PEG hydrogel via photo-polymerization with
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all the hydrogels. The UV light was turned on after 60 seconds.

Figure 5.4 Initial mesh sizes of gelatin-PEG hydrogels after photo-crosslinking.
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p<0.05).

Figure 5.7 3-D cell encapsulation in GP30-45, GP30-55 and control PEG hydrogels.
Live/dead staining reveals the survival and morphology of cells within the gel (Live:

green/Dead: red). The red scale bar at the bottom right side is 50um.

Figure 5.8 Cell morphology of 3-D cell encapsulation in GP30-45, GP30-55, GP60-45
and GP60-55 at day 16.
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Figure 5.10 NHDFs viability in 3-D Gelatin-PEG hydrogels at day 7 and 10. (n=3)

Figure 5.11 Cytoskeletal assembly is modestly affected by matrix stiffness in NHDFs in
3-D.

Figure 6.1 Synthesis of gelatin-PEG and elastin-PEG precursor. Gelatin and elastin was

conjugated with free sulthydryl groups on the backbone via reacting with Traut’s reagent.

Figure 6.2 Illustration of Cells encapsulation in 3-D hydrogel via UV photo-

polymerization with photo-initiator.
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Figure 6.6 (A) Shear storage modulus from dynamic time-sweep tests that were
measured during the polymerization of all the hydrogels. The UV light was switched on
after 60 seconds. The initial complex viscosity of GEP45, GEP30, GPE control and GP
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levels for flow cytometry data was used to estimate the percentage of proliferation cells
during 24hours EdU incubation. (Non pro represents the percentage of non-proliferation

cells, while pro means the percentage of proliferation cells.)

Figure 6.9 (A) Immunofluorescence staining for elastin, collagen type I, F-actin in
GEP45, GEP30 and GPE control at day 10. Scale bar=250um.The antibodies are only
reactive with human specific collagen type I and elastin. (B) Immunofluorescence
staining for elastin (green) and collagen type I A (yellow) in cell free GEP45, GEP30 and
GPE control. Scale bar=250um.

Figure 6.10 Effect of elastin addition on ECM proteins (collagen 1A and elastin) gene
expression at day 9. Elastin addition resulted in a significant increase in collagen 1A and
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Chapter 1

Introduction

This chapter briefly introduces the status of the art of tissue
engineering and the current shortcomings of this discipline.
Extracellular matrix (ECM) based natural hydrogel and synthetic
hydrogels have been explored to face the challenges in tissue
engineering, and the advantages and disadvantages of both hydrogels
have been analyzed. Inspired by nature, ECM-derived proteins
incorporated in synthetic hydrogels may be a promising and
alternative approach to overcome these limitations for cell delivery
based tissue regeneration. In summary, this chapter contains several
sections to introduce the background, problem statement, hypothesis,

objective and scope.
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1.1 Background

Tissue engineering utilizes methods from chemistry, materials, engineering and life
sciences to fabricate artificial and living substitutes to guide the regeneration of tissue or
to improve tissue function.[1, 2] In order to deliver the cells to the appropriate location in
the body, many cellular delivery systems have been explored. The two dominant methods
are an injectable system incorporating replacement cells, or a solid scaffold incorporating
cells and needed bioactive molecules. A variety of materials have been explored as
scaffolds by combing cells, proteins, genes, or other biological molecules into an artificial
porous bioactive scaffold.[3] In particular, hydrogels have been extensively explored as
tissue engineering scaffolds because of their high water retaining capacity, biological
similarity to natural extracellular matrix (ECM), ability to deliver cells in situ, host tissue
adhesive properties and non-invasive method of delivery.[4] The natural ECM has been
an attractive model for biomimetic scaffolds. Therefore, ECM-derived proteins such as
gelatin and collagen have been fabricated into natural hydrogels and shown excellent cell
behaviors.[5] However, ECM-derived natural hydrogels is often limit used due to
relatively poor mechanical properties, inability to control their structure and degradation,
and potential immunogenic infection and variability of properties based on source.[5]
Compared with ECM-derived natural hydrogels, synthetic hydrogels is a good choice for
hydrogel scaffolds because of tunable mechanical properties, controllable structure and
compositions. Therefore, rational design of biomimetic scaffolds is based on the
combination of natural ECM-derived proteins and synthetic hydrogel, which provide cells
with both essential biological cues and tunable mechanical properties. Hence, to create an
ideal cellular microenvironment conducive to the regeneration of tissue, biomimetic
constructs with cell adhesion, biodegradability and tunable mechanical properties are
required.

Injectable biopolymer hydrogels display great promise for cell delivery due to their high
water retaining capacity, host tissue adhesive properties, biological similarity to natural
extracellular matrix, tunable mechanical characteristics, controllable porosity, and
minimally invasive method of delivery. Furthermore, after having served as a temporary

scaffold, hydrogels can be degraded into non-toxic soluble by-products that can be
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cleared or metabolized without surgery.[6] Polyethylene glycol (PEG) hydrogel, an
important type of synthetic hydrogel, is attractive and promising synthetic scaffolds to
construct three-dimensional (3-D) structures in aqueous environments for tissue
engineering because they have several merits including biocompatibility, hydrophilicity,
controllable mechanical properties and degradation.[5] Despite these advantages, pure
PEG hydrogel suffers from the inability to incorporated cells due to lack of biological
cues to interact with cell-surface molecules, particularly integrin. Another problem
arising from using pure PEG hydrogel for tissue engineering is that it is not naturally
degradable. Yet the degradation can be enhanced by conjugating degradable polymer,
functional groups or biological cues.[4, 7, 8] To overcome these disadvantages, a variety
of bioactive modified PEG hydrogels were fabricated by tailoring biological cues to
mimic the natural ECM, such as Arg-Gly-Asp (RGD) and matrix metalloproteinases
(MMPs).[5] Extensive chemical modifications have been explored to fabricate a
biological response and cell compatible PEG hydrogel, while cells can be encapsulated in
to the hydrogel simultaneously. In this thesis, the research was focusing on developing an
injectable cellular delivery system based on photo-polymerized hydrogels. Photo-
polymerization, which triggers the polymerization of liquid PEG monomer (normally
acrylate) solutions to form solid hydrogels by UV at physiological temperature and pH, is
one of the most common and easy approaches to fabricate PEG hydrogels.[9-11] For
tissue engineering, the cells are added into the protein-polymer precursor solution; the
cells are homogeneously encapsulated inside the PEG hydrogel scaffold after photo-
polymerization. Despite these advantages, photo-polymerization of cell loaded hydrogel
process can be done in situ, which means that cell encapsulated constructs can be
transplant to injury tissue through minimally invasive surgery.[5, 6, 12] Thus, this
method can provide a convenient way to fabricate cell-encapsulated injuectables which
form hydrogels in situ with controllable structure and mechanical properties. Previous
studies proved that aqueous solutions of acrylate and bioactive modified PEG could be
photo-polymerized directly while contacting cells and tissues without harmful effects.[4,
13] In this thesis, PEG diacrylate (PEGDA) was conjugated with biological cues through
Michael-type addition reaction and then fabricated into hydrogel via photo-

polymerization. In addition, the ester bonds in PEGDA and the structure of —S-CH,-
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(thiol-acrylate based Michael-type addition reaction) have been introduced to PEG
hydrogel in this thesis to enhance the degradation of PEG-based hydrogels according to
previous studies.[5, 14, 15]

Natural tissue is assembled from different kinds of cell embedded in ECM hydrogels,
which are complex networks and secreted by the cells.[16, 17] The natural ECM not only
provides mechanical support for tissue, but also guides cell behaviors to satisfy the
specify needs of different tissue.[5] Therefore, ECM components play a crucial and
meaningful role in tissue remodeling because they can modulate cell behaviors including
cell adhesion, spreading, phenotype type, proteolytic degradation and differentiation
innately. Natural ECM proteins, such as gelatin,[18] collagen,[19] fibrin[20] and
hyaluronic acid[21] have been used as natural hydrogels due to excellent cell adhesion
and biodegradation properties.[5] But the uses of the natural ECM proteins as natural
hydrogels are limited due to their poor mechanical properties and potential immunogen
problems. Taking cues from the natural ECM, several ECM-derived proteins or peptides
sequences were conjugated into PEG hydrogels to guide cell behaviors in 3-D.
Substantial challenges remain in the design and fabrication of ECM-mimicking hydrogels
with high cell viability and controlled behavior in situ. Currently, biomimetic PEG
hydrogels do not mimic natural ECM well enough due to limited biological or instructive
cues. Consequently, this led to low cell viability, unsatisfactory cell behaviors and
compromised the effect of delivered therapeutic-cells. To overcome those multiple
challenges and afterwards enhance controlling cell behavior in a more effective way,
there is a need to develop hybrid hydrogels that can mimic multiple functions of ECM
with tunable mechanical properties and finally provide predictable control over cell fate
while allowing facile delivery of the cells to injury tissue. In this thesis, the thiol-acrylate
based Michael-type addition reaction was explored to achieve a hybrid hydrogel system
by crosslinking of ECM-derived proteins and PEGDA.

1.2 Problem statement

It has been demonstrated that cells behave more natively when cultured in 3-D

microenvironment.[22, 23] In order to truly mimic the biological microenvironment in 3-
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D, gelatin and elastin were conjugated into PEG hydrogels to modulate the cell behaviors
in 3-D. Gelatin, denatured from collagen, is easily achieved, bio-degradable, widely-used
material in tissue engineering which proved to have good biocompatibility in vivo.
Moreover, gelatin processes cell-adhesive peptides such as RGD and MMP-sensitive
degradation sequences, which is important for encapsulated cells. A variety of researches
have investigated gelatin-related hydrogels fabricated via Michael type addition reaction
or photo-polymerization for tissue regeneration.[24-26] An interpenetrating gelatin
methacrylamide (MA) - PEG hydrogel was fabricated by photo-polymerization of
gelatin-MA, PEG tetra-thiol and PEG tetra-alkyne. Though 90% of the encapsulated
endothelial cells were alive after 7 days, most cells were still round-shape and showed
delayed proliferation probably due to the improper initial mechanical properties (modulus
from 10.8 to 327.7 kPa) of the hydrogel and limit biological cues(inefficient gelatin
dissolution).[18] Another kind of gelatin-PEG diacrylate hydrogel fabricated by photo-
polymerization of cysteine conjugated gelatin-PEG and PEGDA exhibited similar cell
culture results as gelatin-MA PEG hydrogel mentioned above.[27] Fu Yao et al.
investigated a gelatin-PEG hydrogel system, while thiolation of gelatin was finished in a
three-step reaction, followed by lyophilization of the thiolated gelatin and photo-
polymerization with PEGDA to encapsulate cells at pH 8.5. [28] As we all know, thiols
are susceptible to be oxidized and formation of disulfide bonds,[29] which is a challenge
to preserve and finally affect the repeatability and consistency of protein and hydrogel.
Another disadvantage is that its cell encapsulation was done at pH 8.5 for 30mins, which
has potential side effect to cells. In summary, substantial challenges remain in the
incorporation of gelatin into PEG hydrogels with high cell viability and controlled
behavior in situ, such as well-designed conjugation between gelatin and PEG, suitable
initial mechanical properties, and maintaining enough biological cues for cell attachment.
To overcome these challenges, in this study a facile, cytocompatible and effective
synthesis approach was explored to fabricate a gelatin-PEG hydrogel for 3-D cell
encapsulation.

Elastin is the major insoluble protein existing in elastic tissue, contributing to elasticity of
the skin and promoting a number of cellular responses including chemotaxis,

proliferation and differentiation.[30, 31] Elastin is historically underrepresented in



Introduction Chapter 1

commercial dermal substitutes and playing a crucial role in skin healing and regeneration.
Because elastic fibers are not readily replaced after injury due to difficulties in
resynthesize of tropoelastin (precursor of elastin fiber), thus seriously decrease the
regeneration of new tissue and the speed of full healing.[30] Therefore, burn survivors
often experience excessive scarring and skin contractures which significantly affect their
health and quality of life.[30] Despite the need, however, there is a dearth of research on
elastin-based dermal substitutes with tunable mechanical property, while elastin is
historically underrepresented in commercial dermal substitutes. Previous researches on
elastin have mainly focused on loading methods (chemical conjugation or physical
blending) [32-34] leading to a 2-Dimensionnal (2-D) cell study or evaluation in vivo.
Substantial challenges remain in the incorporation of elastin into scaffolds with high cell
viability and controlled behavior in situ. Thus, this study attempted to mimic and
combine multiple ECM-derived proteins into PEG hydrogel to render a mechanical

tunable and cytocompatible hydrogel for tissue engineering.

1.3 Hypotheses

Hypothesis 1:
Elastin, one of the structure ECM proteins, has been widely explored as biological cues to
modulate cell behavior in biomaterials; therefore, covalent conjugating elastin into PEG

hydrogel can effectively support cell attachment and growth in 3-D microenvironment.

Hypothesis 2:

Traut’s reagent based thiolation method can be used to conjugate gelatin into PEG
hydrogel with less dissolution; thus, this new method fabricated gelatin-PEG hydrogel
would markedly enhance the cellular activity in PEG hydrogel, including cell's spreading,

migration and proliferation, while retaining the ability to fine-tune mechanical properties.
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Hypothesis 3:
Covalent crosslinking of elastin into the gelatin-PEG hydrogel would further fine-tune
cellular behavior and improve cell’s biological responses, and would be beneficial for

skin tissue engineering and wound healing.

1.4 Objectives and Scope

The overall objective of this thesis is to design and synthesize novel biomimetic PEG
hydrogels, which are able to encapsulate cell, support the adhesion of cells, promote
proliferation of cells and innately guide cells to rebuild their-own new ECM. More
specifically, the objectives of this research were:

1. Design a novel and facile synthesis of elastin-PEG and gelatin-PEG precursors,
which can be used to encapsulate cells in situ and modulate cell behaviors in 3-D
microenvironment.

2. Fabricate hydrogels with tunable mechanical properties and protein amount to
investigate the influence on cell behaviors including spreading, morphology,
proliferation, secretion of new 3-D cellular network of encapsulated cells inside the 3-
D microenvironment.

3. Characterize elastin-PEG precursor, gelatin-PEG precursor, elastin-PEG hydrogel,
gelatin-PEG hydrogel and hybrid crosslinked gelatin/elastin PEG hydrogels.

4. Investigate cell behavior within elastin-PEG, gelatin-PEG and hybrid crosslinked
gelatin/elastin PEG hydrogels in 3-D microenvironment.

The scope of this thesis includes:

1. Comparing and optimizing different thiolation method to achieve thiolated ECM-
derived proteins.

2. Investigating and optimizing the Michael addition reaction between thiolated ECM-
derived proteins and PEGDA.

3. Characterizing chemical properties of ECM-derived proteins conjugated PEG
precursor through Fourier Transform infrared spectroscopy (FTIR), Nuclear magnetic
resonance (NMR), or Electrophoresis.

4. Characterizing the mechanical properties of elastin-PEG, gelatin-PEG and hybrid
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crosslinked gelatin/elastin PEG hydrogels.

5. Investigating cell behaviors including viability, spreading, morphology, proliferation
and secretion of new ECM proteins inside the 3-D microenvironment.

6. Exploring a new method to analysis and quantify the proliferation of cells inside the

3-D microenvironment.

1.5 Dissertation Overview

The dissertation is organized into the following 7 chapters.

Chapter 1 summarized the current research progress of ECM-derived proteins conjugated
PEG hydrogel for cell therapy, in particular, the challenges existing in design and
fabrication of ECM-derived proteins conjugated PEG hydrogels and hybrid hydrogels,
precisely control the fate of encapsulated cells. The facile synthesis of ECM-derived
proteins conjugated PEG hydrogels and hybrid hydrogels presented in this thesis were
highlighted to be able to guide cell behavior innately. The hypothesis, objective and
scope of this thesis were presented.

Chapter 2 reviews reported literature in five sections: (1) tissue engineering, (2) cell
encapsulation, (3) cell encapsulated hydrogel for tissue engineering applications, (4) PEG
hydrogel for cell encapsulation, and (5) ECM derived PEG hydrogel. The review not only
focused on the statement of advantages of this field, but also highlights some unresolved
crucial issues and challenges, which make the rational design of this thesis to be
reasonable and meaningful.

Chapter 3 presents the materials and methods used in this thesis.

Chapter 4 investigates the covalently conjugation between elastin and PEGDA. The
capacity of elastin-PEG hydrogel to support 2-D and 3-D attachment was studied. The
characterization of elastin-PEG was also performed to study physical and chemical
properties.

Chapter 5 describes the covalent conjugation between gelatin and PEGDA; cell
encapsulations were performed to study effect of 3-D cell culture. Cell viability,
morphology, proliferation and 3-D cellular networks were investigated. Specifically,

gelatin-PEG hydrogels with tunable mechanical properties (shear storage modulus which
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ranges from 100 to 2000 Pa) and gelatin amount (varies from 2.30 wt/v % to 3.32 wt/v %)
were fabricated to investigate the influence on cell behaviors including spreading,
morphology, proliferation, secretion of new 3-D cellular network of encapsulated cells
inside the 3-D microenvironment. The characterization of gelatin-PEG was also
performed to study physical and chemical properties.d

Chapter 6 reports a multiple ECM-derived proteins (gelatin/elastin) hybrid-crosslinked
PEG hydrogel system. This hybrid system is designed to mimic multiple functions of
ECM and finally provide predictable control over cell fate while allowing facile delivery
of the cells to injury tissue. Gelatin and elastin hybrid PEG hydrogels were tested for 3-D
cell encapsulation and culture, with assessment of cellular morphology, proliferation, F-
actin expression, and remolding of their own ECM proteins in the 3-D culture systems.
The characterization of hybrid hydrogel was studied in order to analysis its physical and
chemical properties.

Chapter 7 presents discussion and conclusions from all the above findings and proposes

possible future work.

1.6 Findings and Outcomes

This research led to several novel outcomes:

1. Establishing a time-saving and effective thiolation method for ECM proteins.

2. Designing a novel and facile synthesis of elastin-PEG and gelatin-PEG precursor to
better mimic natural ECM for cell encapsulation.

3. Encapsulated human artery smooth muscle cells cannot grow in elastin-PEG hydrogel
(without gelatin) probably due to lack of strong adhesive peptides.

4. Human dermal fibroblasts can be encapsulated into gelatin-PEG hydrogel with
controllable cell behavior (such as cell growth and morphology) by adjusting stiffness of
hydrogel.

5. Finding the minimum requirements for the attachment of human dermal fibroblast in 3-

D hydrogels: gelatin content > 2.30 wt % and gel mesh size mesh size >~150nm.
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6. Fabricating an injectable and multiple ECM-protein (gelatin/elastin) conjugated PEG
hydrogel system with tunable mechanical properties that can effectively help to rebuild
new ECM for the specific application of soft tissue replacement.

7. Establishing a new analysis method for the proliferation of encapsulated cells (3-D) via
labeling DNA of proliferated cell, releasing the cells from hydrogels and measuring the
florescence intensity by flow cytometry.

8. Encapsulating human dermal fibroblasts into gelatin / elastin based hybrid PEG
hydrogel with controllable cell behavior (such as cell proliferation, morphology and new

ECM deposition) via adjusting the amount of elastin.
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Chapter 2

Literature Review

This chapter summarizes the background and current research
progress related to the work investigated in the thesis. It provides a
review on the current research and challenges of tissue engineering,
3-D cell culture, ECM, cell encapsulation, fabrication methods of
hydrogels and ECM-mimicking hydrogels. It also discusses the
understanding of ECM-mimicking hydrogels for 3-D cell
encapsulation and the mesh-size effect on cell activity in 3-D. The last
section summarizes gelatin-based hydrogel and elastin-based
hydrogel and reviews on the fabrication mechanisms, crosslinking

methods and cell response after encapsulation.
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2.1 Tissue engineering
2.1.1 Overview of tissue engineering

The main aim of tissue engineering strategies is to rebuild the function of injured tissues
by delivering a combination of biological cues, cells and bio-responsive construct on
which these cells can attach, spread, proliferate and finally regenerate a new tissue(Figure
2.1).[1] The field of tissue engineering has been developed to satisfy the increasing need
for new organs and tissues. It is important for artificial biomaterials to facilitate tissue
engineering through incorporation of proteins or peptides. Therefore, a variety of
biological cues incorporated biomaterials have been used to repair and promote

regeneration of a variety of tissues, such as cartilage, bone, cardiac and vasculature [2-4].

1 Harvest cells from
human/ animal

sources, expand

them in vitro

2 Seed cells on
scaffolds which
may incorporate
biomolecules

3 \mplant cells,

scaffold at
injury site

4 Healing takes
place: Cells
differentiate and
form tissue

Figure 2.1 Schematic illustration of tissue engineering.[1]
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It is well known that microenvironment for cell survival should satisfy several confirmed
requirements: biodegradability, high porosity, biocompatibility and lack of
Immunogenicity. Tissue engineering scaffolds should allow diffusion of oxygen and
nutrients into cells as well as signaling molecules and waste flow out. Secondly, a
specific physical substrate is fundamental requirement for anchorage-dependent cells
(ADCs) as the survival of ADCs is highly depending on the cell adhesion and
spreading.[5] The majority of cells are ADCs thus can spread only after attachment to a
proper material(Figure 2.2),[5]. ADCs comprise of endothelial, epithelial, smooth muscle
cells, fibroblasts, osteoblasts - all of which are frequently used in tissue engineering.
However, cells encapsulated into 3-D environment often do not attach and maintain a
spheroidal shape, which is different from the situation in 2-D culture and thus more
challenging. Consequently, encapsulated and round-shape ADCs showed poor attachment
in synthetic 3-D environment, accompanied with cell apoptosis and death.[5] Since the
aim of tissue engineering is to fabricate a reliable and effective cell survival
environment,[6] the primary challenge of 3-D cell culture for tissue engineering is the
adhesion of ADCs. Thirdly, the degradation speed of biomaterials is another one of the
most important considerations and it is crucial to assure that the speed of degradation
matches with the regeneration of new tissue at the damaged site. Otherwise, fast
degradation of the scaffolds will lose their designed effect on the growth of cell; on the

contrary, slow degradation of the scaffolds will hamper the regeneration of new tissue.

N 2

ADC L integrins
A i
i ligands (e.g. RGD) cell adhesion - 4
Cells can spread and survive
e u no ligand cethesion M g
ST A A S B R Rt 2 el A TR o o SN L Pe s H 3
Substrate B Cells cannot spread and die

Figure 2.2 Illustration of the relationship among cell adhesion, integrins and substrate.[5]
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Therapeutics cell delivery has emerged as one of the most possible and widely used
approach for tissue engineering and regenerative medicine. Its effectiveness depends on
successful delivery of the cells to injured tissue, where the newly delivered cells can
repair damaged tissue or promote the regeneration of new tissue. Therefore, the scaffolds
for 3-D tissue engineering should consider several aspects such as cell adhesion,
degradation, and mechanical property. The aim of such design is to fabricate a reliable,

functional structure for cell survival.

