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Abstract

Hydrogels are polymeric materials widely used in medicine due to their similarity with the
biological components of the body. These biocompatible materials have the potential to promote
cell proliferation and tissue support because of their hydrophilic nature, porous structure, and
elastic properties. The hydrophilicity, mechanical properties and cell responsivity of modified
polysaccharides can be tuned by controlling the chemical and molecular structure for different
tissue engineering applications. The results show that there is a range of elastic modulus and

degradation rate of hydrogels, which can be targeted for various biomedical applications.

In chapter two, we focused on the synthesis of different varieties of poly(ethylene glycol)
dimethacrylate (PEGDMA) formulated from poly(ethylene glycol) (PEG) of different molecular
weights and further photocured in the presence of a photoinitiator (Irgacure 184). Chemical,
thermal, mechanical, rheological, and morphological characteristics were studied, as well as
biodegradability. The ability of these hydrogels as material for cell growth was investigated for

application towards tissue engineering.

In chapter three, the focus was on the incorporation of methacrylate functionality in gelatin and
chitosan polysaccharides. The modified gelatin and chitosan were synthesized by controlling the
degree of methacrylation of primary amine groups present in polysaccharides. Further, the effects
of various varieties of hydrogels on swelling, mechanical, and rheological properties were
investigated. The hydrogels were prepared by UV photocuring of modified polysaccharides in the

presence of a photoinitiator Irgacure 184 (365nm wavelength).



In chapter four, we combine the properties of poly(ethylene glycol) dimethacrylate (PEGDMA)
macromer and polysaccharides in double networks (DN) for synergistic effects of unique
properties of both components resulting in the interpenetrating polymeric network for making it

functional for replacement of injured tissues inside the human body.

In the final chapter, the research is based on how the synthesized hydrogels can also be 3D printed
to obtain cellular structures for tissue engineering applications. The stereolithography (SLA) 3D
printing was carried out with the macromer and double network of macromer systems to get variety

in properties of the hydrogel to make it a complex-structured scaffold for tissue engineering.

Altogether, the biomaterial hydrogel properties open the way for applications in the field of

medicine.
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CHAPTER 1

Introduction

1.1 Hydrogels

Hydrogels, by their nature, are soft materials that can swell in a solvent and are comprised of a
crosslinked, three-dimensional network®?. Since the late 1970s, there have been several reports
published in the scientific community about the physicochemical structures and innovative

applications of hydrogels®.

In recent years, applications of hydrogels have grown exponentially, particularly as drug delivery
systems, superabsorbent materials, microfluidics devices, contact lenses, etc*® (Figure 1.1).
Superabsorbent polymers (SAPs) are lightly crosslinked hydrogels that can absorb large volumes
of water or an aqueous medium (up to 2000 g/g). These polymeric hydrogels are currently used in
a variety of applications, such as hygienic and biological applications (sanitary napkins and
diapers); agrochemical uses (soil remediation and controlled release of agrochemicals);
pharmaceutical applications; separation membranes; fibers and textiles; soft actuators and valves;
packaging; artificial snow; sludge dewatering; and fire extinguisher gels. They have also been
extensively studied for tissue engineering and regenerative medicine applications due to their
stimuli-responsive properties®, biocompatibility”1°13 and elastic properties'®#-1®. The current
global SAPs market is approximately 1.3 million metric tons. Despite the large number of SAPs
being produced, there are few companies producing natural-based SAPs that are both

biocompatible and biodegradable”8,
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Figure 1.1 General applications of hydrogels

1.2 Chemistry of Hydrogels

In general, the hydrogel network is formed by either physical'®?° or chemical®??? crosslinks.
These 3D structures are able to swell in aqueous solutions until the thermodynamic force of
swelling and the elastic and retractile force exerted by the crosslinks are at equilibrium. The
amount of aqueous solution retained in the mesh of the hydrogel network depends on the structure

of the polymer network and the environmental conditions, such as temperature®, pH?,
2



crosslinking agent>>?%, and ionic strength?’ of the solution. The volume or mass swelling ratio of
a hydrogel is the most important property to be evaluated for given environmental conditions.
Figure 1.2 describes the nature of a SAP hydrogel. It can be seen that the macromolecular chains
involved in network formation acquire a coil-like conformation in the dry state. However, the
crosslinked hydrogel in an agueous medium absorbs a solution to form a swollen macromolecular
network, and the structure significantly expands. The most important properties of SAP hydrogels
are absorption capacity, absorption rate, and the swollen gel strength. The hydrogel strength in the

swollen form depends on the crosslinking density or the number of crosslinking points’-8,

[ ] Crosslinking point

—-co0” R Organic functionality

Figure 1.2 Hydrophilic macromolecular networks

The hydrophilic nature of hydrogels provides the moisture and controls drug permeation from
hydrogel drug assembly as the hydrogel comes in contact with water, the polar groups solvate and
it results in the appearance of primarily bound water. Further, when non-polar hydrophobic groups
are exposed to water, they form secondary bound water. The combination of the primary and

secondary bound water molecules creates bound water, which leads to the completion of the



hydration process. Lastly, an additional amount of water is absorbed, and infinite dilution is
restricted due to covalent and physical crosslinks. Bulk water, also known as free water, is the
equilibrium water uptake that fills the centers of large pores, macropores, or voids present in the

hydrogel network?. The mass swelling ratio can be calculated from Equation 1.

Mass Swelling (%) = (Z=-%) x 100 Equation 1

d

Where Wy, and Wy are the weight of hydrogel in its wet and dry state, respectively.

Crosslinking via free-radical polymerizations is the most common technique used to synthesize
hydrogels by reacting hydrophilic monomers with multifunctional cross-linkers. Due to the
increased usage of hydrogels, other crosslinking technique, such as photopolymerization, have
become a standard technique. In photopolymerization, as the initiator is exposed to UV light, it
dissociates into radicals that react with different functional groups, like C=C, to propagate the

polymer chains until it forms a crosslinked network.

Some advantages of the photopolymerization process over traditional techniques® are additional
process control, faster curing rates at physiological temperatures (~37°C), and minimal heat
production. Additionally, the photopolymerization technique minimizes health risks to the

patient>?82° compared to those associated with any traditional surgery.



1.3 Classification of Hydrogel

With the growing multidisciplinary research fields on hydrogels and their revolutionized diversity,
they can be classified in different ways based on paramount parameters. Table 1.1 highlights the

most important classifications of hydrogels.

Table 1.1 Classification of hydrogel

Criterion Classes of Hydrogel Reference
Origin Natural, Synthetic, Hybrid 3:30
Charge Cationic, Anionic, Neutral, Amphoteric 34
Crosslinking Physical, Chemical 319,31

Amorphous, Semi-Crystalline, Supramolecular,
Structure and _ _
Hydrocolloidal Aggregations, Homopolymer, Copolymer, 332,33

Composition
IPNs (or Double Network)

The most important classification of hydrogels is based on their origin; they can be natural,
synthetic, or hybrid. Hydrogels, based on biopolymers that are obtained from nature, such as starch
and polysaccharides, offer several advantages such as biodegradability, biocompatibility, easy
availability, and low cost. Synthetic hydrogels are formed from non-renewable monomers and are
favored due to their superior performance in mechanical strength, but they are difficult to degrade.
Hybrid hydrogels are a combination of monomers obtained from renewable and synthetic sources.
Another important classification is based on the nature of the charge on side groups. Hydrogels
are either cationic, like chitosan, anionic, like alginate, neutral, like cellulose, or amphoteric, which
is when positive as well as negatively charged species are present, like zwitterionic ionic
hydrogels. Based on crosslinking, hydrogels can either be physically or chemically crosslinked.

This can be observed in Figure 1.3%. If the polymer chains are covalently bonded via a crosslinking

5



agent, it is a chemical crosslinking. Whereas, in physical crosslinking, there are hydrogen bonds,
physical domain junctions, hydrophobic interaction, or ionic complexation. Mc is defined as the
molecular weight of polymer chains between the crosslinking points®. Based on their structure
and physical properties of hydrogel can be amorphous, semi-crystalline, supra-molecules, or
hydrocolloidal aggregations®. Finally, they can be classified based on their molecular arrangement
during the preparation of hydrogels as either homopolymer, copolymers, or interpenetrating
polymer networks*3. Homopolymer hydrogels are crosslinked networks formed from a single kind
of monomer. Copolymer hydrogels, on the other hand, are produced by the crosslinking of two
different monomer units, at least one of which must be hydrophilic to render them swellable.
Interpenetrating polymeric network hydrogels are produced by fully or partially interlacing two or

more polymer networks so that they cannot be separated unless chemical bonds are broken.



Covalent link
(chemical)
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- \3\ | Entanglement
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Figure 1.3 Crosslinking in a hydrogel (Reprinted with permission from Ullah et al. 2015)33

1.4 Hydrogels for Biomedical Applications

Since the 1950s, hydrogels have gained applications in numerous biomedical disciplines, like in
ophthalmology as contact lenses and surgery as absorbable sutures and wound dressings. Besides,
hydrogels have been used in a plethora of different areas in clinical practice to recover from various
38,39.

illnesses such as diabetes mellitus®*, osteoporosis®, asthma®, heart diseases®’, and neoplasms

Figure 1.4 illustrates the major medical applications of hydrogels.



Biosensors

Figure 1.4 Hydrogels for medical applications

In the 1980s, Lim et al.*° studied calcium alginate-based microcapsules for cell engineering and

Yannas et al.** modified synthetic hydrogels with natural substances, such as collagen and shark

cartilage to obtain new artificial wound dressings, providing optimal conditions for healing burns.



To design a wound dressing for a patient, it is required to understand the condition of a patient’s

wound, the effect of material used in dressing on the wound and the healing process®.

Since the 2000s*, the applications of hydrogels in the field of biomedicine have been especially
advancing in regenerative medicine and tissue engineering. Cell culture and injectable hydrogels
are evolving with new materials considering safety and toxicity issues. The current trends of
applications of hydrogels as bio-inks in three-dimensional printing of objects are favorable in stem
cell research, cancer research, and tissue engineering. Bioprinting is an extensively researched
field for aiming the production of engineered tissue or organ in a mechanized, optimized, and
organized manner. Table 1.2 further illustrates the specific polymers suitable for a particular

medical application of a hydrogel.



Table 1.2 Hydrogel chemistries for specific biomedical applications

Medical Applications

Systems

References

Drug Delivery

Poly(hydroxyethyl
methacrylate), Hyaluronic
Acid, Polysaccharides, PEG-
Diacrylate, PEG-Acrylates

43-49

Wound dressing/
Wound Healing

Gelatin, Hyaluronic Acid,
Cellulose, Alginate, Chitosan,
Poly(vinyl pyrrolidone),
Poly(vinyl alcohol)

13,34,41,42,50-54

Contact Lenses

Poly(hydroxyethyl
methacrylate), Poly(vinyl
alcohol),

3,54-57

Tissue Engineering Scaffolds

Hyaluronic Acid, Chitosan,
Alginate, PEG, PEG-
Acrylate, PEG-Diacrylate,
Cellulose, Collagen, Gelatin,
Dextran, Polycaprolactone,
Poly(vinyl alcohol), Agarose,
Acrylic Acid,
Methacrylamide

19,38,47,58-61

Injectable Hydrogels

PEG, PEG-Diacrylate,
Polysaccharides, Hyaluronic
Acid, Gellan Gum

42,62-67

Implants

PEG, Poly(acryl amide),
Poly(vinyl alcohol), HEMA,
Acrylic Acid, PEG-Acrylate

68-70

Biosensors and diagnostics

Poly(ethylene oxide),
Potassium Poly(acrylate),
Poly(vinyl alcohol), Gelatin

42,71

Bioprinting

Hyaluronic Acid, Chitosan,
Alginate, PEG, PEG-
Acrylate, PEG-Diacrylate,
Cellulose, Collagen, Gelatin,
Polycaprolactone, Poly(vinyl
alcohol), Acrylic Acid

72—79

Vascular Grafts

Hyaluronic Acid, PEG, PEG-
Acrylate, PEG-Diacrylate,
Collagen, Polycaprolactone,
Poly(vinyl alcohol), Acrylic
Acid, Methacrylamide

6,80-83

Bone Regeneration

Alginate, Fibrin, Chitosan,
Hyaluronic Acid

35,42
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1.5 Hydrogels for Tissue Engineering

Tissue engineering is a multifaceted field that combines engineering and life sciences to fabricate
biological substitutes that can restore, support, or improve tissue function®84, Tissue engineering
can be either be used in a therapeutic application, where new tissue is cultured in-vivo or in-vitro
for transplantation, as seen in Figure 1.5, or in diagnostic applications, where the tissue is cultured

in-vitro and used for determining drug metabolism, uptake, toxicity, and pathogenicity®28°,
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Figure 1.5 Tissue engineering of cartilage®

Hydrogels have played an essential role in the field of tissue engineering and regenerative
medicine?®*. Recent developments of hydrogels include hydrogels derived from a variety of
natural polymers like dextran'#?, pectin®’, collagen®, cellulose®, hyaluronic acid®, alginate®,
chitosan®®, and many others. The main applications of hydrogels for tissue engineering

applications are as space-filling agents, drug delivery assemblies for bioactive molecules, three-
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dimensional structures to organize cells and present stimuli for desired tissue formation, and tissue
adhesives. Hydrogels, due to their inbuild properties, can reproduce the structure of the

extracellular matrixes (ECM) and allow for cell adhesion and proliferation.

Kim et al.%! elaborate on the in-depth analysis of the tissue engineering market space with 49
publicly listed tissue-engineering companies in the United States. Out of 49 companies, 21 of them
had sales of $9 billion in tissue engineering related products during 2017. Also, biomaterial-based
companies are the primary contributor to the tissue engineering market in the United States. Stem
cell companies have the highest share of R&D expenses among tissue engineering companies in
the US. Kim et al.%* reported that a large amount of the tissue engineering-related clinical trials,
around 77% of the total tests, were sponsored by the industry. In comparison, category wise tissue
engineering market contribution is 79.5%, 60%, and 87.5% for biomaterials (cells and
biomaterials), and stem cells, respectively. The survey®® by Kim et al. suggests that there is

continued interest from industry to grow and push tissue engineering products onto the market.

1.6 Challenges of Hydrogels for Tissue Engineering Applications

A structurally strong, biodegradable, and porous hydrogel plays a critical role in tissue
engineering®°2, Hydrogel scaffolds not only needs to provide a tissue template, but it also needs
to support cell attachment, proliferation, and differentiation. Therefore, the chemical composition,
physical structure, and biological functionality are influential aspects of tissue engineering
applications®®4. A perfect hydrogel scaffold must be biocompatible and biodegradable with

tunable degradation rates and nontoxic by-products. It should have a three-dimensional structure
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and a highly absorptive and interlacing pore network to expedite the nutrient and waste transport.
It should have good mechanical properties to support the reconstruction process, and it should have
the relevant surface chemistry and surface contour to interact with the cells®°% easily. Keeping
the above criterion in mind, the main challenges of hydrogels are: i) mechanical strength, ii)
degradation, iii) cell carriers for tissue engineering, iv) drug delivery, and v) complex shape and

geometry.

