HYBRID HYDROGEL
TEMPLATES FOR CARDIAC
TISSUE ENGINEERING

Thesis submitted in partial fulfilment of the requirements for the Degree of

DOCTOR OF PHILOSOPHY IN ZOOLOGY
Under the Faculty of Science

UNIVERSITY OF CALICUT

by
SOUMYA K. C.

Under the supervision of
Dr. JOSHI C. O.
Associate Professor, Department of Zoology,

Christ College (Autonomous),
Irinjalakuda, Kerala, India - 680125

AUGUST 2024






DECLARATION

I, SOUMYA K. C., hereby declare that the work presented in the thesis
entitled “HYBRID HYDROGEL TEMPLATES FOR CARDIAC
TISSUE ENGINEERING” is based on the original work done by me under
the guidance of Dr. JOSHI C.O., Associate Professor (Retd.), Department
of Zoology, Christ College (Autonomous), Irinjalakuda and has not been
included in any other thesis submitted previously for the award of any
degree. The contents of the thesis have undergone plagiarism check using
1Thenticate software at C.H.M.K. Library, University of Calicut, and the
similarity index found within the permissible limit. I also declare that the

thesis 1s free from Al generated contents.

Irinjalakkuda Soumya K. C.
18-08-2024






P.G. & Research Department of Zoology,
Christ College (Autonomous)
Irinjalakuda, Kerala, India — 680125

Mob: 9847908357, 9037167989

Email: profdrico@gmail.com
drcojoshi@gmail.com

Dr. Joshi C.O.

Associate Professor Retd. &
Former Head of the Department

CERTIFICATE

This is to certify that the thesis entitled “HYBRID HYDROGEL TEMPLATES
FOR CARDIAC TISSUE ENGINEERING” submitted to the University of
Calicut in partial fulfilment of the requirements for the Degree of Doctor of
Philosophy in Zoology is an authentic record of the work carried out by
Ms. SOUMYA K. C. under my supervision at Department of Zoology, Christ
College (Autonomous), Irinjalakuda, affiliated to University of Calicut and no part
of the thesis has formed the basis for the award of any degree, diploma or other
similar titles of any University. It is further certified that the corrections/suggestions
recommended by the adjudicators have been incorporated in the thesis and that the

contents in the thesis and the soft copy are one and the same.

Dr. JOSHI C. O. (Guide)

il






CHRIST COLLEGE (Autonomous),
IRINJALAKUDA, THRISSUR, KERALA,
INDIA. 680125

August 2024

CERTIFICATE

This is to certify that Ms. SOUMYA K. C. has completed the research work for the
full period prescribed under the Ph.D. ordinance of the University of Calicut. This
thesis “HYBRID HYDROGEL TEMPLATES FOR CARDIAC TISSUE
ENGINEERING” embodies the results of her investigations conducted during the
period at which she worked as a research scholar. I recommend the thesis to be
submitted for the evaluation for the award of the degree of Doctor of Philosophy in

Zoology of the University of Calicut.

PRINCIPAL

il






UNIVERSITY OF CALICUT
CERTIFICATE ON PLAGIARISM CHECK

1. | Name of the Research Scholar S OUMYAK. C

: : ; : HYBRID HYDROGEL TEMPLATES FOR
2. | Title of thesis / dissertation CARDIAC TISSUE ENGINEERING
3. | Name of the Supervisor Dr. C. O JOSHI
PG & RESEARCH DEPARTMENT OF ZOOLOGY,
4. | Department/Institution CHRIST COLLEGE (AUTONOMOUS)
IRINJALAKUDA
Non Core Core
Introduction/ Theoretical Analysis/Result/Discussion/
overview/Review of Summary/Conclusion/
literature/ Materials & Recommendations
R p 5 Methods/ Methodol
5 Similar content (%) identified . _ﬁe s z
. .. 10 10
Acceptable maximum limit (%)
6. Software used Ithenticate
g Date of verification 31-07-2024

*Report on plagiarism check, specifying included/excluded items with % of similarity to beattached.

Dr. Nasirudheen. T
1 . i an
W Assistant Librari -

. I . o iy of Calicut, Kel
Checked by (with name , designation & signature) | Upiversity 0

Name and signature of the Researcher

Name and signature of the Supervisor.

The Doctoral Committee* has verified the report on plagiarism check with the contents of
the thesis, as summarized above and appropriate measures have been taken to ensure
originality of the Research accomplished herein.

Name & Signature of the HoD/Hol (Chairperson of the Doctoral Committee)

*In case of languages like Malayalam, Tamil etc..on which no software is available for plagiarismcheck, a

manual check shall be made by the Doctoral Committee, for which an additional certificate has to be
attached.

v






ACKNOWLEDGEMENT

I would like to express my sincere gratitude and respect to my research
supervisor, Dr. Joshi. C. O., Associate Professor (Retd.) and Former Head, PG and
Research Department of Zoology, Christ College, Irinjalakuda. His Rnowledge,
support, guidance, lively discussions, critical evaluations and encouragement helped in
nurturing my passion _for my research throughout the course of my study. I am grateful
to him _for the valuable support and guidance offered during my Ph.D programme.

I am grateful to Prof. Dr. Nasser M., Pro-Vice Chancellor and Dr. Binu R,
Assistant Professor of Zoology, University of Calicut, for all the support provided
during my work,

I am deeply indebted to Dr. Mathew Paul ‘URken, former Principal and Rev.
Dr. Jolly Andrews CMI, Principal, Christ College, Irinjalakuda for providing sufficient

facilities for the successful completion of worR,

I express my sincere gratitude to Dr. V. P. Joseph and Dr. V. I. Joy, former and
present Research Co-ordinators, Christ College, Irinjalakuda for their support for the
successful completion of work,

I am deeply indebted to teaching faculty of Department of Zoology, Christ
College, Irinjalakuda for their co-operation and reqular support during the period of my
study.

I thank, all administrative staffs at Christ College, IrinjalakRuda, for their
constant support provided during my work, I remember with thanks, the library staff
of Christ College, Irinjalakuda, for their assistance for reference works during the entire
period of my research.

I am obliged to Ms. Dhilna Sunny, Research Scholar, Department of Zoology,
Christ College, Irinjalakuda for her support.

I am very much grateful to research scholars of different research laboratories
under Department of Zoology, Christ College, Irinjalakuda, for their assistance.

I express my gratitude to Department of Collegiate Education, Government of

Kerala for the permission and support for completing my thesis.



I am truly grateful to the former and present principals of KKIM Government
College for their unwavering support.

I am thankful to my colleagues Dr. Shaji E. M., Mr. Prasad N. K, and Dr.
Seema Menon of Department of Zoology, KKIM Government College, Pullut,
Kodungalloor for their uninterrupted motivation and encouragement.

Thanks to staff of various departments of KKIM Government College, Pullut,
Kodungalloor and students in the campus for their lively companionship.

I am grateful to Dr. Anitha R., Oushadhi, Thrissur for her assistance during
the evaluations.

I thank Dr. Rajesh Ramachandran and Or. Smitha C., Directors, Biogenix
Research Center, Thiruvananthapuram for extending their constant support and
motivation.

Sincere gratitude to Ms. Renjitha C. S. for language edits and proofreading.

I am thankful to my parents, family, friends and teachers for their blessings,
prayers, support and encouragements.

I further thank many who directly or indirectly helped me to prepare this thesis.

My immense gratefulness to the Lord Almighty for showering immeasurable
blessings with ever loving family, caring supervisor, supporting friends and so on for

the completion of this endeavour.

Soumya K. C.

vi



ABSTRACT






ABSTRACT

Cardio-mimetic hydrogel-based biomaterials are inevitable in bioengineering cardiac
tissue. The research focused to engineer and evaluate biologically favorable and cardiac
compatible hydrogel scaffolds using the natural polysaccharides such as alginate, starch
and carboxy methyl cellulose reinforced with synthetic polymers PVA and PEG for
cardiac tissue engineering (CTE). Two panel of hydrogel scaffolds viz ACPV and ASPG
were synthesized. ACPV hybrid hydrogel system was prepared by interpenetrating
alginate and cellulose with the synthetic polymer PVA and the subsets ACPV1 and
ACPV2 were prepared by varying the composition of the co-polymers. Similarly, PEG
was used in ASPG system instead of PVA and the two subsets ASPG1 and ASPG2 were
prepared by altering the constituent ratio of co-polymers. Divalent cation, Ca** was used
as the crosslinking agent in both the preparations.

ATR-IR analysis, water profiling, surface morphometry studies, contact angle
and tensile strength measurements and biostability studies evaluated the physicochemical
and mechanical properties of the hydrogels. The findings showed that all the hydrogels
exhibited appreciable properties with respect to the presence of surface functional groups,
optimum pore architecture and water holding capacity. The hydrogels were amphiphilic
and biodegradable with appreciable mechanical properties.

Cell material interaction was determined by direct contact assay, MTT assay and
by evaluating the extent of cell adsorption and penetration onto hydrogel surfaces, using
HOc¢2 cells. Direct contact assay demonstrated that the cells did not show any deviation
from the normal morphology suggesting the biocompatibility of the hydrogels.
Cytotoxicity studies of H9c2 cells cultured with hydrogel extract revealed viability of
>80% in all subsets. Both ACPV and ASPG hydrogels displayed superior adhesion and

spreading of H9c2 cells. Both ACPV and ASPG hydrogel systems promoted plasma
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protein adsorption on their interstices where the major fraction of adsorbed protein was
contributed by albumin.

The hydrogel surfaces were functionalized for antioxidant and antimicrobial
activity by loading them with ascorbic acid and antibiotics viz, amikacin and vancomycin
respectively. The antibiotic loaded ACPV and ASPG hydrogel subsets displayed
significantly increased zone of inhibition against Gram-positive and Gram-negative
bacteria. ACPV and ASPG hydrogels loaded with ascorbic acid displayed appreciable
antioxidant response in vitro cell free system as evident from DPPH and nitric oxide
scavenging assay. Interestingly, the hydrogels showed inherent antioxidant potential as
they demonstrated significantly decreased level of oxidative stress in RAW267.4 cells
upon direct contact with ACPV and ASPG hydrogels.

Immunocompatibility of ACPV and ASPG hydrogels were evaluated by studying
the expression of inflammatory mediators such as IL6, NF-Kf, IL-10, TGF-, TNF-a
and IKP using RAW 264.7 cells. The activation of RAW cells upon contact with the
hydrogels were minimal suggesting the immunocompatibility. Immunofluorescence
revealed that ACPV hydrogels exhibited immunomodulatory effects when compared
with ASPG system based on the expression status of IL6, NF-Kf, IL-10, TGF-B, TNF-a
and IKB. The genes and regenerative pathways involving these genes were assessed by
NetworkAnalyst program. The study concluded that the selected genes were intimately
associated with 370 genes and 120 pathways related to inflammation and/or
immunomodulation revealing their potential network.

Keywords: Cardiac tissue engineering, Hydrogel scaffold, Biocompatibility,

Cytotoxicity, Oxidative stress, Anti-microbial action, Immunomodulation.
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Background

American Heart Association (AHA) reported that approximately 18 million
global deaths were attributed to cardiovascular diseases (CVDs) with an increase of
28.5% when compared with the statistics of 2007 [1]. Also, CVDs account for one in
every three deaths globally and have become a serious global economic concern. The
global cost of CVDs is projected to increase to 1044 billion USDs in 2030 from 836
billion USDs of 2010 [2]. Heart failure (HF), a potential consequence of different CVDs
is a major health concern causing severe morbidity and mortality among the global
population. The prevalence of HF and the risk factors vary across the globe. The Global
Health Data Registry shows that nearly 64 million people around the world suffer from
HF and 8.2 of every 1000 inhabitant suffer mild, moderate, or severe form of HF
accounting for an estimated years lost to disability (YLD) of 9.91 million. In addition, a
36% increase in the prevalence and YLD of HF from year the 1900 has been reported
suggesting the increased prevalence [3]. Moreover, it is forecasted that the number of HF
patients will increase by 2030 with a concomitant rise in diagnosis and therapy.
Unfortunately, the current treatment strategies are insufficient and can offer only a five
year survival rate of 50%, irrespective of HF phenotype [4].

Multiple factors including nutritional, physiological, behavioral, environmental
and/or psychosocial contribute to the increased prevalence of CVDs. Clinical factors
identified include high blood pressure (BP), diabetes, high cholesterol, smoking, high
consumption of alcohol, poor diet, obesity and inadequate physical activity [5], [6].
Importantly, Ischemic heart disease (IHD), a type of CVD arises primarily due to the
blockage of coronary arteries due to cholesterol deposition and plaque formation.
Myocardial infarction (MI), the principal complication of IHD, occurs due to the

obstruction to blood flow to heart muscles leading to hypoxia and necrotic/apoptotic



death of cell phenotypes of cardiac tissue. MI results in the permanent loss of
cardiomyocytes, the beating elements of heart and cause structural and functional
alterations of surviving heart tissue. Cardiomyocytes are terminally differentiated; which
hurdles the regenerative mechanisms following MI and promotes fibrosis [7].
Conventional therapeutic approaches including thrombolytic agents, statins, beta-
blockers, ACE inhibitors and drugs such as aspirin improved the cardiac symptoms
following the MI, however, has failed to effectively manage MI due to several challenges
inherent with them [8]. Interestingly, cardiac transplantation has been attempted for the
potential treatment of end-stage cardiac failure; however, the dearth of transplantable
heart offers significant challenges. For instance, the cardiac patients with class IIIl NYHA
(New York Heart Association) heart failure are reducing despite therapeutic
interventions, but still have some cardiac reserve and increased survival rate.
Specifically, surgical approaches including CABG (Coronary Artery Bypass
Graft) to treat pre and post infarcted heart have saved millions of sufferers globally;
however, fails to replace the lost myocardium with normal cardiac function [9]. Hence,
novel treatment strategies for the effective management of MI are the critical need of the
hour. At this juncture, tissue engineering approaches are gaining promise as a novel and

effective method for the treatment of post-MI myocardium.

Structure of Cardiomyocyte

Cardiomyocytes are the structural and functional units of the heart, exhibiting
distinct structural adaptations for a peculiar functional role as the beating element of the
heart. Though the cardiomyocytes of the auricles and ventricles have common structure
and function, the contractile machinery of the latter is well organized to support

pulmonary and systemic circulation [10]. In contrast to skeletal muscles, cardiomyocytes



are uninucleate and branched cells with regular striations. Each of these cells is connected
to each other by junctions called intercalated discs. Each cardiomyocyte has an outer
limiting membrane composed of phospholipids called sarcolemma enclosing the
cytoplasm called as sarcoplasam. L-type calcium channels in the sarcoplasam facilitate
the movement of extracellular calcium required for contraction. The sarcolemma extends
deep into the sarcoplasam with the help of finger like projections called T tubules. A
single nucleus, organelles such as sarcoplasmic reticulum, golgi complex, ribosomes and
a well-organized cytoskeletal network are seen within the sarcoplasam. To ensure an
uninterrupted supply of sufficient energy for a continuous and fatigue free contraction,
the cells are also equipped with numerous mitochondria [11][12] [13].

The cardiac myofibrils are constituted by alternating bundles of actin and myosin.
The myofilaments of cardiac myofibrils are arranged separately in bundles in such a way
that actin filaments alternate with myosin bundles giving it a striated appearance. The
region constituted by actin is called I band or light band. An actin myofilament is a double
stranded helical structure and each strand is formed by the polymerization of globular
actin monomers. Other major proteins interacting with actin include troponin,
tropomyosin and nebulin placed in the grooves of actin myofilament [14] [15] [16].
Tropomyosin prevents undesirable interactions between actin and myosin, whereas
troponin belongs to calmodulin type of protein with three subunits viz troponin T which
interacts with tropomyosin, troponin I, the inhibitory part and troponin C which binds to
calcium. Binding of calcium ions to troponin C relieves this inhibitory effect through
conformational changes in these proteins and allows actin and myosin filaments to
interact during cross bridge cycle. Also, each I band is bisected by a narrow zone called

Z disc/line [17] [18].



The region of myofilaments constituted by myosin myofilaments is called the
dark band or A band. Even though I band is constituted exclusively by actin
myofilaments, the I band located on either side of A band may overlap with myosin
filaments of that A band. This occurs only at the ends of A band giving that region a
much darker appearance. The middle region of A band is made exclusively of myosin
and it is slightly lighter in appearance when compared with the ends. This zone is called
H zone with M line in the middle. M line contains a special protein called myomesin that
holds the thick filaments together. The region between two adjacent Z lines is called
sarcomere which forms the basic unit of contraction. The proteins of the Z disc maintain
the integrity of sarcomere. The major protein player in this region is a-actinin which
binds to actin filaments of I band [19]. Nebulin is found throughout the length of actin
filament in the sarcomere, with one end attached to the Z disc and other end pointing
towards the end of actin filament and is expressed in low levels in cardiomyocytes
functioning to regulate the length of thin filaments during contraction [20]. Another
protein present is titin that extends from M-line to the Z-disc and provides a binding site
for myosin.

Adjacent cardiomyocytes relate to each other through highly organized structures
called intercalated discs (ICD) which are the specialized undulating regions in
sarcolemma mediating electrochemical and mechanical coupling of cardiomyocytes.
Major components of ICD are proteins and organized into three junction complexes viz
gap junctions, adherens junctions and desmosomes [21]. Gap junctions are facilitators of
direct chemical communication between cells composing of specialized channel formed
of connexins. Both the participating myocardiocytes contributes to building a gap
junction. Each of these cells assembles six connexin proteins to form a hemi-channel

which is later assembled at the sarcolemma to from a functional gap junction. The



predominant connexion isoform contributing to gap junctions of cardiomyocytes is
connexin 43. A gap junction offers a low resistant path for the propagation of electrical
impulses between adjoining cardiac cells [22]. Coupling of contractile machinery
between cardiomyocytes is accomplished through adherens junctions which includes N-
cadherins and catenins. The extracellular domains of the transmembrane cadherins from
adjacent myocytes associate to form homodimers in calcium dependent manner. The intra
cellular domains, on the other hand, link with actin myofilaments through special

cytosolic proteins belonging to catenin family [21].

Cardiac Extracellular Matrix (ECM)

The cardiac ECM is a complex consortium comprising structural and non-
structural proteins which serve as a scaffold that mechanically support the intricate
network of cardiomyocytes and preserve the tissue integrity. In addition, cardiac ECM
facilitate signal transduction for cell-cell communication, distribution of contractile
forces during cardiac cycle, cell proliferation, migration and adhesion essential for
maintaining the proper anatomy and physiology of cardiac tissue. Also, the cardiac ECM
acts as reservoir for growth factors, cytokines, matrikines and proteases such as MMPs
(matrix metalloproteinases) and TIMPs (Tissue inhibitors of matrix metalloproteinases)
which regulate the dynamic nature of ECM. The cell types that inhabit ECM other than
cardiomyocytes include fibroblasts, endothelial cells and immune cells such as
macrophages [8].

The most prevalent structural protein expressed in cardiac ECM includes the
collagen isoforms, I and III constituting about 90% of total collagen of cardiac ECM and
the rest is represented by other subtypes such as IV, V and VI. Collagen I exists as thick
rod like fibres and is present predominantly in the epimysium and perimysium

maintaining the rigidity and stability of ECM. Collagen III forms a fine network of fibres



mainly in the endomysium and imparts elasticity [23]. The main structural component of
the basement membrane of cardiomyocytes is collagen subtype IV. In addition to its
structural roles, the various subtypes of collagen are found to be involved in regulating
cellular communications, proliferation and migration via FAK and P13K signalling [24].
The different collagen isoform content in ECM is tightly regulated by balancing the
expression of collagen genes and cardiac collagenase activity. Any imbalance between
collagen turn over and degradation aggravates the predisposition to cardiac pathologies
[25]. Another structural protein prevalent in cardiac ECM is elastin. Elastin assembly is
accomplished by the coacervation of monomeric tropoelastin secreted from elastogenic
cells followed by organization into elastic fibres. Elastin fibres bestow the tissue with a
reversible recoiling capacity after stretching and thus reduces mechanical load on cardiac
musculature [26] [27]. Other macromolecular components that decorate ECM includes
glycoproteins such as fibronectin, laminin, proteoglycans including syndecan, glypican,
laminins, entactins, perlecanen and glycosaminoglycans such as chondroitin sulphate,
hyaluronic acid and others. All these components are implicated to have both structural

as well as non-structural functions.

