In situ gelling nanoparticulate systems as
scaffolds for tissue engineering using stem
cells

Submitted in partial fulfillment of the requirements
Of the degree of

Doctor of Philosophy

Of the
Indian Institute of Technology, Bombay, India
and
Monash University, Australia

By
Edmund Carvalho
Supervisors:

Prof Rinti Banerjee (IIT Bombay)
Prof Kerry Hourigan (Monash University)

Prof Paul Verma (Monash University)

The course of study for this award was developed jointly by
Monash University, Australia and the Indian Institute of Technology, Bombay
and was given academic recognition by each of them.
The programme was administrated by The [ITB-Monash Research Academy

(2015)






DECLARATION

[ declare that this written submission represents my ideas in my own words and where
others’ ideas or words have been included, I have adequately cited and referenced the
original sources. I also declare that I have adhered to all principles of academic honesty and
integrity and have not misrepresented or fabricated or falsified any idea/data/fact/source in
my submission. I understand that any violation of the above will be cause for disciplinary
action by the Institute and can also evoke penal action from the sources which have thus not

been properly cited or from whom proper permission has not been taken when needed.

Notice 1

Under the Copyright Act 1968, this thesis must be used only under the normal conditions of
scholarly fair dealing. In particular no results or conclusions should be extracted from it, nor
should it be copied or closely paraphrased in whole or in part without the written consent of
the author. Proper written acknowledgement should be made for any assistance obtained

from this thesis.
Notice 2
[ certify that | have made all reasonable efforts to secure copyright permissions for third-

party content included in this thesis and have not knowingly added copyright content to my

work without the owner’s permission.

Student Name: Edmund Carvalho

[ITB ID: 09430402



ACKNOWLEDGEMENTS

[ would like to offer my years of work as a PhD student to God and to my two
pillars, my parents, who have supported me all through with their prayers and
support whether financially or emotionally. They have been by my side following

each and every up and down within my tenure as a student.

[ thank my supervisors especially Prof Rinti Banerjee, who has been a source
of constant support and guidance all through. Her guidance has allowed me to achieve
this work and will constantly spur me to do my best at research. I thank Prof. Paul
Verma who has supported my work as my PhD supervisor. [ remember the games of
football which were a welcome relief at MIMR. He managed to turn me into an
Australian by the end of my stint there and captured it while having a lunch of beef
pies. Prof Kerry Hourigan came on board late and I am extremely grateful to him for
opting to supervise me at that juncture. His constant support and prompt feedback, is

what kept me going.

[ thank IITB Monash research academy for giving me the opportunity to
pursue a joint collaborative project and experience the research cultures of two

continents.

[ thank Monash institute for medical research(MIMR) for the facilities to
pursue research at Monash, Monash center for electron microscopy(MCEM) for
electron microscopy facilities, Monash micro imaging(MMI) for Confocal facilities and

Melbourne center for nanofabrication(MCN) .

[ thank Prof Sarika Mehra for allowing me to use some of the instruments in
her lab especially the Nanodrop and the Q-PCR for my work. I thank Kamal Prasad
and Yesha Patel for their help in setting up my work at chemical engineering. I thank
Prof Mahesh Tirumkudulu for allowing me to independently work with the Anton

Paar Physica 310 for all my rheology experimentation, and especially thank

v



Meena Menghrajani for her help in standardizing rheology and troubleshooting with
the instrument. I thank Prof N.S. Punekar, and Khyati Mehta for facilitating key
experiments without which my work would not be complete. I thank Prof. Bahadur

and Saumya Nigam for help with experimental work at material sciences.

[ thank my friends and colleagues at IITB and Monash, whether in good times
or in bad they have helped me grow as an individual. They have taught me that the
greatest strength is in picking oneself up to see the light of a new day, a new
experiment. I especially thank Kanika Jain for the support in the lab from orienting
me to the workings of facilities at Monash to acquainting me to the Clayton campus to
teaching me molecular techniques. I thank Amrita Sarkar for the constant support as
a friend and as a colleague in the lab, from teaching me western blotting to being a
constant support during the days of the thesis submission. I thank my colleagues at
[ITB, Dharmendra Jain, Apurva Shah, Shruti Guhasarkar, and Rekha Sehgal for
accompanying me on this journey of PhD. I thank lab members including junior PhD
students, Mtech students and interns who have helped shape my ever changing

understanding of academics.

[ thank Jun Liu, Luis Malaver, Corey Heffernan, and Raj Verma for their

constant support and timely help at MIMR.

[ would like to thank the CEO Mohan Krishnamoorthy, for being there to aid
grievances during the tenure of the PhD and for his encouragement all though the
PhD. I thank the staff at the IITB Monash academy, Mrs. Anasuya Banerjee for being
the go to person during my initial days at the academy, Mrs. Kuheli Banerjee for the
constant support with financial issues and due diligence during my thesis submission,
Mrs. Jayasree Narayanan for being the go-to person for any and all candidature issues,
and Mrs. Laya Vijayan and Mrs. Nancy Sowho. I thank Adrian Gertler for being the go-
to person at Monash and David Lau for prompt help with any administrative issues at

Monash.



Abstract
The aim of the current study was to ascertain whether three dimensional

scaffold delivery systems could be developed along with nanoparticles to mediate
differentiation in situ using the properties of the hydrogel scaffold and nanoparticles.
The work was divided into three sections, 1. The development of in situ gelling
scaffold systems, 2. Encapsulation and differentiation of ES cells within the scaffold
systems, 3. Nanoparticulate approaches to facilitate ES cell differentiation towards

the cardiac lineage.

Gellan which can be crosslinked with calcium to form scaffolds while HPMC
which was thermoresponsive were chosen to form scaffolds. Gellan and gellan HPMC
blends were prepared to further employ the thermoresponsiveness of HPMC to
improve the properties of the in situ gelling scaffolds prepared. It was found that the
average gelation time of the gellan HPMC crosslinked with 3mM calcium blends 9:1
and 8:2 was 12 min and 16 min respectively and that for 0.5% gellan blended with
3mM calcium, was 26 min which was within the range of ASTM standards for in situ
gelation. The volume of pores present in all of the blends were in the range of 80 to
90 % suggesting that the porous volume of the scaffolds was occupied completely
with water once hydrated The calcium crosslinked gels were porous and non-toxic
indicating that the gels suitably network and ensure a viable environment. The
0.5GH8:2-3 blend showed promise and indicated that an increase in the
concentration coupled with the addition of calcium improves the overall properties of
the hydrogel so formed. Temperature dependent rheology suggested that 0.5GH8:2-3
shared properties similar to 0.5G-3. The extended viability of the cells as well as tan §
in vitro, makes 0.5%GH 8:2 with 3mM calcium more similar to 0.5% G-3mM calcium.
We finally considered gellan crosslinked with calcium for encapsulation of embryoid
bodies. Scanning electron microscopy indicated EB presence within scaffold matrix.
EB, beating efficiency on day 19 from 1.5 mM to 3 mM and 6 mM. showed that there
was a significant difference in the beating rate of EBs encapsulated in 0.5G 1.5mM
compared to 0.5G 3mM and 0.5G 6mM at p<0.05 and significant difference in beating
rates between 0.5G 3mM and plated controls at p<0.005. Gene expression of early
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marker Flk 1 was present in all samples. Late cardiac marker Mlc2v was absent in
1.5mM crosslinked gel on day 19 its expression was faintly present in 3mM calcium
encapsulated EBs on both day3 and day 5. Its expression was prominent in 6mM
calcium encapsulated gellan and absent in day 3 and day 5 plated EBs. Atrial marker
MLC 2a was expressed uniformly in all of the treatment sets while cardiac TnT too
was expressed from day 5 onwards in treated and untreated samples. Tenfold
expression of Mlc 2v, four fold Flk 1 and three fold cardiac TnT expression was
observed compared to plated controls on day 5 of encapsulation and plating. The
gelling time and gene expression studies indicated that a stiffer matrix induced
greater expression of cardiac specific genes. Since 3mM calcium crosslinked gellan
had a gelling time within ASTM standards for in situ gelling agents; nanoparticle
nanoparticle encapsulated molecular mediators could be used to facilitate

differentiation along with 3mM crosslinked gellan.

Cardiac tissue specific lipids were chosen to prepare liposomes. It was found
that the average hydrodynamic diameter for SPC liposomes were found to be of 178
nm +13nm before loading and 153nm + 15nm after loading with retinoic acid. While
average size for SPC: POPE liposomes were found to be of 210nm + 7nm and 255nm -
+20nm after retinoic acid loading. The surface charge for SPC and SPC-RA was - 32 +3
mV and - 30 + 4 mV respectively, while that of SPC: POPE and SPC: POPE-RA were - 26
+2.5mV and - 27+ 2.6 mV respectively. The encapsulation efficiency for the SPC-RA
liposomes was 57.2% + 0.9 and while that for PCPE-RA liposomes was 54.8% + 0.5.
SPC: POPE liposomes resulted in a lower retinoic acid release over 24 hours as
compared to SPC loaded retinoic acid. SPC-POPE liposomes showed an initial burst
release for 2 hours with a sustained release at an average of 30% thereon until 24
hours as compared to 100% release for SPC liposomes. Proliferation studies revealed
that there was a significant difference between PC-RA at 102 M treated embryoid
bodies and those treated with free retinoic acid at a concentration of 10-° and 10-11
Moles at p<0.05 and p<0.01 respectively. The number of beating bodies were low in
the free 102 M retinoic acid and the PCPE 0.3 loaded liposomes, this did not change

from day 9 to day 13. There was a greater change in the percentage beating bodies
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with the untreated EBS , DMSO treated, free 10-11 M, SPC:POPE 10-11 M and SPC:POPE
10-11 M from day 9 to day 13. There was a greater change in the percentage beating
bodies with the untreated EBS, DMSO treated, free 10-11 M, SPC 10-1' M and SPC POPE
10-11 M from day 9 to day 13. Early gene Flk 1 expression diminished after day 7.
Mlc2a i.e. atrial myocin expression was only observed on day 7 embryoid bodies.
Mlc2v was expressed on day 7 EB and at very low levels in samples treated with
retinoic acid. Low expression was observed in the presence of RA concentration at 10-
1M in the presence of PC nanoparticles. Cardiac TnT expression was observed at

levels slightly lower than levels observed on day?7 in all samples.

The tunable rheological properties of the gellan can further be used for the
differentiation of stem cells in vitro. Liposome entrapped molecular mediators can be

used in conjunction with tunable scaffolds to drive in situ differentiation in ES cells

Keywords: biomaterials, pluripotent stem cells, embryonic stem cells, nanoparticles,
liposomes, differentiation, stem cell delivery, stem cell differentiation, gellan, retinoic

acid, in situ gelling scaffolds,
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Chapter 1

1.1 Introduction: Anatomy of heart

The heart is a muscular organ placed in the upper thoracic cavity, medial to the lungs
and posterior to the sternum. The muscular walls of the heart consist of the epicardium,
myocardium and the endocardium. Epicardium is another name given to the visceral layer
of the pericardium, while the myocardium is the middle muscular layers of the heart
involved in the pumping of blood from the heart, the epicardium is a thin internal layer
made up to prevent adherence of blood to the heart and the formation of clots therein. The
heart is musculature is supplied by coronary arteries. The left coronary artery distributes
blood to the left side of the heart, the left atrium and ventricle, and the interventricular
septum. The left coronary artery gives rise to the circumflex artery which traces the
coronary sulcus to the left and further fuses with the small branches of the right coronary
artery. The larger left anterior descending artery (LAD) traces the anterior interventricular
sulcus and gives rise to smaller branches that interconnect with the branches of the

posterior interventricular artery and form anastomoses.

1.2 Physiological conditions

Partial blockages in any part of tissue result in normal flow of blood to that area
through redirection by anastomosis. The small size of anastomoses in the heart restricts
their ability to fulfill the role of redirection of blood. Therefore, coronary artery blockage
often results in myocardial infarction causing death of the cells supplied by the particular
vessel. The resultant ischemia that is caused post blockage, leads to muscular death and
necrosis. Ischemic injury of the heart causes loss of blood flow along the coronary arteries
supplying the heart mainly affecting the flow to the ventricular portion of the heart. This

leads to tissue death and subsequent scar formation due to fibroblast infiltration. The



relatively low regenerative potential of the resident cardiac stem cells (CSC) is insufficient
to repair this type of damage. The primary event at the site of infarct is cellular necrosis,
with edema localized at the site of ischemia. Studies suggest apoptosis of cardiomyocytes is
the major cause for remodeling of the heart after a myocardial infarct. Although seemingly
insignificant, a persistent 0.2% cell apoptosis can, over a lengthy period of time, cause
substantial damage to the heart [1]. The apoptosis at the site of infarct also induces
expression of fetal genes such as brain natriuretic peptide and atrial natriuretic peptide.
Oxidative stress at the site of the infarct causes expression of tumor necrosis factor
resulting in free radical production causing fetal gene expression [2-6]. Cardiac myocyte
contractions are inhibited when cytokines released during inflammation activate nitric
oxide synthetase-2 [7, 8].There is infiltration of fibroblasts with the deposition of collagen
and fibrin, resulting in scar tissue formation [9]. The resultant damage leads to an increase
in the tensile strength, elongation and wall thinning of the heart, commonly known as
“infarct expansion” [10]. Details of the mechanisms involved in the process can be found in
the thorough a review by Pfeffer and Braunwald [9]. Tumor growth factor-f (TGFp),
angiotensin and endothelin expression are a direct result of myocardial stretching [11-13].

Furthermore stretching of the myocardium can induce cardiac myocyte death [14].

1.3 Strategies for treatment

The strategy required to mitigate the extent of infarct involves control and treatment at
various levels of infarct progression. The primary goal should be to target the infarct as
early in its progression as possible, ideally before scar tissue is formed. This can involve
administration of anti-apoptotic agents in order to reduce cellular necrosis and resultant
apoptosis that occur due to lack of oxygen [15]. The second goal should be the replacement
of the scar tissue with cellular/molecular mediators that promote cardiac tissue
regeneration and replacement of the scar. While figure 1 gives the broader nature of the
application of cells after an infarct, figure 2 indicates the various cell sources that can be
used for the treatment of Myocardial infarction (MI). Cardiac tissue primarily consists of
cardiac myocytes comprising the musculature and vasculature. The vasculature consists of
vascular endothelial cells and smooth muscle cells. The cellular populations to be delivered

must incorporate these two types. The modes of delivery of cellular payload may be



systemic or localized. Various strategies for the transplantation of cells have been
elucidated for the treatment of a myocardial infarct. An elegant review by Lin et al.

discusses in detail the current landscape of clinical trial and the cells examined [16].

1.4 Properties of an ideal cellular delivery system

The properties of an ideal cellular delivery system are as follows

e [t must share matrix similarities with the tissue of interest; for the heart, the tissue
in question is given in table 1. It must be as similar to the native normal heart as
possible.

e The material must be porous enough to allow the proliferation of cells as well as
allow differentiation at the same time

e The material must be hydrophilic to allow transfer of nutrient media

¢ Neither the material nor its degradation products should be toxic

e Tunable stiffness can and should be incorporated into the system so that the
material can be administered through the trans-catheter system will be minimally
invasive.

Table 1 Material properties of scaffolds used for cardiac tissue engineering

Fibrin 50Pa [194]

Matrigell 30-120 Pa[195]

Type I collagen gels 20-80 Pa for 1-3 mg/ml[196]

N-isopropyl acryl amide 100-400 Pa-[197, 198]

Alginate 100 Pa to 6 kPa-[199]

Polyethylene glycol 1-3 kPa -[200]

Heart 50 kPa normal hearts , 200-300 kPa CHF hearts [201-
205]




1.5 Aim of the study
The broad aim of the present study is to develop in situ gels based on gellan and to analyse
whether they may be used for the delivery and differentiation of pluripotent stem cells

towards the cardiac lineage.
This goal was divided in to three parts

1. The first aim of the study was the development and characterization of various
hydrogel with varying concentration and crosslink with various concentrations of calcium

chloride

2. The second aim of the study was to analyse whether Gellan when blended with
HPMC improves the properties of the overall scaffold matrix enough to make a difference in

the delivery of and differentiation of cells

3. The final aim was to immobilize signaling moieties within the gellan matrices for

differentiation

1.6 Thesis outline

The thesis is divided into 6 chapters. The first describes the introduction with the
inspiration to carry out the work. The second chapter describes current literature in the
space of scaffold material and nanoparticulate systems that have been used to deliver small
molecules for differentiation of stem cells for cardiac regeneration. Further this chapter
also elucidates the gaps in the literature that need to be addressed. The third chapter
describes the methodology and plan of work that was undertaken to tackle the problem at
hand. Chapter 4 describes the characterization of gellan and gellan blended with other
materials to evaluate their properties when crosslinked with different concentrations of
calcium chloride as a crosslinker. This is important when used as an in situ gelling agent
for, when administering the crosslinking and the polymer separately to gel at the site of

infarct. Chapter 5 discusses how different crosslinking densities of gellan affect the



differentiation properties of embryonic stem cells towards a cardiac lineage. Chapter 6
describes the characterization and differentiation of cells with nanoparticulate systems
delivering retinoic acid which is a well-known agent for the differentiation towards a

cardiac lineage.