Mechanical Strength

The lack of mechanical strength is a concern in most of the synthetic hydrogel as compared with
the hydrogel-like bio-tissues such as cartilage®, tendon®’, muscle®, and blood vessel®*®, Natural
bio-tissues have outstanding mechanical characteristics. For example, cartilage tissue possesses a
high toughness, good shock-absorbance, and low sliding friction, as reported by Fung et al.»*. On
the contrary, classical polymeric hydrogels can have non-uniform networks, which can lead to
lower mechanical strength. Matricardi et al. studied polysaccharide hydrogels, and stated that the
main reason for the failure of the hydrogels sample at high forces is due to concentration of stresses
around short polymer chains?. Li et al.'%? studied the double network hydrogels to substitute load-
bearing, degenerated soft tissue. They found that compression failure is the major issue for
hydrogels used as a tissue-engineered scaffold. The hydrogels are required to withstand a variety
of forces like folding, pushing, or pulling for targeted applications inside a human body. This can
be observed in Figure 1.6. Therefore, developing new artificial substitutes of tissues with

polymeric hydrogels has been a challenging task.
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Figure 1.6 Forces exerted on hydrogel (Reprinted with permission from Li et al. 2018)1%2

Degradation

A hydrogel-based scaffold needs to undergo degradation after performing any application inside
the body. The biodegradation of hydrogels, as well as the rate at which it degrades, are considered
important designer factors*2. During the process, the by-products or exudates must be nontoxic 1%,
The degradation rate of the scaffold, rate of cell growth, and rate of removal of decomposition
products are the three crucial factors for determining the biodegradation of a scaffold hydrogel.
The biodegradation of hydrogels can be catalyzed using acid, free radical degradation, oxidation-
reduction depolymerization, or enzymatic degradation'?. The enzymatic degradation profile of
hydrogels can be studied to simulate the physiological conditions found in the human body. It is
reported in the literature!®% that the rate at that the hydrogel degrades should match the rate of
tissue formation to ensure that there is no hindrance in tissue remodeling. Thus, the degradation is
a pivotal property of engineered constructs with an ability to mimic the structure of the
extracellular matrix, making it suitable for drug or cell delivery, space-filling agents, and other

tissue engineering applications.
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Cell carrier for tissue engineering

Hydrogels, in regenerative medicine, do have limitations specifically when it comes to their role
as a cell carrier in tissue engineering applications®1%4-1%, Because the aim is to restore or replace
damaged tissues using a combination of cells, scaffolding materials, and growth factors,
scaffolding material temporarily acts as an extracellular matrix. The challenges'®” involved in this
are- firstly, it must provide a good supporting structure for the cells, and secondly, must have a
place that can let the cells to deposit their specific extracellular matrix. The application of cells in
tissue engineering robustly depends on the regulation of cell fate, cell morphology, proliferation,
differentiation, and adhesion. There is a need for a suitable vehicle for cell delivery to retain the

required number of cells and preserve cell phenotype with the matrix support.

Drug delivery

Hydrogels, however, do have several limitations in drug delivery applications*31%10° The
premature dissolution or flow away of the hydrogel from the local targeted site limits its area of
effectiveness. The continuous exchange of nutrients, proteins, gases, and waste products into, out
of, and within the hydrogel is essential in drug delivery. The hydrogel network structure and the
thermodynamic nature of the components of these networks play a crucial role in their diffusional
behavior, molecular mesh sizes, and stability'. The challenges for a hydrogel to function as drug
delivery assemblies are control over the network structure and tuning of a drug release mechanism

in order to facilitate the delivery of drugs from the delivery site to the target site inside the body.
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Complex shape and geometry

Although hydrogels can be formulated in a variety of physical forms’?7310-112 the control over
the complex shape and geometry of hydrogel is needed. Additive manufacturing has been studied
to fabricate different shape-specific and application-specific hydrogels. Additive manufacturing is
used for precise three-dimensional construction in a layer by layer fashion. This is also defined as
3D printing!®®. Recently, different research groups are using this technique for improving the
applicability and function of scaffolds. Researchers are exploring different biomaterials with fast
crosslinking behavior (as a prerequisite) for 3D printing in the field of tissue engineering. Two
important challenges'*® to be considered are the printability of the fabrication process and the cell
compatibility and viability. Other minor challenges cannot be ignored, such as stability,

crosslinking time and interlayer adhesion of the printed objects.

1.7 Overcoming Challenges of Hydrogels

In this work, we propose the following approaches to overcome the previously listed challenges

for a hydrogel in its tissue engineering application.

1.7.1 Design an Interpenetrating Polymer Network (IPN) Hydrogels with superior

mechanical performance

Interpenetrating polymer networks®>1# (IPN), also called double networks (DNs)*?, are comprised
of two or more networks of polymeric material which are partially interlaced on a molecular scale
but are not bonded with a covalently bond to each other and cannot be separated without breaking
the chemical bond. Different types of IPNs, as seen in Figure 1.7, include semi-IPNs, full-IPNs,

and graft-1PNSs. It can be seen that the crosslinking points increase from left to right in the figure.
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Figure 1.7 Differentiation in the interpenetrating polymeric network

The application of double networks or IPNs will help with the bio-adhesion and tuning of network
properties, cell compatibility, biodegradability, and stimuli-responsive behavior. This is because
the double network possesses properties from both components of the dual system, which allows
for drug delivery and their application as scaffolds for tissue engineering®. The individual
polymers that make up the double network hydrogels affect overall properties such as network
density, rigidity, molecular weight, and crosslinking density. The reason for exploring double
network hydrogels is because of the combination of favorable properties of each constituent
polymer leading to new systems with improved properties that are sometimes different from those

of the individual polymers components®.

Haque et al.®® reported that interpenetrating hydrogels based on poly(2-acrylamido-2-
methylpropanesulfonic acid) and polyacrylamide contain about 90wt% water, possess better
mechanical performance with an elastic modulus of 0.1-1.0MPa, a failure tensile stress of 1-

10MPa at a strain between 1000-2000%, a failure compressive stress of 20-60MPa at strain 90-
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95%, and a tearing fracture energy of 100-4400 J.m %, The individual polymeric hydrogels made
from poly(2-acrylamido-2-methylpropanesulfonic acid) had a toughness of ~0.1 J.m™ and those
made from polyacrylamide possess a toughness of ~10 J.m, which shows the need of a double
network to get better performance. IPN hydrogel systems synthesized by other researchers®® are
based on cellulose/gelatin, where the observed Young’s modulus of elasticity was ~100 times
greater than individual gelatin hydrogel. The above examples show how having a double network
system enhances the mechanical performances that had not been observed in individual synthetic

or natural hydrogels, and they are comparable to and even exceed some soft loadbearing tissues?.

1.7.2 Use of Polysaccharides, such as gelatin and chitosan, to improve the biodegradability

Polysaccharides are one of the types of biopolymers, which can be seen in Figure 1.8. They consist
of multiple small monosaccharides, such as simple sugars like glucose, units bonded together by
enzymes or peptides. Polysaccharides, such as cellulose®, hyaluronic acid®®, alginate®®, chitosan®,
collagen®®%6  gelatin'®, and many others, are commonly used to develop hydrogels with the

potential for supporting cell adhesion and function*”1":118 for tissue engineering applications?®°,

Polysaccharides are gaining attention due to their abundance, accessibility from renewable
sources, and the ability to retain the variable composition and various properties that allow for
chemical modifications. The functional groups present along the backbone of polysaccharide can
undergo chemical modifications to enhance the properties and make new polymer systems, like

obtaining crosslinked chains.
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Figure 1.8 Classification of polysaccharides

Because of the characteristics of polysaccharide, like biodegradability and biocompatibility,
hydrogels can have properties that allow it to be used as bio-like natural hydrogels inside the body
for major biomedical or pharmaceutical applications. The combination of desirable properties by
incorporating multiple polymeric networks is the key to have artificial hydrogels mimicking the
functions of tissues?®*°, Moreover, FDA approval of biomaterial incorporation inside the body
during any biomedical applications is essential to verify the safety and toxicity of those polymers.

The FDA approved materials can be seen in Table 1.3.
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Table 1.3 FDA approval check for a few biomaterials

FDA
Biomaterial Source Structures Approval | Ref.
Status
Denatured
collagen ‘ E” o
: Type A: | wr i NG 0
Gelatin i & iy Fro=toytg N 119,120
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Type B: b
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Extra | // ‘10
cellular 4 A
Collagen atrix P [Nowsoad 121
(ECM) / 96949
Hyaluronic Acid (HA) Unit
coo” H,0H
Hyaluronic | Enclosed in A va Y v 122
Acid ECM \"
H OH H
H OH H  NHCOCH;
nic acid  N-Acetyl i
Polysaccha o o
NH NH
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-, . NH
From chitin o o< o
: of the )
Chltosan itin-Deacetylase V 123
crustacean l"“‘ et
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"o NH; o/ég\/ o NH o
.»O\?g\ HO- O\%g\ Chitosal
NH;
OH OH
Alginic Acid | Brown algae ° o & NS v 124,125
0-CH,
(o]
-0
_ Frqm o —o-ch,
Dextran digestion of on | 0 v 126
amylopectin 018 I
a-13 OH
a-1,6 "
o _H _
PEG based H{ V\}o v 127-129
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Fibrin Protein v 130
Non- .
Polysaccha Albumin & Protein v 127,131
rides Glutaraldehyde
130,132
Cyanoacrylate v 135

1.7.3 Hydrogel scaffolds as cell carriers in tissue engineering

According to the European Commission on Health and Consumer Protection, there should be the
synergy of cells, biomolecules, and supporting structures at the appropriate site in tissue
engineering®®. Since the last decade, such hydrogels have been explored as matrices for
regenerating and repairing a wide variety of tissues and organs!®8113¢-138 Natural or synthetic
hydrogels have gained significant interest in cell encapsulation?®113136 The hydrogel can form

chemically stable and biodegradable gels due to its property of hydrophilicity.

The characteristic properties of hydrogels make them especially appealing for repairing and
regenerating soft tissue!®*13138  The hydrogel can play the multiple roles to be a tissue-
engineered scaffold, such as defining a space that molds the regenerating tissue, the temporary
substitution of tissue functioning, and guide for tissue ingrowth. Therefore, there is an utmost need

for hydrogel to fulfill the basic requirements of scaffold designing. Hydrogels, with (i) high
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porosity (for interconnectivity for optimal nutrient/waste flow and tissue ingrowth); (ii) relevant
internal geometry and pore dimensions (5-10 times the cell diameter); biodegradable nature; (iii)
maintaining the mechanical integrity; and (iv) having suitable cell-biomaterial interactions can be

easy to manufacture the targeted cell-laden scaffolds®®.

1.7.4 Hydrogels as Drug Delivery system

The first hydrogel based on hydroxyethyl methacrylate was formulated for contact lenses
production®>~>’. The significant advantages found in these hydrogels were their stability under
varying pH and temperature conditions. Hydrogels have been extensively used as intelligent
carriers for peptides, proteins, or drug delivery36394243.139.140 They have been used to regulate drug
release in controlled systems or as carriers for controlled release devices'®. The physical and
chemical properties of a hydrogel can be tuned to optimize permeability, surface functionality,
biodegradability, and surface recognition sites for acting like the drug delivery assemblies. Drug
release can be triggered using one or more of the following: control over swelling properties,

encapsulation, temperature, pH, enzymatic response, and molecular recognition®.

Polymeric hydrogels with interpenetrating networks (or double networks) have the capability for
drug delivery systems because of their improved physical properties** . Gaining control over the
number of active chains between crosslinks in the matrix and the affinity to water can promise
high porosity*3. The porous structure of hydrogels allows the loading of drugs into the gel matrix

and subsequent diffusion of the drugs. The drug delivery applications are for sustained release of
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a drug resulting in the maintenance of a high local concentration of an active pharmaceutical

ingredient over a prolonged period®.

Indeed, the benefits of hydrogels for drug delivery may be as follows: the creation of formulation
through which drugs slowly elute, maintaining a high local concentration of drug in the

surrounding tissues over an extended period, and a systemic delivery process.

1.7.5 Hydrogels Based Bio-Inks for 3D Printing

3D printing is an emerging technology that is capable of assembling living as well as non-living
biological matrices to form an ideal complex layout for further tissue maturation. It follows the
mechanized, organized and optimized pathway to needed fabricate engineered tissue. To establish
intricate tissue designs for simulation of the natural structure of organs and tissues present in the
human body, a variety of biomaterials and printing techniques are available to print in different
shapes, sizes, and resolutions'*2. With this, the emphasis is given on the production of tissue
engineering scaffolds with controlled parameters, such as porosity, permeability, and others, to be
considered for biomedical devices as well as tissue models’44-145 Computer-aided design (CAD)
using the specific and complex geometrical data obtained from the medical imaging techniques,
such as X-ray imaging, magnetic resonance imaging, and micro computerized tomography scan,
helps in fabricating tissue structures that can be successfully printed. 3D printing in the field of
medical and health science promises the following benefits: the advancement of personalized
patient-specific 3D engineered-objects, high precision, and economic and production-on-demand

creation of complicated structures within a limited time-frame!46:147,
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Figure 1.9 3D printing for medical applications

The popular 3D printing technologies include fused deposition modeling (FDM), direct ink writing
(DIW), inkjet bioprinting, selective laser sintering (SLS), stereolithography (SLA), and laser-
induced forward transfer (LIFT)"*">77, In the case of DIW, extrusion of highly viscous polymeric
solutions or cell suspensions is essential to obtain 3D structures!**. In inkjet bioprinting, less
viscous solutions such as suspensions or colloidal solutions can be deposited as droplets having a
high rate of shear’*148-1% \Whereas, for the SLA method, the photocuring process is typically not
affected by viscosity and occurs without degrading the bio-ink!%74151152 Qther methods, such as
acoustic bio-printing, microwave bio-printing, electro-hydrodynamic bio-printing, and pneumatic
bio-printing are currently studied and practiced for bioprinting of tissues and organs’’®. Although
3D printing has numerous benefits in biomedicine, more research in bio-ink designing is required

for proper commercialization.
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1.8 Research Objectives

Considering the biomedical applications of hydrogels, the research objectives for this Ph.D. thesis

are:

Objective 1: Synthesis and characterization of photopolymerizable hydrogels based on poly
(ethylene glycol) for biomedical applications

Hydrogels are polymeric materials widely used in medicine due to their similarity with the
biological components of the body. Hydrogels are biocompatible materials that have the potential
to promote cell proliferation and tissue support because of their hydrophilic nature, porous
structure, and elastic mechanical properties. In this work, we demonstrate the microwave-assisted
synthesis of three molecular weight varieties of poly(ethylene glycol) dimethacrylate (PEGDMA)
with different mechanical and thermal properties and the rapid photocuring of them using 1-
hydroxy-cyclohexyl-phenyl-ketone (Irgacure 184) as UV photoinitiator. The effects of the
poly(ethylene glycol) molecular weight and degree of acrylation on swelling, mechanical, and
rheological properties of hydrogels were investigated. The biodegradability of the PEGDMA
hydrogels, as well as the ability to grow and proliferate cells were examined for its viability as a
scaffold in tissue engineering. Altogether, the biomaterial hydrogel properties open the way for

applications in the field of regenerative medicine for functional scaffolds and tissues.

