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Abstract 

Human pluripotent stem cells (hPSCs) have the capability to provide a 

limitless source of physiologically relevant human tissue for drug screening and 

therapeutic applications. Differentiated cell types can possess an immature 

phenotype limiting their scope of use, with hPSC-derived cardiomyocytes a 

prominent example.  To truly realise the potential of hPSCs, fully defined and xeno-

free culture systems must be in place, that are economically viable for industrial 

scale application. Additionally, the system must be capable of inducing relevant 

maturation of states of cell types cultured. 

In this thesis a readily available and economical polymer library primarily 

composed of 281 acrylates & acrylamides were screened using polymer microarray 

technology, totalling 37,103 cell-surface interactions.  

Serially passaged hPSCs were examined by RT-qPCR, flow cytometry, 

immunostaining, trilineage differentiation, integrin blocking, and phosphokinase 

protein arrays. hPSCs maintained trilineage differentiation capability, with inter-cell 

line differences discovered for expression of SOX2, SOX1, PAX6, and the 

phosphorylated state of protein kinases – compared to a Matrigel control.  

Polymers that supported ≥7-day hPSC-CM attachment underwent studies 

into the contraction and electrophysiology properties of hPSC-CMs on primary 

amine polymeric surfaces compared to the Matrigel. Minor changes to the 

maturation state were observed, with further examination required for a definitive 

conclusion. 
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Thesis Rationale 

Human pluripotent stem cells (hPSCs) offer the opportunity to revolutionise 

modern medicine. This is likely to be by introducing more biologically relevant drug 

toxicity testing platforms for industry, allowing the creation of disease harbouring 

cell lines directly from patients to investigate disease phenotype, or their emerging 

use as cellular therapies in a clinical setting. 

To fulfil their promise monolayer cultures of hPSCs rely on optimal culture 

conditions, which critically influence hPSC biology. In 2D culture, the culture surface 

plays an important role in attachment, survival and signalling (Shafaie et al., 

2017)(Stevens and George, 2005)(Sun et al., 2012). 

Currently hPSCs are commonly cultured on Matrigel™, an ECM protein rich 

hydrogel secreted from Engelbreth-Holm-Swarm (EHS) mouse sarcoma cells, 

containing approximately; 60% laminin, 30% collagen IV and 8% entactin. Matrigel™ 
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also contains undefined factors, demonstrates batch-to-batch variability and is 

xenogenic, limiting its clinical application. Recombinant adhesion proteins such as 

Biolaminin™ or Vitronectin XF™ are xeno-free, fully defined alternatives to Matrigel™ 

however their cost is prohibitive for industrial scale use.  

Synthetic materials have the potential to provide a fully defined & 

reproducible hPSC culture surface that combines industrial scalability at a fraction of 

the cost of a biological coating – without the requirement of a coating step.  

Previous polymer screening campaigns have discovered materials that fulfil 

these parameters, however they relied on previous iterations of culture medium, 

that were either xenogenic or undefined, or both. With the introduction of the 

simplified, xeno-free & defined Essential 8 medium, a synthetic material can be 

uncovered that may truly support a ‘clean’ culture system.  

The work presented in this thesis is part of a large collaborative Biomaterials 

Discovery project grant, that seeks to screen polymeric materials in a high-

throughput manner to solve issues including bacterial attachment, drug delivery, 

mesenchymal stem cell culture and the culture of hPSCs & their derived 

cardiomyocytes. Materials discovered in 2D here will be translated to topographical 

surfaces and 3D particle-based cultures in interdisciplinary collaborations. 

Using polymer microarrays previously developed in laboratories at the 

University of Nottingham, this thesis will focus on creating a synthetic surface that is 

capable of culturing hPSCs in the fully defined, xeno-free Essential 8 medium in 

chapters 3 & 4.  
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In chapter 5, the same style of high content screening campaign will aim to 

discover synthetic materials that allow hPSC-CM attachment and promote their 

maturation for improved biological relevance both clinically and for toxicity testing.  

 

 

 

 

 

 

 

1 Introduction 

1.1 Stem Cells 

Stem cells have the potential to play a transformative role in the field of 

regenerative medicine over the next 20 years, below, there is an overview of stem 

cells, their discovery, potency, and how pluripotency is maintained and 

differentiation to the mesoderm lineage, specifically to cardiomyocytes. 

1.1.1 What Are Stem Cells? 

‘Stem cell’ is an umbrella term for a range of cell types that demonstrate a 

potency to undergo self-renewal and differentiate into at least one sub-cell type. 

Stem cells were first discovered and rigorously characterised by Ernest McCulloch 
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and James Till in 1963, where the transplantation of what was to be termed 

haematopoietic stem cells could repopulate an irradiated spleen, it was 

demonstrated that these cells were self-renewing and capable of producing, 

erythrocytic, granulocytic and megakaryocytic cell types (Becker, Mcculloch and Till, 

1963)(Siminovitch, McCulloch and Till, 1963).  

Previous authors had made the conclusion that haematopoietic stem cells 

existed and could be damaged by irradiation (Sabin et al., 1936). 

Stem cells of several tiers of potency have been identified; from totipotency, 

pluripotency, multipotency, to unipotency. Chapters 3 & 4 in this thesis focus on the 

culture of pluripotent stem cells, therefore these will be discussed in greater depth. 

1.2 Stem Cell Potency during Development 

1.2.1 Totipotency 

During zygote formation, and the subsequent stages up to the 8-cell, stem 

cells can form all the cell-types within the adult body and extraembryonic tissues 

such as the placenta (Mitalipov and Wolf, 2009). Crucially these cells can orchestrate 

the formation of an entire organism in an organised spatial and temporal manner – 

this is the highest form of potency, totipotency (Mitalipov and Wolf, 2009).  

1.2.2 Pluripotency 

Blastocyst development by day 5 leads to the formation of the inner cell mass 

(ICM), where pluripotent embryonic stem cells can be derived. These cells are 

defined as pluripotent for their ability to form any cell type from the three germ 

layers that comprise the endoderm, mesoderm & ectoderm but lack the capacity to 
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organise into a full organism or derive extraembryonic cell types (Mitalipov and Wolf, 

2009).  

1.2.3 Adult Stem Cells (Multipotency & Unipotency) 

Pluripotent stem cells exist during the early developmental stages; however, 

cells need to be continually replenished during adult life as ageing, disease and 

trauma occur. The gut, skin & gonads are examples where adult stem cells exist 

within the tissue to facilitate cellular turnover (Spradling, Drummond-Barbosa and 

Kai, 2001). Not all adult tissues contain stem cells directly, haematopoietic stem cells 

are found in the endosteal and perivascular regions of the bone marrow, which acts 

as a stem cell reservoirs from which they can be activated (Tweedell, 2017). Adult 

stem cells are either multipotent or unipotent, meaning they lack the flexibility in 

differentiation potential of the embryonic & induced stem cells (Wang et al., 

2015)(Bond, Ming and Song, 2015)(Woo, Hwang and Shim, 2016).  

 

 

 

 

 

 

 

 

Functional assays such as chimaera 

and teratoma formation determine 

the potency of a stem cell. Taken 

from Angeles et al., 2015. 

Figure 1.1 Developmental Potential 
of Differing Stem cell Potencies. 

Redacted 
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1.2.4 Derivation of Pluripotent Stem Cells for Research 

Human embryonic stem cells are isolated from the ICM of between day 5-8 

blastocytes, generated from in vitro fertilisation, with informed consent from the 

donor (Stojkovic et al., 2004).  

The trophectoderm layer of the blastocyst is selectively removed with the use 

of specific antibodies in a technique called immunosurgery, or through manual 

dissection and cultured through mechanical passaging for expansion (Reubinoff et 

al., 2000)(Ludwig et al., 2006).  

The pluripotency of a newly derived line must then be assessed, indicative 

markers such as GTCM-2, TG343, TRA-1-60, TRA-1-81, SSEA-3, SSEA-4 and alkaline 

phosphatase must be present (Stojkovic et al., 2004). The expression of key 

pluripotency genes, OCT-4, NANOG, SOX2, TDGF1, DNMT3B, GABRB3, GDF3  and 

REX-1 must also be demonstrated (Stojkovic et al., 2004)(Hoffman and Carpenter, 

2005)(Initiative et al., 2007). 

hESCs have the capacity to form all three germ layers in the human body, 

endoderm, ectoderm & mesoderm. hESCs must retain their tri-lineage differentiation 

potential, which can be proven by teratoma formation assays in severely combined 

immunodeficient mice & in vitro spontaneous differentiation (Thomson et al., 

1998)(Stojkovic et al., 2004). 