Molecular Pathology of Myocardial Infarction

The myocardial ischemia induces a cascade of inflammatory responses to clear
away dead cells and other debris from the zone of ischemia. Activation of complement
cascade, reactive oxygen species, DAMPs (damage associated molecular patterns) and/or
inflammasomes mediate the several events of proinflammatory response. The proteins of
complement cascade such as C3b, C3a, C4a, C5a and C5b-9 promote the phagocytosis
of the cellular debris by opsonisation and promotes further inflammation by activating

the membrane attack complex. DAMPs such as HMGBI1, S100A8/A9, S100A1,



Fibronectin-EDA, IL-10, ATP and mitochondrial DNA released form ischemic cells bind
with their receptors, PRRs (pattern recognition receptors), to activate cells of innate
immune system [28]. Activation of TLRs triggers the release of pro-inflammatory
cytokines IL-1p and IL18 aggravating the inflammation. In addition, the inflammasomes
produced in response to DAMPs promote apoptosis of injured cardiomyocytes via
various mechanisms including extracellular ATP release, K+ efflux, lysosomal
destabilization and mitochondrial ROS generation [29]. Also, the battery of cytokines,
IL-6,IL-1, MCP-1, CCL2, CCLS and others, secreted by resident as well as migrant cells
create a proinflammatory milieu and recruit additional immune cell sub-types to the
infarct zone. Also, the combined action of cytokines and chemokines attract neutrophil,
monocytes, macrophages and T and B lymphocytes. Interestingly, the pro-inflammatory
phenotypes of cardiac fibroblast (CF) have been unveiled which upregulates cytokines,
chemokines and MMPs in response to ischemic insult.

These cells work in conjunction to remove cellular remnants following the
infarction and promotes ECM degradation by secreting various MMPs. Simultaneously,
the MMPs secreted by fibroblast, immune cells and injured cardiomyocytes cause
degradation of matrix components such as collagen, gelatin, laminin, elastin and
fibronectin and the fragments thus generated are termed as matrikines which attract and
activate immune cells such as neutrophils [30]. These responses facilitate the removal of
damaged cellular and matrix components from infarct zone to activate the reparative
responses [31]. The first step is the formation of a provisional matrix composed primarily
of plasma derived fibrin which acts as a scaffold for cells including fibroblasts and
endothelial cells and for the regenerative components such as PDGF, TGF, VEGF, FGF
and other signals/growth factors. Such mediators are involved in the switching of

leucocytes from a proinflammatory to anti-inflammatory phenotype.



The formation of the provisional matrix marks the transition from inflammatory
phase accompanied by the disintegration of the provisional matrix by fibrinolytic
enzymes and CCR2+ macrophages. This is replaced by a cell derived matrix composed
mainly of hyaluronin, fibronectin and other matricellular proteins such as osteopondin
and tenascin, while the anti-inflammatory signals triggered due to these profound
changes in the infarct zone regulates the further infiltration of inflammatory cells. The
uncontrolled production of these matrix components ultimately results in the formation
of a scar tissue that is unable to contract and the mechanical stress generated due to the
contraction of the heart causes deformation in the scar tissue resulting in an irreversible
remodelling of myocardial tissue and reduced cardiac output [32]. The biochemical and

molecular events associated with the scar tissue formation are depicted in Figure 1.
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Figure 1: Cellular and biochemical events associated with scar tissue formation.




Tissue Engineering

Heart transplantation is considered as the most effective strategy for the
management of MI. Dearth of donors, graft rejection, lifelong immune suppression and
infections are the major shortcomings associated with this heart transplantation. Also,
assistive devices used for cardiac management pose challenges including reduced life
span, chances of infection and thrombosis [33] [34]. Thus, novel approaches for the
successful management of MI and other cardiac ailments are urgently needed. An
innovative treatment strategy emerged was to deliver cells such as stem cells or myoblast
cells directly to the injury site for tissue repair; however, the injected cells failed to retain
in the site of injection and/or underwent apoptosis. Hence, a supporting platform/scaffold
to hold the cells at the injection addresses the challenges associated with cell retention
[33]. The understanding that cell confinement and viability at site of injury effecting
tissue repair catered with the support of a scaffold led to the evolution of a new branch
of medicine, tissue engineering.

Tissue engineering, now-a-days, has gained immense attention as a novel and
promising strategy for the reconstruction of damaged organs or tissues accelerating the
inherent regenerative ability of the body. In this approach, specific cell phenotypes are
grown on biodegradable scaffolds that physically and mechanically resembles the native
ECM of the damaged tissue. The seeded cells proliferate, differentiate and form semi-
tissue patches that are implanted onto the damaged sites of organs, which later secrete its
their own ECM replacing the scaffold and integrate with the native tissue. Still in its
infancy, developments in the field of cardiac tissue engineering (CTE), in the past 20
years have been astounding. Fundamentally, the CTE aims at constructing biomimetic
3D scaffolds having properties of native cardiac matrix for developing

implantable/injectable cardiac patches for accelerating cardiac repair. Recent progress in
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CTE research has witnessed the successful development of heart valves, cardiac
muscles and blood vessels suggesting the growing potential [35]. The basic principles

and approaches in CTE are given in Figure 2.
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Figure 2: Basic principles and approaches in CTE.
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Hydrogel Scaffolds

3D scaffolds are integral to the success of CTE approach and scaffolds should
maintain the viability and support the growth of seeded cells until a functional ECM is
formed, restoring normal tissue function. Biocompatibility and biodegradability are
primary requirements for any scaffold to support cell growth. The scaffold or its
degradation products prevents immunological insults at the implantation site. The
presence of open and interconnected pores with optimum dimensions ensures the
microenvironment required for cellular infiltration, adhesion, migration and
proliferation. In addition, porosity ensures efficient trafficking of nutrients into and
removal of metabolic by-products from the cells. Moreover, neovascularization has been
reported to be triggered on the scaffold surface with optimum porosity [36]. The
mechanical characteristics of the scaffold warrants compatibility with that of native
myocardium in terms of contractility, elasticity, tensile strength, anisotropy and load
bearing capacity. This is imperative for the scaffold to accommodate structural changes
occurring in the heart during various phases of the cardiac cycle. Moreover, the
mechanical properties of the scaffolds determine the phenotypic and contractile
properties of seeded and host cardiomyocytes in the scaffold [37].

Several natural and synthetic polymers have been employed as scaffold materials
in CTE. Among them, hydrogels are considered as an ideal candidate owing to their
tuneable physical and chemical features that support cell adhesion, proliferation,
migration, angiogenesis, ECM formation, neo-tissue formation and water content.
Hydrogels are hydrophilic polymeric networks that swell rapidly by absorbing water.
Both synthetic and natural hydrogels have proven to be promising for cardiac tissue
engineering [38]. Alginate, chitin, fibrin, collagen, hyaluronic acid and decellularized

matrix are some of the natural hydrogels generally used for CTE while synthetic
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hydrogels include PVA, PEG, Poly(2-hydroxyethyl methacrylate), polyacrylamide and
polyacrylate [39]. These materials are used either in combination with cells to form new
tissue or functionalized with molecules such as growth factors to facilitate chemo
attraction of circulating cells towards the scaffold which later gains more cues and
assemble themselves into functional tissue.

Hydrogels based on natural polymers have been explored extensively for
applications in three-dimensional cell cultures. Although promising results have been
observed from cells cultured with these natural gels, complex, variable and ill-defined
composition, poor mechanical properties and immune system activation by these
materials often hurdle cardiac applications. In contrast, synthetic hydrogels with well-
defined network and mechanical strength provide a regular three-dimensional platform
for cell growth. However, uncontrolled degradation, toxicity of degradation products,
lack of biological cues and immune reactivity limit the application of synthetic polymers
in regenerative medicine.

Interestingly, the shortcomings of the individual applications of natural and
synthetic hydrogels can be overcome by hybridizing together in specific proportions.
Such hybrid hydrogels have been hailed to possess exceptional biocompatibility and
appreciable mechanical strength for cardiac applications [40]. For instance, Grover et al.
modified the decellularized myocardial matrix with the incorporation of synthetic
polymer PEG. Their results demonstrated that PEG incorporation could enhance the
mechanical characteristics of the myocardial matrix and decrease the rate of enzymatic
degradation without affecting its natural properties [41]. In another study, gelatin
methacrylate (GelMA) was reinforced by hybridizing with hyaluronic acid (HA)
methacrylate (HAMA). HAMA-GeIMA hydrogels exhibited better mechanical strength

and promoted cell migration and growth when compared with GeIMA or HAMA used
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alone [38]. In a seminal study, PEG was hybridized with a natural insect protein, resilin
and the resultant material displayed better mechanical characteristics and supported the
growth of aortic adventitial fibroblasts [42].

Hydrogels are used in regenerative medicine as injectable hydrogels and
implantable hydrogels. Injectable hydrogels transform to a gel phase when injected into
cardiac muscles by extrinsic cues such as chemicals or manipulating the intrinsic cues
such as temperature or pH. Some of the polymers that are generally used as injectable
gels include alginate, chitosan, hyaluronic acid, copolymers based on PEG, pNIPAAM,
PGS and self-assembling peptides. The main advantage of injectable gelling system is
that its deployment into cardiac muscles can be done through intramuscular injections or
through catheter delivery. Since the gels are injected directly to the site of injury, there
are fewer chances that the cells or other molecules loaded in the gels are lost to untargeted
sites. Also, the injected hydrogel acts as a flexible support essential for the contracting
cardiac muscles [34]. However, difficulties in fine tuning the hydrogel characteristics
such as toxicity, viscosity and gelation properties pose challenges in the clinical
translation of this strategy [33].

Another concern is to fabricate gels that rapidly integrate into cardiac muscles as
heart is undergoing cyclic contractions and relaxations [43]. In a clinical trial, alginate
hydrogel was injected into the myocardium of left ventricle of patients with advanced
HF demonstrating that the exercise profile and symptoms improved with the treatment
with only 8.6% mortality. The study concluded that the hydrogels have an acceptable
safety profile to be used as an injectable system [44]. In another study, therapeutic effects
of injectable silk sericin hydrogel in mitigating MI complications were evaluated in a

mouse model revealing that silk sericin hydrogel reduced scar formation and
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inflammatory responses with a concomitant stimulation of cell survival, wall thickness
and neovascularization [45].

Implantable hydrogels, on the other hand, are porous solid or semi-solid scaffolds
fabricated ex situ for tailoring onto injured cardiac muscles. CTE hydrogels, designed for
creating appropriate micro niche scaffoldings for 3D cardiac cell growth, primarily focus
on the cell biology concerning the patency of the scaffolds [46]. Generally, the
biochemical and physiological functions of a tissue is operated by the coordinated
interactions between the respective cells and native ECM. Therefore, understanding the
nature, chemistry and biology of the ECM is crucial for the ex-vivo design of hydrogel-
based implantable systems that mimic cardiac ECM [47]. The cells or regenerative
mediators loaded onto such hydrogels initiate communications with the hostile
microenvironment of the surviving myocardium and trigger regenerative responses.
However, the success of this approach depends on the physical and mechanical properties
of the scaffolds such as biocompatibility, degradability, non-toxicity, pore size, pore
density, contractility and electrophysiological stability.

The technological advancement in the field of biomaterials has led to the
discovery of ‘smart-hydrogels’ that respond to the environmental triggers (temperature,
pH, ionic strength and others) and exhibit marked changes in their physiochemical
properties such as swelling behaviour, mechanical properties, sol-gel transition, network
structure and ionic balance. Smart hydrogels find a multitude of applications in CTE
such as for controlled drug delivery, as biosensors or as surfaces with controlled cell
adhesion [48]. In the current era of CTE, there is a significant focus on smart hydrogels
to ensure the improved healing responses by targeting multiple aspects of MI pathology.

The deliverables paired with injectable or implantable hydrogels are cells or other

bioactive leads that aid in regeneration [43]. The different cell types used for cardiac
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tissue engineering include cardiomyocytes of adult foetal or neonatal origin, skeletal
myoblast cells, bone marrow derived stem cells such as mesenchymal, endothelial or
hematopoietic stem cells, embryonic stem cells, smooth muscle cells, adipose tissue
derived stem cells, cardiac stem cells and induced pluripotent stem cells (iPS cells).
Fundamentally, the selection of cells for CTE is crucial for the translational applications
considering availability, convenience, proliferation capacity, phenotypic switch and

healing responses [49].
Fabrication of CTE Scaffolds

Diverse approaches have been employed in the preparation of CTE scaffolds. The
conventional techniques include solvent casting, phase separation, gas foaming, porogen
leaching and freeze drying while the advanced methods employed include
electospinning, bioprinting and computer assisted designing [50]. In solvent casting
method, the polymer/s is dissolved into a uniform solution and is crosslinked into an
interconnected fibrous scaffold with the addition of a crosslinking agents. The polymer
matrix is dried to remove the solvent and washed in water to leach out the unreacted
cross-linking agent. Gas foaming technique relies on subjecting polymers to high
pressure with gas foaming agents such as CO; and/or nitrogen resulting in the formation
of tiny gas bubbles within the scaffold which are degassed to develop into pores.
Scaffolds with approximately 100 mm pore diameter and 90% porosity can be obtained
by this method with an advantage of absence of toxic solvents that interfere with cell
viability [51]. Porogen leaching employs a porogen, such as paraffin beads, NaCl or
sucrose dispersed in the polymeric solution, prior to cross linking. Dissolution of
porogenic material with appropriate solvent after fabrication generates highly porous

scaffolds with well-defined pores. The processing time for such scaffolds is high and any
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failure to completely remove the dissolution solvents affects the viability of the cells [52]
[53].

Freeze drying method relies on the principle of sublimation wherein the solvent
molecules are solidified and removed as gas. In freeze drying, the polymer is dissolved
in a solvent with which it is miscible. The polymer solution is then freeze dried to remove
the solvent molecules, resulting in a highly porous polymeric scaffold [54].
Electrospinning is used to create scaffolds with nano and micro scale architecture
employing the electrostatic forces to pull out polymeric solutions into fine fibres. The
equipment set up for this technique include a polymeric solution source, a high voltage
supply and a collector. From the high voltage DC source, optimal charge to overcome
the surface tension of the polymeric solution is supplied resulting in the emission of a
fibre jet which is instantly collected on to a rotating or translating collector [55] [56]. 3D
printing technology is a recently emerged technique used to create 3D tissue constructs
with specified geometry and architecture [57]. 3D bioprinting is promising to address the
issues such as organ scarcity or the challenges with conventional tissue engineering
strategies. In 3D bioprinting, a robotic 3D bioprinter deposits biomaterials, contextually
referred to as bioink, suspended with cells in a layer-by-layer fashion in accordance to a
computer aided design of the original 3D functional tissue. Bioinks provide structural
support and a microenvironment for the cells to adhere, migrate and proliferate. The 3D
constructs are transferred into bioreactors with physiological environment to promote
maturation. In this step, the cells in the construct proliferate to occupy the spaces of the

gradually degenerating bioink and take the form of the predesigned tissue structure [58].

Application of decellularized ECM (dECM) as CTE scaffold has recently gained
appreciable momentum. Decellularization refers to the careful removal of cellular

components from a tissue through enzymatic and/or chemical treatments to harvest the
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intact ECM. The dECM is later cellularized with cardiac cell phenotypes to develop a
functional cardiac tissue construct [59]. The most promising tissue source of dECM for
cardiac tissue engineering is myocardium owing to retention of specific biochemical and
mechanical cues as well as tissue microenvironment essential for cardiac regeneration in
myocardial dECM. This promotes proper and faster cell attachment, migration,
proliferation and differentiation with minimal risk of immunological rejection, if the
tissue source is allogeneic. Several investigations have reported that matrix bound growth
factors that are involved in angiogenesis, cardiac homeostasis and cell growth are
retained in the myocardial dECM [60] [61].

The emerging trends in CTE are beneficial to the patients waiting for heart
transplants and those needing tissue entities, myocardium, valves or blood vessels. For
successful CTE, biomechanically stable and biodegradable templates are the key to
promote and maintain optimal numbers of cells for accelerating the specific biological
functions. Therefore, it is highly relevant to develop biomimetic scaffold materials using

biocompatible hybrid polymeric systems for successful CTE.
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Objectives

CTE demands an ideal scaffold matrix such as hydrogel that mimic the native
cardiac ECM. The swelling behaviour of hydrogels simulates tissue-like elastic
properties and permeability to biological fluids. Interestingly, the hydrogel scaffolds
from both natural polymers and synthetic biomaterials possess several demerits
challenging their long-term application in CTE. Hence, hydrogels derived from either
natural or synthetic origins fail to replicate the mechanical and viscoelastic characteristics
of native myocardium as the hydrogel-based tissue constructs are mechanically weaker
than their native tissue counterparts. However, these drawbacks can be addressed by
chemically crosslinked hybrid biosynthetic hydrogel scaffolds which provide favourable
physicochemical, mechanical properties and biocompatibility for CTE. Furthermore, the
cells grown on the scaffolds fail to perform the intended function owing to the limited
availability of metabolites from the surrounding medium, despite the extensive porous
network. Also, the influence of physiochemical properties on the cell infiltration and their
performance in the hydrogels in the absence of specific signals are yet to be determined.

The increased ROS production and subsequent oxidative stress during MI
aggravates the pathology and antioxidant therapy for the management of reperfusion
injury has been attempted. For instance, the polymeric materials immobilized with
antioxidant mediators/enzymes for the management of ischemic injury has been
successfully attempted. However, reports on ROS scavenging hydrogels for CTE are
unavailable demanding the hydrogels with inherent ROS scavenging activities for the
regeneration/repair of myocardium to restore the functional heart. The successful design
of CTE strategies rely on judicious selection of biodegradable hydrogels with superior
mechanical strength, non-toxic degradation products, interconnected pore architecture

for nutrient trafficking, cues for cellular viability and differentiation, controlled
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degradation along with excellent performance and survival complying with the
contractile function of the injured heart. Importantly, the release of toxic by-products
induces hyperinflammatory response which may contribute to fibrotic responses that
prevent tissue remodelling, the transport of nutrient and angiogenesis. Similarly, the
infection associated with MI pathology and implantation/intervention is challenging
which warrants the hydrogels with antibiotic potential.

At this juncture, the present research focuses on the synthesis of biomechanically
favourable and biodegradable hybrid hydrogel scaffolds involving sodium alginate,
CMC, starch, PEG and PVA which favours cellular responses for CTE. The specific
objectives of the study are as follows.

1. Synthesis and characterization of novel biodegradable hybrid hydrogel

scaffolds using the copolymers sodium alginate, CMC, starch, PEG and PVA.

2. Examinations on cell-material interaction and compatibility of the hybrid
hydrogels.
3. Investigations on the biological responses of biosynthetic hydrogels for

cardiac tissue engineering.
i. Studies on antimicrobial response
ii. Studies on antioxidant response

iii. Studies on immunocompatibility and gene interactions
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Organization of the Report

This thesis has been organized into six chapters as follows:

Chapter I — Introduction: This chapter focuses on the general background, current
understanding, emerging approaches in CTE with emphasis on MI pathology, cardiac
tissue engineering and regenerative medicine, hydrogel scaffolds, biomaterials such as
alginate, CMC, starch, PEG and PVA along with the objectives of the study and

organization of the thesis.

