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methacrylate), 274 ±75 µm2, which was significantly lower than cell density and

cell area (2019 ±596 µm2) on gelatin control.

To investigate if synergy exists between polymers that enable adhesion in

serum free conditions and those that support larger cell areas in serum

conditioned arrays, 24 polymers were mixed pair-wise to form second generation

microarrays comprising of 576 co-polymers. This diverse library enabled unique

combinations of chemical moieties to be explored and co-polymers were found

to have a greater proportion (74 %) that supported cardiomyocyte attachment in

serum free conditions, largest average cell size was now 1089 ±260 µm2 on

BM80/AM64 (Methacryloyloxy)ethyl acetoacetate/ Hexadecafluoro-9-

(trifluoromethyl)decyl acrylate). Five co-polymers were chosen to perform more

detailed characterisation of cardiomyocytes cultured on them for 5 and 25 days.

Electrophysiological profiling and quantification of myofibril organisation

identified co-polymers AD17/BM54 (Hexanediol ethoxylate diacrylate/

Ethoxyethyl methacrylate) and BM80/AD17 to be comparable to control gelatin.

Partial least squares multivariate regression analysis correlated chemical

species from the polymeric substrate, identified using time of flight secondary

ion mass spectrometry, with cardiomyocyte response and identified moieties

beneficial or detrimental for cardiomyocyte adhesion and cell area. This may aid

rational design of tailor-made non-biological substrates for cell culture.

In summary, the parallel screening of co-polymers of acrylates and

acrylamides has been the first step in a discovery process of lead materials

capable of progressing the culture of cardiomyocytes in more reproducible,

economical and defined conditions. Only five substrates were analysed in detail,

leaving a large library of co-polymers worthy of further investigation, including

the physical properties of the polymers that need to be considered for practical

use of the polymers in culture.
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1.1. UTILITY OF HUMAN STEM CELL DERIVED CARDIOMYOCYTES

Failure of drugs to progress after heavy investment during phase II and III

trials is a major contributor to crippling costs (now over $1bn) involved in drug

development (Khanna, 2012). Approximately 30% of these failures are due to

safety concerns not picked up during in vitro and in vivo animal model screening

(Kola and Landis, 2004). This economic impact is met with serious patient safety

issues when 28 % of drugs that reach the market are withdrawn due to

cardiotoxicity (Gwathmey et al., 2009). Consider, the weight loss drug,

sibutramine. This compound was released for clinical use in 2001 and withdrawn

from the UK market in 2010 following the outcome of a post-market surveillance

study (SCOUT) which was conducted over six years and concluded in 2009

(James et al., 2010). The potential for sibutramine to prolong QT interval was

only identified when a patient suffered cardiac arrest after taking the drug. (Kim

et al., 2009).

This case is representative of many that have resulted in economic

attrition and severe adverse reactions in patients (Wysowski and Swartz, 2005).

There has therefore been an interest in developing better screening models.

Cardiomyocytes derived from human pluripotent stem cells (hPSC), include those

derived from human embryonic stem cells (hESC) and human induced

pluripotency stem cells (hiPSC) and have shown to display appropriate

physiology and expected response to known pharmacological agents (Dick et al.,

2010, Braam et al., 2010, Harris et al., 2013). For these reasons, they show

promise as pre-clinical predictors for pharmacological toxicity and efficacy and

for in vitro study of cardiac development and disease modelling (Itzhaki et al.,

2011a, Matsa et al., 2011). Development of hPSC-cardiomyocyte assay platforms

also assists the adoption of the ‘3Rs’ principle outlined by the House of Lords in

2002 to reduce, refine and replace animal use within research

(www.nc3rs.org.uk).

Current Screening Models

The bulk of early toxicity data comes from in vitro ion channel assays

carried out in transformed cell lines, such as HEK (Human Embryonic Kidney) or



1. Introduction

Asha K Patel 3
School of Medicine, University of Nottingham

CHO (Chinese Hamster Ovary) cells, cellular models such as the H9c2 line

derived from embryonic rat ventricle (Ertracht et al., 2011) and ex vivo organ

assays such as the rabbit isolated Langendorff heart model (Lawrence et al.,

2006). This is later followed by in vivo rodent/non-rodent models.

Forced expression of the HERG encoded potassium channel involved in

the regulation of the cardiac action potential creates a specific model for

screening arrhythmogenic potential of drugs via hERG blockade and although

provides an interim assay, is not representative of the multiple ion channels

expressed in the human heart and does not identify arrhythmia caused by non-

hERG mechanisms (Anson et al., 2011, Ma et al., 2011a). This is exemplified by

the testing of verapamil in CHO cells transformed to express the hERG

potassium channel. According to this assay, verapamil blocks the potassium

channel indicating prolongation of the QT interval and will lead to arrhythmia. In

practise verapamil is used routinely for safe treatment of cardiovascular

conditions. Long QT is not seen in patients receiving verapamil because the drug

also blocks inward L-type calcium channels which negates the effect of

potassium channel blockade (Meyer et al., 2004). Animal derived cardiomyocytes

can capture a more intricate electrophysiological profile. However, there are

significant inter-species differences that make translation difficult. For example,

the ventricular cardiomyocyte from mice has an action potential that is shorter,

50ms compared to human, 400ms, and has an indistinct plateau phase

(Nerbonne, 2004). In the human action potential, alteration of this plateau phase

is particularly indicative of QT prolongation because the hERG potassium

channel contributes to the IKr current that is responsible for repolarisation (see

section 1.3). However, the IKr current in mice is absent, replaced by Ito and IK,slow

currents (Sanguinetti and Tristani-Firouzi, 2006, Davis et al., 2011). In

conventional rabbit models, the IKS current is insensitive to blockade (Peng et al.,

2010). There is therefore a need for more representative cardiac models which

could be met by hPSC-cardiomyocytes.

Validation of hPSC-Cardiomyocyte In Vitro Utility

In order for hPSC-cardiomyocytes to be accepted as a screening tool their

response to pharmaceuticals requires validation against current models. A study
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100,000 hearts attacks that occur each year in the U.K. Of which 70% go on to

develop progressive heart failure due to detrimental re-modelling around the

damaged tissue (Keil, 1999). The CADUSEUS and ALLSTAR trials involve intra-

coronary infusions of autologous and allogeneic cardiac stem cells (CSCs),

respectively. The former phase 1 trial has shown, in addition to safety,

significant benefit to scar tissue shrinkage and increased viability in human

patients (Makkar et al., 2012). The ALLSTAR trial aims to address the poor

retention rate of CSCs identified during CADUSEUS by developing hydrogel

materials, emphasizing the need for better delivery materials (Smith et al., 2013).

Barriers to Overcome for Adoption of hPSC-Cardiomyocytes

The full potential of hPSC-cardiomyocytes will be met by addressing the

following issues:

Scalability; Cardiac differentiation efficiency from hPSCs can be low

depending on method used (see section 1.2.2). Beating clusters of

cardiomyocytes tend to contain multiple cell types and require enrichment for

pure populations of cardiomyocytes. Substitution of expensive growth factors

required to improve differentiation efficiency with synthetic small molecules can

enable cost-effective production of cardiomyocytes. A universal method for

scalable production is not currently used.

Immaturity; hPSC-cardiomyocytes are immature in terms of ultra-

structure and electrophysiology (see table1.1). Myofibril organisation, important

for contractility, is relatively disorganised and current density of sodium (INa),

calcium and potassium (IKr) is lower than adult cardiomyocytes which can

increase pro-arrhythmic risk leading to false positives during toxicity testing

(Ehrlich, 2008, Satin et al., 2004). Development of cell culture platforms that

produce functionally mature cardiomyocytes are a high priority for

pharmaceutical companies. For example, GlaxoSmithKline in conjunction with

NC3Rs have recently provided funding to improve cardiomyocyte culture

(http://www.crackit.org.uk/crack/2013/2013_challenges/Challenge13-Inpulse).

Variability; Cardiomyocytes vary in sub-type produced during

differentiation which may be atrial, ventricular or nodal. The relative maturity of
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cardiomyocytes within the same population can also vary as well as purity of the

cardiomyocyte population.