Despite the promising therapeutic capability of human embryonic stem cells, 

the requirement to use an in vitro fertilised embryo – which has the potential to form 

a full viable child, presents considerable ethical concerns. Due to these ethical 
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concerns, regulation prevents the derivation of hESCs in Germany, and historically 

impeded NIH funding for hESC research in the US (Robertson, 2010)(Stafford, 2008). 

1.2.5 Induced Pluripotent Stem Cells 

Ethical issues with hESCs were overcome through the invention of induced 

pluripotent stem cells (hiPSCs), where adult dermal fibroblasts were transduced with 

retroviruses containing human OCT3/4, SOX2, KLF4 and c-MYC, reverting to a 

pluripotent state (Takahashi et al., 2007).  

The oncogenic c-MYC retrovirus was later found to be dispensable for iPSC 

formation, however this method still relied on integrating viral vectors (Nakagawa et 

al., 2008).  

Methods requiring integrating viruses to induce pluripotency can alter the 

host genome, which are undesirable from a regulatory standpoint, for example 

retroviral integration during gene therapy for severe combined immunodeficiency 

(SCID) resulted in leukaemia for some individuals (Lundstrom, 2018).  

The introduction of an RNA Sendai virus, which is incapable of integrating with 

the human genome, overcomes this issue (Fusaki et al., 2009). Further development 

of Sendai viral methods has led to replication-deficient strains which are ‘auto-

erasable’ in response to microRNA-303 which is uniquely expressed in pluripotent 

stem cells, improving the safety of iPSC lines generated for clinical applications 

(Nishimura et al., 2017). 
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1.3 Regulation of Pluripotency & Differentiation 

1.3.1 Maintaining Pluripotency 

To unleash the therapeutic & pharmaceutical potential of pluripotent stem 

cells, an in-depth understand of the molecular mechanisms behind maintenance & 

loss of pluripotency is required.  

At the therapeutic stage, contaminant hPSCs pose a tumorigenic risk to the 

patient, efficient directed differentiation protocols have been developed through 

greater understanding of pluripotency & development (Neofytou et al., 2015)(Xia et 

al., 2013)(Lian et al., 2013)(Buchholz et al., 2013). 

Pluripotency is maintained and controlled through a pluripotency gene 

regulatory network (PGRN). At the core of the PGRN, the transcriptional triad, 

(octamer-binding transcription factor 4) OCT4, ((sex determining region Y)-box 2) 

SOX2 and homeobox transcription factor NANOG act to stabilise pluripotency 

through cooperatively binding at least 353 genes & regulatory elements within the 

wider interconnected pluripotency network (Boyer et al., 2005)(Li and Belmonte, 

2017)(Li and Izpisua Belmonte, 2018).  

OCT4, SOX2 & NANOG bind to each other’s regulatory sequences for auto-

regulation (Rodda et al., 2005). Chromatin immunoprecipitation data indicates OCT4, 

SOX2 & NANOG form feedforward loops, a system where a regulator controls a 

second regulator, where both can bind a common target, and it was identified that 

OCT4, SOX2 & NANOG form a autoregulatory loop (Boyer et al., 2005). 
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The ability of the OCT4/SOX2/NANOG triad to enable the input of activators, 

repressors, regulatory RNAs and alternations to the epigenetic landscape allow for 

redundancy in pluripotency maintenance, during fluctuations in concentration of the 

core triad, termed ‘bistability’ (Boyer et al., 2005)(Chen et al., 2008)(Masui et al., 

2007)(Nichols et al., 1998)(Bilodeau et al., 2009)(Chia et al., 2010)(van den Berg et 

al., 2010)(Li and Belmonte, 2017).  

For example, the function of chromatin modifiers such as Brahma-related 

gene-1 (BRG1) has been shown to maintain chromatin openness at OCT4 bound sites 

to recruit further pluripotency regulators, suppressing lineage specification (Xiaoli 

Zhang et al., 2014)(King and Klose, 2017). 

 

1.3.2 Post-Translation Modification & Pluripotency Maintenance 

 Post-translational modifications such as protein glycosylation, 

phosphorylation & acetylation have been studied for their role in maintaining the 

pluripotent state (Wang, Peterson and Loring, 2014). Glycosylation of Thr228 of 

Pou5f1 specifically by O-linked-N-acetylglucosamine (O-GlcNAc), has been linked to 

maintenance of pluripotency in mouse ESCs by enhancing its transcriptional activity 

(Jang et al., 2012).  

 Phosphorylation of proteins regulates a broad range of signalling within the 

cell, PI3K/AKT/mTOR & MAPK pathways discussed in more detail in Chapter 4. 

Phosphorylation is linked to either the activation or deactivation of a proteins 

signalling capability, the activation of ERK1/2, AKT and SMAD2/3 pathways by 

phosphorylation upon stimulus of upstream FGFR, IGF-1R & TGF-βR respectively 



28 
 

leads to the broad expression of pluripotency and self-renewal genes (Armstrong et 

al., 2006)(A. M. Singh et al., 2012). Over 10,000 non-redundant phosphorylation sites 

exist in hPSCs, out of the scope of this thesis, however phosphorylation sites with 

functional consequences are present on OCT3/4, NANOG, SOX2, KLF4 and MYC, 

directly affecting the pluripotency state (Swaney et al., 2009)(Cai et al., 2012).  

1.3.3 Metabolic State Influences Pluripotency  

 hPSCs are high proliferative which means they have demanding metabolic 

requirements. Whilst mammalian somatic cells primarily meet metabolic demand 

through oxidative phosphorylation, pluripotent stem cells rely on glycolysis. 

Glycolysis produces reduced ATP per glucose; however, it leads to increased 

biosynthesis of nucleotides and lipids, required for proliferation. Furthermore, 

glycolysis produces less metabolic induce stress via reactive oxygen species, aiding 

in the preservation of genomic/embryonic integrity (Dahan et al., 2019)(Spyrou, 

Gardner and Harvey, 2019). A summary of metabolic differences between 

pluripotent and somatic cells can be found in figure 1.2. 

 

Maintenance of pluripotency requires increases in glycolysis and reductions in 

mitochondrial stress. Increased lipid and nucleotide biosynthesis related to 

glycolysis aids in the rapid proliferation of hPSCs. Taken from Dahan et al., 2018. 

Figure 1.2 Summary of Metabolic Differences Between Pluripotent & Somatic Cells 

Redacted 
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1.4 Differentiation of hPSCs Towards Specific Lineages 

Development of directed differentiation methods has relied on the study of 

in vivo cues for all three lineages. In this thesis, an emphasis is placed on the 

mesoderm lineage, specifically the derivation of cardiomyocytes from hPSCs. 

Endoderm & ectoderm differentiations will be explored in more detail in chapter 4. 

1.4.1 Differentiating hPSCs into Cardiomyocytes 

The ability to differentiate hPSCs through the mesoderm lineage into 

cardiomyocytes has opened new avenues of scientific research. Currently, 

pluripotent stem cell derived cardiomyocytes (hPSC-CMs) are used to study a variety 

of diseases, such as inherited cardiomyopathies (Mordwinkin, Burridge and Wu, 

2013)(Jung and Bernstein, 2015) and are increasing in their utility for drug discovery 

& drug toxicity testing (Sharma et al., 2018).  

Efficient differentiation methods have taken time to develop, and the field is 

mired by a lack of maturation in hPSC-CMs that can be produced. To fulfil the 

potential of cardiomyocytes created in the laboratory, numerous publications have 

described the use embryoid body formation, co-culture and cues identified from 

vertebrate development, including Wnt modulation to drive directed differentiation 

(Kehat et al., 2001)(Mummery, 2003)(Burridge et al., 2007)(Kattman et al., 

2011)(Zhang et al., 2011)(Burridge et al., 2014). 
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Chapter 5 will seek to develop novel biomaterial surfaces that can both 

support attachment of hPSC-CMs but also induce a greater level of maturation, as 

previously demonstrated to be possible by Patel et al., 2015. 