Chapter II — Review of literature: This chapter provides insights into the review of
literature and published information significant to the present study which has been
categorized into evolution of CTE, biomaterials scaffolds in CTE, alginate-based
scaffolds in CTE, cellulose-based scaffolds in CTE, PEG-based scaffolds in CTE, PVA-

based scaffolds in CTE and hybrid hydrogels in CTE.

Chapter III — Materials and Methods: This chapter describes the methodology,

protocols and procedures adopted for generating the meaningful data in the present study.

Chapter IV — Results: This chapter provides details on the major findings based on the

standard protocols used and figures out overall outcome of the present study.

Chapter V — Discussion: This chapter assesses the results of the present study on the

basis of the interpretations using the generated data in the light of published literature.
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Chapter VI — Summary and Conclusion: This chapter categorically sums up the

overall findings from the study and derives a meaningful conclusion.

Chapter VII — Recommendations: The chapter on recommendations contains

suggestions for further experimental exploration in the future studies.

References: The section on references contains the citations used for this research work.

Publications: Publications based on the current research work are enumerated here.

22



CHAPTER 2
REVIEW OF LI TERATURE






Evolution of CTE

The early half of 20" century witnessed attempts to assemble the whole heart in
vitro [62] suggesting the early concept of tissue engineering. Later, Moscona was
successful in culturing freshly isolated cells from foetal chicken heart obtaining an
aggregate of cells similar to the intact heart tissue [63]. Interestingly, investigations by
McDonald et al. demonstrated that the isolated cells from immature hearts were potent
in forming cardiac-like tissues under optimal culture conditions [64]. Simpson et al.
found out that neonatal rat cardiac cells possess self-organization potential leading to the
formation of heart-like tissues [65]. The introduction of computer-controlled
instrumentation to study the biomechanics of cardiac tissue by Vandenburgh and
Terracio in late 1980s throws further insights into the orientation and organization of
multiple cell types [66] [67]. Subsequently, the findings from embryonic fibroblasts
paved the way for an improved in vitro heart model with appreciable properties [68].

The interdisciplinary collaboration of material sciences to cardiac biology
resulted in defining novel principles of CTE. For instance, Carrier et al. employed
polyglycolic acid as a scaffold in bioreactor cultures [69] and Li et al. cultured embryonic
rat ventricular cells onto gelatin scaffolds in vitro and post-implantation infarcted rat
hearts displayed spontaneous contractile function [70]. Leor was the first to report
cardiomyocytes in tissue engineering; however, failed to integrate with the host
myocardium [71]. Radisic et al. combined collagen foam with neonatal rat heart cells in
Matrigel to generate cardiac constructs with improved biological features [72].
Interestingly, the effective utilization of bioreactors resulted in the construct 3D
multilayer cardiac tissue like constructs with superior electrophysiological features using
polymeric scaffolds and cells of interest [69] [73]. The emergence of organ printing

unveiled novel avenues in CTE, especially for the development of single cell layers and
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cell aggregates [74] which are superior to cell technologies [69]. Importantly, intelligent
hydrogel-based CTE ensuring the responsiveness to the alterations in cardiac physiology,
superior biocompatibility and biomimetic nature emerged as a promising approach in

CTE [75].

Biomaterial Scaffolds in CTE

Several 3D in vitro culture systems employing natural/synthetic/hybrid polymers
components have shown to promote the attachment and proliferation of cardiac cells.
Kallukalam et al. designed carboxyl terminated-poly(propylene fumarate)-co-ethylene
glycol)-acrylamide  and  polyethylene  glycol  terminated  poly(propylene
fumarate)/acrylamide hydrogel scaffolds favouring adhesion and proliferation of cardiac
fibroblast cells of new born rat (Wistar) due to the formation of synergistic hydrophilic—
hydrophobic surface-by-surface reorganization [76]. Similarly, the growth of fetal rat
cardiac cells in thermoresponsive poly (N-isopropyl acrylamide)-grafted gelatin
(PNIPAM-gelatin) scaffold exhibited appreciable outcomes in vitro [77]. Sakai et al.
have studied the growth of cardiomyocytes in vitro in gelatin sponge and observed potent
inflammatory reaction after 4 weeks of implantation due to dissolution of the sponge
[78]. Interestingly, spatial orientation of cardiomyocyte has been achieved using
biodegradable, elastomeric polyurethane films micro-patterned with adhesion molecule
laminin [79]. A seminal study reported the construction of heart valve leaflets using the
synthetic biodegradable polymer polyglycolic acid seeded with fibroblast cells and
endothelial cells to form an engineered heart valve tissue construct. The study
demonstrated the feasibility of valve replacement using autograft tissue constructs

instead of mechanical valves in lamb model [80].
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Another study traced the seeded cells onto a biodegradable polymeric leaflet
demonstrated that the cells on the leaflets had persisted and generated a proper matrix on
the polymer scaffold 8 weeks post- implantation [81]. Ishii et al. demonstrated the
survival of primary neonatal rat cardiomyocytes in the biodegradable electro spun nano
fibrous poly (e-caprolactone) meshes employing the cell-layering technique revealing a
3D cardiac construct with beating cardiomyocytes [82]. Electrically conductive
polyurethane/siloxane networks, stabilized with castor oil demonstrated the increased
attachment and proliferation of C2C12 myoblasts suggesting the potential application in
CTE [83]. Poly(vinyl alcohol) (PVA) based scaffolds are excellent potential for CTE
owing to the mechanical properties conferring an adaptive behaviour towards load
bearing functions of the heart, retention of significant amount of water or biological
fluids without dissolution [84]. RGD peptide immobilized poly(3-hydroxybutyrate-co-4-
hydroxybutyrate) [P(3HB-co-4HB)] scaffolds demonstrated improved cell-scaffold

interaction promoting the attachment and proliferation of H9C2 myoblast cells [85].

Alginate Based Hydrogels in CTE

Alginate is a biocompatible biomaterial with enormous biomedical applications
including tissue engineering. The biologically favorable properties of alginate including
the ease of gelation and water holding capacity hail it as attractive material for CTE.
Alginate is a naturally occurring heteropolysaccharide extracted from brown seaweeds
composed of two units: a-L-guluronic acid (G) and 1,4-linked B-D-mannuronic acid (M)
[86]. Alginate hydrogels have been promising in improving cardiac functions as evident
in diverse animal models of MI as injectable and implantable CTE hydrogels. Injectable
alginate hydrogels revealed marked attenuation in LV dilation and dysfunction and
prevented pathologic cardiac remodeling in small and large animal models of MI [87]

[88]. In a seminal study, VEGF-loaded alginate microspheres implanted on the epicardial
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surface of a MI-rat model maintained their biological activity enhancing the spontaneous
angiogenesis and vasculogenesis alginate microspheres [89]. Another study reported that
the alginate based injectable hydrogel promotes the transmission of electrical impulses
maintaining stable cardiac rthythm by restoring the synchronous contractions and the
relaxation [90].

Delivery of growth factors/cytokines to infarcted heart using alginate-based
biomaterials to facilitate cardiac regeneration is promising in CTE. A study attempted to
deliver vascular endothelial growth factor (VEGF) encapsulated MSCs were prepared by
layer by layer self -assembly with alginate and gelatin polyelectrolytes in MI rats via tail
vein demonstrated appreciable bioavailability and cardiac outcomes [91]. In addition,
alginate-chitosan scaffolds favored the growth and proliferation of cardiomyocytes and
spheroid formation and the incorporation of metal nanoparticles, especially gold-alginate
nanoparticles upregulated cardiomyocyte specific proteins such as troponin I,
tropomyosin and myosin [92]. Moreover, blending cardiac ECM with alginate and
chitosan significantly improved the performance of ECM displaying excellent tensile
strength, swelling properties, stability and pore morphology. Cytochemical and
histological evaluations revealed significant growth and proliferation of hMSCs with
increased expression of cardiac specific markers [93]. Interestingly, the oxidized
alginate-cardiac ECM based in situ double network hydrogel functionalized with amine
reduced graphene oxide revealed improved electrical conductivity, appropriate tensile

strength, biodegradation profile, gelation time and cytocompatibility [94].

In another study, melanin nanoparticles (MNPs)/alginate were found to eliminate
ROS and oxidative stress in cardiomyocytes with a concomitant upregulation of
macrophage polarization to regenerative M2 phenotypes in MI rat model [95].

Importantly, the stress relaxing alginate hydrogels synthesized by ionic crosslinking due
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to the unbinding and rebinding of ionic crosslinkers has been effectively employed for
CTE [96]. Hao et al. reported fullerenol-nanoparticle/alginate hydrogel with antioxidant
properties, facilitates survival and differentiation of brown adipose-derived stem cells
(BADSCs) towards cardiomyogenic lineage in a MI rat model [97]. Lv et al. reported
that MSC-derived EVs incorporated in alginate hydrogel as a sustained delivery system
allowed retention of EVs in the heart maintaining the local concentration, promoting
cardiac healing [98].

Interestingly, several clinical trials have been conducted using alginate for cardiac
applications. Algisyl-LVRTM and IK-5001 has successfully completed the clinical trials
for the treatment of heart failure [99]. The trial (SYM-08-001) evaluated the efficiency
of Algisyl-LVR in alleviating left ventricular remodelling in patients with dilated
cardiomyopathy. Algisyl-LVR was administered as an intramyocardial injection during
the CABG procedure in 11 patients displaying zero mortality and improved cardiac
functions in terms of LV systolic and diastolic end dimensions, myofiber stress and
ejection fraction following one year follow up [99]. Subsequent trials (AUGMENT HF
and AUGMENT HFII) evaluated the efficiency of injectable Algisyl-LVR hydrogel.
AUGMENT HF recruited 78 participants over five different countries proved that
Algisyl-LVR ameliorated cardiac and general health of all the treated subjects [99].
Importantly, AUGMENT HFII is expected to end by 2024 with an estimated participants
of 240 and aims to evaluate the efficiency of Algisyl in LV augmentation in dilated
cardiomyopathic patients [99]. Another trial named PRESERVATION-1 was to evaluate
the efficiency of IK-5001 (bioabsorbable and implantable hydrogel, consisting of 1%
sodium alginate and 0.3% calcium gluconate) in patients with acute MI using 303

subjects reported appreciable outcomes [99].
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Cellulose Based Hydrogels in CTE

CMC is a natural-derived polymer containing hydroxyl groups replaced by
carboxymethyl groups in C2, C3 and C6 of glucopyranose of cellulose. The higher
negative charge density provided by ample -COO- and -O- functional groups in aqueous
solution drive water imbibition creating a hydrated niche simulating the native ECM
[100]. In addition, combining synthetic/natural hydrophilic polymers with CMC
addresses the mechanical limitation and preserve biological properties for the improved
performance in CTE [100]. Importantly, CMC has FDA approval for various biomedical
applications including wound management, drug delivery and tissue engineering [101]
[102]. Interestingly, Sharona et al. recently reported a panel of carboxymethyl cellulose—
alginate interpenetrating hydroxy ethyl methacrylate crosslinked polyvinyl alcohol
reinforced hybrid hydrogels synthesized using IPN chemistry exhibiting promising
translational potential for the engineering and regeneration of cardiac tissue [103]. A
study by He et al. demonstrated a panel of two cellulose hydrogels from the tunic of sea
squirts following a combined acid hydrolysis-Kraft cooking method and subsequent
treatment with pyrrole. Both the hydrogels exhibited cardiac repair by upregulating the
regenerative mediators in vivo Ml-rats [104].

Simeoni et al. used bacterial cellulose membrane patches cocultured with skeletal
myoblast cells and human MSCs to reduce post MI pathology in rat models
demonstrating that the cellulose patches supported the adherence and proliferation of
seeded cardiac cells. Post-implantation LV displayed protection against remodeling
suggesting the translational significance [105]. Entcheva et al. demonstrated the
application of cellulose acetate and regenerated cellulose scaffolds for developing
structurally mature and functionally competent cardiac cell networks which promoted the

growth of cardiac cells forming tissue-like cardiac constructs [106]. Chen et al. reported,
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electro-spun scaffolds based on polyurethane (PU) and ethyl cellulose displayed high
tensile strength (1-90MPa) and appreciable elastomeric properties for designing ultrathin
patches compatible with myocardial tissue at cellular and protein level [107]. In another
study, cellulose scaffolds made of cotton linters stabilized with gelatine were used to
generate the origami crease pattern facilitating coordinated cell contractions in a 3D
environment suitable for CTE applications [108].

Chainoglou et al. fabricated biofunctionalized cellulose acetate nano scaffolds for
surface coating in artificial aortic valves made of pyrolytic carbon for enhancing the
biocompatibility. The scaffolds were synthesized by electrospinning technique and
biofunctionalization was achieved by immobilizing RGD peptides and YIGSRG
laminins on scaffold surfaces displaying excellent proliferation ensuring the
biocompatibility of cellulose based scaffolds [109]. A seminal study reported the
application of bacterial cellulose to generate cardio-protective soluble factors unveiling
significant post-implantation improvements in healing responses of carotid arteries in
small and large animal models [110]. Similarly Andrade et al. reported chimeric proteins
having cellulose-binding module and an adhesion peptide accelerating the adhesion and
proliferation of human microvascular endothelial cells into bacterial cellulose [111].
Similarly, tissue-engineered vascular grafts made from bacterial cellulose for
endothelialization have been successfully tested in a translationally relevant swine model
[112]. A hierarchical-structured bacterial cellulose and potato starch was reported by Liu
and co-workers demonstrating excellent in vitro outcomes [113]. Novotna et al. prepared
6-carboxycellulose based material displaying the adhesion and sustenance of vascular
smooth muscle cells for the successful engineering of vascular tissue for regenerative
applications [114]. Su et al. blended polyurethane with 10% cellulose and electro spun

the mixture into a 3D scaffold exhibiting appreciable biocompatibility and mechanical
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properties and displayed anisotropy essential for the growth and repair of damaged

cardiac tissue [115]

PEG Based Hydrogels in CTE

PEG hydrogels are common in CTE and an important study reported the
encapsulation of cardiomyocytes Arginine-Glycine-Aspartic acid (RGD)-modified PEG
hydrogels affording greater cell density [116]. In another study, PEG coupled with thiol-
modified hyaluronic acid hydrogels facilitated the differentiation of pre-cardiac cells
from chicken embryo upregulating cardiac-specific markers compared with the control
gels [117]. In another approach, Grover et al. incorporated PEG into cardiac dECM
network by interacting the ECM proteins with an PEG and PEG-acrylates. The findings
revealed that PEG incorporation into ECM-based hydrogels upgraded the scaffold
properties which can find translational opportunities in regenerative cardiology [118].
Another seminal study utilized PEG-PCL-PEG triblock copolymer blended with a-
cyclodextrin for encapsulating bone marrow MSCs and post-implantation rabbit MI
model displayed significant retention and survival rate and significant reduction in the
infarct area [119]. Zhang et al. obtained anisotropic mechanical properties using PEG
hydrogels by crosslinking with PEG diacrylate (PEGDA) employing photolithographic
patterning. This hydrogel was decorated with RGD peptide influenced the elongation and
ECM deposition by valvular interstitial cells (VICs) for heart valve tissue engineering
[120].

PEG hydrogel with a definite nanopillar design has been constructed by
ultraviolet (UV) assisted capillary lithography which demonstrated that the nanopillars
enhanced the formation of self-assembled aggregates of cardiomyocytes. Importantly,

the cardiomyocytes exhibited spontaneous beating and generation of action potentials
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revealing excellent contractile and conductive properties which are inevitable for CTE
[121]. Somekava et al. synthesized PLA-PEG gel and evaluated its efficiency as an
injectable system for preventing LV remodelling in M1 rat models. The hydrogel showed
a sol to gel transition at 37°C and excellent biodegradation profile and reduced the infarct
size and preserved cardiac function when injected to infarct zone of MI rat model [122].
Another recent approach demonstrated EVs incorporated PEG-ECM hydrogels
displaying improved gelation time, robust mechanical properties, increased rate of

retention and sustained bioactivity suitable for CTE applications [123].
PVA Based Hydrogels in CTE

Owing to the great capacity to retain a bulk amount of water, appreciable swelling
without dissolving, tuneable mechanical properties and biocompatibility makes PVA as
an excellent choice for biomedical applications. Dattola et al. fabricated a highly porous
PVA hydrogel revealing the mechanical properties similar to cardiac ECM supporting
the growth and differentiation of human induced pluripotent stem cells into
cardiomyocytes for CTE [124]. In another study, biodegradable PVA/silk fibroin
scaffold fabricated by an electrospinning technique using water as solvent and the
scaffold displayed mechanocompatibility similar to native cardiac tissue and supported
the growth and performance of human cardiac fibroblast cells [125]. A seminal study by
Mombini et al. demonstrated nanofiber scaffolds based on PVA, chitosan and carbon
nanotube (CNT) resulted in the differentiation of rat MSCs to cardiomyocytes and was
electrically conductive suitable for CTE [126].

An important study by Pusph et al. examined PVA-PVP-based patches,
plasticized with glycerol or propylene glycol which maintained neonatal mouse CMs and
the transplantation into the rat MI models revealed their safer CTE applications [127].

Hu et al. reported a novel trilaminar membrane is composed of PVA and CMC which
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effectively reduced postoperative pericardial adhesions following the implantation in a
pericardial adhesion rabbit model suggesting the potential for CTE [128]. Thankam et al.
reported PV A-alginate semi-IPN and IPN hydrogels for CTE where the IPN displayed
increased structured and free water content, excellent hemo and biocompatibility and
promoted the growth and survival of L929 fibroblast and H9c2 cardiomyoblasts
compared to semi-IPN hydrogel [129]. Mousa et al. developed three layered nanofiber
patch composing of PVA-Silk fibroin in the middle which is surrounded by PCL and
PLA supporting the growth and proliferation of human endothelial cell line, EA.hy926
suggesting the potential application in CTE [130]. A seminal study by Ravichandran et
al. demonstrated a hybrid hydrogel BSA/PVA/Au for combining the electrical,
mechanical and biological properties for successful CTE. The hydrogel elicited superior
biological and functional performance accelerating infarcted myocardium regeneration
as evident from the differentiation of MSCs by upregulating the cardiomyocyte
biomarker connexin 43 (Cx43) [131]. Another approach utilized PVA-dextran elastic
hydrogel patches to locally deliver the natural antioxidant molecule, astaxanthin for
improved cardiac healing. Ex vivo and in vivo findings revealed appreciable mechanical
strength and biocompatibility along with superior antioxidant responses; which is highly

beneficial for CTE applications [132].

Hybrid Hydrogels in CTE

Hybrid hydrogels comprising natural and synthetic polymers are the promising
materials for CTE due to their structural, physiochemical, mechanical and biological
functionalities along with the controlled degradation profile. Several hybrid hydrogels
with diverse combinations of natural and synthetic biomaterials [133] [134] [135] [136]
have been reported for versatile biomedical applications such as CTE [137] [138] [139].

The outstanding properties of alginate, especially the biocompatibility, biodegradability,
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non-immunogenicity, non-thrombogenity and chelating power as well as FDA approval
pave multiple ways for its use in versatile biomedical applications as in CTE [140] [141].
However, the relatively lower mechanical properties of alginate-based hydrogels result
in structural and morphological deformities resulting in poor functional performance for
CTE [142]. Translationally, the mechanical instability hinders the applications of
alginate hydrogels for long-term and load bearing applications as in CTE. Similarly, the
cellulose-based hydrogels have gained prior attention in CTE owing to the
hydrophilicity, mechanical properties, biodegradability, biocompatibility, low cost and
low toxicity, as well as the abundance of hydroxyl, carboxyl and aldehyde groups
allowing the chemical modifications. However, the extreme higher density of inter and
intramolecular hydrogen bonding in the cellulose impairs its solubility hurdling the
biomedical applications [143]. Moreover, cellulose-based hydrogels lack inherent
antibacterial, antioxidant and regenerative activities requiring tedious chemical reactions
for functionalization to improve cardiac performance [143] [144] [145].