Chapter 2

Literature survey

2.1 Introduction
Ischemic heart disease related deaths account for 11.2% of deaths worldwide, and

top the list of reasons for death according to the World Health Organization (WHO)
statistics (http://www.who.int/mediacentre/factsheets/fs310/en/index.html 2012). Ischemic

injury of the heart causes loss of blood flow along the coronary arteries supplying the heart
mainly affecting the flow to the ventricular portion of the heart. This leads to tissue death
and subsequent scar formation due to fibroblast infiltration. The relatively low
regenerative potential of the resident cardiac stem cells (CSC) is insufficient to repair this
type of damage. The primary event at the site of infarct is cellular necrosis, with edema
localized at the site of ischemia. Studies suggest apoptosis of cardiomyocytes is the major
cause for remodeling of the heart after a myocardial infarct. Although seemingly
insignificant, a persistent 0.2% cell apoptosis can, over a lengthy period of time, cause
substantial damage to the heart [1]. As has been indicated by a comprehensive review,
apoptosis is a normal occurrence during fetal development [17]. The apoptosis at the site of
infarct also induces expression of fetal genes such as brain natriuretic peptide and atrial
natriuretic peptide. Oxidative stress at the site of the infarct causes expression of tumor
necrosis factor resulting in free radical production causing fetal gene expression [2-6].
Cardiac myocyte contractions are inhibited when cytokines released during inflammation
activate nitric oxide synthetase-2 [7, 8].There is infiltration of fibroblasts with the
deposition of collagen and fibrin, resulting in scar tissue formation [9]. The resultant
damage leads to an increase in tensile strength and elongation and wall thinning of the
heart, commonly known as “infarct expansion” [10]. Details of the mechanisms involved in

the process can be found in the thorough a review by Pfeffer and Braunwald [9]. Tumor
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growth factor-f (TGFf), angiotensin and endothelin expression are a direct result of
myocardial stretching [11-13]. Furthermore stretching of the myocardium may induce

cardiac myocyte death [14].

Stem cells, being the most ubiquitously available proliferative cells that can
differentiate into cardiomyocytes and smooth muscle cells, are most sought after to replace
scar tissue. There is also a need to arrest the progression of the infarct with various means
immediately after the infarct. Methods such as cardiac restraints, hydrogels, and patches
have been proposed for the infarct condition, and while some of the methods are still
nascent needing more research, others have reached clinical trials. Furthermore, scaffold
materials are used to deliver cells temporarily or permanently to support the infarcted

section of the heart.
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Figure 1: Cell sources for incorporation within scaffolds for delivery into cardiac tissue



2.2 Cell sources
The strategy required to mitigate the extent of infarct involves control and treatment at

various levels of infarct progression. The primary goal should be to target the infarct as
early in its progression as possible, ideally before scar tissue is formed. This may involve
administration of anti-apoptotic agents in order to reduce cellular necrosis and resultant
apoptosis that occur due to lack of oxygen [15]. The second goal should be the replacement
of the scar tissue with cellular/molecular mediators that promote cardiac tissue
regeneration and replacement of the scar. While figure 1 gives the broader nature of the
application of cells after an infarct, figure 2 indicates the various cell sources that may be
used for the treatment of Myocardial infarction (MI). Cardiac tissue primarily consists of
cardiac myocytes comprising the musculature and vasculature. The vasculature consists of
vascular endothelial cells and smooth muscle cells. The cellular populations to be delivered
must incorporate these two tissue types. The modes of delivery of cellular payload can be
systemic or localized. Various strategies for the transplantation of cells have been
elucidated for the treatment of a myocardial infarct. An elegant review by Lin et al.

discusses in detail the current landscape of clinical trial and the cells examined [16].
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Figure 2 Schematic for differentiation through the embryoid body technique
2.2.1 Skeletal muscle myoblast

Skeletal myoblasts (satellite cells)have been classically identified as a stem cell
population resident within non cardiac musculature, which can differentiate into various
lineages, such as bone, cartilage and fat and identified by the markers Pax7 [18]. Recently,
non-satellite CD34- and CD45- and Sca 1™ stem cell populations isolated from skeletal
muscle cells have demonstrated rhythmic beating similar to cardiomyocytes in in vitro
culture[19].These cells, once identified and isolated from muscle biopsies of patients, can
then be expanded to the required number of around 0.6-0.8 billion cells in vitro [20]. These
cells can further be modified to express markers like VEGF before transplantation into the
heart.

Non satellite skeletal myoblast cells, when transplanted in adult mice, have shown
trans-differentiation into cardiac tissue [19]. The resistance of satellite cells to ischemia in
vivo has resulted in better retention times as well as higher survival rates [21].
Furthermore, new muscle formation which was found to beat when electrically stimulated

[22].



Clinical application of these satellite cells needs to take into account the homing and
retention of the cells, and the benefits accrued due to the cells. It was found that the
catheter-mediated delivery of cells resulted in increased wall thickening at the target site
and improved ejection fractions [23, 24]. Further improvements in the catheter mediated
delivery resulted in 3-8% improvements in the ejection fractions, even to the extent of

ventricular remodeling [25].

The autologous nature of the satellite cells, along with the structural benefits that
these cells endow, does create a case for the suitability of this stem cell population for
transplantation. Nevertheless, there is doubt as to whether the cells provide only structural
benefits rather than form new cardiac tissue, due to lack of trans-differentiation to cardiac
tissue[26, 27]. Furthermore, there are issues with engraftment; studies have reported low
engraftment with over 90% injected cells dying within the first few days. This could,
however, be prevented by entrapping the cells within scaffolds, providing continuous blood
supply through angiogenesis, and activating survival pathways. Arrhythmia has been
reported in ventricles of patients injected with injected with skeletal myoblasts [20]. Also,
in view of limited clinical data to prove the efficacy of these cells, there is further scope for
research [22, 28, 29]. Ongoing trials in this area are also trying to assess catheter mediated

delivery of cells to the heart [30].

2.2.2 Adult bone marrow and blood derived stem cells
Bone marrow stem cells have been known to supply the entire repertoire of cells in

the hematopoietic lineages, cardiomyocytes and various other lineages [31-38]. Among the
various populations found, Lin™ c-kit*, CD133*, CD133°CD34*and c-kit" and Scal* cells have
been found to be suitable for cardiac regeneration [38, 39]. Although trans-differentiation
of these cells has been reported [40], other studies refute these claims [41]. However,
scaffolds prepared from type I collagen in the form of three dimensional (3D) conduit
encapsulating bone marrow cells, having pores ranging from 1-10um, have been developed
[42].Cells within the scaffold expressed cardiac structural genes like a-MHC and 3-MHC to
sustained high levels for 28 days of culture, suggesting that the collagen scaffold

environment was conducive to the growth and differentiation of the cells.
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Adult bone marrow derived stem cells have shown positive effects in their
regenerative potential. c-kit* and Sca-1" cells, when transplanted in mice, improved
survival, cardiac function, regional strain, attenuated remodeling and decreased infarct size
[43]. Lin™ c-kit" cells, when transplanted, resulted in a significant occupation of the infarct
areas with the transplanted cells [38]. Furthermore, the improvement accrued through c-
kit® BMC cells transplantation was not due to cell fusion [44].Canine models have been
studied for a comparison of catheter-based endocardial with direct epicardial injections of
blood derived endothelial progenitors, as an alternative to intravenous administration of
cells as shown in Table 1 [45]. No difference was found between endocardial and epicardial
administration.CD 34* and CD 133* populations isolated from the umbilical cord blood
have shown marked improvements in the heart when tested on infarct models [46-48].
This cell population was transplanted after transfection with AAV-Angl and/or AAVVEGF
165, resulting in improvements Vis a Vis improved diastolic pressures, increased
contraction and improved ejection fractions.

Clinical trials like the TOPCARE-AMI trial and others suggest improvements within
the heart are made with the administration of progenitors derived from blood and bone
marrow [49, 50]. Although none have reported improvements in cardiac function, there is
evidence to suggest that bone marrow stem cells, when administered at the site of
ischemia, may reverse the effects of remodeling of the heart through paracrine signaling
[51].

Furthermore, various reviews have reported a range of improvements in ejection
fractions, varying from a minimum of 2 to a maximum of 7% improvement [52-54], but
these improvements do not include LV remodeling [55]. In studies using the CD34" cell
population, retrieval of clinically relevant numbers are not generated if in vitro expansion is
performed before administration [48]. CD133" purified hematopoietic stem cells (HSCs)
have also been tested but have shown only limited improvement in cardiac function [39,
56, 57]. Other studies have demonstrated that these stem cells do not transdifferentiate
into cardiomyocytes in an infarcted heart [58]. Furthermore, Breitbach et al. have reported
calcification and ossification at the infarct site, with the use of bone marrow stem cells [59].
To promote further work in this area, ongoing clinical trials are trying to assess the efficacy

further [60-63].
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2.2.3 Mesenchymal stem cells
Mesenchymal stem cells (MSCs) are defined by their property of adherence to

plastic cell culture, expression of antigenic receptors for (CD105%/CD90*/CD73",
CD347/CD457/CD11b™ or CD147/CD19~ or CD79alpha”/HLA-DR17) specific antibodies.
They also have the property of in vitro differentiation to lineages such as osteogenic,
chondrogenic, and adipogenic [64].Koninckx et al. have shown that TGF-3 enhances the
myocardial differentiation of bone marrow-derived MSCs by the expression of TnT in
monoculture and MHC in co-culture with rat neonatal cardiomyocytes [57]. They have also
suggested that co-cultured hMSCs expressed the transcription factor GATA- 4, but did not
express Nkx2.5 [65]. Although rat MSCs are able to differentiate towards cardiomyocytes
when induced with 5-azacytidine or dimethylsulfoxide, human MSCs do not [41, 66]. Bone
morphogenetic protein 2 (BMP2), or fibroblast growth factor (FGF)-4 have also been used
to enhance the differentiation potential of rat MSCs in vitro [67]. Novel approaches for
entrapment of cells within hyaluronic acid based 3D scaffolds have demonstrated that cell
spreading occurs when matrix degradation moieties are present within the scaffold,
especially in the presence of the RGD peptide moieties [68]. Furthermore, matrix stiffness
has been shown to be a key factor in MSC proliferation within fibrin scaffolds [69].

Some studies suggest that MSCs, when injected intramyocardially, differentiated to
vascular smooth muscle cells or endothelial cells in vivo and showed improvements via
angiogenesis, in a porcine model of ischemia [70]. Furthermore, human umbilical cord
blood derived MSCs, when transplanted into mice, resulted in improvements through
paracrine effects [71]. Preconditioning of these stem cells with 5-azacytidine (5-Aza)
resulted in differentiation of MSCs to cardiomyogenic cells, when transplanted into mouse
models of MI; this prevented infarct expansion and eventually improved heart function
improvement [67, 72]. Note, however, that 5-Aza is toxic in that it is a known DNA
methylation inhibitor. BMP2 and FGF4 may alternatively be used for the differentiation of
MSCs towards cardiomyocytes. Studies report that BMP2- and FGF4-treated MSCs, when
transplanted into rat models, demonstrated improvements similar to 5-Aza treated cells
[67]. Contrary to claims made about the lack of differentiation potential of MSCs, studies
have shown that they differentiate to cardiomyocytes or fibroblast scar tissue when

transplanted in rats, depending on the local microenvironment [73]. Furthermore,
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Adipose-derived mesenchymal stem cells, on the other hand, have been used as cell sheets
to repair the infarcted myocardial cells in rats, resulting in reversal of wall thinning of the
myocardium [74].Cellular retention studies in porcine animal models transplanted with
bone marrow derived MSCs, have shown that infarct border zone injection retained more
cells than direct injection into the heart [75]. Cardiac functional improvements in porcine
models after transplantation of bone marrow derived MSCs have attributed improvements
to paracrine effects, while reporting retention of as low as 0.035% cells at infarct site after
peri-infarct injection of cells [76]. A study by Toma et al. (2002) has shown that human
mesenchymal stem cells, when injected intraventricularly into SCID mice, differentiated
into cardiomyocytes with the expression of cardiac-specific troponin T, a-MHC, a-actinin,
and phospholamban with visible striated fibers [77]. Furthermore ablation of pro-
inflammatory receptors TNF-a on MSC has been linked to increased survival and reduced
infarct size [78].

When allergenic hMSCs were transplanted, at various single dosages of (0.5, 1.6, and
5 million cells/kg), intravenously into human subjects in double-blind, placebo-controlled,
randomized, dose-ranging phase [ clinical trials, the subjects showed marked
improvements with reduction of arrhythmias and improved left ventricular function [79].
The actual mechanism of action suggested is through a paracrine effect rather than cell
fusion, or differentiation towards the cardiac lineage [80, 81].

Clinical studies have shown that the administration of MSCs to the heart leads to a
therapeutic result via a paracrine effect rather than differentiation of MSCs to
cardiomyocytes, while others have suggested differentiation towards a lineage based on
the environment. To realize the full potential of MSCs as therapeutic agents, their
differentiation to cardiomyocytes, in order to replace the cellular losses caused due to an
infarct, is vital. Cardiomyocytes as well as angiogenic progenitors, if produced by the MSCs,
will replenish the cells from the depleted heart and increase circulation to the affected area.
Clinical studies are underway to assess the advantages of autologous hMSC transplantation,

transendocardially [82].
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2.2.4 Cardiac stem cells
Cells expressing stem cell properties of clonogenicity, self-renewal potential and

multipotency, in that they can differentiate to smooth muscle and endothelial cells have
been found in the heart. These cells, by definition, fulfill the requirement of a stem cell:
namely self-renewal, differentiation potential, repopulation of damaged tissue, and
repopulation in the absence of damage. These cells were found to divide through paracrine
signaling in the event of Ischemia [83], but the local loss of cells is not compensated by this
division [84]. These cells renew at the rate of 1% per year at age 25 and 0.45% at age
75[85, 86].The different cell populations isolated and characterized are c-kit" cells, stem
cell antigen 1 Scal* (CD317) cells; isl-1* (c-kit1™ and Scal”) cells and cardiosphere derived
cells [87]. Scal* when induced by 5-azacytidine (5-Aza-C) [84] or oxytocin [88] resulted in
expression of cardiac transcription factors such as cardiac troponinl, sarcomeric a-actin,
myosin heavy chain and Nkx2.5. Oxytocin induces differentiation of the Scal* /c-kit"
population to cardiomyocytes. Sca-1"/CD31" cells differentiate to cardiac myocytes and
endothelial cells in the presence of fibroblast growth factor (FGF), 5-Aza-C and Wnt
antagonist Dkk-1 [88]. The cardiosphere (CS) is a cluster of self-adherent cells formed
when human and murine heart biopsy specimens are expanded in vitro [89]. The core of
the cardiosphere is composed of c-kit+ cells, while cells that exhibit endothelial and stem
cell markers (Sca-1, CD34 and CD31) are on the periphery [90].

FGF-2 has been shown to play a critical role in the mobilization and differentiation
of resident cardiac precursors in the treatment of cardiac diseases in vivo [91].Meanwhile,
c-kit* cells have been found to solely mitigate regeneration of a damaged heart [92]. They
also induce neovascularisation on transplantation via a paracrine effect [88, 93, 94].
Oxytocin activated c-kit-positive cardiac progenitor cells (CPCs), when injected at the site
of coronary occlusion, differentiate to smooth muscle cells and endothelial cells [95]. Scal*
cells, on the other hand, show Connexin 43, cardiac troponin-I (cTnl) and sarcomeric a-
actin expression after intravenous infusion into mouse hearts following
ischemia/reperfusion [84]. Cardiosphere-derived cardiac progenitor cells contribute to
improving ventricular function in mouse and swine models [90, 96, 97].

Autologous c-kit* cardiac stem cells isolated from the right atrial appendage have

been clinically administered through coronary infusion into patients after expansion [98].
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Left ventricular ejection fraction increased from 30 to 38% and the infarct volume
decreased from 32.6 to 7.2 gm within 4 months of infusion [98]. Stamm et al. noted that the
study although significant, used 13 non randomized subjects and changed the ratio of
treated to control from (24:32) to (7:3) by the analysis stage, apart from publishing results
mid way into the study, highlighting a few limitations with the study[99]. A separate study
has harvested CDCs after generating cardiospheres from end myocardial autografts and
demonstrated reduction in scar mass and increase in viable tissue in phase 1 clinical trials
[100].

Clinically, relevance of this CDC transplantation is possible only after autologous
cardiac tissue is harvested from patients during procedures like coronary artery bypass
grafting (CABG). Although phase 1 clinical trials suggest improvements of left ventricular
ejection fraction (LVEF) over bone marrow cell transplantation, there is further need for
clinical data to ascertain the efficacy of these cells [100]. Additional work is required to

ascertain the therapeutic role of these cells and their application.