1.2. CARDIOMYOGENESIS

1.2.1. Cardiac Development: In Vivo

Improvement of in vitro cardiomyocyte culture ultimately relies on an

understanding of the molecular mechanisms involved during in vivo

cardiogenesis. Mechanisms of cardiac development are based largely on rodent,

avian and amphibian studies (Dyer et al., 2001, Garcia-Martinez and Schoenwolf,

1993, Lohr and Yost, 2000), fewer human embryonic cases (Sathananthan et al.,

2011) and more recently, in vitro hESC differentiation studies (Paige et al., 2010,

Sinclair and Singh, 2007). The heart is the first functioning organ to form by 3

weeks of human embryonic development (Sylva et al., 2013). The key milestones

in development are i) mesoderm induction, ii) mesoderm patterning and iii) cell

specification (Willems and Mercola, 2011).

As the embryo develops, gastrulation occurs via an epithelial to

mesenchymal transition (EMT) to form intermediate mesendoderm characterised

by the expression of BrachyuryT (Rodaway and Patient, 2001) followed by spatial

organisation into three germ layers; the ectoderm, endoderm and mesoderm

(Rangel et al., 2012). Each germ layer is now committed to a particular set of

lineages. It is the mesoderm that will give rise to the cells within the

cardiovascular system, as well as bone, fat and cartilage depending on the

signalling environment (Evseenko et al., 2010).

Post-gastrulation, cardiogenesis proceeds with a shift from primitive

mesoderm to cardiac mesoderm triggered by paracrine signalling, including

fibroblast growth factor (FGF) and Bone Morphogenetic Protein (BMP2 and 4),

from adjacent ectoderm and endoderm (Dyer et al., 2001, Lough and Sugi, 2000).

Brachyury induction of mesoderm posterior 1 (MESP1) transcription factor

further drives expression of cardiac mesodermal markers such as NKX2.5, TBX5,

HAND1/2, GATA4, ISL1 and GATA4 (Verma et al., 2013).
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Within the cardiac mesoderm, progression to cardiac progenitor cells

(CPCs) occurs. CPCs will be of the first or second heart field (FHF/SHF).

Specialisation of CPCs in the FHF occurs before the SHF and will give rise to cells

within the left ventricle, atria and conductive system, modulated by BMP4

(Dierickx et al., 2012). Those in the SHF continue to proliferate until down

regulation of the canonical Wnt pathway, through temporal secretion of Wnt

antagonists such as Dickkopf-1 (Dkk-1), halts proliferation and a switch to non-

canonical Wnt signalling (Olson and Schneider, 2003, Marvin et al., 2001) initiates

differentiation to cells in the outflow tract and right ventricle (Buckingham et al.,

2005, Yang et al., 2013).

To enable terminal differentiation of cardiac progenitors to functional

cardiomyocytes, Serum response factor (SRP) is thought to regulate expression of

contractile proteins (Dierickx et al., 2012). Factors involved in further maturation

of cardiomyocytes are not well understood and would be pivotal for

development of improved in vitro differentiation strategies.

Although there is much to be deciphered in the development of the heart,

it is apparent that four primary signalling pathways are implicated in

cardiogenesis and applied to in vitro culture methods; Nodal, Wnt, BMP and FGF

(Arnold and Robertson, 2009) which must be effected in a stage specific manner

due to their dual inductive and inhibitory roles (Burridge et al., Kattman et al.,

2011).

1.2.2. Cardiac Differentiation: In Vitro Methods

Prior to gastrulation, pluripotent cells within the inner cell mass (ICM) of

the blastocyst are harvested for production of in vitro embryonic stem cell lines

The first stable human embryonic stem cell (hESC) line was generated in 1998

(Thomson et al., 1998). In 2007, pioneering work established the production of

human induced pluripotent stem cells (hiPSC) from somatic cells (Takahashi et

al., 2007). Induction of pluripotency in somatic cells using virus-free methods

(Mehta et al., 2011) improves clinical prospects but low efficiency of conversion
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may currently limit scalability. However, they offer an alternative to the ethically

controversial embryonic source, with the advantage of being able to carry the

genetics of the patient from which they were derived to enable specific study of a

disease (Carvajal-Vergara et al., 2010, Liang et al., 2013), which may not be

available in the current registry of disease specific hESC lines (www.iscr-

admin.com). Pluripotent stem cells hold the potential of producing any cell type

in the body as well as self-renewal (Odorico et al., 2001) making them a suitable

source for production of cells of interest.

Generation of cardiomyocytes from human pluripotent stem cells (hPSC),

including hESCs and hiPSCs, has been achieved using a variety of methods which

aim to mimic in vivo cardiac development. The three most widely reported are

embryoid body, monolayer and co-culture methods described next.

1.2.2.1. Embryoid Body Differentiation

The differentiation of pluripotent stem cells into all three germ layers can

be encouraged by agglomeration of cells into ‘embryoid bodies’. This three-

dimensional culture emulates early embryogenesis and allows complex cell to

cell signalling within the construct to spontaneously generate cells of the three

germ layers as was first observed in mouse embryonic cell culture (Evans and

Kaufman, 1981). This principal was applied to derive the first cardiomyocytes

from hESCs in 2001 (Kehat et al., 2001) and hiPSCs in 2009 (Zhang et al., 2009).

Variations of the EB method differ in technique used to form the embryoid body

and factors used to promote cardiac lineage commitment that can improve

differentiation efficiency from under 10 % (Kehat et al., 2001) to over 90 %

(Burridge et al., 2011).

Unaided EB formation relies on random agglomeration in low adherence

dishes, of hPSCs in suspension (Kattman et al., 2011). Improvements in

probability of EB formation and uniformity of cell density per EB have been made

by use of facilitated agglomeration techniques. Addition of polyvinyl alcohol

(PVA) can initiate aggregation of hPSCs and consistency of EB size can be

controlled by use of V microwell plates. Each well contains a defined number of

cells which aggregate at the bottom to form an EB via gravitational or centrifugal









1. Introduction

Asha K. Patel 12
School of Medicine, University of Nottingham

Figure 1.1 Cardiac Differentiation Methods of Human Pluripotent Stem Cells
Developmental knowledge on stages of in vivo cardiomyogenesis has aided design of in vitro differentiation strategies using various signal inducer/inhibitors. Bone
morphogenic protein4 (BMP4), fibroblast growth factor (FGF), dickkopf homolog 1 (Dkk1). Activin/Nodal inhibitor: SB432542. BMP signal inhibitor: dorsomorphin. WNT
signal inhibitors IWR-1 and XAV939. Vascular endothelial growth factor A (VEGFA). Thyroid hormone: Tri-iodothyronine, T3. Stages of differentiation can be confirmed
by the presence of markers shown at the bottom of the figure, full names can be found in the glossary.

Laflamme et al. 2007

Zhang et al. 2011

Burridge et al. 2011

Willems et al. 2011

Kattman et al. 2011

Passier et al. 2005, Ojala
2012
Graichen et al. 2008

Rajala et al. 2011
Verma 2013
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Lundy et al., 2013). However, single isolated cardiomyocytes lose myofibril

organisation over time (Bird et al., 2003).

T tubule System

T-tubules are invaginations of the membrane occurring regularly near Z-

lines (Driesen et al., 2007, Kostin et al., 1998, Nelson and Benson, 1963). The

system is undeveloped in hPSC-cardiomyocytes which is of significance because

ion channels such as L type Ca2+ channels, the Na+/Ca2+ exchanger and adrenergic

receptors reside in the T-tubules, its absence may contribute to lack of ion

current density and pharmacological response (Guo et al., 2013).

The ryanodine (RyR) receptors are closely associated with the T-tubules.

Punctate immunostaining of RYR2 can be seen in the cytosol and in the peri-

nuclear region of hPSC-cardiomyocytes (Itzhaki et al., 2011b). Unlike the highly

localised staining observed at Z-lines in adult mouse ventricular cardiomyocytes

(Escobar et al., 2011).
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A

Figure 1.2 Ultrastucture of Myofibril Contractile Proteins
(A) The contractile unit of the myofibril is the sarcomere which consists of actin and myosin
cross-bridging. Adapted from Iaizzo 2009.(B) Immunostaining of Myosin Light Chain – 2 atrial and
sarcomeric alpha actinin in human adult cardiomyocyte, taken from Bird et al, 2003.