PEG-based hydrogels have been successful for biomedical applications owing to
their tuneability especially surface modification, bioconjugation and hydrophilicity along
with biocompatibility, mechanical strength non-immunogenity and resistance to protein
adsorption. In addition, the terminal hydroxyl groups of PEG are available for
functionalization into methyloxyl, carboxyl, amine, thiol, azide, vinyl sulfone, azide,
acetylene and acrylate for CTE applications. However, PEG based hydrogels exhibit
lower loading efficiency, risk of micelle formation acidic degradation products and
extreme hydrophilicity challenge the CTE applications of PEG [146] [147]. Similarly,
PV A-based hydrogels form colloidal dispersion network via crosslinking and swelling
and are promising for CTE owing to the low toxicity, excellent water kinetics, tunable

mechanical properties and exceptional biocompatibility [148]. However, uncontrolled
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degradation pattern and poor cell adhesive properties offer significant hurdles for PVA-
based hydrogels for CTE [148] [149] [150].

These demerits of alginate and cellulose can be resolved by co-
polymerizing/grafting with synthetic polymers including PVA and PEG. Therefore, the
design and fabrication of functionally active hybrid hydrogel scaffolds using the
advantages of CMC, PVA, PEG and sodium alginate in optimal proportions is highly

relevant for CTE; which is the central goal of this study.
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CHAPTER 3
MATERIALS & METHODS






Synthesis and Characterization of Novel Biodegradable
Hybrid Hydrogel Scaffolds Using the Copolymers Sodium

Alginate, CMC, Starch, PEG and PVA

Four hydrogels based on the Alginate-CMC-PVA (ACPV) blend and Alginate-
Starch-PEG (ASPG) blend were prepared by exploiting the interpenetration chemistry
and ionic crosslinking [129]. All the chemicals and reagents used for the studies were of
analytical/synthetic grade. The structures of sodium alginate, CMC, starch, PVA and

PEG are given in Figure 3 and overall schema for the methodology is given in Figure 4.
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Figure 3: Structures of sodium alginate, CMC, starch, PVA and PEG.
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Synthesis of ACPV Hydrogels

Alginate-CMC-PVA (ACPV) hydrogels were prepared by interpenetrating
alginate, CMC and PVA. Briefly, 3% alginate (in water) was suspended in 5% Na,HPO4
which was mixed with 2% CMC (in water) and 5% PVA, followed by stirring with 1.5
% CaCl,. The mixture was heated to 70°C and casted in a plastic petri dish at 70°C
overnight. The dried hydrogels were carefully removed from the petri dish and incubated
in 10% CaCl; for one hour for additional crosslinking. Two batches of ACPV hydrogels,
ACPV1 and ACPV2 were prepared which differs in copolymer content. The percentage
composition of alginate, cellulose and PVA were 30%, 20% and 50% respectively for
ACPV1 and 46%, 15% and 39% respectively for ACPV2. The hydrogels were washed
in warm water, freeze dried, sterilized under UV and stored aseptically in airtight
containers at RT for further studies [129]. The overview of ACPV hydrogel synthesis is

portrayed in Figure 5.
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Figure 5: The overview of the synthesis of ACPV hydrogels.
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Synthesis of ASPG Hydrogels

ASPG hydrogels were prepared by mixing 3% alginate (in water) was suspended
in 5% NayHPO4 and mixed with 2% PEG in 5% starch blend. This was followed by
stirring with 1.5 % CaCl,. The mixture was heated to 70°C and casted at 70°C overnight
following the above procedure. The dried hydrogels were incubated in 10% CaCl, for
one hour for additional crosslinking, washed in warm water, freeze dried, sterilized under
UV and stored aseptically in airtight containers at RT for further studies. Two batches of
ASPG hydrogels, ASPG1 and ASPG2 were prepared that differs in copolymer content.
ASPGI system contained 18%, 23% and 59% of alginate, PEG and starch respectively
whereas ASPG2 contained 46%, 15% and 39% with respect to alginate, PEG and

starch [129]. The overview of ASPG hydrogel synthesis is portrayed in Figure 6.
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Physiochemical Characterization

Analysis for surface functional groups

ATR spectrum, for assessing the surface functional groups, of ACPV and ASPG
hybrid hydrogel subsets, was recorded by using Nicolet iS50 FTIR spectrometer using
lyophilized samples following ASTME 1252-98 standards. The data were digitized and
processed using Microsoft Excel and Origin software were used to plot the spectra [103].
Water profiling

Freeze dried ACPV and ASPG hydrogel samples (1 cm diameter discs) were used
to determine the water content and swelling capacity. The samples were swelled in
distilled water (DW) and allowed to attain equilibrium for 24 h at RT. The swollen
samples were wiped carefully using blotting paper to remove the excess water prior to
weighing. The equilibrium water content (EWC) and the swelling efficiency of the
hydrogels were determined from the dry and wet weights following previously published
reports [151]. Briefly, ACPV and ASPG hydrogels were imbibed in DW to determine
swelling kinetics, swelling ratio (S), EWC and equilibrium swelling ratio (ESR)

following the below equations.

M, — M,

Swelling ratio (S) = m
0

Mf_MO

%Swelling (%S) = m
0

M;— M
ESR(E) = L—2

EWC =
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Swelling kinetics reflected the swelling at regular time intervals of 15 minutes employing
the following formula to define the diffusion of water molecules onto the interstices of

the hydrogels [152].

S—Kt”
5=

M; was the weight of the swollen hydrogel at time “#”, M, was the dry weight and My

represented the mass of the swollen hydrogel in equilibrium, “E " reflected ESR, ‘S’ was
the swelling ratio, ‘K’ signified the swelling constant, ‘n’ showed the diffusional
exponent and ‘¢’ was the time interval for swelling measurements. K and » were obtained
by the intercept and slope from the plot of log(S/E) vs log(time) respectively. For ACPV
hydrogels, the equations were,

y = 0.1574In(x) + 0.4336 (ACPV1)

y = 0.1124In(x) + 0.7165 (ACPV2)
while the equations for ASPG hydrogels were

y = 0.24781In(x) + 0.3169 (ASPG1)

y = 0.4089In(x) + 0.1562 (ASPG2)
The total water absorption sites (TWAS) of the ACPV and ASPG hydrogels were
determined by the following equation where ‘m’ is the molecular mass of one water
molecule, which was determined as follows.

molar mass of water 18
Avogadro’s number ~ 6.023 X 10723

=~299X107%3

M, —M
TWAS = L2

Surface morphometry

The surface morphology and pore size of the ACPV and ASPG scaffolds were

determined using a scanning electron microscope equipped with energy dispersive X-ray
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spectroscope (SEMEDAX). Freeze dried hydrogel discs of 1 cm diameter were used.
The average length and breadth of pores on scaffold surfaces were calculated from SEM
images using ImageJ software with multi-measure plugin following previously published
protocols [153]. Aspect ratio of the pores was calculated form length and breadth of each

hydrogel.

Dynamic water contact angle

Four clean samples of ACPV and ASPG hydrogels of uniformly rectangular
shape and known width (2mm) were swelled in DW and used for dynamic contact angle
measurement for determining the surface hydrophilicity. Both advancing and receding
contact angle were recorded following the Wilhelmy method (1863) in KSV sigma 701
tensiometer with DW as a solvent. The samples were immersed to a depth of 10 mm at a
speed of 5 mm/min. The first 2 mm length was excluded for consistency. The contact
angle values were processed automatically using the software associated with the

instrument [153].

Tensile strength

Tensile strength of the water-swollen ACPV and ASPG hydrogels was
determined using Shimadzu Universal Testing Machine (model AG-I) connected with
long travel extensometer. Dumb bell-shaped specimens were punched out (ISO 527-2
type 5A) using a shear cutting die. Tensile strength was tested with a load cell of 100 N
at 25°C with a crosshead speed of 10 mm/min. The tensile properties were determined as

reported elsewhere [154].
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Biostability

The stability of ACPV and ASPG hydrogels was evaluated in the cell culture
medium, DMEM, containing 10% FBS by aging at temperature 37°C for 7 days. The
long-term biostability and degradation of the ACPV and ASPG hydrogels were
determined at pH 7.4 in the simulated biological fluid, PBS. Dried hydrogels of known
weight were aged in 10 ml PBS at physiological pH and temperature. Then the relative
loss of dry weight and changes in pH were monitored at regular intervals of 7 days for a
total period of 30 days using a pH meter (cyber scan pc510). The aged hydrogels were
oven-dried and the dry weight was used to calculate the weight loss to assess the extent

of biodegradation [154].
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Examinations on Cell-material Interaction and Compatibility

of the Hybrid Hydrogels

Protein adsorption

The water swollen ACPV and ASPG hydrogels were incubated with
commercially available fetal bovine serum (FBS) (1:10 dilution in PBS) at 37°C on a
shaker incubator overnight. Then the scaffolds were gently washed with PBS to remove
the loose/unbound proteins and vortexed in minimum volume of PBS to extract the
adhered proteins which were quantified by standard BCA method [103]. Then percentage
of proteins adsorbed on to the hydrogels was quantified with respect to total serum
protein content as control. SDS-PAGE was performed using the extracted proteins for
assessing the extent of albumin adsorption using albumin (50pug/pl) as standard following
the standard protocol. The relative adsorption of albumin was calculated using the image

analysis ImagelJ software from the bands obtained the SDS-PAGE gels [103].
Biocompatibility
Cell culture and maintenance

Rat cardiomyoblast cells H9¢2 was used for the cytocompatibility evaluations of
ACPV and ASPG hydrogels. The cells were grown in high glucose DMEM with 10%
foetal bovine serum (FBS) at standard culture conditions of 5% CO2, 95% humidity, 37°C
and antibiotics (1%penicillin and 1%streptomycin). Upon 70-80% confluence the cells
were split using standard trypizinization protocols [103].
Cytotoxicity test on extract

The ACPV and ASPG hydrogels were extracted in DMEM for 48 h and the

cytotoxicity of hydrogel extract was determined by standard MTT assay using H9c2

cardiomyoblasts cell culture following previously reported protocol [155].
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Direct contact assay

The toxicity of the ACPV and ASPG hydrogels under the direct influence of cell
contact was determined by direct contact assay. The ACPV and ASPG hydrogel samples
(10 mm diameter) were placed over the monolayer of H9c2 cells and allowed to
proliferate for 24 h which were examined microscopically for alterations in their

morphology compared to the control.
Cell adhesion assay

The healthy being of H9¢2 cells in the ACPV and ASPG hydrogels was evaluated
following 5 days of seeding by cell adhesion assay using FDA staining (100 pg/ml). The
cells in the hydrogels were incubated with FDA and immediately viewed under an
epifluorescence microscope using blue filter following previously published protocol
[156].

Cell penetration

HO9c2 cells were seeded onto ACPV and ASPG hydrogels as mentioned before
and the migration was determined using the fluorescent microscope using Z-stack mode.
The cells were stained with DAPI and 2.5 pm stacks were taken and penetration depth
was calculated automatically using the software associated with the microscope

following previously published protocols [103].
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Investigations on the Biological Responses of
Biosynthetic Hydrogels for CTE

Studies on Antimicrobial Response

The ACPV and ASPG hydrogels were loaded with antibiotics and the antibiotic
releasing efficiency of the hydrogels was analyzed using disc diffusion method [8]. To
prepare antibiotic incorporated scaffolds 10 mm discs were loaded with 5, 10, 20 pg
respectively of amikacin and vancomycin by diffusion method. Both gram-positive
(Staphylococcus sps.) and gram-negative bacteria (Pseudomonas sps.) used for the study
were kindly donated by Polyclinic, Thrissur, Kerala, India. The bacteria were cultured
on Muller Hinton agar plates, the antibiotic incorporated scaffolds were placed, incubated
at 37°C for 24 hours and the zone of inhibition was measured. Untreated discs were used

as control. The zone of inhibition was measured and compared with that of the control.

Studies on Antioxidant Response

In cell free system

The natural antioxidant ascorbic acid (200 pg) was loaded into ACPV and ASPG
hydrogels following the diffusion-controlled method and dried at sterile conditions and
stored aseptically for further studies. The following tests were performed to determine
the antioxidant activity.
DPPH radical scavenging activity

DPPH radical scavenging activity of ascorbic acid loaded ACPV and ASPG
hydrogels was determined by following previously published protocols [157]. The
hydrogels were incubated with the reaction mixture composing of 3 ml of absolute
ethanol and 0.3 ml of DPPH radical solution (0.5 mM in ethanol) for 1 hr at RT. A

mixture of 3.5 ml ethanol and 0.3 ml DPPH radical solution served as control. All the

47



tubes were read at 517 nm and DPPH radical scavenging potential of the test samples
was determined by using the formula.

ODcontrol — ODtest
ODcontrol

% of scavenging =

Nitric oxide radical scavenging activity

Ascorbic acid loaded ACPV and ASPG hydrogels were incubated with 3 ml
Sodium nitroprusside (SmM) in phosphate buffer at 25°C for 30 min. 100 pM ascorbic
acid was used as control. After incubation 1.5 ml Griess reagent (1% sulphanilamide, 2%
H3PO4 and 0.1% napthyl ethylene diaminedihydrochloride) was added to all the tubes
and the absorbance was read at 546nm using PBS as blank [158]. The percentage of
scavenging was measured using the formula.

) ODcontrol — ODtest
% of scavenging = Deontrol x 100

In Cellular System

Culture, maintenance and treatment of RAW 264.7 cells

Mouse macrophage cell line RAW 264.7 was maintained in high glucose DMEM
with 10% foetal bovine serum (FBS) (Cat# 30-2020, ATCC), under standard culture
conditions (5% CO,, 37°C and antibiotics). Upon 70-80% confluency the cells were split
using cell scraper. The cells were treated 100 uM H»O» and the scavenging effects were
assessed by placing ACPV and ASPG hydrogels (swollen in serum-free media) overnight
and the cells treated with 100 uM H>O» and the untreated cells were used as treatment
and comparison controls, respectively [103].

Direct contact oxidative stress

The ACPV and ASPG hydrogels treated RAW 264.7 macrophages were

incubated with the Cell ROX Reagent (Invitrogen Waltham, MA), (5 uM) for 30 minutes
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at 37°C, washed with sterile PBS, mounted with serum free media and the live cell
imaging under fluorescence microscope at blue filter. The MFI was calculated using
Image]J program (N=10 images) as reported and the results were expressed as Log2FC
normalized to the control [159]. The cells were treated 100 uM H>O» and the untreated

cells were treated in the same manner.

Studies on Immunocompatibility and Gene Interactions

Mouse macrophage cell line RAW 264.7 was maintained in high glucose DMEM
with 10% fetal bovine serum (FBS) (Cat# 30-2020, ATCC), under standard culture
conditions (5% CO., 37°C and antibiotics). Upon 70-80% confluency the cells were split
using cell scraper. The cells were treated with ACPV and ASPG hydrogels in serum-free
media overnight and the cells treated with 100 pg/ml lipopolysaccharide (LPS) and the
untreated cells were used as treatment and comparison controls, respectively [29].
Direct contact assay

The toxicity and the macrophage activation of the ACPV and ASPG hydrogels
under the direct influence of cell contact was determined by direct contact assay. The
ACPV and ASPG hydrogel samples (10 mm diameter) were placed over the monolayer
of RAW 264.7 cells and allowed to proliferate for 24 h which were examined
microscopically for alterations in their morphology compared to the control [40].
Immunofluorescence

The RAW 264.7 cells were cultured in contact with ACPV and ASPG hydrogels
for 24 h and the expression of inflammatory mediators including IL6, NF-Kf, IL-10,
TGF-B, TNF-a and IKB was determined using immunostaining following previously
protocols [160]. Primary antibodies (1:400 dilution) against IL6, NF-Kp, IL-10, TGF-p,

TNF-a and IK3 were used for binding and respective fluorochrome conjugated secondary
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antibodies (1:400) were used for detection. Nuclei were counterstained with 4',6-
diamidino-2-phenylindole (DAPI) and imaged under a fluorescent microscope (Leica
Thunder, Germany). A negative control was used (without primary antibody) for fixing
the exposure time and to minimize the background. MFI was calculated from the images
using Image] program and were normalized with the number of nuclei to calculate the

log> fold-change (FC) following previously reported protocol [161].

Interconnecting genes and pathways

The genes and regenerative pathways involving IL6, NF-Kf, IL-10, TGF-fB, TNF-
a and IKP were assessed by NetworkAnalyst program following previous reports[162].
The input genes used for NetworkAnalyst program were IL6, NF-Kf, IL-10, TGF-§,
TNF-a and IKp for human species specificity. Generic protein-protein interaction (PPI)
based on IMex interactome and GO:BP were employed for assessing the genes
interconnecting the input genes IL6, NF-Kf, IL-10, TGF-B, TNF-a and IKf along with
the associated regenerative pathways. Similarly, the signaling associated with these
genes was determined by ExpressAnalyst platform utilizing the enrichment network

based on GO:BP [163], [164]. The PPI subnetworks were assessed separately.

Statistical analysis

The results were expressed as mean + SEM/SD. Image] software was used for
pore measurements, immunostaining and protein absorption. The statistical significance
was determined by one-way ANOVA with two-stage linear step-up procedure of
Benjamini, Krieger and Yekutieli test (2006) for multiple comparison using GraphPad

Prism software. Statistical significance of P<0.05 was set for all experiments [103].
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CHAPTER 4
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Synthesis and Characterization of Novel Biodegradable Hybrid
Hydrogel Scaffolds Using the Copolymers Sodium Alginate, CMC,

Starch, PEG and PVA

Synthesis of Hybrid Hydrogels

ACPV hybrid hydrogel system was prepared by interpenetrating alginate and
cellulose with the synthetic polymer PVA (Figure 7). ACPV1 and ACPV2 were prepared
by varying the ratio of polymer constituents. The percentage composition of alginate,
cellulose and PVA were 30%, 20% and 50% respectively for ACPV1 and 46%, 15% and
39% respectively for ACPV2 (Figure 8). The natural polymers used in ASPG system
included alginate and starch along with the synthetic polymer PEG (Figure 9). The two
subsets ASPG1 and ASPG2 were prepared by altering the constituent ratio. ASPG1
system contained 18%, 23% and 59% of alginate, PEG and starch respectively whereas
ASPG?2 contained 46%, 15% and 39% with respect to Alginate, PEG and starch (Figure

10). Divalent cation, Ca®" was used as the crosslinking agent in all preparations.
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Figure 7: Proposed structure of ACPV hydrogels.
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Figure 8: Percentage composition of constituent polymers in ACPVI1 and ACPV2 hybrid
hydrogel subsets .
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Figure 10: Percentage composition of constituent polymers in ASPG1 and ASPG2 hybrid
hydrogel subsets.
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Physiochemical Characterizations

Surface functional groups

ATR spectra demonstrated peaks in all the four hydrogels suggesting the
existence of similar functional groups on their surface (Figures 11A-11D). The broad
peak around 3500 cm™! in all the four hydrogels represented -OH stretching vibrations
contained in alginate, starch, CMC, PVA and PEG. The sharp peak 1700 cm™! attributed
to the stretching vibrations of carbonyl groups presented by the alginate fragments. The
sharp peak around 1750 cm™! representing stretching vibrations of -COOH suggesting the
presence of alginate and CMC. The sharp peak around 1000 cm™ was due to the C-O-C
stretching vibrations of the glycosidic bonds in the polysaccharides and PVA. Hence, the
IR analysis suggests the presence of alginate, starch, CMC, PVA and PEG fractions in

the surface of all the four hydrogels.
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Figure 11: ATR spectra of hybrid hydrogels: (4) ACPVI1, (B) ACPV2, (C) ASPGI and (D)
ASPG?2.