2.2.5 Pluripotent stem cells
Embryonic stem cells (ESC) are cells isolated from the inner cell mass of blastocysts

and which can give rise to the three germ layers, as well as giving rise to all the cardiac
subtypes. With the advent of induced pluripotent stem cells in 2006 [101], a new
opportunity presented itself towards the generation of pluripotent ES-like cells from
somatic cells. It was shown that normal somatic cells could be converted to what are
known as “induced pluripotent stem cells” (iPSC) by the forced expression of 4 crucial
factors transcription factors: Oct4, Sox2, c-Myc and Klf4 [101]. This technology has proved
itself by its application across various species and tissues [102]. ESCs have been studied to
demonstrate the differentiation towards a cardiac lineage and expression of cardiac
functions [103-109] and further to prove their proliferative capacity, since a large number
of cells are required at the site of infarct [110, 111]. IPSCs too have shown properties of
differentiation similar to ESCs [112-116]. Figure 3 indicates the various directed
differentiation approaches used to differentiate ESCs towards the cardiac lineage. In vitro

differentiation of ESCs has been optimized in mouse and human cell lines [117]. Protocols
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have incorporated microparticles made from gelatin, agarose and Poly Lactic-co-Glycolic Acid
(PLGA), into cellular aggregates to form differentiated spheroids, and to improve gene
expression [118]. END-2 cells have been used to direct differentiation to the cardiac lineage
and to improve the yield of cardiomyocytes population generated [105, 119, 120]. Extra
cellular matrix [ECM] material stiffness is another aspect that is being studied to direct
differentiation. A study showed that a dynamic module of ~8.6 Pa is suitable, and that
differentiation was better in the presence of ECM as against collagen hydrogels
supplemented with cardiac growth factors alone [121]. Conflicting results suggest that a
matrix modulus of 31-35 kPa can support cardiospheres and show high expression of
cardiac markers (cTnT and MYH6)[122], while hyaluronic acid/PEG hydrogel scaffolds
with a dynamic modulus from 1-8 kPa influenced differentiation of chicken embryonic

cells [123].

Although differentiation protocols have succeeded in increasing the efficiency of
differentiation, a cause for concern with respect to the final administration of iPSC is the
undesirable transfer of pathogens and ethical approval for transfer of cells co-cultured with
other cells lines [124]; and thirdly isolation of cardiomyocytes from the undifferentiated
population [125]. Immunological safety of iPSC were raised by Zhao et al. [126], but the
obtaining of implanted tissue grafts from iPSC derived cells implies that these cells are safe
to take to the next level in tissue engineering of patient specific cells[127]. Xeno transplants
of mouse ESC into ovine models have proved that ESCs are immune privileged, as shown in
table 1[128]. Cardiomyocytes derived from human ESCs have been able to repopulate rat

hearts, suggesting an encouraging scenario for their use with humans [129].

Various aspects of cardiac regeneration - such as effective differentiation of stem
cells, electrical and mechanical integration and especially long term effects without adverse
side effects - are yet to be dealt with in addressing the issue of regeneration of the heart at
the site of myocardial infarction [130]. In view of these shortcomings, there is a
requirement for a concerted effort to enable the delivery of cells towards the site of infarct.
IPSC and ESC are efficient autologous candidates towards that goal, more so since they
develop into spontaneously beating cells in vitro. The Japanese government has given

permission to conduct clinical trials for the treatment of macular degeneration using iPSCs,
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suggesting a paradigm shift towards the use of pluripotent stem cells for therapy [131].
However, there is a risk of teratoma formation after the administration of pluripotent stem
cells. Somatic cell nuclear transfer (SCNT) or somatic cell reprogramming offers a solution

for the isolation of patient specific cells for treatment.
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Figure 3 Schematic for differentiation through the embryoid body technique

2.3 Nanoparticulate systems
Classically nanoparticulate approaches were designed to deliver small molecules

and drugs to patients, reducing the need for high dosages, and furthermore targeted
approaches gave a tissue specific localization of the nanoparticulate matter resulting in
amelioration only at the diseased site. Nanoparticles can be used here to deliver small
molecules, i.e. anti-inflammatory drugs, to prevent inflammation caused by injury and
ischemia; anti-oxidants, to reduce the free radicals produced as a result of inflammation;
signaling molecules for differentiation, to aid directed differentiation of administered stem
cells approaches. The approaches would restrict the area of inflammation and hence
resultantly the area of scarring, thus reducing the impact of ischemia on the death of cells

and neighboring tissue. Signaling molecules released under sustained conditions will
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provide long term availability, in order to facilitate differentiation until the scar is healed

completely.

2.3.1 Metallic nanoparticles

Super paramagnetic iron oxide nanoparticles have been used for labeling stem cells
for MIR tracking [132]. Their suitability as agents for MRI tracking have been evaluated
and it has additionally been proved, that the particles do not affect the differentiation
potential of the stem cells nor affect their normal behavior in any manner.
Superparamagnetic nanoparticles have been tagged to mesenchymal stem cells in order to
facilitate targeting to the infarcted heart, which has resulted in reduced cardiac remodeling
and improved cardiac function [133]. Silver nanoparticles used in many applications for
implants have been shown to negatively impact the differentiation potential of
mesenchymal stem cells [134]. Gold nanoparticles, on the other hand enhance the
adipogenic differentiation in Mesenchymal stem cells [135]. Cerium oxide nanoparticles
have controlled the progression of cardiac remodeling via inhibiting oxidative stress
related proteins, the same mechanism has proved also to protect cardiac progenitors from
oxidative stress related damage [136, 137]. Gold nanoparticles coated on to electrospun
fibers have resulted in conductive surfaces, enhancing contractile motion of
cardiomyocytes grown on the surface [138]. ECM scaffolds, employing a coating of gold
nanoparticles, reduced fibroblast proliferation, reduced the excitation threshold for cardiac
cells grown on the scaffolds and allowed faster electrical connectivity between neighboring
cells within the scaffold [139]. Titanium oxide nanoparticle usage in cardiac imaging and
treatment has been envisaged but not without its concerns about toxicity and reduced
cardiac potential [140, 141]. Silica nanoparticles have been used as a carrier for adenosine,
a cardioprotective agent, resulting in reduced remodeling in the heart further reducing the
infarct size [142]. Magnetic nanobeads, have been used for the delivery of the VEGF gene,

the transfection of which resulted in increased capillary density at the infarct site [143].
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2.3.2 Natural lipid and polymeric nanoparticles

Lipid, oil in water emulsion systems for the delivery of bioactive agents has been in
the offing, and the relatively reduced side effects have proved their usefulness. They are
biodegradable, and nontoxic. In the cardiac space they have proved useful. Melatonin, a
potent antioxidant, delivery and activity was enhanced when delivered through SLNs
eliciting cardio protection [144]. SLNs have been employed to encapsulate and solubalise
water insoluble agents, like all trans retinoic acid (ATRA), additionally act as a protectant
for this light sensitive molecule [145-147]. Furthermore SLNs form effective carriers for
the distribution and clearance of ATRA from the system [148]. Lipid nanoparticles, namely
liposomes have been employed to encapsulate ascorbic acid [149]. Chitosan has been used
to deliver EGF and FGF as growth factors in tissue constructs [150]. Furthermore chitosan
has been successfully used for delivery of rhEGF in wound healing and tissue repair within
fibrin gels [151]. Liposomes tagged with IgG antibodies, loaded with VEGF have provided a
targeted mechanism towards the delivery of VEGF to the heart after an infarct. There was a

74% increase in perfused vessels and 21 % increase in anatomical vessels [152].

2.3.3 Synthetic polymer nanoparticles

Differentiation was induced in the HL-60 (Human promyelocytic leukemia cell line),
by the delivery of retinoic acid via poly (ethylene glycol) (PEG)-poly (l-lactide) and PEG-
poly (epsilon-caprolactone) polymer nanoparticles [153]. Retinoic acid was also
successfully delivered through PEI nanoparticles, and elicited neuronal differentiation in
mouse ES cells [154]. PEI has also been used for the delivery of VEGF gene for cardio
protection. The delivery led to a significant increase in blood vessel density, subsequently
improving heart function measured via improved ejection fraction and contractile function
of the heart. Ascorbic acid is a potential signaling molecule for cardiac differentiation, and
has been successfully encapsulated and delivered [155]. Nanoparticle delivery has also
been used to deliver VEGF for the treatment of hypoxia for myocardial repair [156].
Delivery of placental growth factor (PGF), carried out through PLA PGA co block polymer
nanoparticles, showed a higher expression of TIMP-2 and MMP proteins, suggesting a
mechanism that may promote the expression recovery of TIMP-2 subsequently activating

MMPs [157]. This would further inhibit the formation of scar tissues and improve
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ventricular remodeling. Polyketal nanoparticles were successful in delivering the mitogen-
activated protein kinase p38 inhibitor to apoptotic cardiomyocytes after infarction to

prevent remodeling due to apoptosis and subsequently improving cardiac function [158].

2.4 Modes of application of stem cells in myocardial infarction

Table 2: Stem cell population used for clinical trials

Cells Number of cells Location and mode
of delivery

Skeletal muscle cells 296 +/- 199 x10° NOGA-guided

catheter system for
transendocardial

Injections[23]

Bone marrow stem cells 7.35+7.31x100 Intracoronary

infusion[50]

Mesenchymal stem cells 0.5 x 10°, 1.6 x 10°, | Intravenous
and 5 x 10° cells/kg | infusion[79]
of the patients

Cardiac stem cells 500 000 Intracoronary
infusion[98]
12x10%-25x10° | Intracoronary

infusion[98]

Various modes of delivery of cells to the site of infarct have been discussed extensively by
Wozniak et al. plus the resulting inefficiencies of the methods involved [130]. There have
been issues with retention of cells as well as homing of cells, with methods like intravenous
infusion [159], intracoronary injection [160] and direct epicardial [161] or endocardial
injection via a catheter [162, 163]. Although catheter based clinical trials for
transplantation of skeletal myoblast showed improvements in the infarcted heart [23, 28],

there are other studies to suggest a completely contrary scenario to the transplantation of
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these cells [27].A method that will allow a small population of progenitor cells - either
unipotent, multipotent or pluripotent - to be encapsulated and delivered to the site of
infarct is desirable. This will facilitate retention until differentiation, and create a barrier
between the undifferentiated population and the adult cells, preventing any adverse effects
due to the undifferentiated population. This should facilitate paracrine effects, if any,
without the harmful effects of the delivered cells, such as ossification and calcification.
Furthermore, there is a need for direct contact of the tissue with the delivered material and

cells.
2.4.1 Implantable systems

Cardiac patches

2D approaches have been pioneered in order to have strict control on the
constructive elements that go into the scaffold, namely, growth factors, cells, and small
molecules. Cardiac patches were developed to place elastic support with/without cells
along the external ventricular wall of the myocardium for regeneration. ECM collagen has
been used to prepare patches for treatment of MI by the transplantation of CD 133+ cells.
Although there was visible angiogenesis at the site, the cells failed to differentiate to
cardiomyocytes [164].Polyurethane (PU) and poly (ester-urethane) (PEU) rubbers are
suitable candidates for the heart [165, 166]. When cardiomyocytes were grown on
biodegradable polyester urethane urea (PEUU), the membrane could contract the patch
[167]. Other studies have shown that phytic acid cross linked peptides, prepared by electro
spinning; mimic the extracellular matrix in the heart [168]. Mouse iPSC derived
cardiomyocyte cells have been used to prepare tissue sheets on thermo responsive
polymers [169]. Poly(glycerol-sebacate) (PGS), another material whose mechanical
characteristics can be tailored to match the heart, promoted the growth and beating of ES
cell derived cardiomyocytes in vitro [170].Constructs with a combination of
polytetrafluoroethylene, polylactide mesh, and type I and IV collagen hydrogel have been
used to encapsulate MSCs [171].

PU is elastic and degradable in vivo. Animal trials of biodegradable PU patches

promoted contractile phenotype smooth muscle tissue formation and improved cardiac
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remodeling and contractile function at the chronic stage [167]. IPSCs derived tissue sheets,

when implanted in mice, reduced left ventricular remodeling [169].

Poly (tetrafluoroethylene) reinforced porous poly (L-lactic acid) mesh seeded with
bone marrow-derived mesenchymal cells and soaked in type I and IV collagen were
sutured onto the rat infarct wall after a ventriculotomy. This resulted in a reduction in

aneurysm elongation [171].

A combined approach using cells and nanoparticles within fibrin loaded patches was
used after an infarct was induced in rats, resulting in significantly improved local and
global heart function. Ventricular dilation was improved in hearts with patches containing
cells and nanoparticles as compared to patches with only iron nanoparticles [172]. This

provides evidence for a combined cell nanoparticle and scaffold approach for treatment

Ex situ gelled: Hydrogel scaffolds
Hydrogels have been widely used as their mechanical properties can be fine-tuned to
match those of cardiac tissue. Table 3 compares the stiffness of various gels and the cardiac

matrix.

Hydrogels with stiffness lower than heart tissue can be used as temporary space
filling moieties, and further can be used to deliver stem cells and/or molecules for growth.
In this regard, collagen injections into the ventricular wall have been shown to prevent
progressive wall thinning, a sequel to permanent heart dysfunction, in rats [173]. Proof of
concept for further application for collagen was envisaged by the encapsulation of chick
cardiomyocytes and rat neonatal cardiomyocytes [174, 175]. Furthermore, hydrogels made
up of ECM and collagen were able to differentiate human ESCs in vitro to cardiomyocytes
[121]. Growth factor bFGF, along with mesenchymal stem cells, whereas delivered via
encapsulating  within  thermoresponsive  N-isopropylacrylamide = (NIPAAm), N-
acryloxysuccinimide, acrylic acid, and hydroxyethyl methacrylate-poly (trimethylene
carbonate). These hydrogels were able to sustain the growth of the cells through bFGF
release [176]. bFGF has also been used for improvement in vasculature by Iwakura et al.

[177].
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Leor et al. implanted, ESCs encapsulated in collagen type I, into intramural pouches
at the infarct wall, resulting in reduction of fractional shortening. Carbohydrate polymers,
like alginate, have been used for seeding cells and further implantation into mice to prove
their efficacy as carriers for cells. These implants reduced left ventricular remodeling, and
have been proposed as carrier scaffolds for iPSCs [178]. A novel approach was developed
by Zimmerman et al.,, who developed tissue by casting a mixture of collagen type I along
with neonatal rat cardiomyocytes into molds to form engineered heart tissue (EHT). These
constructs were developed into ring-shaped flexible structures and sutured onto peri-
cardiectomised rat hearts [179]. The ETH transplant became vascularised and electrically
integrated in vivo and, furthermore, since these were prepared in serum free media

conditions, immunosupression was not required during transplantation [179, 180].

Of all the constructs developed, the ones that were successful were those derived
from native heart tissue. Further collagen type I and IV have also been successful in
supporting cellular growth, cellular vascularisation and allowing electrical integration
within the heart. In case of transplantation of pluripotent stem cells, it will be essential to
differentiate these at the site with molecular mediators entrapped within the hydrogel;
alternatively, one may use the stiffness characteristics of the hydrogel to differentiate the

cells. Although robust, these approaches can be employed only by surgical intervention.
2.4.2 Injectable systems

In-situ gelling systems

Implantable systems can only be administered through invasive surgical
approaches. Thus, implantation of these constructs will have to accompany procedures
like CABG. In situ gelling systems, on the other hand, are defined by a sol to gel transition
from in vitro to in vivo setups, respectively. This method of gelation may facilitate the
administration of the gelling polymer through a catheter or as an injectable, facilitating a
minimally invasive approach to cardiac treatment. In regard to this, the materials that have
been studied extensively are fibrin glue [181, 182], collagen [173], matrigel [183],
hyaluronic acid [184], keratin [185], extra cellular matrix [186, 187], alginate [178, 188,

189]. There are many potentially useful materials that can fulfill this role and are yet to be
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tested in this application [190-193]. Endothelial cells home to a self-assembling injectable
RAD16-II peptide scaffold and cause more angiogenesis as compared to matrigel. Potential
myocyte progenitors also populate the peptide microenvironment created in vivo, and the
retention of myocytes is higher as compared to matrigel [194]. Furthermore, this study
demonstrated that ESC spontaneously differentiated to aMHC positive cells in vivo within
the peptide scaffold. Cell survival was better within fibrin glue when delivered through
injectable fibrin glue scaffolds compared with the cellular cardiomyoplasty technique,
additionally inducing neovascularization and reducing infarct expansion [182].This was
followed up with a study that suggested short term improvements of the alginate fibrin
blends at the site of infarct [195]. In vivo studies via injection through a catheter to a rat
heart demonstrated the injectability of a porcine heart derived matrix as well as
endothelial cell infiltration within the matrix [186, 187].The method of delivery has been
known to induce improvements within the cardiac environment with and without bone
marrow mononuclear cells when injected with fibrin, collagen and matrigel, albeit
separately [196, 197]. Other methods have been studied, such as collagen through catheter
encapsulated with bone marrow cells [198] and without cells [173]. Both these studies
showed improvement in LV function without vascularisation, but in the study by Huang et
al, there was also an improvement in vascular density [197]. Another widely available
tissue culture matrix called Matrigel™ has been used as an in situ gel. Studies have
demonstrated improvement in LV function with the gel, and embryonic stem cells
delivered along with it caused increased vascularization at the site of infarct [199,
200].Simulation of injection of material to the heart injected at various sites post infarct
suggests that administration of a non-contractile material at the site of infarct helps reduce
stresses on the myocardium [201]. Self-assembling peptides have been useful in the
delivery of insulin-like growth factor IGF to the heart and permit the sustained release of
the growth factor along with aiding the positive effects accrued to the cells delivered
together with the peptide matrix [202]. Ungerleider &Christman have dealt with injectables
and large animal models in detail, and according to their opinion, shorter gelling times are
the main culprits for the failure of delivery of injectable gels through catheters [203].
Furthermore, expansion and encapsulation through cGMP processes, if not performed with

adequate robustness, result in inefficient scaffolds. Alginate without cells is being currently
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clinically tested for its efficacy to prevent ventricular remodeling [204-206].
Radhakrishnan et al have emphasized the importance of appropriate mechanical
properties and electrical conductivity of the polymers used as injectables to be important

in their overall regenerative potential [207].