2.1.2 2-D and 3-D cell culture

Flat, 2-D culture have been the most popular approach for studying cell behaviors in the
past and is still a standard and basic method for cell culture in vitro. This method,
involving culturing cells on 2-D substrates or the surface of tissue, provides a feasible
platform for studying the physiology and pathophysiology of cells and tissue in vitro. 2-D
cell cultures experiments not only have been used to study the base of complex biological
activates, such as stem cell differentiation[7] and tissue morphogenesis,[8] but also to
investigate the dynamic interactions between cell and the cellular microenvironment. For
instance, previous studies demonstrated that the stiffness of the 2-D culture substance can
affect the differentiation of human mesenchymal stem cells (hMSCs).[9] Moreover, the
same research group has proven that the growth and apoptotic rates of cells cultured on 2-
D scaffold could be influenced by the stiffness of the scaffold.[10] Therefore, 2-D cell
culture experiments can be used to investigate how biological phenomena are influenced
by the epigenetic factors.

Recent studies have demonstrated that cells often behave unnaturally when they are
extracted from native 3-D tissues and cultured as a monolayer. 2-D cell culture can
polarize cells since only part of the cell membrane can communicate with the neighboring
cells and interact with ECM components. The rest of the cells cultured in 2-D planar are
immersing in the bulk culture media, which may led to unnatural, inherent polarized
binding and finally influence the cellular signaling and phenotype.[11] Accordingly,
previous studies also proved that cellular responses were similar to those in vivo, when

the cells were cultured in artificial 3-D environment.[12] For example, Bissell et al.
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showed that human breast epithelial cells transformed to tumor cells when culture in 2-D,
but behaved similarly to the normal cells (from native tissue) in 3-D environment.[13]
Cancer researchers have explored several complex 3-D cell culture models[14] to study
the paracrine signal of cells,[15] the influence of matrix on cancer cell phonotype,[16, 17]
and select potential therapeutic approach[18]. Similarly, embryonic stem cells expressed
more chondrogenesis when culture in 3-D compared to monolayer culture.[19] Birgers et
al. demonstrated that the microenvironment of cells plays a dominant role in modulating
cell phenotype by altering the expression the gene and protein.[20] The differences in cell
behavior between 2-D and 3-D cell cultures are due to the permutations in the expression
of gene as the cells recognize its surroundings differently (2-D and 3-D
microenvironment, shown in Figure 2.3). Therefore, there were some considerations on

what features should be contained in designing a 3-D scaffold for cells therapy.

A | B

Figure 2.3 Cells behave in a different manner in 2D and 3D culture. Neural cells cultured in 2-D
(A) extensively spread in the plane (cytoskeleton was stained green and b-tubulin were stained
red). When cultured within hydrolytically degradable PEG hydrogels in 3-D (B) the same neural
cells spread isotopically.[21]
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2.1.3 Natural ECM structure and functions

The rapid increase in the understanding of ECM function and structure has provided
opportunities to mimic the natural ECM for design and fabrication of bio-inspired
scaffolds. Natural tissues contain cells secreted ECM molecules, which organize cells
into tissue, guide cell behaviors and provide the mechanical support for tissue (Figure
2.4). This complex, organized and heterogeneous network of proteins, polysaccharides
and growth factors facilitates the anchorage of cells, interactions between cells and the
formation of tissue. As a result, scientists have investigated a variety of 3-D scaffolds that
possess benefits of the native 3-D ECM microenvironment.

Figure 2.4 shows the structure of ECM and the interactions between ECM and cells.
Generally, the natural ECM contains three major biological cues that are useful for design
and fabrication of biomaterials, including: (1) Insoluble ECM fibrous macromolecules, (2)
soluble molecules, and (3) cell-cell receptors.[1] There are several insoluble ECM fibrous
macromolecules such as collagens, elastin and fibrin. Collagen, the most abundant
protein in mammals, provides mechanical support for the tissue, while other proteins,
such as elastin, offers elasticity for the tissue.[22] There are several different types of
collagen. For example, Type I collagen is most abundant in several tissues such as bone,
skin and tendons. Type Il collagen has similar fibrillary structure which offers high
tensile strength to cartilage.[23] Fibronectin (FN, shown in Figure 2.4) and laminin (LN)
in natural ECM provide the several binding domains for cells. Glycans including
glycosaminoglycans (GAGSs) and proteoglycans (PGs) are linear polymers of hyaluronic
acid (HA), chondroitin, heparin and so on. Both GAGs and PGs swell in the aqueous
environment and fill the interstitial space of structure fibers to absorb compressive force
and also prevent tissue collapse. They are the reservoirs of biomolecules (growth factors,
ECM proteins) and also allow the diffusion of nutrients and wastes.[24] The attachment
of cell to ECM is crucial for the proliferation, migration and phenotype of cells. Integrins
interacting with ECM peptide ligands play major roles in cell attachment to ECM by
offering anchorage and signals that guide cell behavior and affect the gene and protein
expression. Although ECM macromolecules contain thousands of amino acids, integrins
only can recognize and bind to a few peptide ligands, such as arginine - glycine- aspartic
acid (RGD), REDV, and LDV.[21] Thus, incorporation of ECM-derived molecules such
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as collagen, LN and FN or their incorporation into scaffold is crucial for cell survival in
3-D.

Collagen

Figure 2.4 Schematic illustration of a 3-D ECM model.

2.1.4 Challenges in 3-D scaffold design and fabrication

Bio-responsive scaffolds for 3-D cell culture have been extensive investigated by the
following methods: 1) pre-fabrication of ECM-derived protein incorporated scaffolds and
seeding cells on the surface of scaffolds before transplanting to injured tissue; and 2) in
situ formation of hydrogel through physical or covalent crosslinking. In general, pre-
fabricated scaffolds are introduced into injured tissue after seeding target cells to the
surface of scaffolds and culturing for several days. However, they are not completely
recapitulating the 3-D environment of the ECM, since most of the cells are growing on
the surface of the scaffolds. Traditional biomaterial scaffold fabrication methods, such as
solution-casting, electrospinning, crystal leaching, gas foaming and lyophilization, have
been investigated to prepare highly porous scaffolds, which allow easy diffusion of
nutrients, waste and cell-secreted signaling cues.[25] However, these scaffolds are often
not good enough because of the inability to effective delivery of cells and precisely

control scaffold structure.[26] For instance, microporous scaffolds were able to
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encapsulate cells easily but the pore size of scaffold (-100um) was much larger than the
average diameter of cells (~10pm); therefore, the efficiency of encapsulation was not
satisfied to the purpose. Similarly, biomimetic nanofibrous scaffolds fabricated by
fibrillary ECM-derived proteins can encapsulate cells during the self-assembly procedure;
however, the mechanical properties of this scaffolds are not satisfactory for
applications.[27] These limitations are not applicable to hydrogels, which process several
advantages in structure and mechanical properties similar to the native cellular

environment.[28]
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Tissue Hydrogel Degradation & Cell Proliferation
Regeneration & ECM Secretion

Figure 2.5 Illustration of cell encapsulation steps and the regeneration of new tissue. Cells
are cultured, expanded in cell culture flasks, and mixed with hydrogel precursors, which are
subsequently injected into the injured tissue. Hydrogels provide structural support and
maintain cells in the injured tissue for cell proliferation and regeneration of tissue. The
hydrogel will degrade after the cells synthesis their own ECM. This method allows a facile

approach to transplant cell encapsulated hydrogel in a minimally invasive way. [29]

In contrary to pre-fabrication methods, in situ formed hydrogel presents several
advantages: it can be used as an injectable platform to the target injured tissue sites in a
minimally invasive method; therapeutic cells can be encapsulated into hydrogel and
homogeneously embedded within the real 3-D microenvironment. The procedure of cell

encapsulation into hydrogels typically contains three steps (Figure 2.5): 1) trypsinize cells
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and suspend them in the hydrogel precursor solution, 2) injecting the mixture to injury
tissue, and iii) crosslinking precursor solution to form 3-D hydrogel in situ. The delivery
of cells by this method has several advantages. First, the cell mixed hydrogel precursor
solution can be injected to the tissue defects directly, allowing formation of the hydrogel
in situ and fully filling in the cavities of injured tissue. This fabrication method also
increases the adhesion of hydrogels to the defect without adding glues. Second, fast
crosslinking methods (such as photo-polymerization, physical conjugation) will lead to a
homogenous distribution of cells. Third, a hydrogel offers a highly swollen 3-D
microenvironment that is similar to natural tissue, while the size and shape of hydrogels
can be easily adjusted according to the application. Therefore, hydrogels have been

intensively investigated and widely explored as tissue engineering scaffolds.[5]

2.2 Hydrogels for cell encapsulation

Hydrogels are crosslinked 3-D networks that possess high water contents and
demonstrated to be idea scaffolds as matrix for 3-D cell culture. Hydrogels can swell and
absorb water but do not disappear in water.[30] Owing to their highly hydrated structure,
hydrogels can mimic natural 3-D tissue better than any other kind of polymer based
scaffolds.[30] Encapsulating cells into hydrogels also possesses several attractive
advantages for tissue engineering, including biomimetic microenvironment for cell
survival and growth, and the ability to form hydrogel in situ and deliver cells with it.
However, the gelation procedure was done with the existing cells, which might harm
them. Several important considerations for designing hydrogels for cell encapsulation
should be carefully made in order to provide a suitable and effective scaffold.[31] The
gelation procedure of hydrogel must be mild and cell compatible.

There are two main types of hydrogels: 1) natural hydrogels, such as alginate, collagen,
fibrin, where all the compositions are with a bio-origin based; 2) synthetic hydrogels
including synthetic polymers (crosslinking agents and monomers), biosynthetic hydrogels

(incorporating biological cues into synthetic hydrogels).

21



Literature Review Chapter 2

2.2.1 Hydrogel design considerations for cell encapsulation

The relations between the hydrogel fabrication, structure, properties and application
determine the rational design for scaffolds. Fabricating biomimetic 3-D hydrogels for cell
encapsulation is still a challenge, requiring consideration of several crucial aspects
properties (shown in Figure 2.6), such as cell adhesion, degradation, bioactivity, transport,

mechanical properties and mesh size.

Biocompatibility

+  Should not have toxic or undesirable effects

. Removal of toxic small molecules is critical

+  Practical considerations (sterilization and FDA

Target microenvironment

* Mimicking the dynamic nature of th
extracellular matrix — —

* Incorporation of biochemical an

biophysical cues to modulate cell behavior approval)
r'; .
Mass transport Crosslinking in presence of cells
Continuous exchange of nutrients, _ Crosslinking reaction must have
proteins, gases, and waste products ) limited effect on cell viability or

into, out of and within the hydrogel protein bioefficacy

Degradability :

+ Biodegradation or externally triggered
degradation

« Biocompatible degradation byproducts.

« Control of over degradation kinetics

Mechanical properties

= Tuning using polymet concentration,
mesh size, porosity and crosslink density

+ Effect of swelling

Figure 2.6 Design considerations of hydrogels for cell encapsulation.[32]

Cell adhesion, an important phenomenon that allows cells to attach to hydrogels has
enabled their use to repair or regeneration of injured tissue. Some natural hydrogels such
as collagen, fibrinogen or fibrin innately contain cell adhesive motifs, while common
synthetic and polysaccharide hydrogels do not. As mentioned before, cell adhesion and
spreading are crucial for the survival of ADCs. Cells encapsulated into 3-D hydrogel are
constrained to a round-shape, no matter which cell types or what native morphology,
because of a unique encapsulation mechanism.[5] The bulk of synthetic hydrogels
typically exhibit a bio-inert microenvironment,[33] in which the cells (~10pm) are
encapsulated and surrounded in highly aqueous networks with nano-size pores. Without

strong biological cues, the encapsulated cells are restricted from attachment to scaffold
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and spreading inside. Cell adhesion and spreading are necessary and compulsory to
rescue cells from apoptosis and death.[34] Consequently, cells attachment to 3-D
hydrogel becomes the first challenge impeding the application of hydrogels for cell
therapy. Incorporating cell-adhesion cues to hydrogels have been proved effective to
promote the cell attachment in 3-D microenvironment.[21, 31, 33, 35]

Degradation of hydrogels is crucial and essential process for tissue engineering that
requires controlled reuptake in vivo and/or in situ. There are several mechanisms of
hydrogel degradation, including proteolysis (enzyme), hydrolysis, pH-based,
temperature-based and UV triggered. The other major limitation of synthetic hydrogels as
scaffolds for tissue engineering is that they have no biodegradation cues. If degradation is
faster than the cell growth speed, the encapsulated cell will lose their anchorage sites; on
the other hand, if the degradation rate is too slow, the scaffold will be a barrier for cell
growth. This will not only influence the regeneration of new tissue, but also affect the cell
activities. The degradation of scaffolds can be controlled by changing the structure and
constitution of scaffold. For instance, ester linkages related to lactic acid degrade much
faster than ester linkages of caprolactone;[36] and the gels with higher crosslinking
density led to longer degradation times.[37] The encapsulated cells also can affect the
degradation rate of the hydrogels as Hunt et al proved that encapsulation of fibroblasts
into alginate hydrogel lead to accelerated degradation.[38] During the design of hydrogel
for tissue engineering, there are several factors that should be considered about the
degradation, such as polymer length, linkage and crosslinking density. These factors can
directly affect the structure of the cell encapsulated hydrogel, which finally influence the
cell growth and regeneration of tissue.[31]

The mechanical properties of a hydrogel are affected by polymer chemistry structure,
crosslinker properties, swelling, polymer length, and crosslinking density, which
influence the cell behavior (growth, migration, spreading, contractility, differentiation)
and tissue homeostasis.[39] The network properties of a hydrogel are responsible for
maintaining cells in situ, as a temporary scaffold, while also offering pathways for
diffusion of biological cues, nutrients, oxygen and waste. Once the cell encapsulated
hydrogel is fabricated in situ or in vitro, regeneration of tissues with desirable functions

relies on mechanical properties of hydrogels.[40] Higher crosslinking density in
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hydrogels offer benefits such as longer gel life, but also difficulty for nutrients to diffuse
to the cells for their survival. Moreover, the smaller porosity of hydrogel can impede the
cell growth and tissue regeneration. Previous studies have shown that ADCs can only
survive after cell-cleavable domains get rid of the spatial constraints. This is because cell
behavior such as migration and cell interactions are important for guiding differentiation
and fate; while all of these are restricted when the cells are encapsulated in highly
crosslinked hydrogels. It is unrealistic to expect that degradation will solve this issue
(provide more space for cell), since the spontaneous degradation of hydrogel is quite slow.
Thus, over the recent years, a number of studies have explored how to provide adequate
mechanical properties for encapsulated cells.[5]

Bioactivity is one of the basic functions of hydrogels that can innately modulate specific
biological events in the tissue including cell growth, morphogenesis, proliferation and
differentiation. Many of these cellular events can be triggered by chemical, biological,
and physical approaches, while they can help to encourage secretion of appropriate
proteins/ polysaccharides to rebuild new ECM and finally lead to tissue regeneration.[41]
However, common synthetic hydrogels does not inherently have biological cues and thus
cause poor cell behavior. For example, gelatin methacrylamide PEG hydrogel[42] and
gelatin-PEG diacrylate hydrogel[43, 44] have shown delayed cell attachment (with
mostly rounded cells) and proliferation; other studies have demonstrated that round-shape
cells underwent apoptosis and subsequently died in a few weeks[34]. For those cells that
did survive well in the above mentioned hydrogels, their spreading, migration,
proliferation, phenotype, differentiation and the interactions of cell and matrix were
barely controllable: the reason for this is primarily that an artificial hydrogel utilizing just
one protein or peptide sequence does not mimic natural ECM well enough due to limited
instructive cues. Consequently, this led to unsatisfactory cell behavior and compromised
the effect and efficiency of delivered cells.[45] Therefore, rather than providing general
biological cues specificity should be considered in the fabrication of hydrogels since
every tissue type has its own set of mechanical, chemical gradients, structure, and
function.[46]

The proper design and control the network structure of hydrogels are important for the

survival of cells, hydrogel biodegradation, diffusion of bioactive molecules and cell
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migration via the network.[30] Network mesh size is one of the key components in
governing mass diffusion and modulating cellular activities, including proliferation,
phenotype.[47] In order to study hydrogel network structure, it is necessary to measure
certain parameters of the hydrogel network. Four important swelling parameters have
been employed to study hydrogel network structure, including:

* The swelling ratio (Q): the mass swelling ratio (Qm) and the volume swelling ratio (Q.)
* The polymer volume fraction in the swollen state (v ,5)

e The number average molecular weight of the polymer chain between two adjacent
cross-links (M)

* The network mesh size ( § ) [48]

The mesh size, or the correlation distance between two neighboring crosslinks, defines an
estimation of the space available between the macromolecular chains. Values for v g,
Mc and & can be determined using the equilibrium swelling theory.[49] Above four
parameters are important in measuring the hydrogel network structure. Currently, a
variety of methods have been used to calculate PEGDA hydrogel mesh, including
correlations linking measurable quantities, such as equilibrium hydrogel swelling, to
mesh size.[47, 50] Although these calculations appear to give reasonable mesh size
estimates for PEGDA hydrogels,[50] the proper hydrogel mesh size for cell attachment
have not been explored yet. Thus, in this study, proper hydrogel mesh size for cell
attachment was characterized via varying the crosslinking density of hydrogel.

2.2.2 Natural hydrogel used for cell encapsulation

Natural polymers have been fabricated into hydrogels for tissue engineering because of
their excellent biological instructive cues, biocompatibility, and biodegradability. There
are four categories of natural hydrogels, including: DNA-based hydrogels, protein-based
hydrogels, polysaccharides hydrogels, and protein / polysaccharide hybrid hydrogels.

DNA-based hydrogels have been widely investigated for biomedical application due to its
biodegradability and biocompatibility. DNA-based hydrogels were synthesized from
multiple branched DNA macromers by self-assembly or ligase-mediated reactions, while

new covalent linkages were formed at the ends of the branches and finally lead a
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conjugated hydrogel.[51, 52] The mechanical properties of DNA-based hydrogels were
tunable by adjusting the concentrations of DNA, the degree of branching of the DNA or
the type of DNA monomers.[30] Scientists successfully encapsulated Chinese hamster
ovary cells into these DNA-based hydrogels.[51]

Various Protein-based hydrogels have been designed and fabricated into bioactive
scaffolds for tissue engineering because of their inherent instructive cues,
biocompatibility, and biodegradability. Collagen is the most abundant protein in
mammals and one of the most widely explored proteins for biomedical applications.
Although naturally protein-based hydrogels, such as collagen and fibrin based scaffolds,
hold several advantages, they are often restricted due to relatively poor mechanical
properties, potential immune infections and are not easily modified.[22, 53, 54] Gelatin,
the product of collagen denaturation, has emerged as an alternative choice because of
retaining some benefits of collagen like RGD sequence, easily tailoring with other
components and less immune reactions. Synthetic peptides derived from the natural
proteins possessed several biological advantages and have been used to fabricate
bioactive hydrogels.[55] For example, an amphiphilic peptide based hydrogel has been
fabricated by self-assembly; peptide solution mixed with cells and cell culture medium
can form a crosslinked hydrogel through the self-assembly of hydrophobic regions of the
peptides. However, one of the main drawbacks of these hydrogels is their poor
mechanical properties.[56]

Several polysaccharides have been investigated to fabricate hydrogels for cell
encapsulating, such as alginate, hyaluronic acid (HA), chitosan, and chondroitin sulfate.
HA possessing a non-sulfated GAG structure is one of the ECM components and widely
distributed in all connective tissues. HA plays an important role in many biological
activities such as wound healing, angiogenesis, and cell differentiation. Several
crosslinkable groups, such as methacrylates[57] and thiols[58], have been conjugated to
HA for cell encapsulation. Cell encapsulated HA hydrogels fabricated by photo-
polymerization showed enhanced cell proliferation and elastin synthesis.[59] Alginate is
able to form hydrogel in the presence of certain cations via ionic crosslinking, but it does
not possess cell adhesion cues. Therefore, RGD or gelatin has been conjugated into

alginate hydrogel to improve the adhesion of cells, after which cell encapsulations was
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successfully achieved.[60] Chitosan is a deacetylate chitin, which is a natural
polysaccharide. Chitosan soluble in water and shows positive charge at pH<6, while it
shows neutral charge and hydrophobic character at neutral pH and leads to formation of
physically crosslinked hydrogel.[31] In order to better control the mechanical properties
and structure of chitosan hydrogel, several methods have been explored by the covalent
crosslinking approach. Hong et al. conjugated methacrylic acid to chitosan to prepare a
macromer while lactic acid was also conjugated to improve its hydrophilic property at
neutral pH.[61] In a separate study, cardiomyocytes were successfully encapsulated into
azidobenzoic acid conjugated chitosan hydrogel, while RGD was also conjugated to
improve the cell attachment. [62, 63] Chondroitin sulfate, a main structural proteoglycan,
is found in many tissues, such as tendons, skin, cartilage. Methacrylates have been
conjugated with chondroitin sulfate to fabricate photo-polymerization crosslinked
hydrogels.[64] Chondrocytes were encapsulated into methacrylate-chitosan hydrogels
however the cells did not secret any GAG or collagen after 6 weeks; the addition of PEG

to methacrylate-chitosan hydrogels promoted the deposition of ECM.[65]

2.2.3 Synthetic Hydrogel used for cell encapsulation

In contrast to natural hydrogels, synthetic hydrogels possess controllable and predictable
physical and chemical properties, which is important for the encapsulated cells and tissue
regeneration. Synthetic hydrogels have been used for cell encapsulation because they can
be modified according to the application by changing their constitution, molecular weight,
crosslinking density, special linkage for biodegradation or conjugating biological
cues.[30] Examples for synthetic hydrogels discussed here can be classified into three
types, including biodegradable, non-biodegradable synthetic hydrogels and bioactive

synthetic hydrogels.

2.2.3.1 Non-biodegradable synthetic hydrogels

For non-biodegradable hydrogel, it is important to maintain appropriate physical and

mechanical integrity of hydrogel for tissue engineering, while the mechanical properties
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of hydrogels can be tunable by controlling the degree of crosslinking or the length of
crosslinker.[66] While higher crosslinking density hydrogels offer several benefits,
especially better mechanical property and longer gel life, it is difficult for nutrient to
diffuse to the cells for enabling their normal function, such as to secrete and rebuild self-
produced ECM.[5, 22] Therefore, it is necessary and important to choose a non-
biodegradable hydrogels with appropriate mechanical properties as tissue-engineering
scaffolds.

Non-biodegradable synthetic hydrogels can be fabricated from the polymerization of
several double bond-containing monomers or macromers including methacrylate (MA)
and its derivate, N-isopropylacrylamide (NIPAm), acrylic acid (AAc), acrylamide (AAmM),
and linear or multi-arm PEG-acrylate and its derivate.[22, 67, 68] Another approach to
fabricate non-biodegradable hydrogels is to incorporate non-biodegradable polymers
including poly (ethyleneoxide) (PEO), poly (propylene oxide) (PPO), copolymer of PEO
and PPO, covalently modified PVA, and crosslinking of linear or multi-arm PEG. Non-
biodegradable hydrogels have been extensively explored for bone and cartilage
engineering,[3, 5] but are limited in fabricating vascular engineering due to their non-
biodegradability.