Objective 2: Synthesis of polysaccharide-based hydrogels for biomedical applications
The traditional hydrogel materials have reported low cell-responsivity and have limited

biodegradability. Polysaccharides possess potentially useful biological as well as physicochemical
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properties. To obtain biocompatible hydrogels for use as tissue engineering scaffolds,
polysaccharides like gelatin and chitosan were modified to get methacrylate functionality to make
it a photo-polymerizable system. Methacrylation was verified by H-NMR. The degree of
methacrylation varied from 7%-40% by changing the molar ratio of polysaccharide to methacrylic
anhydride and the type of polysaccharide. After modification by methacrylation reaction, free
radical polymerization reaction occurs to obtain a polysaccharide-based hydrogel in the presence
of UV light and Irgacure 184 as a photoinitiator. The physical, chemical and mechanical properties
of the hydrogels were further characterized. By controlling the degree of methacrylation of the
respective polysaccharides, it can be observed that the hydration and mechanical properties of
modified polysaccharides can be tuned to different biomedical applications. The biodegradability
of the polysaccharide hydrogels was investigated for its viability as a scaffold in tissue engineering
along with cell culturing with stem cells. Fibroblasts seeded directly onto the hydrogel surface,

populated the entirety of the hydrogel, and remained viable for up to one week.

Objective 3: Formulation of the polymeric double networks (DNs) for biomedical
applications with physicochemical properties to resemble a biological tissue

In the current objective, we synthesized the hydrogel with double networks (DN) by combining
the poly(ethylene glycol) dimethacrylate (PEGDMA) macromer and polysaccharides as the two
components. The DN possess synergy of unique properties of individual components resulting in
the interpenetrating polymeric network. This makes it suitable for the replacement of injured
tissues inside the human body. The hydrogels were characterized for physical properties like
swelling ratio, mechanical properties like tensile and compressive modulus, rheological behavior,

the chemical composition was studied using FTIR, and thermal properties using DSC experiments.
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Biodegradability and mechanical strength, both are gained using double networks (DN), thus
making it resemble more like living tissues. The ability of the cell to culture on DN hydrogels was
examined for its viability as a scaffold in tissue engineering. Furthermore, these properties may

allow their application as tissue-engineered scaffolds.

Objective 4: Design and synthesis of stereolithography (SLA) 3D printed poly (ethylene
glycol) diacrylate (PEGDMA) based hydrogels for biomedical applications

Previous objectives have mainly focused on the preparation of material for hydrogel to be used in
the biomedical field. In the current objective, we considered the customizability factor for making
the hydrogel scaffolds. The idea of three-dimensional printing makes it easy for patient-specific
applicability of hydrogel scaffolds. We have photocured the macromer and double network of
macromer systems to get variety in properties of the hydrogel. The photocuring process takes into
account of stereolithography (SLA) technique. It occurs in a layer by layer fashion where each of

its layers gets cured as the printing proceeds resulting in an end product which is a scaffold matrix.
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CHAPTER 2

Synthesis and Characterization of Photopolymerizable Hydrogels based on Poly (ethylene
glycol) for Biomedical Applications

2.1 Introduction

Hydrogels are hydrophilic crosslinked polymer chains that acquire an expanded three-dimensional
network when in the swollen state®. These physical and chemical characteristics allow hydrogels
to be valuable materials for a variety of biomedical applications: drug delivery>*, tissue
engineering®>’, molecular imprinting®, microsensors, medical electrodes, bio-composite
scaffolds®10, breast implants, contact lenses, wound healing, 3D cell culture and other biomedical

applications!14,

The crosslinked nature of the hydrogels allows them to possess material characteristics that
increase water uptake, simulates the mechanical properties of native biological extracellular
matrices (ECM), and propagates diffusion-induced solute transport. Synthetic ECM provides an
environment for growing cells, proliferation, migration, and simulation of in vivo surfaces, which

are of vital importance in cell culture, wound repair, and tissue engineering®®.

In particular, the biodegradation behavior of hydrogels, as well as the rate at which they degrade,
are considered essential factors during the tissue regeneration'®. During the process, the by-
products or exudates must be non-toxic and should not have any adverse side effects on the human

body?’.
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As far as tissue engineering applications are concerned, property like cell adhesion to material
matrix plays a vital role. Saraiva et al. reported that the capacity of cells to adhere, proliferate, and
become internalized within biomaterials are greatly affected by the morphology and structure of

the surface material®’.

Hydrogels can be produced by different methods like radiating, annealing, freeze-thawing,
chemical, or physical crosslinking. However, UV radiation or photopolymerization is selected for
its benefits in lowering the emissions of solvent and fast processability. During this process, a
photoinitiator (P1) is required to produce free radicals for the polymerization process within a few

minutes, to convert the liquid monomer or macromer into a gel-like hydrogel form?’.

Several studies'®?° have focused on the fabrication of hydrogels based on poly (ethylene glycol)
diacrylate (PEGDA). PEGDA hydrogels with N-acryloyl-glucosamine (AGA) and with 2-
hydroxyethyl methacrylate (HEMA) have scope to control the swelling behavior as well as the
crosslinking density for improving mechanical performance. Poly(ethylene glycol) diacrylate
(PEGDA), in itself, can produce hydrogels after photo-crosslinking. Hydrophilic PEGDA
macromere possesses end double bonds (-C=C-), which participate in the free-radical
polymerization in the presence of UV radiation. Poly(ethylene glycol) (PEG) acrylates?:, like
poly(ethylene glycol) diacrylates (PEGDA) and multi-arm PEG acrylate, are a few of the most
utilized macromers used in free radical polymerization reaction for generating scaffolds.
PEGDMA and other acrylates are non-toxic, non-immunogenic, and soluble in common solvents
like ethanol and water, which makes them the ideal candidates for regenerative medicine. Morris

et al. suggested that PEG hydrogels can undergo a variety of modifications to mimic the ECM?*,
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PEGDA with other natural polysaccharides like gelatin, alginate, and chitosan can be synergized
to increase its control over biocompatibility?>?> when PEGDA remains the backbone for its

mechanical strength.

In this research, we focused on the synthesis of different PEGDMAs formulated from
poly(ethylene glycol) (PEG) of different molecular weights (4000, 6000, and 8000 g/mol) and
further photocured in the presence of a photoinitiator (Irgacure 184). Chemical, thermal,
mechanical, rheological, and morphological characteristics were studied, as well as
biodegradability. The ability of these hydrogels as material for cell growth was investigated for

application towards tissue engineering.

2.2 Materials and Methods

2.2.1 Materials

In this study, three varieties of linear poly (ethylene glycol) (PEG) were used: PEG (Mw ~ 4000
g/mol) purchased from Bean Town Chemicals (BTC) (US) and PEG (Mw ~ 6000 g/mol) and PEG
(Mw ~ 8000 g/mol) purchased from Acros Organics (US). Methacrylic anhydride was purchased
from Thermofisher Scientific Inc. (US). Dichloromethane (DCM), HPLC grade tetrahydrofuran
(THF) (stabilized with BHT) and anhydrous diethyl ether were purchased from VWR International
LLC (US). Photoinitiators, 1-hydroxycyclohexyl phenyl ketone (Irgacure 184), while the UV light
source used (UVLS-28 EL Series UV Lamp) was manufactured by Analytik Jena (US). For the
degradation studies, lysozyme (chicken egg white) was purchased from Thermofisher Scientific

Inc. Deuterated dimethyl sulfoxide (DMSO-D6) (with 0.1 vol. % TMS, 99.9% purity) was
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purchased from Magnisolv (Switzerland). Fibroblast cells were brought commercially (CCL 110;
ATCC, VA). Cells were cultured in DMEM (Gibco, Gaithersburg, MD) supplemented with 10%
vl/v fetal bovine serum (Gibco, Gaithersburg, MD). MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide) salt was brought from vendor (Invitrogen, NY). Live

and Dead Double Staining Kit was bought (Abbkine, China).

2.2.2 Methods

2.2.2.1 Preparation of PEGDMA by chemical modification of PEG
Poly(ethylene glycol) dimethacrylate (PEGDMA) was synthesized as described by Van Hoven et

al?® (Figure 2.1). Briefly, poly(ethylene glycol) (PEG) was mixed with ten (10) molar excess of
methacrylic anhydride into a vial and reacted in a microwave (1100 W) for 5 minutes on maximum
power to obtain the PEGDMA samples. During the process, the vials were vortexed every 30
seconds until the end of time. After the PEGDMA samples were cooled to room temperature, they
were dissolved in a small amount of dichloromethane (DCM) and precipitated in a 10x excess ice-
cold diethyl ether. Finally, the PEGDMA was collected by vacuum filtration using a Biichner
funnel and flask and stored overnight in a vacuum chamber to dry. Finally, the PEGDMA was

again re-dissolved in DCM and re-precipitated to remove the unreacted methacrylic anhydride.

Microwave
HO+/\ YL )kn/ (1100 Waty) J\N #/\Cijj( + \
Smlnutes

Poly(ethylene glycol)  Methacrylic Anhydride Pply(ethyl ene glycol) Methacrtic Acid
(1 Mole) (10 Moles) dimethacrylate
(PEGDMA)

Figure 2.1: Microwave-assisted synthesis of PEGDMA.
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2.2.2.2 Preparation of PEGDMA hydrogel

10% (w/v) vacuum dried PEGDMA macromer was mixed into distilled water containing 2% (w/v)
1-hydroxycyclohexyl phenyl ketone (Irgacure 184) as a photoinitiator at room temperature until
fully dissolved. Then, the solution was placed in small aluminum dishes and photo-polymerized
under UV-radiation (365 nm) at room temperature for 5-10 mins. Hydrogels were removed after
curing and stored in distilled water for further testing. Figure 2.2 summarizes the reaction steps
occurring during PEGDMA polymerization. During step 1, the photoinitiator (Irgacure 184) is
dissociated into radicals. The radicals interact with -C=C- end bonds to initiates the free radical
polymerization reaction in step 2. The polymerization propagates during step 3, forming a
crosslinked network. Also, the PEGDMA hydrogels in the presence of water become physically

crosslinked via the formation of hydrogen bonds, as shown in Figure 2.2.
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Step 1: Dissociation of Initiator (I)

o o]
OH |
Ce HO
hv )
—_— +
Irgacure 184
hv .
I — R
Step 2: Reaction of PEGDMA with radical
R. + —_—
°
Step 3: Network formation among PEGDMA monomer
+ l:m
. —
J\/\I\/éf\l\f\lé\f\l\/' water
Crosslinked PEGDMA OH
H—

covalent bond

HO i
\H\

PEGDMA hydrogel

O-..__,,—OH

Figure 2.2 Photo-crosslinking reaction of PEGDMA to obtain the PEGDMA hydrogel via free
radical polymerization
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2.2.2.3 Characterization of PEGDMA samples

Infrared spectra of the starting material- PEGDMA powder and final product-PEGDMA hydrogel
were measured by attenuated total reflection (ATR) method using a Thermo Nicolet 6700 Fourier
transform infrared spectrometer. The spectrums were analyzed using OMNIC 7.3 software. All

spectra were recorded between 400 and 4000 cm ™ over 256 scans with a resolution of 4 cm™.

'H-NMR spectra were measured with 400 MHz spectrometer, at room temperature for at least 64
scans. Each spectrum was phase-corrected; the baseline was subtracted and integrated by a Mest

Re Nova software. The degree of methacrylation was measured using the following equation:

\%

Degree of Methacrylation (%) = [+ 0 ——1*100 Equation 1

0
10t *MworpEG

Where V (vinylic integrals) is the summation of the peaks ‘a’, ‘b’ and ‘c’, O: the oxyethylene

integral is the integral of peak ‘d’ (refer to Figure 2.3).

Gel permeation chromatography (GPC) was performed on a Malvern OmniSEC Resolve and
Reveal system using a refractive index detector and two PL Gel Mixed-C plus guard columns with
Sum pores were used. The sample of 5 mg was dissolved in 5 mL of tetrahydrofuran (THF) (at
35°C), which was used as the mobile phase with a flow rate of 1.0 mL/min. The column was
calibrated using polystyrene (PS) standards?’. Average molar masses of samples were obtained
using Agilent Cirrus GPC software. Mean values of replicates give us the weight-average molar

mass (Mw) and dispersity index (PDI).
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The morphological structure of the hydrogels was investigated by scanning electron microscopy
(SEM, Zeiss EVO 50 VP-SEM, Carl Zeiss Microscopy, LLC, White Plains, NY) to obtain the
topological characteristics of the hydrogels. After photo-crosslinking, swollen hydrogels were
lyophilized in a freeze dryer. The fractured surfaces of pre-chilled hydrogels in liquid nitrogen
were studied by SEM. The samples were mounted on aluminium support stubs with double stick
tape or fingernail polish. Then the stubs were sputtered with gold (EMS Q150R sputter coating
device) prior to SEM observations. The average pore size of the samples was quantified using

ImagelJ software.

The swelling analysis was performed in hydrogel samples lyophilized in a freeze dryer and
weighed to obtain dry sample weight (Wq). Then, samples were immersed in distilled water at
room temperature for 48 hours to reswell the samples. The swollen hydrogels were removed from
the water and after wiping the excess water on the surface were weighed to obtain the weight of
the wet sample (Wuw). Swelling ratios were calculated using the following equation:

Wyw—Wgq

Mass Swelling (%) = (W—d) * 100 Equation 2

Modulated differential scanning calorimetry (DSC) (modulate + 0.531°C every 60 seconds using
a heating rate 5°C/min) was carried out to observe the change in crystallization temperature (T¢),
melting temperature (Tm) and enthalpy of melting (AHm) of the polymer networks. Polymer
crystallinity can be determined with DSC by quantifying the heat associated with melting (fusion)
of the polymer. This heat is reported as percent crystallinity (% Xc)? by normalizing the observed

heat of fusion (A Hm) to a 100% crystalline sample of the same polymer (A H%= 196.8 J/g)%.
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Table 3 gives the quantification of crystallinity (from equation 3) in the PEGDMA based on

reversible heat flow.

Xc (%) = [AHm/ AH%;] *100 Equation 3

The mechanical properties of the hydrogels were tested with the help of a dynamic mechanical
analyzer (DMA) TA Instrument RSAIII, US. Compression testing analysis was carried out
according to the ASTMD695-15% on the specimens with 5 mm diameter and extension rate -0.067
mm/s at room temperature using the cylindrical compression geometry, performed for 3-6
replicates. From this data, the compression modulus was determined. Rheological measurements
were obtained using a TA Instruments Rheology Advantage AR, US, using parallel plate geometry
fitted with 25 mm aluminum plate in the presence of air and at room temperature. Cylindrical
samples (15 um diameter and 1000 um thickness) were cut and placed for strain sweep and
frequency sweep experiments. From the strain sweep experiment performed at 1Hz, 0.5% strain
was selected (in the linear elastic range), which was then used as the constant strain in the

oscillatory frequency sweep experiments.

The biodegradation analysis of PEGDMA was performed in distilled water containing 600-900
mg/L of lysozyme®"% at 37°C. Enzymatic degradation was monitored for four (4) weeks, while
the enzyme solution was refreshed once. At a predetermined time (1, 2, 3, and 4 weeks), samples
were removed from the medium and dried thoroughly. The weight of samples, before (m;) and
after (my) in-vitro degradation and degree of degradation (%) was determined relative to respective

weight loss to the initial weight of the sample as follows:

ml-m2

Degree of Degradation (%) = ( —

) * 100 Equation 4
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2.2.2.4 Cell attachment and growth on the hydrogel scaffolds

Fibroblast cells were cultured in DMEM media with 10% FBS and 1% Penicillin-Streptomycin
antibiotic solution in a 5% CO: incubator at 37°C. The scaffolds were UV sterilized for 30 minutes
and placed in sterile tissue culture plates with DMEM-10 media overnight. Following day cells
were seeded (50,000/well) on scaffolds. The cellular constructs were maintained in 5% CO:
incubator at 37°C. The cells were regularly monitored using optical and fluorescent microscope
after staining with live/dead stain according to manufacturer protocol at a concentration of 1ul/ml.
The scaffolds were incubated with stain at 37°C for 30 minutes, followed by washing with PBS

twice and then imaging.