1.5 In Vivo Mesoderm Formation & Cardiac Specification  

The adult heart is formed of several different cell types with specialised roles, 

including; cardiomyocytes (contractile cells), cardiac conduction cells (found in the 

sinoatrial node, atrioventricular node, HIS bundle, left/right bundle branches & 

Purkinje fibres), cardiac fibroblasts, vascular smooth muscle cells and endothelial 

cells (Anderson et al., 2009)(Zhou and Pu, 2016)(Pinto et al., 2016).  

To form these cells types, which are organised into a functioning heart, 

requires an intricate sequence of events occurring during early embryo development, 

some of which are shown in figure 1.3.  

Formation of the First Heart Field (FHF) and Second Heart Field (SHF) lead on to contribute to 

the left-ventricle & right-ventricle respectively, the SHF also forms part of the outflow tract 

(ot), sinus venosus (sv) and both left/right atria (la/ra) during looping & chamber formation. 

Image taken from (Bruneau, 2013) 

Figure 1.3 Summary of the key steps of early heart formation during embryo development. 

Redacted 
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Mesoderm is formed during gastrulation, where the three germ layers, 

endoderm, mesoderm, ectoderm, are organised within the inner cell mass. 

Mesoderm is situated between the endoderm & ectoderm.  

During gastrulation, cells undergo epithelial to mesenchymal transition 

(EMT), which facilitates the migration of cells from each layer to gradually form more 

complex structures, whose roles are determined by complex chemical gradients of 

growth factors.  

For early mesoderm formation, mouse Wnt3a (Wingless Type 3a), (Bone 

morphogenic protein 4) Bmp4, Activin-a & (fibroblast growth factor 2) Fgf2 (and 

human WNT3a, BMP4, ACTIVIN-A & FGF2) have been demonstrated as important for 

directing mouse PSCs & hPSCs (Yang et al., 2008)(Münsterberg and Hoppler, 

2016)(Spater et al., 2014)(Bruneau, 2013).  

Whilst canonical Wnt activation is essential during the early stages of cardiac 

mesoderm formation, these signals must be inhibited to allow the continuation to 

cardiac progenitors (Gessert and Kühl, 2010)(Ueno et al., 2007)(Lian et al., 2012).  

To inhibit Wnt, neighbouring endoderm cells generate dickkopf homolog 1 

(DKK1) & Crescent (Gessert and Kühl, 2010). Further progression to the cardiac sub-

types in vivo is then dependent on the reactivation of cannonical Wnt signalling & 

FGF signalling for second heart field (SHF) progression or BMP dependent Wnt 

signalling for first heart field (FHF) progression (Cohen et al., 2007)(Ai et al., 2007), as 

shown in Figure 1.4.
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Intermediate stages shown, marked with known molecular markers. FHF: First Heart 

Field. SHF: Second Heart Field. EPDCs: Epicardium-Derived Cells. EMT: Epithelial to 

Mesenchymal Transition. Taken from Später et al., 2014. 

Figure 1.4 Overview of Signalling Involved in the Progression from Pluripotent Stem Cell to Cardiac Progenitors. 

Redacted 
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1.6 In Vitro Cardiomyocyte Derivation Using Human Pluripotent Stem 

Cells 

1.6.1 Early Embryoid Body & Co-Culture Methods 

Cardiomyocytes generated through differentiation methods must be mature 

to recapitulate the drug responses expected in adult tissue & for non-arrhythmic 

integration in therapeutic application (Goversen et al., 2018)(Liu et al., 2018).  

Additionally, the differentiation of cardiomyocytes must firstly be efficient, if 

the number of cardiomyocytes required for screening and therapeutic applications 

are to be met economically (Chen et al., 2016).  

Progress has been made in the optimisation of cardiomyocyte differentiation 

protocols. Early methods relied on mouse embryonic feeder (MEF) layer co-culture, 

the presence of serum and suspension culture to form embryoid body (EB) 

aggregates, with a differentiation efficiency lower than 1% (Kehat et al., 2001).  

Cardiac differentiations were improved upon by mimicking the 

developmental process, studying the activation and repression of key signalling 

pathways during mesoderm formation.  

The discovery that mouse visceral endoderm-like (END-2) cells co-cultured 

with hPSCs could provide the required signals for directed cardiac differentiation, 

improved efficiency (~30% of wells contained beating cells) and did not require the 

use of serum within the medium, additionally activin A was suggested to be 
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important for driving cardiac mesoderm formation (Mummery, 2003)(Passier et al., 

2005).  

By 2007 directed embryoid body-based differentiation methods were 

improved through the use of forced aggregation, involving centrifugation, in V-

bottomed 96-well plates, with the addition of activin A & FGF2 in defined medium, 

resulting in 23.6% +/- 3.6% beating EBs (Burridge et al., 2007).  

Another EB method was developed, in which Wnt modulation through the 

early use of BMP4, FGF2 & activin-a. This was followed by Wnt inhibition – on the 

basis this would allow for cardiac specification – using dickkopf homolog 1 & vascular 

endothelial growth factor (VEGF) (Yang et al., 2008). This protocol allowed for 40-

50% cardiac troponin T (cTNT) positive cells, and was later improved upon through 

the addition of SB431542 & dorsomorphin (Kattman et al., 2011). 

To improve embryoid body-based differentiations further, over 45 

cardiogenic & medium components were systematically optimised to improve the 

differentiation efficiency. This resulted in a universal, cost-effective chemically 

defined method based on the forced aggregation method from Burridge et al., 2007, 

achieving 94.7% +/- 2.4% efficiency across 11 hPSC lines (Burridge et al., 2011).  

It’s important to note that previous work by a PhD student, Asha Patel, used 

this method in the previous hPSC-CM attachment/maturation polymer microarray 

screen (Patel et al., 2015). 
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1.6.2 Monolayer-Based Cardiomyocyte Derivation  

Embryoid body techniques may have progressed in their capability to 

generate cardiomyocytes, however this technique historically proved difficult to 

achieve high purities & until recently lacked the necessary scale-up methods to 

produce cells at scale.  

To conveniently produce high purity differentiations at the scale required for 

in vitro studies monolayer-based differentiation methods were developed.  

An initial monolayer-based protocol cultured hPSCs was performed in three 

steps; change to RPMI-B27 medium with 100 ng/mL activin A for 24 hours, followed 

by four days with 10 ng/mL BMP4 supplementation, during which the medium was 

not exchanged, allowing the build-up of signalling factors produced by the cells. 

Afterwards cells were fed every 2-3 days with RPMI-B27 for a further 2-3 weeks to 

obtain ~30% cardiomyocyte yield (Laflamme et al., 2007).  

The protocol from Laflamme et al., 2007 was a start in producing directed 

monolayer-based differentiations but only focused on one aspect of Wnt 

modulation, early activation.  

By utilising early Wnt activation followed by Wnt inhibition with inhibitors; 

Noggin, DKK-1, Zhang et al., 2011 was able to increase cardiomyocyte yield to ~64% 

and experimented with the addition of retinoid compounds as an early example of 

influencing cardiomyocyte sub-type fate, where the addition of pan-retinoic acid 

receptor antagonist BMS-189453 (RAi) shifted cells to the ventricular phenotype. 
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1.6.3 A Fully Defined, Xeno-Free Protocol 

Previous methods for deriving cardiomyocytes mentioned relied on 

undefined medium components and/or MEF conditioned medium during hPSC 

culture. More modern methods have worked to improve reproducibility and clinical 

translation potential through improved defined and animal free protocols.  

A truly defined cardiomyocyte differentiation protocol emerged in 2014, 

when a combinatorial screen identified the precise media components essential and 

optimal for differentiation (Burridge et al., 2014). A simple medium of RPMI 1640 

basal, L-ascorbic acid 2 phosphate (AA 2-P) and rice-derived recombinant human 

albumin was found to be more effective than previously used StemPro & RPMI-B27 

(-ins) media. Supplementation in this protocol solely consisted of small molecules, 

with 6 μm CHIR99021 from day 0 to day 2, and 2 μm WNT-C59 from day 2 to day 4, 

and resulted in extremely high cardiomyocyte yields and purity, with 95% of cells 

positive for cardiac troponin T (TNNT2) (Burridge et al., 2014). 