2.5 Translational to the clinic (regulation and application, and mode of
application)
With the innovations in cardiac support devices to provide care immediately after

an infarct and to prevent cardiac remodeling, it was envisaged that the devices and
innovations market in the cardiac space would get a boost [208-212]. But after a 10 year
battle with the US FDA, the cardiac mesh support device has not seen the light of day, even
after positive clinical results. Regulations are established for implantable devices, like
cardiac stents, valves, pace makers and left ventricular assist devices (LAVD) like
HeartMate® [ and II [213], CentriMag, SynCardia Total Artificial Heart [214, 215].
However, there is no regulation for other implant materials, with or without cells, to
mitigate therapy. On the other hand, heart injectable regulations are structured towards
delivery of small molecules via intra coronary, intracardiac injections or with trans

catheter approaches [203].

Properties of toxicity, biodegradability and physical characteristics, like stiffness of
implant materials, are established in the literature. Implantation of patches, supports like
cardiac assist support, and injectable non contractile supports are studied. Cardiac support
patches can be administered in the event of superficial scarring of the heart, leading to loss
of contractile tissue. In this approach, injectable hydrogels accompanied with cells can also
be administered at the border zone to prevent remodeling due to scarring. Furthermore,
reperfusion procedures, such as CABG, can be accompanied with such implantation of
hydrogel grafts at multiple sites along the epicardium. This, along with reperfusion, will
facilitate the in growth of stem cells and their final differentiation to cardiomyocytes.
Additionally, with degradable materials, it is possible after a limited time period that the

cells will be the only remnant of the procedure. Injectable materials like self-assembling
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peptide matrices, e.g.,, RAD-16, fibrin glue with and without cells, alginate and agarose can
be administered via a trans-catheter system, or a normal cardiomyoplastic approach,
epicardially or endocardially [181, 182, 187]. Pluripotent stem cells accompanying the
implant could address the problem of remodeling. The administration of hydrogel material
serves as a two pronged approach; first, acting as a matrix to support the heart and prevent
any remodeling due to the infarct; and, second, to allow retention of cells administered
within it, further improving LV ejection fractions. Furthermore the hydrogel must be able
to degrade over time and allow cells to take over the supporting role after tissue re-growth
[216]. Although there are immense regulatory and translational challenges in the
administration of just hydrogels materials, their application along with cells and growth

factors is a long term goal [203].

2.6 Summary of literature
Cardiovascular diseases have the potential of becoming the leading causes of deaths

in a few years. The site of infarct is a complex environment for the delivery of agents and
many studies have elaborated on the outcome of therapies [130]. Various treatment
methodologies are currently under extensive study for the mitigation of the sequel to the
cardiac condition after an infarct [217]. Considering the drawbacks of delivery of bone
marrow stem cells, mesenchymal stem cells, and cardiac stem cells to the site of infarct, it is
necessary to investigate other suitable approaches for the treatment of the myocardial
infarct [218]. Delivery of cells is fraught with issues like homing and retention of cells with
the intravenous infusion [159], intracoronary injection [160] and direct epicardial [161].
Embryonic stem cells and induced pluripotent stem cells form a major source of self-
renewing cells that can be differentiated into all types of cardiac tissue cells. These cells
seem underutilized at the moment due to the ethical concerns in relation to embryonic
stem cells, and the unknown potential of iPSC. These cells, especially induced pluripotent
stem cells, can be taken forward by differentiation and proliferation. This is especially the
case since many alternative approaches to the original integrative approach are available
today for the generation of iPSCs [219-221]. Also, there is evidence to suggest that

teratomas are not formed in immunocompetent individuals [222].
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Therapies for cardiac regeneration require a multipronged approach including
cellular, scaffold and growth factor Vis a Vis small molecule delivery. The importance of
scaffolds and micro carriers is being realized in this regard [223]. Although catheter based
systems being used for the delivery of skeletal muscle cells for clinical trials have proven to
be better than most, there is still the need to innovate materials in order to deliver cells at a
smaller dose with a targeted approach. This could include approaches wherein a small dose
of pluripotent stem cells or a larger dose of Flk-1, isl1+, c-kit + or Nkx 2-5 positive cells are
introduced within a tunable matrix to facilitate differentiation and intercalation in-vivo.
Materials like alginate [178, 188], collagen [179] and porous poly (L-lactic acid) [171], have
been studied for this effect. Transplantation of cells within matrices with preconditioning
moieties like BMP4 and Activin can indeed be performed before administering these at the
site of infarct. Furthermore pluripotent stem cells can be encapsulated within these
matrices with modulated stiffness to differentiate and form cardiomyocytes [224]. These
materials will have to mimic the stiffness of the developing heart and allow the cells to

differentiate to the cardiac lineage.
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Chapter 3

Plan of work

3.1 Objectives

The primary motive behind the study was to design injectable scaffolds for potential
applications after the occurrence of a myocardial infarct. An in situ gelling scaffold was
designed in order to deliver the scaffold material minimally invasively through a catheter
based approach. The scaffold is intended to be used to provide support as well as space
filling in case there is infarct expansion, for the initial period until the stem cells
differentiate to musculature and replace the scar tissue. Another aim was to facilitate the
growth of myocardial tissue at and around the site of the scarring. Pluripotent embryonic
stem cells were chosen which may grow through the scaffold network and also
differentiate to cardiac tissue i.e. predominantly muscle. As against approaches which
deliver skeletal cells that do not show integration, this approach is intended to deliver
native cardiomyocytes. Further stem cells will provide a ready source of self-renewing
cells to allow the growth and integration of the newly forming cardiac tissue. The entire
approach envisaged with the use of in situ injectable scaffolds in conjunction with
pluripotent stem cells is to evaluate whether this approach will provide materials in
conjunction with cells at the site. With ES cells there is a need to isolate them from
surrounding tissue in order to prevent immunologic reactions as well as teratogenic
growth [1]. Encapsulating within degradable scaffolds can fulfill this criterion. The
differentiated cells may proliferate towards the infarcted heart and healing can begin, at
the same time the cells within the scaffold may provide a source of un-differentiated ES

cells.
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3.2 Selection of scaffolds material

In situ gelling systems have been used on various occasions for therapeutic usage.
The mechanisms involved in in situ gelling are pH induction, e.g., cellulose acetate;
temperature, e.g. phthalate polycarbophil and poloxamer; ionic. e.g.,, Alginate [2] and
Gelrite[3] ™. Gellan gum is an exocellular microbial heteropolysaccharide that is secreted
by the strain Sphingomonas paucimobilis. It is a linear anionic polysaccharide that consists
of glucose, glucuronic acid, and rhamnose in the molar ratio of 2:1:116. The chemical
structure is 1-3, instead of a 1-4, glycosidic linkage between the BD glucose and the aL
rhamnose of the next repeat unit; this induces a twist in the linear chain of this
polysaccharide, thus allowing for a helical conformation. Gellan random coils form double
helices and subsequently aggregate to form three dimensional networks in an appropriate
aqueous environment. Both monovalent and divalent cations stabilize the networks
through cross-linking gellan double helices via carboxylate groups of gellan molecules.
However, monovalent and divalent cations follow different mechanisms of gellan gelation.
Divalent cations (M++) cross-link double helices directly (double helix-M++-double helix),
while monovalent cations (M+) cross-link double helices indirectly (double helix-M+-
water-M+-double helix) [4]. As a result of different gelation mechanisms, divalent cations
are more effective on gel formation than monovalent cations [5]. Gellan has been studied
for drug delivery and tissue engineering applications. Blends of Gellan HA [7]. Gellan
blended with hyaluronic acid based gels have been designed as substitutes for the vitreous
humor [225].

There has been interest in the combination of thermally responsive polymers with
other naturally occurring polymers to modulate gelation characteristics as well as improve
other properties like biocompatibility and biodegradability [8]. Of the polysaccharides
under consideration are pH sensitive polymers like chitosan and ion sensitive polymers
like alginate [9-12]. Blended polymer compositions like gellan and HPMC, ion and
temperature responsive materials, respectively, have not been assessed to study their
characteristics for tissue engineering applications. The study of such combinations that
impart dual characteristics, in terms of gelation and variable stiffness, can shed new light

towards preparation of tissue mimicking substrates.
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3.2 Characterisation of scaffolds

In order to test the suitability of the scaffold material in vitro studies were performed to
ascertain the suitability of the scaffold for its use as an in situ gelling material, its safety and
its ability to support the growth of cells within its matrix. The following parameters were
employed to study the characteristics of the polymer in solution so as to optimize the
conditions under which it will behave as scaffolds for stem cell differentiation at the site of

infarct.
1. Hydrogel formation and gelation time

Gellan was prepared and tested by the inverted tube test to ascertain the time for
gelation along with varying the calcium concentration and temperature which would be
required for it to transition from a sol to gel in vivo [13].

2. Rheology

Gellan was prepared with and without calcium ions to assess the differences in its
rheological properties. From the storage G” and loss moduli G” the flow characteristics of a
material was characterized. Tan 6 which is a ratio of G” to G’ indicates whether a material
will retain elastic characteristics over viscous characteristics. The higher the value of tan §,
the more liquid-like the sample, with a value of 1 considered to be a threshold between
liquid and gel behavior. Further temperature and time sweep measurements can shed
more light on the type of gelling characteristics the material will have at different
temperatures. Strain sweep was carried out after which frequency sweep from 1-10 hertz
was carried out at a constant strain of 0.5%. Temperature sweep was carried out at high
frequency of 10 Hz and constant strain of 0.5%.

3. Contact angle

Wettability or hydrophilicity decides whether the materials will allow diffusion of
nutrients within its matrix. Hence to evaluate wettability, the contact angle of the gels was
measured with MilliQ™ water, phosphate buffered saline and serum in accordance with the

procedure of Zhang et al. [14].
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4. Imaging

Scanning electron microscopy (SEM) (Hitachi 3400N, USA) was performed on the
lyophilized hydrogels. The imaging was performed at 100x and 200x magnification at 5kV.
5. Cellular cytocompatibility

Cellular cytocompatibility was performed to assess the relative toxicity if any that
the material would have on the cells encapsulated within the matrix. This was performed
with normal cell line e.g. L929 and Mouse Oct4 GFP ES cell line by SRB assay according to
the method of Saehan et al.[15],

6. Cloud point measurements
This was performed to assess at what temperatures thermoresponsive material HPMC
would fall out of solution and render the solution in homogenous. This is undesirable since

phase separation would not be suitable to the characteristics of the scaffold.

3.3 Selection and Characterisation of nanoparticles
1. Choice of signaling molecule
The role of molecules like ascorbic acid [16], retinoic acid [17], etc. have been studied.
We were interested in molecules that could generate cells with a higher ventricular
morphology since the myocardial infarct regions are more focused towards the ventricular
regions of the heart. In this regard, the role of retinoic acid is documented [18, 19].
2. Preparation of nanoparticulate systems
Lipid components were chosen from those that are abundantly present in heart
tissue [20]. For the preparation of vesicles Soya PC and POPE were chosen and vesicles
were prepared by modified thin film hydration method [21]. These vesicles were prepared
with and without the retinoic acid.
3. Hydrodynamic size and zeta potential
The lipid nanovesicles thus prepared were analysed for size and net charge
4. Imaging
Further characterization of nanoparticles was carried out with imaging techniques like

scanning electron microscopy and transmission electron microscopy.
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3.4 Differentiation

Differentiation protocols were to be followed as adaptations from those given in figure 3.
In this protocol the ES cells were plated as hanging drops in the absence of LIF for 3 and 5
days after which they were plated in the presence of lipid nanovesicles and suitable
controls till day 7. Media was changed to that of a lower concentration of serum on day 7
and further differentiated until day 19.

1. Differentiation within scaffolds

Plating in 0.1% gelatin coated plates

Gel encapsulation

ESC—> Day 0— Day +1—>Day +2—>Day+3—Day +4—Day +5—>Day +6— Day +7 —>Day +8

o e
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(

T Gel encapsulation

Plating in 0.1% gelatin coated plates

Figure 4 Differentiation protocol for scaffold mediated differentiation

2. Differentiation with nanoparticles
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Scaffolds were prepared after crosslinking with increasing concentration of calcium
ions with an aim to evaluate whether a stiffer matrix is able to effect better differentiation.
Hence we prepared varying concentrations of scaffolds to evaluate this approach.

Similarly partially differentiated cells were incubated in the presence of varying
concentrations of retinoic acid encapsulated within lipid nanovesicles to analyse the
difference of the presence of lipid nanoparticles to effect differentiation. It was expected
that the increasing stiffness via the crosslinking with calcium would promote better
differentiation of ESCs to cardiac lineage. We hypothesized that  the use of lipid
nanovesicles to deliver ATRA would in effect improve the delivery of ATRA; induce

differentiation at a lower concentration of ATRA or both.

33



Chapter 4
Characterization of Gellan and Gellan Hydroxy propyl methyl cellulose (HPMC)

blends for differentiation

Gelation of biopolymers like gellan and HPMC occurs as a result of triggers that
bring about a change in the polymer network sufficient for it to aggregate and form
hydrogels. The triggers range from chemical signals, such as pH, metabolites and ionic
factors or physical stimuli, such as temperature or electrical potential. The main focus of
much of current research has been temperature triggered and pH triggered systems due to
their physiological significance [226-231]. Thermally responsive polymers can be defined
as those with an upper critical solution temperature (UCST) i.e. shrink by cooling below the
UCST; those with lower critical solution temperature (LCST) i.e. contract by heating above
the LCST. Hydroxypropyl methylcellulose (HPMC) is an example of such a polymer,
chemically presented as C6H702 (OH) x (OCH3) y (OC3H7) z with x + y + z = 3, which has
the property of reversibility from sol to gel state mediated by temperature [232]. This
property of HPMC has been utilized in drug release systems [233-235].This mechanism of
gelation has been used to devise delivery systems and also in tissue engineering as non-
invasive in situ systems [236]. lon triggered polymers like Gellan gum, an exocellular
microbial heteropolysaccharide that is secreted by the strain Sphingomonas paucimobilis,
are also of interest [237]. It is a linear anionic polysaccharide that consists of glucose,
glucuronic acid, and rhamnose in the molar ratio of 2:1:116. Gelation in Gellan as indicated
in figure 6 is triggered by mono as well as divalent cations like sodium and calcium. The
combination of the two polymers as a blend scaffold was envisioned to utilize the triggers
for gelation of both polymers in order to create a faster gelling matrix for tissue

engineering applications.
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There has been interest in the combination of thermally responsive polymers with
other naturally occurring polymers to increase their gelation characteristics as well as
improve other properties like biocompatibility and biodegradability [238]. Of the
polysaccharides under consideration are pH sensitive polymers like chitosan, ion sensitive
polymer like alginate [228, 229, 236, 239]. Blended polymer compositions like gellan and
HPMC, which are ion and temperature responsive materials respectively, have not had
assessed their characteristics for tissue engineering applications. The study of such
combinations that impart dual characteristics, in terms of gelation and variable stiffness,
can shed new light towards preparation of tissue mimicking substrates.

The basis of this chapter is to ascertain whether the ion responsive gellan alone or when
blended with thermoresponsive HPMC, can form a suitable triggered system for tissue
engineering. Different blends of the polymers at varying ratios of the components were
prepared. The thermal behavior of the hydrogel systems was evaluated by cloud point
measurements on blends without crosslinking and rheology measurements at various
temperatures with the crosslinked hydrogels. The hydrogel was also tested for
hydrophilicity with contact angle measurements with fluids like water, phosphate buffered
saline and fetal bovine serum. Scanning electron microscopy was performed to visualize
the internal architecture of the gels. Furthermore cellular compatibility was tested with

MouseOct4 GFP ES cell line.
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Figure 6 Structure of GellanError! Reference source not found.