B
MLC-2a

A band

s-Actinin

Z line
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1.3.2. Electrophysiology

The regulation of contraction in the cardiomyocyte is a membrane

depolarisation from a negative resting membrane potential to a more positive

potential initiated by the movement of ions. Once the threshold potential is

reached a full action potential is triggered, the change in membrane polarity

opens voltage gated calcium channels leading to an influx of Ca2+ ions which bind

to troponin C to initiate a conformational change in the troponin complex and

generate physical contraction (Barnett, 2005).

Action Potential Profile

Cardiomyocytes derived from hPSCs consist of a heterogeneous

population of ventricular, atrial or nodal sub-types (Braam et al., 2009). They can

be distinguished by their action potential profile. Each sub-type has a distinct

profile due to the varying presence varying ionic currents (fig.1.3).

The plateau of the ventricular action potential (phase 2) is prolonged due

to a sustained inward calcium current (ICa) through L-type Ca2+ channels and

maintenance of potassium via a slow outward K+ current (IKS), an inward rectifier

current (IK1) and rapid delayed rectifier current, IKr, (conducted by hERG channels)

(Sanguinetti and Tristani-Firouzi, 2006, Schram et al., 2002). This delayed

repolarisation means that, in vivo, the ventricle is refractory to premature

excitation thereby preventing fatal ventricular arrhythmias (Sanguinetti and

Keating, 1997). A shortening or lengthening of this plateau phase by external

agents indicates interference of this mechanism. Ventricular cardiomyocytes are

therefore useful early indicators of pro-arrhythmogenic compounds. The nodal

sub-type has a highly active If current necessary for its pacemaker function that

enables action potential to be triggered at a lower threshold (Verkerk et al., 2007).

Action potential profiles from ventricular hPSC-cardiomyocytes are

immature and comparable to fetal cardiomyocytes as determined by the

following parameters; 1. Upstroke velocity at phase 0 is slow, 2. Resting

membrane potential is at phase 4 is more positive, 3. Amplitude is smaller (see

chapter 4). Similar to myofibril organisation, hESC-cardiomyocytes display a

degree of electrophysiological maturation with increasing time in in vitro culture
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indicated by hyperpolarized resting potentials, increased action potential

amplitudes, and faster upstroke velocities (Lundy et al., 2013).

Excitability

Atrial and ventricular cardiomyocytes are autonomically innervated

allowing for chronotropic and inotropic regulation; spontaneous excitability of

these cells is not normally exhibited in vivo (Iaizzo, 2009, Satin et al., 2004).

However, in vitro hPSC-cardiomyocytes of all sub-types have displayed

spontaneous contraction. The mechanism of this excitability was investigated by

Satin and colleagues who found that a lack of inward rectifier potassium (Kir)

channel contribution to the IK1 current creates a more positive resting membrane

potential (RMP) that allows an action potential to be triggered (Satin et al., 2004).

Consistent with these findings, spontaneous excitability was abolished in hESCs

that were forced to express of Kir2.1 (Lieu et al., 2013). The authors also

acknowledged high activity of the If current, contributes to spontaneous

excitability, although to a lesser extent. The ventricular myocardium of the

Figure 1.3. Model Subtype Action Potentials and Major Contributing Ionic Currents.
The sodium current INa is a major contributor to the upstroke velocity during depolarisation
(phase 0). Sustained calcium current through L type Ca channels (ICaL) maintains the plateau
phase (2). Repolarisation (3)outward K current. A hyper-polarised resting membrane potential at
phase (4) is maintained by action of IK1 in ventricular and atrial cardiomyocytes. However, the If
current is prominent at phase 4 in nodal cells. Downward arrow represents inward movement of
ions. Adapted from Lieu et al 2012 and Schram et al 2002.

Ventricular Atrial Nodal
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developing fetal heart undergoes a concomitant increase in IK1 and reduction in If

current density (Nass et al., 2008). Sartiani et al, found that prolonged culture of

hESC-cardiomyocytes over 90 days, mimicked this pattern (Sartiani et al., 2007).

Conflicting reports for electrophysiological properties of cardiomyocytes

derived from either human embryonic or induced pluripotent cells exist. One

study found comparable beat rate and expected pharmacological response to

positive and negative chronotropic compounds (Mandel et al., 2012). In another

study, calcium transients were found to be significantly smaller in hiPSC-

cardiomyocytes compared to hESC-cardiomyocytes due to under-developed

sarcoplasmic reticulum (Lee et al., 2011). Whereas, Sheng and colleagues found

no such difference but reported a significantly higher sodium current in hiPSC-

CMs during prolonged culture which did not occur in hESC-CMs and

subsequently had a markedly different response to lidocaine (Sheng et al., 2012).

This highlights the need for validation of cardiomyocytes regardless of source,

before they can be used as investigational tools.

1.3.3. Cardiomyocyte Maturation

Cardiomyocytes derived in vitro from hPSCs are functionally immature

(see table 1.1) but capable of maturing as shown by prolonged time in culture

(Lundy et al., 2013). More controlled strategies to mature include addition of

soluble factors to the culture medium (Lee et al., 2010), genetic engineering (Lieu

et al., 2013), manipulation of the culture substrate, mechanical loading (Tulloch

et al., 2011) and electrical stimulation.

Serum is often added to culture medium and contains a milieu of growth

promoting factors. Some individual components have been identified to play an

important role in cardiogenesis and scattered reports have cited various

compounds including insulin-like growth factor, vitamin D3 and thyroid

hormone as being important regulators of maturation (Engelmann et al., 1989,

Pantos et al., 2004, Nibbelink et al., 2007). Mixtures of mesodermal cells
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including fibroblasts, smooth muscle and endothelial cells may be co-cultured to

achieve optimal results which may be due to lay down of ECM by fibroblasts,

paracrine factors or cell to cell contact (Dimarakis et al., 2006).

Nunes et al, engineered a ‘biowire’ device. This consisted of surgical

sutures that were capable of being electrically stimulated using platinum wires.

The cardiomyocytes, along with other supportive cells such as fibroblasts and

smooth muscle cells, were seeded onto the suture using a mixture of collagen I

and Matrigel. Stimulated cardiomyocytes displayed more organised Z-line

banding and electrophysiological measurements found a greater density of IK1

in stimulated cells (Nunes et al., 2013).

Taylor et al (2000) found that substrates can alter cellular response to its

environment. The authors provoked maturation of neonatal rat ventricular

cardiomyocytes using phenylephrine. This maturation was indicated by increased

volume and myofibrillar protein content. The response to phenylephrine-induced

maturation was absent when the cardiomyocytes were cultured on gelatin but

present when they were cultured on fibronectin or laminin (Taylor et al., 2000),

suggesting that cell signalling responses to soluble factors can be disrupted by

the culture substrate.

A study by Young et al 2011, aimed to improve cardiomyocyte

maturation by altering substrate stiffness in a time dependent manner to mimic

in vivo developmental changes in stiffness observed in chicken myocardium,

which undergoes a 9-fold increase in stiffness during ontogeny. Collagen I coated

hyaluronic acid (HA) gels which were cross linked with poly(ethylene glycol),

stiffened from 1.9 to 8.2 kPa over 70 hours Chicken embryonic heart cells were

reported to display a higher degree of myofibril alignment compared to

polyacrylamide hydrogels that did not stiffen over time (Young and Engler, 2011).
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Table 1.1 Characteristics of Mature Vs Immature Human Cardiomyocytes
Below are characteristics that can be measured to quantify maturity of hPSC-cardiomyocytes.
Those derived in vitro resemble values in the immature column.

Characteristic Mature Immature References

Upstroke velocity (Vmax) 150-350V/s 5-50V/s
Braam et al. 2009
Satin 2004
Mummery2012

Amplitude 110-120mV 70-90mV Mummery et al.
2012

T- tubule system
for calcium handling.

Present, indicated by
expression of
ryanodine receptors

Undeveloped/ Low
incidence.

Liu et al. 2007
Dick et al. 2010
Snir et al. 2003
Iaizzo 2009

Inward rectifier potassium
(Kir) channels

Present. Indicated by
Ik1 current in action
potential

Reduced– may be
driver for
spontaneous action
potential.