1.6.4 A Practical Compromise 

The protocol by Burridge et al., 2014 provides a fully defined, xeno-free 

system, which was expected to result in differentiations containing up to 95% 

TNNT2+ beating sheets. Specifically noted, it was claimed the repeated 

differentiations across 11 cell lines all demonstrated between 80-95% efficiency 

(TNNT2+ cells), yielding on average greater than 3 x 105 cardiomyocytes per cm2.  

Experimentation using the Burridge protocol from all members within the 

Denning group failed to reproduce these results, with differentiations variably failing 

2 out of 3 times.  
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In-house development has led to a more robust and reproducible 

differentiation protocol, which has reverted to the use of xenogenic and undefined 

components. The protocol, detailed in the methods chapter, induces mesoderm 

specification with StemPro Serum Free medium supplemented with BMP4 and a 

Matrigel overlay, followed 12-16 hours later with BMP4/Activin-a canonical Wnt 

activation. Cardiac specification is carried out in two steps using small molecule Wnt 

inhibitors XAV939 & KY0211, initially in RPMI-B27 (-ins), and two days later with 

RPMI-B27 containing insulin, followed by 4-6 days culture solely in RPMI-B27 (+ins), 

during which 80-95% TNNT2+ cultures are commonly obtained (Mosqueira et al., 

2018)(Smith et al., 2018).  

1.7 Cardiomyocyte Physiology & the Maturation Problem 

1.7.1 A Key Summary 

The differentiation protocols of hPSCs to cardiomyocytes have improved from 

1% differentiation efficiency from early protocols in 2001 (Kehat et al., 2001), to 

regularly reaching 85-95% with modern methods (Smith et al., 2018). Whilst hPSC-

CMs can be produced efficiently, the maturity of cardiomyocytes produced 

resembles cardiomyocytes of the 1st or 2nd trimester, with functional consequences 

for their physiological state (Van den Berg et al., 2016)(M. C. Ribeiro et al., 2015)(Sun 

and Nunes, 2017). 

The maturation problem is well defined, differences between cells that can 

be generated within the laboratory using hPSCs range across every aspect, from, 

structure, sarcoplasmic reticulum, gene expression, metabolism, force conduction, 

electrophysiology, and calcium handling.
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1.7.2 Cardiomyocyte Structure  

The size and structure of cardiomyocytes play an important role in their 

functionality, during foetal development cardiomyocytes will undergo rapid 

proliferation, however postnatally, physiological hypertrophy of cardiomyocytes 

serves to increase their performance to match the requirements of the developing 

body (Jonker et al., 2007)(Li et al., 1996).  

Compared to the hPSC-CM area of ~600 µm2, adult cardiomyocytes can reach 

30-40 times this size, a factor that is important for effective signal propagation 

throughout the heart (Laflamme and Murry, 2011)(Spach et al., 2004).  

1.7.3 Contractile Apparatus  

hPSC-CMs are not just smaller, but their structure is rounded and their 

contractile subunits, sarcomeres, are disorganised and shorter (1.6 μm vs 2.2 μm), 

reducing their ability to produce force (Lundy et al., 2013).  

Proteins involved within the contractile machinery of the cardiomyocyte are 

currently expressed in their foetal isoform when derived from hPSCs. Such examples 

are, α-myosin heavy chain isoform (α-MHC) a faster cycling motor predominantly 

found in hPSC-CMs (Scuderi and Butcher, 2017). Myosin light chain 2a (MLC-2a) vs 

the ventricular form MLC-2v is another example, where the latter is solely expressed 

in adult ventricular myocytes (De Sousa Lopes et al., 2006).   

The slow skeletal troponin inhibitor (TNNI) to cardiac troponin inhibitor 

(TNNI3) (adult form) switch has been demonstrated during development to be in an 

irreversible manner, even during stress or disease. The ratio of cTnI: ssTnI protein 
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isoforms a particularly suitable target to track maturation within this chapter 

(Bedada et al., 2014).  

The switch is important for cardiac maturation because ssTnI isoform lacks a 

unique 32-residue N-terminal extension, which is present on cTnI, this region 

contains a phosphorylation site for protein kinase A (PKA). This cTnI additional 

phosphorylation site makes it responsive to adrenergic stimulation, this is linked to 

an increased possible rate of force relaxation (Gomes, Potter and Szczesna-cordary, 

2002).  

1.7.4 T-Tubules 

T-Tubules are invaginations of the membrane that are critically important 

structures for propagating contraction throughout a cardiac tissue. T-Tubules are 

regularly spaced every 2 μm along an adult cardiomyocyte and align with the z-disks 

of sarcomeres (Yang et al., 2014).  

T-tubules ensure rapid synchronised contraction by placing a high 

concentration of L-type calcium channels, responsible for the initial calcium influx, in 

close proximity to the sarcoplasmic reticulum (SR). This allows an initial calcium spark 

to induce further intracellular calcium release in a process known as (CICR) via 

ryanodine-2 receptors (RYR2), which is essential for mature calcium and contraction 

kinetics (Yang, Pabon and Murry, 2014).  

1.7.5 Metabolism 

In the fetal heart oxygen levels are low and fetal cardiomyocytes (and hPSC-

CMs) rely heavily on glycolysis and lactate oxidation to fuel relatively low energy 

needs, when compared to adult cardiomyocytes (Ellen Kreipke et al., 2016).  
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After birth cardiomyocytes undergo physiological hypertrophy with 

increasing levels of stress and workload (Ellen Kreipke et al., 2016). During this period 

of growth and increased stress, the levels of free fatty acids in blood increase and the 

cardiomyocytes adapt a new energy profile based primarily from fatty acid oxidation 

to meet increased demands (Ellen Kreipke et al., 2016).  

Changes in metabolic demands are also reflected on a structural level where 

fetal cardiomyocytes or hPSC-CMs have a relatively low number of mitochondria 

centred on the perinuclear area, adult cardiomyocytes have significantly more 

mitochondria than can occupy up to 40% of the cell area and contain more developed 

and organised cristae (Keung, Boheler and Li, 2014). 

1.7.6 Gene Expression 

It is suggested that hPSC-CMs closely resemble the cardiomyocytes found at 

the fetal stage of development. Berg et al., 2015 compared the transcriptome of 

human fetal cardiomyocytes in the first and second trimester to hPSC-CMs.  

Without a maturation approach, current hPSC-CMs align closely to foetal 

cardiomyocytes in the first trimester, but with available maturation media the 

transcriptome aligns closer with foetal cardiomyocytes from the second trimester. 

The results from Berg et al., 2015 could now be used as a benchmark for maturation 

approaches attempted during this project. 

Differences in gene expression between adult human cardiomyocytes and 

foetal / hPSC-CMs can result in either greatly reduced expression, or differing 

isoforms of key proteins being expressed. Relating to contraction, differing isoforms 

such as, TNNI1/TNNI3 & MYH6/MYH7 have been discussed above. 



41 
 

Detection of an IK1 current in hPSC-CMs is difficult due to the low expression 

of KCNJ2, this leads to an increased funny current If, a lesser polarised resting 

membrane potential of -20 to -60 mV and automaticity of contraction in culture 

(Dhamoon and Jalife, 2005)(Li et al., 2017).  

Differences in gene expression relating to calcium handling in hPSC-CMs vs 

adult cardiomyocytes translates to reduced contractile force and a diminished 

plateau phase in the action potential. The hPSC-CMs currently show a reduced level 

of sarcoplasmic reticulum calcium handling proteins such as SERCA2, calsequestrin 

and phospholamban (Denning et al., 2016)(Yang, Pabon and Murry, 2014). This 

creates an important difference between hPSC-CMs and their mature counterparts, 

hPSC-CMs demonstrate a negative force-frequency relationship, however mature 

cardiomyocytes retain a positive force-frequency relationship utilising their high 

levels of stored intra-cellular calcium (Ruan et al., 2016).  

1.8 Current Approaches to Maturation 

To overcome the maturation barrier to hPSC-CMs, to allow their effective 

implementation for drug screening and cellular therapies, many approaches have 

been explored to induce further cardiomyocyte maturation.  

These include, prolonged culture times, force cell alignment, electrical 

stimulation, mechanical stimulation, altering the substrate stiffness, medium 

additives, co-culture, matrix materials, 3D-culture and the use of biomaterials (figure 

1.5). 
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Taken from Schwach & Passier 2019. 