4.1 EXPERIMENTAL METHODS

4.1.1 Material and methods
Gellan, in its deacetylated form, (food grade, KELCOGEL) was kindly provided by CP
Kelco U.S. (Chicago, IL), Calcium chloride , D-Glucose, disodium hydrogen phosphate,
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potassium chloride, potassium dihydrogen phosphate, glacial acetic acid and hydrochloric
acid were purchased from Qualigen Fine Chemicals (Mumbai, India). HPMC, Calcein AM,
Propidium lodide (PI), Penicillin streptomycin, Sulphorhodamine B (SRB) were procured
from Sigma Aldrich (St Louis, USA). Dulbecco’s minimum essential media (DMEM), minimal
essential amino acids (NEAA), Glutamax™ , Fetal Bovine serum (FBS) was procured from

Invitrogen private limited (Carlsbad, CA, USA).

4.1.2 Hydrogel formation and gelation time

Gellan (GO.5) and gellan HPMC at ratio of 8:2w/w (0.5GH8:2) and 9:1w/w
(0.5GH9:1) was weighed to the final concentration of 0.5% and heated to 90°C until a clear
solution was obtained. Then it was heated to a constant temperature of 37°C until
temperature is attained, 50mM calcium chloride was also maintained at the same
temperature. When both attained 37°C the CaClz was added into gellan and gellan HPMC
solution, at continuous stirring of 650 rpm. This was then poured into tubes and time for
gelation was assessed by inverted tube method [240]. Values reported are an average of

three experiments+ Standard deviation.

4.1.3 Viscoelasticity

The rheological measurements were performed using a modular compact
rheometer (Physica MCR 310). Fully hydrated samples were placed onto the plate of the
instrument, using parallel plate geometry, to give a gap of ~3 mm [225]. The viscoelastic
properties were quantified in terms of G’ and G”, the real and imaginary components of the
complex shear modulus of the material. G’, the storage modulus gives the elastic nature of
the gel, while G”, the loss modulus gives the viscous nature. Both moduli were calculated by
using the instrument software Rheoplus/32 software version V3.21 (Anton Paar, Graz,
Austria) that tracked the magnitude and phase lag of the torque for a given oscillatory
frequency of the plate. G’ and G” were plotted against the frequency of oscillatory stress
and the resulting spectra termed as mechanical spectra was used to demonstrate the gel
character and to discriminate between different classes of gels. G’ and G” were measured
across various frequencies from 0.01 to 10 Hz at the constant strain of 0.5%. All

measurements were performed at physiological temperature of 37°C. The relative
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contribution of the elastic and viscous natures can be quantified by the loss tangent, tan a,
which is the ratio of the loss to the storage modulus:
tana=G'/G".
The higher the tan a, the more liquid-like the sample, with a value of 1 considered to be a
threshold between liquid and gel behavior.
Temperature sweep was also performed from 25°C to 80°C at a constant strain of

0.5% and at 10Hz.

4.1.4 Cloud point measurements

Thermal responsiveness of HPMC in aqueous solution is connected to its insolubility
in aqueous solutions when the temperature is raised, which is referred to as its cloud point
[241]. UV-VIS spectrophotometry (Perkin-Elmer Lambda 35) was used to determine the
cloud point of the gellan, HPMC and gellan HPMC blends at ratios of 8:2 and 9:1 dispersed
in Milli Q water to a final concentration of 0.5% w/v. To obtain the spectra, the
temperature was raised at a rate of 2 °C/min and the optical density (0.D.) was measured
over a temperature range of 25-90 °C. The LCST values were determined as given by Liu et

al,, (2008).

4.1.5 Contact angle

To evaluate wettability, the contact angle of the gels was measured with MilliQ™
water, phosphate buffered saline and serum in accordance with the procedure of Zhang et
al., [242]. Contact angles of gel were measured by the sessile drop technique using a CAM-
100 optical contact angle meter (KSV Instruments, Finland), by depositing a 2 ul drop of
water from a micro-syringe on the surface of gel dried onto the surface of a glass slide. The
image of the drop was analyzed by an automated curve fitting program using the in-built
software. All measurements were made immediately following deposition of the drop. All

reported data are mean values of three experiments.
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4.1.6 Scanning electron microscopy
Scanning electron microscopy (SEM) (Hitachi 3400N, USA) was performed on the
lyophylised hydrogels. The imaging was performed at 100x and 200x magnification at 5kV.

Pore diameter was calculated in software Image] of six images each of the hydrogels.

4.1.7 Pore Volume

Lyophylised scaffolds were immersed in a non wettable solvent n Hexane for a
period of 5 min with constant mixing to ensure no bubbles were retained within the
lyophilized samples and the porosity was measured ( n =3)[243] . The porosity was

calculated according to the following formula:
Porosity = (W2 -W1)/ (W2 -W3))x 100

Where W1 is the dry weight of the scaffold, W2 is the wet weight of scaffold (including PBS
solution), and W3 is the weight of the scaffold in PBS solution

4.1.8 Enzymatic biodegradation

To assess biodegradation, lyophilized gellan and gellan HPMC scaffolds were placed in a
solution with 100 units/ml, amylase and 0.02% sodium azide, and shaken in a water bath
maintained at 37° C. After the determined time, the scaffolds were removed, and washed
three times with deionized water, pipetting was performed to ensure the all the water was
removed. The scaffolds were then lyophylised to measure the dry weight of the undegraded
matrices. The remaining weight (%) of the gelatin scaffold was calculated using the
following equation:

Remaining weight = Wt/Wo x 100
Where Wy is the initial weight of scaffold and W: is the weight of the scaffold after

degradation with amylase

4.1.9 Cell cytocompatibility
Cellular cytocompatibility studies of the hydrogel composites were evaluated with

Oct4 GFP ES cell line by SRB assay according to the method of Skehan et al. [244], with
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slight modifications. G0.5%, GH8:2 and GH9:1 at different ratios were made up to a final
concentration of 0.5% and the required amount of calcium chloride was added such that
final calcium ion concentration was of 1.5, 3mM and 6mM, and autoclaved. Gels were
allowed to set and incubated with complete media for 24 h at 37 °C for extraction. Cells
were grown in DMEM supplemented with 10 % FBS, NEAA, and Glutamax ™ and incubated
in CO2 incubator IncuSafe (Sanyo, Osaka, Japan) at 37°C under a 5% CO2 and saturated
humid atmosphere. Nearly confluent cells in 25 cm2 tissue culture flasks were trypsinized
with TrypLE™ Select (Invitrogen, USA) solution and resuspended in fresh medium. Cell
counts were determined by haemocytometry. Resuspended cells were diluted accordingly
and were plated at a concentration of 1 x 10# cells per well in a 96-well tissue culture plate
and incubated in a CO2 incubator for 24 hours. After 24 h the medium was replaced with
gel extract in quadruplicate and incubated for a further 24 hours. After 24 h the SRB assay
was conducted. In brief, old medium with the insert extract was discarded and 100 pl of
fresh medium was added. Cells were fixed by adding 50 pl of ice-cold 50% trichloroacetic
acid slowly to the medium and incubating at 4 °C for 1 h. The plates were washed five to
ten times with deionized water and dried in air. A 100 pl aliquot of 0.4% SRB dissolved in
1% acetic acid was added to the fixed cells, which was kept at room temperature for 20
min. The plates were washed with 1% acetic acid to remove unbound dye and dried at
room temperature. An aliquot of 100 pl of 10 mM Tris base (Sigma, USA) was added to each
well and incubated at room temperature for 20 min to solubilize the dye. Plates were read
at 560 nm on a plate reader (Thermo Electron Corp., USA). Cell viability was measured as:

Viability= absorbance of sample/absorbance of control x100
4.2 RESULTS AND DISCUSSION

4.2.1 Gelation time

The rationale of keeping gellan separated from the crosslinker at a concentration
where in it cannot gel by itself, is to facilitate in situ gelation via the crosslinker [245]. The
gelation time becomes significant while administering the hydrogel polymers along with
the crosslinker in vivo to obtain a solid gel in situ. Various researchers have mentioned
standards for in situ gelation time, and a gelation time of ~30 min has been found to be

suitable[246, 247]. Furthermore gelation time can be enhanced with the addition of HPMC,
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which is thermoresponsive [248]. In this respect the average gelation for Gellan HPMC at a
ratio of 8:2 was found to be 12 min at 37°C with 3 mM calcium, while with 9:1 with 3 mM

calcium it was found to be 16 min, as shown in Table 3.

Table 3 Gelling time for the various gellan and gellan HPMC blends

Blends Average Gelling time at 37°C
Gellan 0.5% with 1.5mM calcium >30 min

Gellan 0.5% with 3mM calcium 26 min

Gellan 0.5% with 6mM calcium <30 sec

Gellan: HPMC 0.5% 9:1 with 3mM

calcium 12 + 2.4 min

Gellan: HPMC 0.5% 8:2 with 3mM

calcium 16 min

This suggests a difference of 6 minutes with the increase in the amount of HPMC. This
difference was significant with a p value of 0.05. Gelation time of just gellan with 3mM
calcium was found to be at 26 min, which was much higher than the blend after
crosslinking. The difference in the gelation time can be attributed to the thermo

responsiveness of HPMC at 37°C.

4.2.2 Viscoelasticity

The properties of the gel formed after crosslinking were assessed with the
rheometer from frequency of 0.01 to 10Hz and plotted at frequency 10Hz as shown in Fig 7.
It was also observed that in the absence of calcium the loss moduli of 0.5G is higher than
the storage moduli, resulting in a loss tan value of >1 suggesting a blend with relatively

more viscous nature as compared to the blends of gellan and HPMC.
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Figure 8Time sweep of molten gellan and gellan HPMC blends at 37 °C after the addition of
calcium at a final concentration of 3 mM, at a constant frequency of 10 Hz. The plot indicates

the ratio of G”/G".

An average tan 8§ for 0.5GH8:2 was 0.3 and for 0.5GH9:1 without calcium was 0.5
suggesting that HPMC increases the storage moduli as compared to 0.5G. A comparison of
the gellan, HPMC and gellan HPMC blends crosslinked with calcium to form hydrogels
showed that there is a significant difference between the loss moduli of 0.5GH9:1 with and
without calcium and 0.5GH8:2 with and without calcium at p<0.05. There was a significant
difference between storage moduli of 0.5G and 0.5G with calcium at p <0.005. There was
also a significant difference in the storage moduli as well as loss moduli of 0.5GH8:2 with
and without calcium suggesting in both cases that the increase in concentration of HPMC
and addition of calcium affected both the storage and loss moduli. While in the 0.5GH9:1
blend only the loss moduli was significantly affected suggesting that the basal HPMC
concentration has to be high enough to have a significant difference when calcium is added
to the blend. This indicated that the gelation is triggered by calcium and the gelation time
can be modulated on addition of HPMC (Table 3). Although there is significant difference
between the storage moduli of the 0.5% gellan with calcium and that of gellan HPMC 8:2,
the tan 6 is not significantly affected at a p<0.05. The tan 6 value is also not affected in the
9:1 ratio suggesting that the strength is similar to 0.5G crosslinked with calcium [249].

Temperature sweep measurements were performed from 25°C to 80°C at a constant

frequency of 10 Hz, and data was plotted for 37°C as shown in figure 8. The results suggest
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a significant decrease in storage moduli of 0.5GH8:2 with calcium as compared to G0.5 with
calcium, while there is no significant difference with the GH9:1. The reduction in storage of
0.5GH8:2 showed no significant difference in the tan § suggesting that the gel strength was
similar to that of 0.5G. Tunable viscoelastic properties are known to be an asset to hydrogel
materials for tissue engineering applications, and gellan HPMC gels can be used in this
respect to be delivered as a support matrix and for cellular delivery [250]. Another
property of relevance is the in situ injectibility of these materials which makes them ideal
candidates for delivery of cells as well as small molecules. This is evident in all the matrices
prepared that can be induced by calcium mediated gelation. Time sweep measurements of
gellan HPMC gels as shown in figure 9 suggest a reduction of the tan 6 within the first few
minutes of addition of calcium after incubation at 37°C. This suggests that the storage

moduli begin to increase over the loss moduli rapidly on the addition of calcium.

4.2.3 Cloud point measurements
One assessment of whether the polymer chains precipitate out of solution when
blended is by the measurement of the cloud point of the blend. The change in transmittance

by sweeping temperature from 25°C to 80°C is measured for all blends and that of G0.5%.

——HPMC 1mg/ml
100 — —--=-HPMC 0.5mg/ml
- —--0.5% GH 9:1
- 0.5% GH 8:2
; 1 —-—-G 4.5mg/mil
e —— L G 4mg/mi
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Figure 9 Cloud point plot of different ratios of Gellan and HPMC without the addition of
calcium, with a temperature sweep from 25°C to 90°C. - HPMC at 1mg/ml; -.. HPMC 0.5mg/ml;
--- 0.5% gellan HPMC at 9:1; ...0.5% gellan HPMC at 8:2; -.-. Gellan at 4.5 mg/ml; -. Gellan at 4.0

mg/ml
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It was observed that the transmittance decreased and this can be attributed to
increase in opacity of the solutions as the temperature increases, also known as the cloud
point as shown in Fig 10.The path of pure gellan dispersed and solubalised in water shows
that there was no dramatic loss of transmittance on increase in temperature. As compared
to gellan there was a dramatic loss of transmittance as the cloud point was approached in
the gellan HPMC blends and HPMC dispersed in water alone. This can be attributed to the
contraction of HPMC polymer strands in solution after reaching their LCST. The difference
in the cloud point between the gellan HPMC blends and between the HPMC concentration
can be explained by a concentration dependent difference in the onset and progression in
the pattern on the graph in Fig 10[241]. 0.5GH8:2 showed a sharper decline in the LCST
value as compared to the blends with just HPMC and that of 0.5GH9:1 and HPMC 1mg/ml
as well as 0.5 mg/ml. This suggests that HPMC in the presence of gellan has a higher LCST
value than HPMC alone. This property of the blend can be of use while applying in vivo.
This phenomenon of concentration dependence of LCST, can explain the increased gelling
time of 12 minutes of the gellan:HPMC 8:2 blend over the 16 minutes compared to the
gellan HPMC 9:1 blend. Furthermore this phenomenon can enhance the temperature

stability of the final hydrogels after crosslinking with calcium.

4.2.4 Contact angle measurements

The wettability and conversely the hydrophilicity can be determined by the angle of
contact made by water and other biological fluids such as serum with the material. The gel
matrix when tested for contact angle measurements with water, phosphate buffered saline
and serum as seen in Fig 11. The angle of contact was found to be much less than <90°,

suggesting that the hydrogels are wettable and hydrophilic in nature after gelation.

44



90

I wvater
pbs
- serum
60 [ &7
_ ) 7 g%
2 v = Z
= %5 % Z 27
© 7 i 77 7 7
= Z Z Z 7
5 7 7 29z 2
(o} = Z 227 7% 77
= 7 7
5 . % Z 7 Z
o o Z 7 7z 7
7 77 % 7 A 7%
7 iy iy =
. Z 1 7 7
7 7 o = o iy
f . ~ 7 7
. ; Z 7 7 Z
.
. Z 7 = 7
Z 7
7 Z 7 7 //// 7 7
/ % iz 2 Z
T T
Cca ca ca
o3 S0 e ® 05 GH &0 4 3t G grot
05 [ela 0

Blends

Figure 10: Contact angle measurements with water, PBS and Serum of gellan and gellan HPMC

blends with and without the addition of calcium.
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Figure 11 Contact angle measurements with water, PBS and Serum of gellan HPMC gels with
and without the addition of calcium, * indicates a significant difference of serum contact angle
as compared to 0.5% gellan without calcium at p<0.05. # indicates a significant difference of
PBS contact angle as compared to 0.5% gellan without calcium at p<0.05. $ indicates a
significant difference of Water contact angle as compared to 0.5% gellan without calcium at

p<0.05
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As seen in figure 12 the contact angle for water with 0.5GH8:2 and 0.5GH9:1 with calcium
and 0.5GH9:1 without calcium was significantly higher as compared to 0.5G without
calcium. This can be attributed to the reduction in the charged carboxyl groups due to
crosslinking with calcium. The contact angle with PBS was significantly higher only in
0.5GH 8:2 with calcium. The contact angle with serum was significantly lower in 0.5GH 8:2
without calcium, while significantly higher in all others tested, as compared to 0.5G without
calcium. The hydrophilicity of the gels is an asset when cells are combined in the presence
of hydrogels to be administered as scaffolds at tissue sites. The hydrophilicity allows
cellular contact and adhesion for support. This also facilitates passage of metabolites across
surfaces and into cells, resulting in growth and proliferation of cells. Although the contact
angle increases in the hydrogel scaffolds as compared to those that are uncrosslinked, it is
not >90°. Also the hydrogels form stiffer matrices as explained in the rheology after
crosslinking and are suited for entrapment of cells in vivo and in vitro, while uncrosslinked

gels flow.