Cell viability of cells grown on scaffolds was measured by MTT (3-(4, 5-dimethyl-thiazol-2-yl)-
2,5-diphenyl-tetrazolium bromide) dye reduction. Fibroblast cells were seeded in a 96-well plate
at a density of 20,000 cells per well in DMEM containing 10% FBS and grown overnight. At
periodic time intervals, 10 ul of MTT (0.5 mg/ml) in sterile-filtered PBS was added to each well
and incubated for 3 h to allow the formation of formazan crystals at 37 °C. DMSO (200 ul) was
added to each well after incubation to dissolve the MTT formazan crystals and incubated for
another 60 min at 37°C The absorbance of formazan products was measured at 570 nm using a
microplate reader (Synergy LX, BioTek). The percentage of live cell death was obtained by the

difference between the absorbance of control cells and cells grown on scaffolds.

The seeding efficiency of fibroblast cells on hydrogels was investigated by plating 20,000 cells on

the surface of each scaffold in a 48 well cell culture plate in100pl of media and incubated in 5%
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CO2 incubator at 37 °C. After 30 minutes, an additional 200 pl of media was added and incubated.
MTT assay was performed after 2 hours of incubation to calculate the number of seeded cells. A
96-well without scaffold was plated with cells and was used as a control. Seeding efficiency was
calculated using the following equation where C is the absorbance of control cells and T is the

absorbance of cells on the scaffold.

Seeding ef ficiency (%) = (%) * 100 Equation 5

2.3 Results and Discussion

2.3.1 Characterization of the PEGDMA samples

The degree of methacrylation of the different molecular weight PEGDMA macromer samples

synthesized was determined by proton nuclear magnetic resonance (*H-NMR) (Figure 2.3).
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Figure 3.3: 'H-NMR spectra of 8000 Da PEGDMA using microwave-assisted PEG

modification. a) PEG and b) PEGDMA
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The degree of methacrylation calculated using equation 1, from the experimental/theoretical ratio
of terminal methacrylate protons (a, b and c) to the central PEG protons (d) are reported in Table
2.1. These results are in agreement with the values obtained by Hove and collaborators using a

similar procedure?,

Table 2.1 Gel permeation chromatography of different varieties of PEGDMA

PEGDMA | commercial | Wetmatryiation | PEGDMA | DSBS
PEG (Da) (%) (Mw)(Da)

PESCBQ"A 4000 73 4978 3.56

PE&BQ"A 6000 77 5604 228

PESOSQ"A 8000 84 6990 111

Besides, the weight-average molecular weights and dispersity of the synthesized polymers
characterized by gel permeation chromatography (GPC) are also reported in Table 2.1. The
dispersity indicates the distribution of individual molecular masses in a batch of polymers. In
PEGDMA 8000, the polymer chain lengths have considerably more uniform nature as compared

to the other two varieties.

FTIR analysis of the freeze-dried PEGDMA (hydrogels) and PEGDMA (macromer) was
performed to characterize and confirm the chemical crosslinking among the different PEGDMA
hydrogels after the free radical polymerization. The FTIR spectrum (Figure 2.4) displays the
comparison of characteristic bands of PEGDMA powder (pre-photopolymerized) and PEGDMA
hydrogel (post-photopolymerized). The strong bands at ~2880 cm™ and ~1466 cm™ were

representing -CHz bonds?>®, The peak at 1727 cm™ and 1717 cm™ in PEGDMA hydrogel and
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PEDGA macromer represent the C=0 stretching mode of ester groups®>%. The peak at 1636 cm™
is assigned to the C=C-H in PEGDMA, which disappears during the curing process, marking the
success of the free radical polymerization reaction carried out?>**, The bands at ~1140 cm™ and

~960 cm* represent the asymmetrical C-O-C stretching mode®*,
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Figure 2.4: FT-IR spectrum for a) PEGDMA hydrogel (post-photopolymerized) and
b) PEGDMA (pre-photopolymerized)
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Figures 2.5 a, b and ¢ show the SEM micrograph of the freeze-dried PEGDMA hydrogels with
different molecular weight. These pictures reveal a well-defined 3D porous network of the
hydrogel with an average pore size of 60um, 72 um and 87um for 4000Da, 6000Da and 8000Da
respectively. As the molecular weight of PEGDMA increases from 4000 Da (Figure 2.5a) to
8000Da (Figure 2.5¢), the voids become more prominent. As expected, there is a decrease in the
crosslinking density when the molecular weight of PEGDMA is increased, as a consequence of
the increased molecular weight between crosslinking points. To exemplify the effect of the
crosslinked network, cartoon structures are shown in Table 2.2, evidencing the effect of the

molecular weight of the PEGDMA samples and the pore size.

Mag= 100K XEHT=2000kV Signal A= SE1 Time :16:20:10
WD=55mm  Date 19 Mar2019  Photo No. = 5426

Mag= 1.00 K XEHT=2000kV Signal A= SE1 Time :16:14:21
WD=75mm  Date :19 Mar2019  Photo No, =5§422

Figure 2.5: SEM image of PEGDMA hydrogel a) 4000 Da, b) 6000 Da and c¢) 8000 Da
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The porous structure is crucial for the cell dwelling, proliferation and cell culture on polymer-
based hydrogel; on the other side, this open architecture affects the swelling and mechanical

properties of the hydrogel, as can be observed in the following section.

The water uptakes (%) of the synthesized PEGDMA hydrogels were calculated using equation 2.
The obtained water uptake percentages are reported as 1420 + 234, 1597 + 64, and 1937 + 141 for
PEGDMA 4000, 6000 and 8000, respectively. The observed trend shows that as the molecular
weight of PEG is increased, the water uptake (or swelling ratio) is also increased. This property
also follows the pore size trend explained before. As the molecular weight of PEGDMA increases,
there is an increase in the molecular weight between the crosslinking points, which increases the

ability to swells.

Table 2.2: Modulated DSC data for different varieties of PEGDMA

Tc | AHc| Tm | AHm | Crystallinity
SEaDNA (°C) | (lg) | (C) | (Ig) (%)
oo A 27.75 | 108.1 | 48.42 | 7057 35.9
PE&B('JV'A 37.06 | 146.4 | 56.31 | 109.3 55.5
PESOE&'JV'A 4154|1742 | 57.93 | 1516 77.0

Table 2.2 summarizes the temperatures of melting (Tm), temperatures of crystallization (Tc), heat
of melting (AHm) and heats of crystallization (AHc) of the different PEGDMA hydrogels. As was
explained before, the increase of the molecular weight between crosslinking points induces the

crystallization of the linear PEG sample. As a result, the heat of melting increases, and the melting
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temperature elevates hence increases the tendency to form a crystalline phase reducing the

segmental mobility of the network.

Table 2.3: Characterization of the crosslinked PEGDMA hydrogels

Compressive Shear
Modulus Modulus
(kPa) (kPa)
PEGDMA
4000 177 2.7+0.73
PEGDMA
6000 18816 4.31+0.68
PEGDMA
8000 165+4 1.9+£043

The mechanical behavior of the hydrogels is reported in Table 2.3. It can be observed that the
compressive and shear modulus shows an increase followed by a decreased effect, as the molecular
weight of PEGDMA is increased. As explained, two factors are affecting modulus of the network,
the crosslinking density, and the induced crystallinity. As we increase the molecular weight of
PEGDMA, the molecular weight of the linear PEG increases the ability of the linear chains to
crystalize, thus, increases the modulus. However, at higher molecular weight, the decrease of the

crosslinking densities overpowers the effect of the crystallinity, reducing the modulus.

Figure 2.6 shows the degradation behavior of synthesized hydrogels with degradative weight loss

of 23% + 1.1, 24% + 1.2 and 28% = 1.4 for PEGDMA 4000, 6000 and 8000, respectively. In these
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experiments, a lysozyme solution served as the medium for biodegradation studies, which is
similar to the physiological conditions found in the human body which undergo normal
metabolism of degradation. As the exposure to the lysozyme enzyme solution increased, the degree
of degradation was also increased. It can be observed in Figure 2.6, the hydrogel with the higher
crosslinking density (lower molecular weight between crosslinking points) degrades at a slower
rate as compared to PEGDMA 8000 Da. Moreover, having the larger pore size, PEGDMA 8000

allows a higher amount of the lysozyme solution to penetrate and degrade of the hydrogel.
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Figure 2.6: Degradation profile of PEGDMA hydrogels

Figure 2.7 shows the morphology of hydrogel morphology after 14 days of degradation. From the
scanning electron microscopy (SEM), it is possible to observe the effect of the degradation process,

as the porous structure collapses and fibrillar structures are formed.
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Figure 2.7: Effect on the morphological characterization after degradation of a hydrogel. a)
PEGDMA 4000 at Oth week, b) PEGDMA 4000 after 2" week, c) PEGDMA 6000 at Oth week, d)
PEGDMA 6000 after 2" week, e) PEGDMA 8000 at Oth week, f) PEGDMA 8000 after 2" week
of degradation.

2.3.2 The proliferation of fibroblast cells in the presence of the hydrogels

Microscopic studies of fibroblast cells cultured on the hydrogels show cell growth up to 7 days.

Cells were stained with live/dead stain for visualization (Figure 2.8).
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Day 1 Day 4 Day 7

Figure 2.8: Fibroblast Cell growth on PEGDMA 8000 hydrogels. A) Bright-field images of the
cells B) Live/Dead Stain images of the cells

Seeding efficiencies for our designed scaffold PEGDMA 4000, PEGDMA 6000, and PEGDMA
8000 were 96.8%, 93.7%, and 100%, respectively. Cell viability was estimated using MTT assay.

Cell grown on scaffolds were viable for up to 7 days (Figure 2.9).
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Figure 2.9: Cell viability of Fibroblast cells by MTT assay

2.4 Conclusion

PEGDMA hydrogels samples were synthesized using PEG with different molecular weights of
PEG (4000 Da, 6000 Da, and 8000 Da) with the aid of microwaves assisted polymerization.
Further, PEGDMA samples were photocured in the presence of Irgacure 184 to obtain crosslinked
PEGDMA hydrogels via free radical polymerization. The characterization of hydrogels illustrated
their biocompatibility and mechanical strength for their applications in tissue engineering. Cellular
studies in our research work supported cell growth suggesting, poly (ethylene glycol) based

hydrogels have the potential for application for tissue regeneration inside the human body.
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CHAPTER 3

Synthesis of polysaccharide-based hydrogels for biomedical applications

3.1 Introduction

Tissue engineering is a discipline that is continuously evolving with the intent to reproduce cellular
tissues™2. According to the US department of health and human services®, over the last decades,
the number of patients on the waiting list of centers for organ donation is continuously increasing.
For example, organ donors in 2019 were reported to be approximately 12,742 as compared to
~112,923 people who are still waiting for a donation®. This is the reason for ongoing research in
materials and methods to improve the repair and regeneration of damaged tissues and organ
replacement. Hydrogels have been extensively studied for their applications in biomedicine, and
it has been observed that chemical and the network structure determine their final properties®.
Polymeric systems like poly (ethylene glycol) and acrylic acid-based hydrogels perform very well
in terms of mechanical properties but are hard for cell-binding and degradation®. These traditional
hydrogel materials have low cell-responsivity and limited biodegradability due to the limitation of
pores. Moreover, there are voids in biomaterials research considering the mechanical performance

along with the good control of the pore geometry of the hydrogels.

Among all of the potential systems that are used, or have been proposed, for the biomedical
applications>®, natural polysaccharides’® and their derivatives®?? are indeed the most versatile
polymeric materials. Polysaccharides have applications ranging from their intrinsic biological

activity to their ability in living cell encapsulation, as well as from bone and cartilage repair to the
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preparation of friendly scaffolds for tissue engineering®®4815, The distinctive and multi-faceted
properties of polysaccharides are dependent on the different molecular weights and chemical
composition that these macromolecules possess®®. Also, the types and number of reactive groups
present on every single unit control the biological and physicochemical properties that make them
attractive for cell interaction. The 3D porous structures needed for tissue-engineered scaffold
purposes can be obtained using various polysaccharide hydrogels because of their versatility in
producing external shapes that can be customized according to specific needs and, at the same

time, well-defined networks with appropriate porosity capable of hosting cellst®.

Gelatin is a hydrophilic protein obtained from denatured collagen!’ obtained from various
sources. Due to its biodegradability*®, biocompatibility®, and ability to form hydrogels, gelatin
has an essential role in research related to biomedical materials, specifically for cell culture
structures in tissue engineering applications®. Gelatin can form covalently crosslinked
hydrogels'®® with enhanced biocompatibility and tensile strength. In previous studies, gelatin-
chitosan scaffolds made from thermal gelation (physical crosslinking) were tested in the
regeneration of tissues of the body such as skin???, cartilage?®?*, and bone?*?5. These hydrogels

were not stable and dissolved at times.

Chitosan is a linear polysaccharide derivative of chitin with a distribution of N-acetyl glucosamine
and glucosamine units®2%. Due to its significant properties such as biocompatible, biodegradable,
hemostatic activity, antimicrobial, and mucoadhesive, it has been extensible used in the
development of tissue scaffolds. According to Racine et al.?®, chitosan can be adapted into diverse

structures such as spongy-like scaffolds or films, which makes it potential for biomedical
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applications like wound dressing??, drug delivery?’, and tissue scaffolds®?®. However, the limited
solubility of chitosan in aqueous solutions tightens its applicability in regenerative medicine. As a
solution to this, methacrylate groups can be added to primary amine groups of chitosan to make

them hydrophilic.

The proposed idea is to modify the structure of gelatin and chitosan to make them undergo
chemical crosslinking, to improve the hydrogel’s mechanical properties such as the strength while
enhancing the biodegradability and biocompatibility. This work focuses on the incorporation of
methacrylate functionality in gelatin and chitosan polysaccharides by chemically transforming the
primary amine groups present in the polysaccharides. The resulting materials were then
crosslinked using UV photocuring in the presence of Irgacure 184 (365nm wavelength).
Mechanical, chemical, rheological, and morphological properties were investigated, and
degradability was monitored for the produced hydrogels. Hydrogels cultured with fibroblast cells

confirms the cell growth on designed hydrogel scaffolds.

3.2 Materials and Methods

3.2.1 Materials

In this research work, Gelatin powder (Type A, ~300 bloom) was purchased from Electron
Microscopy Sciences (US), and chitosan (>85% deacetylated) was obtained from Alfa Aesar (US).
Methacrylic anhydride was purchased from Thermofisher Scientific Inc. (US). Dulbecco’s
phosphate buffered saline (DPBS), acetic acid, and phenylamine were purchased from VWR (US).