Figure 1.5 Summary of Maturation States & Strategies 

Redacted 
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1.8.1 Prolonged Culture 

Lundy et al., 2013 & Kamakura et al., 2013 studied hPSC-CM maturation in 

prolonged culture. ‘Early’ cardiomyocytes, 20-40 days and ‘late’ cardiomyocytes, 80-

120 days were analysed. Prolonged culture increased cell area from 480 +/- 32 μm2 

to 1716 +/- 150 μm2, decreases in circularity and an increase in sarcomeric length 

from 1.65 +/- 0.02 μm to 1.81 +/- 0.01 μm (vs 2.2 μm in mature cardiomyocytes) with 

greater visible sarcomeric organisation.  

Further ultrastructure analysis revealed mitochondria contained more 

prominent cristae and were co-localised with myofibril bundles, multi-nucleation in 

‘late’ hPSC-CMs drastically increased (>30% vs >5%). ‘Late’ stage hPSC-CMs also 

demonstrate improved action potentials and contraction characteristics (Dai et al., 

2017)(Lundy et al., 2013).  

These findings were mirrored in a study using embryoid bodies instead of 

monolayer culture (Kamakura et al., 2013). The levels of maturation achieved by both 

authors do not represent full maturation, calcium handling was modestly improved. 

1.8.2 Cell alignment 

It has been well characterised that cardiomyocytes form structures with 

anisotropic alignment to facilitate electrical propagation and contraction of the heart 

muscle. Electrospun fibrous aligned nanofiber structures can successfully induce 

cardiomyocyte alignment in culture (Khan et al., 2015)(Han et al., 2016). Alignment 

in 2D by Khan et al., 2015, resulted few demonstrable markers of maturation aside 

from modestly improved calcium handling.  
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Experimentation utilising a 3D aligned environment improved sarcomeric 

organisation, expression of key genes such as KCNJ2, MYH6 & CASQ2 and 

demonstrated appropriate pharmacological responses to isoproterenol and 

phenylephrine (Han et al., 2016).  

Overall alignment on electrospun anisotropic fibrous scaffolds induces a 

limited maturation effect on hPSC-CMs.  

1.8.3 Electrical Stimulation 

In vivo embryonic cardiomyocytes are exposed to electrical fields during their 

development, which are believed to be involved in spatial patterning and tissue 

morphogenesis. One platform attempting to replicate this in vivo effect involves a 

type I collagen-based gel placed into a PDMS template where cardiomyocytes were 

co-cultured in 3D with fibroblasts and electrically stimulated through platinum wires 

– termed Biowire II (Zhao et al., 2019).  

Biowires II stimulated with the 6-Hz regimen exhibited; physiological 

hypertrophy, greater sarcomeric organisation, improved calcium & 

electrophysiological properties. Specifically, pacing with 6 Hz increased contraction 

force 21-fold higher than pacing at 1 Hz (p = < 0.0001), and demonstrate a positive 

force frequency relationship, a hallmark of maturation. Beyond maturation, Biowires 

II also allows for defined atrial and ventricular zones to probe drug response in a 

chamber-specific manner (Zhao et al., 2019). 

1.8.4 Mechanical Stimulation 

The human heart experiences increasing mechanical load during 

development, shortly after birth increased mechanical load leads to physiological 
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hypertrophy and a dramatic shift from glucose/lactate oxidation to fatty acid 

oxidation (Ellen Kreipke et al., 2016).  

It has been hypothesised that mechanical stimulation in vitro could mimic this 

natural process and induce greater maturation. Cyclic stress was compared to static 

stress and no stress of cardiomyocytes in 3D collagen type I structures. During cyclic 

stress β-MHC increased 550%-800% with a concomitant reduction in α-MHC 62%-

50% - suggesting contractile maturation (Ruan et al., 2016).  

Calcium dynamics were significantly improved with cyclic mechanical stress, 

peak calcium flux & departing velocity increased by greater than 100% (Ruan et al., 

2016).  

hESC-CMs in 3D gelatin scaffolds that underwent cyclic stress developed a 

more mature ultrastructure, greater elongation, and connexin-43 expression. Both 

studies confirm cyclic stress induces limited maturation in hPSC-CMs (Mihic et al., 

2014). Note that a summary of physical stress & electrical induced maturation 

strategies are summarised in table 1.2. 

1.8.5 Substrate Stiffness 

During development the myocardial extracellular matrix alters and stiffens. 

Starting as a relatively soft mesoderm with a stiffness less than 500 Pa, changes in 

the extracellular matrix cause stiffening up to 10 kPa by embryonic day 14 (Young et 

al., 2014).  

The altering stiffness was thought to allow the matching of intra/extracellular 

strains for prolonged rhythmic contraction required in vivo (Young et al., 2014).  
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A measurement of cell and substrate strains during contraction demonstrated 

that intermediate 11 kPa – 17 kPa substrates had a near balance of intracellular-

substrate strain allowing for efficient contraction, and overly stiff substrates 

mimicking scar tissue resulted in loss of contraction over-time (Engler et al., 2008).  

Young et al., 2014 utilised a thiolated hyaluronic acid/poly(ethylene glycol) 

diacrylate (PEGDA) hydrogel, which stiffens from ~2 kPa to 9 kPa. Substrates with a 

biologically relevant dynamic stiffness may increase maturation through improved 

myofibrillar assembly. 

1.8.6 Media supplementation 

Investigators have sought to discover soluble factors to induce maturation, 

by mimicking factors seen during development, such as Tri-iodo-L-thyronine (T3), or 

through high-throughput screening of compound libraries.  

T3 has been found to induce maturation. hiPSC-CMs treated with T3 

supplemented media for 1 week and reported; increased cell size, increases 

sarcomeric length, increased force generation, enhanced calcium handling & 

increased maximal mitochondrial respiration (Yang, Pabon and Murry, 2014). 

It has been demonstrated that the synthetic glucocorticoid Dexamethasone 

increases force contraction, sarcomeric length and provides some improvements to 

calcium handling in hESC-CMs (Kosmidis et al., 2015). 
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1.8.7 3D Culture Environments 

2D culture environments fail to recapitulate the tissue architecture of the 

human heart. Cardiomyocytes exhibit cell shape dependent functions, namely their 

contractile properties and cell-to-cell linkages (A. J. S. Ribeiro et al., 2015).  

Engineered heart tissues (EHTs) present a promising 3D environment where 

contractile forces can be measured (Zimmermann, Melnychenko and Eschenhagen, 

2004). Each EHT is formed of a fibrin gel encapsulating 0.5-1 million cardiomyocytes 

between two silicone posts.  

The silicone posts are flexible with known mechanical properties, their 

displacement by cardiomyocyte contraction can be monitored and quantified using 

video-optics. EHTs are in the centimetre range and can be sustained for longer 

periods of time allowing for chronic drug interaction studies.  

Maturation observed in EHTs include; an aspect ratio near 7:1, larger cell size 

compared to 2D methods, improved alignment, increased gene expression of key 

adult isoforms such as β-MHC and increased ion channel expression (Hirt et al., 

2014).  

These findings were mirrored in a more recent study, where the physical 

resistance to contraction was increased through modification to the silicone posts 

(Leonard et al., 2018). 

More recent developments have shown EHTs can be used to also increase 

metabolic maturation, with a similarity of mitochondrial proteomes to adult 

cardiomyocytes (Ulmer et al., 2018). Despite these significant advances in 
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maturation, 3D culture environments have yet to fully recapitulate the adult 

phenotype. 

1.8.8 Surface Chemistry 

A relatively new and unexplored approach to inducing cardiomyocyte 

maturation is the adoption of novel surface chemistries. A combinatorial discovery 

approach utilising polymers formed of poly-e-caprolactone (PCL), polyethylene glycol 

(PEG) and carboxylated PCL (cPCL) to induce greater hPSC-CM maturation (Chun et 

al., 2015).  

Results from culturing hPSC-CMs on an electrospun scaffolds of 4%PEG-

96%PCL, coated with vitronectin, increased the ratio of adult cTnI to foetal ssTnI, and 

showed an increased percentage of cells expressing the myosin light chain-2a (MLC-

2a). The 4%PEG-96%PCL polymer surface relied on a FBS containing medium for 

attachment, where it is known that the use of serum in otherwise defined conditions 

is sufficient to induce pathological hypertrophy, confounding drug & safety studies 

performed on cardiomyocytes exposed to it (Dambrot et al., 2014). Therefore, it is 

important to find surface chemistries that can support hPSC-CM attachment and 

maturation, when cultured in the absence of serum. 