4.2.5 Scanning electron microscopy
The use of the scanning electron microscope to map the cross section of the

lyophylised gel shows us the internal porosity of the hyrdogel matrix as seen in Fig 5. The
porosity of the gel is considerable considering the gel was lyophylised and this facilitated
ingrowth of entrapped cells, and at the same time, allowed 3 dimensionally relevant spaces

for the cells to grow and proliferate.
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Figure 12 Scanning electron micrographs of the a. gellan crosslinked with 1.5mM calcium, b.
3mM calcium, c. 6mM calcium, gellan HPMC d. gellan HPMC 8:2 with 3mM calcium, e. gellan
HPMC 9:1 with 3mM calcium
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Figure 14: Pore Size distribution for gellan and gellan HPMC blends

0.5G6 has a higher proportion of pores within the range of 100-200microns, as
opposed to the other hydrogel scaffolds, while 0.5G1.5 had a higher proportion of pores
within the range of 10-100 micron as suggested in figure 14. This suggests a shift to a

higher diameter of pores in scaffolds crosslinked with a higher concentration of calcium as
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seen in figure 15. This further indicates that the scaffold inherently forming sheeted

structures before coming together with other sheeted networks to form channels.

4.2.7 Pore Volume
The volume of pores present in all of the blends were in the range of 80 to 90 % suggesting
that the porous volume of the scaffolds was occupied completely with water once hydrated

as seen in figure 16.
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Figure 15 Pore volume of various hydrogels crosslinked with calcium with and without HPMC

This also suggests that the hydrogels scaffolds have space for the cells to expand
within its matrix structure and form vital three dimensional systems for cellular nutrient
diffusion and support. No significant difference was found between any of the two

hydrogel scaffolds.
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4.2.8 Enzymatic biodegradation
Enzymatic degradation has been documented to cause the deposition of ECM in the
form of vascular tissue in the cardiac space [251]. The process of degradation is also
important for cellular incorporation to surrounding tissue, resulting in the loss and final
elimination of scaffold and consequential integration of cells to tissue. The added
deposition of vascular tissue at the site as reported will allow blood flow to the cellular
components delivered through the scaffolds. The exposure to levels of amylase similar to
blood levels demonstrated the mechanism in vitro degradation.
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Figure 16 Effect of crosslinker concentration on the in vitro degradation of gellan and gellan

HPMC blends

As can be observed in figure 17 the scaffold incubated in the presence of amylase
resulted in degradation over a period of 12 days. Crosslinking created a resistance to the
rate of degradation with a lower concentration of calcium resulted in a faster rate of
degradation compared to a higher concentration i.e. 3 and 6mM calcium. HPMC addition
resulted in a degradation rate faster than 3mM calcium. In comparison to commercially
available scaffolds all scaffolds fared better, while scaffolds crosslinked with 3mM calcium

and 6mM calcium fared relatively better than those with 1.5mM calcium [252].
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4.2.9 Cell cytocompatibility
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Figure 17 Cell viability with mouse oct4 GFP Embryonic stem cell line with gellan and various

blends of gellan HPMC.

Cytocompatibility was performed with mouse oct4 GFP Embryonic stem cell line.
This was to demonstrate that normal cells as well as pluripotent stem cells are unaffected
by the gel products that leach out into the surrounding medium. The viability was found to
be in the range of 90-100 % when compared to the control. This property of the gels can
further be used in cellular differentiation in combination with pluripotent and multipotent

stem cells.

4.3 CONCLUSIONS and DISCUSSION

The average gelation time of the gellan:HPMC blends 9:1 and 8:2 was 12 min and 16
min respectively and that for 0.5% gellan was 26 min which was within the range of ASTM
standards for in situ gelation [245]. Crosslinking with 1.5 and 6 mM calcium chloride
formed gels which had gelling times unsuitable for in-situ gelation. This was further
confirmed by rheology data which suggested that the gellan HPMC had a tan 6<1 as
compared to gellan without the addition of calcium. The 0.5GH8:2-3 blend showed promise
and indicated that an increase in the concentration coupled with the addition of calcium
improves the overall properties of the hydrogel so formed. Temperature dependent

rheology suggested that 0.5GH8:2- with3mM calcium shared properties similar to 0.5%G-
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with3mM calcium. The gels were stable as compared to 0.5G. The calcium crosslinked gels
were porous and non-toxic indicating that the gels suitably network and ensure a viable
environment. The extended viability of the cells in vitro within the gels makes 0.5G8:2
more similar to0.5G-3. The materials that can be administered under minimally invasive
conditions in vivo are those that form the basis of delivery systems. As suggested these
require a mechanism by which they can be administered in the sol form and must gel at site
in order to enhance their capabilities as localized self-sustaining g entities. These entities
must further support the infiltration and growth of cells by mimicking the environment at
site. The blend of ion responsive gellan and thermoresponsive HPMC [248], whose gelation
properties can be modulated by the concentration of HPMC and calcium is ideal for this
application. The tunable rheological properties of the gellan can further be used for the

differentiation of stem cells in vitro.
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Chapter 5

Analysis of differentiation of embryonic stem cells within scaffolds

Stem cell differentiation has been studied extensively with the use of molecular as
well as environmental triggers. In this regard Engler et al.,, proved categorically that the
differentiation to specific lineages can be directed using the property of stiffness of the
extracellular matrix [250]. Polymer materials have been studies in therapeutics for their
properties of gelation and subsequent modulation of physical properties under the
influence of triggers. Mechanisms based on pH induction such as in case of cellulose acetate
phthalate are most suitably applied intra vaginally. Polycarbophil and poloxamer are
temperature sensitive polymers while Alginate [253] and Gelrite ™ [254] are ion sensitive
polymers, properties that are used to form hydrogels. Therapeutic use of the hydrogels
has been studied based on the site of delivery to induce in situ gelation. Mechanisms based
on pH induction such as in case of cellulose acetate phthalate are most suitably applied
intra vaginally. Polycarbophil and poloxamer are temperature sensitive polymers while
Alginate [253] and Gelrite ™ [254] are ion sensitive polymers, Furthermore triggers can be
added externally to induce stiffening of the matrix in situ. Matrices to deliver stem cells can

be used to effect differentiation via their properties of stiffness.

Gellan was chosen since random coils form double helices and subsequently
aggregate to form three dimensional networks in an appropriate aqueous environment.
Both monovalent and divalent cations stabilize the networks through cross-linking gellan
double helices via carboxylate groups of gellan molecules. However, monovalent and
divalent cations follow different mechanisms on gellan gelation. Divalent cations (M++)
cross-link double helices directly (double helix-M++-double helix), while monovalent

cations (M+) cross-link double helices indirectly (double helix-M+-water-M+-double helix)
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[255]. As a result of different gelation mechanisms, divalent cations are more effective on
gel formation than monovalent cations [256]. It has been studied for drug delivery and
tissue engineering applications. Gelrite has been extensively has mostly been used for drug
delivery [254, 257]. Some of the materials that have been evaluated include, Gellan HA

[225]. Gellan HA based gels have been designed as substitutes for the vitreous humor.

ES cell differentiation to the cardiac lineage has been documented with defined
protocols [106, 107]. Reports have also suggested improvements to existing methods in
order to enhance the number of cardiac like cells that are produced during differentiation
of ES cells in vitro[258, 259].Three dimensional encapsulation of ES cells, or partially
differentiated ES cells has been observed and studied recently[121]. But these approaches
utilize ECM matrices isolated for xeno transplantation. Injectable matrices have also been
evaluated but in the absence of a cellular payload, for support, and are being clinically
tested [182, 260-262]. The need of the hour is a cellular transplantation along with the
scaffold which can provide temporary support until the matrix scaffold degrades

biologically in vivo and allows the cells to integrate within the host tissue.

In this chapter the approach of preparing gellan based scaffolds and encapsulating
partially differentiated embryonic stem cells within the matrix was evaluated. This was
done to evaluate whether the stiffness of matrices would three dimensionally affect the
cardiac differentiation of partially differentiated ES cells and whether the cells would beat
rhythmically. The effect of encapsulation on the cardiac gene expression of the cells was

also evaluated.

5.1 EXPERIMENTAL

5.1.1 Material and methods

Gellan, in its deacetylated form, (food grade, KELCOGEL) was kindly provided by CP
Kelco U.S. (Chicago, IL), Calcium chloride , D-Glucose, disodium hydrogen phosphate,
potassium chloride, potassium dihydrogen phosphate, glacial acetic acid and hydrochloric
acid were purchased from Qualigen Fine Chemicals (Mumbai, India). Calcein Am,

Propidium lodide (PI), Sulphorhodamine B (SRB) was procured from Sigma Aldrich (St
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Louis, USA). Dulbecco’s minimum essential media (DMEM), Penicillin streptomycin, Fetal

Bovine serum (FBS) was procured from Invitrogen private limited (Carlsbad, CA, USA).

Mouse Embryonic stem cell media: DMEM (Invitrogen-11995-073) was supplemented with
15 % Fetal Bovine serum (Invitrogen- 10099-141), 1% GlutaMAX™ (Invitrogen-35050-
061),1% penicillin streptomycin (Invitrogen 15140-122), 1X103units/ml mouse Leukemia
Inhibitory factor (mLIF) of (Millipore ESGRO® (LIF)-ESG-1107), 0.ImM 2-B-
Mercaptoethanol, 1%non-essential amino acids (NEAA). This was filtered through a 0.22 p
filter and stored at 4°C.

Mouse Embryonic stem cell media (ES media without LIF)

DMEM(Invitrogen-11995-073) was supplemented 15 % Fetal Bovine serum (JRH-ILO-
403), 1% GlutaMAX™ (Invitrogen-35050-061),1% penicillin streptomycin (Invitrogen
15140-122), 0.1mM 2-B-Mercaptoethanol, 1% non-essential amino acids(NEAA). This was
filtered through a 0.22 p filter and stored at 4°C. Mouse Embryonic Fibroblast media (MEF

media)

DMEM (Invitrogen-11995-073) was supplemented 10 % Fetal Bovine serum (JRH-ILO-
403), 1% GlutaMAX™ (Invitrogen-35050-061), 1% penicillin streptomycin (Invitrogen
15140-122), 1%non-essential amino acids (NEAA). This was filtered through a 0.22 p filter

and stored at 4°C for further use. Each time the media brought to 37°C before use.

5.1.2 Hydrogel formation and gelation time

Gellan (G0.5) and was weighed to the final concentration of 0.5% and heated to 90°C
until a clear solution was obtained. After which it was placed at 37°C until temperature is
attained, calcium chloride was also maintained at the same temperature. When both
attained the temperature the CaClz was added into the gellan solution such that the final

concentrations of 1.5mM, 3mM and 6mM were maintained.

5.1.3 Gel encapsulation and differentiation
Mouse Oct4 GFP cell line maintained in embryonic stem cell medium was

trypsinised and counted. A final cell number of 600 cells in 15ul was placed on the lids of
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10cm Petri dishes filled with potassium phosphate buffer (pH 7.8) in cultivation medium
containing 15% FBS without LIF. EBs formed as part of the protocol shown in figure 4 were
encapsulated on day 3 and day 5 within gellan scaffolds crosslinked with different final
concentrations of calcium i.e. 1.5mM, 3mM and 6mM. 50 mg gellan was weighed and
dispersed in MilliQ water; this was heated until a clear solution was obtained. For
encapsulation gellan solution and calcium was maintained at 37°C and mixed along with
embryoid bodies to a final concentration of 1.5mM, 3mM and 6mM calcium. These were
incubated at 37°C for 10 min until gelling occurred. For differentiation the encapsulated
EBs were maintained in ES media without LIF, until day 7 after which the media was
changed to MEF media till day 19. Media change was performed after every 2-3 days. On
day 19 cells were trypsinised and stored for further analysis. Gel was further processed for

rt-PCR and Q-PCR analysis.

5.1.4 Scanning electron microscopy

Scanning electron microscopy (SEM) was performed (Hitachi 3400N, USA) on
lyophilized hydrogels containing encapsulated EBs. The imaging was performed at 100x
and 200x magnification at 5kV.

5.1.5 Beating efficiency
Encapsulated embryoid bodies were visually observed for beating cells/beating
bodies. Beating bodies were counted along with the beat frequency for all embryoid bodies.

Time points of day 7, day 9, day 13 and day 19 were used for these observations.

5.1.6 Semi quantitative and quantitative RT PCR

For RT-PCR, RNA was isolated from cells using the RNeasy kit (Qiagen) following the
manufacturer’s instructions. RNA quality and concentrations were measured using the
NanoDrop ND-1000 (NanoDrop Technologies, Australia). The isolated RNA was subjected
to RQ1 DNase (Promega, Australia) treatment to remove any contaminating genomic DNA.
cDNA was generated using the Superscript III enzyme following the manufacturer’s
instructions. Oligonucleotide primers have been described in APPENDIX table 1. The PCR
amplification included a total 30 cycles of denaturation at 94°C for 45 s followed by the

appropriate annealing temperature for 45 s and extension at 72°C for 45 s with first
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denaturation step at 94°C for 5 min and a final extension step at 74°C for 5 min. PCR
products were run on a 2% agarose gel at 120 V for 30 min. The primer sequences and the
annealing temperatures are as given in appendix 1.

Quantitative PCR was performed with Power SYBR®Green PCR master mix in a 96
well format according to the manufacturer’s instructions. This comprised a final volume of
25 pl, with 12.5 pl being the master mix, cDNA at a final concentration of 20ng, ultra-pure
water and primers. Amplifications were performed starting with 10 min AmpliTaq Gold
Enzyme Activation step at 95 °C, followed by 45 cycles of denaturation at 95 °C for 15 s and
combined primer annealing/extension as given in appendix 1 for mlc2v, flk1 and cTnT 1
min. Fluorescence increase of SYBR green was automatically measured during PCR. Cycle
thresholds cT) for the individual reactions were determined using iCycler iQ Real Time
Detection System Software data processing software (Biorad, USA). All cDNA samples were

amplified in duplicates and normalized against a 3 actin in the same plate.

5.2 Results

5.2.1 Gel encapsulation and differentiation
As seen in figure 19 uniform sized embryoid bodies were formed. These embryoid
bodies in culture were encapsulated in 1.5mM, 3mM and 6mM calcium chloride crosslinked

gellan.

A B

Figure 18Mouse ES cell derived Embryoid bodies formed by hanging drop culture on a. day 3 of
differentiation and b. day 5 of differentiation
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A B C

Figure 19 Spreading of day 5 encapsulated and differentiated mouse ES Embryoid bodies
within crosslinked gellan matrix on day 19 of differentiation A. 1.5mM calcium; B. 3mM
calcium; C. 6mM calcium. Images were taken at the same focal length and the images are a

compilation of an overlay of multiple images taken at 10x magnification with the Olympus X51.

Further when the embryoid bodies were observed on day 19 there was obvious spreading
of the cells within the matrix of the gel indicating that the porosity of gellan was sufficient
for the cells to migrate within the matrix of the gel. This in turn indicates that the cells
when encapsulated and administered in vivo will permeate through the gel and spread to

surrounding tissue in order to make contact.
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5.2.2 Scanning electron microscopy

Figure 20 EB within gel encapsulated on day 5 of differentiation A EB encapsulated within
1.5mM crosslinked gellan as seen on day 19 B. EB encapsulated within 3mM crosslinked gellan

as seen on day 19, C. EB encapsulated within 6mM crosslinked gellan as seen on day 19

The scanning electron micrographs in figure 22 of EBs visualized on day 19 of
encapsulated differentiation indicates the gel and cells from the EBs intermesh resulting in
association of the gel matrix with the exterior cellular surface of the embryoid body. It was
observed that the embryoid bodies are visibally embedded within the scaffold while the
gellan fibres are intertwined within and around the embryoid bodies. It is clear from the
figure 20 and 21 that the embryoid bodies were able to be encapsulaed within the scafffold
matrix and could spread within the matrix architecture. This indicates that the gel matrix
facilitates movement and growth of cells within its matrix through cellular association with
matrix fibers for support. Spreading within matrix was not observed in day 3 encapsulated

EBs as against day 5 encapsulated EBs.

5.2.3 Beating efficiency

A primary observation of the beating efficiency of EBs within crosslinked gels as
against those plated were that on day 19 plated EBs ceased to beat And can be observed in
figure 22A inset image there is an increasing beating efficiency on day 19 from 1.5 to 3 and

6 mM.
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Figure 21 Percentage beating bodies on different days of differentiation when encapsulated as
compared to EBs plated on day 5; A. total beating bodies at different time points; B. Average
beating rate for different crosslink densities of gellan with calcium. * indicates p<0.1 with n=3,

indicating biological replicates. **indicates p<0.05 and *** indicates p<0.005.

Furthermore there is a significant difference at p<0.1 between 6mM crosslinked scaffold
and the plated controls. The total percent beating EBs for the plated were much higher than
the encapsulated EBs for day 3 and day 5, while on day 19 the number falls below 25% for
plated EBs and further drops on day 19 of differentiation [106]. As seen in figure 21B inset,
there is a significant difference in the beating rate of EBs encapsulated in 0.5G 1.5mM
compared to 0.5G 3mM and 0.5G 6mM at p<0.05. Furthermore a significant difference in
beating rates was observed between 0.5G 3mM when compared to the plated EBs p<0.005.
The reduced number of beating bodies in encapsulated as against plated could be due to a
lack of observation within the matrix. Encapsulation may restrict the beating rate and the
enumeration of EBS. This can further be assessed by RT PCR analysis wherein gene
expression levels can be assessed to elucidate whether the EBs do express cardiac markers
and furthermore the quantification of these to assess whether the expression is greater

than the plated EBs markers through Q-PCR.
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Figure 22 RT PCR for EBs encapsulated and plated at days 3, day 5.