Poly NIPAm (PNIPAm) has been studied as thermosensitive hydrogels obtained by free
radical polymerization of NIPAm. PNIPAm hydrogels can swell in water when the
temperature is below its lower critical solution temperature (~32<C). Swelling is due to
hydrogen bonds between amide groups of PNIPAm and water molecules. On the contrary,
when the temperature is above 32<C, phase separation and deswelling of the hydrogels
can occur due to the hydrophobic interaction between the isopropyl groups of PNIPAmM
chains.[69] This special property of temperature-dependent swelling/deswelling is useful
in detaching cell layers for regeneration of special tissues like cornea or cell sheets.[70]
PEG has been an important and extensively studied hydrophilic polymer used to fabricate
hydrogels because of several advantages, such as excellent biocompatibility, non-
immunogenity, and nontoxicity.[22, 71] Moreover, the end groups of PEG molecules can
be converted into various functional groups, such as vinyl sulfone, azide carboxyl,
sulfhydryl groups and acrylate, or conjugated with other molecules or bioactive cues.[72,

73] PEG hydrogels can be fabricated by photo or radical polymerization of PEG
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macromers. PVA hydrogels are another synthetic hydrogels studied for tissue-
engineering applications. PVA hydrogels can be fabricated by physically or chemically
crosslinking methods, such as conjugation with acrylate groups, crosslinking by
glutaraldehyde, or repeated freezing/ thawing. [74]

2.2.3.2 Biodegradable synthetic hydrogels

Biodegradability is one of the most critical and essential properties of scaffolds for tissue
engineering as introduced before. It is meaningful and important to make sure that the
degradation rate matches with the regeneration of new tissue. Many nature derived
polymers are biodegradable, including collagen, ECM proteins and chitin, but they are
limited in fabricating hydrogel with controllable mechanical and biodegradability
properties.[75] Synthetic biodegradable hydrogels have been widely investigated in the
past. Polyesters, such as poly (glycolic acid) (PGA), poly (lactic acid) (PLA), poly (e-
caprolactone) (PCL) and their copolymers, have been extensively explored as
biodegradable hydrogels.[76] In addition they have been modified in order to possess
acrylate bonds or amphiphilic property for fabricating hydrogels by chemical or physical
conjugation.[71, 77-80] For instance, the end groups of PEG-PLA-PEG and PLA-PEG-
PLA were modified with acrylate groups to form PLA-modified PEG diacrylate, while
these acrylated macromers were able to undergo photo-crosslinking to fabricate
hydrolytically degradable hydrogels.[81, 82] In addition, several functional groups, such
as ester bonds, ketal and disulfides, can be introduced to fabricate biodegradable PEG
hydrogels.[83-85]

Michael-addition reactions have been explored to enhance biodegradation rate of PEG
hydrogels. For example, PEGDA or multi-arm PEG-acrylated macromers are able to
react with sulfhydryl groups containing substances, such as dithiothreitol or cysteine-
containing peptide sequences through Michael-addition reaction to form a hydrogel
network with thioester bonds next to the ester bond of acrylates.[86-88] The introduced
thioester bonds carry a positive charge on the carbonyl carbon of the acrylate ester group,
which can enhance its efficiency to react with nucleophilic hydroxyl anions in the

hydrolysis of ester bond. Another approach to fabricate biodegradable PEG hydrogels is
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to introduce disulfide bonds into PEGDA chain to form disulfide contained PEGDA,
while the disulfide bonds can react with sulfhydryl groups containing substances, such as
cysteine and glutathione.[79] Therefore, the thiolated hydrogels can be degraded by
sulfhydryl groups containing peptides or proteins, which provides an easy and
controllable approach to satisfy the application.

Synthetic peptide hydrogels formed by self-assembly have emerged as promising
hydrogels due to their excellent biodegradability and cytocompatibility, controllable
structure.[89, 90] Peptide amphiphiles are designed with the amphiphilic properties as
they contain both hydrophobic and hydrophilic peptides, which allow them self-assembly
into nanofibers. Research results proved that these peptide nanofibrous hydrogels
fabricated by self-assembly can form biodegradable hydrogels for encapsulating cells and
other biomedical applications. [27, 91-93]

2.3 Fabrication methods of cell-responsive PEG hydrogel

Free radical polymerization (FRP) has been extensively investigated to fabrication PEG
hydrogels from PEGDA macromers with the addition of photo-initiators. However, pure
PEG hydrogel shows poor cell adhesion due to lack of biological cues to interact with
cell-surface motifs, while another problem of using PEG hydrogel for tissue engineering
is not naturally degradable. Thus, several chemical conjugations have been explored to
fabricate a cell-responsive and cell compatible PEG hydrogel (shown in Figure 2.7),[94]
while cells can be encapsulated in to the hydrogel simultaneously. Photo-polymerization
is one of the most common and easy approach to fabricate PEG hydrogels, which triggers
the polymerization of liquid PEG monomer (normally acrylate) solutions to form solid

hydrogels by UV at physiological temperature and pH.
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(a) Hydrogels formed via Photo-polymerization
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Figure 2.7 Reaction scheme for fabrication of PEG hydrogels by (a) FRP; (b) Michael-addition
reaction; (c) click chemistry; (d) enzymatic reaction. [94]

2.3.1 Free radical polymerization FRP

Macromers with two or more vinyl groups are able to be polymerized through a FRP
mechanism in the presence of initiator (radical producer) and other triggering
conditions.[31] To incorporate biological cues into PEG hydrogel, free radical
polymerization based methods has been widely investigated and present an important
approach to fabricate cell-responsive PEG hydrogels. Examples for polymerization of
biological cues into hydrogels can be classified into three types, including
copolymerization with peptide monoacrylates, copolymerization with peptide diacrylates,
and thiol-acrylate based photo-polymerization.

Cells culturing in a 3D hydrogel microenvironment needs to provide bioactive peptides in

the bulk hydrogel in order to enhance the survival of encapsulated cells. Conjugation of

31



Literature Review Chapter 2

cell-adhesive peptides to one acrylate of PEGDA has been the major strategy to fabricate
bulk cell-adhesive hydrogels. For example, Hern et al. performed synthesis of
monoacrylamidoyl RGD (RGD-MA) and RGD-PEG monoacrylate (RGDPEGMA),
respectively.[95] RGD-MA or RGD-PEGMA monomers were polymerized with PEGDA
via photo-polymerization to fabricate cell-adhesive hydrogels, while these modified PEG
hydrogels with different amount of RGD were able to improve the spreading of human
foreskin fibroblasts over 24 h.[22] This approach for conjugating cell-adhesive peptides
into PEG hydrogels has been extensively investigated with several other cell-adhesive
peptides, such as KQAGDV, YIGSR, REDV, VAPG and IKVAV (shown in Table
2.1).[22] Several cell lines have been encapsulated into modified PEG hydrogels, such as

fibroblasts, neural cells, vascular endothelial cells, osteoblasts, and stem cells.[31, 96]

Table 2.1 Cell-adhesive peptides that have been studied for the modification of PEG hydrogels.

CAP Origin Cell receptor Monomer type

FN*, LN**, . Monoacrylate, Diacrylate, Monothiol,
RGD Integrins . o o

Collagen Monoazide, Diazide, Monomaleimide
KQAGDV FN Integrin Monoacrylate

REDV FN Integrin o4, Monoacrylate
PHSRN FN Integrin osp; Monoacrylate, Monothiol
IKVAV LNal 110kDa protein Monoacrylate, Monothiol
YIGSR LN 67kDa protein Monoacrylate, Monothiol
PDGSR LN Integrin Monoacrylate
LRGDN LN Integrin Monoacrylate
LRE LN Integrin Monoacrylate
IKLLI LN Heparin Monoacrylate
GFOGER Collagen-1  Integrin a,p; Monoacrylate
VAPG Elastin 67kDa protein Monoacrylate

* FEN: fibronectin ** LN: laminin
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Copolymerization with peptide diacrylates has been another important approach to
incorporate biological cues into PEG hydrogel as it is easily controlling the distribution of
peptides in bulk hydrogels and not eliminating the mechanical properties of hydrogel. On
the contrary, copolymerization of peptide monoacrylate into PEGDA has some
drawbacks, such as random distribution of peptides and affects the mechanical properties
of hydrogel. For example, RGD-PEGDA and MMP sensitive peptides-PEGDA have been
photo-polymerized to fabricate cell-adhesive hydrogels, which have shown the ability to
facilitate cell behavior and finally form extensive vascularization.[97]

Copolymerization of acrylated peptide sequences has been a major strategy to incorporate
bioactive peptides in PEG hydrogels. This method is very useful to conjugate peptides
into hydrogels directly, but this approach has to conjugate peptide sequences with PEG
acrylates first. Thiol-acrylate based photo-polymerization has been developed to fabricate
cell-responsive PEG hydrogels as thiolated peptides that can be used as chain transfer
reagents in FRP of PEGDA.[98, 99] For example, Anseth et al. synthesized thiol-ended
RGD peptide like CRGDS and CGRGDSG, which can be photo-polymerized with
PEGDA. They proved that about 95% of the peptides were conjugated into PEG hydrogel
after 10 min reaction with 5 mW/cm? of UV (365 nm). This method is able to encapsulate
cells with easy incorporation of peptide sequences, controllable reaction ratio and time,

cost-efficient, and cytocompatible reaction for rebuilding new ECM.[98, 100]

2.3.2 Michael-addition reaction

Sulfthydryl groups can react quickly and efficiently with o, B-unsaturated carbonyls
through a Michael-addition reaction to form stable thioether bonds (Figure 2.7 b). This
reaction occurs at room temperature without any catalysts, initiators, or by-products.[101]
For example, linear or multiarm PEG with acrylate-end or vinyl sulfone groups can react
with macromers containing thiols. Hubbell et al synthesized multiarm PEG vinyl sulfone
and SH-containing RGD peptide for fabricating cell encapsulated PEG hydrogels, while
the natural ECM mimicking PEG hydrogel could modulate cell activity by changing its'
composition.[102] Sulfhydryl groups in proteins and other peptides can also react with

acrylated PEG and derived, thus provides a facile method of conjugating biological cues
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into the PEG hydrogels. However, this approach also has several disadvantages, such as
longer polymerization time, high pH environment (above 7.4) the dissolution of
biological cues after hydrogel degradation and swelling, and the lack of spatial and

temporal control over network structure.[103]

2.3.3 Click chemistry

Click chemistry is a class of reactions that are fast, with high efficiency, occur under mild
reaction conditions, without by-products or adverse reactions (Figure 2.7 c). For instance,
Hedrick et al. synthesized cell encapsulated PEG hydrogels via the click reaction, with
higher swelling ratios and mechanical properties compared to photo-crosslinking PEG
hydrogels.[84] Click reactions are able to achieve structure-tunable hydrogel by changing
the ratio of thiols and azide, while the gelation time is also adjustable by increasing
temperature and catalyst amount.[104] The biggest drawback with conventional click
reactions is the catalyst (cytotoxic copper ions), which have to be removed using
chelators before cell culturing. However, DeForest et al. recently improved the click
reaction by exploring a copper-free click reaction (with strained cyclic alkynes replacing

linear ones), which was able to encapsulate cells in situ.[105]

2.3.4 Enzymatic reaction

Enzymatic reactions have been employed to fabricate hydrogels for tissue
engineering.[94] Most enzymatic reactions proceed under mild conditions including at
room temperature and neutral pH, and in cytocompatible buffer.[106] For example,
Hubbell et al. explored an enzymatic reaction that is based on the crosslinking of lysine
and glutamine residues mediated by the transglutaminase factor Xllla (Figure 2.7 d).[94]
This reaction combines fibrin molecules together in the final step of the blood clotting
procedure in vivo. Conjugating transglutaminase into multi-arm PEG precursor can
trigger a rapid gelation with enzyme and Ca** ions.[106] The enzymatic reactions are
versatile to fabricate biological cues modified hydrogels, but are unfortunately limited in

use due to diffusion limitations and expensive cost of enzymes.[107]
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2.4 ECM-derived proteins based synthetic hydrogels
2.4.1 Gelatin-Based Hydrogels for Cell Encapsulation

Gelatin is water soluble, denaturation product of collagen, and widely investigated in
applications food industry, medicine, tissue engineering and pharmaceutical
processing.[108] Gelatin attracted increasing interest in the above fields because of its
various desirable advantages, such as biodegradability, low cost, biocompatibility, and
ease of manipulation. Compared to collagen, gelatin has limited antigenicity because of
heat denaturation.[109] Moreover, the bioactivity of collagen for cell adhesion [e.g.
(RGD) peptides] and MMP-sensitive degradation sequences are reserved in the backbone
of gelatin [20]. Gelatin is able to form thermo-dependent hydrogel by physical
interactions but this temperature-reversible hydrogel becomes aqueous solution at body
temperature. Gelatin has been extensively modified to satisfy the requirements of
biomedical applications. Especially in tissue engineering, gelatin is an excellent
biological cue for cell adhesion and biodegradability.[110] Gelatin can be incorporated
either without modification or following prior conjugation with other polymer.
Unmodified gelatin can be covalently crosslinked in two methods to fabricate a hydrogel
network, covalently or enzymatic reaction. A prior modification forming a gelatin-
polymer precursor can be accomplished by synthesizing macromers with functional
groups, such as gelatin-MA, gelatin-SH, gelatin-PEG-acrylate, after which gelatin based
hydrogel can be formed by photo-polymerization precursor solution containing
suspended cells.[22, 109]

Table 2.2 Modifications of Gelatin, functional groups and Crosslinking Methods for Cell
Encapsulation. [108]

Functional o .
Crosslinking parameters Cell response after encapsulation

group
Acrylamide Irgacure 2959 (UV-A, 365 nm) >90% viability after 1 day (HepG2)

o >91% viability(fibroblasts,
Ferulic acid Laccase+O, ) )

ECFCs), angiogenesis
) 87% viability after 1 day (MSCs),

Furfurylamine Rose Bengal (VIS)

osteochondral tissue formation
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Methacryloyl

APS/TEMED

>80% viability after 1 day
(chondrocytes)

Irgacure 2959 (UV-A, 365 nm)

70% to >90% viability depending
on crosslinking conditions, cell
type, macromer concentration;

various differentiations studied

VA-086 (UV-A, 365 nm)

MSC/HUVEC

vascularization;

co-culture,
>97%
after extrusion printing (HepG2)

viability

LAP (VIS430-490 nm)

>96% viability after 1 day (MSCs);
cell proliferation increase of 23%

over 2 weeks; adipocyte culture

G2CK or P2CK (near-infrared

femtosecond laser 800 nm)

26% viability (MG63 cells) after
phot-polymerization

Methacryloyl

and acetylation

Irgacure 2959 (UV)

Encapsulation of chondrocyte for

inkjet printing

Methacryloyl

galactosylation

Irgacure 2959

90% viability (HepG2), functional

analysis of hepatocytes

Norborene

DTT or LAP (UV 365 nm)

>91% viability (MSCs)

Phenolation

HRP+H,0,

>94%

osteogenesis and vascularization

viability;  neurogenesis,

Styrenation

Camphor-quinone
(VIS 400-520 nm)

26% viability (chondrocytes)

Sulfhydryl

groups

Irgacure 2959 (UV-A, 365 nm)

>90% viability(fibroblasts, MSCs),

skin tissue engineering (MSC)

(UV: ultra violet, VIS: visible light, APS: ammonium persulfate, DTT: dithiothreitol, TEMED:
tetramethylethylenediamine, ECFC: endothelial colony-forming cell; G2CK and P2CK: benzyliden
ecycloketone-based photo-initiators, HepG2: human hepatocellular carcinoma cell line, HUVEC: human
umbilical vein endothelial cells, HRP: horseradish peroxidase, LAP: lithium acylpho-sphinate, MG63:

human osteosarcoma cell line, MSC: mesenchymal stromal cells, VA-086: 2,2’-azobis[2-methyl-N-(2-

hydroxyethyl) propionamide).

Modification of functional groups of gelatin molecules can be a useful tool to control the
structure and properties of hydrogel compared to direct crosslinking methods. Although

several crosslinking methods and functional groups can be used to fabricate hydrogels,
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only a few of them are suitable for fabricating hydrogel and cell encapsulation at the
same time (shown in Table 2.2).[111] Photo-based radical polymerization crosslinking of
hydrogels is one of the most promising and attractive method due to uniform and
controllable bulk structure, clinically acceptable curing times, encapsulation cells in situ,
and mild crosslinking environment.[22] For this, both ultraviolet light (UV) and visible
light (VIS) have been frequently used for photo-polymerization, thus various functional
groups have been widely studied for cell encapsulation (Table 2.2).[22, 112, 113] Most of
the reported studies use gelatin-MA with the photo-initiator Irgacure 2959,[108] which is
water soluble and has a relatively low cytotoxicity compared to other photo
initiators.[111] Gelatin-MA was synthesized through covalently conjugated gelatin with
methacrylate, which can be crosslinked into hydrogels by photo-polymerization under
mild conditions and encapsulate cell in situ with high viability.[114]

2.4.2 Elastin-based hydrogels

Elastin is an important structure protein of natural ECM in elastic tissues, such as
vascular, skin and lungs.[115] In vivo, water-soluble tropoelastin monomers (elastin
precursors) are able to form insoluble elastin fibers after crosslinking, thus elastin fibers
are the dominant component of elastic tissue (above 40%). It is well known that elastin
and its derivatives, such as tropoelastin and soluble elastin, support the activities of many
cells including endothelial cells, fibroblasts and smooth muscle cells. The most well
characterized interactions between cells and elastin are related with several cell-surface
receptors such as elastin-binding protein (EBP), GAGs and integrins.[116] For example,
EBP, expressed by various cells, is a $-galatosidase and binds to the motif like GXXPG,
while VGVAPG is one of the well-studied GXXPG peptides and can modulate cell
behavior, such as the migration of human keratinocytes, maintain the contractile
phenotype of smooth muscle cells(SMCs), the proliferation of human fibroblast.[115, 116]
Elastin is highly crosslinked to form a stable and persistent structure that processes the
ability to bestow recoil. However, as a potential source of biomaterials, the high
insolubility of elastin largely hinders its use. [117] Therefore, soluble bovine elastin, as a

relatively easily sourced starting material, has been used to develop elastin-based
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biomaterials. Proteolytic enzymes and chemical methods were successfully used to
produce solubilized forms of elastin, such as a-elastin (hydrolysis by acid) or k-elastin
(hydrolysis by alkaline). All the methods are based on hydrolysis of the peptide bonds in
elastin fibers. Recombinant elastin DNA in E. coli systems has been another important
method to achieve elastin-like peptides or polymers.[116, 117]

Elastin-based hydrogels have been fabricated from various kinds of elastin including
recombinant elastin-like proteins/polymers, soluble bovine elastin, elastin fibers and
recombinant human tropoelastin.[115] The designing of elastin-like proteins or polymers
for hydrogel can be easily accomplished through a modular strategy. Elastin peptides and
specific cell-responsive peptides can be continuous or interspersed designed according to
the purpose. For example, lysine residues containing elastin peptides have been designed
to be the reaction sites, while sequences based on one of the typical repeating
hydrophobic elastin sequences, VPGVG, provide elasticity, self-assembly and stimuli
responsive properties in these hydrogels.[118] Their biomedical applications have been
widely explored, such as biomimetic elastin based hybrid hydrogels for the fabrication of
elastomeric scaffolds,[119] silk/elastin like polymers for controlled DNA delivery[120]
and elastin-like polypeptides for injectable hydrogels.[121]

Soluble elastin from bovine neck ligament or tendon, as a relatively easily achieved
material, has been studied to fabricate porous elastin hydrogels.[116] High pressure CO,
was explored to form highly porous structure in elastin based hydrogels.[122] This highly
porous structure allowed the proliferation of fibroblasts and also the infiltration into
elastin hydrogel. Recombinant human tropoelastin has been investigated to fabricate
natural elastin-mimicking hydrogels.[123] The frequently used crosslinkers for
fabricating elastin-based hydrogels are chemical reagents such as glutaraldehyde,
hexamethylene diisocyanate and bis (sulfosuccinimidyl) suberate, which are not cell
compatible and cannot be used for cell encapsulation.[115] Nasim et al. reported
methacrylated tropoelastin hydrogel for cell encapsulation. Although 90% of the cells
were viable more than one week, they had round shape and were not able to attach and
spread.[124] The reason may be explained from the adhesive peptides in methacrylated
tropoelastin hydrogel as tropoelastin does not contain any RGD like peptides

sequences.[115] Similarly, it has been recently reported that only 80% of encapsulated
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cells remained viable in an elastin based thermo-responsive hydrogel fabricated by
crosslinking alpha-elastin, Poly (N-isopropylacrylamide), Polylactide, 2-Hydroxyethyl
methacrylate and oligo (ethylene glycol); the morphology, differentiation and the
remolding of new ECM of cells have not yet been studied.[125] Thus, the effects of
elastin on cell encapsulated hydrogels have yet to be elucidated for tissue engineering

particularly in a 3-D microenvironment.
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Chapter 3

Experimental Methodology

This chapter describes the materials, fabrication methods and
characterization methods used in this work and it is classified into five
sections, including materials synthesis, hydrogel fabrication,
materials characterization, cell culture and evaluation, and statistics
analysis. It explains the mechanism, details of experiments and
analysis methods used to prove the hypothesis and materials
fabrication for this thesis. The first section explains the synthesis
mechanism and experiment detail of PEGDA, thiolation of ECM
proteins and PEGylation. The second section introduces the
fabrication detail of hydrogel, while the third section reveals material
characterization. To evaluate cell response after encapsulation,
several cell culture studies and the techniques used are described in
the fourth section. Statistics analysis method is introduced in the last

section.
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3.1 Materials synthesis

3.1.1 Synthesis of PEGDA

<CH3
o HaC N
CH3; o
Triethylamine o
/6\/ O)\ = F
+ e Cl
HO n H H,C Cold waster bath /\”/ \6/\0 N
PEG diol Acryloyl N2 0
chloride PEG diacrylate
UV 365, Smin
/\”/ \é/\ %]\/ PEG chain
Initiator
PEG diacrylate Crosslinking

point
Figure 3.1 The synthesis route of PEGDA and fabrication mechanism of PEG hydrogel.[1]

PEGDA was synthesized based on substitution reaction according to a previous
publication (Figure 3.1).[2] PEG-OH(Sigma-Aldrich, USA) was reacted with acryloyl
chloride to from acrylate end PEG, while trimethylamine(Sigma-Aldrich, USA) was used
to neutralize the byproduct (HCI).[3, 4] PEG-OH powder (MW: 10k or 8k) was dissolved
in 100 mL anhydrous toluene (Sigma-Aldrich, USA) and 100 mL dichloromethane
(DCM, Sigma-Aldrich, USA). Then two molar equivalent of trimethylamine (for HPLC,
Sigma-Aldrich, USA) was added, followed by drop wise addition of four molar of
purified acryloyl chloride (Merck, Germany) in excess. The above solution was stirred
under argon overnight in ice water bath. The concentrated PEGDA solution was added to
cold diethyl ether (Sigma-Aldrich, USA) immediately for precipitation. After filtration,
the solid PEGDA was dissolved in DCM and washed with 2 mol/L KHCO3; (Sigma-
Aldrich, USA), and separated into aqueous and DCM phases. The solution in aqueous

phase was aspirated and discarded. The solution in organic phase was evaporated,
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precipitated in diethyl ether and filtered again. Finally, the solid was dried at RT under
vacuum overnight. Acylation (90%) was confirmed by proton Nuclear magnetic
resonance (*H-NMR). PEGDA was able to form gel under UV light (365nm) with

initiator inside (Figure 3.1).

