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Abstract

Cardiac failure induced by myocardial infarction is believed to be one of the primary causes
of morbidity and mortality all over the world. Affecting more than 26 million people worldwide,
its prevalence has been observed to increase steadily. Myocardial infarction, which intitially begins
as the occlusion of of a coronary artery, results in the death of millions of cardiomyocytes by
obstructing blood flow to the serviced regions of the myocardium. The dead myocardium is
replaced by a dense,collagenous scar which reduces the contractility of the heart, gradually leading
to heart attacks. Most of the existing treatment therapies are palliative in nature and while slowing
down the progression of the disease, have not been successful in regenerating the cardiac tissue
that has sustained injury following myocardial infarction primarily due to the limited regenerative
ability of the cardiac cells. This has become a major cause of concern and has prompted researchers
and scientists all over the world to investigate other forms of treatment such as stem cell therapy
and tissue engineering to reverse the effects of myocardial infarction-induced cardiac cell death in
an effort to restore the functional ability of the heart.

This dissertation explores the feasibility of tissue engineering “cardiac patches” via
extrusion based 3D bioprinting technology by combining biomaterials, cells and other soluble
factors. This study is novel since we employed furfuryl-gelatin, which is a visible light
crosslinkable derivative of porcine gelatin, as the base material for our bioink in tandem with
fibrinogen to generate cardiomyocyte-laden scaffolds which exhibited high cell viability and
retention, in addition to possessing mechanical properties resembling those of the native
myocardium. The outcomes of our experiments show that there is great promise in adopting the
fibrin-gelatin based bioinks, specifically for the fabrication of cardiac tissues, and can potentially

open up new avenues in the field of regenerative medicine if adopted into clinical trials.
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Chapter 1: Introduction

Materials science, the study of the properties of materials and their applications to various
areas of science and engineering (Figure 1.1), has been a topic of great fascination for scientists
and researchers all over the world since the 1940s. Most of the pressing scientific problems around
the world are due to the limits of materials that are available and the manner in which they are
used. For the same reason, breakthroughs in the field of material science can significantly alter
the future of technology. Material scientists endeavor to understand how the processing of a
material can affect its structure and thus, influence its properties and performance. The knowledge
of the processing-structure-properties-performance relationship is known as the “Materials
Paradigm”. Although the knowledge of the Materials Paradigm has been extensively used to
acquire a deeper understanding in various areas of research such as metallurgy and
nanotechnology, its impact on the field of biomaterial research for applications in regenerative
medicine and medical therapeutics has been astounding. The need for improved medicine for the
amelioration, correction, and prevention of dysfunction in health does not seem likely to ever
disappear [1]. The field of biomaterial research encompasses two closely related areas of interest,
namely the application of engineering principles to understand how living organisms function and
utilization of engineering technologies for designing and developing diagnostic or therapeutic
instruments or for formulating novel biomaterials for medical applications [2] in the form of
prosthetic implants or tissue engineering scaffolds for the replacing damaged or diseased hard and
soft tissues within the body (Figure 1.2) respectively or for developing high fidelity models to
study disease morphology and progression, and for drug screening and cytotoxicity tests. Some of
the important criteria that govern the selection of biomaterials include host response,
biocompatibility, biofunctionality, toxicology, appropriate design and manufacturability,
functional tissue structure and pathobiology, mechanical properties, high corrosion and wear

resistance [3].



Many notable advances and breakthoroughs in the healthcare industry have been made
possible by biomaterials research. Some of the healthcare areas in which biomaterials have been
successfully employed primarily for cardiovascular and orthopedic applications, besides other
fields such as dentistry, plastic medical procedures, wound repair, ophthalmology and
neurology. Additionally, they have also been extensively utilized in advanced healthcare
technologies such as cosmetic surgeries, tissue engineering, medical implants and advanced
drug delivery. The largest share in biomaterials in the global market has been held by North
America since 2017, from a geographical standpoint (Table 1.1). This growth maybe an
outcome of various technological and mechanical progressions, high utility of medical services,

growing geriatric population, and higher medical insurance coverage.
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Figure 1.1: Applications of materials science and engineering in the present day
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Table 1.1: Biomaterials in the U.S. Healthcare Market [4]

Total U.S. healthcare expenditure (2000)

$ 1,400,000,000,000

Total U.S. health research and development (2001)

$ 82,000,000,000

Number of employees in the medical device industry (2003) 300,000
Registered U.S. medical device manufacturers (2003) 13,000
Total U.S. medical device market (2002) $ 77,000,000,000
U.S. market for disposable medical supplies (2003) $ 48,600,000,000
U.S. market for biomaterials (2000) $9,000,000,000
Individual medical device sales:

Diabetes management products (1999) $ 4,000,000,000

Cardiovascular devices (2002) $ 6,000,000,000

Orthopedic-muskoloskeletal surgery US market (1998) $4,700,000,000

Wound care U.S. market (1998)
In vitro diagnostics (1998)

$ 3,700,000,000
$ 10,000,000,000

Number of devices (U.S.):
Intraocular devices (2003)
Contact lenses (2000)
Vascular grafts
Heart valves
Pacemakers
Blood bags
Breast prostheses
Catheters
Heart-lung (Oxygenators)
Coronoary stents
Renal dialysis (number of patients,2001)
Hip prostheses (2002)
Knee prostheses (2002)
Dental implants (2000)

2,500,000
30,000,000
300,000
100,000
400,000
40,000,000
250,000
200,000,000
300,000
1,500,000
320,000
250,000
250,000
910,000




The past few decades have witnessed an increased incidence of cardiac failure-related deaths
all over the world. Although there are numerous factors that have been found to be responsible for
cardiac failure, myocardial infarction has been hailed as the primary reason for inducing cardiac
failure leading to coronary thrombosis [5]. A myocardial infarction begins with the occlusion of a
coronary artery, obstructing blood flow to the serviced regions of the myocardium [6]. The hypoxic
environment leads to a loss of cardiomyocytes, further triggering an immune response. Fibroblasts
that are recruited to the injury site, deposit extracellular matrix leading to the formation of a non-
contractile scar. As the heart adapts to the changes in its altered mechanical load, it undergoes
maladaptive chronic remodelling that leads to decreased function and heart failure. In a clinical
setting, coronary angioplasty restores blood flow to the myocardium, acutely resulting in the
generation of reactive oxygen species and causing additional damage. Numerous advances in
surgical techniques, better knowledge of pharmacological agents and a deeper understanding of
the risk factors involved have been very helpful in controlling the disease [7]. However, most of
the existing treatment therapies are palliative in nature and while slowing down the progression of
the disease, have not been successful in regenerating the cardiac tissue that has sustained injury
following myocardial infarction. The diseased cardiac tissue is replaced by a collagenous scar
tissue which in turn hampers the contractile ability of the heart triggering cardiac arrests over a
gradual passage of time [8]. This has become a major cause of concern and has prompted
researchers and scientists all over the world to investigate other forms of treatment such as stem
cell therapy and tissue engineering to reverse the effects of myocardial infarction-induced cardiac
cell death in an effort to restore the functional ability of the heart.

To this effect, several clinical trials are underway to assess the safety and efficacy of these
alternate treatment strategies following infarction. Notable among these trials are Cardiac Stem
Cell Infusion in Patients with Ischaemic Cardiomyopathy (SCIPIO), Cardiospehere-Derived
Autologous Stem Cells, to reverse Ventricular Dysfunction (CADUCEUS) and Autologous
Human Cardiac-Derived Stem Cell to treat Ischemic Cardiomyopathy (ALCADIA), all of which

demonstrated how unique cardiac stem cell populations could be safely utilized to induce
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functional improvements in patients who were suffering from severe heart failure [9]. The primary
challenge associated with stem cell therapy is to ensure the adequate retention and survival of the
implanted stem cells [10]. The significance of biomaterials comes into prominence in this regard
as they can be used as scaffolds that could house the cells by providing them with a controlled
environment that would facilitate their growth and proliferation while shielding them from the
harmful environment of the diseased myocardium, following implantation. Numerous studies have
been conducted to develop biomaterial systems that could be fabricated into scaffolds that are ideal
for cardiac tissue engineering by being cytocompatible and tuned to resemble the native

myocardium tissue, both structurally and mechanically.

1.1 Central Hypothesis, Rationale and Specific Aims

The central hypothesis of this dissertation is that 3D bioprinting can be employed to

create a cardiac patch using a combination of various biocompatible materials in optimised
quantities, followed by the addition of cardiomyocytes, resulting in a solution (bioink) that can
be extruded onto a template in a user-specified design (Figure 1.3).

The extensive use of gelatin in the past, as a tissue engineering scaffold on account of its
biocompatibility [11] and low immunogenicity [12], coupled with its easy availability [13] and
low cost [14], prompted the usage of furfuryl-gelatin, which is a chemically-derivatized form of
porcine gelatin, in this research. Using such a novel bioink to engineer cardiac tissue on a dish, our
rationale behind bioprinting is fo provide a hierarchical mechanical support to cells during
tissue regeneration, while simultaenously engineering the properties of the materials with which
the cells come into contact so that the biological response of the cells themselves can be
improved.

The specific aims for each of the studies that were conducted as part of this dissertation have
been enumerated as follows:
e AIM I: To optimize the material composition of a visible light cross-linkable gelatin-based

hydrogel material for bioprinting cells in monolayer and bilayer sheets.
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e AIMII: To explore the ability of this gelatin-based hydrogel towards the printing of a complex
lattice structure infused with cells to compare and contrast with simple rectangular-sheets
printed in the first study.

e AIM III: To extend the application of this gelatin-based bioink to incorporate fibrin (as it is a
naturally derived blood protein) to develop a novel dual crosslinklable bioink that could be 3D
printed into scaffolds for cardiac tissue engineering.

e AIM IV: To validate the superiority of the fibrin based bioink as a cardiac tissue engineering
scaffold by comparing it with a synthetic dual crosslinkable PEGDA-based bioink with similar

mechanical properties.
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Figure 1.3: A schematic representing how tissue engineering can be employed to replace the

diseased myocardial tissue



Chapter 2: Background and overview

2.1 The clinical concern posed by cardiac failure

Cardiac failure remains one of the leading causes of morbidity and mortality in countries
all over the world and its prevalence has been observed to be on a steady rise (Figure 2.1) [15].
Statistical estimates show that over 26 million people have been diagnosed with cardiac failure
worldwide [16], with more than 5.7 million cases being reported in the United States alone [17].
Approximately 50% of the patients were deceased within two years (Figure 2.2) after they were
diagnosed with failure of the heart indicating poor prognosis, despite the numerous advances and

breakthroughs in medical science [17-19].

Top 10 global causes of deaths, 2016
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Source: Giobal Health Estimates 2016 Deaths by Couse. Age. Sex. by Country and by Region. 2000-2016. Geneva, World Health Organization: 2018

Figure 2.1: Mortality resulting from various diseases worldwide, led by ischemic heart
disease and stroke (Source: Global health estimates 2016: deaths by cause, age, sex, by

country and by region, 2000-2016. Geneva, World Health Organization; 2018)
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Figure 2.2: One-year survival of patients after diagnosis of heart failure [20]

Cardiac failure also poses an undeniable financial liability to the healthcare industry and
accounts for about 2% of the total health care expenditure [21]. It has been deemed responsible for
more than 3 million visits to a primary care physician and over 600,000 emergency room visits per
year. Immediate hospital admission is necessary for about 83% of the people who are diagnosed
with cardiac failure with more than 43% of them requiring multiple admissions [17]. Since heart
failure has largely known to be affecting the elderly [22], the ageing population worldwide is likely

to experience medical and financial demands in the future.

2.2 The pathophysiology of cardiac failure

Cardiac failure has been defined as a complex clinical syndrome that is a result of any
structural or functional disorder that can impede the ability of the ventricle to fill with or eject
blood [23]. This eventually triggers classical clinical symptoms such as shortness of breath
(dyspnoea) upon exertion and fluid retention, that are characteristic of cardiac failure, which in
turn can have an adverse effect on the functional ability and quality of life of the patients, with the

latter being significantly impaired by heart failure to a greater extent than any other chronic disease
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[20, 21]. Cardiac failure has been described as a progressive disease accompanied by a tendency
of deterioration in symptoms over time.

Although cardiac failure can stem as a result of any disease that can negatively impact the
blood vessels or the pericardium, myocardium or the endocardium, it has been largely associated
with myocardial infarction that causes the functional failure of the left ventricle (LV). Myocardial
infarction results due to the generation and rupture of atheromatous plaques within the coronary
artery wall, completely interrupting the blood supply to the highly metabolically active myocardial
tissue. This paves the way for tissue ischemia and consequently, the irreversible necrosis of
millions of cardiac muscle cells or cardiomyocytes. The dead myocytes are gradually replaced by
a stiffer collagenous scar tissue comprised of myofibroblasts, which reduces the contractile ability

of the heart and eventually leads to cardiac arrests.

2.3 Current treatment approaches for cardiac failure

The currently employed approaches to treat cardiac failure consider all aspects of the
disease, beginning with the primary prevention by controlling risk factors like hypertension,
obesity, diabetes and coronary disease. The impact of heart disease on public health can be
significantly lowered by identifying the people who are at a higher risk of cardiac failure [23]. The
past decade has witnessed great improvement in revascularization techniques employing
thrombolytic therapy and percutaneous coronary intervention (PCI) with angioplasty and stenting
that promote revascularization and reduce the infarct size, for people who suffer from myocardial
infarction [24]. This has in turn reduced the mortality rate and the possibility of subsequent cardiac
failure. Most patients with established heart failure are administered a combination of medications
involving diuretics, beta blockers, aldosterone-receptor-blockers (ARB) and angiotensin-

converting-enzyme inhibitors (ACEi). Cardiac resynchronization therapy and exercise training
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have also been found to be beneficial for cardiac patients [23]. Cardiac transplantation is the only
available surgical strategy for treating end stage refractory heart failure. However, one of the
biggest challenges of cardiac transplants is the limited availability of donors, with only about 2500
people receiving healthier hearts per year in the US and the negative side effects of long-term
immunosuppression are not to be ignored. Left ventricular assist devices (LVADs) also gained
wide recognition for their ability to serve as a bridge to transplantation by the provision of long-
term hemodynamic support to patients suffering from end stage cardiac failure. However, the use
of LVADs can increase the occurrence of strokes, excessive bleeding, infections and other
thromboembolic events in addition to suffering device failure [25].