Water Profile

The hybrid hydrogels displayed EWC >79% and swelling ratio >5; however,
were statistically not significant among the groups except for the EWC between ASPG2
and ACPV2 (P=0.0207) (Table 1). Interestingly, ACPV2 exhibited increased level of
EWC (88.40+2.51) suggesting the superabsorbent nature. Overall, the four hydrogels
exhibited similar water profile (Table 1). Also, the diffusional exponent (n) was 0.1574,
0.1124, 0.2478 and 0.4089 respectively for ACPV1, ACPV2, ASPGI and ASPG2
whereas the swelling constant (k) was 0.4336, 0.7165, 0.3169 and 0.1562 respectively

for ACPV1, ACPV2, ASPG1 and ASPG2 (Table 1) (Figures 12A-12D). Additionally,
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total water absorption sites (TWAS) were 6.8x10%* £ 1.93 x1023, 4.24x10?*£5.11 x10%,
2.22x10%* £ 1.99 x10% and1.67x10%* £ 3.34 x10? respectively for ACPV1, ACPV2,
ASPG1 and ASPG2. The ACPV hydrogels displayed significantly increased TWAS than
the ASPG hydrogels; however, the alterations with ASPG hydrogels were statistically

not significant (P=0.2559) compared to all others (Table 1) (Figures 13).
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Figure 12: Determination of diffusional exponent (n) and the swelling constant (k) from the plot
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Table 1: Characterization of ACPV and ASPG hydrogels.

Parameters ACPV 1 ACPV2 ASPG1 ASPG2
Equilibrium water content | 82.44+4.58 88.40+2.51 83.5+5.09 78.57+£10.37
Swelling 6£1.76 8.94+2.21 6.43+1.77 5.33+2.08
Diffusional exponent (n) 0.1574 0.1124 0.2478 0.4089
Swelling constant (k) 0.4336 0.7165 0.3169 0.1562

TWAS 6.8x10* + 1.93 x10% 4.24x10%* +£5.11 x10% 2.22x10* £ 1.99 x10% 1.67x10% + 3.34 x10%
Pore length 6.67+3.31 10.35+3.6 11.76+4.2 4.03+2.41

Pore breadth 5.242.9 7.63+2.7 7.96+2.5 2.84+1.72

Pore aspect ratio 1.34+0.31 1.36+0.20 1.48+0.35 1.41+0.29
Receding contact angle 44.44+5.21 52.46+4.40 45.14+3.58 46.09+7.94
Advancing contact angle 43.33+4.51 48.88+4.40 45.146 £4.8 47.2+7.98
Tensile Strength 0.387+0.06 0.474+0.125 0.147+0.07 0.911+0.003
Young's Modulus 0.98+0.15 1.51+0.36 1.66+0.37 4.5+0.02
Protein adsorption (%) 41.05+31.24 41.40£19.60 75.42+14.88 46.73+26.83
Surface morphology

SEM imaging demonstrated the surface morphology and pore distribution of the

hydrogels unveiling the porous morphology, pore density and pore interconnectivity
(Figures 14A-14D). ACPV2 and ASPGI1 exhibited increased pore diameter when
compared to ACPV1 and ASPG2 (Table 1). However, the difference in pore length and
breadth between ACPV1 (P=0.0753) and ACPV2 (P=0.1089), ACPV1 (P=0.3158) and
ASPG2 (P=0.1348) and ACPV2 (P=0.7082) and ASPG1 (P=0.9839) were statistically
not significant. Interestingly, the pore length and breadth in ACPV1 (P=0.0017) and
ASPG1 (P=0.0229), ACPV2 (P=0.0007) and ASPG2 (P=0.0002) and ASPGI
(P<0.0001) and ASPG2 (P<0.0001) were statistically significant. Additionally, the pore
aspect ratio of the hydrogels exhibited similar values and were statistically not significant

suggesting the similar pore morphology (Table 1).

62



20kVv  X1,000 10pm 0089 11 50 SEI

" ai
50um 0089 10 50 SEI 20kV X3,000 S5pm 0089 11 50 SEI

Figure 14: SEM images showing the pore distribution and size of hybrid hydrogel scaffolds:
(4) ACPV1, (B) ACPV2, (C) ASPGI and (D) ASPG2.

Surface Hydrophilicity

The advancing contact angles (ACA) of the hydrogels ranged between 43° to 48°
whereas the receding contact angles (RCA) were between 44° and 52° suggesting the
amphiphilic nature of the hydrogels; however, difference between ACA or RCA among
the ACPV and ASPG hydrogels were statistically not significant (Table 1).
Tensile Strength

ASPG2 exhibited significantly greater tensile properties when compared with
other three hydrogels. The tensile strength of ACPV1 (P=0.7138) was higher than
ASPGI1 and lower than ACPV2 (P=0.1213 respectively); however, the difference was

statistically not significant. ASPG2 exhibited increased Young’s modulus compared to
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the other three hydrogels; however, the increase was statistically not significant (Table
1).
Biodegradation and Stability

Weight loss in ASPG1 hydrogel was minimal till day 10 when compared to the
initial dry weight (P>0.05) followed by significant increase in weight loss as observed in
days 20 and 30. A significant weight loss was shown by ASPG2 hydrogels in days 10
and 20; however, the weight loss after 20 days was statistically not significant (P>0.05).
Minimal weight loss was observed in both ACPV1 and ACPV2 hydrogels till day 10 and
was significantly increased in day 30 (P<0.05) (Figure 15). TDS showed gradual
increase throughout the experiment which was significantly higher in day 30 when
compared with day 1 (P<0.05) for both ACPV and ASPG hydrogels (Table 2). The pH
was slightly acidic during the initial phase and turned to neutral or slightly alkaline on
day 30 for both ACPV and ASPG hydrogels. The initial and final pH of the medium was
statistically not significant (p>0.05). However, the variations were significant on day 10
and 20 when compared with day 1 for both ACPV and ASPG hydrogels (p<0.05) (Table
2). Biostability studies of the hydrogels in culture medium showed that all the hydrogels

were stable in cell culture medium without exhibiting any disintegration.
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Table 2: Biodegradation of ACPV and ASPG hydrogels showing the alterations in TDS and

PH.
Hydrogel TDS (ppm) pH
DAY 1 (n=3)
ACPV1 358240 7.1£0
ACPV2 358240 7.1£0
ASPG1 358240 7.1£0
ASPG2 358240 7.1£0
DAY 10 (n=3)
ACPV1 4609+257.56 6.9+0.03
ACPV2 4453.3+198.84 6.9+0.10
ASPG1 4343.6+40.41 6.8+0.05
ASPG2 4137.3+1723.08 6.75+0.07
DAY 20 (n=3)
ACPV1 5010.3+428.00 6.8£0.015
ACPV2 5213.3+£328.51 6.85+0.02
ASPG1 5429.6+46.19 6.75+0.05
ASPG2 5399+519.07 6.80+0.005
DAY 30 (n=3)
ACPV1 5864.3+596.98 7.08+0.06
ACPV2 5691.6£361.42 7.13+0.02
ASPG1 6041.3+462.83 7.03+0.15
ASPG2 6006+540.93 7.1£0
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Figure 15: Biodegradation of ACPV and ASPG hydrogels showing the progressive
loss in dry weight (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, ns= not
significant).
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Examinations on Cell-material Interaction and Compatibility
of the Hybrid Hydrogels

Protein Adsorption

The total proteins adsorbed on hydrogel surfaces were 41.05%, 49.4%, 75.4%
and 46.7% for ACPV1, ACPV2, ASPGI1 and ASPG2 respectively (Table 1). The level
of protein adsorption was significantly higher (P=0.0466) ASPG1 hydrogel; however,
was statistically not significant in ACPV1, ACPV2 and ASPG2 (P=0.2283, P=0.1036
and P=0.0752 respectively). SDS PAGE analysis revealed predominant albumin
adsorption onto the surface of all hydrogels. The relative albumin adsorption was
60.33%, 53.75%, 50.17% and 56.25% respectively for ACPV1, ACPV2, ASPGI and

ASPG2 where plasma control presented 80.47% (Figure 16).
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Figure 16: SDS-PAGE analysis of hybrid hydrogels after treatment with plasma demonstrating
the conspicuous band corresponding to adsorption of albumin in comparison with control
plasma and bovine serum albumin.
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Cytocompatibility

The H9c¢2 cells on contact with ACPV and ASPG hydrogels retained their normal
spindle morphology and deviation from the normal morphology was completely absent
suggesting the non-toxic nature of the hydrogels revealing their biocompatibility
(Figures 17A-17E). MTT assay using H9c¢2 cells cultured with hydrogel extract revealed
the viability 82%, 105.37%, 89.12% and 104.75% for ACPV1, ACPV2, ASPGI and
ASPQG2 respectively when compared with the control cells grown on 2D cell culture wells

(Figure 17F). The difference in viability was statistically not significant among the

groups (p>0.05).

Cytocompatibility - MTT Assay

*% *%
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Figure 17: Direct contact assay of hydrogels using H9c2 cells showing the biocompatibility: (4)
Control, (B) ACPV1, (C) ACPV2, (D) ASPGI and (E) ASPG2. (F) MTT assay using hydrogel
extract treated H9c2 cells showing increased cell viability (*P<0.05, **P<0.01, ***P<(0.001,
**EXP<0.0001).
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Cell-hydrogel Interaction

Cell adhesion

Both ACPV and ASPG hydrogels displayed adhesion and viability as evident
from the FDA signals. Among the four systems, ASPG1 was superior in cell attachment
and proliferation. The ACPV1, ACPV2 and ASPG2 displayed a moderate level of cell

attachment. (Figures 18A-18E).

Figure 18: Cell adhesin assay of hydrogels using H9c2 cells showing their healthy being: (A)
ACPV1, (B) ACPV2, (C) ASPGI and (D) ASPG2.

Cell penetration

The penetration of H9c2 cells onto the ACPV and ASPG hydrogels were

examined by Z-stack analysis the cells with DAPI which revealed the penetration depth
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of 23.88 um, 79.04 pm, 108.91 pm, 107.65 pm and 152.56 um for control, ACPV1,
ACPV2, ASPGI and AGPG2 hydrogels, respectively. The cell penetration was superior
in both the ACPV and ASPG hydrogels compared to the control where ASPG hydrogels

displayed increased penetration depth than ACPV1 (Figures 19A-19J).

Penetration depth
Control - 23.88 pm
ACPV1-79.04 um
ACPV2 -108.91 pm
ASPG1 - 107.65 pm
ASPG2 - 152.56 pm

Figure 19: The gallery images of Z-stacks representing the infiltration of H9c2 cells stained with
DAPI toward the interior of (A) Control, (B) ACPVI, (C) ACPV2, (D) ASPGI and (E) AGPG2
hydrogels respectively. 3D renders of (F) Control, (G) ACPV1, (H) ACPV2, () AGPGI and (J)
ASPG?2 hydrogels were obtained from the Z-stack visualization of the penetration depth of H9c2
cells.
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Biological Responses of Biosynthetic Hydrogels for CTE

Antimicrobial Efficiency

ACPV and ASPG hydrogel subsets loaded with varying doses of amikacin and
vancomycin displayed significantly increased zone of inhibition against Gram positive
and Gram-negative bacteria when compared with the control (Table 3) (Figure 20A-
20P). Statistically significant increase in the zone of inhibition was observed between
ACPV1(5ami) and ASPG1(5ami). However, the variations in zone of inhibition were
statistically not significant for the other hydrogels incorporated with 5, 10 and 20ul of
amikacin (p>0.05). In addition, ACPV1(5vanc) showed significant difference (p<0.05)
between ACPV2(5vanc) and ASPG1(5vanc); however, was statistically not significant
compared to ACPV1(5vanc) and ASPG2(5vanc) (p>0.05). Similarly, ACPV2(5vanc)
displayed significantly increased zone of inhibition compared to ASPGI1(5vanc) and
ASPG2(5vanc) (p<0.05); however, ASPG1(5vanc) and ASPG2(5vanc) displayed similar
trend. ACPV1(10van) and ACPV2(10vanc) exhibited significant increase in zone of
inhibition when compared with ASPG1(10vanc) and ASPG2(10vanc) (p<0.05); however,
the zone of inhibition among ACPV1(10vanc) and ACPV2(10vanc) and ASPG1(10vanc)
and ASPG2(10vanc) were statistically not significant (p>0.05). Also, non-significant
variation was observed for all the hydrogels incorporated with 20ul of vancomycin

(p>0.05).
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Figure 20: Antibiotic releasing efficiency of ACPV and ASPG hybrid hydrogel scaffolds (4)
ACPV1 incorporated with different concentrations of amikacin (B) ACPV?2 incorporated with
different concentrations of amikacin (C) ASPGI1 incorporated with different concentrations of
amikacin, (D) ASPG?2 incorporated with different concentrations of amikacin, (E) ACPV1 control
for amikacin (F) ACPV2 control for amikacin (G) ASPGI control for amikacin (H) ASPG2
control for amikacin (I) ACPV1 incorporated with different concentrations of vancomycin (J)
ACPV2 incorporated with different concentrations of vancomycin (K) ASPG1 incorporated with
different concentrations of vancomycin (L) ASPG2 incorporated with different concentrations of
vancomycin (M) ACPV1 control for vancomycin (N) ACPV2 control for vancomycin (0O) ASPGI
control for vancomycin (P) ASPG2 control for vancomycin.
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Table 3: Antimicrobial efficiency of Amikacin and Vancomycin loaded hydrogels revealing
the zone of inhibition (cm).

Amikacin Vancomycin
Hydrogel 10
S5uG/ML nG/ML 20uG/ML | 5SpG/ML | 10nG/ML | 20nG/ML
ACPVI1 2.37+0.05 | 2.47+0.05 | 2.73+0.11 | 2.53+0.11 | 3.03+0.05 | 3.16+0.05
ACPV2 2.3+0.10 | 2.53+0.11 | 2.87+0.05 | 2.87+0.05 | 3.2+0.20 | 3.06+0.05
ASPGl1 2.06+0.05 | 2.53+0.05 | 2.66+0.05 | 2.2+0.10 | 2.63+0.05 | 2.96+0.15
ASPG2 2.23+0.11 | 2.47+0.11 | 2.76+0.05 | 2.3+0.20 | 2.63+0.11 | 3.06+0.05

Studies on Antioxidant Response

In cell free system

DPPH scavenging was significantly decreased in the ACPV1 (P<0.0001),
ACPV2 (P<0.0001), ASPG1 (P<0.0001) and ASPG2 (P<0.0001); however, was
comparable with untreated control. Similar level of scavenging was observed for
ACPV1, ACPV2, ASPGI1 and ASPG2 and were statistically not significant (Figure
21A). Additionally, NO scavenging was significantly decreased in the ACPVI1
(P<0.0001), ACPV2 (P<0.0001), ASPG1 (P<0.0001) and ASPG2 (P<0.0001) compared
with the ascorbic acid control. ACPV1 displayed increased scavenging and ACPV2
exhibited decreased scavenging among the four hydrogels whereas ASPG1 and ASPG2

displayed similar levels of NO scavenging (Figure 21B).
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Figure 21: Bar diagram showing the (4) DPPH and (B) NO scavenging activities of ACPV]1,
ACPV2, ASPGI and ASPG2 compared to the respective controls. (**** P<0.0001, ns — non-
significant).

In cellular system

Direct contact oxidative stress

The level of oxidative stress was significantly increased in the H>O; treatment
group compared to the control (P<0.0001). The antioxidant potential of hydrogels was
exhibited by the significantly decreased level of oxidative stress in ACPV1 (P<0.0001),
ACPV2 (P<0.0001), ASPGI (P<0.0001) and ASPG2 (P<0.0001) treated RAW 267.4
cells compared to H2O; treatment group where the maximum effect was displayed by

ACPV2 (Figure 22A-22B).
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Figure 22: Cell-ROX assay of hydrogels using RAW267.4 cells showing the antioxidant nature:
(A4) Control, (B) H202, (C) ACPV1, (D) ACPV2, (E) ASPGI and (F) ASPG2. (G) Bar diagram
showing the comparison of antioxidant effects of ACPV and ASPG hybrid hydrogel scaffolds.
(*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001)
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Studies on Immunocompatibility and Gene Interactions

Direct contact assay

The toxicity and the macrophage activation of the ACPV and ASPG hydrogels
under the direct influence of cell contact was determined by direct contact assay. The
RAW267.4 cells on contact with ACPV and ASPG hydrogels retained their normal
morphology and deviation from the normal morphology was completely absent

suggesting the absence of macrophage activation revealing their immunocompatibility

(Figures 23A-23E).

Figure 23: Direct contact assay of hydrogels using RAW264.7 cells showing the
immunocompatibility: (A) Control, (B) ACPV1, (C) ACPV2, (D) ASPGI and (E) ASPG2.
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Immunofluorescence

The level of IL6 was significantly increased in the LPS group compared to the
normal control (P=0.0007). Interestingly, ACPV1 and ACPV2 displayed a significantly
decreased expression of IL6 compared to the LPS control; however, ASPG1 and ASPG2
displayed significantly increased expression (Figures 24A and 24B). The expression
level of TNFoa was significantly increased in the LPS control compared to the normal
control (P<0.0001). ASPGldisplayed significantly decreased (P<0.0001) expression of
TNFa; however, the alteration in ASPG2 (P=0.6825) was statistically not significant
compared to the LPS group. Interestingly, ACPV1 (P<0.0001) and ACPV2 (P<0.0001)
displayed a significantly decreased expression of TNFa (P<0.0001) compared to the LPS
control where the level of TNFa in ACPV2 (P<0.0001) was significantly lower than the
control (Figures 25A and 25B). The expression level of NFkB was significantly
increased in the LPS control compared to the normal control (P<0.0001). The level of
NF«B was significantly lower in ASPG1 (P<0.0001), ACPV1 (P<0.0001) and ACPV2
(P<0.0001) than LPS and control groups whereas ASPG2 (P=0.0005) displayed
significantly increased expression of NFkB than LPS; however, was increased compared
to the control (P=0.0053) (Figures 26A and 26B). The expression level of IKB was
significantly increased in the LPS control compared to the normal control (P<0.0001).
The level of IKB was significantly decreased in ASPG2 (P<0.0001) and ACPV2
(P<0.0001) than LPS group; however, the decrease was statistically not significant in
ASPGI1 (P=0.1475) and ACPV1 (P=0.0968). All the hydrogels displayed significantly
increased level of IKB compared to the control (Figures 27A and 27B). The expression
level of IL10 was significantly increased in the LPS control compared to the normal
control (P<0.0001). The level of IL10 was significantly decreased in ASPG1 (P=0.0018),

ASPG2 (P=0.0004), ACPV1 (P<0.0001) and ACPV2 (P<0.0001) than LPS group. All
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the hydrogels except ACPV2 displayed significantly increased level of IL10 compared
to the control (Figures 28A and 28B). The expression level of TGFPB was significantly
increased in the LPS control compared to the normal control (P<0.0001). The level of
TGFP was decreased in ASPG1 (P=0.0003) and ACPV1 (P<0.0001) than LPS group;
however, was statistically not significant in ASPG2 (P=0.9604) and ACPV2 (P=0.8500).
All the hydrogels displayed significantly increased level of TGFP compared to the

control (Figures 29A and 29B).
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Figure 24: (A) Representative images for the immunofluorescence analysis for the expression of
1L6 in the RAW264.7 cells (N=3) following the treatment ACPV and ASPG hydrogels and (B)
the quantification of protein expression of IL6 in the RAW264.7 cells calculated from MFI.
Immunofluorescence images in the left column show nuclear staining with DAPI; the images in
the middle column show expression of IL6 and the images in the right column show overlay of
1L6 staining with DAPI. Images were acquired at 20x magnification. (**** P<0.0001, ***
P<0.001, ** P<0.01).
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Figure 25: (A) Representative images for the immunofluorescence analysis for the expression of
TNFo. in the RAW264.7 cells (N=3) following the treatment ACPV and ASPG hydrogels and (B)
the quantification of protein expression of TNFo in RAW264.7 calculated from MFI.
Immunofluorescence images in the left column show nuclear staining with DAPI; the images in
the middle column show expression of TNFa and the images in the right column show overlay of
TNFa staining with DAPI. Images were acquired at 20x magnification. (**** P<0.0001 and
unlabelled groups represent NS).
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Figure 26: (A) Representative images for the immunofluorescence analysis for the expression of
NFKkp in the RAW264.7 cells (N=3) following the treatment ACPV and ASPG hydrogels and (B)
the quantification of protein expression of NFkf in RAW264.7 calculated from MFI.
Immunofluorescence images in the left column show nuclear staining with DAPI; the images in
the middle column show expression of NFkf and the images in the right column show overlay of
NFkf staining with DAPI. Images were acquired at 20x magnification. (**** P<0.0001 and
unlabelled groups represent NS).
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Figure 27: (4) Representative images for the immunofluorescence analysis for the expression of
IKB in the RAW264.7 cells (N=3) following the treatment ACPV and ASPG hydrogels and (B)

the quantification of protein expression of IKB in RAW264.7 calculated from MFI

Immunofluorescence images in the left column show nuclear staining with DAPI; the images in

the middle column show expression of IKB and the images in the right column show overlay of
IKB staining with DAPI. Images were acquired at 20x magnification. (**** P<(0.0001, **
P<0.01 and unlabeled groups represent NS).
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Figure 28: (A) Representative images for the immunofluorescence analysis for the expression of
IL10 in the RAW264.7 cells (N=3) following the treatment ACPV and ASPG hydrogels and (B)
the quantification of protein expression of ILI0 in RAW264.7 calculated from MFI
Immunofluorescence images in the left column show nuclear staining with DAPI; the images in
the middle column show expression of IL10 and the images in the right column show overlay of
IL10 staining with DAPI. Images were acquired at 20x magnification. (**** P<(.0001, **
P<0.01 and unlabelled groups represent NS).
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Figure 29: (A) Representative images for the immunofluorescence analysis for the expression of
TGEp in the RAW264.7 cells (N=3) following the treatment ACPV and ASPG hydrogels and (B)

the quantification of protein expression of TGFf in RAW264.7 calculated from MFI.