3.1.2 Thiolation of protein

(1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC-HCI, Sigma-
Aldrich, USA)) react with carboxyl groups to produce an active O-acylisourea
intermediate that is easily substituted by nucleophilic attack from primary amine groups
(Figure 3.2(A)). The original carboxyl groups form amide bonds with primary amines,
and a soluble EDC by-product was removed after purification.[5] In this study, EDC was
employed to modify ECM protein with thiols. Firstly, elastin soluble (ES, American
Elastin Product company) and elastin peptides (EP, American Elastin Product company),
prepared by treated with hot oxalic acid, were chosen as the biological cues of ECM-
mimicking hydrogel. The ES and EP were conjugated to PEGDA by Michael- addition
reaction, which was a nucleophilic addition of a nucleophile (sulfhydryl groups) to the
molecules containing a, B-unsaturated carbonyl (double bond). However, both the ES and
EP do not have the necessary sulfhydryl groups. Therefore, the thiolation to elastin have
to be completed before Michael addition reaction, while EDC and N-
Hydroxysuccinimide (NHS, Sigma-Aldrich, USA) were used to conjugate thiols via
amine groups. The primary amine groups on elastin were conjugated with cystamine
(Sigma-Aldrich, USA) and followed with cleavage of disulfide bonds by dithiothreitol
(DTT, Sigma-Aldrich, USA), as shown in Figure 3.2[6]. DTT is capable of reducing
unhidden disulfides and stabilize free sulfhydryl in aqueous environment although
oxygen exists. The byproducts of DTT are water-soluble and can be removed by dialysis.
The clearage reaction mechanism is illustrated in Figure 3.2 (B). [6] DTT (final
concentration of 0.1lmol/L) was added to the ES-SS or EP-SS (20mg/mL in PBS),
respectively. After two hours reaction, the solution was dialyzed against distill water (pH

5, 4 "C) for two days.
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Figure 3.2 (A) EDC and NHS activate carboxyl groups of protein and then react with primary
amine groups;(B) The disulfide bonds of protein can be cleaved by DTT, while the byproduct can
be removed by dialysis method; (C) Ellman’s reagents react with a thiol and then produce the

chromogenic TNB anion, which can be measured by its absorbance at 412 nm.
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After the dialysis procedure, Ellman’s reagent is used to determine the sulthydryl amount
in solution, while Ellman's reagent can react with a free sulfhydryl group to form
disulfide and 2-nitro-5-thiobenzoic acid (yellow color product)(shown in Figure 3.2(C))[6]
Briefly, Ellman’s reagent solution was prepared by dissolving 4mg Ellman’s reagent in
ImL of reaction buffer, while reaction buffer was prepared from 0.1mol/L sodium
phosphate, pH8.0 with 1mmol/L EDTA. 250pL standards solution (0.25mM~1.5mM
cysteine) and sample solution were added into working solution (containing 50pL
Ellman’s reagent solution and 2.5mL reaction buffer) and incubated at room temperature
for 15 mins after mixing. This yellow-colored product can be measured by UV-VIS
spectrometer at wavelength 412nm, which has a linear coefficient against its amount.
Standard curve can be obtained from plotting the mean absorbance against the standard

concentration.

3.1.3 The cleavage of disulfide bond by TCEP
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OH
I ) )\/\ PJ)( B o
—_—
O ~0 +

O + S
X/ \S/\Y HS—X

O OH O OH

Figure 3.3 The reduction reaction of TCEP and disulfides.

To overcome the instability of sulfhydryl groups, TCEP was introduced in this work.
TCEP are able to react with disulfides and results the formation of thiols and oxidation of
the phosphine (shown in Figure 3.3).[7] The oxidation product of TCEP is stable and
prevents the reversal of disulfides reaction. As this reaction is accomplished without any
added free thiol chemicals, the following conjugation reaction can be done without

removal of excess TCEP or reaction byproducts.[8] In this work, TCEP was added into
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thiolated protein solution immediately after purification, while the amount was calculated

from the amount of thiols.
3.1.4 PEGylation

The ES/EP-SH solution was reacted with PEGDA immediately after the dialysis
procedure. This reaction was based on the Michael type addition reaction, attack of
nucleophilic to a carbanion or a nucleophile.[2, 4, 9-11] ES/EP-SH was reacted with 10k
PEGDA at pH 8 for 3 hours at room temperature. The final solution was dialyzed against
distill water at room temperature to remove unreacted PEGDA. Finally, the solution after

purification was dried by lyophilization.

3.2 Fabrication of hydrogel

Hydrogels were fabricated to covalently crosslinked samples using photo polymerization
by adding 0.1 w/v % Irgacure 2959 (Sigma-Aldrich, USA) and exposing to UV light
(365nm, 4-5mW/cm?, Vilber Lourmat, France) for 5 min.[2, 11, 12] Each hydrogel was
polymerized from 100piL of precursor.

3.3 Materials characterization

3.3.1 Proton nuclear magnetic resonance *H-NMR and Fourier Transform Infrared
Spectroscopy (FTIR)

Proton NMR spectra of chemicals are characterized by shift of different H atom in the
molecule in the range +14 to -4 ppm, while the value of chemical shit depends on the
structure, solvent and applied magnetic field. The integration curve for each peak shows
the number of the individual protons. Hydrogen nuclei are highly sensitive to
the hybridization of the atom to which the hydrogen atom is combined and to electronic
effects at a certain chemical environment. Nuclei will tend to be deshielded by groups
which withdraw electron density.[13] Therefore, *H-NMR can be employed to analyze
the structure of molecules. For *H —~NMR sample preparation, 2 ~10 mg samples were
dissolved into 0.6-1 mL of Deuterium oxide (Sigma-Aldrich, USA) and then above
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solution were transferred into NMR tubes (Sigma-Aldrich, USA). The *H-NMR spectra
were recorded with a 400 MHz spectrum (Bruker, NanoBay 400MHz).

FTIR was used to characterize the chemical composition of the elastin, thiolated elastin
and elastin-PEG. For FTIR sample preparation, 1mg of solid sample was mixed with
100mg potassium bromide (Sigma-Aldrich, USA), followed by preparation of pellet and
analyzed by FTIR (Perkin Elmer Frontier, USA).

3.3.2 Swelling, degradation and gel fraction

Each hydrogel was polymerized from 100pL of gelatin-PEG and elastin-PEG precursors,
washing for 24 hours in distill water and then lyophilized for 2 days. Swelling studies
were performed by immersing the lyophilized hydrogels in 2.0 mL of pH 7.2 PBS and
incubating at 37°C in 24 well plates.[14-16] At predetermined time points, hydrogels
were carefully taken out, and weighed. The equilibrium (weight) swelling ratio (Q) is

calculated as:

Wy—Wq
Wy

Q= Equation 1
where W, is the gel weight at each time point, and W is the original dried weight of
hydrogel. Moreover, each hydrogel was immersed into 2.0 mL of fresh medium (PBS)
immediately after weighing at each time point.

To determine the possible effect of collagenase on hydrogel degradation, each hydrogel
was prepared from 100pL precursor solution as described above, placed in 24 well plates
with ImL PBS containing 0.1 mg/mL or 0.5 mg/mL collagenase type | A.** At each
time point the weight of the remaining gel (W3) was measured and immersed in fresh
collagenase solution until the hydrogel was completely degraded. The percentage of
weight loss was calculated as (W4-W3/W,) *<100%, where W, represents the hydrogel
weight after the initial 12 h PBS equilibration.

The gel fraction of the crosslinked hydrogels was determined according to the published
paper. [17] Each hydrogel was immersed in 2 mL deionized water at room temperature

for 24 h, and lyophilized for 48 h. The residue after extraction was taken as the gel
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component. The gel fraction of the crosslinked hydrogels was calculated as (Ws/\Ws)
x100%, where W5 and W are weights of lyophilized hydrogels before and after soaking

in deionized water, respectively.

3.3.3 Rheology

The rheological properties of the hydrogels were characterized using Anton Paar Physica
MCR 501 rheometer equipped with Peltier plate temperature-controlled systems (P-PTD-
200/TG and P-PTD120/GL) and an UV light curing system (Omni Cure S1000). A CP25
cone-plate geometry with 25 mm diameter was used for in situ time-sweep test of cell-
free hydrogels and a PP8 parallel-plate with 8 mm was used for cell-laden hydrogels. The
testing conditions for all measurements were 1-2% strain amplitude at an oscillation
frequency of 0.1 - 1 Hz within the linear viscoelastic regime. Dynamic time-sweep tests
were performed by loading 80 L of cell-free precursor solution and UV irradiation (20
mW/ cm?) for 5 min to facilitate photo-polymerization.[14, 18, 19]

The damping or loss/dissipation factor of a material: tan J, the ratio of the loss to the

storage modulus of the material, was measured from the rheological measurements:

tan § = f}—, Equation 2

The average mesh size &, defined as the linear distance between two adjacent crosslinks,
was calculated from the swelling and rheological data according to the theories

summarized by Venkatraman [20, 21] and Peppas [22-24]:

G' =0.5x (d;T) Cy Equation 3

c

1 1
2

- 1
(76?)? = L(2M /M, )2 Cy, Equation 4
Q=0 = sz;lm Equation 5
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Vas = ((Qs + 1) pz/pl)_l Equation 6

1 1
&= (1/2,_(;)_5(7‘_02)E Equation 7

where G~ is the shear storage modulus of each hydrogel measured after swelling 24 hours,
d is the network density (1.21<10° kg/m® for PEG), R is the molar gas constant, T is the
temperature, Mc is the number average molar mass between crosslinks, Mr is the molar
mass of the repeating unit (44 g/mol for PEG), | is the C-C bond length (1.54x10™° m),
Qs is the mass swelling ratio and calculated from equation 1, p; is the solvent density, p,
is the polymer density and C,, is the characteristic ratio (4.0 for PEG) [25].

For the in situ rheological property experiments, cell encapsulated Gelatin-PEG
hydrogels were taken out from cell culture media at each time point (day 1, day 3 and day
7) and then analyzed immediately. The testing conditions for all measurements were the

same as mentioned above.

3.3.4 BCA method

The bicinchoninic acid (BCA) Protein Assay is used for the detection and quantitation of
total protein via absorbance. This method is based on the biuret reduction reaction of
Cu*? to Cu™ by protein in an alkaline medium and the highly sensitive and selective
colorimetric detection of the Cu** via BCA (shown in Figure 3.4). The product of above
two reactions is purple-colored and generated from the chelation of two molecules of
BCA with one Cu* reaction. This purple-colored product has a strong absorbance at
562nm that shows linear trend with increasing protein concentrations at a wide range of
20-2000ug/mL.[26] Firstly, different concentrations of standard protein and unknown
samples were prepared at least a volume of 0.3mL in order to do triplicate tests. 2.0mL
working reagent was prepared from mixing 50 parts “A” (sodium carbonate, sodium
bicarbonate, bicinchoninic acid and sodium tartrate in 0.1M sodium hydroxide) with 1

part “B” (4% cupric sulfate). 100l sample was added into 2mL working reagent and
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incubated at 37C for 30mins. Finally, the absorbance of each standard and protein was

measured at 562nm within 10 mins.

Nat0"

N

VA

Y

Na*0"

Bicinchoninic Acid BCA-Copper
(BCA) sodium salt Reaction

Figure 3.4 Two molecules of BCA react with one copper ion that produced from a protein -

mediated biuret reaction.[26]

3.3.5 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE is the most frequently used technique to determine the rough molecular
weights of proteins with markers according to the mobility of known proteins on the
same gel. Gradient gels have the appropriate pore size in the gel, which can estimate
molecular weight more accurate via narrowing down stained protein bands. In this work,
SDS-PAGE was used to investigate the molecular weight change after PEGylation.[11]
The experiment procedures of SDS-PAGE are as follows:[27]
A) The preparation of gel tank and gel cassette:
1. Put gel into gel running inner tank and add enough volume of Tris-Glycine-SDS
running buffer into the inner tank and cover the wells by 5-7mm.
2. Add Tris-Glycine-SDS running buffer to the outer tank to reach the bottom of the
sample wells.
3. Using pipette to wash the sample wells with running buffer and remove air
bubbles.
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B) Sample preparation for SDS
Mix one part sample buffer with four parts of protein sample (e.g., 5L sample
buffer+20pL protein sample), add DTT (final concentration: 10mM), and boil sample
for 3-5 minutes to denature proteins. Collect the supernatant after centrifugation at
~1000 g for 3 minutes.

C) Sample loading
Add 5-50pg (total protein) per sample well and make sure the volume adding to each
well doesn’t exceed the well capacity.

D) Running Conditions
Connect the power supply and set up parameters as follows: 110V, 60mins.

E) Removing a Gel from the Cassette and staining
Remove the gel from the tank after electrophoresis, wash the gel with distill water for
10-15 mins to remove SDS, stained with Pierce Imperial Protein Stain for 1 hour,

rinse gel in distill water overnight and image by camera.

3.4 Cell culture and evaluation
3.4.1 2-D cell culture

Neonatal human dermal fibroblasts (NHDFs, passage 1) were obtained from Lonza.
NHDFs were cultured in 175 cm? tissue culture polystyrene (TCPS) flasks (Corning,
USA) with fibroblast basic medium-2 (Lonza, USA) and a FGM-SingleQuot Kit
supplements & growth factors at CO, incubator (5%, 37°C). When cells grew to 80%
confluence, they were subcultured by using 7mL 0.25% trypsin and 1 mmol/L EDTA
(Invitrogen, USA) for 5 mins at 37°C. 7mL fetal bovine serum (FBS, Thermo fisher,
USA) was added to above solution to neutralize trypsin, while cells were harvested by
using centrifuge at 220g for 5min. After removing the supernatant, harvested cells were
suspended in 2mL cell culture medium and split into two 175 cm? tissue culture flasks
with 15mL-20mL cell culture medium. The cells were maintained in fibroblast medium at

37°C and 5% CO..
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3.4.2 2-D cell seeding and 3-D cell encapsulation

Hydrogels were photo-polymerized in 96 well plate via UV 5mins and Irgacure 2959(0.1%
wt/v) and rinsed twice with PBS before seeding cells. And then cells were trypsinized,
suspended in cell culture medium, counted and seeding to each hydrogels at a
concentration of 5000 cells/cm?. After seeding 4 hours, unattached cells were removed by
changing cell culture medium. Finally, cells were imaged by microscope at each time
point.[2]

Passages 5-7 of NHDFs were used for cell encapsulation. Cell-seeded constructs were
made from 100 pL aliquots of the cells in a suspension of precursor (final cell density =
1~2 x10° cells/mL) using a flat-bottom 96-well plate as the mold. After UV photo-
polymerization with 0.1 w/v % Irgacure 2959 and exposing to UV light (365nm, 4-
5mW/cm?) for 5 min, the cell-seeded hydrogels were transferred into ultra-low cell
attachment 6-well plate (Coring, USA) with cell culture medium. The medium was

changed immediately after encapsulation to remove unencapsulated cells.[28]

3.4.3 Cell viability

The viability of NHDFs was measured by Presto Blue cell vitality assay kit (Invitrogen,
USA).[15] Cell permeable resazurin is used as a cell viability indicator, and this assay is
able to test live-cell viability. When resazurin is added to cells, the reagent is modified by
reducing environment of the viable cell and turns red in color, becoming highly
fluorescent. This color change can be measured via plate reader by measuring fluoresce
intensity or absorbance.[29] Each hydrogel with cells was prepared as described above.
Cell culture medium (2mL) with 10% Presto Blue was added to each hydrogel on day 7
and 10, followed by incubation for 4h at 37°C with 5% CO,. After incubation, the
supernatant was transferred to a 96 black plate. The intensity of fluorescence was
measured by a microplate reader (excitation: 560nm, emission: 590nm, Tecan Infinite®
200 PRO, Switzerland).
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3.4.4 Cell Live/Dead and cell morphology

NHDFs encapsulated in hydrogels were stained with Live/dead stain (calcein-AM/4 pM
EthD-1, Life technologies, USA) at each time point and imaged by a florescence
microscope (Olympus, CX 51, Japan). Cell encapsulated hydrogels were washed with
PBS and incubated in a solution with 2 M calcein-AM/4 M EthD-1 in cell culture
medium at 37C for 2 hours. After incubation, hydrogels were washed with PBS twice
before imaging under a fluorescence microscope. In order to further study the
morphology of NHDFs in hydrogels, F-actin and nuclei staining were studied by using
confocal microscope (CLSM, Leica SP2 inverted microscope, Zurich, Switzerland).
Briefly, the cells encapsulated hydrogels were washed three times with PBS (pH 7.4 and
then fixed for 20 min by incubating in 3.7% formaldehyde in PBS. Samples were
incubated with 0.1% Triton X100 in PBS for 10 min at room temperature and followed
by washing with 1% bovine serum albumin (Life technologies, USA) in PBS. Then gels
were incubated with 11U/mL Rhodamine- Phalloidin (Life technologies, USA) for 1h at
room temperature. After PBS washing, each hydrogel was finally stained with 300 pL
300nmol/L 4', 6-diamidino-2-phenylindole (DAPI, Life technologies, USA) for 10 min.
All the samples were washed with PBS twice before imaging. The images of cytoskeletal
F-actin fibers and nucleic acid were acquired by using a confocal laser scanning

microscope.

3.4.5 Cell proliferation

As we know, the most accurate method to measure cell proliferation is to directly
determine DNA synthesis.[30] However, it is a challenge to measure cell proliferation in
3-D as the cells were encapsulated into 3-D hydrogel and not easily released out from
hydrogels. In this thesis, a new analysis method for cell proliferation in3-D was
established based on directly measuring DNA synthesis. The proliferation of NHDF was
determined by using Click-It 488 EdU flow cytometry assay kit (Life technologies, USA).
EdU (5-ethynyl-2’-deoxyuridine) is a nucleoside analog to thymidine and can connect to
DNA during new DNA synthesis. This assay is based on a copper catalyzed click
reaction between an alkyne and an azide.[31] Firstly, EdU was added to the cell culture

59



Experimental Methodology Chapter 3

media at the final concentration of 10uM and then incubated with cell encapsulated
hydrogels for 24hours. NHDFs in hydrogels were harvested from the gel at day 1, 3, 7
and 9 by degrading each gel in a solution of 2mg/mL collagenase type | A for 2h at 37 C.
The cells released from gels were collected by centrifugation, washed twice with 3mL 1%
BSA in PBS, pelleted the cells and removed the supernatant. After collecting the pellet,
100 i click-it fixative was added to each tube, and then incubated for 15mins at room
temperature. The fixed cells were washed twice with 3mL 1% BSA in PBS. 100 pL
saponin-based permeabilization was added to cells and incubated for 15mins. Click-it
reaction cocktail reagent was prepared according to the manufacture’s protocol. 0.5mL of
click-it reaction cocktail reagent was added to each tube and mixed well. The tube was
incubated at room temperature for 30mins under dark condition. After labeling step, the
cells were washed by 3mL saponin-based permeabilization. After removing supernatant,
the cells were resuspended in 100 saponin-based permeabilization. The percentage of
proliferation cells was measured by using a flow cytometer (LSR-11, Becton Dickinson,
USA).

3.4.6 Rheological characterization of cell-laden hydrogels

The rheological properties of the cell-laden hydrogels were characterized using an Anton
Paar Physica MCR 501 rheometer equipped with Peltier plate temperature-controlled
systems (P-PTD-200/TG and P-PTD120/GL). A PP8 parallel-plate with 8 mm was used
for cell-laden hydrogels. The testing conditions for all measurements were 1-2% strain
amplitude at an oscillation frequency of 0.1 - 1 Hz within the linear viscoelastic
regime.[18, 32]

3.4.7 Immunofluorescence staining

Immunofluorescence staining was performed to visualize deposition of ECM proteins
produced by NHDFs.[33-37] On days 7 and 10, the hydrogels containing NHDFs were
washed three times in PBS and fixed in 3.7% paraformaldehyde (PFA, Sigma-Aldrich,
USA) solution in PBS for 30 min. And then the hydrogels were immersed in 0.1% Triton
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X-100 (Sigma-Aldrich, USA) in PBS for 30 min at room temperature to permeabilize the
cells membrane. For collagen type | and elastin staining, upon fixation, the unspecific
binding of antibodies to hydrogels was blocked in 10% goat serum (Abcam, UK) in PBS
for 1 h after PFA fixation. To stain for collagen type I, a 1/500 dilution of monoclonal
mouse anti-collagen type | antibody (only reacts with collagen type | from human,
Abcam, UK) in 10% goat serum was added to the hydrogels and the samples were kept at
4 °C for 12 h. The hydrogels were then washed in PBS three times with 10 mins intervals
in between the washing steps. After primary antibody staining, the samples were
incubated in 1/200 dilution of Alexa Fluor 555 goat anti mouse IgG secondary antibody
(Abcam, UK) in 10% goat serum in PBS for 3 h at room temperature. After washing
three times in PBS, similar procedure was used to stain elastin with the exception of
using monoclonal rabbit anti-elastin antibody as the primary antibody (only reacts with
elastin from human, Abcam, UK) and Alexa Fluor 488 conjugated goat anti-rabbit
antibody (Abcam, UK) as the secondary antibody. For F-actin cytoskeleton staining, the
hydrogels were washed three times by PBS and soaked in a solution with Alexa Fluor
568 phalloidin (51U/mL, Life technologies, USA) for 90 min incubation at room
temperature. DAPI (300nM, Life technologies, USA) was used to stain the nucleic acid
of cells in the gel and followed by washing in PBS before for confocal imaging (CLSM,
Leica SP2 inverted microscope).

3.5 Statistical Analysis

Student's t-test is most frequently used to determine if two groups of data
are significantly different from each other, while the mean of the sample follows a
normally distribution and the population standard deviation is unknown.[38] Data are
presented as mean =+ standard deviation of samples in at least three experiments and
analyzed by student-t-test. A value of p<0.05 was considered statistically significant

between experimental groups.
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Chapter 4

Synthesis of elastin-PEG hydrogel for 3-D cell encapsulation

This chapter describes the fabrication method and characterization of
the synthesized elastin-PEG hydrogel for 3-D cell encapsulation in
this chapter. Elastin, one of the attractive ECM derived proteins, has
been conjugated with one double bond of PEGDA via thiolation
(EDC/NHS method) and Michael type addition reaction. The
relationship between EDC/NHS and grafted thiols has been studied.
The conjugation of elastin soluble or elastin peptides has been
verified by NMR and FTIR. 2-D cell culture and 3-D cell
encapsulation experiments have been accomplished to study the bio-
compatibly and cell response. Elastin-PEG-acrylate was found to be
biocompatible, and be able to encapsulate cells in situ. This chapter
will give a new understanding of elastin —based 3-D hydrogel system

and its potential for tissue engineering.