Although there have been many advances and scientific breakthroughs in the field of
cardiac research, a treatment strategy that has the potential to address the underlying issue
encountered in most cases of cardiac failure, irreversible loss of functional cardiac cells remains
to be discovered. Therapies that are targeted towards the reversal of the effects of myocardial

injury can significantly save millions of lives worldwide, if harnessed effectively.

2.4 Stem cell therapy as a treatment strategy

Over recent years, stem cell therapy has garnered widespread interest among the scientific
communities as a mode of treatment for cardiac repair and regeneration to ultimately reverse the
damage caused by myocardial injury. Stem cells are considered ideal sources for cardiac
regenerative techniques owing to their infinite potential to self-renew and also differentiate into
other cell-types. The growth of stem cells can be amplified in tissue culture although they are
strictly regulated within the body, making them extremely useful for stem-cell therapy [26].

Stem cells are classified into the following categories based on their cell potency or their

varying ability to differentiate into specialized cell-types:
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e Totipotency — the ability of stem-cells to differentiate into all the cell-types that constitute
an organism and is restricted to a zygote/fertilized egg.

e Pluripotency — the ability of stem-cells to differentiate into any of the three germ layers,
namely the endoderm (inner lining of the stomach, the gastrointestinal tract and the lungs),
the mesoderm (muscle, bone, blood and the urogenital tract) and the ectoderm (epidermal
tissues and the nervous system).

e Multipotency- the ability of stem-cells to differentiate into discrete cell-types.

e Oligopotency — the ability of stem-cells to differentiate into only a few cell-types.

e Unipotency — the ability of stem-cells to differentiate into only one type of cells.
Stem-cells exhibiting pluripotency or totipotency are the most ideal cell-sources for

regenerative therapies since they are theoretically able to replace any damaged tissue within the
body. ESC cardiomyocytes were successfully employed to form human myocardial tissue within
infarcted rat hearts as per studies conducted by Laflamme et al. [27, 28]. Despite the significant
improvements that have been noted in the cardiac function, perfusion and metabolism in
experimental studies, there are multiple challenges such as stem-cell retention and viability post-
implantation, the possibility of teratoma formations and the ethical and immunological issues
associated with the use of ESCs that have restricted their use in human clinical trials for cardiac
research.

However, adult stem cells have been shown to have great promise for cardiac tissue repair
by avoiding the problems of immunosuppression without the complication of ethical concerns.
Numerous types of adult stem cells have been investigated such as cardiac progenitor cells (CPC)
[29, 30], cardiospheres [31, 32], skeletal myoblasts (SkM) [33], adipose derived stem cells
(ADSC) [34, 35] , induced pluripotent stem cells (iPSC) [36] and mesenchymal stem cells (MSC)

[37, 38] among others. The evidence collected from investigations with adult stem cells paved the
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way for numerous human clinical trials employing adult stem cells to treat cardiac failures [39].
There have been multiple experiments conducted to study the effects of adult bone marrow-derived
cells (BMC) in stem cell therapy involving acute myocardial infarction and ischemic heart failure
[33, 40-42]. The results obtained from these studies were mostly inconsistent thereby necessitating
the need for further investigations that standardize aspects like stem-cell processing, timing of
therapy, dosage and route of stem cell administration [43]. There is also the need to examine
clinical end points like mortality and recurrent cardiac events in contrast with radiographical
indices of cardiac function. Although skeletal myoblasts have been widely used in clinical trials,
the limited efficacy and the uncertainty associated with the occurrence of arrhythmias have
restricted their usage.

In spite of the numerous caveats, the trials have been able to provide substantial evidence
suggesting that there is great promise with stem cell therapy for the treatment of myocardial injury.
The safety of these approaches on BMC therapy, with a follow-up time of up to 10 years, has also

been demonstrated [43].

2.5 Drawbacks of existing stem cell therapies

The reparative potential of adult cells like BMC is widely believed to stem from the
paracrine effects rather than direct regeneration of the transplanted cells themselves [39].
Cardiomyocytes have been known to have a very limited capacity for self-renewal and their true
replacement can be possible only by employing pluripotent cells. Scientists have been successful
in reverting adult cells back to their pluripotent state [44] and this could eventually be helpful in
establishing a patient specific cell source that could be employed without the various ethical and

immunological constraints that accompany other pluripotent cell sources.
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However, there are various other issues that are associated with cell therapy that need to
be addressed even if the pluripotent cells are established as a safe and consistent cell source. One
of the primary challenges of stem cell therapy involves problems related to cell-engraftment,
retention and survival. Studies have shown that cells have the tendency to drift away from the
target locations as they are injected in liquid solutions and have no matrix to which they can adhere
to. According to MRI studies of radiolabelled BMC conducted by Hofmann et al., the uptake of
cells into the myocardium after an intracoronary transfer procedure was found to be merely 2.6%,
with negligible retention of cells in the myocardium post-peripheral transfer [45]. A separate study
involving the injection of fluorescent microspheres into the myocardium in animal models, the
retention rates were only found to be about 11% which could be possibly due to the effect of
myocardial infarction [46]. A study performed by Zhang et al. involving neonatal cardiomyocytes
demonstrated that the survival rates were as low as 1 to 33% of the cells surviving 7 days, for the
cells retained within the myocardium [47]. It was also observed that patients who were injected
with a larger dose of cells exhibited better outcomes with respect to those who were given smaller
doses [33]. The success of stem cell therapy is governed by the issues of cell retention and survival,
irrespective of the cell type employed. Hence, there is a need for a multimodal strategy in order to

overcome the issues associated with stem cell therapy.

2.6 Tissue engineering as an alternative treatment strategy

The term “tissue engineering” was first introduced to the scientific community by Langer
and Vacanti in 1993 and has been defined as “an interdisciplinary field that applies the principles
of engineering and life sciences toward the development of biological substitutes that restore,

maintain, or improve tissue function or a whole organ” [48].
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Tissue engineering has been successfully employed ever since its inception and has been
developed into a strategy involving a triad of cells, biomaterial scaffolds and growth factors.
Cardiac regeneration can be best achieved through tissue engineering by applying the right
combination of the appropriate biomaterials, cells and soluble growth factors. It is also imperative
to design the most ideal biomaterial scaffold in order to fabricate a cardiac-tissue-on-a-chip.

A biomaterial has been described as a substance that can be engineered to take a form that
can be used wholly or as part of a complex system, to direct the course of any therapeutic or
diagnostic procedure in humans or animals by controlling the interactions with components of
living systems [49]. New scientific advancements have made it possible for the complex design of
biomaterial scaffolds on a molecular level to direct specific cellular responses to external signals
and stimuli [50], in addition to utilising the bulk properties of biomaterials to facilitate the healing
of body tissues. It is possible to induce and direct the differentiation of proliferating cells by tuning
properties of the biomaterial such as its surface chemistry, topography and other physical
attributes. Further, cell survival is prompted by other cues such as growth factors and signalling
molecules which can be incorporated into the biomaterial scaffold, enhancing the success of the
tissue engineering strategy.

Literature provides ample evidence of multiple ways in which biomaterials have been
successfully employed for the treatment of myocardial infarction [51-54]. Cellular
cardiomyoplasty which can be described as a therapeutic modality involving the injection of
biomaterials that have been loaded with cells and growth factors directly into the damaged
myocardial tissue allowing the in-situ regeneration of the tissue has also been widely practised
[55]. Despite its success, there is always the risk of arrthymogenesis or the erratic beating of the
heart in addition to the possibility of limited cell retention and survival with this method. In other

instances, the biomaterial scaffolds are employed as “patches”, which forms the basis of this thesis.
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These “patches” can be transplanted atop the damaged myocardium to facilitate the transfer of
healthy cells that can replace the diseased cells, in addition to providing mechanical support by
infarct restraint, which can address the issues that limit the efficacy of cellular cardiomyoplasty.
Cardiac patches have been investigated extensively and numerous research groups
succeeded in engineering tissue constructs that could mimic the cardiac tissue. Chen et al. designed
a polyglycerol sebacate based “patch” that could match the mechanical properties of the native
heart tissue and also able to support stem-cell derived cardiomyocytes for upto a period of 3 months
with no adverse effect on the cardiac function [56]. Numerous other studies have also demonstrated
the success of cardiac patches for the treatment of myocardial infarction-induced heart failure [57,

58].
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Chapter 3: Materials and Methods
3.1 Materials
Furfuryl-gelatin (f-gelatin) and fibrinogen (60 mg/mL) were prepared as described below and were
kindly contributed by our collaborators Drs. Park and Ito from RIKEN, Japan and Dr. Willerth
from the University of Victoria, Canada, respectively. Sodium salt of hyaluronic acid (HA; mol
wt ~1.5-1.8 x 10E6 Da) was procured from Sigma-Aldrich (St. Louis, MO, USA). Rose Bengal
(RB) and Riboflavin (RF) were purchased from Thermo Fisher Scientific (Waltham, MA, USA).

Dimethyl Sulfoxide (DMSO) was obtained from Sigma-Aldrich (St. Louis, MO, USA).

3.1.1 Preparation of f-gelatin and its characterization by NMR spectroscopy

Porcine gelatin powder, furfuryl glycidyl ether (96%) were obtained from Sigma-Aldrich.
Dimethylsulfoxide (DMSO) was acquired from Duchefa Biochemie (Haarlem, The Netherlands).
Sodium hydroxide (NaOH), hydrochloric acid (HCI), acetone and ether were products of Duksan
Pure Chemical Co., Ltd (South Korea). Porcine gelatin (2 g) was dissolved in d.d water (80 mL)
and the pH was adjusted to 11 by the addition of 1 N NaOH solution. Furfuryl glycidyl ether (250
uL) was dissolved in DMSO (20 mL) and added to the gelatin solution at room temperature and
stirred for 30 hr at 65°C. 1N HCI solution was added to the resulting mixture to adjust its pH to 7
and dialyzed in DI water for 48 hr, using a dialysis membrane with a molecular weight cut-off of
1,000 Da (Spectrum Laboratories Inc., Rancho Dominguez, CA, USA), for the purification of the
f-gelatin. After dialysis, the solution was evaporated, and the purified f-gelatin was first washed
four times with acetone, once with ether and then dried. |H NMR Measurement using an NMR
spectrometer (Gemini 2000, 300 MHz, Varian Inc., Palo Alto, CA, USA) was employed for the
characterization of the dried f-gelatin. For the analysis, porcine gelatin (control) and f-gelatin were

dissolved in deuterium oxide (D20, Sigma) and then used. The NMR spectra obtained was
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analysed to confirm the derivatization of the f-gelatin from gelatin by the integration of the furan

ring to the gelatin (Figure 3.1).
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Figure 3.1: The 1H NMR spectrum of f-gelatin showed a distinct peak at 6-8 ppm
representing the aromatic furan ring. During synthesis, the NH2 group of gelatin was

substituted with a furan ring.

The 1H NMR spectrum of f-gelatin showed a distinct peak at 6-8 ppm representing the
aromatic furan ring. The NH2 group of porcine-gelatin was substituted with the furan ring during

the synthesis of the f-gelatin. Upon visible light irradiation, f-gelatin undergoes crosslinking and
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Figure 3.2: Scheme for visible light crosslinking of f-gelatin.
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changes into a film. The crosslinking of the f-gelatin is facilitated by the 'Oz (singlet-oxygen)
generated by the photosensitizer dye (Rose Bengal) when it absorbs energy from the visible light

(Figure 3.2).

3.1.1.1 Biocompatibility of f-gelatin

The f-gelatin was analysed to test its cell-compatibility. Dulbecco’s Modified Eagle’s
Medium (DMEM), fetal bovine serum (FBS) and penicillin streptomycin (PS) were obtained from
GIBCO (Eggenstein, Germany). The 3T3-L1 cell line (originating from Swiss mouse fibroblasts)
was used for the cytotoxicity test. The MTT assay was performed to study cytotoxicity. 3T3-L1
cells were cultured in DMEM media that contained 5% FBS and 0.2% PS at 37°C with 5% COa.
Cells were seeded at a density of 10* cells/well in 96-well plates (DK-4000 Roskilde, Kamstrup
Vej 90, Nunc A/S, Denmark) and incubated for a period of 24 hr. The f-gelatin solutions were
prepared at a concentration of 10% and 10 pL of this solution was added to 96-well plates. The
plates were then incubated for 5 days at 37°C with 5% COz. Following incubation, the culture
media was removed, and 100 pL. of MTT solution (1 mg/mL) was added to the plates. After 4 hr
of incubation, the MTT solution was replaced with 150 uLL of DMSO, and the plates were
incubated for 10 min to dissolve the formazan crystals. A microplate reader (Sepectramax190,
Molecular Device, Sunnyvale, California, USA) was used to measure the plates for absorbance at
595 nm. The ODs9s (sample), optical density, was measured in wells treated with f-gelatin, and
ODs9s (control) was measured in non-treated wells. Cell viability (%) was calculated according to
a previously used formula. The estimated viability (% absorbance) of 3T3-L1 fibroblast cells that
were treated with f-gelatin and measured using the MTT assay showed no significant difference
from the values estimated from cells treated with controls. This was confirmation that the f-gelatin

solution was not cytotoxic, in agreement with previously published results.
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Figure 3.3: Viability of 3T3-L1 fibroblast cells treated with f-gelatin was measured by means
of an MTT assay. Controls were non-treated cells, and samples were cells treated with 10% f-
gelatin solution. Cells treated with f-gelatin solution were similar to controls in terms of the

measured absorbance values as shown.

3.1.1.2 Visible light induced crosslinking of the f-gelatin:

Two different concentrations of f-gelatin solutions (1%, 10% w/v) were prepared and mixed
with RB or RF (0.5% w/v) and spread onto empty petri plates with a pipette tip, in order to ascertain
the amounts of the f-gelatin required for subsequent experiments. Visible light (100 ~ 150 W) was
then used to irradiate the samples for 5 min, following which they were incubated (RT) for up to
14 days in DI water. Samples that were not exposed to visible light for the photo-curing served as
controls for this study. The observations showed that the controls dispersed readily in water,
whereas 10% f-gelatin treated with either RB or RF, retained their structures for 8 days, while the
1% f-gelatin structures dissolved in the interim. After 14 days, the photo-cured f-gelatin samples
could still be recovered from the bottom of the petri dishes. This confirmed the visible light

induced crosslinking and stability of the 10% photo-cured f-gelatin constructs.
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3.1.2 Preparation of fibrinogen

Approximately 1300 mg of lyophilised fibrinogen was dissolved in 20 mL of Tris-buffered
Saline (pH 7.4) as explained in prior studies [59]. The solution was incubated at 37°C for about an
hour and then dialyzed overnight in 4 L of Tris-Buffered Salin, following which it was sterile
filtered with a 0.2 mm syringe filter. The concentration of the solution was measured using a
NanoVue Plus spectrophotometer (Biochrom, Holliston, MA) using the Protein A280 assay. The
solution was then diluted to the required concentration of 60 mg/mL with sterile Tris-Buffered

Saline.