Photoinitiator, 1-hydroxycyclohexyl phenyl ketone (Irgacure 184), was purchased from TCI (US),
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while the UV light source used (UVLS-28 EL Series UV Lamp) was manufactured by Analytik
Jena (US). For the degradation studies, lysozyme (chicken egg white) was purchased from
Thermofisher Scientific Inc. (US). Deuterated water (D-O) and deuterated acetic acid (CD3:COOD)
were purchased from Acros Organics (US). Fibroblast cells were brought commercially (CCL 110;
ATCC, VA). Cells were cultured in DMEM (Gibco, Gaithersburg, MD) supplemented with 10%
v/v fetal bovine serum (Gibco, Gaithersburg, MD). MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide) salt was brought from Invitrogen (NY) and Live and Dead Double

Staining Kit was bought (Abbkine, China).

3.2.2 Methods

3.2.2.1 Preparation of gelatin methacrylate

The synthesis of gelatin methacrylate (GelMA) was performed following the procedure reported
by Nichol et al.%. Gelatin 5% (w/v) was dissolved in Dulbecco’s phosphate buffered saline (DPBS)
at 60°C and stirred for 2 hours for complete dissolution. The required amount of methacrylic
anhydride (MA) (7.1, 21.4, and 35.67 molar excess) was then added dropwise into the gelatin
solution under vigorous stirring to get different varieties of GelMA. Later, the methacrylation
reaction was continuously monitored for 5 hours under a nitrogen atmosphere. In the end,
additional DPBS (10x) was added after 5 hours to end the reaction. The resultant mixture was
dialyzed using a membrane (MWCO 12-14K Da) at 40°C against ultrapure water for a week.
Finally, the solution was freeze-dried and stored at -80°C until further use. Figure 3.1-a shows the
chemical modification of amine functionalities in gelatin to produce gelatin methacrylated
(GelMA).
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Figure 3.1: Methacrylation of a) gelatin and b) chitosan to obtain GelMA and ChMA,
respectively.

3.2.2.2 Preparation of chitosan methacrylate

The synthesis of chitosan methacrylate (ChMA) was performed following the work of Saraiva et
al.2 with slight modifications. Figure 3.1-b shows the modification of amine functionality in
chitosan towards the end of methacrylation. Chitosan 3% (w/v) was dissolved in 1-2% (w/v) acetic
acid aqueous solution at 25°C and stirred overnight for complete dissolution. The required amount
of methacrylic anhydride (MA) (35.67 molar excess) was then added dropwise into the chitosan
solution under vigorous stirring. The methacrylation reaction was continued for 4 hours at 25°C.

The resultant mixture was dialyzed using a membrane (MWCO 12-14K Da) at 25°C against
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ultrapure water for a week. Finally, the solution was freeze-dried and stored at -80°C until further
use. The resulting macromeres, GeIMA and ChMA, have chain ending with -C=C- bonds, which
are easily photo-crosslinked among themselves by free radical polymerization, forming

crosslinked network after.

3.2.2.3 Preparation of hydrogel using modified polysaccharide

10% (w/v) vacuum dried GelMA (7%, 16% and 21%) and 10% (w/v) vacuum dried ChMA (40%)
macromer were mixed separately into DPBS containing 2% (w/v) 1-hydroxycyclohexyl phenyl
ketone (Irgacure 184) as a photo-initiator until fully dissolved. Then, the solution was placed in
small aluminum dishes and photo-polymerized at room temperature for 5-10 mins under UV-
radiation (365 nm). The resulting crosslinked hydrogels were stored in distilled water for further
testing. Figure 3.2 shows the reaction scheme occurring with end double bonds in modified

polysaccharides to obtain crosslinked hydrogels.

78



UV radiation (365 nm) )\>/
—

{ Irgacure 184 /<_<
Gelatin Methacrylate

A GelMA GelMA Hydrogel

UV radiation (365 nm)
—
Irgacure 184

Chitosan Methacrylate
B ChMA ChMA Hydrogel

Figure 3.2: Photo-crosslinking of a) GelMA to obtain the GelMA hydrogel, and b) ChMA to
ChMA hydrogel via free radical polymerization

3.2.2.4 Characterization of polysaccharide hydrogels samples

Infrared spectra of the starting materials- gelatin, chitosan and the products- GeIMA, ChMA were
obtained by attenuated total reflection (ATR) method using a Thermo Nicolet 6700 Fourier
transform infrared spectrometer. The spectrums were analyzed using OMNIC 7.3 software to study
the functionality of chemical structures. All spectra were recorded between 400 and 4000 cm™*

over 256 scans with a resolution of 4 cm™.
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'H-NMR spectra were obtained using a 600 MHz spectrometer, at room temperature. 1-1.5 mL of
deuterated water (D20) (with phenylamine as reference) was used as the solvent for 10-15 mg of
dry GelMA, gelatin, and ChMA samples preparation. For chitosan, deuterated acetic acid
(CD3COOD) was used as the solvent. Each spectrum was phase-corrected, baseline subtracted and
integrated by Mest Re Nova software. The degree of methacrylation (DM)? was measured using

the NMR spectrum using the following equation:
[DM]ceima (%) = [5]*100 Equation 1
[DM]chma (%) = [g]*loo Equation 2
Where ‘a’ is the integral of amine signal in GeIMA, ‘b’ is the integral of phenylalanine signal in

gelatin, ‘c’ is the integral of amine signal in ChMA and ‘d’ is the integral of methylene signal in

chitosan.

The morphological structure of the hydrogels was investigated by scanning electron microscopy
(SEM, Zeiss EVO 50 VP-SEM, Carl Zeiss Microscopy, LLC, White Plains, NY) to obtain the
topological characteristics of the hydrogels. After photo-crosslinking, swollen hydrogels were
lyophilized in a freeze dryer. The fractured surfaces of pre-chilled hydrogels in liquid nitrogen
were studied by SEM. The samples were mounted on aluminium support stubs with double stick
tape or fingernail polish. Then the stubs were sputtered with gold (EMS Q150R sputter coating
device) prior to SEM observations. The average pore size of the samples was quantified using

ImageJ software.

The swelling analysis was performed in hydrogel samples lyophilized in a freeze dryer and

weighed to obtain dry sample weight (Wqg). Then, samples were immersed in distilled water at
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room temperature for 48 hours to reswell. The swollen hydrogels were removed from the water,
and after wiping the excess water on the surface were weighed to obtain the weight of the wet
sample (Ww). Swelling ratios were calculated using the following equation:

Wy —Wgq

Mass Swelling (%) = (W—d) * 100 Equation 3

The mechanical properties of the hydrogels were tested with the help of a dynamic mechanical
analyzer (DMA) TA Instrument RSAIII, US. Compression testing analysis was carried out
according to the ASTMD695-15%° on the specimens with 5 mm diameter and extension rate -0.067
mm/s at room temperature using the cylindrical compression geometry, performed for 3-6
replicates. From this data, the compression modulus was determined. Rheological measurements
were obtained using a TA Instruments Rheology Advantage AR, US, using parallel plate geometry
fitted with 25 mm aluminum plate at room temperature. Cylindrical samples (15 um diameter and
1000 um thickness) were cut and placed for strain sweep and frequency sweep experiments. From
the strain sweep experiment performed at 1Hz, 0.5% strain was selected (in the linear elastic
range), which was then used as the constant strain in the oscillatory frequency sweep experiments.
Comparative shear storage modulus (G’) and shear loss modulus (G”) values for each were
measured for polysaccharide hydrogels individually, and the average shear modulus was reported

at 1 Hz.

The in-vitro biodegradation analysis of GelMA and ChMA hydrogels was performed in distilled
water containing 600-900 mg/L of lysozyme3®3! at 37°C. In these experiments, a lysozyme
solution served as the medium for biodegradation studies, which is similar to the physiological

conditions found in the human body, which undergo normal metabolism of degradation.
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Enzymatic degradation was monitored for four (4) weeks, while the enzyme solution was refreshed
once. At predetermined times, 1, 2, 3, and 4 weeks, samples were removed from the medium and
dried completely. The weight of samples, before (m1) and after (my) in-vitro degradation, were

calculated, and the degree of degradation (%) was determined using Equation 4:

ml-m2

Degree of Degradation (%) = ( —

) %100 Equation 4

3.2.2.5 Fibroblast cell attachment and proliferation on the hydrogel scaffolds

Fibroblast cells were cultured in DMEM media with 10% FBS and 1% Penicillin-Streptomycin
antibiotic solution at 37°C in a 5% CO: incubator. The scaffolds were sterilized under UV for 30
minutes, followed by placement in a sterile plate with DMEM-10 media overnight. Following day
fibroblast cells were seeded (50,000/well) on scaffolds. The scaffolds plated with cells were
maintained in 5% CO: incubator at 37°C. The cells were regularly monitored by using an optical
microscope and fluorescent microscope after staining with live/dead stain according to

manufacturer protocol.

Cell viability of cells grown on scaffolds was measured by MTT (3-(4, 5-dimethyl-thiazol-2-yl)-
2,5-diphenyl-tetrazolium bromide) dye reduction. Fibroblast cells were seeded in a 96-well plate
at a density of 20,000 cells per well in DMEM containing 10% FBS and grown overnight. At
periodic time intervals, 10 uL of MTT (0.5 mg/ml) in sterile-filtered PBS was added to each well
and incubated for 3 h to allow the formation of formazan crystals at 37 °C. DMSO (200 pL) was
added to each well after incubation to dissolve the MTT formazan crystals and incubated for

another 60 min at 37°C The absorbance of formazan products was measured at 570 nm using a
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microplate reader (Synergy LX, BioTek). The percentage of live cell death was obtained by the
difference between the absorbance of control cells and cells grown on scaffolds.

The seeding efficiency of fibroblast cells on hydrogels was investigated by plating 20,000 cells on
the surface of each scaffold in a 48 well cell culture plate in100ul of media and incubated in 5%
CO- incubator at 37 °C. After 30 min an additional 200 pl of media was added and incubated.
MTT assay was performed after 2 hours of incubation to calculate the number of seeded cells. A
96-well without scaffold was plated with cells and was used as a control. Seeding efficiency was
calculated using the following equation where C is the absorbance of control cells and T is the

absorbance of cells on the scaffold.

Seeding ef ficiency (%) = (%) * 100 Equation 5

3.3 Results and Discussion

3.3.1 Characterization of hydrogels

The degree of methacrylation for different varieties of polysaccharides was determined by proton
nuclear magnetic resonance (*H-NMR). Figure 3.3 gives the comparative NMR plots of gelatin,

chitosan, and their respective modifications.
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Figure 3.3: *H-NMR spectra of a) GelMA, b) Gelatin, ¢) ChMA and d) Chitosan
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For GelMA, we observed the presence of peaks at 5.3 and 5.6 pm (Figure 3.3.a), which represent
the methacrylate groups obtained after the successful conversion of amine groups in gelatin to
methacrylate groups (GelMA). On the other side, for ChMA, peaks 5.5-6.1 ppm (Figure 3.3.b)
represents the binding of methacrylate groups to amine groups of chitosan. The degree of
methacrylation of GelMA was calculated by Equations 1, by the ratio of the integrated area of
amine groups of GelMA and gelatin. Similarly, for ChMA the degree of methacrylation was
determined using Equation 2. The degree of methacrylation calculated is listed in Table 3.1 for the
polysaccharide hydrogels. The degree of functionalization is similar to values reported in the

literature3? for GelMA as 23% and ChMA as 33%.

Table 3.1: Characterization of different varieties of modified polysaccharide hydrogels

Degree of Pore Swelling Compressive Shear |Degradative
Acrylation Size Ratio Modulus Modulus | weight loss
(%) (Hm) (%) (kPa) (kPa) (%)
GelMA 7 69.8 | 813+24 104+68 | 1.5£02 | 223+0.1
(7%)
GelMA
+ + + +
(16%) 16 37.3 617 + 85 16.6 + 6.9 21+03 | 18.1£3.2
GelMA
21%) 21 27.4 475 £122 304+72 40+0.6 | 159+3.8
ChMA
. + O=x9. 6+0. 2 £,
(40%) 40 68.1 | 2208 +240 33.0+9.2 56+£09 | 35255

FTIR analysis of the freeze-dried GeIMA and ChMA (macromer) was performed to characterize
and confirm the methacrylation reaction. The FTIR spectrums comparing the characteristic bands
of gelatin and chitosan powders to the modified polysaccharides, GelMA and ChMA, are displayed

in Figure 3.4. For the GelMA spectrum (Figure 3.4.a), the absorption bands are similar to gelatin,
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mainly, the peaks at 1529 and 1250 cm™ correspond to N-H stretch of amide (1) and N-H stretch

of amide (111). The broader peak at 3321 cm™ also corresponds to N-H stretch of amide (I1). The

peaks at 2938 and 1633 cm™ represent C-H stretch and C=0 stretching vibrations in GelMA

spectrum?. The FTIR band of GelMA at 3321 cm™ shows a decrease in the intensity of N-H, which

indicates the methacrylation at the amine functionality. The FTIR spectrum of ChMA (Figure

3.4.b) depicts the peaks at ~3300, 2930 and 1666 cm™ that visualizes the O-H, C-H and C=0

stretches of amide group, respectively. The 1055 cm™ peak belongs to C-O stretch and the 1543

cm? represented N-H of amide (1) stretching mode. The FTIR spectrum of ChMA shows a

decrease in intensities of N-H, C=0 and O-H, which indicates the successful methacrylation of

chitosan.
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Figure 3.4: FT-IR spectrum for a) gelatin and GelMA and b) chitosan and ChMA
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Figure 3.5 a, b, ¢ and d shows the SEM micrograph of the freeze-dried GelMA and ChMA
hydrogels. These pictures reveal a well-defined, 3D porous network structure of the hydrogel with
an average pore size listed in Table-3.1. As the degree of methacrylation of GeIMA increases from
7% (Figure 3.5-a) to 21% (Figure 3.5-c), the pore size decreases. As the molar excess of
methacrylic anhydride is increased in the reaction, the degree of methacrylation increases. As a
result, the crosslinking density of a hydrogel increases. This crosslinked network of hydrogel leads
to a tighter network structure and therefore reduces pore size. The increase in the number of
crosslinking points in GelMA (21%) during photo-crosslinking makes it a hydrogel with the
smallest pore size. This trend is evident through the morphology of the different varieties of

GelMA hydrogels.
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Figure 3.5: SEM image of a) GelMA (7%), b) GelMA (16%), ¢) GelMA (21%) and d) ChMA
(40%) hydrogel

The porous structure is crucial for the cell dwelling, proliferation, and cell culture on polymer-
based hydrogel; on the other side, this open architecture affects the swelling and mechanical

properties of the hydrogel, as can be observed in the following section.

The water uptakes (%) of the synthesized polysaccharide hydrogels (GelIMA and ChMA) were
calculated using equation 3. The obtained water uptake percentages are reported (Table 3.1) for
polysaccharide hydrogels. The observed trend shows that as the degree of methacryation of
GelMA is increased, the water uptake (or swelling ratio) decreases. This property also follows the
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pore size trend explained before. As the degree of methacrylation of GelIMA increases and
indicates the increase in crosslinking, the number of pores (Figure 3.5) among the crosslinking
points becomes small, which gives less room for absorption. Among the polysaccharide hydrogels,
ChMA has the largest pore size. Therefore, the ChMA hydrogel has the highest ability to swell in

water.