5.2.4 RT PCR

Early cardiac marker Flk 1was present in all samples although its expression was
limited in undifferentiated cells which are expected. Late cardiac markers like Mlc 2a
cardiac TnT showed expression uniformly after day 3 of differentiation. It can be observed
that there was a difference in the expression of cardiac ventricular marker Mlc2v. While it
was absent in 1.5mM crosslinked gel on day 19 its expression was faintly present in 3mM
calcium encapsulated EBs on both day3 and day 5. Its expression was prominent in 6mM
calcium encapsulated gellan and absent in day 3 and day 5 plated EBs. The atrial marker
MLC 2a was expressed uniformly in all of the treatment sets while cardiac TnT too was
expressed from day 5 onwards of differentiation. The MLC 2v, flk1 and cTnt were further
assessed for quantitative PCR to assess whether there was any difference in the relative

gene expression through quantitative PCR.

5.2.5 Q-PCR
To analyse relative expression of cardiac genes Q PCR analysis was performed for

quantification of the gene expression of cardiac markers cTnT, MLC 2v and early cardiac
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marker Flk 1. Data indicated in Appendix plot A1 shows linear increase in genes cTnT and
Mlc2v from 3mM crosslinked gellan to 6mM crosslinked gellan. As seen in figure 24 the plot
of fold change indicates that as against day 5 plated samples the day 5 encapsulated EBs in
6mM calcium crosslinked gellan had a 10 fold higher concentration of Mlc 2v while Flk 1

was 4 fold higher and cardiac TnT was close to 3 fold higher.

=

Fold difference

flk mic2v ctnt
Genes

Figure 23 Relative gene expression of early gene Flk 1, late genes MLC2v and cardiac cTnT of
0.5% gellan crosslinked with 6mM Calcium chloride encapsulated EBs as on day 5 as

normalised to EBs plated on day 5 n=3,mean+ SEM.

Since normalized to the total beta actin within the cellular population it also
suggests that the total cells expressing the copies of MLC 2v RNA were much higher than in
the plated samples. Thus the results suggest that a higher stiffness resulted in a higher
expression of MLC2v Vis a Vis a probable high number of cells. There is a linear increase in
the expression of all three markers as the crosslink density increases as indicated in figure
3 in appendix. Crosslinking with 6mM calcium clearly proved to be beneficial in promoting
a fold change increase in the expression of early and late cardiac markers. While it was
evident that the expression of the ventricular marker MLC2v was is 9 fold higher, there was
a 3 fold change in the expression of cardiac TnT and a 5 fold change in the expression of Flk

1 when normalized to the plated embryoid bodies on day 5.

62



5.3 CONCLUSION and DISCUSSION

Taken together, the beating efficiency and the number of beating bodies indicated
that a stiffer matrix facilitated better beating efficiency as well as cardiac gene expression.
6mM calcium crosslinked gellan in this case makes the case for that stiff matrix. There is
also evidence for consistently greater ventricular gene expression within a stiffer matrix
during encapsulated differentiation of embryoid bodies encapsulated within the gellan gel.
Although the matrix was stiff and was beneficial for differentiation to a cardiac lineage, it
may not be a useful tool for the delivery of cells and scaffold material through an injectable
system. For a minimally invasive injectable system a dual system which facilitates mixing of
crosslinker and matrix polymer at the site of application to form a gel in situ will be
preferable and will make it possible to deliver the scaffold along with cells. Furthermore it
could be envisaged that a molecular mediated differentiation along with a relatively less
stiff matrix can also form the solution for this. In this regard molecules like retinoic acid
[106, 263-265], ascorbic acid [258, 266], may be injected along with pluripotent stem cells

for enhanced differentiation.
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Chapter 6
Analysis of differentiation of ES cells via delivery of retinoic through lipid

nanocarriers

Differentiation of cells towards a cardiac lineage is accompanied by the patio-
temporal expression of controlled expression of cardiac specific genes, i.e. a and b cardiac
MHC, atrial natriuretic factor (ANF), ventricle-specific MLC-2 , of proteins (A -cardiac
MHC, troponin-T) and of ion channels (Ca 2 +, Na +, K +) [267]. The process of cardiac
specialization during ES cell-derived cardiogenic differentiation is accompanied by an up
regulation of MLC-2v gene expression [268]. MLC-2v ventricle-specific activity has been
demonstrated in embryonic, fetal and adult myocardium of transgenic mice [269]. Further
evidence of the exclusive ventricular origin of the MLC2v gene was through the analysis of
murine embryos showing expression in the ventricular region of the heart tube, with
negligible expression in the atrial primordium [270]. Therefore, the MLC-2v gene may be
useful as a marker to demonstrate ventricular specification during in vitro cardiogenesis.
Furthermore the role of retinoic acid in cardiac differentiation in ES cells was elucidated by
disrupting nearly all the retinoic acid receptor (RAR and RXR) subunits through
homologous recombination and transgenic experiments with mice. Whereas targeted
disruption of the RAR a [271], RAR b [272] and RAR c[273] genes mouse did not result in
mutant phenotypes (except a decreased viability of RAR deficient mice), in- activation of
the RXR a gene resulted in embryonal death as a consequence of cardiac hypoplasia be-
cause of ventricular chamber defects [274]. Ventricular hypoplasia was also observed after
vitamin A deficiency [275, 276]. In vitro studies with ES cells Wobus et al., and earlier
studies with embryonic carcinoma (EC) cells demonstrated that all- Trans RA in a time-
and concentration-dependent manner influenced the efficiency of cardiogenic
differentiation[277, 278]. Treatment with high concentrations of RA (10 -7 and 10 -8 M RA)
during the first 2 days or between day 2 and 5 of ES cell-derived embryoid body formation
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significantly inhibited cardiogenesis, whereas treatment between day 5 and 7 resulted in
an increased cardiomyocyte differentiation[267]. To deliver retinoic acid in a controlled
manner to ES cells it is essential to have carriers which can be used to transport a
measured quantity of retinoic acid to the cells. Phosphatidylethanolamine (PE) is a major
membrane phospholipid in the heart comprising approximately 23-32% of the entire
phospholipid mass of that organ [279]. The PE levels during cellular differentiation had
been examined in a number of model systems and elevation in PE content during
differentiation has been observed in several cell types [280, 281].Studies have shown that
differentiation of p19 carcinoma cells to the cardiac lineage results in the elevation of

phosphatidylethanolamine[282].

It is hypothesized that a carrier based on the lipid composition of the heart which is
nontoxic and mimics the cellular characteristics may be beneficial in delivering retinoic
acid for cardiac differentiation of ES cells. The targeted delivery through liposomes would
also require a lower quantity of retinoic to mediate differentiation. To study the effect of all
trans retinoic on the differentiation of ES cells through a controlled release of retinoic acid
through liposomes retinoic acid loaded liposomes were prepared. Predominant
composition of cardiac lipids are phosphatidylcholine and
phsophatidylethoanolamine[283], and hence these were chosen to prepare lipid vesicles.
Further retinoic acid being hydrophobic was encapsulated within the shell of the

nanoparticles thus prepared.
6.1 EXPERIMENTAL METHODS

6.1.1 Material and methods

Sulforhodamine-B was purchased from Sigma Aldrich, Mumbai (India). Rhodamine-
6G was purchased from Anaspec Inc. (San Jose, CA, USA), Soya lecithin or soya
phosphatidylcholine (SPC) was purchased from Himedia Laboratories Pvt. Ltd.,, Mumbai
(India). 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) was purchased
from Avanti Pvt Ltd USA. Dulbecco’s minimum essential media (DMEM), Penicillin
streptomycin and fetal bovine serum (FBS) were procured from Invitrogen private limited

(Carlsbad, CA, and USA). Antibiotic antimycotic solution was procured from Sigma aldrich
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(USA). Sodium dodecyl sulfate (SDS), ethylene diamine tetra acetate (EDTA), phosphate
buffered saline (PBS) and trypsin-EDTA solution were purchased from Himedia
Laboratories Pvt. Ltd., Mumbai (India). High pressure liquid chromatography (HPLC) grade
methanol and chloroform were purchased from Merck, Mumbai (India). High purity water
purified by a Milli Q Plus water purifier system (Milli pore, USA), with a resistivity of
18.2 MQ cm, was used in all experiments. All the tissue culture plates and tissue culture

flasks were purchased from Corning (USA).

6.1.2 Preparation and characterization of lipid nanovesicles

Lipid nanovesicles containing retinoic acid were prepared by modified thin film
hydration method [284]. Briefly, SPC and retinoic acid were dissolved in 2:1 (v/v)
chloroform:methanol. SPC POPE liposomes were prepared by dissolving Soya PC and POPE
in a 1:1 by weight ratio were dissolved in 2:1 (v/v) chloroform:methanol along with
retinoic acid. The formulation was prepared with initial phospholipid:retinoic acid molar
ratio of 5:1. Lipid film was prepared by slowly evaporating the solvent in a rotary vacuum
evaporator and was further hydrated with phosphate buffered saline (PBS) pH 7.4 at 45 °C
for 1 h at 120 rpm. The suspension was again centrifuged at 25,000g, 4 °C for 10 min and
the pellet was reconstituted in PBS, pH 7.4. Blank nanovesicles were prepared by a similar
method without the addition of retinoic acid. Lipid nanovesicles were further used at 10-°
M (0.3ng/ml), and 10-11 M(0.003ng/ml) for differentiation finally.

Size distribution of the nanovesicles was analyzed by dynamic light scattering (DLS)
using laser particle analyzer (BI 200SM, Brookhaven Instruments Corporation, USA). In
order to further confirm the size and morphology of the nanovesicles, transmission
electron microscopy (TEM) was done as per the negative staining protocol [285]and
images were analyzed by a transmission electron microscope, model:CM200 (Philips)
operating at 120 kV, Cryo FEG-SEM JEOL (JSM-7600F), HR TEM JEOL JEM-2100. Surface
charge on the nanovesicles was determined in terms of zeta potential using zeta potential
analyzer (ZetaPALS, Brookhaven Instruments Corporation, USA). Encapsulation efficiency

of retinoic acid was determined by breaking open the nanovesicles using 0.1% triton x100
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and quantifying the drug using reverse phase HPLC (Agilent 1100 Binary LC pump liquid
chromatograph, Agilent Technologies, USA)[286].

6.1.3 In vitro retinoic acid release

In vitro release study of retinoic acid from SPC-RA and SPCPE-RA was performed
and analyzed for the determination of the free drug content by RP-HPLC pH 7.4 and 37 °C
with proper sink conditions using a C18 column eluted with acetonitrile and 0.5% acetic
acid at a ratio of 85:15 and UV-VIS detector at 353 nm. Sink conditions maintained were

similar to those maintained during differentiation.

6.1.4 Cellular uptake and its mechanism

Cellular uptake and internalization studies were done for PC and PCPE by loading
rhodamine-6G (Rh-6G) dye in these nanovesicles and then studying their uptake and
internalization by differentiated ES cells on day 5 of differentiation after incubation with
cells for 4 hours. These were further washed with buffered saline and fixed for observation
under using confocal laser scanning microscope (CLSM) (Olympus Fluoview, FV500, Tokyo,
Japan) with an excitation wavelength of 570 nm and emission wavelength of 590 nm for
Rh-6G. Images were acquired and analyzed with 100X oil immersion objective using the
Fluoview software (Olympus, Tokyo, Japan). Cells incubated with equivalent amount of free

Rh-6G were used as control.

Cellular uptake and internalization studies were done for SPC and SPC:POPE by
loading rhodamine-6G (Rh-6G) dye in place of retinoic acid in these nano- vesicles and then
studying their uptake and internalization by differentiated ES cells at day 3 of
differentiation Cells incubated with equivalent amount of free Rh-6G were used as control.
In order to understand the mechanism of cellular uptake and interaction of the
nanovesicles, differentiated EBS were plated on day 3 of differentiation and on day 5, cells
were incubated in the presence of Rh-6G loaded SPC and SPC POPE suspension in normal
and ATP depleted conditions. Cells ere incubated in the presence of 0.1% sodium azide , a
known metabolic inhibitor by way depletion of ATP, by pre-incubating cells for 30 min in

its presence [287] . To further understand the mechanism of cellular endocytosis, cells

67



were incubated in the presence of various endocytic inhibitors viz. 2 pg/ml nystatin, 10

pug/ml phenothiazine and 4 pg/ml colchicine [288-291].

6.1.5 Proliferation and Cellular viability

EBs differentiated to day 5 were plated with 1 EB per well and allowed to grow till
day 13 and finally till day 19 before being analyzed for proliferation, in the presence of
differentiation conditions. Medium was refreshed every 3 days. On days 13 and 19 3-(4, 5-
methyl-thiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTT) assay was performed. Briefly cells were incubated with MTT at 5mg/ml in PBS for 4
hours at 37°C. Following which media was discarded and 100pl DMSO was added for
solubalisation of dye. The absorbance of the supernatant was measured using a plate

reader (Thermo Electron Corp., Vantaa, Finland) at 560 nm.

6.1.5 Differentiation of ES cells in the presence nanovesicle loaded retinoic acid

Plating in presence of RA loaded vesicles

ESC—> Day 0— Day +1—>Day +2—>Day+3—>Day +4—>Day +5—>Day +6—>Day +7 —sDay +8

e B
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Figure 24 Schematic for differentiation of cells in the presence of RA loaded nanovesicles.

Mouse Oct4 GFP cell line maintained in embryonic stem cell medium was trypsinised and
counted. A final cell number of 600 cells in 15ul was placed on the lids of 10cm Petri dishes
filled with potassium phosphate buffer (pH 7.8) in cultivation medium containing 15% FBS
without LIF.[107, 267]. EBs formed, were on day 3 and day 5 were plated onto 0.1% gelatin
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coated plates in the presence and absence of retinoic acid loaded vesicles. Beating rate for
the embryoid bodies that beat as a result of cardiac differentiation was assessed on days

7,9,13 and 19 of differentiation.

6.1.6 Semi quantitative and quantitative RT PCR

For RT-PCR, RNA was isolated from cells using the RNeasy kit (Qiagen) following the
manufacturer’s instructions. RNA quality and concentrations were measured using the
NanoDrop ND-1000 (NanoDrop Technologies, Australia). The isolated RNA was subjected
to RQ1 DNase (Promega, Australia) treatment to remove any contaminating genomic DNA.
cDNA was generated using the Superscript III enzyme following the manufacturer’s
instructions. Oligonucleotide primers have been described in appendix table 1. The PCR
amplification included a total 30 cycles of denaturation at 94°C for 45 s followed by the
appropriate annealing temperature for 45 s and extension at 72°C for 45 s with first
denaturation step at 94°C for 5 min and a final extension step at 74°C for 5 min. PCR
products were run on a 2% agarose gel at 120 V for 30 min. The primer sequences and the
annealing temperatures are as given in appendix 1.

Quantitative PCR was performed with Power SYBR®Green PCR Master Mix in a 96
well format according to the manufacturer’s instructions. This comprised a final volume of
25 pl, with 12.5 pl being the master mix, cDNA at a final concentration of 20ng, ultra-pure
water and primers. Amplifications were performed starting with 10 min AmpliTaq Gold
Enzyme Activation step at 95 °C, followed by 45 cycles of denaturation at 95 °C for 15 s and
combined primer annealing/extension as given in appendix 1 for mlc2v, and cTnt 1 min.
Fluorescence increase of SYBR green was automatically measured during PCR. Cycle
thresholds C T) for the individual reactions were determined using iCycler iQ Real Time
Detection System Software data processing software (Biorad, USA). All cDNA samples were

amplified in duplicates and normalized against a triplicate of  actin in the same plate.
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6.2. Results

6.2.1 Particle sizing and zeta potential

As observed in figure 264, on and average SPC liposomes were found to be of 178
nm +13nm. On encapsulating retinoic acid, the average size was 153nm + 15nm. This was
similar to that of the bare liposomes. Similarly SPC POPE liposomes were found to be of
210nm + 7nm on an average. There was an increase in size to 255nm +20nm with the
addition of retinoic acid within the shell of the liposome matrix.[3
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Figure 25 Plot of A hydrodynamic diameter of various formulations with and without retinoic

acid B plot of zeta potential of various formulations with and without retinoic acid

The surface charge as indicated in figure 26B for SPC and SPC-RA was - 32 +3 mV
and - 30 + 4 mV respectively, while that of SPC:POPE and SPC:POPE-RA were - 26 + 2.5 mV
and - 27+ 2.6 mV respectively. SPC POPE liposomes were larger in size than SPC
liposomes. POPE addition increases size of liposomes and reduces zeta potential due to the
positive charge that the ethanolamine imparts on the overall charge of the liposome. The
encapsulation efficiency for the SPC-RA liposomes was 57.2% + 0.9_and while that for
PCPE-RA liposomes was 54.8% + 0.5.
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6.2.2 Imaging

SPC SPC-RA

100 nm

1 & 0 Ry A
SPCPOPE-RA SPCPOPE SPC POPE-RA

B

SPC POPE SPC POPE-RA

Figure 26 TEM images of A. TEM images of liposomes with and without retinoic acid B. FEG
TEM images of liposomes with and without retinoic acid c. High Resolution TEM images of

liposomes with and without retinoic acid.
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The lipid bilayer was visible in transmission electron microscopy. The various
methods if imaging in figure 27 a, b, c also indicated population of uniformly sized particles
as indicated in figure 27B.All methods of imaging point to the fact that the liposomes

prepared were of uniform size and spherical.