3.2. Methods

3.2.1. 3D bioprinting

3D bioprinting is a form of additive manufacturing (AM) employed to print structures using
viable cells, biomaterials and biological molecules [60]. Bioprinting must generate scaffolds
possessing a suitable microarchitecture so as to provide mechanical stability and promote cell
ingrowth while ensuring that the manufacture process does not compromise the cell viability; for
instance, chemical cytotoxicity resulting from the use of solvents or pressure-induced apoptotic
effect produced during the extrusion of material [60]. An important benefit of bioprinting is that it
prevents homogeneity issues that accompany post-fabrication cell seeding, as proper cell
placement is included during fabrication. Homogenously distributed cell-laden scaffolds have
been demonstrated to exhibit lower risk of rejection, faster integration with the host tissue and

uniform tissue growth in vivo [60].
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Bioprinting can be applied in a clinical setting, where it can be used to create regenerative
scaffolds in accordance with patient specific requirements [61]. To begin with, imaging modalities
such as CT, MRI and ultrasound are employed create a digital 3D model of the tissue defect. The
internal and external architecture of the scaffold, such as porosity and pore sizes, can be
incorporated into the 3D model of the tissue defect with the help of computer aided design (CAD)
[62]. A selection of materials, cell types and bioactive molecules, can be used to fabricate a bioink
for printing by considering factors like the nature, type and the location of the defect. Cell laden
structures are then manufactured by applying the bioprinting technology and are then placed either
in cell culture or directly implanted into the patient. The primary objective behind bioprinting is
to provide an alternative to autologous and allogeneic tissue implants, and to replace animal testing

for the study of disease and development of treatments.

The three main 3D bioprinting methods that have been used extensively are inkjet-,
extrusion- and laser assisted-bioprinting [63] (Figure 3.4, Table 3.1). Inkjet bioprinters, also known
as drop-on-demand printers, utilize a non-contact technique that may involve thermal,
piezoelectric, or electromagnetic forces to expel successive drops of bioink onto a substrate,
replicating a CAD design with a printed tissue [63]. Extrusion based models use mechanical or
pneumatic forces to dispense a bioink in continuous streams as opposed to the discrete droplets
deposited by inkjet printers, onto a substrate [63]. Laser assisted 3D bioprinting technology directs
laser pulses through a “ribbon” containing bioink, which is supported by a titanium or gold layer
capable of absorbing and subsequently transferring energy to the ribbon [63]. The bioink and cells,
suspended on the bottom of the ribbon, create a high-pressure bubble that eventually propels
discrete droplets to the receiving substrate that lies just beyond the ribbon, when vaporized by the

laser pulse. This step is repeatedly performed to functionally create the 3D structures [63].
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Inkjet bioprinting Extrusion bioprinting Laser-assisted bioprinting

Figure 3.4: The three types of 3D bioprinting approaches

Table 3.1: Comparison between injket-, extrusion- and laser-based bioprinting [56]

Category Inkjet Extrusion Laser
Material viscosity Low (3-12) High (30-6 x 107) 1-300
(mPa/s)

Method of Chemical-/Photo- Chemical-/Photo-crosslinking, | Chemical-/Photo-crosslinking
crosslinking crosslinking, Temperature

Temperature
Print speed 1-10,000 droplet/s 10-50 pm/s 200-1600 mm/s
Resolution 50-300 pm wide droplets 100 pm to 1 mm wide 50 pum
Accuracy Medium Medium-low High
Cell viability >85% 40-80% >85%
Cell density 10%-107 cells/mL High: cell spheroids 10%-107 cells/mL
Structural integrity Low High Low
Fabrication time Medium Short Long
Scalability Yes Yes Limited
Cost Low Medium High
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3.2.2 Material characterization

3.2.2.1 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is a technique that generates images of a sample by
scanning its surface with a beam of electrons. These electrons interact with the atoms that make
up the sample and produce various signals that contain information about the surface topography
and composition of the sample under study. The electron beam is scanned in a raster scan pattern,
and the beam position coupled with the intensity of the detected signal to generate an image. The
most common SEM mode utilises the secondary electrons, which are emitted by atoms excited by

the electron beam, are captured by the detector.

SEM has been extensively used for the characterization of biological scaffolds to study their
morphologies and pores [64]. The 3D printed f-gelatin samples were fabricated as explained later,
lyophilised overnight and sputter-coated with gold in a sputter coater (Gatan Model 682 Precision
etching coating system, Pleasantown, CA, USA).The samples were then used to obtain both en-
face and cross-sectional images using SEM (S-4800, Hitachi, Japan) at a voltage of 5-13 kV. The
fibrin-gelatin based 3D printed constructs were visualised using a table top SEM (TM-1000,
Hitachi, Japan) at a voltage of 15kV.The cross-sectional images acquired for all samples were
analysed using ImagelJ and the apparent porosity and average pore diameters were estimated using

the formula given below.

. total area covered by pores (sq. um)
App.porosity = - *100
total sample area of the cross section(sq. um)
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3.2.2.2 Rheology

Rheology is defined as the study of flow of matter and is employed to determine the
viscoelastic properties of the hydrogel material that is used as the tissue engineering scaffold.
Viscoelasticity refers to the property of materials to exhibit both viscous and elastic behaviour
when they undergo deformation. Rheology is studied with the help of a rheometer that performs
small deformation experiments, typically in the form of small amplitude oscillatory shear
measurements, on the sample. Small deformations are used in order to ensure that the experiment
is carried out within the linear viscoelastic region of the material. This implies that the properties
of the hydrogel are independent of the magnitude of the applied stress or stain and the results are
solely based on the material tested and are not influenced by the experimental variables.

The key parameters that can be determined by rheology are the storage (G’) and the loss
(G”’) moduli and the loss factor (tand) (Figure 3.5). The storage modulus G’ measures the stored
deformation energy or the stiffness component of the material and the loss modulus G’’ measures
the energy dissipated or the flowability of the material during the shear process. The ratio of the

loss to storage moduli indicates the loss factor tand.

Varying strain

9 ‘snjnpow sso>

storage modulus, G'

Figure 3.5: Rheological relationship between storage modulus (G”), loss modulus (G”) and
loss factor (tand). If G’>G”’, the material ispredominantly elastic and if G’’>G’, the material

is predominantly viscous.
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It was established that if G’>G” (tand)>1, the sample behaves more like an elastic solid and
if G’>G’ (tand<1), the sample behaves like a viscous liquid. The complex modulus G* gives a
measure of the overall resistance to the deformation of the material regardless of whether it is

elastic or viscous and and is calculated using the equation given below:

G*=V(6)? + (")

To perform the rheometric analysis, the hydrogels were made as described in the succeeding
chapters and cut out with the aid of biopsy punches (~Imm deep and 8mm in diameter) and allowed
to swell in 1X PBS for an hour prior to testing. An Anton-Paar MCR 101 rheometer (Anton-Paar,
Graaz, Austria) was employed to carry out oscillatory shear stress rheometry (1% strain,0.5-50
Hz). The complex modulus was calculated as a function of the storage and loss moduli and
measured at 1.99 Hz for all samples. Although, the viscoelastic behaviour of the gels was evaluated
from 0.5 to 500 Hz , the elastic modulus was determined through a shorter sweep from 0.5 to SO0Hz
as done in published studies [65].

3.2.2.3 Fourier Transform Infrared Spectroscopy (FTIR)

The Fourier Transform Infrared Spectroscopy (FTIR) is a highly sensitive and non-
destructive technique used for the characterization and identification of organic molecules. The
interaction of infrared radiation with the sample molecules results in the stretching, contraction or
bending of chemical bonds resulting in the absorption of infrared radiation in a specific
wavenumber range independent of the structure of the rest of the molecule. An FTIR spectrometer
obtains the infrared spectra by collecting an interferogram of a sample signal with an
interferometer, which measures all the infrared frequencies simultaneously. The spectrometer then
acquires and digitizes the interferogram, performs the Fourier Transform function and generates

the spectrum. Since every functional group has a characteristic vibrational frequency and

27



wavenumber, the analysis of the IR spectrum will aid in identifying the different functional groups

present in the sample.

The Attenuated Total Reflectance (ATR)-FTIR spectra for the f-gelatin- and fibrin-based
samples were acquired using a Perkin-Elmer, Spectrum 100, Universal ATR Sampling Accessory
within the range of 650-3650 cm™ in the transmittance mode. Spectral manipulations were carried
out using the spectral analysis software GRAMS/32 (Galactic Industries Corp., Salem, NH, USA).
A Specac grazing angle accessory using an s-polarized beam at an angle of incidence of 40° and a
mercury cadmium telluride (MCT/A) detector, was used to record the external reflection FTIR. A

piranha-treated silicon carbide wafer served as the background.
3.2.2.4 Swelling and degradation

Swelling assay is a technique used to study the hydration parameters of crosslinked hydrogel
structures. Prior to testing, the samples were lyophilised and their dry weights (Wo) taken
following which they are immersed in DMEM and their swollen weights (Wt) recorded after every
24 hr upto 5 days as done in previous studies [66]. The swelling ratio (Ds) is calculated using the

formula given below:
Ds = (Wt 'Wo)/Wo
3.2.2.5 Statistical analysis

Sample datasets under study were all in triplicates unless otherwise stated. Data are
expressed as the Mean + Std. deviation. Student’s t-test was performed to determine if the averages
of any two sample datasets compared were significantly different. p-values less than 0.05 were

considered statistically significant wherever reported.
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Chapter 4: Development of a novel, visible-light crosslinkable f-gelatin based hydrogel for
tissue engineering applications

4.1 Introduction

3D bioprinting has revolutionized the field of regenerative medicine with its ability to create
cell patterns within confined spaces, while also ensuring that the cellular function and viability are
preserved [67]. A 3D bioprinter employs “bioinks” which are materials capable of mimicking an
extracellular matrix environment in order to facilitate the adhesion, growth, proliferation and
differentiation of mammalian cells [67]. Bioinks can be deposited in the form of filaments during
additive manufacturing unlike traditional biomaterials such as polymer networks and foam
scaffolds. However, it is essential that they are processed under milder conditions than those
employed for thermoplastic polymers, ceramics and metals, in order to preserve cell viability and
to prevent the bioactive molecules from degrading [68]. The properties that need to be considered
in order to formulate an ideal bioink include viscosity, biocompatibility, gelation kinetics,
hydration ability, viscoelasticity and shear thinning ability (printabilty) [69]. Hydrogels are usually
adopted from existing literature and are derived from natural polymers such as fibrin, gelatin and
alginate [69].

Hydrogels belong to a class of water swollen polymer-based materials produced by
reactions of monomers or hydrogen bonding and can form and maintain distinct 3D structures [70].
They have gained immense popularity as the material of choice for the creation of scaffolds for
use in cell culture and tissue engineering over recent years [71]. They provide a remarkable
environment for cell culture as they contain more than 70% of water [5]. Hydrogels are also
biodegradable, absorbable, erodible and most importantly, biocompatible giving them an edge
over other biomaterials [72]. Gelatin, a collagen-derived translucent, flavourless food additive

obtained from various animal body parts is one of the most extensively used hydrogels. It is chiefly
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composed of peptides and proteins generated by the partial hydrolysis of collagen extracted from
the skin, bones and connective tissues of pigs and fish [71-73]. Gelatin is ideal for cell-culture as
it is biodegradable, biocompatible due to the presence of an R-G-D (Arg-Gly-Asp) sequence [74]
and is economically feasible [75]. Studies have also shown that it has superior properties as
compared to its parent protein such as reduced immunogenicity, greater solubility in aqueous
systems and a sol-gel transition at 30°C [75]. Additionally, the biochemical properties of gelatin
can be crosslinked and modified by adding other materials that significantly alter its biochemical
properties [76-79] and also enhance its mechanical properties [80] in vitro. Gelatin has been
crosslinked in prior studies by means of disulphide crosslinking [81], photo crosslinking [82, 83]
and enzymatic crosslinking [84, 85] to name a few. Prior studies have shown that chemical
modifications of gelatin can render the resultant compound cytotoxic and limit its applications to
in vitro studies [86, 87].

However, f-gelatin that was generated by the incorporation of furfuryl groups into porcine
gelatin and mixed with RB and crosslinked by irradiating with visible light by a photo-oxidation
induced crosslinking mechanism, did not exhibit any signs of toxicity but also enhanced cell
migration and adhesion in vitro [88]. Further, f-gelatin was also found to be capable of protein
immobilization for the modification of existing implant surfaces [89] and for in-vivo tissue repair
applications [81]. In this study, our motive was to test the applicability of an f-gelatin based
hydrogel as a bioink for bioprinting [90] and fabricating single and double layered cell sheets for
tissue engineering [91]. Our hypothesis was that the f-gelatin based solutions could exhibit all
properties that are characteristic of an ideal bioink, such as high print fidelity, optimized shear-
thinning characteristics, the ability to generate crosslinked scaffolds with high mechanical

strength, high cytocompatibility and be feasible for modulation of cellular functions [92]. It was
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expected that f-gelatin would serve as a novel bioink for the fabrication of 3D structures infused
with cells, while simultaneously preserving the functions and viability of the cells encapsulated
within. To make the f-gelatin based bioink, hyaluronic acid (HA) was added as a viscosity
enhancer [93] and Rose Bengal [94] or Riboflavin [95] was added to the f-gelatin solution to act
as a photo sensitizer. The resultant mixture was homogenously mixed with cells and bioprinted
into single and double layered rectangular sheet structures with the aid of a pneumatic extrusion
3D printer, following which they were irradiated with visible light to enhance their structural
fidelity through photocrosslinking.

3D bioprinting presents numerous difficulties like the choice of materials, cell types,
growth and differentiation factors, and issues related to the sensitivities of living cells encapsulated
within the bioprinted constructs [67]. The addressal of these challenges will enable the integration
of concepts from the fields of biology and engineering, and will significantly advance our
knowledge regarding in vitro construction of complex tissues [67]. With the possibility of multi-
layered tissue fabrication, this work may eventually open up new vistas in the field of 3D
bioprinting of implantable organs by providing a cost effective and rapid prototyping technique

for biofabrication of tissues mimicking complex organs in a dish.