More relevant to the work being carried out in this PhD project would be the 

work by Patel et al., 2015, at the University of Nottingham, to identify hit 

polymers/co-polymers for cardiomyocyte attachment and maturation. In this study 

polymer spots were dispensed onto epoxy glass slides coated with 4% pHEMA to 

prevent random attachment. The ability of nearly 700 polymers was analysed for 

attachment and cell spreading, with and without serum. A significantly greater 
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number of polymers were adhesion ‘hits’ comparable to a gelatin control when 

serum was introduced, 48/116 homopolymers compared to 7/116 without serum.  

The 3 most promising polymers without the need for serum were studied in 

more detail for their maturation properties. Results demonstrated a 2-fold and a 6-

fold increase in upstroke velocity. hPSC-CMs on the best performing polymers had 

sarcomeric lengths of 1.97 μm, 1.80 µm & 1.70 μm respectively, less than the 2.20µm 

in mature cells but greater than 1.50 µm shown in gelatin controls. This increased 

sarcomeric length was translated functionally, to up to a 10-fold increased sensitivity 

to the cardiotoxic drug doxorubicin, proving the potential worth of synthetic 

biomaterial driven maturation for functional applications (Patel et al., 2015).
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Table 1.1 Summary of Physical & Electrical Maturation Approaches Previously Taken. 

Taken from Scuderi & Butcher 2017. 

Redacted 
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1.8.9 Biomaterials – The Solution? 

Undifferentiated hPSCs have unparalleled therapeutic potential, in a wide 

range of applications, from diabetes, to spinal injuries, stroke or heart disease, and 

many more. Yet the culture surfaces hPSCs are commonly grown on are either 

undefined & xenogenic, Matrigel™, or prohibitively expensive for industrial scale 

application, vitronectin & laminin-511. hPSC-CMs have therapeutic potential to 

replace lost & damaged cardiac tissue after cardiac ischemia.  

Biomaterials present an opportunity to develop synthetic, fully defined, 

xeno-free culture surfaces, which are economically viable compared to existing 

recombinant protein-based surfaces. For example, Biolaminin 511 LN (LN511) 

(Biolamina) costs 43 p/cm2 at the recommended concentration of 0.5 µg/cm2, by 

comparison a top performing co-polymer in this thesis TCDMDA:BA (2:1) costs ~0.9 

p/cm2, when considering the cost of the monomer components in isolation. 

Aside from fully defined, synthetic, reproducible surfaces, with great 

affordability, biomaterials also provide an opportunity to improve the function of 

hPSC-CMs, therefore clinical & pharmaceutical relevance (Patel et al., 2015).  

As previously discussed, increasing the maturation state of hPSC-CM will 

increase their usefulness in disease models, provide better tools for toxicity testing 

& take the field one step closer toward therapeutic application (Veerman et al., 

2015)(Koivumäki et al., 2018). 
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1.9 Biomaterials 

1.9.1 What defines a Biomaterial? 

The exact definition of what constitutes a biomaterial has been attempted 

multiple times during the fields development, one such definition that was ‘endorsed 

by a consensus of experts’ reads – ‘A biomaterial is a nonviable material used in a 

medical device, intended to interact with biological systems.’ (Donaruma, 

1988)(Ratner, 2004).   

Another attempt at defining biomaterials more broadly includes a wider 

range of uses; ‘materials of synthetic as well as of natural origin in contact with tissue, 

blood, and biological fluids, and intended for use for prosthetic, diagnostic, 

therapeutic and storage applications without adversely affecting living organism and 

its components.’ (Parida, Behera and Chandra Mishra, 2012).  A broader attempt at 

defining biomaterials, ‘A biomaterial is any matter, surface, or construct that 

interacts with biological systems.’ (Pavlovic, 2015) 

These definitions are now dated, with biomaterials being functionalised with 

living cells (viable material), and biomaterials approaches being utilised in vitro, 

outside of prosthetics, therapeutics & biological systems. This thesis is an example of 

such, where biomaterials are being used to induce maturation of human pluripotent 

stem cell (hPSC) derived cardiomyocytes, or continuous undifferentiated hPSC 

culture, where the application is both in vitro, drug screening, toxicity screening, 

disease modelling and in vivo, for therapeutics.  
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1.9.2 History of Biomaterials 

Biomaterials are not a new concept, throughout history biomaterials have 

existed, some of the earliest records of biomaterials take form in a bitumen & vegetal 

fibre tooth filling ~13,000 years ago (Oxilia et al., 2017), and surgical sutures made 

from plant fibres, hair and wool threads used in ancient Egypt 3000BC (Muffly, 

Tizzano and Walters, 2011).  Within the last 50-60 years of history, that the field of 

biomaterials has started to mature, where considerations for the selection and 

detailed characterisation of materials started to be considered (Stupp, 2001).  

At its origins as a formal field of science, biomaterials have always been highly 

interdisciplinary, combining the expertise of; engineers, physical scientists, 

pathologists & clinicians – however with the rapid development technology to 

investigate cellular biology, cell biologists are probing the cellular mechanisms and 

interactions which govern the biological response to a given biomaterial. 

The rapid expansion of technology in cell biology, including the derivation & 

culture of stem cells, has resulted in the highly interdisciplinary collaboration that 

has resulted in the production of this thesis. 

1.9.3 Types of Materials used as Biomaterials 

No two biomaterials are the same, each biomaterial has their own advantages 

and disadvantages which tailors them for a subset of applications. Where soft 

silicone-acrylate hydrogels are suitable for the contact lens, they lack the mechanical 

properties for bone replacement. 
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Biomaterials can broadly be separated into four main groups, metallic, 

naturally derived, ceramics, & polymeric - with the caveat that members of each 

grouping will possess their own material specific features. 

1.9.4 Metallic Biomaterials 

Metallic biomaterials are primarily used for joint replacements, stents, dental 

and orthopaedic implants. Metallic biomaterials provide good ductility, high strength 

and are inert which has made them ideal for load-bearing applications, however their 

relatively high elastic modulus compared to bone can result in ‘stress shielding’ 

leading to the eventual loss of bone material (Prasad et al., 2017).  

Metallic materials such as stainless steel, cobalt-chromium and titanium have 

low corrosion properties however eventually undergo corrosion and wear over an 

extended period in an aggressive in vivo environment, potentially leading to the 

undesirable release of metallic ions which can lead to inflammatory responses (Saini 

et al., 2015). Metallic biomaterials will continue to play a vital role for joint 

replacements, with 3D printing & ceramic or polymeric coatings potentially 

enhancing their capabilities in the future (Mulford, Babazadeh and Mackay, 2016). 

1.9.5 Naturally Derived 

Nature presents us a diverse catalogue of biomaterials, including; collagen 

(Sumanasinghe, Bernacki and Loboa, 2006), fibrin (Gurevich et al., 2002), silk 

(Mauney et al., 2007), agarose (Zarrintaj et al., 2018), alginate (Sun and Tan, 2013), 

hyaluronan (Prestwich, 2011) and chitosan (Ahsan et al., 2018). Naturally derived 

biomaterials confer the advantages of being biocompatible, non-toxic, renewable 

and many have built-in sites for interactions with cells or biological factors, which can 
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greatly aid in the regeneration process. However, most natural biomaterials (silk 

excluded) suffer from poor mechanical properties, often from rapid degradation - 

failing to maintain a desired structure (Vehoff et al., 2007)(Mano et al., 2007).  

1.9.6 Ceramics 

Bioceramics are materials with high compressive strength, ideal for 

orthopaedic or dental implants. Bioceramics are relatively flexible in their application 

for these purposes because they consist of a range of materials that can be bioinert 

– stable (alumina & zirconia), bioactive – capable of interacting with biological tissue 

(hydroxyapatite & bioactive glass) or bioresorbable – degraded safely by the body in 

a controlled manner (tricalcium phosphate) (Hench, 2005). Bioinert ceramics are 

commonly used within joint replacements for their stability and load bearing 

properties (Piconi et al., 2018). Bioactive ceramics are capable of inducing releasing 

factors or inducing cell responses such as angiogenesis and can have tissue bonding 

capabilities (Gerhardt et al., 2011)(Miguez-Pacheco, Hench and Boccaccini, 2015). 