The mechanical behavior of the hydrogels is reported in Table 3.1. It can be observed that the
compressive and shear modulus shows an increase, as the degree of methacrylation is increased.
The crosslinking density is the main factor that is affecting the modulus of the hydrogel. As the
molar excess of methacrylic anhydride is increased in the reaction, the degree of methacrylation
increases. As a result, the crosslinking density of a hydrogel increases. This crosslinked network
of hydrogel leads to a tighter network structure and enhances the mechanical performance by an

increment in modulus.

Figure 3.6 shows the degradation behavior of synthesized GelMA and ChMA hydrogels with
degradative weight loss for a specific variety for 4 weeks. As the exposure to the lysozyme enzyme
solution increased, the degree of degradation was also increased. It can be observed in Figure 3.6,
the hydrogel with the higher crosslinking density (GelMA-21%) degrades at a slower rate as
compared to GelMA-7% due to a higher degree of methacrylation. Moreover, having the larger
pore size, GelMA (7%) and ChMA (40%) allows a higher amount of the lysozyme solution to

penetrate and degrade the hydrogel.

89



35 + B GelMA (7%)
® GelMA (16%)
A GelMA (21%)
304 v ChMA@o%) %
25 - v
S ]
§207 Y o
"(E i
-8 15
5 .
>
a 2
10 -
5 —
O -r 1 1 1 1
0 7 14 21 28

Time (Days)

Figure 3.6: Degradation rate profile for different varieties of PEGDA with lysozyme

Figure 3.7 shows the morphology of hydrogel after 14 days of degradation. From the scanning
electron microscopy (SEM), it is possible to observe the effect of the degradation process, as the
porous structure collapses and fibrillar structures are formed. The clusters of fibrils are more

prominent in ChMA, which indicates the evidence of the highest degradation.
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Figure 3.7: Effect of enzymatic degradation on the morphology after 2 weeks of enzyme
exposure on hydrogels a) GelMA (7%), b) GelMA (16%), c) GelMA (21%), d) ChMA (40%)

3.3.2 Cell growth and proliferation on the hydrogel scaffolds

Our cell studies indicated fibroblast cell attachment and growth on the designed hydrogels for up
to 7 days. Since the scaffolds are in the 3D architecture, the cells grown into the porous structures
so that it becomes hard to count the actual number in the scaffolds. However, the cells in the

scaffolds were confirmed by staining with Live/dead stain.
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Figure 3.8: Fibroblast Cell growth on GelMA (21%) and ChMA (40%). A) Bright-field images
of the cells B) Live/Dead Stain images of the cells

Seeding efficiencies for our designed scaffold GelMA (7%), GelMA (16%), GelIMA (21%) and
ChMA (40%) were 98.7%, 84.9%, 100% and 89.1%. Cell viability was estimated using MTT
assay. Cell grown on scaffolds were viable for up to 7 days (Figure 3.9). We observed 6% increase

in seven days in ChMA (40%) scaffold compared to 3% in GelMA (7%).
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Figure 3.9: Cell viability of Fibroblast cells by MTT assay

3.4 Conclusion

GelMA and ChMA modified polysaccharide hydrogels were synthesized using gelatin and
chitosan to get UV-polymerizable functionality. The polysaccharide solution was then photocured
in the presence of Irgacure 184 to obtain hydrogels via free radical polymerization. The
synthesized hydrogels showed biocompatibility for cell growth along with mechanical strength in
their applications for tissue engineering. The obtained results show the evidence for increasing
trend for mechanical performance as the degree of functionality increases. There is a range of
properties corresponding to different polysaccharides synthesized, which gives more flexibility of

its application in tissue regeneration.
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CHAPTER 4

Formulation of the polymeric double networks (DNs) for biomedical applications with
physicochemical properties to resemble a biological tissue

4.1 Introduction

Polymeric hydrogels are hydrophilic crosslinked networks that acquire an expanded three-
dimensional structure when at the swollen state!. Although the physio-chemical properties of
traditional hydrogels allow it to be valuable materials for biomedical applications like drug
delivery>, tissue engineering®’, molecular imprinting®, scaffolds®®°, yet they lack
biocompatibility. The rapid evolution of tissue engineering is accelerating the research for
biodegradable and biocompatible materials to make them appropriate for adhesion and
proliferation of different types of cells®!t. Among the synthetic and natural polymers which can

be used for tissue engineering, polysaccharides applications have been of particular interest.

Most traditional hydrogels are generally having low mechanical strength, and elastic properties,
and possesses biocompatibility issues which limits their biomedical application scope'?. In a
hydrogel, the mechanical strength is a property which is used to maintain its original shape, and
the biodegradability along with biocompatibility can allow its adaptation to tissue movement and
reformation®3. But, these two properties can be contradictory'* in the same hydrogels. Therefore,
interpenetrating double networks are proposed to maintain synergy between mechanical properties

and biocompatibility and obtain the desired performance.
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The double network hydrogels are interpenetrating or interlaced polymer networks at the
molecular scale with different properties®®. The properties of double network hydrogels prepared
from two or more different polymer chains were reported to be much better than single polymer
hydrogels'#'®1’. Ordinary single network hydrogels, for example, poly(2-acrylamido-2-
methylpropanesulfonic acid) (PAMPS) is said to have high hydrophilicity, good porosity,
however, it has a compressive stress of only 0.4 MPa, which do not match the articular cartilage-
like compressive strength (~36 MPa) as reported in the literature.'> However, when a double
network of poly(acrylamide) (PAAmM) and PAMPS is produced, the authors indicate a 43 times

higher compressive modulus than the PAMPS gel.

In particular, large numbers of hydrogel materials are from natural polysaccharides, such as
gelatin, chitosan, hyaluronic acid, and many others. They have been rigorously researched for
numerous biomedical applications due to their good biodegradability, biocompatibility, non-
immunogenic performances, and abundant sources. The polysaccharides, gelatin, and chitosan
have been widely used in the synthesis of hydrogels for tissue engineering due to its cell
responsivity and biocompatibility'®. The molecular chains of polysaccharides are linear so that the
hydrogels are stiffer and less elastic, as reported by Li et al. On the contrary, poly(ethylene glycol)-
based hydrogels are biocompatible hydrogels with outstanding elasticity, but its stiffness is low!*.
The three-dimensional porous structured double network hydrogel can be used to stimulate the
combination of properties of both networks to mimic the cell-extracellular matrix. The good point
to note is that the cartilage and other skeletal system tissues are high water-content materials and
also employ crosslinking with a double-network strategy (e.g., highly crosslinked collagen plus

proteoglycan gel) to achieve their mechanical properties along with biocompatibility.
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In the current research, we focused on the synthesis of different double network hydrogels using
poly(ethylene glycol)dimethacrylate, gelatin methacrylate and chitosan methacrylate macromere
as an interpenetrating polymer network. Hence, an UV induced free radical polymerization was
utilized to produce the double hydrogel networks. The physicochemical properties of the resulting

samples were studied as well as fibroblast cell adhesion and proliferation.

4.2 Materials and Methods

4.2.1 Materials

For this research study, three varieties of linear poly (ethylene glycol) (PEG) were used: PEG (Mw
~ 4000 g/mol) purchased from Bean Town Chemicals (BTC) (US), PEG (Mw ~ 6000 g/mol) and
PEG (Mw ~ 8000 g/mol) which were purchased from Acros Organics (US). Gelatin powder (Type
A, ~300 bloom) purchased from Electron Microscopy Sciences (US). Chitosan (>85%
deacetylated) was purchased from Alfa Aesar (US). Methacrylic anhydride was purchased from
Thermofisher Scientific Inc. (US). Dulbecco’s phosphate buffered saline (DPBS) and acetic acid
were purchased from VWR (US). Photoinitiator, 1-hydroxycyclohexyl phenyl ketone (Irgacure
184) was purchased from TCI (US), while the UV light source used (UVLS-28 EL Series UV
Lamp) was manufactured by Analytik Jena (US). Lysozyme purchased from Thermofisher
Scientific Inc. (US) was used for the degradation studies. Fibroblast cells were brought
commercially (CCL 110; ATCC, VA). Cells were cultured in DMEM (Gibco, Gaithersburg, MD)
supplemented with 10% v/v fetal bovine serum (Gibco, Gaithersburg, MD). MTT (3-(4,5-
Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) salt was brought from Invitrogen (NY),

and Live and Dead Double Staining Kit was bought (Abbkine, China).
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4.2.2 Methods

4.2.2.1 Preparation of hydrogel based on double networks (DN)

The individual polymeric systems (PEGDMA, GelMA and ChMA) were first synthesized
separately. Briefly, poly(ethylene glycol) (PEG) was mixed with 10 molar excess of methacrylic
anhydride via microwave synthesis to obtain the PEGDMA samples. Gelatin methacrylation was
carried out using 5% (w/v) in Dulbecco’s phosphate buffered saline (DPBS) and methacrylic
anhydride (35.67 molar excess) at 60°C. It was then dialyzed for purification followed by
lyophilization at 4 MPa and -50°C to obtain the pure gelatin methacrylate (GelMA) and stored at
-80°C until further use. Chitosan methacrylation was carried out using 3% (w/v) in 1-2% (w/v)
acetic acid aqueous solution and methacrylic anhydride (35.67 molar excess) at 25°C and was
freeze-dried at 4 MPa and -50°C to obtain the pure chitosan methacrylate (ChMA) and stored at -

80°C until further use.

The double network-based hydrogels were synthesized in two ways- (1) by dissolving 10% (w/v)
of GelMA and 10% (w/v) of PEGDMA in DPBS buffer and (2) by dissolving 10% (w/v) ChMA
and 10% (w/v) of PEGDMA in distilled water. Likewise, different varieties of PEGDMA-GelMA
DN hydrogels were synthesized using three different PEGDMA samples with different molecular
weight, 4000, 6000 and 8000 Da as shown in Table 4.1. Irgacure 184 (2% wi/v) was used as a

photo-initiator for free-radical photopolymerization reaction (Figure 4.1).
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Poly(ethylene glycol)  Gelatin Methacrylate (GelMA) Double Network (DN)
dimethacrylate or Chitosan Methacrylate Hydrogel
(PEGDMA) (ChMA)
Figure 4.1: Photopolymerization reaction to obtain DN hydrogels
Table 4.1: Nomenclature of Double Network hydrogels
Double Network | e snna 4000 | PEGDMA 6000 | PEGDMA 8000
Hydrogels
GelMA (7%) PAG7% P6G7% P8G7%
GelMA (16%o) P4G16% P6G16% P8G16%
GelMA (21%) P4G21% P6G21% P8G21%
ChMA (40%) NA NA P8C40%

4.2.2.2 Characterization of double networks

Infrared spectra of the starting materials- PEGDMA powder, GeIMA and ChMA, and final
products- PEGDMA-GelIMA DN and PEGDMA-ChMA DN hydrogel were measured by
attenuated total reflection (ATR) method using a Thermo Nicolet 6700 Fourier transform infrared
spectrometer. The spectrums were analyzed using OMNIC 7.3 software. All spectra were recorded

between 400 and 4000 cm™* over 256 scans with a resolution of 4 cm™,
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The morphological structure of the hydrogels was investigated by scanning electron microscopy
(SEM, Zeiss EVO 50 VP-SEM, Carl Zeiss Microscopy, LLC, White Plains, NY) to obtain the
topological characteristics of the hydrogels. After photo-crosslinking, swollen hydrogels were
lyophilized in a freeze dryer. The fractured surfaces of pre-chilled hydrogels in liquid nitrogen
were studied by SEM. The samples were mounted on aluminium support stubs with double stick
tape or fingernail polish. Then the stubs were sputtered with gold (EMS Q150R sputter coating
device) prior to SEM observations. The average pore size of the samples was quantified using

ImagelJ software.

Hydrogel samples were lyophilized in a freeze dryer and weighed to obtain dry sample weight
(Wa). Then, samples were immersed in distilled water to swell at room temperature for about 48
hours. The swollen hydrogels were removed from the water after wiping excess water on the
surface and weighed to obtain a wet sample (Ww). Swelling ratios were calculated using the
following equation:

Wyw—Wgq

Mass Swelling (%) = (W—) * 100 Equation 1
d

Modulated differential scanning calorimetry (DSC) (modulate + 0.531°C every 60 seconds using
a heating rate 5°C/min) was carried out to observe the change in crystallization temperature (T¢),
melting temperature (Tm) and enthalpy of melting (AHm) of the polymer networks. Polymer
crystallinity can be determined with DSC by quantifying the heat associated with melting (fusion)
of the polymer. This heat is reported as percent crystallinity (% Xc)*°® by normalizing the observed

heat of fusion (A Hm) to a 100% crystalline sample of the same polymer (A H%= 196.8 J/g)%.
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Table 4.3 gives the quantification of crystallinity (from equation 2, where Werystanine IS the weight
of crystalline part in the double network hydrogel) in the PEGDMA based on reversible heat flow.

Xc (%) = [A Hm/ (A Hom* Wcrystalline)] *100 Equation 2

The mechanical properties of the hydrogels were tested with the help of a dynamic mechanical
analyzer (DMA) TA Instrument RSAIII. Compression testing analysis was carried out according
to the ASTMDG695-152 on the specimens with 5 mm diameter and extension rate -0.067 mm/s at
room temperature using the cylindrical compression geometry, performed for 3-6 replicates. From
this data, the compression modulus was determined. Rheological measurements were obtained
using a TA Instruments Rheology Advantage AR parallel plate rheometer fitted with 25 mm
aluminum plate in the presence of air and at room temperature. Cylindrical samples (15 um
diameter and 1000 um thickness) were cut and placed for strain sweep and frequency sweep
experiments. From the strain sweep experiment performed at 1Hz, 0.5% strain was selected (in the
linear elastic range), which was then used as the constant strain in the oscillatory frequency sweep
experiments. Tensile tests were performed according to the ASTM standards ASTM D1708-9322.
The tensile analysis was carried out on rectangular swollen hydrogels specimens with 15 mm
initial length, using an extension rate of 0.1667 mm/s, for 3-6 replicates. During tensile testing,
data for any hydrogel that slipped off the clamped area or broke as a result of being next to the

metallic surface was not considered. From this data, the tensile modulus was determined.

The biodegradation analysis of double networks was performed in distilled water containing 600-
900 mg/L of lysozyme??* at 37°C. Enzymatic degradation was monitored for four (4) weeks,
while the enzyme solution was refreshed once. At a predetermined time (1, 2, 3, and 4 weeks),
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samples were removed from the medium and dried thoroughly. The weight of samples before (my)
and after (my) the in-vitro degradation was measured and degree of degradation (%) was

determined relative to respective weight loss to the initial weight of the sample as follows:

ml-m2

Degree of Degradation (%) = ( —

) * 100 Equation 3

4.2.2.3 Fibroblast cell attachment and proliferation on the hydrogel scaffolds

Fibroblast cells were cultured in DMEM media with 10% FBS and 1% Penicillin-Streptomycin
antibiotic solution at 37°C in a 5% CO: incubator. The scaffolds were sterilized under UV for 30
minutes, followed by placement in a sterile plate with DMEM-10 media overnight. Following day
fibroblast cells were seeded (50,000/well) on scaffolds. The scaffolds plated with cells were
maintained in 5% CO; incubator at 37°C. The cells were regularly monitored by using an optical

microscope.