4.2 Biofabrication

BIOBOT 1 (BioBots, Philadelphia, PA, USA), an extrusion-based bioprinter was used for
biofabrication, with the bioink we formulated as described below. The bioink was primarily
composed of a mixture of f-gelatin and HA to which either RB or RF was added for crosslinking
the bioprinted structure through a visible light induced crosslinking mechanism [83, 88]. In order
to make 1 mL of this bioink solution, HA (10 mg) was dissolved in DI water (900 pl, 25°C),

followed by the addition and mixing of f-gelatin (100 mg) at 25°C. The resulting mixture was then
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heated at 37°C for 1 hr with stirring to form a homogenous viscous mixture. The ratio of HA to f-
gelatin was maintained at 1:10 and RB (100 pl) or RF (100 pl) was added to serve as a photo
sensitizer, to induce the crosslinking after the bioprinting. Experiments were also done by adding
the cells to the mixture were added to this mixture as described later.

This bioink mixture was then loaded into a 10 mL plastic syringe (BD, Franklin lakes, NJ,
USA), fitted with a stainless steel blunt-tip dispensing needle (Huaha, Amazon, USA) and
extruded using a low extrusion pressure (Table 4.1). Patterns printed using this bioink were
designed using SolidWorks and saved as .stl files. The versatility of the f-gel bioink was tested by
printing structures having two different patterns, rectangular and circular respectively, were
printed on 100 mm x 15 mm petri-dishes (Thermo Fisher Scientific, Waltham, MA, USA). The
.stl files were converted into a g-code using the Repetier Host program available via BIOBOT
server. These g-code files were uploaded and used for printing using parameters in Table 4.1.

The printed structures were immediately exposed to visible light for 2.5 min for crosslinking
(at 100% intensity, Intelli-Ray 600, Uvitron International, West Springfield, MA, USA). The
rectangular sheet structure, initially printed as a monolayer, was further expanded by printing a
secondary layer to demonstrate the feasibility of fabricating a bi-layer structure using the f-gelatin
based bioink (Figure 4.1). Particularly for printing bi-layer sheet structures, the bottom layer was
first printed using bioink with added RB and crosslinked for 2.5 min. Cells were added to this
mixture for printing the bottom layer, as described later in section 2.5. A second layer was printed
atop the former, using bioink with added RF, and crosslinked similarly for an additional 2.5 min.
The necessity for the addition of two different dyes, RB and RF was to highlight a distinct two

layered structure that could be printed easily.
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Table 4.1: Printing parameters used for the f-gelatin based bioink

Structure Printing Needle Extrusion Extruder Bed Extrusion
method diameter speed temperature temperature Pressure
(mm)/ (mm/s) °C) (°C) (psi)
Gauge (G)
Rectangular Traditional | 0.34-0.43/ 5 Room Room 4.5+1.9
structure*®
temperature temperature
23-25
Circular structure | Traditional 0.34/23 5 Room Room 2.8
temperature temperature

4.3 Cell culture, characterization and viability within the printed constructs

Strain C57BL/6 Mouse MSC (catalog #: MUBMX-01001) and Growth Medium (complete

growth medium, catalog #: MUXMX-90011) were obtained from Cyagen (Santa Clara, CA, USA).

The cells were cultured, passaged and stabilized for at least 6 passages prior to their use in

bioprinting. For bioprinting with cells, bioink was prepared as described earlier (section 4.2) and

cells were added to it. Prior to their addition in the bioink mixture, the mouse MSCs were labelled

with PKH67 green fluorescent dye (Sigma-Aldrich, St. Louis, MO, USA), or PKH26 red

fluorescent dye (Sigma-Aldrich, St. Louis, MO, USA) as per manufacturer’s protocols. Both dyes

are used for cell tracking purposes in vitro or in vivo [96].
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Figure 4.1 (A) Bioink (no cells) showing a viscous mixture prior to crosslinking. (B) Pre-
(left) and post-crosslinked (right) hydrogel (sheet) (C) Versatility of patterns being printed
(ring: left and sheet: right) (D) Double layered sheet printing feasibility (en-face: top and
cross-section: bottom). In B, C and D, yellow corresponds to RF and pink to RB.Scale bar in

all images corresponds to 2 cm.

These labelled mouse MSCs were mixed with bioink (1 X 107 cells/mL) and loaded into a
10 mL syringe for extrusion and printing. The printed, crosslinked, cell-laden gel structures were
then incubated with 5 mL of complete growth medium for mouse MSC and incubated (37°C, 5%
CO») for a period of up to 72 hr. The cell-laden bioprinted structures, both mono- and bi-layered
sheets were analysed using inverted confocal fluorescence microscopy (ZEISS LSM 700 confocal,
Oberkochen, Germany) following 5 days of culture, to confirm cell retention and density. To

confirm that the printing process did not adversely affect cellular viability, Hoechst 33342
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(Thermo Scientific Pierce, Waltham, MA, USA), a 20 mM aqueous stock solution of a fluorescent
stain was used to detect and image cells, immediately after printing (within 24 hr).

Additionally, as a means to check the capability of this method for co-layering, two different
cell types namely, STO fibroblasts (STO, ATCC® CRL-1503™) and C2C12 myoblasts (C2C12,
ATCC® CRL-1772™), both from American Type Culture Collection (ATCC) (Manassas, VA,
USA) were used. Both cells were cultured and stabilized for at least 6 passages using DMEM/F12
medium supplemented with 5% foetal bovine serum (FBS, Invitrogen, Carlsbad, CA, USA) before
being used in bioprinting. For bioprinting of a bi-layer structure with STO (bottom) and C2C12
(top), two separate bioinks were prepared by adding 1 X 107 cells/mL of STO or C2C12
respectively, to the f-gelatin mixture and loaded into two separate 10 mL syringes for extrusion
and printing. First, the STO encapsulated layer was printed, and crosslinked, atop which the C2C12
layer was deposited and crosslinked to generate a composite bi-cellular construct. These structures
were then incubated with 5 mL of DMEM/F12 and incubated (37 °C, 5% CO») for a duration of
about 48 hr, following which they were fixed with paraformaldehyde (Sigma-Aldrich, St. Louis,
MO, USA) for 30 min (25°C) and then permeabilized with 0.2% Triton X-100/phosphate buffered
saline (PBS) for 15 min. After blocking with 1% bovine serum albumin (BSA/PBS, Sigma-
Aldrich, St. Louis, MO, USA) for 30 min at room temperature, the samples were incubated with a
mouse monoclonal antibody against Anti-MyoD1 antibody [5.2F] followed by a goat polyclonal
secondary antibody to mouse IgG1 - heavy chain (FITC) (Abcam, Cambridge, UK). The STO cells
were not labelled with any dye. The cells were then imaged using a confocal fluorescence
microscopy (Olympus [X81 inverted fluorescence motorised microscope, Shinjuku, Tokyo, Japan)
to confirm the retention of both cell types and their possible co-localization in a single plane of

view, within the printed structure.
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4.3.1 Flow Cytometry (FACS)

To estimate cell proliferation and overall biocompatibility of the printed construct, the cells
were pre-stained with Cell Trace Violet (CTV), proliferation kit (Invitrogen, Carlsbad, CA, USA)
in accordance with manufacturer’s protocols. These pre-stained cells were mixed with the bioink
(1 X 107 cells/mL) and printed into monolayer sheets and cultured for 24- and 72- hr respectively
(37°C, 5% CO2). After 24- and 72-hr, cell-gel samples were treated using Trypsin-EDTA (0.25%,
phenol red) (Thermo Fisher Scientific, Waltham, MA, USA), following which cells were detached,
extracted and processed for flow cytometry, by fluorescence assorted cell sorting (FACS). Flow
cytometry works on the principle that greater dilution of the dye used to prestain the cells, implies
that there are successive generations of proliferating cells. Extracted cells were fixed and processed
further for FACS (Beckman Coulter Gallios Flow Cytometer, Brea, CA, USA) using excitation
and emission wavelengths of 405 and 450 nm respectively. Pre-stained cells grown on plastic petri
dishes for 72 hr were used as positive controls, while non-stained cells grown on plastic petri

dishes for the same duration were used as negative controls.

4.4 Results
4.4.1 Material characterization
4.4.1.1 Gross Morphology and Scanning Eletron Microscopy (SEM)

The en face images obtained by SEM revealed a striated, highly organized structure with
repeating units. The cross-sectional images demonstrated a highly porous structure with an average
apparent porosity of 21 + 0.45 %. The pores were observed to be homogenously distributed and

well interconnected and the average pore size was calculated to be 142.20 + 1.08 um (Figure 4.2).
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The porosity measurements imply that the structure possesses significant poirosity that would

enable the effective intake of oxygen, nutrients and water during cell culture.

Cross-sectional view
B .5

Figure 4.2: Representative image acquired using SEM of a printed sheet sample of f-gelatin

after crosslinking

4.4.1.2 Rheology

Rheology measurements revealed that the elastic modulus of the irradiated hydrogel was ~
1.7 kPa while that of the non-irradiated hydrogel was found to be ~ 1.4kPa (Figure 4.3).
Additionally, the complex viscosity of the hydrogels was found to increase from 206.25 Pa-s to
319.7 Pa-s upon exposure to visible light validating the occurrence of the visible-light induced
crosslinking mechanism. Elastic modulus and complex viscosity values are influenced by the

additives present in the bioink and the time of exposure of crosslinking. These variables will be
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investigated further in future studies to understand if stiffer hydrogels can be formulated by

altering them.
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Figure 4.3: Rheology analysis of f-gelatin based hydrogels. Shown is a characteristic dataset
obtained from a disc (8§ mm diameter) punched out from a printed crosslinked f-gelatin

hydrogel sample.

4.4.1.3 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopy was performed to validate the formation of the crosslinked structure
of f-gelatin, HA and RB upon irradiation with visible light. The FTIR spectra obtained is
represented (Figure 4.4). As has been described in the reaction mechanism (Figure 3.2), the
single double-bond formed within the furan ring of the crosslinked product corresponds to the
band of C=C at 1447 cm™'. Other functional groups were also detected in the spectrum at
different bands. The C-N stretching peak was found at 2942 cm™! and the C-O-C peak of the aryl
ether was observed at 1234 cm™! in the crosslinked hydrogel and at 1215 cm™ in the non-
crosslinked f-gelatin indicating a shift due to the formation of a new bond [97]. The aryl ether
peak is depicted by bands at 1039 cm™ and 1075 cm!. The broad peak at 3000-3400 cm’!
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represents the vibrational -OH stretching peak of the -COOH group present in HA. The absence
of oxy-HA peak around 1697 cm™ in the crosslinked sample indicated that HA was not oxidized
during the irradiation of the hydrogel with visible light [98]. The C-N stretching peak was

present at 1363 cm™ in both pure HA and the crosslinked f-gelatin gel.
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Figure 4.4: (A) FTIR spectrum of crosslinked f-gelatin in the presence of RB and HA. (B)

FTIR spectra of f-gelatin and (C) of HA respectively.

4.4.1.4 Swelling and degradation

The swelling behaviour of the f-gelatin based hydrogels has been depicted (Figure 4.5). As
shown, the maximum swelling for all the samples tested was observed at 24 hr of incubation
following which the swelling ratios remained relatively stable throughout the remaining incubation
period of 5 days. Although the data reported only accounts for 5 days, the stored gels did not
exhibit any visible signs of degradation for upto 21 days in culture. The results imply that the
bioprinted crosslinked constructs can maintain their structural fidelity when implanted in vivo for

a considerably long duration of time.
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Figure 4.5: Degree of swelling of a printed sheet sample of f-gelatin after crosslinking.

4.4.2 Biocompatibility

Densely packed Hoechst-dye stained cells (image not included) confirmed the viability of
cells post printing thereby affirming that neither the printing process, the bioink mixture nor the
crosslinking had adversely affected cell viability, post printing. This cell density appeared slightly
reduced when samples were imaged after 5 days (Figure 4.6). This may be attributed to the
swelling of the gels which allowed cells to migrate out of the structure into other areas of the tissue

culture petri dish.

40



Figure 4.6: Retention of mouse MSC, pre-stained with PKH67 (green), within the bioprinted

construct after 5 days of culture.

Pre-stained mouse MSC when printed within monolayer sheets, showed the evidence of
cell retention after 5 days of culture (Figure 4.6, A.1.1) when stained with either PKH67 or PKH26.
Similar results were also observed when the labelled mouse MSC (PKH26:red) were printed within
bi-layer sheets and cultured for the same duration (A.1.1). There were no apparent differences in
the cell density in both cases (A.1.1) even though cells in the bi-layer (bottom) were subjected to
photo crosslinking by visible light for a longer duration (5 min) compared to the mono-layer (2.5
min). PKH67 labelled cells could not be used for visualization within the bi-layers, as the dye was
also absorbed by the gels exhibiting high background fluorescence (images not included). The
average area occupied by the cells was estimated to be 33.8 = 9.91% of the total area. The presence
of a large number of viable cells, even after 5 days of incubation, proved that cells could survive

the process of extrusion-based 3D printing, crosslinking and culture.
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Confocal microscopy performed on bi-layered structures with STO fibroblasts (bottom
layer) and the C2C12 myoblasts (top layer) showed evidence that the two cell-types were
encapsulated within the same layer (Figure 4.7 (C, E)). It was observed that the STO cells were in

the same plane as the C2C12 cells, although they were confined to their respective layers during

C2C12 stained with
antibodies against MyoD1
(green: FITC tagged)

Top: C2C12 stained with
antibodies against
MyoD1  (white). Cells
appear to connect with
other cells in the same
layer or across different
layers (red arrows).

Figure 4.7: In A and B, shown are bright field z-scans of STO fibroblasts (elongated spindle
shaped) co-cultured with C2C12 myoblasts cells (rounded enlarged, confirmed in C and in
E). Scale bar is 150 um in A and B, and 200 um in C and E. In C, a single plane (cross
section) was imaged whereas in E, a Z-scan was run spanning several planes as indicated with
the arrow (right hand side). In D, shown is a single slice of z-stack section showing top layer

(fluorescent green: C2C12) and bottom layer (non-fluorescent: STO)

the bioprinting process (Figure 4.7 (A, B), A.1.2). This probably was due to their interaction at the

junction of the two layers containing two different cell types respectively.
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The morphologies exhibited by both the C2C12 [99] and the STO [100] cells were in
accordance with the images that have been reported in other published works. This data validated
the feasibility of culturing two different cell-types separately within two different layers of the
same bioprinted construct, that unified through cellular-crosstalk to form a single compact

structure which did not break apart into two separate layers during culture and incubation.