Satin et al. 2004
Ehrlich et al. 2008
Liang et al. 1999

Sarcomeric structure. Parallel bundles of
sarcomeres.

Disorganised
myofibrils

Vidarsson et al.
2010
Sanger et al. 2005

Sarcomere Length (µm) 1.8 – 2.5 < 1.7
Rhee et al 1994
Gordon et al
2000.

Approx. Cell Size (µm) 120 x 20
(7:1, length: width) 25 x 10

Snir et al. 2003
Del Monte et al.
2002
Harding et al.
2007

Shape Rod Multiangular Kuo et al. 2012

Maximal diastolic (resting)
potential -85mV -40mV Braam et al. 2009

Structural Proteins MLC2v high
MLC2a Low

MLC2v low
MLC2a High

Mummery et al.
2012

Dose response to
adrenergic stimulation. Present

Less sensitive.
Similar to adult
failing heart.

Brito-Martin et al.
2008
Harding et al.
2007

Metabolism type Low Glucose
High Fatty Acid

High Glucose
Low Fatty Acid

Mummery et al.
2002





1. Introduction

Asha K. Patel 22
School of Medicine, University of Nottingham

cardiomyocyte culture. During cardiac development, undifferentiated human

cardiomyocyte progenitor cells (CPCs) were found to express collagen I, III, IV

and fibronectin which increased during differentiation. In addition, elastin is

produced which was not detected in undifferentiated cells (Bax et al., 2012).

Elastin has therefore gained interest as a potential culture substrate for

cardiomyocytes. Annabi et al, cross-linked synthetic human tropoelastin (a major

component of elastin), with methacrylate to improve mechanical properties and

stability which then enabled surface topography to be manipulated. Neonatal rat

cardiomyocytes aligned to a greater extent than methacrylate only gels. However,

the gels required pre-conditioning with media, which contains 10% FBS, for 16

hours prior to cell seeding (Annabi et al., 2013b, Annabi et al., 2013a) so

although the underlying substrate is a defined, human protein, xenogenic serum

components were still required to facilitate adhesion.

Defined biological substrates, although an improvement to undefined

mixtures, remain vulnerable to batch to batch variation and contamination issues.

In addition, biological coatings can exert an uncontrolled exogenous influence on

cardiomyocyte function that may hinder consistency of data derived from

screening assays.

Increasing knowledge of cell adhesion mechanisms is guiding the design

of synthetic surfaces modified with specific binding motifs occurring on ECM

proteins (Rahmany and Van Dyke, 2012, Derda et al., 2007). For example,

Synthemax is the first commercial product to conjugate bioactive components,

bone sialo protein and fibronectin, to methacrylate surfaces for hESC culture.

The proteins are modified to terminate with an amino acid containing a free

amine group in its side chain (e,g Lysine, Ornithine) to allow for conjugation to

occur with a free carboxyl group in the methacrylate (Melkoumian et al., 2010).

A fully defined, serum free, system that supported embryonic rat

cardiomyocytes was reported by Das et al in 2004. Cells were plated on a glass

slide coated with N-1 (3-(trimethoxysilyl) propyl) diethylenetriamine (DETA) in

serum-free medium survived for more than 8 weeks in vitro and maintained their

contractile and electrophysiological properties. However, no comparison studies
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were performed to assess the suitability of the surface in terms of numbers of

cells adhered or functional maturity against control cells (Das et al., 2004).

Synthetic non-biological substrates are necessary for reproducible cell

culture because they not associated with the inherent variability of biologically

derived substrates. They are more amenable to controlled modifications

(Abraham et al., 2009). Such modifications may be tailored to the cell type. Some

of the physicochemical properties that can be manipulated for improved cell

culture are discussed ahead. In addition, synthetic surfaces are more economical

for scalable culture as their shelf life and cost is not as limiting as biological

substrates.

1.4.1. Physicochemical Properties of Culture Substrates

Stiffness

Substrate stiffness has reported to be important for the culture of

cardiomyocytes. Human myocardium stiffness ranges from 10 kPa at the

beginning of diastole to 500 kPa at the end (Venugopal et al., 2012) which is

substantially more compliant than tissue culture polystyrene, which is 1-2 GPa

(Kolahi et al., 2012). Many studies have therefore investigated manipulating the

stiffness of the culture substrate in order to improve in vitro propagation of

cardiomyocytes. Manipulation of substrate stiffness is usually achieved by

modifying the cross-linking density of a polymer (Ross et al.).

Jacot et al, found that optimal sarcomere alignment of neonatal rat

ventricular cardiomyocytes occurred on collagen coated polyacrylamide (PA) gels

with a stiffness of 10 kPa compared to softer (1 kPa) or stiffer (50 kPa) gels after

7 days of culture. Greater force generation and development of calcium stores

was also noted (Jacot et al., 2008). Similar to Engler et al, who found optimum

myofibril alignment of quail cardiomyocytes on 11kPa collagen I coated PA gels

compared to 1 or 34 kPa gels. On a softer substrate, the cardiomyocyte does less

work to shorten during contraction thereby exerting less force on its

neighbouring cells and reducing mechanical loading (Engler et al., 2008). Stiffer
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substrates, similar to fibrotic cardiac tissue post-infarct, will cause myocytes to

hyper-strain resulting in loss of function due to a reduction in striated myofibrils

(Young and Engler, 2011). Increased contractility, higher intracellular calcium

and longer sarcomere length was exhibited in neonatal rat cardiomyocytes

cultured for 5 days on fibronectin coated polydimethylsiloxane (PDMS)

substrates that had a stiffness of 15 kPa compared to 3, 8 or 10 kPa (Rodriguez

et al., 2011).

A stiffer range of laminin coated PDMS gels (7, 27, 117 and 255 kPa) was

investigated by Galie et al. Adult rat ventricular cardiomyocytes maintained well

organised sarcomeres only on the stiffest (255 kPa) and most complaint (7 kPa)

gels after 48 hours of culture (Galie et al., 2013).

Topography and Patterning

A more mature phenotype of cardiomyocytes cultured in vitro can be

encouraged by micro or nanoscale engineering of topography (Wang et al., 2011).

Microgrooved PDMS, coated in fibronectin, was found to align hiPSC-

cardiomyocytes and resulted in greater myofibril organisation compared to non-

patterned PDMS. Faster calcium transients was also observed in cardiomyocytes

which was determined to be due to improved Ca2+ release from sarcoplasmic

reticulum shown by enhanced released in response to caffeine. However, there

was no difference observed in electrophysiology determined by action potential

morphology (Rao et al., 2012).

Micropatterning of ECM proteins has also shown to encourage rod shaped

morphology and myofibril alignment(Feinberg et al., 2012). Kuo et al,

micropatterned fibronectin on PDMS in varying length to width aspect ratios

which all occupied 2500 µm2 to limit adhesion to one cardiomyocyte per

patterned area. Neonatal rat cardiomyocytes displayed contractile function which

correlated with shape; faster calcium transients and optimal sarcomere

organisation were observed on fibronectin that had aspect ratios between 5:1 to

7:1 compared to higher (>9:1) or lower (<3:1) ratios (Kuo et al., 2012). This is not

surprising as adult cardiomyocytes have been shown to have a length to width

ratio of 7:1 (see table 1.1).
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Relying on the adsorption of culture medium proteins onto synthetic

surfaces for cell adhesion is limited by poor reproducibility due to uncontrolled

deposition that may create a non-uniform substrate and desorption during

culture (Dawson et al., 2008).

As well as cell adhesion, surface chemistry has been reported to alter

signalling pathways within cells to guide stem cell differentiation. Human

mesenchymal stem cells (MSC) were cultured on glass slips functionalised with

CH3, NH2, SH, OH and COOH groups. It was found that control and –CH3

surfaces maintained the MSC phenotype. The NH2 and SH modified surfaces

promoted and maintained osteogenesis both in the presence and absence of

biological stimuli; And the OH and COOH modified surfaces promoted and

maintained chondrogenesis again both in the presence and absence of biological

stimuli (Curran et al., 2006).