Immunofluorescence images in the left column show nuclear staining with DAPI; the images in

the middle column show expression of TGFf and the images in the right column show overlay of
TGFp staining with DAPI. Images were acquired at 20x magnification (**** P<0.0001, ***
P<0.001, ** P<0.01 and unlabelled groups represent NS).

84



Gene interactions and network analysis

The genes interconnected with six proteins (IL6, NF-Kf, IL-10, TGF-f, TNF-a and IKf)
were constituted the subnetworks composed of 370 genes (Figure 30A) (Table 4). These
370 genes are associated with 120 pathways involving various biological processes;
especially the pathways associated with, regulation of metabolic process, pro-survival
events and signal transduction (Figure 30B) (Table 5). The volcano plot revealed that
intra cellular protein kinase cascade, positive regulation of metabolic processes and
regulation of apoptosis to be the most prevalent pathways involved by the interconnected

genes (Figure 30C).
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Figure 30: (4) Network visualization showing the interconnecting network of the genes IL6, NF-
Kp, IL-10, TGF-B, TNF-o0. and IKp. (B) Funnel diagram displaying the total interactions for each
biological process connected to the input genes based on GO:BP database (P<0.05 for all hits).
(C) Volcano plot showing the key biological processes based on the -Log (FDR).
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Table 4: The genes interconnected with IL6, NF-Kf, IL-10, TGF-fi, TNF-a and IKp. (*Deg -

Gene Id

Label

*Deg

Degree)

4790

IKBKE

119

6331

BIRC3

7124

IL10

96

6334

CD&0

4792

IKBKB

87

6335

CTCF

7040

HBB

71

9611

NCORI1

3569

IKK-complex

29

7278

TUBA3C

3586

GSK3B

[\
(@)}

9021

SOCS3

SIGNOR-C13

CHEK1

808

CALM3

6774

IRF5

3551

JUN

29110

MFGES

801

CALMI1

1147

NFATCI1

1191

CLU

5966

NfKb-p65/p50

6188

RPS3

6885

RBM10

4791

NFKB2

5970

M2 polarization

71

ACTGI

8450

CUL4B

1213

CLTC

6667

PTPNI13

2908

NFKBI1

7538

ZFP36

8841

HDAC3

330

MMP2

P59594

Degranulation

329

MMP9

CHEBI:3638

POMC

4851

AKT2

SIGNOR-
PH92

PPP3CC

[NSRER SN BN SN BN (SR N\ BN O R I (SN B (ST N NS0 BN (O B (SN N \O T N O 0 I (O R I (S 3 N N I O 3 I S R [ (]

208

FCGR3A

SIGNOR-C166

ERK1/2

N

1432

NFATC2

2643

KLK3

N

23291

S

7132

IRF3

SIGNOR-
PHI2

NPPB

N

6722

PTPNI

3570

ILIB

1634

DCN

3587

IL6

633

BGN

1050

CEBPA

3043

SRF

7295

TXN

3039

SP1

1326

ITGBS

SIGNOR-
PH97

ATF2

NN R N NN N NN NN N N W[ W[ W[ W| W W Ww

1997

ELF1

1831

TSC22D3

4023

PAX6

4221

MENI1

SIGNOR-C156

RNF111

1244

ABCC2

5294

RUNX2

4794

KLF4

SIGNOR-
PH46

CTSK

NN NN

7175

TPR

7157

SCF-betaTRCP

10987

COPS5

3663

TBX21

23054

NCOA6

6336

AMPK

9532

BAG2

11280

GCH1

5716

PSMD10

6323

IL6R

602

LCK

6326

IL6ST

1832

DSP

6328

Inflammation

3164

NR4Al

6329

BIRC2

N NN N NN N

2752

GLUL

92609

TIMMS50

—_—] | = = =] =] = = = =] =] = = =] =] =] = = =] =
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7536

SF1

7431

VIM

5468

PPARG

54951

COMMDS

10636

RGS14

10891

LTBP1

84557

MAPILC3A

3313

HSPA9

3146

HMGBI

8648

NCOALl

51397

COMMDI10

54971

BANP

5092

PCBD1

7846

TUBAIA

3065

HDACI

26259

FBXW8

9883

POM121

9759

HDACA4

823

CAPNI

3305

HSPAIL

7988

ZNF212

5971

RELB

8915

BCL10

3206

HOXA10

6790

AURKA

7052

TGM2

3215

HOXB5S

805

CALM2

3178

HNRNPAI

6195

RPS6KA1

79191

IRX3

619505

SNORA21

25

ABLI

3232

HOXD3

580

BARDI

409

ARRB2

10382

TUBB4A

924

CD7

1

AIBG

51341

ZBTB7A

9349

RPL23

301

ANXA1

468

ATF4

219541

MED19

8518

IKBKAP

1316

KLF6

U ORI (RSN (VRN [ U U N (RN I RN RN N U VI VI RN (RGN [V RV [N (RSN (RN RV RN U [N NI VG U [N (GG VR RN [N [N (N R I N [ [N R N R I

11167 | FSTLI 1
50855 | PARD6A 1
7046 | MAP3K7 1
79753 | SNIP1 1
2331 | FMOD 1
2022 | MCIR 1
2615 | LRRC32 1
3912 | LAMBI 1
7421 | VDR 1
5858 | pZP 1
1994 | ELAVLI 1
7186 | TRAF2 1
27161 | EIF2C2 1
841 | CASPS 1
81858 | SHARPIN 1
10133 | OPTN 1
90268 | FAM105B 1
4049 | LTA 1
55072 | RNF31 1
10928 | RALBPI 1
10318 | TNIP1 1
9025 | RNF8 1

2 [ A2M 1
94 | ACVRLI 1
291 | SLC25A4 1
293 | SLC25A6 1
307 | ANXA4 1
408 | ARRBI 1
688 | KLF>5 1
708 | C1QBP 1
790 | CAD 1
857 | CAV1 1
998 | CDC42 1
1452 | CSNK1AL1 1
1499 | CTNNBI 1
1869 | E2F1 1
1917 | EEF1A2 1
2033 | EP300 1
2280 | FKBPIA 1
3064 | HTT 1
3066 | HDAC2 1
3185 | HNRNPF 1
3192 | HNRNPU 1
3212 | HOXB2 1
3315 | HSPBI 1
3840 | KPNA4 1
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4052

NFKBIA

4067

LYN

4174

MCM5

4176

MCM7

4223

MEOX2

4627

MYH9

4670

HNRNPM

4793

NFKBIB

4841

NONO

5371

PML

5442

POLRMT

5531

PPP4C

5783

NFKBIE

5868

RABSA

6202

RPS8

6421

SFPQ

6456

SH3GL2

6778

STAT6

7133

RPS6KA2

7316

UBC

7334

UBE2N

7528

YY1

7704

ZBTB16

8110

DPF3

8193

DPF1

8451

CUL4A

8454

CULI

8655

DYNLLI

8717

TRADD

8772

FADD

8945

BTRC

9043

SPAG9

9093

DNAJA3

9612

NCOR2

9782

MATR3

9908

SIRT6

10454

TABI1

10477

UBE2E3

10627

MYLI12A

10892

MALTI

10971

YWHAQ

11345

GABARAPL2

22984

PDCDI11

23118

TAB2

26811

SNORDS55

27043

PELP1

U ORI (RSN (VRN [ U U N (RN I RN RN N U VI VI RN (RGN [V RV [N (RSN (RN RV RN U [N NI VG U [N (GG VR RN [N [N (N R I N [ [N R N R I

29099 | COMMD9 1

51295 | ECSIT 1

51400 | PPME1 1

51678 | MPP6 1

57805 | KIAA1967 1

64332 | NFKBIZ 1

83463 | MXD3 1

84617 | TUBB6 1

94163 | SNORD38B 1

113457 | TUBA3D 1

114990 | VASN 1

150684 | COMMDI 1

347733 | TUBB2B 1

645832 | SEBOX 1

724102 | SNHG4 1

2932 | SRC 1

9641 | STAG2 1

SIGNOR-C14 | STAT3 1

3553 | TBK1 1

3696 | TNF 1

3725 | TDGF1 1

9314 | TGFBI1 1

3932 | TLRS 1

SIGNOR- TNFRSF1A 1
PHS55

4157 | TP53 1

4240 | TRAF3 1

4313 | UVB radiation 1

4318 | CASP3 1

4772 | Caspase 3 complex 1

4773 | CEBPB 1

5770 | chloroquine 1

8241 | CHUK 1

6196 | CREBI 1

SIGNOR-C5 CRP 1

51548 | CSNK2A1 1

6714 | doramapimod 1

10735 | FBN1 1

30009 | FOXP3 1

6997 | HBAI 1

51311 | IL1A 1

7187 | NFATC3 1

SIGNOR-ST17 | NOTCH1 1

836 | NR3Cl1 1

SIGNOR-C221 | PCSK7 1

1051 | PERP 1

89



1111

Phagocytosis

1385

PPARGCIA

7185

CCNA2

1401

PPP3CA

6277

CDK2

1457

PPP3CB

59

CDK4

CHEBI:40953

PRKAALI

56172

CDKNI1B

2200

PRKACA

632

CDKN2B

50943

RELA

890

COL1A2

3552

TLRS

1017

COL4Al

3661

A9/bl integrin

1019

CyclinE/CDK2

4775

ADAM17

1027

ENG

9159

AP1

1030

ENPP1

64065

ATF1

1278

ITGA2

5443

BCL3

1282

KRTI

5530

BRAF

SIGNOR-C16

LPL

5532

BTF3

5167

MEF2D

5533

Calcineurin

3673

MYOG

5562

CASPRAP2

3848

OMD

5566

RBX1

4209

PAXS

7100

EIF2AK2

4656

PI3K

6868

FBXW11

4958

PIK3CG

SIGNOR-C154

FGF2

5080

PIK3R1

466

FGF9

7849

PPP2R2A

1386

FLI1

5295

SALL2

673

FUBP1

5520

SFTPB

689

G3BP2

54778

SHC1

SIGNOR-C155

GGCX

860

SKP2

9994

IL10RA

6297

SLC20A1

9978

IL10RB

6439

SLC5AS

5610

ILIRN

6464

TAGLN

SIGNOR-PF1

SCN10A

6502

TFAP4

2214

SCNI11A

6574

TGFBRI1

2247

SCN1A

6528

TGFBR2

2254

SCN2A

6876

TSHB

2313

SCN3A

7023

LZTR1

8880

SCN4A

7048

Adipogenesis

2677

SCNSA

7252

AKT1

3588

SCNBA

8216

AKT

3557

SCN9A

SIGNOR-
PH26

Angiogenesis

[N ORI ISR (NS (SN U RN (TN [ N RN GRS RS VN RGN RN (NN [V U G (RSN VN U N RSN N RV N S RN [T U RN G [ N

SIGNOR-C15

IEX-1L

207

ARDS

—_—

3572

MAP3KS

SIGNOR-PF24

COMT

—_—

941

THBD

10664

TRAF1

SIGNOR-
PH128

HES1

—_—

075353

S100A6

1312

IRS1

354

ACTA2

1513

JAG2

4879

ANKH

3280

NOD2

7056

BGLAP
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3667

NOTCH4

3714

PIK3CA

[N U U N
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64127

PIK3CB

4855

PIK3CD

6337

TNFRSF1B

5290

REL

12

TNFRSF21

5291

RIPK2

27242

ITGA3

5293

SNAI2

3675

LPP

8767

SCNNIA

4026

MYOCD

6591

SERPINA3
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MAPK14
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TGF-p, TNF-a and IKp.

Pathways Hits | P Value

Intracellular protein kinase cascade 94 | 2.95E-29
Positive regulation of metabolic process 146 | 6.02E-27
Positive regulation of defence response 45 | 7.54E-26
Regulation of defence response 60 | 8.84E-26
Regulation of programmed cell death 105 | 1.30E-25
Regulation of apoptotic process 104 | 2.05E-25
Response to organic substance 137 | 2.41E-25
Positive regulation of cellular metabolic process 137 | 7.35E-25
I-kappaB kinase/NF-kappaB cascade 42 | 8.69E-25
Regulation of I-kappaB kinase/NF-kappaB cascade 39 | 1.80E-24
Positive regulation of immune system process 69 | 3.94E-24
Response to endogenous stimulus 95 | 7.04E-24
Regulation of immune response 68 | 8.10E-24
Positive regulation of response to stimulus 102 | 8.22E-24
Apoptotic process 122 | 9.87E-24
Apoptotic process 122 | 9.87E-24
Positive regulation of protein metabolic process 83 | 2.31E-23
Programmed cell death 122 | 3.04E-23
Regulation of immune system process 87 | 4.52E-23
Positive regulation of transcription from RNA polymerase II promoter 70 | 7.75E-23
Response to wounding 91 | 1.22E-22
Positive regulation of immune response 54 | 2.45E-22
Regulation of protein metabolic process 109 | 2.91E-22
Positive regulation of transcription, DNA dependent 88 | 4.10E-22
Positive regulation of transcription, DNA dependent 88 | 4.10E-22
Regulation of sequence specific DNA binding transcription factor activity 47 | 7.11E-22
Activation of immune response 48 | 2.09E-21
Positive regulation of RNA metabolic process 89 | 5.31E-21
Response to chemical stimulus 167 | 8.55E-21
Immune response 92 | 1.04E-20
Positive regulation of nucleobase containing compound metabolic process 94 | 1.56E-20
Positive regulation of signal transduction 75 | 1.65E-20
Regulation of cytokine production 53 | 1.65E-20
Positive regulation of cellular protein metabolic process 73 | 4.94E-20
Enzyme linked receptor protein signalling pathway 81 | 7.34E-20
Immune system process 133 | 7.98E-20
Cytokine production 55 | 1.15E-19
Positive regulation of cellular process 189 | 1.61E-19
Intracellular signal transduction 124 | 1.82E-19
Positive regulation of sequence specific DNA binding transcription factor 33 | 2.56E-19
activity

Cell surface receptor signaling pathway 150 | 2.72E-19
Regulation of multicellular organismal process 124 | 5.29E-19

Table 5: The biological pathways associated with the genes interconnected with IL6, NF-Kf, IL-10,
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Innate immune response 57 | 5.36E-19
Positive regulation of I-kappa-B kinase/NF-kappaB cascade 29 | 6.09E-19
Regulation of transcription from RNA polymerase II promoter 95 | 8.68E-19
Regulation of cellular protein metabolic process 93 | 1.17E-18
Défense response 91 | 1.61E-18
T cell activation 46 | 2.20E-18
Regulation of response to stimulus 148 | 4.06E-18
Negative regulation of apoptotic process 57 | 9.77E-18
Negative regulation of apoptotic process 57 | 9.77E-18
Regulation of protein modification process 80 | 1.04E-17
Positive regulation of protein modification process 65 | 1.12E-17
Positive regulation of biological process 202 | 1.55E-17
Negative regulation of programmed cell death 57 | 2.19E-17
Positive regulation of multicellular organismal process 55 | 2.62E-17
Regulation of molecular function 113 | 3.26E-17
Positive regulation of cell differentiation 51 | 497E-17
Response to stress 167 | 5.00E-17
Positive regulation of cytokine production 35 | 6.04E-17
Transcription from RNA polymerase II promoter 102 | 7.52E-17
Cell activation 67 | 1.28E-16
Hematopoietic or lymphoid organ development 55 | 1.93E-16
Response to external stimulus 87 | 2.00E-16
Inflammatory response 50 | 2.04E-16
Regulation of gene expression 174 | 2.32E-16
Nuclear import 32 | 2.82E-16
Immune system development 56 | 6.73E-16
Response to abiotic stimulus 62 | 1.14E-15
Hemopoiesis 52 | 1.27E-15
Protein import into nucleus 31 | 1.27E-15
Positive regulation of NFkappaB transcription factor activity 23 | 1.33E-15
Lymphocyte activation 50 | 1.87E-15
Regulation of phosphorylation 69 | 2.05E-15
Positive regulation of developmental process 59 | 2.58E-15
Multi organism process 91 | 4.17E-15
Regulation of signal transduction 114 | 4.44E-15
Regulation of transcription, DNA dependent 152 | 4.79E-15
Regulation of transcription, DNA dependent 152 | 4.79E-15
Regulation of transcription, DNA dependent 152 | 4.79E-15
Negative regulation of response to stimulus 64 | 8.94E-15
Regulation of RNA metabolic process 154 | 1.89E-14
Intracellular receptor mediated signaling pathway 32 | 2.30E-14
Organ development 137 | 2.55E-14
Leukocyte differentiation 39 | 2.74E-14
Protein phosphorylation 81 | 6.47E-14
Leukocyte activation 52 | 7.23E-14
Negative regulation of metabolic process 92 | 7.67E-14
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Phosphorylation 87 | 1.05E-13
Response to drug 35 | 1.35E-13
Protein import 31 | 1.74E-13
Nucleocytoplasmic transport 37 | 1.93E-13
Transforming growth factor beta receptor signaling pathway 28 | 1.95E-13
Regulation of cell proliferation 78 | 2.02E-13
Negative regulation of biological process 169 | 2.25E-13
Regulation of catalytic activity 88 | 2.32E-13
Nuclear transport 37 | 2.65E-13
Regulation of protein phosphorylation 62 | 2.68E-13
MAPK cascade 49 | 3.92E-13
Angiogenesis 38 | 7.22E-13
Interaction with host 38 | 7.22E-13
Vasculature development 48 | 7.25E-13
Negative regulation of signal transduction 53 | 1.55E-12
Adaptive immune response 28 | 1.70E-12
Regulation of nucleobase containing compound metabolic process 165 | 1.85E-12
Immune effector process 44 | 2.11E-12
Positive regulation of phosphorylation 49 | 2.23E-12
Tissue development 84 | 2.77E-12
Positive regulation of protein phosphorylation 48 | 3.52E-12
Negative regulation of cell proliferation 44 | 3.58E-12
Negative regulation of cellular metabolic process 83 | 3.80E-12
Regulation of transport 68 | 4.90E-12
Positive regulation of phosphate metabolic process 52 | 5.13E-12
Regulation of biological quality 133 | 9.79E-12
Regulation of MAPK cascade 42 | 1.21E-11
Gland development 30 | 1.65E-11
Regulation of cell differentiation 69 | 1.81E-11
Cellular response to stress 80 | 2.07E-11
Transmembrane receptor protein serine/threonine kinase signalling pathway 34 | 2.09E-11
Regulation of transferase activity 50 | 2.18E-11
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CHAPTER D
DISCUSSTION






Synthesis and Characterization of Novel Biodegradable Hybrid
Hydrogel Scaffolds Using the Copolymers Sodium Alginate,

CMC, Starch, PEG and PVA

The performance of CTE hydrogel significantly relies on the adequate mechanical
strength, controlled degradation, nontoxic degradation products, interconnected pores for
nutrient trafficking, support cell adhesion, proliferation, viability and differentiation, favouring
cell integration and contractile function under ischemic conditions of the injured heart.
Conventional hydrogels possessing all these hallmarks are limited. The challenges have been
analysed by hybridizing the natural polymers alginate, cellulose and starch with the synthetic
polymers PVA and PEG to synthesize a panel of four hydrogels ACPV1 and ACPV2 and
ASPGI1 and ASPG2. These hybrid hydrogels displayed superior properties supporting CTE
applications.