4.4.2.1 Flow cytometry

Flow cytometric analysis was performed employing single parameter histograms depicting
the percentage of proliferating cells as a function of dye intensity. The percentage cell proliferation
was obtained by setting a gate within the histogram. Based on the results obtained from the flow
cytometric analysis, it was observed that after 24 hr of culture, 9.1% (Figure 4.8 (A)), of the total
number of cells which were encapsulated within the bioprinted construct had proliferated with
respect to the unstained controls (0.3%) (Figure 4.8 (C)). Following 72 hr of culture, the number
of proliferating cells was found to be 48.6% (Figure 4.8 (B)) when compared to the positive
controls in which 32% of the total number of cells had proliferated (Figure 4.8 (D)), further
validating the viability of the cells within the printed constructs and hence, the biocompatibility of
the f-gelatin based bioink. Further, the occurrence of multiple peaks indicated the presence of
successive generations of proliferating cells, within the bioprinted constructs. The reduction in the
cell count from 24- to 72- hr could have been a result of them migrating away from the scaffolds,

preventing their complete extraction from the printed constructs.
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Figure 4.8: FACS analysis to show cell proliferation and biocompatibility of the printed sheet
structures of f-gelatin after crosslinking. Cells pre-stained with CTV were cultured upto (A)
24 hr and (B) 72 hr within printed constructs. Positive controls were also used for both 24-

and 72-hr.

4.5 Conclusions

In conclusion, the applicability of f-gelatin as a novel, biocompatible bioink for
biofabrication of cell-gel constructs with enhanced fidelity was demonstrated by this study.
Although both synthetic and natural materials have been proposed to generate suitable tissue
engineering grafts, the ideal material or scaffold for repair and regeneration of cardiac tissue is yet
to be discovered [101]. The f-gelatin-based bioink optimized in this study could potentially be
used for mimicking myocardial tissue, by printing layer-by-layer with the actual cardiac cells,
namely cardiomyocytes, fibroblasts and endothelial cells [102]. This will aid in the generation of
a functional cardiac patch that can be used for drug cytotoxicity screening [103], or exploring

triggers for heart diseases in vitro [104].
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Chapter 5: Comparison study to understand the effect of 3D bioprinted scaffold design on

tissue engineering

5.1 Introduction

Scaffolds are materials that are engineered to stimulate desirable cellular interactions that
can contribute to the formation of new functional tissues for medical purposes [105]. These
structures are capable of supporting three-dimensional tissue formation and serve as templates onto
which cells can be seeded. Scaffolds can mimic the extracellular matrix of biological tissues by
recapitulating the in vivo milieu and allowing the cells to influence their own microenvironments
[105]. Scaffolds are required to perform numerous functions such as allowing cell attachment and
migration, delivery and retention of cells and biochemical factors, enabling the diffusion of vital
cell nutrients and other expressed products and exertion of biological and mechanical influences
to modify the behaviour of the cell phase, in addition to providing a structural framework and
support to the cells seeded in them [106]. It is imperative that scaffolds meet some specific criteria
in order for them to be able to achieve the goal of regenerating tissues effectively. High porosity
and adequate pore size are essential in order to facilitate cell seeding and diffusion throughout the
whole structures of both cells and nutrients [107]. Biodegradability is an important aspect since
scaffolds should be preferably absorbed by the surrounding tissues without being surgically
removed [108]. This necessitates the need for the rate of degradation of the scaffold to coincide
with the rate of formation of the new tissue implying that while the cells fabricate their own
extracellular matrix around themselves, the scaffold can provide structural integrity within the
body and will eventually degrade allowing the newly formed tissue to take over the mechanical

load [109]. Scaffolds also require to be injectable for clinical purposes.
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In a prior study, f-gelatin, a furan-group incorporated derivative of porcine gelatin, was used
in tandem with HA and RB to formulate a novel visible light crosslinkable bioink, that was
successfully fabricated into bi-layered rectangular scaffolds infused with STO fibroblasts and
C2C12 myoblasts [110]. As has been explained earlier, the crosslinking of the f-gelatin is
facilitated by visible light irradiation during which molecular oxygen is converted into singlet
oxygen species leading to the formation of a stable, cured f-gelatin structure after bioprinting and
deposition [110]. These bioprinted cell-sheets were found to exhibit high fidelity during sustained
in vitro culture and the encapsulated cells retained viability and exhibited heterocellular coupling
[110]. Despite the favorable outcomes of the previous study, the versatility of the f-gelatin based
bioink to create complex structures such as a lattice, which may serve as an enhanced physical
scaffold and provide microarchitectural cues necessary for mimicking the native architecture of
the myocardium remained unassessed. This served as a motive behind exploring the feasibility of
3D bioprinting a lattice mesh structure with the same f-gelatin based bioink and comparing it with
the rectangular structure developed previously based on careful considerations of criteria like
structural integrity, rheological properties, porosity and biocompatibility. It was hypothesized that
the experiments performed as a part of this study would help highlight considerable differences
between the two structures, i.e., lattice and rectangle, and also open up the possibility of
significantly enhancing the design of a 3D bioprinted construct for engineering cardiac tissue-on-

a-chip, using bioprinting.
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5.2 Biofabrication

The f-gelatin based bioink was made as has been described previously and loaded into 10
mL plastic syringes (Becton Dickinson, Franklin lakes, NJ, USA), with stainless steel blunt-tip
dispensing needles (Huaha, Amazon, USA) for bioprinting. The printing parameters used were the
same as described before.The .stl files for both the rectangular and lattice structures designed using
SolidWorks, were converted into the g-code format using the Repetier Host program as done
before and used to print on 100 mm x 15 mm petridishes (Thermo Fisher Scientific, Waltham,
MA, USA). The dimensions of the lattice were 1.5 cm x 1.5 cm and the rectangular-sheet, 1.5 cm
x 1 cm. Both structures were printed up to a thickness of 1 mm. After printing, the structures were
irradiated with visible light for 2.5 min to facilitate chemical crosslinking at 100% intensity
(Intelli-Ray 600, Uvitron International, West Springfield, MA, USA). Pluronic F127 was used to
print complex structures which serve as positive control for structural comparison. For printing,
pluronic was maintained at room temperature (25°C) until it freely flowed and then loaded into
the syringe fitted with a 23G (0.34 mm ID) stainless steel blunt-tip dispensing needle and extruded
using a high extrusion pressure in the range of 25.9-29 psi, following recommendations from

Allevi.

5.3 Cell culture, characterization and viability within printed constructs

Strain C57BL/6 Mouse Mesenchymal Stem Cells (mouse MSC, catalogue #: MUBMX-
01001) were used to disperse in the “bioink™ and printed into structures. For their culture, growth,
and maintenance, Mouse Mesenchymal Stem Cell Growth Medium (complete growth medium,

catalogue #: MUXMX-90011) was obtained from Cyagen (Santa Clara, CA, USA). Cells were
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cultured and passaged according to the manufacturer’s recommendations before they were mixed

with the bioink and used to print as described earlier (Section 5.2).

The cell-laden, bioprinted, and crosslinked constructs of both lattice and rectangular-sheets
were overlaid with complete growth medium for mouse MSC and cultured in an incubator (37 °C,
5% COz2 and 95% RH) up to 72 hr. During this time, the culture medium was changed by removing
the spent medium and by adding fresh growth medium after every 24 hr interval. From our
previous study [110], it was shown that culturing the cell-laden constructs in this manner did not
affect cell viability nor proliferation, even in the interior parts of the construct, as it was reasonably
porous, allowing nutrient uptake and oxygenation [110]. Moreover, 3D cell printing has been
shown to allow the effective generation of a cell-laden porous architecture that enables a sufficient
supply of cellular nutrition and oxygen [111]. In addition, others have shown that porous 3D cell-

printed patches exhibit a higher cell viability [111] than their non-3D printed counterparts.

5.3.1 Live/Dead cytotoxicity assay

The cytotoxicity assay was performed using a Live/Dead assay kit, to assess the
biocompatibility of the f-gelatin bioink and the printing method [112]. Mouse MSC after being
subjected to extrusion-based bioprinting and visible light crosslinking were subjected to the
Live/Dead assay after about 15 min. First, the cell-laden structures were rinsed with 1X PBS thrice
and supplemented with pre-warmed complete growth medium for an additional 15 min. Next, the
growth medium was removed, and the samples were incubated with pre-warmed cytotoxicity
reagent (Live/Dead Cytotoxicity Assay Kit Green/Red Staining). A sufficient amount of the
reagent was added to cover the samples during the incubation process, for which the samples were
placed back into the incubator for 45 min. After incubation, the samples were washed using 1X

PBS and imaged using light and confocal microscopy (ZEISS LSM 700 Confocal, Oberkochen,
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Germany). Acquired images were analyzed using Image J (NIH, Bethesda, MD, USA) and the

number of live or dead cells per unit area was reported as the Mean + Std. deviation.

5.3.2. Cell Proliferation

For an estimation of the actual cell numbers in a sample at different time points, lattice
structures printed with cells and cultured as described earlier were carefully rinsed with PBS,
overlaid with a generous amount of 0.25% trypsin-EDTA, and incubated at 37 °C for 10 min in an
orbital shaker (45 rpm). Cells extracted from the first-trypsinization cycle were pelleted by
centrifugation, added with other cells that were removed in a second cycle of trypsinization, and
counted using a haemocytometer throughout the entire culture period after 24- and 48-hr of culture.

Absolute cell densities extracted from samples at 24- and 48-hr are reported.

5.3.2.1 Flow Cytometry Analysis (FACS)

For the estimation of cell proliferation in the bioprinted lattice and rectangular-sheet
structures, the cells were pre-stained with the Cell Trace Violet (CTV) proliferation kit as per the
manufacturer's protocols [66, 110]. Briefly, 1:5000 dilutions were used for the CTV dye in this
study, for pre-staining cells. These pre-stained cells were mixed with the bioink (2 x 10° cells/mL)
and printed into a lattice or rectangular-sheets and cultured for 24- and 72-hr, respectively (37 °C,
5% COz). After 24 and 72-hr, cell-gel samples were treated using Trypsin-EDTA (0.25%, phenol
red), after which the cells were detached, extracted, and processed for flow cytometry (FACS).
Extracted cells were fixed and processed further for FACS (Beckman Coulter Gallios Flow
Cytometer, Brea, CA, USA) using excitation and emission wavelengths of 405 and 450 nm,

respectively. Positive controls comprised of pre-stained cells (1 x 10° cells/mL) grown on plastic
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petri dishes for 24- and 72-hr, respectively. Negative controls included non-stained cells grown on

plastic petri dishes for 24- and 72-hr, respectively.

5.4 Results

5.4.1 Material Characterization

5.4.1.1 Gross Morphology and Scanning Electron Microscopy (SEM)

Digital images of the printed rectangular and lattice sheet structures printed using both f-
gelatin and pluronic were acquired using an upright Leica M205C microscope (Microsystems,
Buffalo Grove, IL, USA) to compare and contrast the overall morphology and to identify the

essential dissimilarities in the two structures.

Pluronic

(III) B

Figure 5.1: Gross Morphology of lattice (1.5 cm x 1.5 cm) and rectangular-sheet (1.5 cm x 1
cm) structures printed using pluronic and gelatin. (AL, BI) depict the stl. file image for the
lattice and rectangular structures, respectively. (AlIl, BII) represent the en-face images for the
same structures printed using Pluronic F-127. (AIll, BIII) are representations of the en face
images for lattice and rectangular patterns printed using the f-gelatin-based bioink,

respectively.
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The images revealed that the rectangular sheets printed using both f-gelatin and and pluronic
appeared similar in terms of dimensions and morphology (Figure 5.1 (BII, III). However, there
were significant differences between the lattice structures printed using the two gels as depicted
(Figure 5.1 (All, III)). The stereolithography (stl.) designs used for printing are shown in Figure
5.1 (AL, BI), respectively. The pluronic lattice structure retained the structural complexity and
fidelity of the lattice to a greater extent, when compared to the f-gelatin-based structure (Figure

5.1 (AL 11I)).

Pluronic

Lattice Gelatin Rectangle

- (m

Figure 5.2: Representative SEM surface images of lattice and rectangular-sheet structures
deposited using pluronic and gelatin. (Al, II) show the en-face images for the lattice structures
printed with Pluronic-F127 and the f-gelatin-based bioink, respectively. (BI, II) depict the en face

images for the rectangular structures printed using the same materials, respectively.

En face images of both the lattice and rectangular sheet structures printed using both f-
gelatin and pluronic showed significant differences in the lattice structures only (Figure 5. 2 (Al,

IT) while the rectangular sheets bore structural resemblance (Figure 5.2 (BI, 1I)).
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The SEM cross-sectional image of the gelatin lattice exhibited a highly organized, striated,
patterned, and networked structure (Figure 5.3 (A)) in comparison to the loosely networked and

largely porous rectangular-sheet cross-sectional SEM (Figure 5.3 (B)), as has been reported.

A Lattice B Rectangle
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Figure 5.3: A representative SEM cross-section image of a gelatin lattice structure that was
acquired in order to determine the apparent porosity and average pore size (A). The cross-
sectional SEM image for the rectangular-sheet structure printed using f-gelatin was previously

reported (B) [110]. The scale bars represent 5 um and 500 um in A and B respectively.

previously [110]. Porosity and pore-size are crucial to ensure cell colonization of the scaffold,
deposited using bioprinting. Likewise, SEM micrographs showed a homogeneous distribution of
equal sized pores within the entire area scanned and imaged (Figure 5.3 (A)). Furthermore, the
cross-sectional SEM image also depicted highly interconnected pores with a mean value of ~1 um
(Figure 5.3). This was significantly smaller compared to the average pore size of the rectangular-
sheet structures that was reported previously (Figure 5.3 (B)) [110]. The average apparent porosity

of this lattice structure was estimated to be about 50% compared to 21% for the rectangular-sheet
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[110]. The results led to the conclusion that although the mean pore size was significantly reduced
by printing in the form of lattice, the inherent design of the lattice allowed pores to be uniformly
sized and to be homogenously distributed throughout the entire structure, with respect to the
rectangular structure.
5.4.1.2 Rheology

As per the data obtained from the rheology analysis, the lattice structures exhibited an elastic
modulus of 5.5 + 2.4 kPa and complex viscosity of 920 + 400 Pa.s (Figure 5.4), both of which
were significantly higher, ~5 times, than the respective values of the rectangular sheet structure as

reported in a previous study [110].
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Figure 5.4: Rheology analysis of f-gelatin-based lattice structures obtained from a disc-

shaped (8 mm diameter) sample.
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These results implied that although the bioink material composition and the crosslinking
mechanism were kept unchanged, the lattice geometry actually enhanced the stiffness and
mechanical properties of the printed structures. However, the larger error is due to the fact that the
lattice structures were macroporous and hence, more difficult to measure with shear.