Surface chemistry therefore plays an important role in cell adhesion,

morphology, promotion and maintenance of phenotype. However, the number of

chemistries available to study is vast and little is known about which chemistries

should be favoured over another and for what purpose. For these reasons

discovery of new materials has been slow. The next section describes methods to

expedite this discovery process.

1.5. SYNTHETIC MATERIALS DISCOVERY

The transition of high through put assays from a traditional drug

discovery setting to that of polymeric microarrays for interrogating cell substrate

behaviour has gained steady interest (Anderson et al. 2004, Flaim et al. 2005,

Ayala et al. 2011, Zhang Bradley2013) and can be applied to both hypothesis

driven screening and more importantly, to identify novel interactions in research

areas where progress is restricted by limited knowledge of the relationship

between the material and biological processes (Kell and Oliver, 2004).
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To improve the reproducibility and reliability of cell culture, a move

towards developing non-biological synthetic substrates is being pursued for

many valuable cell types using parallel screening strategies. The suitability of

high throughput investigation of materials for cell behaviour was demonstrated

in 1998 by Brocchini et al. The authors screened fibroblast proliferation on 115

different polyarylates co-polymers, based on a combination of 14 diphenols and

8 diacids, and found a range of responses that was comparable to TCP to

complete absence of proliferation (Brocchini et al., 1998).

Nano-litre scale synthesis of arrayed biomaterials and its application to

human embryonic stem cell culture was first described by Anderson et al in

2004. Combinatorial chemistry allowed a library of 576 diverse polymers to be

generated from 24 acrylate monomers (Anderson et al., 2004). This study

demonstrated the use of a high throughput platform for the study of substrate

interaction with clinically relevant cell types.

Polymer microarrays have subsequently led to the use of polyacrylates

for the propagation of hESCs in defined conditions. N-(3-Aminopropyl)

methacrylamide hydrochlorid was scaled up to coat the bottom of a 12 well plate

and was able to support culture of hESCs in defined medium, mTeSR1, over 20

passages. Pre-conditioning of the surface was not required however, the medium

contained bovine serum albumin (BSA) which the authors believed was crucial for

attachment (Irwin et al., 2011).

Hepatocytes have the potential to provide more relevant metabolic

models for in vitro drug screening assays. However, hESC derived hepatocytes

can be phenotypically unstable. Hay et al, used microarrays consisting of 380

polyurethanes and polyacrylates to screen for substrates that would maintain

hepatic function. Six polymers were selected based on cell adhesion. Hepatic

function was then assessed by gene expression and drug metabolism studies.
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1.5.1. Parallel Screening Platforms

To assist parallel screening of materials, suitable platforms need to be

fabricated. Earlier methods consisted of masking a substrate so that only

particular regions were exposed to enable coating of that region with materials

of interest (Lowe, 1995). This masking may be done multiple times to protect and

uncover regions to be modified with a new type of material. However, the

additional masking procedure means that this method of producing arrayed

materials is relatively inefficient. The printing of materials allows microarrays to

be fabricated using small volumes of material (nano to microlites) to be

deposited onto suitable substrates, such as glass slides (Hook et al., 2009). A

Several factors need to be taken into account when materials are arrayed onto a

substrate. The polymerisation reaction must be relatively facile, differing

rheological properties of material solutions may influence their ability to be

arrayed and bonding of the polymeric materials to the surface needs to be robust

enough to withstand biological interrogation.

Polymerisation Techniques

Free radical polymerisation is an attractive method due to compatibility

with many different monomers and versatility of reaction conditions. However,

there is little control over molecular weight of the polymer produced or building

well defined co-polymers e.g, block co-polymers (Odian, 2004). Controlled radical

polymerisation methods include atom transfer radical polymerisation, (ATRP),

nitroxide mediated polymerisation (NMP) and reversible addition-fragmentation

chain-transfer polymerisation (RAFT) which all require restrictive conditions

including specialised catalysts and/or initiators, purification of final polymer

and exhibit slower reaction kinetics limiting their use for rapid microarray

fabrication (Chiefari et al., 1998, Georges et al., 1993, Wang and Matyjaszewski,

1995).
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1.6. THESIS RATIONALE

In order for in vitro hESC-cardiomyocytes for pharmaceutical screens and

models to be reliably predictive, the culture system requires standardisation.

This applies to the culture surface, which currently consists of plastics coated

with biological substrates that inherently suffer from batch variation. Non-

biological synthetic surfaces are lacking for cardiomyocyte culture and cell-

surface interaction is poorly understood to make rational design of surfaces

difficult

Chemical properties of the substrate can modify biological

responsiveness and in order to investigate the effects of varying surface

chemistry on the behaviour of hESC-cardiomyocytes, an in situ polymerised

microarray platform will be employed. This will allow parallel screening of

polyacrylates and polyacrylamides to find materials that support cardiomyocyte

culture. In addition, cardiomyocyte response to surface chemistry will be

modelling using a mutivariate regression technique to investigate if surface

chemistry can predict cardiomyocyte behaviour so that chemistries can

potentially be used for rational design of future materials.
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washed twice with PBS and then passaged. A sample was taken for a cell count.

Cells were centrifuged and re-suspended in a volume equivalent to 10 mL MEF

medium per 4.8 x 106 cells. The cell suspension was seeded into T75 flasks that

had been treated with 0.1% Gelatin for 1 hour to prevent curling up of confluent

MEFs. Cells were seeded at a volume of 10 mL per T75. After 24 hours of

incubation the MEF flasks are ready to be used for conditioning hESC medium.

The flasks are washed twice with PBS and medium replaced with 25 mL of hESC

medium that should be harvested and replaced every 24 hours for up to 7 days.

2.1.1.3. hESC Differentiation

Cardiomyocyte Derivation

A sub-confluent (~60% confluency) flask of HUES7 cells was trypsin

passaged and the cell pellet re-suspended in RPMI-PVA medium (see table 2.1).

To initiate embryoid body formation, an untreated polystyrene 96V-well plate

[NUNC, 249662] was seeded with 4,000 cells in 100 µL of medium per well and

incubated for 48 hours. Medium was then changed to RPMI-FBS medium and

incubated for a further 48 hours. At day 4 of differnetiation, embryoid bodies

were transferred to a tissue culture polystyrene 96U-well plate [NUNC, 168136]

in 150L of CM-medium per well. The plate was incubated for 4 days and on day 8

of differentiation, 120 µL of medium was exchanged with fresh CM medium.

Screening for beating clusters in wells was performed on days 9 and 10.

Cardiomyocyte cluster disaggregation

Beating clusters of cells within differentiated HUSE7 cultures were

manually dissected, leaving behind any non-beating regions, and transferred to

an eppendorf containing PBS. Clusters were left to settle and then transferred to

an eppendorf containing a mixture of 0.05% trypsin and AccuMax [Innovative

CellTech, AM105] in a 3:1 ratio and incubated for 8 minutes (with vortexing at 4

minute intervals for 30 seconds). A volume of 250 µL of enzyme was sufficient

for 10 beating clusters. The beating clusters may not be completely dissociated

after 8 minutes, this was confirmed with gentle pipetting. Large clusters were
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allowed to settle and then transferred to fresh enzyme mix to repeat the

incubation and vortex process. Meanwhile, the remaining enzyme-cell suspension

was quenched with an equal volume of RPMI supplemented with 20% FBS and

centrifuged in a microcentrifuge for 2.5 minutes at 295G. A small pellet was

visible, the supernatant was gently aspirated off and the pellet re-suspended in a

small volume of CM-medium until all clusters were disaggregated and then

pooled together and made up to the required volume.

Fibroblast Derivation

The method involves embryoid body (EB) formation by forced aggregation.