Interestingly, the four hydrogel scaffolds synthesized in this study were decorated with
ample functional moieties contributing to the biological performance for cardiac applications.
Evidently, IR analysis revealed the presence of abundant hydrophilic functional groups such
as hydroxyl, carboxyl and carbonyl on scaffold surface. The sharp peak near 1000 cm™! which
indicated C-O-C stretching in all hydrogels confirms the presence of polysaccharides as this
vibration is characteristic for the glycosidic bonds in polysaccharides. Also, the weakening of
C-O stretching vibration in ASPG2 reflects increased hydrogen bond formation between
glycosidic oxygen and -OH groups indicative of a hydrophilic surface stabilized by hydrogen
bonding. Evidentially, the presence of hydrophilic moieties on scaffold surface greatly
enhances the water absorption capacity of the hydrogels by promoting hydrogen bonding with
water molecules [165]. Moreover, the abundance of surface functional moieties provide

opportunities for chemical immobilization of biomolecules and other growth factors for
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improving cell adhesion and maturation [166]. Overall, all the hydrogels displayed abundant
surface functional groups which are crucial for guiding the cellular and biological performance
for CTE applications.

Water content of the hydrogels is a function of osmotic driving forces and the cohesive
force exerted by the polymer network [167]. Both ACPV and ASPG hydrogel subsets
demonstrated an EWC greater than 80% suggesting their super-absorbent nature and swelling
ratio between 5-7 attributing to ample hydrophilic functional groups and porosity as evidenced
by IR analysis and SEM respectively. The superior water content is beneficial for the
trafficking of metabolite and mass transfer. In addition, the increased water level relaxes the
polymer chains to increase the surface area and pore size facilitating the cell survival and
performance [168]. Furthermore, the increased water content prevents dehydration thereby
accelerating the wound healing responses [169]. Imperatively, the superior water content in the
hydrogels, favour for the successful CTE. Remarkably, the superabsorbent hydrogels are
characterized by superior water content and holding capability, controlled by diffusion [170].
Generally, the diffusion of water in the hydrogels is controlled by the diffusional exponent (),
which drives the movement of water via Fickian diffusion (regulated by swelling), or super
case II transport (SCIIT) (regulated by network relaxation). If n <0.5m, the swelling favours
Fickian diffusion and favours SCIIT ifn > 1.0 [127]. All the ACPV1, ACPV2, ASPGI1 and
ASPG2 hydrogels displayed n <0.5m, reflecting their Fickian diffusion. Moreover, Fickian
diffusion depends on diffusive flux which is the amount of substance per unit area per unit
time, which in turn is related to the TWAS. Interestingly, the increased level of TWAS on both
ACPV and ASPG hydrogels favours significant uptake of water within a short period of time
as revealed in the swelling data.

The growth and survival of cells seeded onto CTE hydrogels are greatly influenced by

its porosity pore density and pore size as the cell adhesion, migration, proliferation,
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differentiation and cell-cell interaction are dependent on pore architecture [171]. Furthermore,
the efficiency of nutrient trafficking and removal of metabolic exhaust is greatly influenced by
pore morphology and density. The surface morphometry reveals that the four scaffolds
displayed pore architecture with pore length ranging between 4 um to 12 pm and pore breadth
ranging between 3 pm to 8 pm corresponding to the micro porous architecture of an ideal tissue
engineering scaffold [172]. Multiple reports conclude that microporous scaffold architecture
improves cell migration, attachment and anchorage dependent cell to cell communication
[173]. Moreover, neovascularization, cell infiltration and survival are optimum in scaffolds
with pore size range of 5 um to 15 pum [174]. Notably, human embryonic stem cells (hESCs)
demonstrated appreciable attachment on the scaffolds with pore size ranging between 3 to 8
pm [175]. Additionally, poly(ethylene glycol) scaffolds with pore size of 12um promoted
better migration of mesenchymal stem cells (MSCs) [176]. These observations suggest that the
porosity in both the ASPG and ACPV hydrogels pose immense potential to support the growth
of multiple cell types onto the interstices suggesting the potential for CTE.

Mechanical properties of the CTE scaffolds influence the cell adhesion, cell signaling
pathways, angiogenesis and neo-tissue formation. The superior tensile properties of ACPV2
and ASPG2 hydrogels reflect the increased crosslinking density owing to the higher alginate
content. Mechanical strength and swelling are the functions of crosslinking density within the
co-polymers which determine the thermodynamic stability of the hydrogels [177]. Moreover,
Young's modulus of a healthy human cardiac tissue is ~50 kPa which increases up to 100 kPa
during scarring and fibrosis [178]. Moreover, the Youngs modulus of the hydrogels ranged
between 1 to 4 MPa which has been reported to be ideal for soft tissue engineering. For
instance, the electrospun polyester ether(urethane urea) scaffold, with an elastic modulus
ranging between 1-2 MPa, was loaded with adeno associated viral genes and implanted into

left ventricle of rat resulted in improved LV function owing to the mechanical properties of the
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scaffold [179]. Hence, the healing responses and beating function in CTE hydrogels warrant
mechanical properties superior to native heart tissue. Interestingly, the ACPV and ASPG
hydrogels are mechanocompatible for CTE allowing for tuneable mechanical properties by
manipulating the cross-linking density by divalent cations.

Biomolecules including the adhesin proteins and ECM components involved in the
regenerative responses in the native cardiac tissues composed of amphiphilic due to hydrophilic
and hydrophobic domains. The contact angle data for all the hydrogels were in the range of
amphiphilicity which is crucial in enhancing cell adhesion and proliferation [180]. Hence, the
hydrophilicity of ACPV and ASPG hybrid hydrogel subsets are mainly due to -COOH and -
OH on hydrogel surfaces as indicated by IR analysis. However, extreme hydrophilic or
hydrophobic surfaces impair cell adhesion and proliferation whereas moderately wettable
surfaces are optimal [181-183]. Hence, the amphiphilic nature of ACPV and ASPG hydrogels
supports protein adsorption and the binding, proliferation and migration of cells facilitating the
integration of CTE at the tissue interface.

Biodegradation of ACPVI and ACPV?2 hydrogels was studied using PBS buffer for 30
days where all the hydrogels maintained their structure for the initial three weeks period
followed by slower withering. ACPVI and ACPV2 hydrogels lost 72% and 63.5% of their dry
weight respectively after 30 days study. Similarly, ASPG1 and ASPG 2 hydrogels lost 52%
and 81.6% of their dry weight respectively. TDS were increased in a time dependent fashion
owing to the erosion of ions and other solid particles from the hydrogel surfaces confirming
the degradation. Cross-linking of the polymer chain with calcium is affected by the formation
of covalent bond between calcium ions and guluronic acid residues in the G block of alginate
chains forming the characteristic egg box structure [151]. Interactions of the cross-linked
alginate with monovalent ions such as sodium and potassium result in the replacement of

calcium ions with monovalent ions resulting in the collapse of egg box leading to gel-sol
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transition and subsequent weakening of the hydrogel [184]. Additionally, the slight drop in pH
suggests the release of mild acidic degradation products which elicits minimal physiological

responses following the implantation owing to the efficient buffering capacity of circulating

fluids [151].
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Examinations on cell-material Interaction and Compatibility of

the Hybrid Hydrogels

The in vivo biocompatibility of a scaffold is greatly driven by the type and amount of
protein adsorbed on the surface [185]. Post-implantation, cellular attachment on any scaffold
surface is largely affected and regulated by the adsorbed protein layer as scaffold-protein
interaction occurs prior to cell infiltration/adhesion. Protein adsorption on a hydrophobic
scaffold surface is largely governed by hydrophobic interactions whereas a hydrophilic surface
favour electrostatic force. Interestingly, the hydrophilic surfaces retain confirmation of
adsorbed proteins whereas hydrophobic results in structural deformities [186]. The adherence
of albumin in the surface of scaffold results in smoothness and a rough surface is detrimental
as the RBC membrane rupture occurs upon encountering circulation resulting in haemolysis
and activation and aggregation of platelets leading to thrombosis [ 187]. Importantly, adsorption
of plasma albumin prevents unfavourable cell-scaffold interactions contributing to
hemocompatibility and created favourable environment for the infiltrating cells [188].
Additionally, albumin binding on scaffold surface prevents the adsorption of fibrinogen
preventing thrombosis and inflammation [189]. Also, there are reports on using albumin itself
as biomaterial for fabricating tissue engineering scaffolds due to its exceptional
biocompatibility [190]. In the present study, ACPV1, ACPV2 and ASPG2 exhibited superior
adsorption of albumin from the serum whereas ASPG1 demonstrated a significantly higher
adsorption (75%) which is attributed to the microporous and amphiphilic nature of scaffolds
[191].

Direct contact assay and test on extract were used to assess the cytotoxicity of the
hydrogels assessing the characteristic cell morphology and cell viability respectively. Both the
ACPV and ASPG hydrogels were cytocompatible as evident from H9c2 cell adhesion,

proliferation and survival which significantly depends on the hydrogel properties such as extent
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of porosity, protein adsorption and surface hydrophilicity [192]. Significantly, the hydrogels
are biocompatible and the degradation products are non-toxic to the cells. Direct contact
revealed the absence of morphological changes in H9c2 cells demonstrating the
cytocompatibility of ACPV and ASPG hydrogels. Moreover, the cell spreading and health
status determined by FDA staining unveiled the healthy being of H9c2 cells in the interstices
of both ACPV and ASPG hydrogels. Hence, the ACPV and ASPG hydrogel systems represent
biocompatible templates for CTE applications.

Furthermore, the infiltration of cells exhibited increased migration onto the inner
network of ACPV and ASPG hydrogels which is crucial for the mobility of seeded and the host
cells from the surviving cardiac tissue post implantation. Moreover, the cells infiltrated
>100 pm within the ACPV2, ASPG1 and ASPG2 hydrogels through the interconnecting pores
unveiled the capability of the healthy cells to occupy the inner rooms of the hydrogel [193].
Also, the increased density of H9c2 cell homes the hydrogel network. Logically, the rate of
biodegradation of ACPV and ASPG before the expansion rate of seeded cells is crucial for
triggering the cell migration towards the interstices of the hydrogels. However, the
uncontrolled biodegradation destabilizes the hydrogels thereby preventing the cell attachment
and proliferation which lead to apoptosis [170]. Moreover, the biodegradation of the hydrogels
provides additional space for the proliferating cell population suggesting the potential

applications of the hydrogels in cardiac regeneration.
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Biological Responses of Biosynthetic Hydrogels for CTE

Antimicrobial Efficiency

The translational challenges in tissue engineering strategy including infection following
the invasive procedures are alarming [194]. Such infections result in unpredictable aftermaths
including sustained inflammatory responses leading to treatment/implant failure.
Oral/intravenous administration of antibiotics help to prevent infections; however, limited
bioavailability and bioretention of antibiotics at the surgery site and antibiotic resistance are
challenging. In addition, the higher doses of antibiotics cause off-target side effects including
liver damage and kidney disorders. A possible alternative to treat implant-driven infection is
to incorporate antibiotics into scaffolds aiding in a sustained and localized delivery of
antibiotics and eliminates the chances of systemic toxicity. In the present study, all the
hydrogels incorporated with varying concentrations of amikacin and vancomycin demonstrated
excellent inhibition of bacterial proliferation. The exceptional amphiphilicity and water profile

of the ACPV and ASPG enabled the loading/release of antibiotics by simple diffusion.

Studies on Antioxidant Response

Several ROS including superoxide anions, hydroxyl radical and hydrogen peroxide are
upregulated in the infarct zone aggravating the MI pathology by inducing oxidative stress.
Increased oxidative stress significantly damage the proteins, nucleic acids, lipids and
membranes associated with the surviving cardiac tissue as well as the cells seeded onto the
scaffolds [195]. Hence, addressing the oxidative stress using hydrogels warrants careful
consideration while designing CTE-based strategies. Unfortunately, such hydrogels with ROS
scavenging effects are rare in the literature. Translationally, the present study adopted a simple

approach of incorporating the natural antioxidant ascorbic acid onto the ACPV and ASPG

102



hydrogels for improved antioxidant effects. The rationale for choosing ascorbic acid owes to
its vast biological functions including potent antioxidant and radical scavenger effects
protecting the cells/tissues against oxidative stress, redox homeostasis of antioxidant mediators
including glutathione and oa—tocopherol (vitamin E), cofactor for biosynthetic enzymes
including monooxygenase and dioxygenase enzymes and synthesis and homeostasis of
collagen subtypes [196]. Importantly, ascorbic acid administration has significantly reduced
the risk of CVDs and improved the cardiac healing following MI [197] [198]. Hence, the
incorporation of ascorbic acid offers dual benefits of providing antioxidant property to the
hydrogels and acts as a cardioprotective mediator accelerating the healing responses at the
infarct zone.

Pathologically, localized implantation sites are at the highest risk of ROS and
subsequent oxidative stress potentially impairing the bystander cells by inducing cytotoxic
effects such as DNA/protein modification and the triggering of apoptosis [199]. Such
detrimental effects often result in the failure of the implants demanding ROS-responsive
scaffold system. Strategically, we adopted the simple and clinically feasible approach of
incorporating a natural, nontoxic, water soluble and cardioprotective antioxidant, ascorbic acid,
in our hydrogel system which showed propounding antioxidant effects in cellular and cell free
system as consistent with reported literature [200]. Importantly, ASPG and ACPV hydrogel
systems significantly shielded the oxidative stress induced by H>O: in vitro and protected the
RAW 267.4 cells from apoptosis. These observations promote the potential translational
applications of ASPG and ACPV hydrogel systems in regenerative cardiology for the
management of heart failure. However, further in vivo and pre-clinical validations are

warranted to extrapolate this approach in clinical arena.
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Studies on Immunocompatibility and Gene Interactions

Inflammation is the initial phase of wound healing which progresses through the
activation of mononuclear immune cells including macrophages. Essentially, the balance
between pro-inflammatory M1 (classically activated) phenotype and pro-healing M2
(alternatively activated) phenotype of macrophage is crucial for the resolution of inflammation
[201]. Besides, the macrophages are highly plastic cells that alters their morphology and
functions based on the nature and chemistry of the micro-environment determining the M1 and
M2 phenotypes [202]. Moreover, the MO (unstimulated) phenotype constitutes normal
macrophages reflecting the normal physiological milieu [201]. Also, the existence of MO
macrophages is evident by the absence of alterations in the characteristic morphology upon
contact with any foreign materials [201] [203]. Interestingly, the contact of ACPV and ASPG
hydrogels failed to activate the RAW264.7 macrophages in the culture as evident from the
absence of changes in their classical morphology, suggesting their normal phenotype. Hence,
the possible immune system activation upon implantation of ACPV and ASPG is bare minimal,
suggesting their potential application in CTE.

IL6 is a pleotropic cytokine playing a crucial role in inflammatory responses which has
been intimately associated with MI and has been an ideal target for CVDs [204]. Also, elevated
circulatory IL6 has been reported in clinical specimen and animal models of MI [204] [205].
Moreover, increased IL6 level 4 months following STEMI correlates with the increased infarct
size, reduced LVEF and adverse clinical outcomes suggesting the potential role in cardiac
inflammation following MI [206]. Translationally, the downregulation of IL6 has been
encouraging to prevent the inflammatory episodes and to alleviate the pathological symptoms
involved in MI [207]. Hence, the CTE scaffolds/hydrogels exhibiting minimal trigger in IL6
upregulation offer successful cardiac regeneration. Interestingly, the ACPV hydrogels, as

observed in our findings, displayed a significant downregulation of IL6 upon encountering the
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macrophage cells suggesting the minimal immune activation and immense translational
potential. However, such IL6 lowering effects of CTE hydrogels are rare in the scientific
literature and the underlying mechanism possibly owes to the biocompatible functionalities in
the parent co-polymers.

The pro-inflammatory cytokine, TNFa, has been extensively investigated as a
biomarker associated with MI. Both the membrane bound and secretory forms of TNFa elicit
complex molecular interactions resulting in the aggravated pathology in MI which has been
demonstrated in vitro and in vivo models and in clinical subjects [208]. Additionally, TNFa
sustains the reversible contractile dysfunction and the irreversible MI injury in response to
ischemic insults as evident from the TNFa knockout experimental models in CVDs [209]. The
cardiac rescue strategies and reperfusion have been accompanied by the upregulation of TNFa
as evident by myocardial ailments in clinical examinations. Moreover, the increased oxidative
stress associated with myocardial ischemia fuel TNFa induction promoting the
apoptosis/necrosis of cardiomyocytes along with impairing the calcium homeostasis resulting
in aggravated pathology and delayed healing [210]. Hence, the careful consideration of TNFa
biology is crucial for successful CTE. Interestingly, ACPV hydrogel system displayed a
significant downregulation of TNFa in the RAW267.4 macrophages upon direct contact
benefitting their promise in CTE applications.

NF«B is a super family of transcription factors consisting of the genes encoding the
members RelA (p65), RelB, c-Rel, p50 and p52 and included in two sub-families. The sub-
family comprising p50 and p52 is mainly involved in mediating inflammatory responses where
NF«B exist as a heterodimer [211]. In the absence of an activation signal, NFxB remain as
inactive form, bound to IKB (inhibitors of kB) in the cytosol. The phosphorylation-dependent
degradation of IKB activates NFkB promoting its translocation to nucleus accelerating the

expression of a battery of pro-inflammatory genes including IL6 [211]. Hence, the binding and
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expression of IKB determine the NFkB activity. The active upregulation of NF«xB has been
well established in the ischemic and reperfused myocardium suggesting the pro-inflammatory
milieu aggravating the complications [212]. Additionally, NF«kB has been intimately associated
with pro-inflammatory cytokine burst, hypertrophy and apoptosis along with oxidative stress
in CM [213]. Interestingly, a seminal study demonstrated that the selective inhibition of NFxB
significantly improved the myocardial function and alleviated the pathology following MI.
Hence, in the context of CTE the downregulation of NF«B signalling with a concomitant
upregulation of IKB is essential for the successful cardiac regenerative outcomes.

Interestingly, the contact of ASPG and ACPV hydrogels failed to upregulate NFkB in
the RAW267.4 macrophages suggesting the minimal possibilities associated with the
activation of proinflammatory genes. Contrastingly, the increased level of IKB expression
reflects the increased possibility of NFkB activation. However, the information regarding the
phosphorylation status of IKB is required to confirm the activation status of NFkB [214].
Considering the decreased level of NF«B and other proinflammatory mediators, it is reasonable
to speculate that the increased IKB is insufficient to mobilize and activate NFkB upon contact
with ACPV and AGPG hydrogels. However, further mechanistic studies are warranted to
validate these conclusions.