5.4.1.3 Swelling and Degradation

The swelling behavior of the bioprinted lattice and rectangular crosslinked hydrogels is
shown in Figure 5.5. The maximum swelling was observed at 24 hr for all the samples tested as
has been reported previously [110]. After 24 hr of incubation, the structures showed signs of slight

degradation, as evidenced by 48 hr (Figure 5.5 (A)).

However, the lattice structure seemed to have reached an equilibrium point after 48 hr as it
did not exhibit any further degradation beyond 48 hr, when analyzed at 72 hr (Figure 5.5 (A, B)).
On the other hand, the rectangular-sheet continued to degrade beyond 48 hr, when analyzed at 72

hr (Figure 5.5 (A, B)).

These observations confirmed indicated that the lattice structures exhibited a lower degree
of swelling compared to the rectangular-sheets and these results indicated that the lattice possessed
a more stable structure compared to the latter (Figure 5.5 (A, B)). No significant differences in
trends between both structures were noted. Although the data reported was from three days of
observation and analysis, the stored gels did not degrade until six days in culture following this

observation.
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Figure 5.5: (A) Swelling analysis for both the f-gelatin-based lattice (1.5 cm x 1.5 cm) and
rectangular-sheets (1.5 cm x 1 cm) over a period of three days after being subjected to visible
light crosslinking. (B) Shown above in (BLII) is cell-laden lattice constructs. In (BIILIV) is
cell-laden rectangular-sheet constructs. (BLIII) was acquired after 24 hr of culture. (BIL,IV)
was acquired after 72 hr of culture. No significant differences in the degradation rates of both

structures were evident at 72 hr of incubation.
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5.4.2 Biocompatibility

As per the Live/Dead assay results, there were fewer dead cells when compared to the live
cells, encapsulated within the lattice structure after it was printed and crosslinked (Figure 5.6). The
number of viable cells was significantly more (p = 0.03) at 22 + 5 per unit area (12 x 10* sq.
microns) as opposed to the number of dead cells that was estimated to be about 6 + 2 per unit area.
The average percentage cell-viability was calculated to be about 8§1.48% in comparison to a low
percentage of cell death, averaging only 22%.These results were in accordance with the findings
of others during extrusion-based cell bioprinting [113].

Dead cell stain : Ethidium
Live cell stain : Calcein AM homodimer Phase contrast image

Figure 5.6: Live/Dead assay performed 15 min after printing and crosslinking. Shown in (A)
are calcein stained live cells and in (B) are ethidium homodimer stained dead cells,

respectively. In (C), a phase-contrast image of cells cultured for this experiment is shown.
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SEM images of cells in lattice structures revealed confluent cell populated surfaces as
depicted in Figure 5.7 (A, B). Moreover, there was also a significant amount of extracellular matrix

(pointed using white block arrows) deposited by cells, that was noted in all representative images

Figure 5.7: Shown in (A, B) are characteristic images of mouse MSC printed in lattice

structures. Elongated cell morphologies and the extensive coverage area by the cells both
confirm the biocompatibility of the lattice design and the bioink used. White arrows point to

the extracellular matrix deposited by the cells cultured.

(Figure 5.7 (A, B)), as is also supported by previously published work [66]. These results indicated
that the lattice is a favorable scaffold design permissive towards cell growth and proliferation,
owing to its macroporosity.

5.4.2.1 Flow cytometry

Flow cytometric analysis was performed to estimate the cell proliferation in both the lattice
and rectangular printed structures. The results obtained indicated that the cells that were
encapsulated within the lattice structure showed enhanced proliferation when compared to those
seeded in the rectangular-sheet after 3 days of culture from 24- to 72- hr (Figure 5.8). This was
because the Gated X-A mean value, which is a measure of the dye intensity, was significantly

57



reduced in its value from 24- to 72- hr (Figure 5.8 (A, B)) in cells cultured within the lattice (1.23
versus 0.44, respectively) indicating dilution of the dye due to increasing generations of cells
within the same culture. The Gated X-A mean values for the cells seeded in the rectangular-sheet
structure did not show differ significantly from 24- to 72- hr of culture (Figure 5.8 (C, D)) (0.60
versus 0.62, respectively). Additionally, the occurrence of multiple peaks confirmed the presence
of consecutive proliferating generations of cells within the bioprinted structures. Additionally, the
multiple peaks confirmed the presence of consecutive proliferating generations of cells within the
bioprinted structures. CTV stained cells cultured on plastic for 24- to 72- hr served as positive
controls and showed enhanced dye dilution and cell generations for the duration of culture as

depicted by Gated Mean-X values (A.1.3).

Lattice
= b~
S S
= =
A '
Rectanele
- Tage
24 hr. 2 hr.

Count

Count

Figure 5.8: FACS analysis to show cell proliferation and biocompatibility of the printed
and crosslinked lattice and rectangular-sheet structures, respectively. Cells pre-stained

with CTV were cultured up to 24 and 72-hr within printed constructs, respectively.
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In a nutshell, the lattice structures allowed cells to connect and communicate better, resulting
in more enhanced cell growth indicated by the greater extent of dye dilution, compared to the
rectangular-sheet structures. These results were cross verified from absolute cell counts, as
described earlier. For the 3D printed constructs, 2 x 10° cells/mL were used for cell encapsulation.
Since the lattice had a larger volume (1.5 cm x 1.5 cm x 1 mm) than the rectangular sheet (1.5 cm
x 1 cm x 1 mm), more cells could be encapsulated within the lattice compared to the rectangle
when analyzed after 24 hr, at which time the lattice revealed a cell density of 4.2 x 10° cells/mL
,when compared to the rectangular sheet which had a value of 2.4 x 10° cells/mL. After 72 hr, cells
in both samples had proliferated about four times compared to the initial cell seeding density. In a
previously published study [110], the CTV dye was used at a 1:1000 dilution and so the
proportional decrease in the intensity of the dye with enhancing cell populations could not be well
detected. So, in this study, a 1:5000 dilution was applied in order to detect the proportional

decrease in the intensity of the dye, as expressed by generations of proliferating cells.

5.5 Conclusion

In this study, lattice mesh geometries were printed in a comparative study to test against the
properties of a traditional rectangular-sheet. After 3D printing and crosslinking, both structures
were analysed for swelling and rheological properties, and their porosity was estimated using
scanning electron microscopy. The results showed that the lattice structure was relatively more
porous with enhanced rheological properties and exhibited a lower degradation rate compared to
the rectangular-sheet. Additionally, the lattice allowed cells to proliferate to a greater extent with
respect to the rectangular-sheet, which retained fewer cells. All of these results collectively

affirmed that the lattice poses as a superior scaffold design for tissue engineering applications.

59



Chapter 6: Development of a fibrin-gelatin based bioink for the fabrication of “cardiac

patches”

6.1 Introduction

In the previous studies, f-gelatin had been successfully employed to develop novel, visible
light crosslinkable bioinks that could be 3D bioprinted into scaffolds that could ensure cell viability
and proliferation [110]. Despite the success of the experiments with different cell-types such as
STO fibroblasts, C2C12 myoblasts and mouse MSC,the elastic modulus of the crosslinked f-
gelatin hydrogel generated by the rheological analysis was found to be 1.7 kPa [110] was
staggeringly low as compared to the elastic modulus of the native myocardium tissue which has
been reported to be ~9kPa according to existing literature [114]. This necessitated an immediate
need to select a new biomaterial to be used in tandem with the f-gelatin based hydrogel mixture,
targeted towards developing a scaffold with an elastic modulus closely mimicking the mechanical
properties of the native heart tissue. The extensive and widespread usage of fibrin as a surgical
sealant [115, 116] and its applications as a scaffold material in tissue engineering [117] made it
the most obvious choice to be used as an additive to the existing f-gelatin hydrogel for the
development of a cardiac construct. Numerous studies conducted by other research groups have
established the efficacy of employing fibrin glue as an injectable scaffold that could preserve the
infarct wall thickness and the cardiac function following myocardial infarction in rats making it
useful as a biomaterial scaffold in myocardial cell transplantation [118] .There is also literary
evidence validating the utility of fibrin-based scaffolds for delivering CM to the myocardium
[119]. The present study incorporates fibrin into the previously mentioned based bioink to test its
feasibility as a scaffold for the culture of CM as it is known to promote vascularization [120],

envisioning a future in vivo application of this lab-engineered cardiac construct. HA was excluded
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from the fibrin-gelatin based hydrogel mixture as it had only been used as a viscosity enhance in

the previous studies and it was not chemically crosslinked within the bioprinted construct.

The fibrin-gelatin based hydrogel was formulated as described under the Biofabrication
section and used to print as explained in earlier chapters. The printed constructs were subjected to
a dual step cross-linking process, first by exposing them to visible light to facilitate the cross-
linking of the f-gelatin, followed by the addition of a thrombin-CaCl: solution to the samples to
induce the cross-linking of fibrinogen to form fibrin. The acellular scaffold was characterized
using material analysis techniques as done previously [110] .This fibrin-gelatin based bioink was
used to bioprint human induced pluripotent stem cells (iPSC)-derived CM or human CM cell lines
to show their cytocompatibility.

6.2 Biofabrication

The ALLEVI 2 (formerly known as BIOBOT 1, Allevi, Philadelphia, PA, USA), employed
in previous studies, was used to bioprint the fibrin-gelatin based scaffolds. 1 mL of the fibrinogen-
gelatin bioink was formulated by weighing out 155 mg of f-gelatin and adding it to 990 pL of 60
mg/mL fibrionogen solution (made as described in Materials and Methods) at 25°C. The mixture
was then heated at 37°C for about 1 hr with stirring to facilitate the formation of a homogenous
and viscous mixture. RB (10 pL) was subsequently added as a photo sensitizer and mixed
homogenously with the existing bioink mixture [110]. Optimization of the fibrinogen solution and

f-gelatin concentrations for making the bioink, has been tabularised (Table 6.1).
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Table 6.1: Optimization of the firbin-gelatin based bioink

S.no. Fibrinogen Gel-fu Rose Bengal | State of the bio ink Observations post printing
(RB)
1 1 mL of 60 150 mg 50 mg Highly viscous with | The printed structure was
mg/mL (5% w/vas | clumps, in addition | incomplete and discontinuous,
per our black lumps were | but sample did not degrade for
previous noted four days.
study [110]
2 1 mL of 60 100 mg 50 mg Less viscous than #1, | The printed structure was
mg/mL but clumps were | incomplete and discontinuous,
present but the sample did not degrade
for four days.
3 990 pL of 155 mg 10 L The solution | Printed a clear rectangular sheet
60 mg/mL solution appeared to have | easily and structural fidelity was
(~59.4 aliquot from a | sufficient viscosity | maintained for four days.
mg/mL) stock of 5% | to enable printing.
(wiv)
4 1 mL of 60 | 150 mg of None used | Looked ideal for | Printed a neat two-layered sheet
Control mg/mL porcine printing. Not too | however, the structure dissolved
gelatin thick or watery. much earlier than the above
samples.

The concentration of fibrinogen solution used in the present study, 60 mg/mL was based on
a previous experiment [121]. Cui et al. demonstrated that the best polymerization result obtained
via bioprinting was observed with 60 mg/mL fibrinogen, 50 units/mL thrombin, and 80 mM CaCl:

[121]. Cells were added to this bioink mixture, as explained later. These results served as the basis
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for our present study as lower concentrations of fibrinogen solution (50 mg/mL), did not yield

bioinks that could be printed.

The bioink mixture was loaded into a 10 mL plastic syringe (BD, Franklin lakes, NJ, USA),
fitted with a stainless steel blunt-tip dispensing needle (Huaha, Amazon, USA), as done before and
extruded using a low extrusion pressure (18 - 25.5 kPa). Patterns printed using this bioink were
designed using SolidWorks and saved as .stl files. The structures were square-shaped having
dimensions of 1 cm x 1 cm and a thickness of 500 pm and were printed on 100 mm x 15 mm petri-
dishes (Thermo Fisher Scientific, Waltham, MA, USA). The .stl file used for printing was
uploaded to the Repetier Host program available via the Allevi server and converted into a g-code.
The g-code file was then uploaded and used to print structures which were subjected to a dual step
cross-linking process, first by exposing them to visible light for an optimized duration of 2.5 min
at 100% intensity (Intelli-Ray 600, Uvitron International, West Springfield, MA, USA), based on
our previous study [110]. Next, the chemical crosslinking of fibrinogen into fibrin was induced by

treating the printed constructs with a 1 mL solution comprised of 900 uL of 80mM CaClz and

100pL of thrombin in PBS at a concentration of 50 units/mL, for about 20 min.

6.3 Cell culture, characterization and viability in the bioprinted constructs

6.3.1 Live/Dead Cytotoxicity assay

Human induced pluripotent stem cell (iPSC)-derived cardiomyocytes (CM) were procured
from Axol Bioscience (Cambridge, UK) and human CM AC16 cell lines (ATCC, Manassas, VA,
USA) were cultured and stabilized before experiments. For the human iPSC-derived CM, cells

were bioprinted and cultured for a day for testing the compatibility of the printing technique and
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the fibrin-gelatin based bioinks for primary cell culture, viability and retention. About 2 x 10°
cells/mL. were added and printed within casted 3D patterns, and incubated (37 °C, 5% CO).
Controls, seeded in 2D wells (24 wells) received 5 X 10* cells/mL. This difference in cell seeding
density was because cells in 3D structures occupied a larger volume compared to their 2D controls.
After 24- and 72- hr respectively, the cultures were analyzed using a Live/Dead assay (Thermo
Fisher Scientific, Waltham, MA, USA) with Calcein AM (green) and Ethidium homodimer (red)
that stained the live and dead cells, respectively. After 24 hr of culture, the cell laden constructs
were processed for immunohistochemistry and stained with antibodies against Troponin T (Anti-
Cardiac Troponin T antibody [1C11], Abcam, MA, USA) to validate their functionality and

cardiac specific characteristics in bioprinted constructs as described in later sections.

A similar procedure was carried out for the human CM AC16 cells that were seeded and
then subjected to the Live/Dead assay. All Live/Dead stained cells were then imaged using a
confocal fluorescence microscopy (Olympus IX81 inverted fluorescence motorized microscope,

Shinjuku, Tokyo, Japan) to confirm the retention of viable cells within the bioprinted structures.