On day 0 of differentiation, EB formation was initiated by seeding V-96 plates

with 4,000 cells/well in MEF conditioned medium and centrifuging at 950g for 5

minutes. EBs were maintained in V-96 plates for 4 days in conditioned medium,

and on day 4,were transferred to untreated 90mm petri dishes in 10 mL of

cardiac differentiation media (DIFF media, see appendix I). EBs were maintained

in suspension for 6 days to allow germ layer formation. On day 10, EBs were

transferred to untreated U-96 well plates at a density of one EB/well, in DIFF

medium. EBs were cultured in the U-bottom plates for 10 days (this is day 20 of

differentiation). EBs were transferred to a 20ml Universal tube and centrifuged at

200g for 5 minutes. Following centrifugation, the supernatant was aspirated and

the EBs were incubated with 2 ml of 0.05% trypsin for 3 minutes. The EBs were

vortexed, trypsin inactivated with 18ml of DIFF medium and centrifuged once

again and supernatant aspirated. EBs were re-suspended in 10ml of DIFF medium,

and were transferred to a 90 mm tissue culture polystyrene dish [NUNC: 150350]

which was incubated for 4 days to allow EB attachment to the plates. DIFF

medium was exchanged every 2 days. After 4 days, the EBs were washed with 10

ml PBS and visible cell clumps were removed by aspiration. Remaining cells were

incubated with 1.5 ml 0.05% trypsin for 3 minutes. The trypsin was inactivated

with 8.5ml of DIFF medium, and the cells were transferred to a 20ml Universal

tube to be centrifuged for 5 minutes, at 200g. The pellet was re-suspended in 5

ml DIFF medium and the cells were seeded into a T25 flask. Once the cells were
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confluent, they were passaged and split 1:3. This was repeated to expand cells

and then cryopreserved in 10% DMSO for future use.

2.1.2. Cell Seeding on Microarray

Array Preparation

Polymer microarrays were UV sterilised in a type II biological safety

cabinet for 15 mins on each side. The array was balanced between two petri

dishes to avoid the slide touching the surface of the cabinet. Using sterile forceps

the array was placed inside a four well rectangular plate. The array was

submerged in 4 mL of PBS for 1 minute and then aspirated off. This was repeated

3 times. To condition the arrays, 4 mL of CM medium (serum free conditions) or

4 mL of CM medium + 20 % FBS was dispensed onto the array and incubated for

1 hour. Prior to cell seeding, the medium was aspirated and 2 mL of CM medium

was dispensed onto the array and immediately aspirated off.

Array Seeding

Cardiomyocyte cluster that were approximately 15 days old post-

differentiation, were disaggregated as stated above. To seed first generation

arrays (115 x 6 polymer spots), approximately 20 beaters were disaggregated and

re-suspended in 4 mL of CM medium. To seed second generation arrays

(consisting of 576 x 3 polymer spots), 40 beaters were used per slide. Accurate

cell counts could not be made using trypan blue because the nuclei could not be

seen under the microscope.

2.1.3. CELL ANALYSIS

2.1.3.1. Karyotyping

To capture the maximum number of cells in metaphase, T-flask cultures

of HUES7 cells close to doubling time (approx. 24hours post-seeding) were
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incubated with 5 mL of 0.1µg/ml of KaryoMAX® ColcemidTM [Invitrogen:

15212012] in hESC-MEF medium for 1h. The KaryoMAX containing medium was

then collected in a 30ml universal tube. Remaining cells attached to the T-flask

were harvested using 0.05% trypsin-EDTA, and pooled with the KaryoMAX

medium. The cells were centrifuged at 300g for 5 minutes and the cell pellet was

re-suspendeded drop-wise on a vortex, in 10 mL of 0.6% sodium citrate [Fisher

Scientific: S/3320] and incubated at room temp. for 20 min. The cells were then

centrifuged at 300g for 5 min, and re-suspended drop-wise in a fixative

consisting of 16.7% glacial acetic acid in methanol. The cells were centrifuged

and re-suspended in the fixative twice more and finally re-suspended in 1 mL of

fixative and stored at -200C until ready for G-banding analysis. 30 metaphase

spreads were analysed for each sample by Mr Nigel Smith (Nottingham City

Hospital, UK) in accordance with the International System for Human Cytogenetic

Nomenclature International Guidelines (ISCN, 2005).

2.1.3.2. Flow Cytometry

50 beating clusters at day 15 post-differentiation were dissaggregated

into a single cell suspension as described in section 2.1.3.2. The final cell

suspension was centrifuged at 295G for 2 min [SIGMA 3-16 Mid-bench centrifug]

and re-suspended in PBS to wash the cells. Centrifuging was repeated and the

pellet re-suspended in 100 µL of 4% paraformaldehyde (PFA) and incubated at

room temperature for 15 min after which the suspension was centrifuged at

295G for 2 min. The pellet was washed in PBS and then resuspended in 100 µL of

triton X in PBS for 15 min. Centrifuge and re-suspend in 0.1% Tween 20 to wash

the cells and centrfuge. Re-suspend in 500 µL of blocking solution; 10% fetal

bovine serum (FBS) in PBS for 30 min. Portion half into another eppendorf, to use

for controls. Centrifuge both eppendorfs and re-suspend each pellet in 500 µL

0.1% Tween20. Spin at 4000rpm for 2min in the microcentrifuge. Incubate one

eppendorf with 1mL of 10 antibody (1:1000, cardiac troponin I raised in rabbit,

Spectral Diagnostics; PA-1010) in 10% FBS in PBS overnight at 40ºC and the

control with 1mL of 10%FBS only. Repeat spin. Wash the pellet in 0.1% Tween-20

in PBS (500ul). From the control tube portion 250uL for the 20 only control.
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Incubate the sample and 20 only control cells with 500ul of 20 antibody (1:1000,

anti-rabbit Alexafluor488, Invitrogen) in 10% FBS for 45min at room temperature

covered in aluminium foil. Incubate negative control with 10% FBS only. Spin all 3

eppendorfs at 4000rpm for 2min. Wash the pellets 2x in 0.1% Tween-20 in PBS

(100ul) and resuspend final pellet in 150ul PBS.

2.1.3.3. Immunostaining

Fix cells in 4 % Paraformaldehyde for 15min at room temp. (RT), wash

with PBS x 3. Permeabilise cells for 15min RT with 0.1% Triton X. (10uL in 10mL

PBS) followed by3 x 1min wash in PBS. Incubate cells with 4% normal goal serum

[Dako] in PBS at RT for 1hr (200uL in 5mL PBS).

Incubate cells with primary antibody in 4% NGS in PBS overnight in fridge

(listed below for each cell type). After 24hr: 3 x 10mins washes in 0.1%Tween20

in PBS (10uL in 10mL). Incubate with secondary antibody (and phalloidin in 4%

NGS for 1hour at RT if cardiomyocyte). Followed by 3 x 5min washes with 0.1%

Tween20 in PBS. Finally, incubate cells with DAPI (Sigma D9542) in PBS (1:1000)

for 10mins at RT. Wash cells 1x PBS and mount in plain vectasheild. Seal around

coverslip with varnish.

For ion channel staining, the 24 hour incubation was omitted; The first

primary staining was for 1 hour at RT, followed by tween wash and then

corresponding secondary for 1 hour at RT. After a further tween wash, the next

primary body was incubated for 1 hour at RT, followed by final incubation

secondary for 1 hour at RT and then DAPI staining as above.

hESC

Primary: Monoclonal anti-Oct3/4, raised in mouse (Santa Cruz; SC-5279).

1:200. Secondary: Cy3 conjugated goat anti-mouse (Jackson Imm 115-165-068)

1:250.
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size approximately 200 pL, 500 Hz frequency, 180 V pulse and 47 µs pulse width.

The array layout of monomers on this array is shown in fig.3.10. The spacing

between spots was 0.9mm in the x and y axis. This pattern was repeated 6 times

on each slide.

Polymerisation solution was composed of 50 % (v/v) monomer in DMF

with 1% (w/v) photoinitiator 2,2-dimethoxy-2-phenylacetophenone. An oxygen

free atmosphere is important to prevent quenching of free radicals, this was

achieved by purging the system with argon at a flow rate of 30 L/min for 1 hr,

whereupon the flow rate could then be reduced to 18 L/min. Once formed arrays

were dried at <50 mTorr for 7 days. For all arrays the region on the glass slide

with no pHEMA coating was kept to the right.

2.1.5.3. Contact Printing

First and Second Generation Homopolymer Array

Polymer microarrays 6.1c were formed using a contact printer (c) (Biodot).