65



Svynthesis of elastin-PEG hydrogel for 3-D cell encapsulation Chapter 4

4.1 Introduction

Elastin is the major insoluble protein existing in elastic tissue, contributing to elasticity of
the skin and promoting a number of cellular responses including chemotaxis,
proliferation, attachment, and differentiation.[1, 2] Elastic fibers are not readily
resynthesized after injury due to difficulties in re-expression of tropoelastin and related
molecules, thus seriously hampering the quality and speed of new tissue generation and
full healing.[1] Therefore, burn survivors still suffer from excessive scarring and skin
contractions which substantially compromise their health and quality of life.[1] Despite
the need, however, there is a dearth of research on elastin-based dermal substitutes with
tunable mechanical property, and elastin is historically under represented in commercial
dermal substitutes. Previous studies utilizing elastin have primarily focused on
incorporation methods (chemical conjugation or physical blending)[3-5] leading to a 2-D
cell study or evaluation in vivo.[6, 7] For example, soluble bovine elastin denatured from
insoluble elastin has been used to develop highly porous elastic hydrogels using
glutaraldehyde and high pressure CO,. however, such hydrogels are still not compatible
with cell encapsulation and in situ delivery. [8, 9] Solubilized elastin was also used to
mediate the attachment and proliferation of dermal fibroblasts and endothelial cells in 2-
D.[10] An acellular dermal matrix (70% collagen and 30% elastin) produced by removal
of cells from porcine skin was transplanted into animal skin and shown to improve the
elasticity and functionality of severe scars by replacing the missing elastic network, yet
there were drawbacks such as poor mechanical characterstics and residual cell materials
in the scaffold.[1] Similarly, Daamen et al. proved that porous collagen-solubilized
elastin scaffolds fabricated by reacting with EDC/NHS and lyophilization, was able to
induce cell proliferation and elastin deposition when implanted subcutaneously in rats,
compared with collagen-only scaffolds that do not promote elastin synthesis.[6]

A PEG hydrogel that can mimic ECM (gelatin/collagen and elastin) can be an alternative
and attractive choice as it can provide biologicals cues and tunable mechanical properties
at the same time. Both elastin and gelatin/collagen contribute to different aspects of the
mechanical behavior of ECM. For example, it is well-known that in blood vessels, the

elastin allows for deformability under blood pressure fluctuations, while the collagen
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stiffness prevents uncontrolled deformation. In general over-abundance of collagen

makes the ECM too stiff while the reverse is true of elastin.

Stepl. Elastin conjugated with cystamine

0
Elast!n Peptides/ EDC/INHS4C,3h . RT, 2Days, Elastin-Cystamine
Elastin Soluble T Dialysis (ES-SS)
¢ Lyophilizatio
Step2. Cleavage of the disulfide bond
RT,2h 4°C 2Days
Elastin-Cystamine - > Elastin-SH
(ES-SS) Y
HS N\ SH Dialysis
[ 1
OH
Step3. Elastin-SH conjugated with PEGDA
o RT 3h RT, SDays
Elastin-SH N YO ' Elastin-PEGDA
- " h 3 pH 3.04 Dialysis, >

Lyophilization

Figure 4.1 The fabrication routine of Elastin-PEG hydrogel.

In this chapter, elastin-PEG acrylate was fabricated first and then photo-polymerized with
cells in situ. Elastin soluble (ES) and elastin peptides (EP) were first conjugated with
PEGDA via Michael type addition reaction. As the ES and EP have no sulfthydryl groups
in their structure, they were conjugated with sulfhydryl first in order to couple with the
PEGDA (Figure 4.1). More specifically, sulfhydryl groups (-SH) were designed to react
with one double bond of PEGDA via Michael type addition reaction, while the other one
was remained for photo-polymerization after loading cells in order to form hydrogel with
cells in situ. However, sulfhydryl groups are not stable in solution and the existence of
oxygen, so it was difficult to conjugate sulfhydryl groups to elastin and perform several
experiments with good repeatability. To overcome this limitation, cystamine was chosen
as the source of thiols as the disulfide bond of cystamine can be cleaved to produce thiols

after the conjugation of cystamine to elastin. More specifically, cystamine was
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conjugated to the elastin by EDC/NHS method through the reaction between carboxyl
and amine. After cleavage of disulfide bond, the thiolated elastin reacted with PEGDA to
form elastin-PEG-acrylate precursor for cell encapsulation. The synthesis route is shown
in Figure 4.1. Both 2-D and 3-D cell culture were performed to study the cell
compatibility. For 3-D cell culture, hydrogels were fabricated as covalently crosslinked
cell loaded constructs using photo-polymerization by adding 0.1 w/v % Irgacure 2959

and exposing to UV light for 5 min.

4.2 Experimental Methods
4.2.1 Elastin modified with cystamine

Firstly, ES or EP was dissolved in 2-ethanesulfonic acid (MES, Sigma-Aldrich USA)
buffer (0.1mol/L, pH 4.7) at the concentration of 10mg/mL. 10, 20, 30, 40, 50 molar
excess of EDC were added to elastin solution, respectively. Next, NHS (2.5 molar folder
excess of EDC) was added to the above solution and reacted for 15 minutes at RT. Then
pH was increased to 7.5 using sodium hydroxide. A 20 fold molar excess of cystamine
compared with elastin was added into the above solution and stirred for 3 h at RT. After
the reaction, the byproduct and unreacted cystamine were removed by dialyzed against
distilled water. The purified solution freeze dried at -70 ‘C and followed by lyophilized to
get a solid sample. ES and EP conjugated with cystamine were labeled as ES-SS or EP-
SS.

4.2.2 Cleavage the disulfide to sulfhydryl

The next step was the cleavage the disulfide bond by DTT to reduce disulfides and
stabilized free sulfhydryl in aqueous environment although oxygen exists. [11] DTT
(final concentration of 0.1mol/L) was added to ES-SS or EP-SS and reacted for two hours.
The byproducts of DTT and excess DTT can be removed by dialyzed against distilled
water (pH 3.50). After dialysis, Ellman’s reagent was used to determine the sulfhydryl

amount in solution.
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4.2.3 Conjugate Elastin-SH with PEGDA

The purified thiolated elastin solution was reacted with PEGDA immediately after
determining the thiol amount by Ellman's reagent since thiols are not stable. This reaction
was based on the Michael-addition reaction. Firstly, four molar excess 10k PEGDA
(calculated from the sulfhydryl group amount) was dissolved in PBS (pH 7.2). Secondly,
the pH of ES/EP-SH solution was adjusted to pH 8.0, which dissociated the proton of
sulfhydryl groups. Thirdly, the PEGDA solution was added to the ES/EP-SH solution and
reacted for 3 hours at room temperature, respectively. The final solution was dialyzed
against distilled water at room temperature to remove unreacted PEGDA. Finally, the

solution after dialysis was processed by lyophilization.

4.3 Results
4.3.1 The relationship between thiol amount and EDC

The relationship between EDC and sulfhydryl amount is showed in Figure 4.2. The more
EDC was used, the more sulfhydryl were detected in the thiolated elastin. Because EDC
can activate more carboxyl group in elastin, more cystamine can be conjugated.
Therefore, the concentration of sulfhydryl groups can be adjusted through changing the
amount of EDC-HCIL.

7 Equation y=a+bx
Weight Instrumental

Residual Sum  0.48654
of Squares

6 Pearson'st 099659
Adj. R-Square ~ 0.98978
Value Standard Error
Intercept  -0.59442 0.16847
5+ B Slope  0.16882 0.00989

10" mole -SH

0 T i I i I ' I N I i I v T
10 15 20 25 30 35 40

Molar fold of EDC to elastin
Figure 4.2 The relationship between EDC amount and sulfhydryl group amount. (n=4)
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4.3.2 Characterization- FTIR
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Figure 4.3 FTIR spectra of ES, ES-PEG, EP, EP EP-SS, EP-PEG and PEGDA.

The FTIR spectra of protein and PEGDA were analyzed in KBr pellets. According to the
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reference[12], elastin exhibited Amide II, Amide | and Amide A bands at 1540 cm™ ,
1650 cm™ and 3315 cm™, respectively. PEGDA showed C=0 of ester band at 1730 cm™.
As the PEGDA does not have amide group, the EP-PEG and ES-PEG showed
characteristic bands of elastin and PEGDA, i.e. Amide Il at 1540 cm™, Amide A bands at
3315 cm™ and C=0 of ester band at 1730 cm™(Figure 4.3). After PEGDA conjugation,
the FTIR spectrum of EP and ES showed similarity of original protein and PEGDA. So
the FTIR spectrums confirm the PEGDA was successfully conjugated to EP and ES,

respectively.

4.3.3 Characterization- *H-NMR

According to the reference[13], PEGDA exhibits two chemical shift peaks (protons in
acrylates) at A (6.1 ppm) and B (5.8 and 6.4 ppm) in Figure 4.4, respectively. After PEG
conjugation, the spectrum of ES-PEG showed similarity of original ES and PEGDA. So
the NMR spectra confirm that the PEGDA was successfully conjugated to ES. ES and EP
have several of peptide sequences ( including Val-Gly-Val-Ala-Pro-Gly); As seen in
Figure 4.4, methyl peaks(6H of valine) at around 1.8 ppm appear, while ethylene peaks
( 4H of ethylene oxide) at 3.7ppm and 3 protons in acrylates of PEGDA at around 6 ppm
are ascribed to PEGDA. After conjugation, Elastin soluble conjugated to PEGDA showed
both of characteristic peaks of Elastin and PEGDA in a broad manner in *H-NMR.

ES PEGDA A

[ ‘|'..

ES-cystamine

/ \
A

Elastin soluble N\
PEGDA
A
: . A M _J . . A

T T T T T

4 2 [ppm]

Figure 4.4 'H-NMR figure: A:6.1 (dd,-CH=CH,); B:5.8 and 6.4 (dd,-CH=CH,).

71



Svynthesis of elastin-PEG hydrogel for 3-D cell encapsulation Chapter 4

4.3.4 Characterization- Electrophoresis

SDS-PAGE has been a popular strategy to characterize conjugation of PEG to
proteins.[13] The conjugation of PEG to the protein can increase the molecular weight of
the protein, which causes the higher gel band ladders. Figure 4.5 showed the results of
SDS-PAGE for PEGylated-elastin peptide and soluble. The original ES showed a smear
band as most of the proteins were around 14k~17k and above 62k, while the ES-SS
displayed similar results. The thiolation step did not affect the molecular weight
considerably. However, in the ES-PEG a new band between 28k and 38k emerged
because the proteins of around 14k were conjugated with at least two PEGDA molecules.
The band above 49k showed much deeper color, because there were more proteins
shifted after PEGlyation.

Figure 4.5 The electrophoresis results of elastin and modification elastin. (There were 7 wells.
Well 1: ES; well 2: EP; well 3: ES-SS; well 4: EP-SS, well 5: Maker; well 6: ES-PEG; well 7:
EP-PEG. The elastin concentration was lower in Elastin-PEG comparing with Elastin or Elastin-
SS, so the samples in wells of ES-PEG and EP-PEG were increased about ten times than the

others. The protein concentrations would be explained in the BCA part. )
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EP-PEG was similar to ES-PEG. But EP and EP-SS were different from ES and ES-SS.
Most of the EP and EP-SS may be below 14K according to the electrophoresis image.
After PEGlyation, EP-PEG showed a smear band, while there were two main bands
around 30k and 40k. Comparing with EP and EP-SS, the molecular weight variation of
EP-PEG suggests that EP conjugated with PEGDA. Therefore, PEGDA were
successfully grafted to EP and ES according to the molecular weight change shown in
bands shift.

4.3.5 Characterization- BCA Protein assay

Table 4.1 The results of BCA protein assay. (n=3)

Prepared concentration  Protein concentration  Elastin percentage

(mg/mL) (mg/mL) in ES-PEG(%)

ES 3.00 0.91140.12 /

EP 3.00 0.64490.10 /

ES purified 3.00 1.1940.18

EP purified 3.00 1.05#0.15

ES-SS 3.00 1.1440.18 /

EP-SS 3.00 0.9940.15 /

ES-PEG 3.00 0.7140.12 ~59.6
EP-PEG 3.00 0.6740.16 ~63.8
PEGDA 3.00 0 /

The concentration of elastin in elastin-PEG can be determined by the bicinchoninic acid
(BCA) method [14]. The reduction of Cu?* to Cu'* by protein in an alkaline buffer (the
biuret reaction) can be determined by BCA kit [97]. Two molecules of BCA can chelate
with one Cu'*, which have purple color. The concentration of protein is calculated
relative to the original protein. According to the results in table 4.1, the protein
concentration in ES and EP was much lower than the original concentration. BSA was
used as the standard protein according to the manufactures manual in this experiment.
But the determined origin ES and EP concentration were lower than the prepared
concentrations because elastin does not have similar structure as BSA. Another reason

could be the removal of impurity (salts or low molecular weight molecules) during the
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purification step (dialysis). This could be the reason why ES or EP purified have higher
amount than original proteins. Therefore, ES or EP was chosen as the standard protein
instead of BSA, respectively. At the same time, the protein concentration is low in the
elastin-PEG hydrogel, which means the dominant component is PEG-acrylate.

4.3.6 2-D Cell culture and 3-D cell encapsulation

Human adult dermal fibroblast (FBs) and human adult artery smooth muscle cells (SMCs)
were seeded into cell culture medium with EP-PEG (100 mg/mL) and ES-PEG (100
mg/mL) (Figure 4.6), where they can attach and grow very well. Those results
demonstrate the biocompatibility of ES-PEG and EP-PEG even at very high

concentration.

SMCs FBs

EP-PEG
(10mg/mL)

ES-PEG
(10mg/mL)

Figure 4.6 FBs and SMCs were seeding into cell culture medium with the existing of ES-PEG
(100mg/mL), EP-PEG (100mg/mL), respectively.
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ES-PEG
hydrogel

EP-PEG
Hydrogel

PEG
hydrogel

Figure 4.7 Morphology of SMCs encapsulated in ES-PEG, EP-PEG and PEGDA hydrogel.

SMCs were encapsulated into ES-PEG (made from 20 fold EDC, 4.0 wt %), EP-PEG
(made from 20 fold EDC, 4.0 wt %) and PEGDA (10k, 4.0wt %) hydrogel, while
concentration of cells were 10%mL precursor solution. However, the SMCs in hydrogel
were not able to attach after five days (Figure 4.7), and maintained the round shape. One
possible reason is that elastin has less cell adhesion peptides comparing with gelatin or
fibrinogen.[15] It is well known that RGD is the most commonly used cell adhesion
peptides, however elastin only has cell adhesive peptides like Val-Ala-Pro-Gly (VAPG)
which can promote cell adhesion [16]. As mentioned before, cell adhesion and spreading

are crucial for the survival of ADCs (e.g. SMCs, FBs). However, cells do not attach and
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spread but maintain a spheroidal shape after encapsulation into 3-D hydrogel network.
Cells encapsulated into 3-D hydrogel are constrained to a round-shape, no matter which
cell types or what native morphology, because of a unique encapsulation mechanism.
Trypsin treated cells were mixed with hydrogel precursor, crosslinked in situ and then
surrounded by hydrogel networks.[17] The bulk of synthetic hydrogels, like their surface,
typically exhibit a bio-inert microenvironment,[18] while the cells (~10pm) are
encapsulated and surrounded in highly aqueous networks with nano-size pores. Without
strong biological cues, the encapsulated cells are restricted from attachment to scaffold
and spreading inside. Cell adhesion and spreading are necessary and compulsory to
rescue cells from apoptosis and death.[19] Therefore, elastin may not be able to support
cell attachment inside a 3-D gel. Anthony Weiss et al. found similar cell behavior in cell
laden elastin based hydrogel. In this study, tropoelastin produced by E coli. was
conjugated with methacrylate to encapsulate cells in 3-D environment. Cells can attach,
grow and proliferate in 2-D films, while the encapsulated cells are still round shape after
7 days culture. Therefore, it is necessary to consider that combining other biological cues
with elastin to support cell attachment and growth.[20]

4.4 Summary

ES-PEG and EP-PEG have been successfully synthesized via thiolation and Michael
addition reaction. Cells were encapsulated into those hydrogels by photo-polymerization.
Our results show that the amount of thiol could be controlled by adjusting the amount of
EDC and NHS. Accordingly, the constitution of hydrogel precursor was affected by the
amount of thiol which determines the amount of PEGDA conjugated with elastin. Finally,
the crosslinking density of hydrogel also can be adjusted according to the application.
The 2-D cell culture results demonstrated that ES-PEG and EP-PEG are non-toxic and
biocompatible. However, SMCs encapsulated into hydrogel were not able to attach and
maintain the round shape for five days, presumably due to lack of strong cell adhesion
peptides or sequences. Therefore, it is necessary to consider that combining other
biological cues with elastin to support ADCs attachment and growth. The major result

reported in this chapter is the synthesis of a novel elastin-PEG hydrogel which in
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combination with gelatin-PEGDA could yield an ECM scaffold; it is also possible that

the new elastin-PEG hydrogel could be used for other applications.
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Chapter 5

Synthesis of stiffness-tunable and cell-responsive

gelatin-PEG hydrogel for 3-D cell encapsulation

This chapter describes the fabrication method and
characterization of the synthesized gelatin-PEG hydrogel for
3-D cell encapsulation in this work. Gelatin, one of the
attractive ECM derived proteins, has been conjugated with
one double bond of PEGDA via thiolation (Traut’s reagent
method) and Michael type addition reaction. Gelatin-PEG
precursor or gelatin-PEG hydrogel have been characterized
in this work by 'H-NMR, swelling, degradation, gel fraction
and Rheological measurements. Two types of gelatin-PEG
acrylate have been prepared via adjusting the amount of
Trauts reagent. The conjugation of gelatin molecules was
verified by '"H-NMR. 3-D cell encapsulation experiments
have been accomplished to study the bio-compatibly and cell
response. The relationship between stiffness and cell
attachment was also investigated by preparing different types
of cell encapsulated gelatin-PEG hydrogels. Gelatin-PEG
hydrogel was found to be able to support NHDFs growth,
spreading and proliferation in 3-D. This chapter will give a
new understanding of gelatin —PEG hydrogel and its

potential for tissue engineering.

This section published substantially as Ye Cao, Bae Hoon Lee, Havazelet Bianco
Peled, Subbu S Venkatraman. Journal of Biomedical Materials Research Part A, 2016,
DOI: 10.1002/jbm.a.35779.
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5.1 Introduction

ECM derived natural proteins and peptides such as collagen, fibrin, MMP
sequences, gelatin, and RGD sequences [1-4] have been conjugated into
natural hydrogels due to excellent cell adhesion and biodegradation advantages.
But the use of the ECM proteins based natural hydrogels is often compromised
due to the risk of immunogenic response and unsatisfied mechanical
properties.[5-7] On contrast to ECM proteins based natural hydrogels,
synthetic hydrogels process several benefits such as controllable structure and
tunable mechanical properties.[8] However, the main drawback of these
synthetic materials for tissue engineering is the absence of biologically cues,
which are essential for cell survival in 3-D microenvironment. Thus, several
ECM-derived proteins have been incorporated into synthetic hydrogels for
creating a 3-D cell responsive scaffold, containing the advantages of both ECM
proteins and synthetic hydrogels.[9-11]

Gelatin and PEGDA were designed to synthesize biomimetic hydrogels in this
chapter for developing ECM-mimicking synthetic hydrogels. PEG hydrogels
have been extensively investigated as tissue engineering scaffolds as they have
an aqueous, stiffness-tunable and biocompatible 3D environment and also
allow easy diffusion of nutrients and waste.[8, 12, 13] But pure PEG hydrogels
cannot support the ADCs activities (e.g. attachment, growth) effectively due to
lack of cell binding motifs.[7] Taking advantages from PEG hydrogel, natural
ECM proteins such as collagen, fibrin and fibronectin have been incorporated
into PEG networks, to enhance cell responsive in these 3-D hydrogels [11].
Gelatin is a well-known natural ECM protein in biomedical application
because of excellent cytocompatibility, and possessing cell adhesive motifs and
MMP sequences.[14] However, physically crosslinked gelatin hydrogel alone
is not suitable for 3-D cell encapsulation because of its poor mechanical
properties and dissolution over time.[15] The general approach to these
limitations has been to synthesize crosslinked networks of gelatin.

Several researches have accomplished this via photo-polymerization or
Michael type addition reaction,[13] when fabricating gelatin-based hydrogels
for biomedical application.[16-18] An interpenetrating gelatin-MA PEG
hydrogel was synthesized by combining gelatin-MA,PEG tetra-thiol and PEG
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tetra-alkyne in various macromer weight percentages.[19] But most cells were
round and exhibited delayed proliferation due to the improper initial
mechanical properties (storage modulus from 10.8 to 327.7 kPa) of the
hydrogel and absence of cell adhesion motifs due to gelatin progressive
dissolution.[19] Gelatin-PEG diacrylate hydrogel was fabricated by
crosslinking the thiols of gelatin-PEG-cysteine with the acrylates of PEGDA.
The concentration of gelatin-PEG-cysteine was constant at 10 wt/v %, while
the concentration of PEGDA was changed in the range from 10 wt/v % to 20
wt/v %, (50% - 66.7%, dry weight percentage).[17] These hydrogels showed
results similar to the gelatin-MA PEG hydrogel mentioned above. Fu Yao et al.
encapsulated cells via a Michael type addition reaction based
polymerization,[18] while gelatin-PEG precursor was finished by a three-step
reaction thiolation, followed by lyophilization of the gelatin-SH and then
crosslinking with PEGDA and cells at pH 8.5. However, thiols would easily
undergo oxidation and formation of disulfide bonds,[20] which would be a
challenge for store thiolated gelatin and subsequently affect the consistency
and reproducibility of thiolated gelatin and hydrogel. Another shortcoming is
that cell encapsulation in situ was done at pH 8.5 for 30 mins, while high pH
may affect the viability of encapsulated cells.

To overcome these shortcomings, in this chapter an easy and effective
modification approach was used to fabricate a biomimetic gelatin-PEG
hydrogel for 3-D cell encapsulation. Thiolation of gelatin was finished by
conjugating with Traut’s reagent in a one-step reaction followed by reacting
with PEGDA immediately after purification. This approach was able to
achieve constant and repeatable gelatin-PEG-acrylate precursor. For the
purpose of encapsulating cells and forming a hydrogel in situ, thiolated gelatin
was reacted with one double bond of PEGDA via thiols based Michael type
addition reaction, while the other double bond of PEGDA was photo-
polymerized 5 mins after adding cells and initiator. This new approach, in
which the first step involves conjugating thiols with PEGDA at pH 8 overnight,
is designed to decrease the dissolution of gelatin significantly and provide
better cell adhesion sites compared with above two types of gelatin-based
hydrogels. Gelatin-PEG hydrogels prepared by this facile and new approach
exhibited better cell activities (viability, morphology and F-actin secretion)
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compared with gelatin-MA PEG hydrogel and gelatin-PEG-cysteine hydrogel
mentioned above.