As a means to validate the cardiac smooth muscle specificity of the human CM AC16 lines,
the cells were immunostained with Myocardin (Myocd: Novus Biologicals, 1:200) antibody to
confirm their phenotype as well as their sarcomeric organization (A.1.9). Additionally, the
integrity of the CM was confirmed by co-immunostaining with Troponin T (TrpT:Cell Signaling,

1:300), which is a characteristic cardiac biomarker [122].

6.3.2 Cell viability and orientation within the printed constructs

The biocompatibility of the fibrin-gelatin based bioink was tested by probing the human CM

encapsulated within this mixture for their expression of Troponin I, a cardiac marker after
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sustained in vitro culture. At the end of culture, the cells in bioprinted constructs were fixed with
4% paraformaldehyde (Sigma-Aldrich, St Louis, MO, USA) for 15 min (25 °C). Post fixation,
these cell-laden constructs were permeabilized with 0.2% Triton X-100/PBS for about 1 hr. After
blocking with 1% normal goat serum (NGS/PBS, Sigma-Aldrich, St Louis, MO, USA) overnight
at 4 °C, the samples were incubated with a rabbit Polyclonal Antibody to Troponin I (at a dilution
0f 1:1000, 24 hr at 4 °C) followed by an anti-rabbit secondary antibody at a concentration of 1:4000
(2 hr at 25 °C) (Thermo Fisher Scientific, Waltham, MA, USA). The samples were then rinsed
with 1X PBS thrice and mounted using Fluoromount-G with DAPI (Thermo Fisher Scientific,
Waltham, MA, USA) and imaged using confocal fluorescence microscopy (Olympus IX81
inverted fluorescence motorized microscope, Shinjuku, Tokyo, Japan). Acquired images were
processed using Image J to assess the preferential cell orientation along the printing direction in

comparison with non-bioprinted samples (as detailed in the Appendix (A.1.4))

In order to confirm the viable cell encapsulation within the bioprinted constructs, the CM
were labeled with PKH26 red fluorescent membrane staining dye (Sigma-Aldrich, St. Louis, MO,
USA), prior to addition in the bioink mixture, as done before [110] and imaged after 24 hr of
culture ,without fixing the cells in the gel-samples, using confocal fluorescence microscopy (Zeiss,
Oberkochen, Germany). Cytotoxicity of the Rose Bengal in the bioink was assessed by
determining the cell viability tracked over a period of five days, as explained in the Appendix

(A.1.4)

6.4 Results

6.4.1 Material Characterization
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6.4.1.1 Gross morphology and Scanning Electron Microscopy (SEM)

The square structure was constructed using CAD software and converted into a .stl file,
which was adopted to print the fibrin-gelatin based cardiac constructs .The .stl file depicts the
herringbone pattern, so named due to its resemblance to the cardiac muscle tissue [123]. The gross
morphological en face SEM image of a 3D printed square pattern fabricated using the fibrin-gelatin
bioink was captured as shown (Figure 6.2 (A)). The architecture of the design was maintained
through a dual cross-linking procedure, as described earlier. An actual pattern deposited by the 3D

bioprinting process is also shown (Figure 6.1 (B)).

L D72 x10k 10 um

A B

Figure 6.1: Gross Morphology of the structure printed using the fibrin-gelatin based bioink.
(A) Depicts a representative SEM en face image of a characteristic 3D printed pattern (B)

Depicts bioprinted herringbone construct.

Specifically, the bioprinted cell-laden construct was irradiated with visible light for 2.5 min
at 100% intensity (Intelli-Ray 600, Uvitron International, West Springfield, MA, USA), based on

parameters optimized during our previous study [110]. Next, the structure was treated with a ImL
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thrombin-calcium chloride (CaClz) solution for 20 min, to chemically cross-link fibrinogen into
fibrin. A representative cross-sectional image of a printed square pattern acquired by SEM as
shown in (Figure 6.2 (A)) indicated a porous geometry with interconnected pores that appeared to
be well distributed and equi-sized. A representative cross-sectional image of a f-gelatin based
rectangular printed pattern generated by SEM is shown in Figure 6.2 (B), for comparison. The
average pore diameter (end-to-end-length) was determined to be 9.54 + 0.98 pum for the fibrin-
gelatin based constructs, in comparison with 15.62 + 3.05 um for the f-gelatin patterns. These

values were significantly different with a p=0.0032.

o N & & = B

Fibrin-gelatin Gel-fu

Average pore diameter, um
(Mean *SD)

Figure 6.2: SEM analysis for pore size estimation. (A) A representative SEM image of the edge of
a characteristic fibrin-gelatin film. At least 5 representative images were acquired per sample and
used to determine the average pore size depicted in (C), in comparison with the f-gelatin structures
as depicted in (B). (C) Depicts a plot comparing the average pore diameters for the fibrin-gelatin
(current study) and f-gelatin (gel-fu) based constructs [110]. In (A) scale bar corresponds to 50 pm

and in (B) corresponds to 20 pm.

The results implied that enhancing the cross- linking density of gelatin using fibrin would
decrease its porosity compared to gelatin [92]. However, the average pore size of these scaffolds

is in the permissible range for cardiovascular tissue engineering and angiogenesis as per earlier
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publications [107, 124]. A comparative analysis of the average pore sizes of the fibrin-gelatin based
square pattern and the gelatin-based rectangular sheet that was fabricated in our previous study
[110] was performed (Figure 6.2 (C)). These observations implied that the pore size of the fibrin-
gelatin based structure was slightly reduced in comparison to the previous study [110], which may
have been a result of the herringbone pattern, the addition of fibrin and the dual cross-linking

chemistry adopted in this study.

6.4.1.2 Rheology

Rheology analysis performed on the discs acquired from the fibrin-gelatin printed structures
generated results as depicted (Figure 6.3). Amplitude and frequency sweeps were performed to
ensure that the strain and frequency range were within the linear viscoelastic range of the gels. As
shown ( Figure 6.3 (A)), the elastic modulus was found to be 9.76 kPa which closely resembles

the modulus of the native myocardium [114]. The complex viscosity calculated at an angular
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Figure 6.3: Rheology analysis of fibrin-gelatin based square structures. (A) Representative storage-
and loss-moduli and complex viscosity from one characteristic gel-sample. Therefore, it does not
have error bars. Shown in inset (B) is the average storage and loss moduli for similar sample

patterns (#1 and #2, n=2) analyzed during rheological characterization.
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frequency of 1.99 Hz was found to be 1.63 Pa-s. The average storage and loss moduli for the tested
samples (Samples #1 and #2) were determined as represented in Figure 6.3 (B). The higher storage
modulus in both cases indicates that the elastic behavior of the gel is more predominant as

compared to its viscous properties, which is characteristic of a stably cross-linked hydrogel [125].

6.4.1.3 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR was performed on the fibrin-gelatin based hydrogels to validate the formation of a
crosslinked composite and the spectra obtained has been depicted (Figure 6.4). The peaks observed
at around 1636 cm™,1533 cm™ and 1238 cm™ correspond to the amide I-,amide II- and amide III-
vibrations respectively and are characteristic of the fibrin [126-128]. Additionally, the CH:2
deformation in the protein's structure was observed at around 1451 cm™ with amino acid chain
vibrations appearing around 1400 cm™ in accordance with published literature [128]. The
vibrational mode corresponding to the C=0 stretching in f-gelatin was found near 1636 cm™'and
the N-H and C-N stretching modes were found at 1530 cm™'. The deformation of the =C-H bond
in the furan ring is observed at around 920 cm™ as reported in earlier studies [129]. A broad band
that corresponded with the N-H vibrational mode was observed at 3282 cm™. The FTIR spectra
for control samples have been included in the Appendix (A.1.5). Although no major differences
were observed between the raw composite mixture with the photo-polymerized mixture, the cross-
linking of fibrinogen into fibrin was validated by the appearance of the vibrational mode of C-N

stretching at around 1150 - 1000 cm™!, as has been reported in existing literature [130].
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Figure 6.4: FTIR spectra for the fibrin-gelatin based sample.

6.4.1.4 Swelling and degradation

The swelling behaviour of the fibrin-gelatin based hydrogels when preswollen in cell culture
has been depicted (Figure 6.5). It was observed that the maximum swelling of the tested samples
occurred after 96 hr (four days) following which the samples reached an equilibrium swelling
degree. This time point was achieved much earlier in the previous study involving f-gelatin based
scaffolds where the tested samples reached their equilibrium swelling ratios after only 24 hr (one
day) in culture (p=0.02) [110]. This is proof that the dual-crosslinking mechanism that was applied
to the fibrin-gelatin based constructs resulted in them having more enhanced structural fidelity as

compared to the f-gelatin based constructs that were developed in the previous study [110].
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Figure 6.5: Swelling behavior of the fibrin-gelatin based hydrogel samples with respect to the f-

gelatin samples used in a previous study [110].

6.4.2 Biocompatibility
6.4.2.1 Live/Dead Toxicity assay

Images acquired after performing the Live/Dead assay on the both human iPSC-derived CM
and human CM, incorporated separately into the fibrin-gelatin hydrogels and bioprinted confirmed
that both cell types were able to withstand the extrusion printing and the crosslinking processes as
shown (Figure 6.6 (A, B)) . Since the iPSC-derived CM had a short shelf life, it was imperative to
employ the human cell lines to further validate the results that were exhibited by the primary cell
cultures used. These human CM cell lines presented a sarcomeric structure when probed using
appropriate biomarkers, which confirmed their functional and morphological resemblance to

human cardiomyocytes.
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Live-Dead assay results
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Figure 6.6: Cell retention, viability and proliferation. (A) Shows characteristic images of human
CM cell lines, that were bioprinted within fibrin-gelatin patterns and imaged using Live
(Green)/Dead (Red) assay, and (B) Quantification of cell viability estimated by Live-Dead assay

after 5 days of culture. Statistically significant differences are denoted by *(p<0.05)
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Cell proliferation assay results
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Figure 6.7: (A) Characteristic image of human CM cell lines stained with Troponin I antibody (red)
and DAPI (blue) after 5 days of culture. (B) PKH26 (red) prestained cells bioprinted using a
herringbone design were seen to align along this pattern after 24 hr of culture, in a maximum intensity
projection of a Z-stack of confocal microscope images.(C) Extent of cell proliferation in both 3D gels

and 2D controls after 5 days of culture is depicted.
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The Live/Dead assay carried out on the human CM cell lines printed within the fibrin-gelatin
based constructs and imaged after a duration of five days of culture, has been shown (Figure 6.6
(A)) along with 2D culture controls. The characteristic images of human iPSC derived-CM, which
were bioprinted within the fibrin-gelatin based structures and imaged after the Live/Dead assay
have also been included (A.1.6 (A, B)). Troponin T staining (red) validated the presence of cardiac
myocytes within the bioprinted constructs (A.1.6 (C)). Further, the human CM cell-lines that were
bioprinted within the fibrin-gelatin based constructs and stained with Troponin I [131] and DAPI
were imaged after five days (Figure 6.7 (A)). Troponin I is a marker that is employed to positively
stain and characterize CM expression in cultures [131] . It was observed that there was an increased
number of cells confirming biocompatibility of the fibrin-gelatin based gel with the human CM
encapsulated within printed constructs (Figure 6.6 (B)).

The characteristic 2D controls for Troponin I-stained images of human CM cell lines were
cultured in tissue culture wells and imaged after 24 hr (A.1.7 (B)). Viable human CM were imaged
within fibrin-gelatin based constructs after 24 hr of culture (Figure 6.7 (B)). Cells were observed
to align along the herringbone pattern and form networks as shown in the representative image
(Figure 6.7 (B)). On the contrary, non-printed controls for cells in gels (A.1.7 (C)), did not exhibit
any pattern in cell alignment. Moreover, the thickness of the gel cannot be controlled when casted
manually, which obstructs the visual detection of the encapsulated cells. Thus, the herringbone
pattern was specifically advantageous as it guided the cells to form networks which could
potentially induce cardiomyogenesis.

Based on all the confocal microscopy images that were acquired post the Live/Dead assay
(Figure 6.6 (A)), the percentage of dead cells was estimated to be about 8 + 4% ,a value that
negligible with respect to the percentage of viable cells that was found to be 92 + 3% (Figure 6.6

(B)). The values were considered significantly different with p=0.0012. These trends continued
73



even after 72 hr of culture with the numbers of dead and live cells calculated to be 10 + 5% and
98 + 4%, respectively. The increase in the characteristic cell count of the human CM cell lines
from 2.82 x 10° cells/mL at 24 hr to 9.6 x 10° cells/mL at 72 hr, within the 3D printed constructs
with respect to the 2D culture systems (controls) where the cell density increased from 1.24 x 10°
cells/mL to 4.34 x 10° cells/mL for the same duration (Figure 6.7 (C)) provided evidence for cell
proliferation. The cells seeded in the fibrin-gelatin based scaffolds were found to proliferate at the
same rate as the cells cultured in the 2D culture systems implying that the fibrin-gelatin scaffolds
were favorable for the cells and directed cellular growth and proliferation (Figure 6.7 (C)). This
provided further proof that both the iPSC-derived CM and the human CM cell lines could not only
survive the 3D bioprinting process and the dual crosslinking mechanism of the printed constructs
but were able to proliferate as well. The minimal cell death that was observed implied that neither
the bioink material nor the printing parameters posed any harm to the encapsulated cells but helped
the cells retain their viability without disrupting the printed constructs, on the basis of past work

[132-134].

Finally, the effects of RB on cell-encapsulated hydrogels in this study have also been
reported (A.1.4). Although RB was gradually released from the f-gelatin-based hydrogels, the cells
exhibited a growth behavior that was similar to controls, and no significant toxicity was observed.
Almost all the cells exhibited green fluorescence derived from calcein AM, when stained after 24
hr of culture confirming cell viability in the presence of RB. These observations indicated that the

RB released from the f-gelatin hydrogels posed no significant harm to cell viability.
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Chapter 7 : Comparison study between f-gelatin- and PEGDA-alginate based bioink

systems

7.1 Introduction

The successful fabrication of the f-gelatin based bioink into constructs that allowed cells
seeded in them to retain their viability and functionality encouraged us to investigate other visible
light crosslinkable bioink systems so as to validate the superiority of the f-gelatin-based scaffolds
through a comparison study between the two bioink based scaffolds [110]. The popularity of
PEGDA as a synthetically derived, photo-crosslinkable and biocompatible polymer extensively
used as a scaffold in tissue engineering applications made it an appealing choice [135] . Pediatric
bronchi models were printed using the previously existing f-gelatin bioink and a PEGDA based

bioink based on a previously published work.