Printing conditions were O
2
<1300 ppm, 25ºC, 40% humidity. Slotted metal pins

(946MP8B, Arrayit) with a diameter of 295 µm were used to transfer

approximately 4 nL of monomer solution onto 10 substrates before slides were

irradiated with a long wave UV source for 10 s. The spacing between spots was

1.125 mm in the x and y axis. The pattern was replicated 6 times per slide.

Polymerisation solution was composed of 75% (v/v) monomer in DMF

with 1% (w/v) photoinitiator 2,2-dimethoxy-2-phenylacetophenone. The argon

atmosphere was achieved by purging the system with argon at a flow rate of 35

L/min. Once formed arrays were dried at <50 mTorr for 7 days. For all arrays the

region on the glass slide with no pHEMA coating was kept to the right.
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2.1.6. Surface Analysis

2.1.6.1. Time of Flight Secondary Ion Mass Spectrometry

ToF-SIMS analysis was carried out using a ToF-SIMS IV instrument (ION-

TOF GmbH, Münster, Germany) using a Bi3+ primary ion source operated at 25 kV.

A 1 pA pulsed primary ion beam was rastered and secondary ions were collected

from a 10 × 10 mm area at a resolution of 100 × 100 pixels per mm2, with 8 ion

pulses per pixel. To compensate for a surface build up of positive primary ions,

low energy electrons (20eV) were delivered via a flood gun. Data analysis was

carried out using Surfacelab6 software.

2.1.6.2. Water Contact Angle Measurement

To measure the wettability of the polymer surfaces a Kruss DSA 100

piezo dropper dispensed a drop of ultrapure water at a volume of approximately

400 pL. Videos were captured for each drop and the contact angle determined

retrospectively using the first frame of water contact. DSA3 software determined

the contact angle using a circle fitting function.

2.1.6.3. X-Ray Photoelectron Spectroscopy

Emily Smith from the School of Chemistry, University of Nottingham

performed XPS analysis on the first generation microarrays using a Kratos Axis

Ultra spectrometer using a mono-chromated Aluminium X-ray gun, with a

charge-compensating electron flood.

Elemental quantification was achieved using CASA software loaded with

the Kratos elemental library. A Tougaard background correction was applied to

scans.

2.1.7. Image Acquisition and Analysis

2.1.7.1. Microscopy

Imstar automated platform with an Olympus IX51 microscope was

programmed with microarray co-ordinates. ‘Landmarks’ were placed across the
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array which are manually set focus points. An auto-offset function was

performed so that all fluorescent channels focussed at the same time using one

landmark. A x10 objective was used to capture one polymer region per image.

Higher resolution images for myofibril analysis were taken on a Nikon 90i

microscope.

2.1.7.2. CellProfiler

CellProfiler v10997 cell image analysis software was downloaded from

www.cellprofiler.org.

Primary objects identified were cardiomyocyte nuclei, and given an object

size guide of 10 – 38 pixels. A manual thresholding method was chosen and

typically set at 0.0075, although this was varied depending on background

fluorescence. Object shape was used to distinguish clumped objects and

intensity was chosen to draw dividing lines between clumped objects.

Secondary objects were identified using sarcomeric actinin staining. A

propagation method was chosen to identify secondary objects based on nuclei

input and then draws a dividing line between merged actinin staining which is

brighter at the edge of the cell. If this change in intensity is not detected, then

the adjacent input primary objects will have a diving line drawn at an equal

distance between the two. Thresholding was again manual and was typically

0.003.

A conversion of 0.647 µm per pixel was used to convert pixels to microns

for images taken at x10 objective.

2.1.8. Multivariate LINEAR Regression Analysis – Partial Least Squares

To correlate surface analytical data with cell response PLS was carried out

using the Eigenvector PLS toolbox 5.2.2 for Matlab using the SIMPLS algorithm

(de Jong, 1993). A peak list was generated for the homopolymer array which

consisted of 1397 ions and the co-polymer array which consisted of 2023 ions.
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Mean centred data pre-processing was applied and a leave one out cross

validation was carried out to obtain errors for latent variables.
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3. CHAPTER 3

Screening Of Polyacrylate And
Polyacrylamide Surfaces For
Cardiomyocyte Culture.
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3.1. INTRODUCTION

This chapter sets out to screen polymers of commercially available

acrylate and acrylamide monomers for their ability to support hESC derived

cardiomyocyte attachment. To enable high throughput screening (HTS) of over a

hundred different monomers a microarray format was adopted. This chapter

aims to optimise the three key resources required for parallel screening of

cardiomyocyte behaviour on the polymers. These are to; i) generate

cardiomyocytes from hESCs, ii) investigate microarray fabrication techniques and

iii) develop protocols for automated image analysis of cardiomyocyte attachment

and morphology.

Finally, monomers that support cardiomyocyte adhesion and spreading,

determined by cell density and surface area, will be forwarded for fabrication of

a second generation co-polymer array for the purpose of; i) increasing the

diversity of potential materials available for cardiomyocyte culture, ii) investigate

if co-polymers of monomers behave in synergy, iii) downstream analysis of the

relationship, if any, of cardiomyocyte behaviour and surface chemistry. For this

purpose, monomers that displayed poor adhesions and/or spreading were also

included to enable modelling of positive and negative cell response.

3.1.1. Cardiomyocyte Derivation

As detailed in chapter 1, there are three main methods available for

derivation of cardiomyocytes from human stem cells. These include embryoid

body (EB) formation, monolayer and co-culture system. The co-culture system

was ruled out as a method to use in our HTS format due to a potential risk of

contamination of cell cultures with mouse endoderm (END-2) cells and relatively

low differentiation efficiencies of 3-20 % that have been reported (Mummery et

al., 2003, Graichen et al., 2008). The monolayer method is amenable to scale up

for high volume use and avoids laborious dissection of beating clusters that is

involved in the embryoid body method but unfortunately the efficiency of

cardiomyocyte differentiation in our hands was highly variable making the use of

this method impractical at this stage.
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Modification of the EB method has increased differentiation efficiency

from 10 % (Kehat et al., 2001) to approximately 25% by improving uniformity of

embryoid body size (Burridge et al., 2007) to more recently over 90% efficiency

by application of stage specific growth factors which direct differentiation

towards the cardiac lineage (Burridge et al., 2011). This latest method was

adopted for HUES7 differentiation in this substrate screening study.

Cell culture on microarrays requires initial assessment of several

parameters; 1. Cytotoxicity of the arrays. 2. Sterility of the microarray following

UV treatment 3. Quality of microarray in terms of surface chemistry and

robustness during culture. 4. Seeding with an appropriate number and volume of

cells to get distribution on polymers at a density that can be analysed using

automated software. To optimise these parameters, fibroblasts derived from

hESCs using a modified embryoid body differentiation method were used. Once

fibroblasts were derived they could be expanded and cryopreserved so that they

could be readily accessed. Cardiomyocytes however, show limited proliferative

capacity, and need to be repeatedly derived from hESCs hindering their use for

initial optimisation experiments.

The human embryonic stem cell line HUES7 (Cowan et al., 2004) was

chosen to derive cardiomyocytes and fibroblasts. This hESC line has been widely

reported to generate functional cardiomyocytes (Pal et al., 2009, Matsa et al.,

2011). There is also expertise in the culture of this cell line within the lab

(Denning et al., 2006).

3.1.2. Polymer Microarrays

3.1.2.1. Array Fabrication

Polymer microarrays provide a high-throughput format for investigation

of cell-surface interaction (Anderson et al., 2005, Tourniaire et al., 2006). Nano-

litre volumes of monomer can be arrayed into spatially discrete regions on a

substrate by techniques including piezo (ink-jet) and contact printing. The

former technique ejects a known volume of material through a nozzle and the
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Use of micro-arrayed materials to rapidly identify those permissive for

stem cell culture was first described by Anderson et al in 2004 and forms the

basis of experimental printing conditions employed in this study. Acrylate and

acrylamide monomers were mixed with a free radical initiator, 2,2-dimethoxy-2-

phenylacetophenone, which induces polymerisation upon exposure to UV light to

allow in situ microarray fabrication (fig. 3.2).

3.1.2.2. Acrylate Library

The utility of acrylate polymers such as polymethyl methacrylate as

biomaterials has been demonstrated ranging from contact lenses to bone

cements. Therefore, their use as potential cell culture substrates is warranted.