 Bioresorbable ceramics allow natural tissue to replace the implant over time, 

although the balance between porosity and structural integrity and the pace of the 

ceramic degradation are challenges researchers face. Disadvantages of bioceramics 

includes their brittle nature, and difficulty in the manufacturing process (Baino, 

Novajra and Vitale-Brovarone, 2015). 

1.9.7 Synthetic Polymers 

Synthetic Polymeric biomaterials (excluding natural polymers such as 

collagen & chitosan) are a modern era man-made creation and the focus of this 

thesis. Synthetic polymers are easy to manufacture, reproducible when 
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manufactured, and have flexibility in their structure & design. Alterations to the 

polymer composition can affect their physical mechanical, chemical, electrical and 

thermal properties, making synthetic polymeric materials extremely versatile (Teo et 

al., 2016). A wide range of synthetic polymers exist that are also biocompatible.  

Synthetic polymers serve a wide field of biomaterial applications such as, 

poly(hydroxyethyl methacrylate) (pHEMA) and poly(lactic-co-glycolic) acid (PLGA) for 

contact lenses, poly(glycolic acid) for degradable sutures, poly(vinyl siloxane) for 

dental impressions, and poly(methyl methacrylate) as bone cement (Seal, Otero and 

Panitch, 2001). Synthetic polymers can also serve as anti-bacterial surfaces on 

medical devices, as microcarriers for drug delivery, and scaffolds/surfaces that are 

capable of supporting protein/cellular attachment for both in vivo and in vitro 

purposes (Liang et al., 2017).  
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Polymeric biomaterials have disadvantages, of primary concern for implants 

are toxic leachable compounds, which may have deleterious effects on the patient 

(Yin and Luan, 2016). Polymeric biomaterials also absorb water and proteins, which 

can be advantageous or disadvantageous dependent on the intended use.  

 Table 1.2 Examples of biomaterial applications and the materials used to create them. 

(A) Taken from Rater, 2004. (B) Taken from Yin & Lun, 2016. 

A B 

Redacted 
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1.10 The Development of High-Throughput Biomaterial Discovery 

1.10.1 Polymer Microarray Development 

To discover new biomaterials, polymer microarray screening techniques were 

first developed in 2004, a system that allowed the printing of thousands of materials 

on a nanolitre scale into a format resistant to aqueous culture (Anderson, Levenberg 

and Langer, 2004). Critically, this system utilised a pHEMA background to ensure the 

space between printed polymer spots prevented cellular and protein attachment, 

allowing independent assessment of each material and allowed for the analysis of 

multiple biological markers in a systematic manner, when combined with automated 

position-based microscopy.  

Initially this screening method tested 1728 unique polymer – stem cell 

interactions, with an acrylate, diacrylate, triacrylate & methacrylate library. The 

results identified that high-throughput polymer library screens could identify 

biomaterials with differing capacities for hPSC attachment & influence their ability to 

differentiate into cytokeratin positive cells.  

The utility of polymer microarray screening for biomaterials discovery was 

further evidenced when an array with 3456 polymers was shown to demonstrate 

differential attachment and marker expression for, mesenchymal stem cells, 

chondrocytes & neural stem cells (Anderson et al., 2005). 

Since then other groups have expanded the search for biomaterials capable 

of supporting long-term hPSC culture. Brafman et al., 2010, utilised polymer 

microarrays to screen 1280 acrylamide gels to discover poly(methyl vinyl ether-alt-

maleic anhydride) (PMVE-alt-MA), which they demonstrated was capable of long-
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term (5 passage+) culture of three hPSC lines. This study demonstrated the capability 

of polymer microarrays to produce biomaterials that can support hPSC culture 

without serum. Culture conditions for PMVE-alt-MA relied on the use of StemPro™ 

medium, which contains bovine serum albumin, known to potentially influence hPSC 

attachment to synthetic surfaces. 

1.10.2 Polymer Microarrays & Surface Analysis for Prediction of Biological Response 

Polymer microarray technology advanced with the addition of surface 

analysis techniques to identify parameters that can predict biological response. An 

array study that first discovered clonal growth on hPSCs on polymeric biomaterials, 

in the presence of vitronectin, with a xeno-free & fully defined media, was the first 

perform an in-depth investigation to determine if surface characteristics such as 

wettability, modulus or chemistry can be used to predict biological response (figure 

1.6).  

Data from the study identified that only Time of Flight Secondary Ion Mass 

Spectrometry (ToF-SIMS) could predict biological response, with an R2 value of 0.78.
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(A) Identification of OCT4 positive hESCs cultured on polymer microarrays through high-content imaging. (B) Surface analysis techniques, atomic 

force microscopy, wettability & ToF-SIMS. (C) Identification of surface parameters that correlate to hESC attachment. Taken from Mei et al., 

2010. 

A 

B 

C 

Figure 1.6 Overview of polymer microarray screening with human embryonic stem cells (hESCs) with in-depth surface characterisation. 

Redacted 
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1.10.3 Polymer Microarrays for hPSC Culture in Defined Conditions 

The development of culture medium for hPSCs has resulted in the need to 

perform new polymer microarray screens. Polymeric biomaterials that supported 

hESC attachment in the presence of serum containing medium, failed to do so 

without it (Anderson, Levenberg and Langer, 2004).  

Polymeric biomaterials from Mei et al., 2010 required a coating of vitronectin 

adhesion protein, hESCs were cultured on MEF layers.  

More recent work used polymer microarray screening to discover that 

poly(N-(4-hydroxyphenyl)methacrylamide)-co-HEMA, poly(HPhMA-co-HEMA), could 

support long-term culture in a 6-well scaled up format, retaining their capability to 

form all three germ layers (Celiz et al., 2015). Poly(HPhMA-co-HEMA) was proven to 

work with MEF-conditioned medium, the serum-free defined StemPro medium and 

mTeSR1 medium. HPhMA alone was capable of long-term culture with hPSCs. 

However, HPhMA demonstrated poor physical stability, with visible cracking at the 

surface in cell culture incubator conditions. Celiz et al., overcame this problem 

through the addition of 2‐hydroxyethyl methacrylate (HEMA), in a 2:1 ratio of 

HPhMA:HEMA respectively.  

Despite pHEMA forming the anti-cell attachment background of the 

microarray, in this co-polymer there was no negative effect on cell binding or 

proliferation observed. ToF-SIMS analysis of the third-generation array also indicated 

pHEMA was present at the surface of the array spot during the screening process, 

meaning it had inter-mixed with the polymer solutions deposited.  
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It was interesting to note that β1 & αVβ5 integrins were identified as being the 

most important for cell attachment. αVβ5 was also highlighted by Mei et al., 2010 as 

being important for their own hPSC attachment studies to a synthetic material (Celiz 

et al., 2015). These findings could have implications for work carried out in this thesis.  

1.10.4 Towards a Defined Medium 

Further development of hPSC culture medium sought to primarily remove the 

albumin content. Serum albumin is the primary component of blood plasma, capable 

of binding fatty acids, hormones, and growth factors (Garcia-Gonzalo and Izpisúa 

Belmonte, 2008). In the context of cell culture albumin can be used to stabilise 

growth factors but batch-to-batch variations are linked to inconsistencies on hPSC 

culture.  

A systematic individual and pair-wise screen, removing the 18 components 

from the previous medium mTeSR-1 resulted a fully-defined, albumin-free, xeno-free 

medium with just 8 components in addition to DMEM/F12 (Chen et al., 2011). This 

medium was termed Essential 8™ medium, a comparison of the components in 

Essential 8™ (E8) medium and mTeSR® medium are found in table 1.3.  
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Unpublished work by Celiz et al., 2015, and work in this thesis will 

demonstrate that Poly(HPhMA-co-HEMA) is not capable of supporting hPSC survival 

and culture in Essential 8 medium. Hence, the need to perform further polymer 

microarray screening in this thesis to find a biomaterial capable of long-term hPSC 

culture in what is often termed as a ‘stripped-down’ medium. 