Cell viability of cells grown on scaffolds was measured by MTT (3-(4, 5-dimethyl-thiazol-2-yl)-
2,5-diphenyl-tetrazolium bromide) dye reduction. Fibroblast cells were seeded in a 96-well plate
at a density of 20,000 cells per well in DMEM containing 10% FBS and grown overnight. At
periodic time intervals, 10 uL of MTT (0.5 mg/ml) in sterile-filtered PBS was added to each well
and incubated for 3 h to allow the formation of formazan crystals at 37 °C. DMSO (200 pL) was
added to each well after incubation to dissolve the MTT formazan crystals and incubated for
another 60 min at 37°C The absorbance of formazan products was measured at 570 nm using a
microplate reader (Synergy LX, BioTek). The percentage of live cell death was obtained by the

difference between the absorbance of control cells and cells grown on scaffolds.
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The seeding efficiency of fibroblast cells on hydrogels was investigated by plating 20,000 cells on
the surface of each scaffold in a 48 well cell culture plate in100ul of media and incubated in 5%
CO2 incubator at 37 °C. After 30 min, an additional 200 pl of media was added and incubated.
MTT assay was performed after 2 hours of incubation to calculate the number of seeded cells. A
96-well without scaffold was plated with cells and was used as a control. Seeding efficiency was
calculated using the following equation where C is the absorbance of control cells and T is the

absorbance of cells on the scaffold.

Seeding ef ficiency (%) = (%) * 100 Equation 4

4.3 Results and Discussion

4.3.1 Characterization of double networks

FTIR analysis of the PEGDMA-GelMA and PEGDMA-ChMA double networks after the free
radical polymerization was performed, and the resulting FTIR spectra comparing the final

networks with the original counterparts are displayed in Figure 4.2 (a-f).

In the GelMA spectrum (Figure 4.2a), particularly, the peaks 1529 cm™ and the broader peak of
3321 cm! corresponds to N-H stretch of amide (11)2%'. The peaks visualized at 2938 and 1633
cm™ represent C-H stretch and C=0 stretching vibrations in GelMA spectrum?®. The peaks
corresponding to N-H and C=0 are also seen in the spectrum of PEGDMA-GelMA DN, which
gives the evidence for the presence of GelMA polymer in the double network hydrogel. Similarly,
the FTIR spectrum of ChMA (Figure 4.2b) depicts the peaks at 2930 and 1666 cm™ that visualizes

the C-H and C=0 stretches of amide group, respectively?®?®, Moreover, the 1055 cm™ peak
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belongs to C-O-C stretch and the 1543 cm™ represented N-H of amide (11) stretching mode?® in

ChMA spectrum. The peaks corresponding to N-H, C=0 and C-O-C are also seen the spectrum of

PEGDMA-ChMA DN, which gives the evidence for the presence of ChMA polymer in the double

network hydrogel. Also, PEGDMA marks its presence in both of these double networks as the

strong bands at ~2880 cm™ and ~1466 cm represents C-H bonds

2930 are present in the spectra of

PEGDMA as well as DNs. The bands at ~1140 cm™ and ~960 cm represent the asymmetrical C-

O-C stretching mode®! are clearly seen in PEGDMA-GelMA, PEGDMA-ChMA and PEGDMA

spectra.
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Figure 4.2: FT-IR spectrum for a) GelMA (21%), PEGDMA (8000 Da) and PEGDMA-GelMA
DN, b) ChMA (40%), PEGDMA (8000 Da) and PEGDMA-ChMA DN

Figures 4.3 (a-d) show the SEM micrograph of the freeze-dried DN hydrogels. These pictures

reveal a well-defined 3D porous network of the hydrogel with an average pore size ~76 um (Table
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4.2) for DN hydrogels. The average pore sizes of PEGDMA 4000Da, 6000Da, 8000Da, GelMA
(21%) and ChMA (40%) are listed in Table 4.2 for the comparison of single networks with the DN
hydrogels. It shows pore size decreases, followed by an increase as we change the molecular
weight of PEGDMA from 4000 Da to 8000 Da. The observed trend is the result of two effects,
molecular weight of PEGDMA and degree of methacrylation of GeIMA. As the molecular weight
of PEGDMA increases, there is an increase in the molecular weight between the crosslinking
points, which increases the pore size. However, as the degree of methacryation of GelMA
increases, the number of pores among the crosslinking points becomes small, which gives a smaller

pore size.
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Figure 4.3: SEM image of a) P4G21%, b) P6G21%, ¢) P8G21% and d) P8C40% DN hydrogels
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The porous structure is crucial for the cell dwelling, proliferation and cell culture on polymer-
based hydrogel; on the other side, this open architecture affects the swelling and mechanical

properties of the hydrogel, as can be observed in the following section.

Table 4.2: Comparison of morphology and swelling behavior for DN hydrogels

Pore Size Swelling Ratio
(um) (%)
PEGDMA 4000 61 1400 + 230
PEGDMA 6000 72 1500 + 64
PEGDMA 8000 87 1900 + 140
GelMA (21%) 27.4 475+ 122
ChMA (40%) 68.1 2208 + 240
P4G21% 74.1 708 + 39
P6G21% 64 588 £20
P8G21% 79.5 678 + 30
P8C40% 88.2 2033 + 463

The water uptakes (%) of the synthesized DN hydrogels were calculated using equation 2. The
obtained water uptake percentages are reported in Table 4.2 shows a decrease followed by an
increasing effect. The observed trend is the result of two effects, molecular weight of PEGDMA
and degree of methacrylation of GeIMA or ChMA. As the molecular weight of PEGDMA is
increased, the water uptake (or swelling ratio) is also increased. As the molecular weight of
PEGDMA increases, there is an increase in the molecular weight between the crosslinking points,
which increases the ability to swells. Nevertheless, the increase in the degree of methacrylation of
GelMA decreases the water uptake. As the degree of methacrylation of GelMA increases, the
number of pores among the crosslinking points becomes small, which gives less room for

absorption.
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Table 4.3: Characterization of the crosslinked DN hydrogels

Tm | A Hm [Crystallinity Compressive Shear Tensile Degradative
o) | wrg) (%) Modulus Modulus Modulus weight loss (%)
(kPa) (kPa) (kPa)
PAG21% |22.83]17.93 18.2 841+1.1 3.67+0.05 84+23 39+1.6
P6G21% | 29.57 | 25.37 25.8 10.8+2.3 6.42+0.86 | 13.9+26 34+12
P8G21% |44.23]27.79 28.2 9.97+1.2 404+085 | 16.1+3.7 32+11
P8C40% | 27.33| 7.15 7.3 77.6+11.0 138+1.1 21.2+6.7 37+13
GelMA
(21%) NA NA NA 30472 40+£0.6 NA 16+ 3.8
ChMA
(40%) NA | NA NA 33.0+9.2 56+0.9 NA 35+55
PEL%ISSAA 48.42 | 70.57 35.9 177 2.7+0.73 13.1+6.5 23+1.1
PE(%ISSAA 56.31 | 109.3 55.5 18.8+6 431+0.68 | 20.7+6.1 24+1.2
PE&%SAA 57.93 | 151.6 77.0 16.5+4 1.9+0.43 31.3+9.7 28+1.4

Table 4.3 summarizes the heat of melting (A Hm) and melting temperatures (Tm) of the
synthesized DN hydrogels. As the molecular weight of PEGDMA increases in the DN hydrogel,
the crystallinity increases. Due to the increase in the molecular weight of PEG between
crosslinking points, the linear PEG structure crystalized. As a result, the heat of melting increases
and the melting temperature elevates hence. This tendency is the result of the reduced segmental
mobility of the network due to the crystalline phase. Similar results have also been reported in the

literature?0%2,
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The mechanical behavior of the hydrogels is reported in Table 4.3. It can be observed that the
compressive and shear modulus show an increase followed by a decreased effect, as the molecular
weight of PEGDMA is increased. As explained, two factors are affecting modulus of the network,
the crosslinking density, and the induced crystallinity. As we increase the molecular weight of
PEGDMA, the molecular weight of the linear PEG increases the ability of the linear chains to
crystalize, thus, increases the modulus. However, at higher molecular weight, the decrease of the

crosslinking densities overpowers the effect of the crystallinity, reducing the modulus.

Moreover, from Table 4.3, it can be concluded that the trend of tensile modulus of DN hydrogels
is similar to what we observe in different PEGDMA networks. Hence, to conclude, the tensile

property in DN hydrogels is governed by the PEGDMA network in the double network hydrogels.

Figure 4.4 shows the degradation behavior of synthesized DN hydrogels with degradative weight
loss for specific variety over a period of 8 weeks. In these experiments, a lysozyme solution served
as the medium for biodegradation studies, which is similar to the physiological conditions found
in the human body, which undergo normal metabolism of degradation. As the exposure to the
lysozyme enzyme solution increased, the degree of degradation was also increased. It can be
observed in figure 5, the DN hydrogel with the higher crosslinking density (lower molecular
weight between crosslinking points) degrades at a slower rate as compared to PEGDMA 8000 Da.
Moreover, having the larger pore size, PEGDMA 8000 allows a higher amount of the lysozyme

solution to penetrate and degrade of the hydrogel.
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Figure 4.4: Degradation rate profile for different varieties of DN hydrogels with lysozyme

Figure 4.5 shows the morphology of DN hydrogels after 21 days of degradation. From the scanning

electron microscopy (SEM), it is possible to observe the effect of the degradation process, as the

porous structure collapses and fibrillar structures are formed.
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Figure 4.5: Effect on the morphology after 3 weeks of degradation of following DN hydrogels a)
P4G21%, b) P6G21%, c) P8G21%, and d) P8C40%

4.3.2 Cell growth and proliferation on the hydrogel scaffolds

Our cell studies indicated fibroblast cell attachment and growth on the designed hydrogels for up
to 7 days. Since the scaffolds are in the 3D architecture, the cells grown into the porous structures
so that it becomes hard to count the actual number in the scaffolds. However, the cells in the
scaffolds were confirmed by staining with Live/dead stain. Seeding efficiencies for our designed
scaffold P4G21%, P6G21%, P8G21% and P8C40% were 76.4%, 78.8%, 61.8% and 72.9%

respectively. Cell viability was estimated using MTT assay and showed viable cells up to 7 days
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(Figure 4.6). However, the viability of cells decreased almost by 42-46% in 7 days on the designed

scaffolds.
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Figure 4.6: Cell viability of Fibroblast cells by MTT assay

4.4 Conclusion

PEGDMA-GelIMA and PEGDMA-ChMA double network hydrogels were synthesized using
PEGDMA macromer of different molecular weights (4000 Da, 6000 Da and 8000 Da) and
modified polysaccharides such as GeIMA and ChMA. Hydrogel samples undergo simultaneous
free radical polymerization reaction in the presence of Irgacure 184 to obtain crosslinked double
network (DN) hydrogels. The characterization of hydrogels illustrated their viability,
biocompatibility, and mechanical strength for their applications in tissue engineering.
Biodegradability and mechanical properties both are obtained synergistically using double

networks (DN), thus making it more like living tissues. Also, performed for cell culture and
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proliferation studies in our research work suggest, double network hydrogels have the potential to

become functional for tissue regeneration inside the human body.
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CHAPTER 5

Design and synthesis of stereolithography (SLA) 3D printed poly (ethylene glycol)
diacrylate (PEGDMA) based hydrogels for biomedical applications

5.1 Introduction

Additive manufacturing is a new technique utilized to produce complex-structured. In the medical
field, it has the potential to be used to repair or replace damaged or diseased human tissues and
organs. The flexibility and the level of control available by these computer-aided technologies to

design and fabricate tissue scaffold expedite our understanding of tissue formation and function?.

The fundamental concept underlying tissue engineering is to develop complex tissue structures to
mimic native organs and tissues'?. Besides the physicochemical properties of the scaffold, the
micro-architecture of the constructs is essential for the tissue formation process. Three-
dimensional (3D) printing technique is reported to have precise control over the developed
structures than other methods?3. Therefore, customization of very complex structures such as
tissue scaffolds with required porosity, permeability, and other required properties is made
possible?. The significant advantages of 3D printing in the medical field have been made possible
the creation of complex structures within a short period, with high precision, and patient-specific
designs. Among the different 3D printing techniques, fused deposition modeling (FDM), direct
ink writing (DIW), selective laser sintering (SLS), and stereolithography (SLA) are the most
commonly considered for medical applications. In particular, SLA method is used in
manufacturing scaffolds where the curing process takes place without affecting the sharpness and

resolution of the printed material®.
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Stereolithography (SLA) is one of the most commonly used technique where the 3D object is
fabricated by selective photo-initiated cure reaction of a polymer in a layer by layer way'"
4, Although it is one of the few techniques with accuracies comparable to the size of a cell, yet the
system has not been developed enough that enables handling materials® with different
compositions. Significant advances in work have been made using other techniques like DIW>5
and inkjet printing®’. However, these techniques had issues with dispensing of highly viscous

liquid from cartridges or syringes through a nozzle?.

Photo-crosslinkable biopolymers, including hyaluronic acid®'°, chitosan'**?, and gelatin'®
derivatives, have been considered as one of the many biomaterials for SLA printing. Although
natural polymers or hydrogels allows the desired microenvironment for simulating the native
extracellular matrix for cell attachment and proliferation, there is a limitation in tuning properties
of these polymers. Therefore, it is recommended to combine these natural polymers with synthetic
polymers to obtain a more stable entity with synergy in properties. The synthetic polymers based
on poly(ethylene glycol)**¢ are the most commonly used in 3D printing. Sometimes a single
network may not promote adequate cellular adhesion or mechanical performance, but if combined
with other polymeric systems can help in tuning the properties such as performance, printability

adhesion, etc?.

In this work, we focused on the synthesis of different types of bioink formulations from
biopolymers like poly(ethylene glycol)diacrylate (PEGDA), poly(ethylene glycol)dimethacrylate
(PEGDMA), gelatin methacrylate (GelMA) and chitosan methacrylate (ChMA). The bioinks were

3D printed in the presence of a photoinitiator (Darocure TPO) using the stereolithography
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technique. Chemical, mechanical, and physical characteristics of these hydrogels were studied to

create medical scaffolds.