Among the many cues required for cell attachment, spreading, proliferation
and migration, the initial rheological properties of scaffolds appear to be
critically important but have not been fully exploited or appreciated. High
initial mechanical properties can caused cells maintaining round shape (not
attached) until hydrogel soft enough.[21] In fact, Chen et al. reported that
round-shaped cells would be prone to apoptosis and consequently die.[22]
McBeath et al. demonstrated that human mesenchymal stem cells that adhered,
flattened and spread on a micro-patterned polydimethylsiloxane, underwent
osteogenesis, while unspread and round shaped cells became adipocytes. [23]
Therefore, it is important to provide the proper growth microenvironment for
cell attachment, spreading and proliferation, which governs the fate of
encapsulated cells in the new 3-D microenvironment. In this work, gelatin-
PEG hydrogels prepared by this new approach have been fabricated to
investigate the optimum initial rheological properties. Understanding and
controlling the mechanical property to guide cell behavior is complex, as
several factors in 3-D microenvironment can affect cell behavior. The
relationship between cell behavior, such as proliferation, viability and
morphology, and the hydrogel properties including mesh size and
concentration of binding motifs, was studied by manipulating a tunable PEG

hydrogel system.

5.2 Experimental Methods
5.2.1 Synthesis of gelatin-PEG acrylate

The thiolation of gelatin was accomplished via a method published by
Hermanson et al. with modifications (Figure 5.1).[20] Sulfthydryl groups were
conjugated with gelatin (from porcine skin, type A and with the gel strength of
300 bloom, Sigma-Aldrich, USA) by reacting primary amine groups of gelatin
with Traut’s reagent (Pierce Thermo Fisher, USA) and prepared as a gelatin-
PEG acrylate precursor (GP, Figure 5.1 (A)). 0. 60g (6.85x10° mol) of gelatin
was dissolved in 60 mL of pH 8.0 PBS (0.1mol/L) solution and then reacted
with 30mg (0.217mmol) or 60mg (0.436 mmol) of Traut’s reagent for 1 hour at
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37°C, respectively. The unreacted Traut’s reagent was removed by Tangential
flow filtration (TFF, Pall life sciences, USA) with 30K MWCO capsule at
37°C, while pH 3.5 purification buffer prepared by adding hydrogen chloride to
distilled water. The amount of sulthydryl groups in gelatin was measured by
Ellman’s reagent (Sigma, USA).[20] TCEP was added into above thiolated
gelatin solution for the purpose of cleaving disulfides. The pH of gelatin-SH
was adjusted to pH 8 for dissociation the hydrogen of thiol, while dissociated
thiols became nucleophilic. A four-fold molar excess PEGDA dissolving in pH
7.4 PBS was added into above solution and was left stirring overnight at
37°C.[24, 25] The final product was purified via dialysis (MWCO 50K) at
37°C, filtered by 0.22 pm filter in a biosafety hood and lyophilized. Protein
amount in the lyophilized precursor was determined by BCA assay, while the
amount of PEG was calculated via deducting the gelatin weight from the total
weight. Gelatin’s standard curve of BCA was Y= 0.0002X+0.2005 (R*> =
0.999).

NH*,CI
NH*,CI
PBS pHS8.0
s +  H,N—Gelatin ————» Gelatin
RT,1 Hour
N
H
NH*,CI o
Gelatin MSH + /\”/0\6/\ ?/u\/
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NH*,CI
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Gelatin\ S O/e\/oﬁ(\

Gelatin-PEG-acrylate precusor ©
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Figure 5.1 (A) The synthesis method of Gelatin-PEG precursor. Sulthydryl groups
were conjugated with the lysine residual of gelatin through reacting with Traut’s
reagent. (B) Cells were encapsulated into 3-D hydrogel via UV photopolymerization

with photo-initiator.

5.2.2 Cell encapsulation in Gelatin-PEG hydrogel

Cell encapsulated gelatin-PEG hydrogels were fabricated as schematically
shown in Figure 5.1 (B). Neonatal human dermal fibroblast cells (NHDFs)
were purchased from Lonza and cultured up to passage 7 with FGM-2
SingleQuot Kit medium, supplements & growth factors (Lonza, USA) inside.
Passages 5-7 of NHDFs were used for encapsulation. Cell laden constructs
were fabricated from 100 pL aliquots of the cells in a suspension of gelatin-
PEG (final cell density = 1x10° cells/mL) using a flat-bottom 96-well plate as
the mold. After UV photo-polymerization, the cell encapsulated hydrogels
were put into cell culture medium, while the ultra-low cell attachment 6-well
plate (Coring, USA) was used in order to inhibit cell attachments to plate. New
cell medium was added after washing cell encapsulated hydrogels for

removing unencapsulated cells.
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5.2.3 Gelatin-PEG hydrogel fabrication

In this work, the name of hydrogel is named in accordance with the precursor
used to fabricate the hydrogel, as “GP A-B”, where A represents the amount of
Traut’s reagent added in the gelatin’s thiolation step and “B” represents the
final concentration of gelatin-PEG precursor. For example, GP30-45 hydrogel
is fabricated from a precursor synthesized using 30mg Traut’s reagent; the
concentration of the precursor used to fabricate hydrogel was 45 mg/ml (4.5
w/v %). Consequently, the GP60-55 precursor is using 60mg Traut’s reagent
and dissolving the gelatin-PEG at the concentration of 55 mg/ml (5.5 w/v %).
In order to have similar rheological property and gelatin concentration as
another samples, GP control hydrogel was prepared by crosslinking a solution
of 5.0 w/v % PEGDA, 2.5 w/v % gelatin (physically blended) and 0.1 w/v %
Irgacure 2959 and irradiating to UV for 5 mins. This control was designed to
demonstrate that only chemically connected gelatin could support cells
attachment as physically blended gelatin would leak out after hydrogel

swelling.

5.3 Results

5.3.1 Hydrogel characterization

Conjugating thiols to gelatin were accomplished in a one-step reaction (Figure
5.1 (A)) via Traut’s reagent. Two types of gelatin-PEG were fabricated by
adjusting the scale of Traut’s reagent and gelatin: 30mg (0.217mmol) or 60mg
(0.436mmol) reagent vs. 600mg gelatin (6.86 pmol). The control was
fabricated with physically blended gelatin since gelatin would be dissolute due
to the swelling of hydrogel and change medium. The amount of sulthydryl
group in gelatin was measured by Ellman’s reagent (section 3.1.2).[20] The
amount of gelatin in the lyophilized power (dissolved at Smg/mL in PBS) was
determined via BCA assay (section 3.3.4), while the amount of PEG was
calculated by deducting the gelatin amount from the total weight of lyophilized
power. Table 5.1 exhibits the sulthydryl group amount of gelatin and the
constitution of GP30 and GP60 precursors. More thiol could be connected to

gelatin by adding Traut's reagent amount from 0.217 mmol to 0.436 mmol.
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Thus, more PEGDA can be grafted to gelatin by Michael type addition reaction

as present in Table 5.1.

Table 5.1 Sulthydryl groups amount in gelatin after conjugation with Traut’s reagent

and the composition of gelatin-PEG precursor. (p<0.05)

-5H amount

Molar amount of —SH per

1 mohr gelatin (n=3) Molar percentage of -SH

GP30 11470218 3 4% =102%
GP60 2.584 0200 T128%=56%
[+
Amount of gelatin-PEG precursor Amount of gelatin-PEG precursor
Gelatm amountm = PEG amount n Gelatm amount m PEG amount m
fmal product fmal product fmal product fmal product
(wiv %) ) (wriv 60D (v %8)

GP30- 213680210 16320145 GP60- 1760 =0.194 212400246

40 40
GP30- 2.664 = 0236 1.836 = 0.163 GPo- 1.980=0.218 235200277

435 45
GP30- 3256 = 0280 1344=0199 GP60- 2420 £ 0266 30800339

33 35

|
1
NH',CT OH
Gelatin-PEG an, K AAN A
AN
4 2 4
1T
PEGDA
Gelatin

0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0

Figure 5.2 '"H NMR spectrums of original gelatin, PEGDA, and gelatin-PEG.
The modification of gelatin to PEG was proved by 'H NMR spectra (Figure
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5.2). The PEGDA shows chemical shift peaks (protons in acrylates) at peak 1
(3.6ppm, -OCH,CH>-), peak 2 (6.1 ppm, -CH=CH,), and peak 4 (5.8 and 6.4
ppm, -CH=CH,) in Figure 5.2.[26] Gelatin-PEG exhibits a new peak 3 (2.5
ppm) from the methylene protons of Traut’s reagent moieties, which
demonstrated Traut’s reagent was successfully conjugated to gelatin.[27] After
PEGylation, the spectra of gelatin-PEG possessed typical peaks of both
unmodified gelatin and PEGDA. So the 'H-NMR results proved that the
PEGDA was successfully connected to gelatin.

5.3.2 Hydrogel swelling, degradation and rheological properties

Dynamic time-sweep measurements were employed to monitor rheological
property change during UV photo-polymerization. The photo-polymerization
of gelatin-PEG hydrogel begins once the UV light is turned on: the storage
modulus of hydrogel increases and a plateau is reached after polymerization is
done. According to Figure 5.3(A), the photo-polymerization reaction of
gelatin-PEG acrylates were very fast (less than 3 mins), leading to the
formation of an on-going hydrogel network from gelatin-PEG acrylates. The
storage modulus of all the hydrogels was much higher than the loss modulus of
them in Figure 5.3(A), which demonstrated the gelation procedure after photo-
polymerization effectively. The polymerization rate constants (slope, unit:
Pa/second) that are calculated from the linear region of the crosslinking profile
(Figure 5.3(A)) of all the hydrogels shows a trend as follows: GP30-40(0.48) <
GP30-45(1.23) < GP30-55(4.41) < GP60-40(5.52) < GP60-45(7.14) < GP60-
55(12.57) < GP control (24.99), which is depending on the amount of acrylate.
Therefore, the rheological results (Figure 5.3(A)) proved the formation of
hydrogel and showed the change of storage modulus during gelation process.,
All samples from the “GP-60" series possessed higher storage modulus due to
more PEG acrylates (2.584+0.200, Table 5.1) in Figure 5.3, compared with all
the “GP30” series (1.147+0.219, Table 5.1). The rheological properties of the
gelatin-PEG hydrogels correlated with the amount of precursor and also PEG
amount (acrylate). Thus, more thiols in the gelatin (GP60>GP30) led to graft
more acrylates and finally a higher storage modulus (GP60-45>GP30-45,
GP60-55>GP30-55).
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Figure 5.3 Shear storage modulus and loss modulus data (A) and damping factor-tan &
(B) from rheological experiments that were determined during photo-polymerization

of all the hydrogels. The UV light was turned on after 60 seconds.
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The damping factor (tan 6= G'/G"") is the ratio of the energy dissipated to the
maximum energy deposited in the material during one cycle of oscillation. So,
for G""> G’, the damping factor tan 6 > 1, meaning that the material acts as a
viscoelastic liquid. While for G* > G”’, the damping factor tan & < 1, which
means that the sample acts as a viscoelastic solid. As presented in Figure
5.3(B), tan 6 of all GP30 and GP60 are initially lower than 1 because of
physical aggregation below 40 °C or entanglements caused by high molar
mass.[28] Tan o decreases continuously to very low values because of the
substantially formation of crosslinks, therefore proving the viscoelastic solid-

like property.
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Figure 5.4 Initial mesh sizes of gelatin-PEG hydrogels after UV crosslinking.

The network average mesh size is an effective estimation of its “molecular”
porosity which is intuitively relatable to its ability to encapsulate cells, and
their ability to grow within the network. However, it should be borne in mind
that several parameters that could influence the mesh size such as physical
entanglements, and defects (unreacted double bonds and encapsulated cells),
which could cause an increased mesh size. In this work, the initial mesh size of
each hydrogel was achieved by using equation 1, 3, 4, 5, 6 and 7 (Page 40);
however, the Qs used in the equations is the swelling at the time of crosslinking

(not equilibrium). The initial swelling of gelatin-PEG hydrogels was measured
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immediately after the crosslinking (dissolving of precursor powder) and
presented in Table 5.2. Other researchers found that the initial mesh size
decreases as the concentration of PEGDA increases.[29-31] As expected, the
“initial” mesh size of gelatin-PEG hydrogels decreased with increase in the
concentration of gelatin-PEG precursor according to Figure 5.4 (for example,
GP30-55 vs. GP30-45 and GP60-55 vs. GP60-45). In general, GP60 hydrogels
containing more acrylates had lower mesh size than GP30 hydrogels due to the
higher concentration of crosslinkable groups in the precursor for GP60 which

caused higher crosslinking densities (lower M,).

Table 5.2 Initial swelling ratio of gelatin-PEG hydrogels after photo-

polymerization. (n=3)

GP30.S5  GPM4S GP3040 GP60-SS Lo cpepgg  OF
45 control
Initial
S‘P.'E]]illg 18.13 = 2222 25.00 = 13.18 = 2222 23.00 = 20,00 =
_ 0.22 015 0.11 0.22 0.18 0.20 0.18
rato

—8— GP control
—8— GP30-45
—h— GP30-55

Swelling ratio

T T T T T T T T 1

0 10 20 30 40 50 60 70 80
Time(h)
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Figure 5.5 Swelling ratio results of gelatin-PEG hydrogel (A: GP 30 hydrogels; B: GP
60 hydrogels) and control PEG hydrogel (n=4).

Figure 5.5 (A) and (B) presented the swelling properties of GP30-45, GP30-55,
GP60-45, GP60-55and GP control hydrogels at different time. One of the most
important factors that influence the swelling property of hydrogels is the
crosslinking density. After PBS immersion the GP30-45 and GP30-55
hydrogels rapidly swelled within 8 h (an increase in swelling ratio of 28 and
30, respectively), while the GP60-45 and GP60-55 hydrogels almost reached
fully swollen status within 24 h (an increase swelling ratio of 27.5 and 23,
respectively). The swollen hydrogels reached a plateau or “equilibrium
swelling”, and remained relatively constant afterward. As the concentration of
gelatin-PEG precursor GP60 increased from 45mg/mL to 55mg/mL, the
equilibrium swelling ratios of GP60-55 decreased compared with GP60-45.
This could be easily understood as the GP60-55 precursor contains more
acrylates, therefore increasing the crosslinking density, and consequently lower
swelling ratio. For the same reason, GP60-55 hydrogel has lower swelling
ratios than GP30-55 hydrogel. GP30-55 exhibited a higher equilibrium
swelling ratio as expected (measurements of swelling of GP30-45 and GP30-
55 both became difficult due to sample disintegration). It should be noted that

the control sample had the lowest swelling as the crosslink density of the
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PEGDA hydrogel is expected to be quite high, as it crosslinks with itself.

5.3.3 3-D cell encapsulation in Gelatin-PEG hydrogel

The in situ storage modulus of cell encapsulated GP30-45 and GP30-55
hydrogel decreased after the swelling and cell growth of hydrogel as shown in

Figure 5.6 (A), with corresponding increases in mesh size as shown in Figure

5.6 (B).
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Figure 5.6 The mesh size change (mesh size at each time point divided by initial mesh
size) of various cell encapsulated Gelatin-PEG hydrogel at day 1, day 3 and day7
(n=3, p<0.05).
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Figure 5.7 3-D cell encapsulation in GP30-45, GP30-55 and control PEG hydrogels.
Live/dead staining reveals the situation of cells inside the gel (Live: green/Dead: red).
The red scale bar at the bottom right side represents 50um.

Figure 5.7 reveals the effect of gelatin-PEG composition on cell adhesion and
cell morphology. In our study, where GP30 and GP60 samples were studied in
the cell encapsulation experiments, it was proved that only GP30 can support
cell growth effectively (Figure 5.8). Thus, we systematically followed the cell
study of GP30 samples. NHDFs were encapsulated into three types of
hydrogels including GP30-45, GP30-55 and control PEG hydrogel. We found
that NHDFs in all three hydrogels exhibited high survival rate with few dead
cells at day 1 (Figure 5.7), which means that the long wave length UV photo-
polymerization 1is safe for cell encapsulation. Interestingly, NHDFs
encapsulated in GP30-45 hydrogels could attach on day 1(Figure 5.7), while

those encapsulated in GP30-55 needed more time to achieve a suitable
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environment and thus attached only on day 3. Attachment of NHDFs in GP60-
55 was not showed until day 16 (Figure 5.8) probably due to unsuitable
rheological properties (storage modulus above ~100 Pa). Though the initial
storage modulus of GP60-55 was up to 2000 Pa (Figure 5.3 (A)), reduction in
stiffness leading to proper microenvironment (larger porosity) for cells could
show after several days. The cells in the control PEG hydrogel and GP60-45
hydrogels did not attach probably due to limit binding sites (gelatin
concentration <2.3 w/v %), while those in GP60-55 could attach on day 16
because of enough gelatin molecules (Table 5.1, 2.4 w/v %) and proper
rheological properties (storage modulus ~ 100 Pa) after day 16. Figure 5.9 is
showing (schematically) the interactions between cells and gelatin-PEG
hydrogel networks. Cells encapsulated inside gelatin-PEG hydrogels exhibited
initially round shape morphology (left of the first row and left of the second
row). Figure 5.10 shows the viability of NHDFs in three types of gelatin-PEG
hydrogels, while GP30-45 has the highest cell viability because of excellent
cell growth compared with another two gels.

D16 GP30-45 GP30-55

GP60-45 GP60-55
Figure 5.8 Cell morphology of 3-D cell encapsulation in GP30-45, GP30-55, GP60-
45 and GP60-55 at day 16. The red scale bar at the bottom right side is 50pm.
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Figure 5.10 NHDFs viability in 3-D Gelatin-PEG hydrogels at day 7 and 10. (n=3)
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Figure 5.11 Cytoskeletal assembly is modestly influenced by matrix mechanical
properties to NHDFs in 3-D gelatin-PEG hydrogels. NHDFs encapsulated into PEG
gelatin-hydrogels of different storage modulus were fixed and stained for nucleic acid
(Dapi, blue) and F-actin (Rhodamine—Phalloidin, red). The degradation of GP30-40
was fast due to lower crosslinking degree of gelatin-PEG, while it only maintained its

structure for 7days.

The actin cytoskeleton has been extensively investigated and proven to play a
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important role in cell behaviors, as well as linking the ECM and cell interior
through cell attachments.[32] NHDFs encapsulated in GP30-40 gelatin-PEG
hydrogel exhibited a high degree of cell adhesion, spreading and formation of
interconnected cellular networks at day 7, while the NHDFs in GP30-45 and
GP30-55 hydrogels needed more time to form similar F-actin network (Figure

5.11).

5.4 Summary

The remolding of new tissue, as well as the interaction between cells and ECM
in vivo, occur in 3-D microenvironments. In this work, the results proved an
effective and facile approach of fabrication gelatin-PEG hydrogel for 3-D cell
encapsulation; these hydrogels can be easily manipulated for initial rheological
characteristics. Swelling and rheological properties of gelatin-PEG hydrogels
could be changed by adjusting the concentration of gelatin-PEG precursor or
the reaction ratio of gelatin and PEG. By preparing gelatin-PEG hydrogels that
crosslink via photo-polymerization, this work studied how the growth and
morphology of NHDFs encapsulated in these gelatin-PEG hydrogels (in 3-D)
were affected by the storage modulus or mesh size of the hydrogels. Even with
the existing of enough gelatin molecules, this study showed clearly that higher
stiffness or smaller mesh size of gelatin-PEG hydrogel could be a barrier for
NHDFs in 3-D hydrogels, delaying attachment, spreading and proliferation.
Interestingly, our results revealed that “proper” stiffness (storage modulus < ~
100 Pa) or mesh size (>150 nm) could enhance the viability of cells compared
with previous researches. In summary, this study indicates that the physically
relevant feature affecting cellular proliferation and spreading is the network
mesh size, which of course is measured via the crosslinking density of network

as determined from the storage modulus.
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Chapter 6

Hybrid Crosslinked Gelatin / Elastin Based PEG Hydrogel: A
Novel Injectable and Tunable Platform for In situ Cell

Delivery

This chapter describes the work involved to enhance the ability of
guiding cell behavior in gelatin-PEG hydrogel via introducing elastin-
PEG. The background and challenges in guiding cell behavior in 3-D
microenvironment are introduced in the first section. To overcome
these challenges, a gelatin and elastin hybrid PEG hydrogel system is
chosen as a potential solution and explained in first section. The
synthesis and characterization of gelatin-PEG and elastin-PEG were
described in the second section. The third section shows the results of
materials characterization and cell evaluation experiments. The last
section summarized the findings of gelatin and elastin hybrid PEG
hydrogel system. This chapter will give a new understanding of
utilizing elastin to innately guide cell behavior in gelatin-PEG

hydrogel and its potential for dermal tissue engineering.
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6.1 Introduction

A major challenge in tissue engineering is the design and fabrication of bioactive
scaffolds with necessary biological instructive cues to innately guide cell behavior, while
the scaffolds being required to possess suitable mechanical properties.[1] These
advantageous cues can be chemical, biological, and physical and play an important role
in mediating cellular attachment, migration, spreading, proliferation and differentiation,
while encouraging secretion of appropriate proteins/ polysaccharides to rebuild their own
ECM.[2] The natural ECM components play a crucial instructive role in governing cell
behavior and functions and thus a biomimetic approach for design and fabrication of
biomaterial has a variety of innate advantages.[1, 3, 4]

Biomimetic hybrid hydrogels were developed to combine the benefits of synthetic
(tunable mechanical characteristics) and natural ECM proteins (biological cues)
hydrogels.[5-10] For example, PEG hydrogels can be tailored with adhesive peptides or
ECM proteins that can promote cell attachment, proliferation and ECM deposition.[11-
13] In spite of these advantages, substantial challenges remain in the use of hydrogels to
precisely control the behavior and fate of delivered therapeutic cells. For example, gelatin
methacrylamide PEG hydrogel[14] and gelatin-PEG diacrylate hydrogel[5, 6] have
shown delayed cell attachment (with mostly rounded cells) and proliferation; other
studies have demonstrated that round-shape cells underwent apoptosis and subsequently
died in a few weeks[15]. For those cells that did survived well in the above mentioned
hydrogels, their spreading, migration, proliferation, phenotype, differentiation and the
interactions of cell and matrix were barely controllable. The reason for this is primarily
that an artificial hydrogel utilizing just one protein or peptide sequence does not mimic
natural ECM well enough due to limited instructive cues. Consequently, this led to
unsatisfactory cell behavior and compromised the effect and efficiency of delivered
cells.[16] Therefore, rather than providing general biological cues specificity should be
considered in the fabrication of hydrogels since every tissue type has its own set of
mechanical, chemical gradients, structure, and function.[1] To overcome those several
challenges and finally better control of cell fate, there is a need to develop hybrid

hydrogels that can mimic multiple functions of ECM with tunable mechanical properties
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and finally provide predictable control over cell fate while allowing facile delivery of the
cells to injuried tissue.