7.2 Biofabrication

1 mL of the PEGDA bioink was made by dissolving 100mg of PEGDA (Alfa Aesar,Thermo Fisher
Scientific, Haverhill, MA, USA) in 932 pL of DI water. This was followed by the addition of 44
pL of Triethanolamine (TEA) (Thermo Fisher Scientific, Waltham, MA, USA) and 4 pL of N-
vinyl-2-pyrrolidone (NVP) (Acros Organics, Thermo Fisher Scientific,Waltham, MA, USA)
respectively to the PEGDA solution. 20 pL of 10Mm Eosin Y (Thermo Fisher Scientific, Waltham,
MA, USA) solution was added to the mixture under dark conditions and the resulting material,
following which it was irradiated with visible light for 120 s (100% intensity, Intelli-Ray 600,
Uvitron International, West Springfield, MA, USA) to induce the crosslinking of the PEGDA

monomer by the Eosin Y-TEA photoinitiator system.
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7.3 Results
7.3.1 Material characterization
7.3.1.1 Gross morphology and Scanning Electron Microscopy (SEM)

The en-face images of the lyophilized and sputter coated PEGDA based samples exhibited
a highly networked and homogenously distributed porous structure. The average pore size was
estimated to be 1.3334 + 0.57176 um and the apparent porosity was calculated to be 14.5%. The

thickness of the printed sample was measured to be 1.009 + 0.199 cm.

7.0kV 8.0mm x2.00k SE(M) 10/7/2019 12:42

Figure 7.1: En face image of a crosslinked PEGDA-alginate based bioink
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7.3.1.2 Rheology

The rheology analysis performed on the crosslinked PEGDA-alginate 3D printed samples
generated an elastic modulus of 7.093 + 0.708 kPa and the complex viscosity was measured to be
5180 Pa.s (images not included).
7.3.2 Biocompatibility

Human CM ACI16 cell lines used in the previous study, were seeded in casted PEGDA
hydrogels and subjected to a Live/Dead assay after 24 hr of culture, following which confocal

microscopy images of the cell samples were taken.

Figure 7.3: A representative confocal microscopy image obtained after Live/Dead assay
performed on human CM cell lines encapsulated within casted PEGDA based gels 24 hr post

culture
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Chapter 8: Summary and conclusions
8.1 Cardiac failure
Cardiac failure has become a major global health concern, affecting millions of patients all
over the world [136]. The elderly population, along with the obesity pandemic, and sedentary
lifestyle are all factors that will contribute to keeping cardiac failure as a leading cause of morbidity

and mortality worldwide.

Despite the numerous breakthroughs and advances in medical and interventional therapies,
the underlying pathology governing myocardial damage or death continues to be irreversible.
Patients who survive myocardial infarction are likely to be condemned to a lifetime of medication
and the inevitable progression of cardiac failure. Newer strategies to repair or regenerate injured

myocardium would have the potential of transforming the global healthcare.

Noteworthy discoveries that have been made in the field of stem cell technology may bear
the solution to answering this clinical problem. The abilities of stem cells for indefinite self-
renewal and differentiation into a range of cell types should make them the ideal candidates for
the repair of damaged cardiac tissue. Work in this field has caught the attention of clinicians and
the public. For instance, early pre-clinical work has demonstrated the formation of human
myocardium within infarcted rat hearts using embryonic stem cell-derived cardiomyocytes (ESC-
CM) [27, 28], and studies have also shown improved cardiac functions following stem cell therapy

[137].

Adult stem cell populations have also been able to address the ethical concerns that
accompany the use of embryonic tissue, as well as immunological issues and safety concerns
concerning teratoma formation while also producing significant improvements in cardiac function

in animal models from a range of different cells. These results paved the way for numerous clinical
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trials, the majority of which, have used autologous stem cells of bone marrow origin (BMC), with

small sample sizes.

Although the outcomes of these trials were modest, these studies demonstrated safety with
no increased risk of events including arrhythmia, restenosis/thrombosis, worsening heart failure,
recurrent MI, death, and re-hospitalisation. Further work in this area is clearly required to optimize

cell therapy strategies.

The field of biomaterials has also made countless advances in the past decade, with the focus
now extending beyond bulk mechanical properties, and allowing design on the cellular, molecular
and chemical level for improving the interaction and integration between synthetic and biological
systems radically. This led to the emergence of tissue engineering with the intention of developing
biological substitutes that can restore, maintain or improve tissue and organ function. Cardiac

failure seems to be an ideal clinical candidate for these strategies.

The primary objective of this dissertation to fabricate a “cardiac” patch by utilizing a
combination of various biocompatible materials in optimised quantities, followed by the addition
of cardiomyocytes, resulting in a solution (bioink) that could be extruded in specific design

patterns via 3D bioprinting.

8.2 Development of f-gelatin based bioink

Chapter 4 outlines the optimization and development of a novel visible light crosslinkable
f-gelatin based bioink . The bioink also comprised of HA which served as a viscosity enhancer to
make the material extrudable during the 3D bioprinting process and RB, a photosensitizer that

could facilitate the crosslinking of the f-gelatin macromolecules upon irradiation with visible light.
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The numerous techniques that were employed to characterize the f-gelatin based printed structures
indicated that they possessed a well-networked porous geometry and had good structural fidelity,
with an elastic modulus of 1.7 kPa. The bioink was tested for its compatibility with cells by printing
mono- and bi-layered rectangular sheets seeded with mouse MSC which demonstrated good cell
viability and functionality. Further, the bioink was also used to print bi-layered sheets with two
different cell-types such as STO fibroblasts (bottom) and C2C12 myoblasts (top) and the cellular
crosstalk between the two cell types even though they were confined to separate layers of the
printed structure confirmed that the bioink was not cytocompatible but could be used to print

complex structures that were comprised of multiple cell types.

8.3 Significance of scaffold design in tissue engineering

Chapter 5 discusses the study conducted with the aim to compare the performance of
scaffolds with two different geometries, namely lattice and rectangular-sheet structures, but printed
using the same f-gelatin based bioink. The material characterization studies performed on both
structures revealed that the lattice structure was relatively more porous with enhanced rheological
properties and exhibited a lower degradation rate compared to the rectangular-sheet. Further, it
was also observed that the lattice allowed cells to proliferate to a greater extent compared to the
rectangular-sheet, which initially retained a lower number of cells. All of these results collectively

affirmed that the lattice poses as a superior scaffold design for tissue engineering applications.

8.4 Incorporation of fibrin into f-gelatin based bioinks to fabricate “cardiac” patches
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Chapter 6 describes the incorporation of fibrin into the existing f-gelatin based bioink
developed in Chapter 4 to develop a novel dual crosslinkable bioink with superior mechanical
properties. Although the f-gelatin based constructs proved to be good scaffolds for tissue
engineering applications, their mechanical properties were significantly lower than those of the
native myocardium tissue, necessitating the need to use an additive which would significantly
enhance the mechanical properties. The extensive usage of platelet-rich fibrin, its capacity to offer
patient specificity and the similarity in composition to surgical glue made it an obvious and natural
choice for the additive. This new fibrin-gelatin based bioink was 3D printed into cardiac cell-laden
constructs seeded with human induced pluripotent stem cell-derived cardiomyocytes (iPS-CM) or
CM cell lines.

The cell-laden bioprinted constructs were cross-linked to retain a herringbone pattern via a
two-step procedure including the visible-light cross-linking of furfuryl-gelatin followed by the
chemical cross-linking of fibrinogen by treatment with a thrombin-CaClz solution. The printed
constructs revealed an extremely porous, networked structure that afforded long-term in vitro
stability. Cardiomyocytes that were printed within the sheet structure showed excellent viability,

proliferation, and expression of the Troponin I cardiac marker.

8.5 Conclusions

The numerous studies conducted throughout this dissertation were designed with the
objective of fabricating an ideal scaffold specifically meant for applications in cardiac tissue
engineering in order to treat myocardial infarction. Each of the studies performed combined all the
aspects of tissue engineering, namely, biomaterial scaffolds, cells and growth factors. The novelty
of our work lies in developing a visible light crosslinkable bioink that is composed of furfuryl-

gelatin, a derivative of porcine gelatin and fibrin, a combination that has never been investigated
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before despite each of the components being successfully employed for tissue engineering by
themselves or in tandem with other biomaterials. The results of our studies have far reaching
implications and can potentially pave the way for future investigations to have a better
understanding about fibrin-gelatin based bioinks as scaffolds specifically for cardiac tissue

engineering and their eventual adoption into clinical trials.
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Appendix
A.1 Supplementary information

A.1.1 Retention of cells in mono- and bi-layered f-gelatin printed constructs

(A) Mouse MSC, pre- (B) Mouse MSC, pre-
stained with PKH26 (red) stained with PKH26
showing viability when showing Vviability when
printed within monolayer printed within bilayer
sheets, after 5 days of sheets (bottom layer), after
culture. 5 days of culture

A.1.2 Confocal microscopy to observe the cellular crosstalk between STO (bottom layer) and

C2C12 (top layer) cells in the f-gelatin based bi-layered sheets

‘ 3 - ' - -
(A) C2C12 focused in this image plane (B) STO focused in this image plane
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A.1.3 FACS analysis on CTV stained cells culture on plastic for 24- and 72- hr

24 Iir.

Count
Count

10° 10° 10° 10° 10° 10 10° 10

Gate X-AMean Gate X-AMean
All 30.73 All 17.13

A.1.4 Cytotoxicity Assessment of Rose Bengal

f-gelatin (10 wt %) and RB (0.5 wt %) was mixed together and a 50 pl aliquot was drop-
pipetted onto a 12-well cell culture plate (Iwaki, Tokyo, Japan). The droplets were exposed to
visible light with a white light-emitting diode source (Luminar ace LA-HDF158A, Hayashi Watch
Works, Tokyo, Japan) at a distance of 1 cm for 5 min. Crosslinked hydrogels were incubated in
Dulbecco’s modified phosphate buffered saline for 24 h at 37 °C, and then sterilized with UV light
exposure. NIH/3T3 cells (mouse fibroblast) were cultured for this experiment and passaged using
Dulbecco’s modified Eagle's medium (DMEM) containing 5% fetal bovine serum (FBS) at 37 °C
in a 5% CO: incubator. These cells (5.0 X 10* cells/well) were seeded in 12-well plate with or
without the hydrogels. All samples were cultured for 5 days and their culture medium was replaced
every other day. After 5 days, the cells were trypsinized using 0.25% Trypsin-EDTA cell number

and their numbers determined by Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) and reported
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as percent viability. Absorbance assay of spent culture medium which correlated directly with cell
growth was measured at 450 nm. Furthermore, bright filed images of cells cultured with or without
the hydrogels were tracked at varying time points. In addition, after 24 hr of culture, Calcein AM
(Thermo Fisher Scientific, Waltham, MA, USA) was added to the cultured to visually confirm the
presence of viable cells in hydrogels and in other samples. Images were acquired using a

fluorescent microscope (Olympus, Tokyo, Japan).

(A)
(C)
Control %
=<
o 0
I 2 o
5 : 2
£ 2
+RB 5 8
g 2 4
= T
S .
) Time (day) Time (day)
Cell growth (n=3) Cytotoxicity of RB (n=3)
(B)
Phase contrast CalceinAM Rose Bengal

x100

(A) Bright-field images of cells cultured in TCPS (Control) or in the presence of Rose Bengal
(+RB) at days 1, 3 and 5. (B) Confirmation of cell viability after addition of Rose Bengal using
(continued from the previous page) Calcein AM, which only stains for viable cells after 24 h of

in vitro culture. (C) Absorbance assay conducted at days 1, 3 and 5 depict an increase in cell

growth while viability was also maintained across samples at different time points..
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A.1.5 FTIR spectra for controls

(b) Photopolymerized f-gelatin and non-crosslinked fibrinogen
1245
¥ 1548
E 3296 1633
g
Z (a) Non-crosslinked gelatin-fibrinogen
£
N
3301
1 1 1 1

4000 3500 3000 2500 2000

Wavenumber (em™)

The spectra obtained from two controls, namely spectra (a) showing signatures for the non-
cross-linked gelatin-fibrinogen composite and spectrum (b) showing only

photopolymerization of the f-gelatin component have also been illustrated.
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A.1.6 Live/Dead and Troponin-T/DAPI staining of human iPS-CM bioprinted within fibrin-

gelatin patterns

(A) and (B) shows characteristic images of human iPS-CM that were bioprinted within fibrin-

gelatin patterns and imaged after 24 h using Live/Dead assay. Calcein AM (live cell stain: green)
and Ethidium homodimer (dead cell stain: red) was used to depict live cells retained within the
bioprinted and crosslinked construct as shown in A and B- panels (I), and dead cells depicted in
panels (II), respectively. Panels (III) in both A and B depict overlaid images for both live and
dead cell stained samples. (C) Shown is a characteristic image of Troponin-T staining (red)
which confirms the presence of cardiac myocytes responsible for sarcomere contraction. CX43

(green) and DAPI counterstain is depicted in blue. Scale bar is 100 pm.
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A.1.7 Live/Dead and Troponin I staining of human CM cell lines cultured in tissue culture

wells and imaged as controls

(A) and (B) shows characteristic Live/Dead and Troponin-I stained images of human CM cell
lines, which were cultured in tissue culture wells and imaged after 5-days, as controls. Scale bar
depicts 200 um in (A) and 100 pum in (B). (C) Shows viable human CM (pre-stained using
PKH26: red) imaged after 24 h of culture within non-printed fibrin-gelatin gels, manually casted

and cross-linked. Scale bar depicts 200 pm.
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A.2 Image permits
A.2.1 All the images used in Chapter 4 have been adopted with permission from
"The applicability of furfuryl-gelatin as a novel bioink for tissue engineering
applications.” Journal of Biomedical Materials Research Part B: Applied

Biomaterials 107, no. 2 (2019): 314-323.
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A.2.2 All the images used in Chapter 5 have been adopted with permission from
"A Comparative Study of a 3D Bioprinted Gelatin-Based Lattice and Rectangular-

Sheet Structures.” Gels 4, no. 3 (2018): 73. (open source article).

© 2018 by the authors. Licensee MDPI, Basel,
Switzerland. This article is an open access
article distributed under the terms and
conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/lice
nses/by/4.0/).

A.2.3 All images used in Chapter 6 have been adopted with permission from “"'A
Visible Light-Cross-Linkable, Fibrin—Gelatin-Based Bioprinted Construct with
Human Cardiomyocytes and Fibroblasts." ACS Biomaterials Science &

Engineering 5, no. 9 (2019): 4551-4563.
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