IL10 is an anti-inflammatory cytokine functioning in the restoration of myocardial
homeostasis following ischemic injury [215]. Importantly, IL10 regulates the activation of
monocytes with the concomitant suppression of a school of proinflammatory mediators thereby
accelerating the healing responses [215]. Clinically, the upregulation of circulatory IL10 has
been correlated with the progressive healing of myocardial ischemia and reperfusion, limiting
the burst of proinflammatory mediators. Interestingly, the endogenous IL10 inhibits TNF-a
and NO, thereby protecting the ischemic myocardium via suppressing the recruitment and

activation of neutrophils [216]. Additionally, IL10 reduced the infarct zone expansion and
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improved the cardiac function by improving the capillary density, preventing the apoptosis and
minimizing inflammation as demonstrated in MI mice models [217]. Hence, the basal
expression or upregulation of IL10 is an indication of resolution of ischemic damage in the
myocardium. Taken together, the decreased level of IL10 by RAW267.4 macrophages upon
contact with ASPG and ACPV hydrogels is suggestive of the absence of macrophage activation
and proinflammatory signalling.

TGFp superfamily plays a crucial role in ECM homeostasis, cell survival, proliferation
and differentiation along with the modulation of inflammation following MI [218] [219]. TGFpB
is constitutively expressed in the adult mammalian heart supporting homeostatic cardiac
function by sustaining the spontaneous beating [218] [219]. In addition, TGFp promotes the
transdifferentiation and proliferation of myofibroblasts to accelerate the healing responses
especially by secreting the ECM components [220]. Importantly, TGFpB accelerates the
phenotype switch of proinflammatory M1 macrophages to pro-healing M2 phenotypes by
suppressing the expression of inflammatory cytokines and chemokines [218] [219].
Furthermore, TGFp is a well-known activator for angiogenesis which in turn is the key to
cardiac healing and neo-tissue formation [221]. Interestingly, TGFf loaded hydrogels have
been considered to be a successful approach in promoting healing responses as demonstrated
in seminal reports dealing with multiple tissue engineering approaches [222] [223].
Considering the potential healing benefits, the upregulation of TGFB in RAW267.4
macrophages upon contact with ACPV and AGPG hydrogels suggest their promise in CTE
applications.

Interestingly, the mediators (IL6, NF-Kf, IL-10, TGF-B, TNF-a and IKp) chosen for
immunocompatibility assessment were involved in multiple pathways of inflammation and/or
immunomodulation. Hence, the assessment of their gene interactions unveiled the possible

pathways of inflammation or repair correlating with the cellular/tissue level expression of these

107



mediators. Interestingly, IL6, NF-Kf, IL-10, TGF-B, TNF-a and IKf are intimately connected
with 370 genes and 120 pathways unveiling their potential network. As highlighted in the
NetworkAnalysis data, signal transductions involving protein kinases play a critical role in
resolving cellular stress including inflammatory, metabolic and oxidative stress in
macrophages [224]. Similarly, the metabolic regulation plays a critical role in the inflammatory
responses elicited by macrophages [225]. For instance, the M1 macrophages rely mostly on
glycolytic pathways leading to succinate accumulation and subsequent HIF1a activation for
upregulating the glycolytic genes [225]. On the other hand, the M2 macrophages rely on
oxidative phosphorylation for replenishing the substrates for the electron transport chain [225]
[226]. These observations suggest that pro- and anti-inflammatory phenotypes of macrophages
are featured with specific metabolic signature pathways and these pathways could be targeted
for designing therapeutic approaches in minimizing the adverse effects involved in biomaterial
implantation. Additionally, the regulation of apoptotic process in the macrophages are crucial
in determining the success of implants regarding their plasticity [227].

On considering CTE, a thorough understanding and screening regarding the
interconnecting pathways and networks and its assessment regarding functional properties and
immunobiology of the biomaterial implants are highly recommended for successful outcomes.
Interestingly, our data provides novel insights into the cytokine profiling and possible gene
interactions in determining the success of ACPV and ASPG hydrogels. However, further
mechanistic studies are warranting to apply such preliminary findings to translational

regenerative cardiology.
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CHAPTER 6
SUMMARY, & CONCLUSTON






According to World Health Organization (WHO), CVDs accounts ~17.9 million global
deaths globally which is supported by the estimate by AHA pointing a 21.1% increase in global
CVD deaths [228] [229]. MI incidence is alarming [230] and the ischemic episodes following
the MI significantly affects cardiac performance. Current treatment strategies depend on
pharmacotherapy and surgical interventions to restore the blood flow and functional output;
however, heart transplantation remains the ultimate management option. Unfortunately, the
lack of organ donors, higher risk of infection and adverse immunological responses pose
challenges in transplantation approach. At this juncture, CTE has emerged as a promising
strategy in regenerative cardiology [231]. CTE exploits the inherent regenerative potential of
cardiac tissue utilizing a supporting scaffold grown with specific cell phenotypes and growth
factors providing a 3D micro- architecture mimicking the native cardiac tissue.

Pathologically, the infarcted myocardium displays a hostile microenvironment as
evident from oxidative stress, inflammatory explosion, metabolic dysfunction, hypoxic
maladaptation and reperfusion injury [232]. In addition, the cardiac sufferers are highly
susceptible to infections limiting the recovery rate and functional outcome [233] [171]. Hence,
the approaches for the early detection of these risk factors and effective CTE strategies to
address such challenges are critical for cardiac regeneration. As hydrogel scaffolds simulate
native cardiac ECM along with the benefits including biological cues for adherence,
proliferation and differentiation of cells and excellent immunocompatibility, the hydrogel-
based biomaterials have gained prior appreciation in CTE [103]. Hence, the current trend of
CTE has been inclined to injectable and implantable hydrogels and multiple synthetic
approaches have been evolved to engineer ideal scaffolds for successful CTE.

Interestingly, the hydrogel scaffolds possessing multiple talents for simultaneously
addressing the biological issues associated with cardiac pathology and healing are highly

demanding for CTE. For example, the increased chance of infection warrants the hydrogels
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with antimicrobial properties and hydrogels with antioxidant properties are required to tame
the pathological infarct zone tissue. CTE demands an ideal hydrogel template and the
performance of engineered myocardial construct is driven by the parameters including
physiochemical properties, mechanical strength, non-toxic degradation products, cell-material
interaction, interconnected porosity and favourable microniche for cellular viability and
differentiation along with tunablility for addressing pathological insults including infection and
oxidative stress. Unfortunately, the hydrogel materials addressing these stringent and
complementary requirements are rare in the literature. At this juncture, the major focus of this
research was to engineer and evaluate biologically favourable and cardiac compatible hydrogel
scaffolds using biosynthetic the copolymers polysaccharide alginate, starch and the
polysaccharide derivative CMC reinforced with synthetic polymers PVA and PEG for CTE.
Two hydrogel families ACPV and ASPG were successfully synthesized. ACPV hybrid
hydrogel system was prepared by interpenetrating alginate and cellulose with the synthetic
polymer PVA and the subsets ACPV1 and ACPV2 were prepared by varying the composition
of the co-polymers. Similarly, PEG was used in ASPG system instead of PVA and the two
subsets ASPG1 and ASPG2 were prepared by altering the constituent ratio of co-polymers.
Divalent cation, Ca>* was used as the crosslinking agent in both the preparations. ATR spectral
analysis demonstrated the surface functional groups unveiling ample -OH, -C=0, -COOH and
C-O-C groups on the surface suggesting the presence of alginate, starch, CMC, PVA and PEG
fractions in the surface of respective hydrogels. SEM analysis displayed the surface
morphology and pore organization of both ACPV and ASPG hydrogels, where ACPV2 and
ASPGI1 exhibited superior pore features compared to ACPV1 and ASPG2. The similar level
of pore aspect ratio suggests similar pore morphology in both the systems. These observations
suggest that the porosity in both the ASPG and ACPV hydrogels pose immense potential to

support the growth of multiple cell types onto the interstices suggesting the potential for CTE.
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Both the hydrogels, ACPV and ASPG, were superabsorbent in nature as evident from
the EWC >79% and swelling ratio >5. Similar level of water profile was displayed by all the
four hydrogels in terms of diffusional exponent, swelling constant and TWAS whereas ACPV
hydrogels displayed significantly increased TWAS than the ASPG hydrogels. Overall, all the
ACPV1, ACPV2, ASPGI1 and ASPG2 hydrogels displayed Fickian diffusion suggesting the
diffusion-controlled performance which is crucial for successful CTE. Additionally, both the
hydrogels are amphiphilic.

Interestingly, ASPG2 exhibited superior mechanocompatibility compared with other
three hydrogels as evident from the increased tensile strength and modulus. In addition, the
tunable mechanical properties could be manipulated by the crosslinking density using divalent
cations which support protein adsorption and the binding, proliferation and migration of cells
facilitating the integration of CTE at the tissue interface. Additionally, the contact angle studies
revealed the amphiphilic nature of both the ACPV and ASPG hydrogel system. The
amphiphilic nature of ACPV and ASPG hydrogels are crucial to support protein adsorption and
the binding, proliferation and migration of cells facilitating the integration of CTE at the tissue
interface.

Both ACPV and ASPG hydrogel system were biodegradable and the degradation
products are nontoxic and failed to elicit alterations in pH of the surrounding media. The
progressive increase in TDS reflects the biodegradation and accumulation of degradation
products. Biodegradation is facilitated by the cross-linking chemistry of alginate with
monovalent ions such as sodium and potassium which results in the replacement of calcium
ions with monovalent ions resulting in the collapse of egg box leading to gel-sol transition and
subsequent weakening the hydrogel [184].

Both ACPV and ASPG hydrogel system promoted plasma protein adsorption on their

interstices where the major fraction of adsorbed protein was contributed by albumin. The in
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vivo biocompatibility of a scaffold is greatly driven by the type and amount of protein adsorbed
on the surface [185] and the albumin passivation supports the adhesion and proliferation of
cardiac cells which depends on the amphiphilicity. Among the four subsets of hydrogels,
ASPGI1 demonstrated a significantly higher adsorption (75%) which is attributed to the
microporous and amphiphilic nature of scaffolds [191].

Direct contact assay using H9¢2 cardiomyoblast cells on contact with ACPV and ASPG
hydrogels resulted in the retention of their normal spindle morphology and deviation from the
normal morphology was completely absent suggesting the non-toxic nature of the hydrogels
revealing their biocompatibility. Additionally, the MTT assay using H9¢2 cells cultured with
hydrogel extract revealed viability of >80% in all subsets when compared with the control
cells. These data confirmed the cytocompatibility of ACPV and ASPG hydrogels.

Both ACPV and ASPG hydrogels displayed adhesion and spreading of H9¢c2 cells as
evident from the FDA staining. Among the four systems, ASPG1 was superior in cell
attachment and proliferation. Also, the penetration of H9¢2 cells onto the ACPV and ASPG
hydrogels were examined by Z-stack analysis revealing the superior cell penetration in both
the ACPV and ASPG hydrogels compared to the control where ASPG hydrogels displayed
increased penetration depth than ACPV1. The penetration of cells exhibited increased
migration onto the inner network of ACPV and ASPG hydrogels and the cells infiltrated
>100 pm within the ACPV2, ASPG1 and ASPG2 hydrogels through the interconnecting pores
unveiled the capability of the healthy cells to occupy the inner rooms of the hydrogel [193].

ACPV and ASPG hydrogel subsets loaded with varying doses of amikacin and
vancomycin displayed significantly increased zone of inhibition than the control. The
exceptional amphiphilicity and water profile of the ACPV and ASPG enabled the
loading/release of antibiotics by simple diffusion. Hence, the hydrogels are tuneable for

addressing the possible infections associated with implantation in the surviving cardiac tissue.
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ACPV and ASPG hydrogels loaded with ascorbic acid displayed appreciable
antioxidant response in vitro cell free system. DPPH scavenging was decreased in the ACPV1,
ACPV2, ASPG1 and ASPG2 comparable with untreated control. ACPV1 displayed increased
scavenging and ACPV2 exhibited decreased scavenging among the four hydrogels whereas
ASPG1 and ASPG2 displayed similar levels of NO scavenging. The incorporation of ascorbic
acid offers dual benefits of providing antioxidant property to the hydrogels and act as a
cardioprotective mediator accelerating the healing responses at the infarct zone.

ACPV and ASPG hydrogels exhibited protection against H>O> induced oxidative stress
in RAW267.4 macrophage cells. The antioxidant potential of hydrogels was exhibited by the
significantly decreased level of oxidative stress in RAW267.4 cells upon direct contact with
ACPV and ASPG hydrogels compared to H>O; treatment group. Hence, ASPG and ACPV
hydrogel systems significantly shielded the oxidative stress induced by H>O in vitro and
protected the RAW267.4 cells from apoptosis unveiling the potential translational applications
in regenerative cardiology. Also, the RAW267.4 cells on contact with ACPV and ASPG
hydrogels retained their normal morphology and deviation from the normal morphology was
completely absent suggesting the absence of macrophage activation revealing their
immunocompatibility.

IL6 was decreased in ACPV1 and ACPV2 upon contact with RAW267.4 cells
compared to the LPS control; however, ASPG1 and ASPG2 displayed significantly increased
expression. TNFa was decreased in ASPG1, ACPV1 and ACPV2 treated RAW267.4 cells
compared to the LPS control where the level of TNFa in ACPV2 was lower than the control.
The level of NFkB was lower in ASPG1, ACPV1 and ACPV2 than LPS and control groups
whereas ASPG2 displayed increased expression of NFkB than LPS and was increased
compared to the control. All the four hydrogel subsets displayed increased levels of IKB and

TGFP compared to the control upon contact with RAW267.4 cells. All the hydrogel subsets
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except ACPV2 displayed increased level of IL10 compared to the control upon contact with
RAW267.4 cells. The mediators (IL6, NFkB, IL-10, TGF-B, TNF-a and IKB) chosen for
immunocompatibility assessment were involved in multiple pathways of inflammation and/or
immunomodulation as assessed by Network Analyst program. Hence, the assessment of their
gene interactions unveiled the possible pathways of inflammation or repair correlating with the
cellular/tissue level expression of these mediators. Importantly, the current data provide novel
insights into the cytokine profiling and possible gene interactions in determining the success
of ACPV and ASPG hydrogels. However, further mechanistic studies are warranted to apply

such preliminary findings to translational regenerative cardiology.

To conclude, two sets of hybrid hydrogels, ACPVs and ASPGs, were prepared and examined
for physical, biocompatibility and biological performance for cardiac tissue engineering. The
hydrogels were biodegradable with appreciable mechanical strength, optimum surface features
and water profile with immense biocompatibility. The hydrogels exhibited cell survival,
antimicrobial potential and ROS scavenging responses, suggesting their ability to promote
healing under hostile conditions of infarct zone. Despite the promising findings generated from
ACPV and ASPG hydrogels, our study is not exempted from limitations. In vivo validations
of these hydrogels are the beyond the focus of this study. The strategies to assess the invitro
3D performance of the hydrogels are currently unavailable. Electrical conductivity assessment
of the hydrogels requires additional engineering strategies. Controlling calcium homeostasis
and mitochondrial dynamics for improving functional outcomes warrants further validations.
Future research is required for addressing these limitations to extend the applications of ACPV

and ASPG hydrogels in therapeutic arena.
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CHAPTER 7
RECOMMENRATIONS






The culmination of the current study, in addition to generating information, has also
identified certain gaps in this area. The recommendations listed below, aim to provide insights
into these unmet needs and to direct future research in this field. Such endeavours will help in
revolutionizing and advancing knowledge in the field. A few suggestions are listed below:
Management of Ca?*ions at the infarct site using hydrogel systems:

The dysregulation of calcium cycling during myocardial infarction causes shift in its
cytosolic baseline concentration. This in turn can cause an increased uptake of Ca®* ions into
mitochondria leading to mitochondrial calcium overload and oxidative stress, further
exacerbating the condition. Thus, the management of Ca>" ions at the infarcted zone is essential
to counter the advancement of the disease. Hydrogels that can sequester and balance Ca*" ion
concentration at the site of infarction will represent a significant advancement in CTE.
Decorating the hydrogel surfaces with molecules that can sequester Ca®* ions will effectively
remove excess calcium ions from infarction zone thereby diminishing its deleterious effects.
Further research is also needed to fine-tune the properties of the hydrogels in terms of its
crosslinking density, biodegradability, mechanical properties etc. to optimize it for effective
management of Ca®" ions.

Molecular biology and mechanism of ROS and RNS scavenging using hydrogels:

Numerous studies have shown that excess ROS released primarily from mitochondria
and other cellular components causes the progression of MI. ROS activates multiple signalling
cascades leading to inflammation. Scavenging of ROS species from site of injury can prevent
such catastrophic events thus curtailing the advancement of MI. Developing CTE hydrogels
with inherent ROS scavenging property or tailoring ROS scavenging molecules on hydrogel
surfaces will aid in managing ROS levels in infarct site. Present study has revealed inherent
ROS scavenging effects in ACPV and ASPG hydrogels. But further study is required to

elucidate the exact mechanism of this inherent ROS scavenging property. Moreover, ACPV
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and ASPG hydrogels functionalized with the antioxidant ascorbic acid also demonstrated
superior ROS scavenging effects. But different aspects such as the chemistry of ascorbic acid
- hydrogel surface interaction, release kinetics of ascorbic acid and ROS scavenging kinetics
need to be elucidated. Such information is essential for developing more efficient CTE
scaffolds with improved ROS scavenging potential. Such systems will unquestionably protect
myocardial tissue from the damages posed by ROS.

Incorporation of growth factors, MMP inhibitors and other mediators:

Decorating the CTE hydrogels with the regenerative cues including growth factors,
matrix metalloproteinase (MMP) inhibitors and other mediators offers a promising strategy to
tame the hostile micro-environment at the infarct zone promoting myocardial repair. Ongoing
and future investigations warrant to explore novel hydrogel engineering strategies and
sustained delivery systems to achieve optimal therapeutic outcomes while minimizing potential
off-target effects. Furthermore, elucidating the synergistic interactions between multiple
therapeutic agents using smart/intelligent hydrogel systems further enhance their efficacy in
accelerating the myocardial regeneration post-MI.

Co-culture with primary endothelial cells, cardiac fibroblasts and cardiomyocytes:

Biological modification of hydrogels by co-culture with primary endothelial cells,
cardiac fibroblasts and cardiomyocytes holds significant promise for ensuring angiogenesis and
promoting better integration within the infarcted myocardium. Future research is warranted on
optimizing co-culture conditions, including cell ratios, ECM homeostasis, culture medium
composition and scaffold characteristics, to trigger cellular interactions. Additionally, the
strategies to track the fate of co-cultured cell populations that mimic native cardiac tissue
architecture needs to be developed. This approach fuels in designing advanced hydrogel
constructs triggering functional myocardial regeneration through enhanced vascularization,

ECM deposition and cellular integration.
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Development of in vitro and in vivo 3D models to study MI:

Cardiomimetic in vitro and in vivo 3D models to study myocardial infarction (MI) is
essential for advancing the translational potential of hydrogel-based CTE. These models
simulate and recapitulate the pathophysiology of infarct zone, including histomorphometry,
tissue architecture, cellular interactions and biochemical gradients. Moreover, integrating
advanced imaging techniques including fluoroscopy and functional assays enable
comprehensive characterization of hydrogel performance in terms of cardiac function
restoration, tissue remodelling and long-term therapeutic efficacy. Multidisciplinary research
collaboration is warranted in establishing standardized cardiac models that mimic the complex
milieu of infarct zone, thereby fuelling the translation of hydrogel-based therapies to clinical
arena.

In conclusion, incorporating these suggestions into future research will aid in
developing innovative and promising hydrogels with better therapeutic performance for MI. In
this way, scientists can contribute meaningfully for significant developments in the field of

cardiac tissue engineering and regenerative medicine.
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