As well as ease of polymerisation, they are commercially available with a diverse

range of chemistries along the acrylate backbone which may be modified with,

for example, fluorine, aromatic groups, glycols, nitrogen, amines, methyl groups

(methacrylates) and amides (acrylamides) (fig 3.3) making the materials

especially suitable for high throughput investigation of the effects of varying

surface chemistry. A full list of monomers can be found in appendix 1.

Figure 3.2. Photoinitiated polymerisation of acrylates
Polymerisation of acrylates occurs upon UV exposure via free radical photo-initiation.
Adapted from (Fouassier and Rabek, 1993).

UV

2,2-dimethoxy-2-phenyl
acetophenone
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Figure 3.3. Library of commercially available acrylate and acrylamide monomers.
Available monomers in our library consist of (clockwise from top left); oxygen/ glycol monomers
(blue region), multiacrylates (grey), aromatics (purple), hydrocarbons (yellow), nitrogen containing
monomers (orange), acrylamides (pink) and finally fluorine containing monomers (green region).
These are not exclusive groups with overlap in some cases but demonstrates the range of
chemistries available. Adapted from (Celiz et al., 2013).
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3.1.2.3. Chapter aims

1. Differentiate the human embryonic stem cell line HUES7 into

cardiomyocytes and fibroblasts and characterise the two cell types to

confirm phenotype.

2. Optimise disaggregation protocol of cardiomyocyte clusters and

determine morphology of the disaggregated cells on control 0.1% gelatin

surfaces.

3. Determine the proportion of cardiomyocytes to other cell types within

the population of cells from beating clusters to establish whether cell

enrichment is required.

4. Fabricate first generation homopolymer microarrays and characterise

surface chemistry using time of flight mass spectrometry (ToF-SIMS) to

confirm chemical identity and diversity.

5. Optimise cell seeding and automated analysis protocols for microarrays

using fibroblasts initially and then cardiomyocytes.

6. Screen cardiomyocyte attachment and morphology on polymer substrates.

7. Identify monomers to take forward for second generation co-polymer

arrays and repeat screening study on second generation array.
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3.2.1.2. Fibroblast Characterisation

The characterised HUES7 cell line was then differentiated into fibroblasts.

Embryoid body formation began in 96 V well plates. Four days after seeding

hESCs into V well plates, uniform spheres termed embryoid bodies (EBs) with

typical diameters of 500 µm formed as shown in figure. 3.6. To derive

fibroblasts an established ‘in house’ protocol was followed (see section 2.1) as

shown in figure 3.6.ii.

A characteristic elongated cell morphology was observed for the derived

fibroblasts (fig 3.5). Immunostaining for the fibroblast specific antigen, P4HB,

was used to confirm identity and homogeneity of the population of cells. An

average of 76±9 % (s.d, n = 3) of cells expressed P4HB.

3.2.1.3. Cardiomyocyte Derivation

Cardiomyocyte derivation was achieved following a protocol published by

Burridge et al 2011. The main adaptations to this method for optimal HUES7

differentiation was the number of cells seeded for EB formation (4,000 cells per

EB compared to 5,000 Burridge used in paper) and the concentration of factors

to promote mesoderm induction during day 2, BMP4 (20 ng/mL) and FGF (4

ng/mL) compared to 25 and 5 ng/mL, respectively that was used in the Burridge

paper. This optimisation was necessary due to stem cell line variability (Sheng et

al., 2012).

Figure 3.5 HUES7 derived fibroblast characterisation.
The bright field image shows typical elongated morphology and the fluorescent image
confirms the presence of the fibroblast specific P4HB antigen (green) against a nuclear
stain, DAPI overlay (blue). Scale = 50µm
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i. Cardiomyocyte derivation:

ii. Fibroblast derivation:

Figure 3.6. Derivation of i) Cardiomyocytes and ii) fibroblasts from HUES7 human
embryonic cells.
(A) A sub-confluent layer of HUES7 cells is trypsinised to form (B) embryoid bodies approximately
500 µm in diameter. Following the cardiac differentiation protocol 70- 90% of EBs began to beat
between day 8 to 10. (C) Beating EBs adhere to the well through a layer of non cardiomyocytes
which are discarded during dissection of the beater.
(D) Embryoid bodies for fibroblast derivation are left in suspension culture to form outgrowths.
These EBs are left to proliferate in U well plates for 10 days after which they are disaggregated
using trypsin and seeded into a T flask. The rapid proliferation of fibroblasts means they outgrow
any other cell types that may be present and a uniform layer of elongated fibroblasts can be
observed by the second passage (E). Scale = 100 µm.

A B C

D E

Sub-confluent flask
of human stem
cells (A) are
seeded into 96 v
well plates in BMP4
and FGF

Growth factors
are removed
and replaced
with 20 % FBS
in RPMI.

EBs (B) are
transferred from V to
U bottom plates.
Medium is changed to
serum free RPMI.

EBs spread and
adhere to the U well
and begin to beat
between day 8-10. (C)

Day 0 Day 2 Day 4 Day 8

Day 0 Day 4 Day 10 Day 20 - 26

Sub-confluent flask of
HUES7 cells (A) are
seeded into 96 v well
plates in MEF-CM .

Embryoid bodies (B)
are transferred from V
well plate to petri dish
for suspension
culture in 20% FBS in
DMEM.

After 6 days of
suspension culture
(D) EB’s are
transferred to U well
plates.

Contents of U wells are
trypsinised to obtain a cell
suspension which is
seeded into a T flask.
Fibroblasts are
established after two
passages (E).
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Disaggregation of Beating Cluster

At day 8 of differentiation the EB adheres to the U well via a layer of non-

cardiomyocytes such as fibroblasts which facilitates adhesion and the central

body of cells will beat as shown in figure 3.6.C. The beating cluster first needs to

be dissected from the U wells and then enzymatically disaggregated to generate

a single cell suspension. Previous methods used within the lab employed

collagenase B to disaggregate beaters but problems in batch variation of the

enzymatic action of the collagenase necessitated use of an alternative method.

Cardiomyocytes have been shown to mature over time in culture (Sartiani et al.,

2007) and so age of beater selected for experiments was standardised to 15 days

post-beating, which is around 25 days from initial set up of differentiation.

Enzyme combinations were explored and a mixture of Trypsin and

AccuMax in a 3:1 ratio was found to achieve the best results. For example,

AccuMax alone seemed to be too gentle and required extra manual pipetting

which physically sheared and damaged the cells. Similarly, Trypsin alone was

enzymatically damaging to cells and caused blebbing; bulging of the damaged

cell membrane, as shown by the black arrows in figure 3.7.A.

3.2.1.4. Cardiomyocyte Characterisation

Phenotype of disaggregated cardiomyocytes was confirmed using anti-

human sarcomeric alpha actinin (s-act) immunostaining (fig 3.7). Following

disaggregation, cardiomyocytes were seeded onto MatTek dishes coated with

gelatin 0.1% or gelatin 0.1% plus 20% FBS in RPMI (CM medium, see section 2.1)

(G-FBS) as controls for cardiomyocytes seeded on serum free and serum pre-

conditioned arrays. Staining was performed after 24 hours and 7 days post-

seeding onto gelatin. At 24 hours, surface area of attached cardiomyocytes

averaged 351±119 µm2 on gelatin and 807±305 µm2 on G-FBS which, are not

significantly different as determined by unpaired t-test, p>0.05 (± standard

deviation, n=3). (fig. 3.7.B). At 7 days cells have significantly spread on both

gelatin and G-FBS substrates (p<0.05) and display alignment of myofibrils as

indicated by parallel Z lines that can be seen in the corresponding immunostain

(inset Fig 3.7.C). Average surface area of cardiomyocytes on gelatin was
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2019±596 µm2 and G-FBS was 3024±997 µm2. (±s.d, n =3) which again were not

significantly different to each other.

At 20 days culture, 17±4 % of cardiomyocytes cultured on G-FBS lost

myofibril architecture and cells enlarged to an average of 5746±4803 µm2.

Actinin staining appeared punctate as can be seen in figure 3.7.D. This occurred

less in cardiomyocytes cultured on gelatin alone; 9±3 %, 3986±1053 µm2 (s.d,

n=3).