6.2.3 Rhodamine 6G dye uptake

The cells which were differentiated on day 3 were plated onto gelatin coated
coverslips and further when attached on day 5 were treated with R6G loaded SPC and
SPC:PE liposomes for a duration of 4 hours. After which they were washed and fixed. These
fixed cells were then imaged. It was found that rhodamine R6G fluorescence was presence

throughout the cells as indicated in figure 28.

PC-R6G PCPE-R6G

Figure 27 Day 3 differentiated EBs when plated and treated with rhodamine 6g loaded

liposomes on day 5.
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Figure28. Rhodamine 6g dye intensity in a xz depth scan of cells when treated with R6G SPC,
R6G SPC POPE, free R6G and control without any R6G A. intensity graph summed from a depth
scan of a total of 15 micron. B. Orientation of line to indicate the depth scans of orientation and

position before scan

Quantitative analysis was performed to obtain a depth XZ scan to measure the dye
intensity within the cells. It can be seen that the depth scan made out across the length as
in Figure 29 B of the cell for 50 cells suggests that R6G loaded PCPE liposomes had a higher
intensity of dye within the cell as compared to R6G loaded SPC liposomes. The graph also
indicated that the dye was uniformly distributed within the cells as indicated by the
distribution of the dye in the xz scan suggesting that rhodamine R6G which represents
retinoic acid entered the cells efficiently if delivered through liposomes and was uniformly

distributed.
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PC-Azide PC-Colchicine PC Nystatin PC Phenothiazine
PCPE-Azide PCPE-Colchicine PC Nystatin PCPE Phenothiazine

Figure 29Mechanism involved in the internalization of liposomes, after treatment with

inhibitors Azide, Colchicine, Nystatin, Phenothiazine.

The cellular uptake mechanism as indicated in figure 30 suggested that ATP
depleted conditions as a result of treatment with sodium azide, resulted in reduced uptake
of the R6G encapsulated liposome. This indicated that the mechanism of uptake of
liposomes is an ATP dependent active process of endocytosis. Furthermore since there
was no effect of inhibitors colchicine, nystatin and phenothiazine on the uptake of dye
loaded liposome. Internalisation was not affected in after the inhibition of calveolae
mediated endocytosis inhibited by nystatin which depletes cholesterol from caveolae, and
clathrin dependent endocytosis inhibited by colchicine and phenothiazine [292]. This
suggests that the mechanism of internalization is an active ATP dependent process

independent of clathrin or calveole dependent endocytosis.

74



6.2.4 In vitro retinoic acid release

100 - & SPC PE-RA
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Figure 30 In vitro drug release from SPC and SPC:POPE liposomes loaded with Retinoic acid,

n=3, mean+ SEM.

Retinoic released from both liposomal formulations indicated that SPC:POPE
liposomes results in a lower Retinoic acid release over 24 hours as compared to SPC loaded
retinoic acid, as shown in figure 31. The percentage cumulative release followed an initial
burst release until the first few hours with a sustained pattern of release after that.
Although the SPC:POPE liposomes shared similar entrapment efficiencies with SPC-
liposomes the percent released over time indicated an initial burst release for 2 hours with
a sustained release at an average of 30% thereon until 24 hours. The peak release rate was

about 7.5 hours of SPC liposomes while that for SPC POPE liposomes was 4 hours.
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6.2.5 Proliferation and viability
The embryoid bodies were not found to be affected by treatment with retinoic acid

in the form of liposome encapsulated retinoic acid as well as free retinoic acid in their

proliferative potential.
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Figure 31 Effect of treatment groups on the proliferation of EBs plated in the presence of
liposomal formulations of retinoic acid as well as free retinoic acid. * indicates the level of

significance at p<0.05, and ** indicates the level of significance at p<0.01

100 % viability was found to be present in embryoid bodies tested over 19 days of
differentiation. There was a significant difference between PC-RA at 109 M treated
embryoid bodies and those treated with free retinoic acid at a concentration of 10-2 as well

as 10-11 Moles at p<0.05 and p<0.01 respectively as indicated in figure 32 inset.
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6.2.6 Differentiation

0.3ng/ml 0.003ng/ml

Free RA

PC- RA

PCPE- RA

Figure 32Ebs plated on day7

Beating Efficiency i.e. number of EBs with beating centers were observed, as shown
in figure 3 A. Beating rate i.e. the beats/minute as observed for EBs with beating centers

were observed on respective days of incubation as shown in figure 34B.
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Figure 34 A. Average beating efficiency i.e. number of beating bodies on each of the time points
Day 9, day 13 and day 19 n=3. B. Average beating rate of EBS plated in the presence of various

conditions where n>48 bodies plated individually.

It can be observed that the beating rate increased on day 13 of free 10-° M and 10-11
M and EBs in the presence of 1% DMSO substituted media. While with liposomes loaded
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retinoic acid the beating rate decreased indicating less stress within the cells. % beatings
EBs were found to be higher with PC loaded with retinoic acid at a concentration of
0.3ng/ml. The number of beating EBs also remained constant form day 9 to day 13. The
numbers of beating bodies were low in the free 10-° M retinoic acid and the PCPE 10° M
loaded liposomes; this did not change from day 9 to day 13. There was a greater change in
the percentage beating bodies with the untreated EBs, DMSO controls, free 10-11 M, SPC 10-
11 M and SPC POPE 10-11 M from day 9 to day 13, although this change was not as great as
SPC RA at 10-° M. Plots for beating rates above 200 beats/min were not plotted. A set
pattern was observed with all the treatment groups where in beating follows a level at day
9 which increases at day 13 and then falls at day 19, similarly with the beating efficiency

which similarly occurs as the days of differentiation advances from day 9-19.

6.2.7 Gene Expression

Semi quantitative gene expression with and without treatment were studied as
observed in figure 35 a-d. Figure 34 a indicates that Flk 1 expression diminishes after day
7, and on day 19 the expression in all of the retinoic acid treated samples as well as the
control was diminished. There was no expression in DMSO control. Mlc2a, i.e. atrial
myocin, expression was only observed on day 7 embryoid bodiesMlc2v was expressed on
day 7 EB and at very low levels in day 5 plated EBs treated with retinoic acid and controls
on day 19. Comparatively SPC-RA at 10-11 M showed higher expression of Mlc2v as
compared to SPC-RA at 10-° M.
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Figure 35 Effect of various retinoic acid treatments on the gene expression of embryoid bodies.
A. Levels of early Flk1 and late cardiac gene expression in treated and untreated cells analysed
by semi-quantitative RT-PCR. Fold change of expression levels of gene b. Flk1 c. cTnT d. Milc2Zv

for treated samples normalised to control analysed by quantitative RT-PCR. n=3, mean+ SEM.

Early gene Flk1 showed lowest expression with SPC at 10-° Mat. Quantitatively,
expression of Mlc2v was found in SPC POPE-RA at 10-11 M was 2 fold and SPC POPE-RA at
10-° was 1 fold as indicated in figure 35 C. While that for SPC -RA at 10-11 M was 1.7 fold
and SPC-RA at 10-2was 0.7 fold. This indicated a higher expression at a lower concentration
of RA. Free 10-11 M was 0.6 fold while Free at 10-° was 1.6 fold. Similar relative cTnT

expression was observed for treated samples as indicated in figure 35C.

6.3 CONCLUSIONS AND DISCUSSION

The liposomal formulation mimicked the cardiac lipid composition with
phosphotidyl choline and phosphatidyl ethanolamine. Treatment resulted in liposomes
which encapsulated retinoic acid with an efficiency of 57.2% + 0.9 for_SPC-RA and_while
that for 54.8% + 0.5 for SPC POPE-RA. Particle characterization also indicated suitably
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sized liposomes with uniform sizes. These liposomes were internalized within
differentiating cells on day 5 of differentiation, affecting a free transfer of payload to the
inside of the cell to effect differentiation and maintain lower than studied concentrations.
An active ATP mediated mechanism of internalization was elucidated. Furthermore the
liposomal entrapment facilitated a sustained release of retinoic after an initial burst release
to effect differentiation by its presence within the vicinity of the differentiating cells. While
SPC provided a near 100 % release SPC :POPE formulation provided a sustained release at
30%, increasing the complimentarity with which both liposomes could be used to act upon
differentiating cells to provide a spatio-temporal as well an intracellular depot of retinoic
acid for signaling. The liposomal formulation did not affect the cells negatively and made
for 100% viability within differentiating cells even to the extent of promoting proliferation
in SPC 10 M liposomes. Mlc2v was chosen as a ventricular marker to indicate the effect of
expression after treatment with retinoic acid. Furthermore cardiac TnT expression was
expression via protein and mRNA was confirmed as indicated in appendix figure AZ2.
Retinoic was chosen as a molecule solely to demonstrate that a molecular mediator is
required in conjunction to facilitate the delivery and differentiation of stem cells within

matrices once injected as in situ gels.
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Chapter 7

Conclusions and future work

7.1 In situ scaffolds

The characterization of gellan and gellan-HPMC scaffolds revealed that there was a linear
increase in the storage moduli when the concentration of calcium from 1.5mM to 6mM
subsequently increasing its stiffness. All scaffolds were found to be porous with a porosity
of <80% and were nontoxic. These scaffolds were wettable and provided suitable matrices
for the passage of nutrients through the pores. All scaffolds that were studied were
degradable over a 12 day period in which complete degradation was observed. Addition of
HPMC was intended to improve the properties of the in situ gelling system but was not
found to improve the overall rheological properties as indicated by the tan § values of the

scaffold.

7.2 Nanoparticle mediated differentiation

SPC and SPC POPE liposomes were prepared to encapsulate and delivery retinoic
acid. The hydrodynamic diameter and the surface charge of the nanoparticles established
their preparation. The liposomes were internalized through an ATP dependent, clathrin
and calveolae independent process. The drug release with from the liposomes indicated
that SPC liposomes showed an initial burst release while SPC POPE liposomes showed an
initial burst release with a sustained release after 2 hours. Both liposome formulations
were able to effect a fold difference in cardiac MLC2v gene expression indicating a
ventricular lineage, over untreated controls. This places liposomes prepared from SPC and
SPC POPE as suitable delivery systems for differentiation of ES cells. The release kinetics
also proves that they are able to provide an extracellular localized source of retinoic acid if

present in the vicinity of ES cells for differentiation.
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7.3 Nanoparticles and scaffolds

This work demonstrates that the scaffolds and nanoparticle delivery vehicles
individually are instrumental in directing cardiac differentiation of ES cells. Stiffness is a
key criteria and a storage moduli of 15kPa of 6mM crosslinked gellan was found to be
suitable for a higher expression of cardiac ventricular gene Mlc2v and cardiac TnT over
3mM crosslinked gellan at a storage moduli of 3kPa. Nanoparticles were also found to be
suitable in delivering retinoic acid and promoting the expression of cardiac ventricular
gene Mlc2v. Retinoic acid at a pico molar concentration enabled a greater effect over
nanomoler concentration when delivered through nanoparticles, while the opposite effect
was observed with free retinoic at the same concentration. This indicated that the
nanoparticle mediated delivery facilitates differentiation at a lower concentration. It can
be envisaged that 3mM crosslinked gellan which forms gels at suitable gelling times can be
used in conjunction with liposomes to deliver retinoic acid to mediate effective cardiac
differentiation in vitro. This can further be used in vivo to facilitate support as well as

differentiation.

7.4 Future work

Implantations of patches, cardiac assist devices, and injectable non contractile
supports have been studied. Injectable hydrogels accompanied with cells can be
administered at the border zone to prevent remodeling due to scarring. ECM derived
injectable scaffolds as well as biopolymer scaffolds are undergoing clinical trials for their
use as cardiac support devices. Their usefulness hinges on the premise that they can utilize
their properties of stiffness and their property to act as anchors for blood derived adult
stem cells from circulation to ameliorate the loss of cells brought about by scarring due to
myocardial infarction. This work proposes to have a new approach of delivering cells along
with in situ gelling scaffolds and furthermore demonstrate the use of nanoparticles to drive
differentiation. The in-situ gelling nature of the scaffold can be used to administer it via a
trans-catheter system, or during normal cardiomyoplasty, epicardially or endocardially.
The scaffolds will degrade over time and also elicit differentiation of the stem cells towards

the cardiac lineage. This population of differentiated cells can further integrate into the
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host tissue to form viable electro-mechanical connections, hence improving the condition
of the heart. The work has demonstrated that differentiation could be carried out with
pluripotent stem cells to further making a case for patient specific pluripotent stem cell like
sources of induced pluripotent stem cell populations. Pluripotent stem cells accompanying
the implant could address the problem of remodeling. The administration of hydrogel
material serves as a two pronged approach; first, acting as a support matrix to the heart
and prevent any remodeling due to the infarct; and, second, to allow retention of cells
administered within it, further improving LV ejection fractions. Further work is required
to assess whether the nanoparticulate systems and scaffolds can be used in conjunction to
synergistically effect differentiation in situ. There is also scope to take this combined

approach to the clinic using patient specific iPSCs.
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Q-PCR

Fold change

APPENDIX

1 5rmM-d5
Zellan scaffolds

Figure A1l: Effect of crosslink density on the early Flk1 and late gene MLC2V and cTnT expression.

Table A1: Primer sequence

Genes Sequence Amplicon Tm
base
pairs(bp)
Flk1 Forward: 5’-GGCGGTGGTGACAGTATCTT-3’ 203 50°C
Reverse: 5’-CTCGGTGATGTACACGATGC-3’
Mlc2v Forward: 5’-AAAGAGGCTCCAGGTCCAAT-3’ 177 51°C
Reverse: 5’-CCTCTCTGCTTGTGTGGTCA-3’
Mlc2a Forward: 5’-TCAGCTGCATTGACCAGAAC-3’ 148 50°C
Reverse: 5’-AAGACGGTGAAGTTGATGGG-3’
cTnt Forward: 5’-GAAGGAAGGCAGAACCG-3’ 292 50°C
Reverse: 5’-AGCCTCCAGGTTGTGAAT-3’
BActin Forward: 5’-CACCACACCTTCTACAATGAGC-3’ 242 58°C

Reverse: 5’-TCGTAGATGGGCACAGTGTGGG -3’
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Western blot

Method

* For immunoblots, cells from various stages of differentiation were harvested and lysed in
cell lysis buffer (Cell signalling). Samples were mixed (1:1) on ice with non-reducing tris-
glycine SDS sample buffer and heated in a boiling water bath for 5 mins. When reducing
conditions were required, f-mercaptoethanol (5% v/v) was added to the sample buffer.
Denatured samples (20 puL) were loaded onto 12% Laemmli tris-glycine SDS
polyacrylamide gels and subjected to electrophoresis in tris-glycine running buffer (SDS-
PAGE machine, Biorad, USA). Protein concentration was measured with Nanodrop
spectrophotometer (ThermoScientific) and concentration of all proteins in all samples was
made up to a final concentration of 2.5 mg/ml, uniformly. Proteins were transferred to
nitrocellulose (Life Technologies, 0.45 um pore size) overnight at 40 mA. Western blots
were probed for MEF2C, POUF1, CD-15, cTnT as follows, all steps being carried out at room
temperature, with gentle shaking. After 4hrs in blocking buffer (5% skimmed milk in PBS),
membranes were incubated for 6 hrs with the following optimal dilutions of primary
antibodies in PBS: MEF2C (1:1000, Abcam), POUF1 (1:1000, Sigma Aldrich), CD-15
(1:1000, Sigma Aldrich), cTnT (1:1000, Abcam). After thorough washing in PBS containing
1% Tween 20 (wash buffer), membranes were incubated for 6 hrs in 1:10000 dilution of
the second antibody (both Goat pAb to mouse IgG and Goat pAb to Rabbit IgG horseradish
peroxidase (HRP)-conjugated, Abcam, UK) in wash buffer. After thorough washing in PBS
containing 1% Tween 20 (wash buffer), membranes were incubated for 15 mins with
Amersham ECL Prime western blotting detection reagent (1:1 dilution) and imaged in gel

doc.
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Results
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Figure A2: Western blot for cells expressing cardiac markers when treated in the presence
of liposomal formulations of retinoic acid as well as free retinoic acid.

Western blot analysis of the differentiation indicates that within the first 7 days of
differentiation indicated the expression of early pluripotency markers as well as cardiac
markers, on day 19 after treatment with retinoic acid. Early marker MEF2c was observed
only with partially differentiated maintained in the presence of free retinoic acid and none

in other liposomal treatment containing retinoic acid cardiac TnT.
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