In this new approach to such hybrid hydrogels, multiple ECM-proteins PEG hydrogels
for soft tissue engineering with tunable mechanical property were explored in this
chapter. More specifically, dermal substitutes were designed based on PEG combined
with both gelatin and elastin. Gelatin is a extensively studied ECM protein in biomedical
application due to the presence of cell adhesive cues and MMP peptides.[17] Elastin is
the major insoluble protein existing in elastic tissue, contributing to elasticity of the skin
and promoting a number of cellular responses including chemotaxis, proliferation,
attachment, and differentiation.[18, 19] Elastic fibers are not readily resynthesized after
injury due to difficulties in re-expression of tropoelastin and related molecules, thus
seriously hampering the quality and speed of new tissue generation and full healing.[18]
Therefore, burn survivors still suffer from excessive scarring and skin contractions which
keep compromising their health and quality of life.[ 18] Despite the need, however, there
is a dearth of research on elastin-based dermal substitutes with tunable mechanical
properties, while elastin is historically underrepresented in commercial dermal
substitutes. Previous studies utilizing elastin have primarily focused on incorporation
methods (chemical conjugation or physical blending)[20-22] leading to a 2-D cell study
or evaluation in vivo.[23, 24] For example, soluble bovine elastin denatured from
insoluble elastin, as a relatively easily sourced starting material, has been used to develop
highly porous elastic hydrogels using glutaraldehyde and high pressure CO,; however,
such hydrogels are still not compatible with cell encapsulation and in situ delivery. [25,
26] Solubilized elastin was also used to mediate the attachment and proliferation of
dermal fibroblasts and endothelial cells in 2-D.[27] An acellular dermal matrix (70%
collagen and 30% elastin) produced by removal of cells from porcine skin was
transplanted into animal skin and shown to improve the elasticity and functionality of
severe scars by replacing the missing elastic network, yet the drawbacks were poor
mechanical property and residual cell materials in the scaffold.[18] Similarly, Daamen et
al. proved that porous collagen-solubilized elastin scaffolds fabricated by reacting with
EDC/NHS and lyophilization, was able to induce cell proliferation and elastin deposition

when implanted subcutaneously in rats, compared with collagen-only scaffolds that do
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not promote elastin synthesis.[23] Substantial challenges remain in the incorporation of
elastin into scaffolds with high cell viability and controlled behavior in 3-D. For instance,
it has been recently reported that only 80% of encapsulated cells remained viable in an
elastin based thermo-responsive hydrogel fabricated by crosslinking alpha-elastin,
PNIPAMoly, Polylactide, 2-Hydroxyethyl methacrylate and oligo (ethylene glycol); the
morphology, differentiation and the remolding of new ECM of cells have not yet been
studied.[28] Therefore, the effects of elastin on cell encapsulated hydrogels have yet to be
elucidated for tissue engineering particularly in a 3-D microenvironment. We hypothesize
that elastin plays a crucial role in skin healing and regeneration, due to its fundamental
role in skin structure and function.

In consideration of the above, a novel multiple ECM-proteins/ hybrid PEG hydrogel have
been explored to encapsulate NHDFs in 3-D microenvironment. In order to truly mimic
the biological microenvironment, gelatin was designed to support cell adhesion as PEG
hydrogels are relatively inert to cell adhesion, while elastin was incorporated to guide the
behavior of dermal fibroblast and promote remodeling of their own ECM for skin tissue
engineering. It was hypothesized that covalent crosslinking of elastin into gelatin-PEG
hydrogel would markedly alter the biological response and, from a skin or soft tissue
engineering perspective, that its corporation was able to promote cell's spreading,
migration and proliferation while rebuilding their own ECM. Combining the results from
the characterizations and cell studies, the hypothesis is that the covalent incorporation of
gelatin and elastin into PEG hydrogel provides a tunable and cytocompatible biomaterial
that promotes the proliferation of NHDFs and remolding of ECM and may be useful in

soft tissue engineering such as dermal substitutes.

6.2 Experimental Methods

6.2.1 Gelatin and Elastin PEGylation

The thiolation of gelatin was accomplished by following the protocol showed in Section
5.2.1 (Figure 6.1). Briefly, sulthydryl groups were conjugated to gelatin by reacting
gelatin with Traut’s reagent, and thiolated gelatin was used as a precursor to fabricate

gelatin-PEG (GP, Figure 6.1). 2.40 g (0.00060 mol) of gelatin was added into 240 mL of
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pH 8.0 PBS (0.1mol/L) solution and incubated at 37°C until dissolved. 120 mg of Traut’s
reagent were mixed with above solution and reacted for 1 hour at 37°C.The unconjugated
Traut’s reagents were by TFF with 30K MWCO capsule at 37°C, while distilled water
(pH 3.5) was chosen as a purification buffer. The amount of sulthydryl after thiolation
was determined by Ellman’s reagent, while one fold molar amount of TCEP was added to
the above solutions to improve the subsequent Michael-type addition reaction as TCEP
can inhibit the formation of disulfide bond [29]. The pH of solutions was changed to pH
8.0, while a 4-fold molar excess of PEGDA dissolved in pH 7.4 PBS (0.1mol/L) was put
into above solutions and stirred overnight at 37°C. Gelatin-PEG was purified and
concentrated by MWCO 70K TFF capsule in PBS (for cell culture), filtered by 0.22 um
filter in a biosafety hood and stored in -80°C. Soluble elastin-PEG precursor (Elastin-
PEG) was synthesized by the same method and reaction ratio, while the purification was
finished by 10K (after thiolation) and 50K (after PEGylation) MWCO TFF capsule,

respectively. The final product was lyophilized and stored in 4°C.
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Figure 6.1 Synthesis of Gelatin-PEG and Elastin-PEG precursor. Gelatin and elastin was

modified with free sulthydryl group on the backbone via reacting with Traut’s reagent.
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The gelatin and elastin amount in the precursor were determined using the BCA kit assay
for protein. The amount of gelatin in the concentrated precursor solution (purified by PBS
and stored in PBS) was measured by BCA assay, while the amount of PEG was obtained
by deducting the gelatin and PBS salts amount from the total weight of lyophilized
power. The weight of elastin in the lyophilized power (dissolved at Smg/mL in PBS) was
also measured by BCA assay, while the weight of PEG was achieved by the same method
(gelatin-PEG). The BCA standard curve of gelatin was Y= 0.0002X+0.2005 (R*=0.999),
while the BCA standard curve of elastin was Y=4.3622X-0.5551(R? = 0.998).

6.2.2 Gelatin and Elastin hybrid PEG hydrogel preparation

Gelatin-PEG and Elastin-PEG hybrid hydrogels were crosslinked to form hydrogels via
UV photo-polymerization with 0.1 w/v % Irgacure 2959, and exposing to UV light
(365nm, 4-5mW/cm?) for 5 min. The hydrogel nomenclature used in this study is defined
as “GEPX” or “GPE control” and shown in Table 6.1, where “GEP” represents
covalently crosslinked gelatin-PEG and elastin-PEG hybrid hydrogel. “X” is the
concentration of Elastin-PEG precursor (wt/v %), while the concentration of Gelatin-PEG
is fixed at 48mg/mL (4.80 wt/v %). For example, GEP45 hydrogel was prepared from a
mixture of gelatin-PEG and elastin-PEG precursor, with the concentration of elastin-PEG
at 45 mg/ml (4.5 w/v %). In this study, the concentration of gelatin-PEG of all three kinds
of hydrogels were fixed at 48mg/mL (4.80 wt/v %). Different amounts of elastin-PEG
were then intermixed with the same amount of gelatin-PEG in order to investigate how
cell behavior could be guided by elastin amount. “GPE control” represents the gel made
from gelatin-PEG precursor 48mg/mL (4.80 wt/v %) with 9mg/mL (0.90 wt/v %)
PEGDA and 15 mg/mL (1.50 wt/v %) physically-incorporated soluble elastin. The
control was designed to explore whether covalently-bound elastin had a different effect
on cells as compared to physically-incorporated soluble elastin. The 0.90 wt/v % PEGDA
was added to the control in order to obtain comparable mechanical properties as acrylate
groups in elastin-PEG (GEP 45 and GEP30) also could increase the mechanical

properties.
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Table 6.1 The composition of GEP45, GEP30 and GPE control hydrogels. GPE control contains
physically incorporated soluble elastin, gelatin-PEG precursor (4.80 wt/v %) and 0.90wt/v %
PEGDA. Soluble elastin and PEGDA were covalently conjugated to the elastin-PEG precursor
before fabricating GEP45 and GEP30, while PEGDA was adding to GPE control to have similar
mechanical properties as GEP45 and GEP30.

Gelatin-PEG Elastin-PEG Elastin PEGDA
concentration concentration concentration concentration
(wt/v %) (wt/v %) (wt/v %) (wt/v %)
GEP45 4.80 4.50 0 0
GEP30 4.80 3.00 0 0
GPE 4.80 0 1.50 0.90

control

6.2.3 Cell encapsulation in gelatin/elastin hybrid PEG hydrogel

C1C ) NHDFs

) l ‘ . ' . UV light, 365nm
+ @@
Elastin-PEG @00

Gelatin-PEG

Gelatin backbone

VAYAY AV Elastin backbone

I PEG acrylate

Figure 6.2 Illustration of Cells encapsulation into ECM proteins hybrid PEG-hydrogel using

photo-polymerization with photo-initiator.

Cell laden gelatin-PEG and elastin hybrid hydrogels were fabricated as presented in
Figure 6.2. NHDFs (Passages 5-8) were used for cell encapsulation. The precursor
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solution was made by dissolving elastin-PEG powder into gelatin-PEG solution with 0.1

w/t % Irgacure 2959 at 37°C as gelatin-PEG precursor was purified and stored in PBS

(mentioned in section 2.2) at -80°C. Cell encapsulated hydrogels were fabricated from

100 pL of cells loaded suspension of gelatin-PEG and elastin-PEG (cell concentration =

2x10° cells/mL). After photo-polymerization, cell encapsulated hydrogels were washed

by PBS and put into cell culture medium.

6.3 Results

6.3.1 Characterization of Gelatin-PEG and Elastin-PEG modification
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Figure 6.3 'H-NMR spectra of gelatin, elastin, PEGDA, Gelatin-PEG and Elastin-PEG.

The PEGDA shows three chemical shift peaks (protons of acrylates) at peak 1 (3.6ppm, -
OCH,CH3-), peak 2 (6.1 ppm, -CH=CH,), and peak 4 (5.8 and 6.4 ppm, -CH=CH>) in
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Figure 6.3,[30] while both gelatin-PEG and elastin-PEG have a new peak 3 (2.5 ppm)
from the methylene protons of Traut’s reagent moieties.[31] The constitution of Gelatin-
PEG and Elastin-PEG precursor were shown in Table 6.2 as the protein concentration in

precursor was measured by BCA method.

Table 6.2 The composition of gelatin-PEG and FElastin-PEG precursor. The concentration of
gelatin and elastin in precursor were measured by BCA method. (Mean+=STDEV, n=3, p<0.05)

Protein ratio (%) PEG ratio (%)
Gelatin-PEG 60.24+4.5 39.844.5
Elastin-PEG 56.4+5.8 43.6£5.8

6.3.2 Hydrogel swelling, degradation and mechanical properties

The bulk properties of the hydrogel, such as elastic modulus and swelling property, have
a direct influence on cell behavior. Further, the structure of the hydrogel is related to pore
size and its water amount, both of which influence oxygen and nutrients diffusion. To
allow better realization of the role of hydrogel composition and architecture while
minimizing the effect of mechanical properties, the three studied hydrogels GEP45,
GEP30 and GPE control were selected based on preliminary measurements to give

similar storage modulus.
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Figure 6.4 Degradation kinetics of GEP45, GEP30 and GPE control in 0.lmg/mL (top) and

0.5mg/mL(below) collagenase solution. (n=3)

The gel fractions of the resultant gelatin and elastin hybrid PEG hydrogels were
investigated in order to evaluate the efficiency of the crosslinking process. The gel
fractions were 88.2%+1.1%, 91.4%+2.7%, 73.8%+3.4% for GEP45, GEP30 and GPE
control, respectively (n=3, P<0.05). The results of the gel fraction study indicate on GPE
control as the hydrogel with lowest gel fraction because the physically incorporated
elastin was leaching out after immersing in distilled water for 24 hours. The gel fraction
of GEP 45 and GEP30 were found to be the same within experimental error and around
90%, similar to other UV photo-crosslinked PEG hydrogels. [32]

Proteolytic degradation is a basic feature for a cell-encapsulated scaffold that allows cells
to rebuild their surrounding microenvironments in situ. Gelatin and elastin-based
materials are often applied in tissue engineering based partly on their proteolytic
susceptibility and partly on the ease with which the incorporated cells can remodel the
ECM. Accordingly, the biodegradation kinetics of GEP45, GEP30 and GPE control in
0.1mg/mL and 0.5mg/mL collagenase type I A solution were studied and shown in Figure
6.4. Collagenase specifically recognizes and hydrolyses the X-Gly peptide bond of the
peptide sequence Pro-X-Gly-Pro (X : neutral amino acids), since collagen and gelatin

contain this sequence.[33, 34]JAll hydrogels fully degraded after 3h (0.lmg/mL
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collagenase I A) or 1.5h (0.5mg/mL collagenase I A) incubation. The GEP45 and GEP30
hydrogels degraded slower than GPE control because of covalently crosslinking elastin-
PEG; the hydrogel with larger elastin-PEG content displays a slower degradation rate
(GEP30>GEP45). Hydrogels incubated with 0.5mg/mL collagenase displayed larger
mass loss than those immersed in 0.1mg/mL collagenase at the same incubation time.
Thus, PEGylation of gelatin and elastin did not obstruct the proteolytic degradation of
gelatin and elastin. It should be borne in mind that such high concentrations of
collagenase are not realized in vivo, and hence it is expected that in vivo biodegradation
rates would be slower.

The bulk properties depend on the swelling of the hydrogel and the swelling has a direct
impact on behaviors of encapsulated cells in the 3-D microenvironment. Because the
encapsulation of cells into hydrogel was done during hydrogel formation, the hydrogel is
in the non-equilibrium swollen state. Subsequently, when exposed to excess cell culture
medium, the hydrogel will swell until equilibrium state is reached. The swelling
characteristics of the gelatin and elastin hybrid PEG hydrogels are summarized in Figure
6.5. Both the covalently crosslinked gelatin/elastin hybrid hydrogels and GPE control
showed rapid water absorption and swelling to near maximum swelling ratio within 1-2
days (Figure 6.5). GEP45 displayed the lowest mass swelling ratio because of the highest
crosslink density due to the larger amount of crosslinked polymer (elastin + gelatin)-
PEG. Conversely, the GEP30 hydrogel was expected to have a looser and more
permeable polymer network after swelling. GPE control has the highest swelling ratio, as
expected, as the number of crosslinked chains per unit volume is low, due to the

uncrosslinked elastin part.
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Figure 6.5 Swelling profiles of GEP45, GEP30 and GPE control. (n=3)

In this study, the change of storage modulus (G’) during UV induced polymerization
(without cells) was measured and shown in Figure 6.6(A). Dynamic time-sweep tests
were used to measure the change of G’ during UV induced polymerization (shown in
Figure 6.6(A)). The polymerization of all the hydrogels started when the UV light was
switched on: the G’ of hydrogel increased and a plateau was reached when crosslinking
was complete. As shown in Figure 6.6(A), the GEP 45 and GEP 30 polymerizations were
very fast (about 3 mins), resulting in the formation of a continuous polymer network from
the precursors. The initial complex viscosity of GEP45, GEP30, GPE control at 1Hz and
GP are 44.0, 22, 0.2 and 0.1 Pa-s. The viscosities of GP, GEP 30, GEP 45 and GPE
control precursor were measured at three different shear rates (0.1, 230, 500 s and
shown in Table 6.3. The viscosity of GEP 30 and GEP 45 decreased with increasing the
shear rates as expected of shear thinning materials, the low viscosities at shear rates >100
sec! are indicative of injectability using the appropriate needle dimensions that dictate
the imposed stress levels of injection.

Porosity available for cells in the hydrogel is another crucial obstacle that hinders cellular

growth and tissue regeneration.[35] As we all know, higher the storage modulus (smaller
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mesh size) cause less space in the 3-D microenvironments for the cells, and it is more
challenge for the cells to possess enough porosity for the attachment and spreading. In
this study, the in situ shear storage modulus (G’) of the three hydrogels (with
incorporated cells) were studied as shown in Figure 6.6(B). All the cell encapsulated
hydrogels have similar initial storage modulus at day 0 (GEP45, GEP30 and GPE control
have moduli of 157.7+£14.9 Pa, 131.0+10.0 Pa and 150.0+15.9 Pa, respectively in Figure
6.6(b)). The mechanical properties of the hybrid hydrogels are highly related to the
increasing precursor amount (higher acrylate content) and thus G' of GEP45 > G' of
GEP30. The storage modulus of GEP45, GEP30 and GPE control hydrogels decreased
rapidly after swelling for one day as shown in Figure 6.6(B) and then continuously

decreased during the following 7 days.

Table 6.3 The viscosities of GP, GEP 30, GEP 45 and GPE control precursor at different shear

rates.
Viscosity (Pa-s)
Shear rate (s7) 0.1 230 500
GP 0.0880 0.0109 0.0105
GPE control 0.0506 0.0133 0.0128
GEP 30 648 0.510 0.2620
GEP 45 1080 0.675  0.3450
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Figure 6.6 (A) Shear storage modulus from dynamic time-sweep tests that were measured during
the polymerization of all the hydrogels. The UV light was switched on after 60 seconds. The
initial complex viscosity of GEP45, GEP30, GPE control and GP hydrogels were 44, 22, 0.20 and
0.05 Pa-s, respectively; (B)The in sifu storage modulus change of several cell laden gelatin and

elastin hybrid PEG hydrogel at day0, 1, 3 and day7. (n=3, p<0.05).

6.3.3 Cell Morphology in 3-D hydrogels
To explore cell-material interaction in 3-D microenvironments, human dermal fibroblasts

encapsulated in covalently crosslinked gelatin and elastin hybrid PEG hydrogels (GEP45,
GEP30 and GPE control) were studied by staining with Calcein-AM and EthD-1. The
interactions between fibroblasts and 3-D microenvironments are initiated by the binding
of integrin receptors to the specific motifs in ECM. [35] Gelatin provides cell binding
motifs as it contains several cell adhesion sequences, such as RGD. As shown in Figure
6.7, some of NHDFs encapsulated in GEP45 and GEP30 hydrogels were able to attach on
day 1, while those incorporated in GPE control hydrogels needed more time to attach (on
day 3). More NHDFs in GEP45 and GEP30 hydrogel attached on day 3, while only some
of NHDFs attached on day 3 in the control. By day 7, the cells in GEP45 and GEP30

hydrogel started to spread and join with neighboring cells to form intercellular networks,

114



Dl

D3

D7

D10

Hybrid Crosslinked Gelatin/Elastin Based PEG Hydrogel for Cell Delivery Chapter 6

whereas in the GPE control hydrogel, the cells were dispersed with limited intercellular
contacts. In the three hydrogels studied here, significant differences were shown on day
10: NHDFs in gelatin and elastin hybrid PEG hydrogels (GPE45 and GPE30) showed
extensive cell spreading and the formation of intercellular networks, whereas NHDFs
encapsulated in GPE control with physically incorporated elastin showed limited
spreading and intercellular networks. All the cells encapsulated into those three hydrogels

showed live cell percentage over 95% from day 1 to day 10.

GEP45 GEP30 GPE control

.

“»
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Figure 6.7 3-D cell encapsulation in gelatin and elastin hybrid PEG-hydrogels. Live/dead
staining shows the morphology and survival of cells inside the gel (Live: green/Dead: red). The

scale bar represents 50pum.

6.3.4 Cell proliferation

To further explore the interaction between cell and material, a cell proliferation study was
conducted to investigate cell behavior on these three types of hydrogels. EdU is a
nucleoside analog to thymidine and is incorporated into DNA during active DNA
synthesis.[36] In this study, EdU was incubated with cell encapsulated hydrogel for 24
hours in order to measure the proliferation of NHDFs in 24 hours. Using flow cytometry
to quantify the proliferation of cells, we observed that the percentage of proliferated cells
in the gelatin and elastin hybrid PEG hydrogel constructs increased faster than those in
Gelatin-PEG hydrogel with physically incorporated elastin (Figure 6.8). The cells in all
three hydrogel formulations showed no proliferation on day 1, while the percentage of
proliferated cells increased from day 3 after they attached to the ECM protein and the
hydrogels swell to the maximum status. Further on, with sufficient degradation and
enough space, cells migrate toward one another to form cell-cell junctions, adopt a more
elongated morphology (shown in Figure 6.7) and proliferate more in these hybrid
hydrogels (illustrated in Figure 6.8). In the case of the GPE control, this benefit is
counterbalanced by the leaching out of elastin, as leaching and degradation occur
concurrently. Thus we conclude that covalently crosslinking soluble elastin into gelatin-
PEG hydrogels facilitates faster proliferation rate compared to the control (gelatin-PEG
hydrogel with physically incorporated elastin).
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Figure 6.8 Cell proliferations of NHDFs encapsulated in GEP45, GEP30 and GPE control at day

0, 3, 7 and 9. The single-parameter histograms of fluorescence EAU-488 levels for flow
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cytometry data was used to estimate the percentage of proliferation cells during 24hours EdU
incubation. (Non pro represents the percentage of non-proliferation cells, while pro means the

percentage of proliferation cells.)

6.3.5 ECM deposition

The biochemical matrix remodeling associated with cellular activity in the gelatin and
elastin hybrid PEG hydrogel includes the production of structural proteins such as
collagen, as well as the synthesis of elastin. Elastin synthesis is often an obstacle in tissue
engineering, especilally in dermal substitutes.[37] In order to further delineate the ECM
deposition and cellular morphogenesis in the three hydrogels, NHDFs cultured within
each hydrogel sample were fixed after 10 days culture, stained for elastin (green), type I
collagen (yellow), F-actin (red) and cell nuclei (blue) and finally imaged via confocal
microscopy. As seen in Figure 6.9, NHDFs within all samples displayed a certain level
of F-actin bundling; cells in GPE45 and GPE30 showed significant cytoplasmic
spreading and F-actin bunding compared with GPE control hydrogels. This indicated a
more active interaction between fibroblasts and GPE45 or GPE30 because of the
existence of covalently conjugated soluble elastin. It should be particularly noted that the
stretched morphology is extremely important for the survival and function of anchorage-
dependent cells: for example, Chen et al. reported that the spheroidal anchorage-
dependent cells were prone to apoptosis but streched cells survive and proliferate.[15]
Higher elastin concentration in GPE45 provided more biological cues in the form of
GXXPG peptide sequences such as VGVAPG[38], thus promoting the proliferation
(Figure 6.8).