5.2 Materials and Methods

5.2.1 Materials

In this study, linear poly (ethylene glycol) (PEG) was used: PEG (Mw ~ 8000 g/mol) purchased
from Acros Organics (US). Gelatin powder (Type A, ~300 bloom) was purchased from Electron
Microscopy Sciences (US), and chitosan (>85% deacetylated) was obtained from Alfa Aesar (US).
Methacrylic anhydride was purchased from Thermofisher Scientific Inc. (US). Dichloromethane
(DCM) and anhydrous diethyl ether were purchased from VWR International LLC (US). Poly
(ethylene glycol) diacrylate (PEGDA) (575 Da) was purchase from Sigma Aldrich (US). Acrylic
acid (AA) and trimethylolpropane triacrylate (TT) were purchased from Alfa Aesar (US).
Dulbecco’s phosphate buffered saline (DPBS) and acetic acid were purchased from VWR (US).
Photoinitiator, 2,4,6-Trimethylbenzoyl-diphenyl-phosphineoxide (Darocure TPO) was purchased
from TCI (US), while the UV light source used (UVLS-28 EL Series UV Lamp) was manufactured
by Analytik Jena (US). The photon stereolithography (SLA) 3D printer was purchased from

Shenzhen ANYCUBIC Technology Co., Ltd (China).
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5.2.2 Methods

5.2.2.1 Preparation of the bioink formulation

The individual polymeric systems PEGDMA, GelMA, and ChMA were first synthesized as
described in the previous chapters. Briefly, poly(ethylene glycol) (PEG) was mixed with 10 molar
excess of methacrylic anhydride via microwave synthesis to obtain the PEGDMA samples. Gelatin
methacrylation was carried out using 5% (w/v) in Dulbecco’s phosphate buffered saline (DPBS)
and methacrylic anhydride (35.67 molar excess) at 60°C. It was then dialyzed for purification
followed by lyophilization at 4 MPa and -50°C to obtain the pure gelatin methacrylate (GelMA)
and stored at -80°C until further use. Chitosan methacrylation was carried out using 3% (w/v) in
1-2% (w/v) acetic acid aqueous solution and methacrylic anhydride (35.67 molar excess) at 25°C
and was freeze-dried at 4 MPa and -50°C to obtain the pure chitosan methacrylate (ChMA) and
stored at -80°C until further use. Finally, four types of bioink formulation based on multiple
polymer network hydrogels were synthesized; the composition are summarized in Table 5.1.
Darocure TPO, 2% (w/v) was used as a photoinitiator in the final mixture of bioink before

proceeding to the SLA 3D printing step.
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Table 5.1: Composition of Bioink formulation

PEGDMA | PEGDA | GelMA | ChMA | Acrylic TT*
8000 575 (21%) (40%) Acid
100% o o
(weight) 70% 30%
Type 1- 0 0 0
PEGDA 575 0 70% 0 0 25% 5%
Type 2-
PEGDMA- 35% 35% 0 0 25% 5%
PEGDA (1:1)
Type 3-
PEGDMA- 0 0 0 0 0
PEGDA-GelMA 17.5% 17.5% 35% 0 25% 5%
(1:1:2)
Type 4-
PEPGE[()3 AI? l\élﬁ‘M A 17.5% 17.5% 0 35% 25% 5%
(1:1:2)
* trimethylolpropane triacrylate (TT)
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Stereolithography (SLA) 3D printing
PEGDA AA
(575 Da) 1T Platform
Pl
PEGDMA Bloink
(8000 Da) — !
' Resin
T tank
Bioink
(v @osnm) X} --1-1--=---,
Mirror
GeIM,g\r(Zl%) lens
ChMA (40%)

Notes:

1) Photoinitiator (PI)- 2,4,6-Trimethylbenzoyl-diphenyl-phosphineoxide (Darocure TPO)
2) trimethylolpropane triacrylate (TT)

3) Acrylic acid (AA)

4) Poly (ethylene glycol) diacrylate (PEGDA)

5) Poly(ethylene glycol) dimethacrylate (PEGDMA)

6) Gelatin Methacrylate (GelMA)

7) Chitosan Methacrylate (ChMA)

Figure 5.1: Bioink formulation for SLA 3D printing.

5.2.2.2 SLA 3D printing

3D hydrogel samples were printed using stereolithography technique (SLA), as explained in
Figurel. Initially, the bioink was mixed with the Darocure TPO photoinitiator (decomposition
wavelength of 405nm) and then was poured into the resin tank. Then, the bioink was exposed to a
UV laser of 405nm and cured in a layer-by-layer fashion. Finally, the cured resin in the form of
3D printed part is removed from the platform and cleaned to remove excess bioink. The STL file
of the 3D-cellular structure was sliced using photon software
(Photon_workshop_V1.0.0_Basic_Edition) to get a photon file ready to feed the SLA 3D printer.

For SLA 3D printing of cellular structure; the exposure time utilized was 16s/layer over 853 layers
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total, off time was 5s, bottom exposure was 80 s/layer for eight (8) bottom layers, Z lift distance:

4mm, Z lift speed: 3mm/s and Z retract speed: 3mml/s.

5.2.2.3 SLA 3D printed Samples

The following pictures represent different 3D printed structures developed in our laboratory. The

synthesized bioink formulations were 3D printed in different shapes and sizes, such as cellular

ring, complex structure, etc.
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Figure 5.2: 3D printed structures. a) cellular ring (using Type 2 bioink), b) cellular structure
(using Type 2 bioink), c) human ear (using Type 2 bioink), and d) rectangular strips (using Type
3 bioink)
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5.2.2.4 Characterization of 3D printed samples

Infrared spectra of the PEGDMA (8000 Da), PEGDA (575 Da), GelMA (21%), ChMA (40%) and
the 3D printed parts from the four different types were measured by attenuated total reflection
(ATR) method using a Thermo Nicolet 6700 Fourier transform infrared spectrometer. The
spectrums were analyzed using OMNIC 7.3 software to study the functionality of chemical
structures. All spectra were recorded between 400 and 4000 cm™ over 256 scans with a resolution

of 4cm™.

The swelling analysis was performed in hydrogel samples lyophilized in a freeze dryer and
weighed to obtain dry sample weight (Wq). Then, samples were immersed in distilled water at
room temperature for 48 hours to reswell the samples. The swollen hydrogels were removed from
the water and after wiping the excess water on the surface were weighed to obtain the weight of

the wet sample (W.). Swelling ratios were calculated using the following equation:

Wyw—Wgq

Mass Swelling (%) = (W;d) * 100 1)

The mechanical properties of the hydrogels were tested with the help of a dynamic mechanical
analyzer (DMA) TA Instrument RSAIIIl. Tensile tests were performed according to the ASTM
standards ASTM D1708-93%. The tensile analysis was carried out on rectangular swollen
hydrogels specimens with 15 mm initial length, using an extension rate of 0.1667 mm/s, for 3-6
replicates. During tensile testing, data for any hydrogel that slipped off the clamped area or broke
as a result of being next to the metallic surface was not considered. From this data, the tensile

modulus was determined.
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5.3 Results and Discussion

5.3.1FTIR

FTIR analysis of the 3D printed parts (Type-1, 2 and PEGDMA 8000) was performed to
characterize and confirm the chemical crosslinking among the different polymer chains after the
free radical polymerization occurred through stereolithography. The FTIR spectrum (Figure 5.2a)
displays the comparison of characteristic bands at 1722 cm™ in all 3D printed hydrogels in Figure
5.2a, which represent C=0 stretching mode of ester groups*®'°. The strong bands at ~2880 cm'*
and ~1466 cm™* represents the -CHzbonds!®!°, The peaks at ~1092 cm™ and ~946 cm™ represent

the asymmetrical C-O-C stretching mode?°.

Figure (5.2b and c) depicts FTIR analysis of the Type-3 and 4 of the multinetwork bioink after 3D
printing and its comparison with the GeIMA and ChMA counterparts. In the GelMA spectrum
(Figure 2b), the peak at 1589 cm* corresponds to N-H stretch of amide (11)21%. The peaks at 2938
and 1633 cm™ represent C-H stretch and C=C stretching vibrations in GelMA spectrum,
respectively?. Similarly, the FTIR spectrum of PEGDMA-PEGDA-ChMA (Figure 5.2¢) depicts
the peaks at 2930 and 1666 cm™ corresponding to the C-H and C=C stretches of the amide group,
respectively???*, Moreover, the 1055 cm™ peak belongs to C-O-C stretch and the 1543 cm

represented N-H of amide (I1) stretching mode?? in the ChMA spectrum.

To summarize, the peaks corresponding to N-H and C=C are seen with small intensity in the
PEGDMA-PEGDA-GelMA and PEGDMA-PEGDA-ChMA spectra, which gives the evidence for
the disappearance of the C=C functionality present in PEGDMA, GelMA, and PEGDA for the

UV-curing of the bioink to fabricate the 3D printed hydrogel. To highlight, the peak at 1636 cm™,
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assigned to the C=C, which is seen as a small peak or disappears in all of the spectra, shows the

success of the free radical polymerization reaction carried out in stereolithography process as the

bioink is cured.
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Figure 5.3: FT-IR spectrum for a) Type 1 (PEGDA) and Type 2 (PEGDMA-PEGDA) bioink
formulations, b) Type 3 (PEGDMA-PEGDA-GelMA) bioink, ¢) Type 4 (PEGDMA-PEGDA-

ChMA) bioink formulation
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5.3.2 Mass Swelling

The water uptakes (%) of the synthesized DN hydrogels were calculated using equation 2. The
obtained water uptake percentages are reported in Table 5.2. It can clearly be observed that the is
a considerable increase as the polysaccharides like GelIMA and ChMA are utilized in the bioink
formulation. From Chapter 3, we have reported that the GelMA and ChMA have larger pore sizes.
Therefore, the 3D printed structures from Type 3 and 4 bioinks give more swelling tendency.
Moreover, the crosslinking is higher in the case of Type 1 and 2, which determines that the swelling
behavior is low. PEGDMA 8000 swells the most when it is printed in the absence of crosslinking
system (acrylic acid-AA and trimethylolpropane triacrylate-TT), as the hydrogel is least

crosslinked in that case which allows maximum room for absorption.

Table 5.2: Characterization of 3D printed hydrogels

swellin Elastic
SLA 3D printing (%) g Modulus
(kPa)
PEGDMA 8000
(absence of AAand TT) 1937 + 141 21.3£9.5
Type 1- PEGDA 575 3243 1151.7 + 484.8
Type 2- PEGDMA-PEGDA (1:1) 40+6 2056.3 + 654.8
(lei)-ezi_ PEGDMA-PEGDA-GeIMA 93 + 19 1505.5 + 406.3

Type 4- PEGDMA-PEGDA-ChMA (1:1:2) | 309 + 14 1611.2 + 716.6

5.3.3 Tensile Modulus

The mechanical behavior of the hydrogels is also reported in Table 5.2. It can be observed that the
trend of tensile elastic modulus of 3D printed hydrogels majorly dependent on the crosslinking

process. The trimethylolpropane triacrylate (TT) and acrylic acid (AA) acts as a crosslinking
132



monomer for the bioink; its presence increases the mechanical performance of the hydrogels. From
the swelling behavior, we can observe that the presence of GeIMA and ChMA tend to increase the
swelling. Therefore, the 3D printed structures from Type 3 and 4 bioinks give low elastic modulus.
Moreover, the crosslinking is higher in the case of Type 2, which determines that the modulus is
highest when both PEGDMA and PEGDA get crosslinked along with the crosslinking system.
PEGDMA 8000 swells the most when it is printed in the absence of a crosslinking system (AA
and TT), as the hydrogel is least crosslinked in that case, which explains the lowest mechanical

property for PEGDMA 8000.

5.4 Conclusion

PEGDMA, GelMA and ChMA based hydrogels samples were synthesized and utilized in
formulating different bioinks. Further, the bioinks were 3D printed in the presence of UV radiation
(405 nm) via stereolithography to obtain crosslinked hydrogels. The characterization of hydrogels
illustrated their mechanical strength in the range 20 kPa- 2000 kPa for their potential applications

in tissue engineering.
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CHAPTER 6

General Conclusions and Future Work

Polymers, like poly(ethylene glycol), gelatin and chitosan, were modified using methacrylation
reaction for allowing it to possess chemical functionality. The chemically modified polymers were
utilized for the synthesis of hydrogels. The compositional information and confirmation for the
presence of specific functional groups like C=C, C=0, O-H, C-H, N-H, and C-O-C were obtained
using the chemical characterization of modified polymers, *H-NMR spectroscopy, and FTIR
spectroscopy. The end functionality in the modified polymers reacted in the presence of UV and

photoinitiator to produce desired hydrogels with porous structures.

In chapter two, the different varieties of poly(ethylene glycol) dimethacrylate (PEGDMA) were
synthesized from poly(ethylene glycol) (PEG) of different molecular weights using microwave-
assisted methacrylation reaction. The PEGDMA hydrogels were produced using different varieties
of PEGDMA by free-radical polymerization in the presence of a photoinitiator (Irgacure 184). The
characterization of these hydrogels suggested that the crystallinity of PEGDMA increases as the
molecular weight increases, but modulus (compressive and shear) remains similar to the change
of molecular weight. Cellular studies with fibroblast cells and enzymatic biodegradability confirm
that PEGDMA hydrogels can be used as material for cell growth and application towards tissue

engineering.

In chapter three, the polysaccharides like gelatin and chitosan were incorporated with methacrylate

functionality. The modified gelatin and chitosan were synthesized by controlling the degree of
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methacrylation of primary amine groups present in the polysaccharides. *H-NMR spectroscopy
and FTIR spectroscopy proved the successful formation of methacrylate functionality.
Methacrylated gelatin (GelMA) and methacrylated chitosan (ChMA) were photocured (365nm) in
the presence of a photoinitiator (Irgacure 184) at room temperature to obtain the hydrogels of
polysaccharide. From the characterization, we can report that increase in the degree of
methacrylation decreases the pore size of hydrogels and mass swelling; but improves the
mechanical and rheological performance of the hydrogel. Cellular studies with fibroblast cells and
enzymatic biodegradability confirm that GeIMA and ChMA hydrogels can be used as material for

cell growth and application towards tissue engineering.

In chapter four, the properties of poly(ethylene glycol) dimethacrylate (PEGDMA) macromer and
the modified polysaccharides were combined in double networks (DN) for synergistic effects of
unique properties of both components resulting in the interpenetrating polymeric network for
making it functional for replacement of injured tissues inside the human body. The different DNs
were synthesized using PEGDMA, GelMA and ChMA with different combinations and were
photocured (365nm) in the presence of a photoinitiator (Irgacure 184) at room temperature to
obtain the double network hydrogels. FTIR spectroscopy confirmed the successful interpenetration
of the double networks within a hydrogel. Excellent mechanical and morphological behavior,
along with cellular studies with fibroblast cells and enzymatic biodegradability, confirms that DN

hydrogels can be a good candidate for tissue-engineered scaffolds.

In the final chapter, the synthesized PEGDMA, GelMA, and ChMA were used to formulate

different types of bioinks, which can be used for stereolithography (SLA) 3D printing. The
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varieties of bioinks were fed to printed and then underwent layer-by-layer photocuring at 405 nm
in the presence of photoinitiator, 2,4,6-Trimethylbenzoyl-diphenyl-phosphineoxide (Darocure
TPO). Acrylic acid (AA) and trimethylolpropane triacrylate (TT) were used as a crosslinking
system for better interlayer adhesion. The properties of the hydrogel allow it to undergo 3D

fabrication for a complex-structured scaffold for particular tissue engineering.

In general, polymeric hydrogels materials can be used in medicine due to their similarity with the
biological components of the body. These biocompatible materials like poly(ethylene glycol) and
polysaccharides have the potential to promote cell proliferation and tissue support because of their
hydrophilic nature, porous structure, and elastic properties. Controlling the chemical
transformation (degree of methacrylation) and molecular structure, it can be observed that the
hydrophilicity, mechanical properties, and cell responsivity of modified polysaccharides can be
tuned for different tissue engineering applications. The results show that we have a range of elastic
modulus and degradation rate of hydrogels, which can be targeted for various biomedical
applications. The future of this research will involve a detailed understanding of bioprinting and
feasibility for generating patient-specific tissue-engineered scaffolds. The understanding of these
hydrogels for different drug delivery applications as well as with different cell lines is required for
targeting the applications inside human body. In the field of additive manufacturing, it is required
to consider the printability of SLA 3D printing along with hydrogel based bioinks. Moreover,
challenges of interlayer adhesion, viscosity of bioink and improper printing needs more research

for better applicability of these hydrogel based bioink in the biomedicine.
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