Subsequent immuno-staining analysis (Figure 6.9) confirmed the presence of newly
synthesized ECM proteins, while the gene expressions of collagen and elastin (Figure
6.10) were quantiflied to explain the effect of added elastin. Fibroblasts cultured within
all three hydrogels were stained for collagen type I, elastin and F-actin. Expression of
elastin and collagen, the most abundant ECM proteins in elastic tissue, were more
pronounced in GPE45 and GPE30 compared to GPE control. All ECM proteins were

located near fibroblasts, and cohesive collagen and elastin fiber networks were formed
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within the GEP45 and GEP30 constructs. Real-time PCR analysis (Figure 6.10)
quantitatively proved that more collagen I A and elastin gene expression were found in
the GEP45 hydrogel, indicating that covalently conjugating more elastin into gelatin-PEG
hydrogel did promote cell proliferation and then increased more ECM protein deposition.
The reason has been elaborated in the previous paragraph. This corresponds well to the
work of Willeke et al. who have previously demonstrated that the addition of solubilized
elastin was able to markedly improve the regeneration of collagen and elastin due to the
biological effects of elastin.[23] Aleksander et al. also have previously reported that
dermal fibrobalsts stimulated with proteolytic digest derive elastin injected into the skin
of nude mice or human skin explants showed increased elastin gene expression compared

to untreated cells.[39]
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Figure 6.9 (A) Immunofluorescence staining for elastin, collagen type I, F-actin in GEP45,
GEP30 and GPE control at day 10. Scale bar=250um.The antibodies are only reactive with
human specific collagen type I and elastin. (B) Immunofluorescence staining for elastin (green)

and collagen type I A (yellow) in cell free GEP45, GEP30 and GPE control. Scale bar=250um.
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Figure 6.10 Effect of elastin addition on ECM proteins (collagen 1A and elastin) gene expression
at day 9. Elastin addition resulted in a significant increase in collagen 1A and elastin at day 9.
Gene expression was normalized to the housekeeping gene GAPDH and expressed as fold change

versus NHDFs seeded GPE control hydrogels (considered as 1) at day 9. * denote p<0.05.n=4.

6.4 Summary

An ECM-mimicking hybrid hydrogel was fashioned out of crosslinkable gelatin and
elastin molecules. By comparing the hybrid hydrogel to a gelatin hydrogel incorporating
soluble elastin, we have shown quantitatively how covalent linking of elastin to the
network is necessary for proliferation of dermal fibroblasts within these hydrogels in 3-
D. Results confirmed that the chemical interpenetrating network of gelatin-PEG and
elastin-PEG was an effective means of combining the beneficial properties of both

proteins to better mimic the physical, mechanical and biological cues offered by the soft
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tissue or skin dermis. In particular, despite the presence of cell binding motifs provided
by gelatin, we found that a higher concentration of elastin-PEG in the biomatrix promotes
dermal fibroblast proliferation and ECM deposition and performs better in remodeling
their ECM microenvironments. Furthermore, our results indicated that these ECM protein
and synthetic hybrid hydrogels, in contrast to a natural ECM single-component gel such
as collagen, may be adapted to mimic the desired ECM microenvironments and to

incorporate target biological cues.
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Chapter 7

Discussion, Conclusions and Future Work

This chapter describes the discussion of the research findings and
gives the conclusions of this work. In the last section, the
recommendations on the possible future work have been explained
according to the various findings of this work. Overall, the findings
have several potential applications: 1) guide vascular cells (SMCs,
HUVECs) behavior within gelatin and elastin hybrid PEG hydrogel in
3-D; 2) comprehensive study of the vascularization of patterned
gelatin and elastin hybrid PEG hydrogel on the surface of polymer

conduits.
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7.1 Discussion and conclusions

7.1.1 Elastin-PEG hydrogel for cell encapsulation

3-D elastin hydrogels have been successfully fabricated and characterized, with and
without cellular encapsulation. This work has successfully demonstrated the use of
EDC/NHS based thiolation method, as well as thiol and PEGDA based Michael addition
reaction, and finally a cell encapsulation method based on photo-polymerization and
crosslinking. Two kinds of starting elastin materials (elastin soluble, ES and elastin
peptides, EP) were studied. First, the conjugation of ES-PEG and EP-PEG were
confirmed by FTIR and *H-NMR spectroscopy (Figure 4.3 and Figure 4.4). After PEG
conjugation, the NMR and FTIR spectrums of ES-PEG and EP-PEG showed similarity to
the original proteins and to PEGDA. The spectra confirm that PEGDA was successfully
covalently connected to ES and EP, respectively. The amount of sulfhydryl groups could
be adjusted by changing the amount of EDC and NHS. Accordingly, the constitution of
hydrogel precursor was also changed as the PEG amount is depending on the amount of
thiols. Finally, the stiffness of hydrogel can be controlled by the concentration of
precursor to satisfy the requirements of the selected biomedical application.

2-D cell culture results showed that fibroblast and smooth muscle cells could grow very
well in the presence of ES-PEG or EP-PEG, which demonstrated that ES-PEG and EP-
PEG were non-toxic and biocompatible. However, SMCs encapsulated into hydrogels
were not able to attach and maintained the round shape for five days; the reason could be
due to lack of strong cell adhesion peptides or sequences in the elastin. Although SMCs
are not able to attach in elastin based PEG hydrogel, thus non-ADCs (anchorage-
dependent cells) may be a better choice for elastin-based PEG hydrogel. One such
example are native cartilage cells which are spheroidal and may easily dedifferentiate;
however, they may undergo osteogenesis or other morphogenesis after adhesion and
finally lose their phenotype and function.[1] The results obtained show the feasibility of
incorporating cells inside an elastin-only matrix, and point to its usefulness for
incorporation of proliferating non-ADCs. 3-D cell encapsulation results showed that

elastin cannot support the attachment of ADCs in 3-D microenvironments.
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7.1.2 Gelatin-PEG hydrogel for cell encapsulation

A 3-D gelatin-PEG acrylate precursor was also successfully prepared and characterized.
The gelatin-PEG acrylate precursor was fabricated by reacting thiolated gelatin with
PEGDA. NHDFs were encapsulated into several kinds of gelatin-PEG hydrogels to study
the relationship between cell growth and gel stiffness. The composition of gelatin-PEG
precursor could be changed via adjusting the reaction ratio between Traut’s reagent and
gelatin molecules, which would affect the mechanical properties of hydrogel. The
composition change of hydrogel would induce a large influence on the rheological
properties, swelling properties and hydrogel network mesh size. Moreover, the bulk
properties of the hydrogel, like swelling property and crosslinking density, possess a
significant and direct influence on cell behavior. Besides, the size of hydrogel “porosity
(hydrogel network mesh size)” is highly depending on the structure of hydrogel, which
influence oxygen, nutrients, signal molecules diffusion and cell adhesion.

As is well known, higher storage modulus( smaller the mesh size) will cause less
“porosity” available for the cells in the 3-D hydrogel, which will induce the cells more
difficult to attach, elongate, migrate and proliferate; this is shown in Figure 5.8, following
the trend in Figure 5.5. Other researches also demonstrated a similar phenomenon
between the stiffness of hydrogel and cell actives, even with the existing of RGD in the
hydrogels.[2, 3] Blau et al. proved that muscle stem cells could die and lose their
pluripotency after seeding on the surface of plastic dishes, with elastic modulus above
106 kPa. In contrast, those cells would exhibit high proliferation ability and better
integration with muscle tissue when they were grew on the surface of PEG hydrogel with
elastic modulus around 12 kPa. [4]

Cell adhesion is one of the most crucial parameters for choosing a suitable tissue
engineering scaffold as the cell attachment is the first phenomenon for ADCs before other
cell activities, including elongation, migration, proliferation and new tissue formation. In
this work, NHDFs were able to adhere within gelatin-PEG hydrogel only when the
hydrogel possessed enough gelatin molecules (~ 2.3 w/v %) and suitable initial storage
modulus (storage modulus <~100 Pa). There are two aspects to this issue. Firstly, pure
PEG hydrogel lacks cells binding sites, thus the biomimetic gelatin-PEG hydrogel must

possess adequate gelatin (RGD or other adhesion peptides) to facilitate cell adhesion.
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Previous studies proved that RGD amount ranging from 25 to 3.5 mmol/mL could
support cell attachment and elongation in 3-D PEG hydrogels.[5] Secondly, the binding
of integrin to the attachment peptides on the nanoscale could be governed by the
mechanical property of scaffold, which could finally mediate the fate of cells. In this
work, it is hypothesized that in fact the mesh size (physically crucial property) is
governing the interactions of cells and adhesion peptides, while the mesh size can be
measured based on storage modulus and swelling.

Higher stiffness hydrogels possess several advantages such as easy handling, and longer
degradation time, while they also have some shortcomings. Firstly, nutrients, wastes or
biological cues are difficult to diffuse, which are important for cells maintaining their
normal functions, for instance, remolding new ECM. Secondly, the better mechanical
property can decrease degradation speed. The degradation speed of scaffold, should
match the growth speed of cells for a tissue engineering application, otherwise the
hydrogel can act as a barrier for cells growth. In this work, NHDFs were not able to
attach within the control hydrogel, which is a mixture of physically blended gelatin PEG
hydrogel (Figure 5.8). One of the possible reasons was its unsuitable mechanical property
(<~100 Pa) or the minimum mesh size, while the other reason was lacking cell binding
site due to the dissolution of gelatin overtime. Another interesting finding was that the
storage modulus of GP30-55 decreased fast after the cells could attach on day 3, and a
sudden spike exhibited in the mesh size change (shown in Figure 5.6(B)) from day 3 to 7.
According to the cell proliferation results (Figure 5.9) and mesh size results (Figure
5.6(B)), it shows that a mesh size of ~150 nm is a threshold value above which the cells
can proliferate. Thus, the GP30-45 hydrogel is a better scaffold than (for instance) the
GP30-55 hydrogel.

The reason for this decrease could be explained from Figure 5.7, which schematically
displayed the interactions between cells and gelatin-PEG hydrogel. Cells within gelatin-
PEG hydrogels showed round shape at the beginning (left of the first row and left of the
second row). In the 3-D scaffold, cells are able to adhere to the hydrogel, produce
enzymes to disintegrate hydrogel network (middle of the first row), elongate, migrate and
finally connect (right of the first row), while the other cells start to attach, spread, migrate

and finally separate to two cells.
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NHDFs are ADCs and can only survive after attachment to the hydrogel network in 3-D,
therefore the survival of cells are depending on the binding between integrins on the
surface of cells to the adhesive peptides of gelatin in PEG hydrogel. As shown in Figure
5.7, the NHDFs in GP30-45 could adhere at day 1, vastly elongated at day 7 and showed
excellent intercellular networks at day 10. However, the NHDFs in GP30-55 exhibited
delayed adhesions and elongations compared to GP30-45 probably because of higher
storage modulus and lower mesh size. This finding is in accordance with the change of
storage modulus (presented in Figure 5.5 and schematically in Figure 5.9) and cell
viability results (shown in Figure 5.10). As mentioned earlier, Chen et al. proved that
round shape ADCs were more inclined to undergo apoptosis and finally die but spread
cells were able to grow and experience mitosis.[6] Thus, one of the benefits of this new
fabrication method based gelatin-PEG hydrogel system is high cell viability since there
were few dead cells within GP30-45 and GP30-55 hydrogels presented in Figure 5.7.
Though UV polymerization did not lead to any direct cell damage in this work, future
carcinogenesis and mutagenesis analyses are essence for proving that the UV-
polymerized hydrogels is really cell safe.

Though both GP60-55 and GP30-55 hydrogels possess sufficient cell attachment motifs,
higher stiffness of hydrogel (smaller mesh size) could lead to delayed cell adhesion,
elongation and proliferation until a suitable mesh size is showed. Some other gelatin
hydrogels such as gelatin-MA PEG hydrogel [7]exhibited similar results as GP30-55 and
GP60-55. 5-10% of cells within above high stiffness gelatin-MA PEG hydrogel died
during waiting for a suitable mechanical property (lower stiffness or larger mesh size),
though this hydrogel has longer gel life. As we all know, the mechanical properties of
hydrogel influence the cell behaviors meaningfully, which is in good agreement with a
recent study claiming that 3-D hydrogel with high mechanical properties can be a
physical barrier and a means of restriction for cells.[8]

The fate of cells is governed by cell attachment and elongation since the mechanical
property of hydrogel is able to modulate the binding of integrin and reorganization of
attachment ligands on the nanoscale. To further investigate cell morphology and behavior
in 3-D microenvironment, NHDFs encapsulated within gelatin-PEG hydrogels were

learned via analysis of cytoskeleton F-actin and nucleic acid (Figure 5.11). Those results
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proved that gelatin-PEG hydrogels can support NHDFs attachment and growth
effectually. The results also demonstrated that NHDFs encapsulated within gelatin-PEG
hydrogels showed their typical spindle morphology and behavior well to this new
artificial new 3-D microenvironment. Furthermore, Figure 5.9 revealed that hydrogel
with higher mechanical property acted as a barrier for cell attachment and growth in 3-D
microenvironment. Thus, this novel gelatin-PEG hydrogel encapsulation system could
effectively help NHDFs to rebuild new ECM by promoting the secretion F-actin and cell
proliferation. In light of these results we hypothesized that the growth of NHDFs
encapsulated in gelatin-PEG hydrogels can be controlled by adjusting the mechanical
property or hydrogel network mesh size.

Therefore, this new method (Traut’s reagent based) fabricated biomimetic gelatin-PEG
hydrogel with tunable mechanical property rendered gelatin-PEG hydrogel an effective

and promising scaffold for tissue engineering and cell based therapy.

7.1.3 Hybrid crosslinked Gelatin/ elastin based PEG hydrogel for cell encapsulation

In Chapter 6, 3-D ECM protein based PEG hydrogel with variable geometrical features
were fabricated to better mimic desired ECM microenvironments. Gelatin was selected
due to provide an excellent matrix for cellular adhesion, while elastin was particularly
chosen to modulate fibroblast behaviors to be similar as desired tissue. The results of this
study demonstrate that a cell delivery system can be fabricated by covalently conjugating
gelatin and elastin with PEGDA. The conjugation of Gelatin-PEG and Elastin-PEG were
confirmed by "H-NMR spectroscopy (Figure 6.4). After PEG connection, the spectrum of
gelatin-PEG and elastin-PEG showed similarity to the unmodified proteins and PEGDA.
Thus the NMR results confirm the PEGDA was successfully modified to gelatin and
elastin, respectively.

The extent of cell adhesion is one of the most crucial parameters for selecting a suitable
scaffold for tissue regeneration; adequate cell adhesion must occur before cell spreading,
migration, proliferation and new tissue formation. Cell behavior in 3-D
microenvironments is markedly different from that on the 2-D microenvironments. As is

known, fibroblasts are anchorage-dependent cells and their fate depends on the
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attachment to the scaffold, whereas cells that fail to adhere to the scaffold will go through
apoptosis and death in a couple of weeks.[9, 10] Cells in a 3-D hydrogel are constrained
to a round shape, no matter what cell type or native morphology, because of a special 3-D
enlacing mechanism of hydrogel encapsulation.[10] The bulk of the hydrogels possess a
hydrophilic and bio-inert microenvironment in which integrin-protein binding is not able
to be initiated. Moreover, the micron sized cells are holding in the highly aqueous
polymeric network with nano-scale pores. Without strong biochemical cues, the cells are
restricted from stretching or moving freely in any direction. In the three hydrogels
studied here, significant differences were observed on day 10: NHDFs in gelatin and
elastin hybrid PEG hydrogels (GEP45 and GEP30) showed extensive cell spreading and
the formation of intercellular networks, whereas NHDFs encapsulated in GPE control
with physically incorporated elastin showed limited spreading and intercellular networks.
The reason for this phenomenon is the effect of elastin in the gelatin and elastin hybrid
hydrogels as it has the capacity to promote cell chemotaxis, attachment and
proliferation[11, 12]: GEP45 has more elastin than GEP30 and this caused better cell
growth. Elastin peptides, hydrolyzed from hydrophobic domains, have been identified
that can modulate cell behavior by most common permutation- GXXPG motif such as
VGVAPG, GVAPGV.[13] Similarly, Annabi et al. reported that a-elastin hydrogel
crosslinked by glutaraldehyde (at high pressure CO,) supported attachment and
proliferation of human dermal fibroblasts on the surface of hydrogel. [14, 15] The elastin
in GPE control leached out from the hydrogel during the swelling and changing of cell
culture medium and thus lost the effects of the favorable peptide motifs in elastin.

The proliferation of encapsulated NHDFs was quantified by directly measuring DNA
synthesis as shown in Figure 6.8. We observed that covalently crosslinking soluble elastin
into gelatin-PEG hydrogels facilitated faster proliferation rate compared to the control
(Gelatin-PEG hydrogel with physically incorporated elastin). And GEP45 has more
elastin than GEP30 and this caused higher proliferation rate. This phenomenon can be
explained that elastin possesses chemotactic properties, induces fibroblast’s proliferation
and regulates cell differentiation.[16, 17]

The actin cytoskeleton has been widely investigated and proven to play a important effect

in cell morphology and behaviors and connecting the ECM and cell interior via cell

133



Discussion, Conclusions and Future work Chapter 7

attachments.[18] In Figure 6.7, our results indicated a more active interaction between
fibroblasts and GPE45 or GPE30 because of the existence of covalently conjugated
soluble elastin. Higher elastin concentration in GPE45 provided more biological cues, as
mentioned earlier (GXXPG peptide sequences such as VGVAPG[13]), thus promoting
the secretion of F-actin and proliferation (shown in Figure 6.9).1t should be particularly
noted that the stretched morphology is extremely important for the survival and function
of anchorage-dependent cells: for example, Chen et al. reported that the spheroidal
anchorage-dependent cells were prone to apoptosis but stretched cells survive and
proliferate.[6]

The biochemical matrix remodeling associated with cellular activity in the gelatin and
elastin hybrid PEG hydrogel includes the production of structural proteins such as
collagen, as well as the synthesis of elastin. Elastin synthesis is often an obstacle in tissue
engineering, especially in dermal substitutes.[19] As expected, more ECM proteins were
found in GPE45 hydrogel, indicating that more covalently conjugating elastin into
Gelatin-PEG hydrogel did promote cell proliferation and then increased more ECM
proteins deposition.

In conclusions, this hybrid PEG/elastin-gelatin hydrogel system provides an improved 3-
D scaffold that promotes ECM production and proliferation and is a superior substrate for

soft tissue engineering in general and skin tissue engineering in particular.

7.2 Future work

Cell delivery-based therapies have been emerged as a major and promising approach in
regenerative medicine, yet its therapeutic effect is depending on delivery efficiency and
the growth of living mammalian cells. More specifically, the delivered cells can grow at
the sites and exhibit therapeutic effects to repair damaged tissues or eliminate malignant
neoplasms. Towards providing a better ECM mimicking 3-D microenvironment for cell
therapy based tissue regeneration, continuous exploration in design and fabrication of cell
delivery system is desired. More specifically, future work could be focused on the
following three directions: i) guide vascular cells (SMCs, HUVECs) behavior within
gelatin and elastin hybrid PEG hydrogel in 3-D; ii) comprehensive study of the
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vascularization of patterned gelatin and elastin hybrid PEG hydrogel on the surface of
polymer conduits.

Transplanted cells live in vivo in a complex and dynamic 3-D microenvironment, which
should possess heterogeneous micro-structure that are able to facilitate dynamic delivery
of signaling and biological cues like oxygen, nutrients and cell-secreted signaling
molecules. However, the supply of nutrients and oxygen to transplanted cells is often
limited in vivo by diffusion to cells within 100 - 200 um via a capillary.[20] Although
constructs fabricated with pore sizes between 0.8 and 8 Zm were proven to allow full
infiltration of host cells and neovascularization despite of material component, their
inability to have enough blood supply immediately after transplantation can cause poor
cellular integration or hypoxiarelated cell death in a scaffold.[21] While many scaffolds
will be vascularized after several weeks, this phenomenon is often too slow to supply
proper nutrition to the cells in the center of a large construct. Hence, it is necessary and
crucial to design and fabricate new bio-inspired approaches for enhancing vascularization
to promote survival of large tissue-engineered constructs. Elastin emerges as a potential
approach to enhance vascularization while previous researches have been proven that the
addition of elastin to vascular scaffolds can reduce thrombogenicity and support the
growing of human vascular cells (SMCs, endothelial cells and embryonic palatal
mesenchymal stem cells).[22] In addition, elastin has been proved to be able to activate
pathways which dominate the proliferation and differentiation of vascular cells. More
specifically, elastin can enhance gene expression of the SMC markers alpha-SMA and
calponin for MSCs seeded on elastin coated biomaterials in vitro.[23] Elastin can bind to
the 67 kDa elastin/laminin binding protein which has been proven to mediate
mechanotransduction, the assembly of ECM, cell proliferation and chemotaxis.[22]
Despite several advantages that elastin possesses, it has usually been ignored from
synthetic vascular substitutes due to difficulty on achieving elastin and incorporating it
into scaffold. As mentioned earlier, natural elastin and tropoelastin are difficult to source
for biomaterials application due to its highly insolubility and complicated fabrication
procedures. In this thesis, solubilized elastin overcame these problems and has been
employed to guide fibroblast behavior for soft tissue engineering. Similar to the human

dermal fibroblasts, this novel gelatin/elastin based PEG hydrogel system may be also

135



Discussion, Conclusions and Future work Chapter 7

particularly fit for human artery smooth muscle cells related vascularization. Because
several studies proved that elastin can modulate SMCs from a synthetic phenotype to a
quiescent and contractile phenotype.[22] The ability to control SMC phenotype is an
important characteristic for cardiovascular tissue engineering, which is necessary for
vasoactivity and inhibition of intimal hyperplasia in vivo.[24] Thus, this gelatin/elastin
hybrid PEG hydrogel system is capable of being utilized for soft tissue regeneration
including skin, vascular tissue engineering.

The need for synthetic polymer based conduits to bypass or replace blocked arterial
segments is particularly pressing, to overcome the dependence on patient derived vessels
for the treatment of coronary artery related diseases. Autologous vessels collected from
the patient are limited due to the shortage of suitable vessels due to reasons including
previous harvest, venous disease, and anatomical variability. [22] Currently, the two
clinically available synthetic vessels are polyethylene terephthalate (Dacron) and
expanded polytetrafluoroethylene (ePTFE).[13] Both products show an unexpected
immunity response and are highly thrombogenic, making them innately unsuitable for
vascular tissue engineering.[25] Endothelial cells also cannot grow very well on these
biomaterials, which can lead to chronic inflammation and hyperplasia. The shortage of
autologous vessel sources and the disadvantages of current synthetic vascular grafts have
driven the development of tissue-engineered vascular grafts, which mimic the structure
and function of native blood vessels.[26] As mentioned above elastin has several natural
advantages on enhancing vascularization. 3-D micropatterns on the polymer conduits
may be employed to modulate the phenotype of SMCs, align SMCs on the surface and
finally enhance the vascularization. More importantly, hydrogel can be printed, UV
curing at the same time and finally patterned on the artificial conduits, while SMCs

encapsulated into hydrogel.
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