1.10.5 Extracellular Matrix & Biomaterials 

For hPSCs or hPSC-CMs to adhere to a synthetic surface, a mechanism of 

attachment must exist. To facilitate adhesion to a given surface, cells express 

integrin receptors, which are type I transmembrane glycoproteins (Iwamoto and 

Calderwood, 2015). Integrins receptors are heterodimers of α & β subunits, where 

Table 1.3 Comparison of medium components between 
mTeSR-1 & Essential 8 Medium. Taken from 
ThermoFisher Scientific Essential 8 FAQ. 
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humans express 18 types of the α subunit & 8 types of the β subunit, forming a 

total of 24 different combinations (Iwamoto and Calderwood, 2015). 

Each subunit combination of integrins binds to specific ECM components, 

cell surface components or proteins present in the environment. For example, α5β1 

binds to fibronectin, α6β1 laminin, and αVβ5/αVβ3 to vitronectin (Schaffner, Ray 

and Dontenwill, 2013)(Takizawa et al., 2017)(Michael A. Horton, 1997). 

Integrins support attachment to the ECM through a process of activation, 

followed by clustering. Activation is a result of conformational changes to the 

extracellular domains of the heterodimer, where Kindlin & Talin are proposed to aid 

in the initial activation process (Iwamoto and Calderwood, 2015). To increase the 

strength of cellular adhesions, clustering of integrin-ECM interactions is required 

(Miyamoto, Akiyama and Yamada, 1995)(Karimi et al., 2018). 
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In the case of undifferentiated hPSCs, the integrins α3, α5, α6, α7, α11, αV, 

αE and β1, β2, β3, β5, have been identified as present in at least some culture 

conditions, with, α5, α6, αV, β1 & β5 specifically prevalent in hiPSCs (Meng et al., 

2010)(Xu et al., 2001)(Meng et al., 2010). 

Integrin activation can result in intra-cellular signalling & structural changes 

affecting, migration, spreading, adhesion & survival (Vachon, 2011)(Hansen et al., 

1994)(Huttenlocher and Horwitz, 2011). Specifically, in hPSCs integrins are linked to 

PI3K-AKT & MEK/ERK signalling, where PI3K-AKT signalling is linked to hPSC survival 

& dissociation-induced apoptosis & high levels of MEK/ERK signalling known to 

maintain pluripotency (Armstrong et al., 2006)(Li et al., 2007)(Ohgushi et al., 2010).  

Integrin-associated focal adhesion kinases (FAK) have also been shown to 

affect the pluripotency state of hPSCs. In hPSCs, pluripotency is in part maintained 

through the expression and activation of integrin α6β1, which has been shown to 

Figure 1.7 Simplified summary of mechanisms involved in integrin activation & clustering.  

Talin-based activation increases the affinity of integrins for the substrate and promotes 

clustering. Talin bound to cytoskeletal components such as F-Actin reveals Vinculin 

binding sites, reinforcing clustering interaction. Active or inactive integrins may be 

targeted for endocytoic recycling via short or long loop trafficking. Figure taken from: 

Iwamoto and Calderwood, 2015. 

Redacted 
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maintain FAK in the non-phosphorylated form at Y397, keeping in inactivate. A loss 

of integrin α6β1, results in activation of FAK via Y397 phosphorylation & loss of 

pluripotency (Villa-Diaz et al., 2016). 

For these reasons, it will be important to identify, 1.) the mechanism of 

attachment to biomaterials discovered in this thesis, and 2.) how intracellular 

signalling of hPSCs are affected by the mechanism of attachment & degree of 

attachment they employ.  

1.11 Hypothesis & Thesis Aims: 

This thesis hypothesizes that polymeric biomaterials of an acrylate & 

acrylamide nature can support the culture of hPSCs in full-defined xeno-free 

Essential 8™ medium, to replace xenogenic Matrigel™ & provide an economical 

alternative to commercially available fully defined substrates such as, Vitronectin 

XF™ & Laminin-511 LN. This thesis also predicts that polymeric biomaterials of the 

same nature will be capable of supporting the attachment of hPSC-CMs in serum-

free conditions and inducing levels of maturation beyond that of Matrigel™ culture. 

To test both of the hypothesis above, work presented here will achieve the 

following objectives: 

1) Screen a homopolymer microarray containing 284 unique polymer spots, 

for the attachment of hPSCs or hPSC-CMs, at 24/48 hours, or 7-day culture, 

respectively. 
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2) Perform two independent co-polymer screens, containing mixtures of 24 

homopolymers relevant to each separate cell type, forming a co-polymer 

microarray containing 599 unique materials.  

3) Investigate the ability of chosen co-polymer biomaterials to serial passage 

culture of hPSCs & maintain pluripotency after >15 days, 5 passages, on the 

synthetic surface. 

4) Identify mechanisms of hPSC attachment to chosen co-polymer 

biomaterials, analyse changes to, gene expression & phosphokinase protein 

expression, compared to equivalent Matrigel™-based hPSC culture. 

5) Detect maturation improvements on scaled-up hPSC-CM homopolymer & 

co-polymer attachment hits, through the assessment of functional contraction & 

electrophysiological properties using the CellOPTIQ®, gene expression, and 

immunostaining for structural maturation markers.  
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2 Chapter 2 - Materials & Methods 

2.1   Cell Culture  

2.1.1 Culture of Human Pluripotent Stem Cells 

Human pluripotent stem cells were cultured on Matrigel™ coated tissue 

culture plastic surfaces, using Essential 8™ medium (E8). 

Matrigel™ coating of glass or tissue culture plastic surfaces were performed 

by diluting Matrigel™ (Corning – 354234) 1:100 in Dulbecco’s Modified Eagle Media 

(DMEM), adding 0.16 mL/cm2 to the surface. Matrigel™ was left to polymerisation 

on the surface for 45 minutes at room temperature, or overnight at 4°C. Coated 

surfaces were kept for a maximum of two weeks. 

Essential 8™ medium used in this thesis was either, Gibco-E8 (ThermoFisher 

- A1517001), TeSR™-E8™ (STEMCELL Technologies - #05990), or E8 produced in-

house following the previously described formulation, with the addition of 

100ng/mL Heparin sodium salt (Sigma-Aldrich – H3393) (Chen et al., 2011).  

A subset of culture in this thesis was also performed in NutriStem® V9 XF 

medium (Biological Industries – 05-105-1), which notably contains 10% 

recombinant human albumin. 

To passage hPSCs, they were first cultured to 70-90% confluence, then 

washed with Dulbecco’s Phosphate Buffered Saline (DPBS) without Ca2+ or Mg2+ 

(ThermoFisher: 14190250), dissociation was performed by incubating hPSCs in 

TrypLE Select X1 (ThermoFisher: 12563029) for 2-3 minutes at 37°C & 5% CO2 

(timing was cell line dependent). 
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Counting of cells was performed through manual counting using a 

haemocytometer or the CEDEX HiRes Analyser (Roche), which combines trypan blue 

staining with automated cell counting.  

Matrigel™ coated surfaces were seeded at a density of 20,000 cells/cm2 

with the addition of 10 µM Y-27632 Rho-kinase inhibitor (ROCKi) (Tocris – 1254), 

during the first 24 hours of culture.  

 

2.1.2 Cardiac Differentiation & Dissociation  

Differentiation of hPSCs to cardiomyocytes was carried out using an in-

house monolayer-based protocol (Mosqueira et al., 2018)(Smith et al., 2018). Cells 

were passaged as described with TrypLE Select and seeded at a density of 30,000 – 

50,000 cells/cm2. hPSCs were fed with E8 medium the following day.  

The next day hPSCs were fed with E8 medium (morning), this medium was 

exchanged 8 hours later to pre-conditioning medium, containing a 1:100 Matrigel™ 

diluted in StemPro™-34 (ThermoFisher – 10639011), medium was supplemented 

with 1 ng/mL rh BMP4 (R&D – 314-BP-050). Between 12-20 hours later, medium 

was exchanged to StemPro™-34 supplemented with 10 ng/mL rh BMP4 and 8ng/mL 

rh Activin A (ThermoFisher – PHC9564), this stage is termed day 0 of differentiation.  

48 hours later medium was exchanged to RPMI 1640 basal medium 

(ThermoFisher – 21875034) supplemented with B27 minus insulin (ThermoFisher – 

A1895601), 10 μM KY02111 (R&D – 4732) & 10 µM XAV939 (R&D – 3748), day 2 of 

differentiation. An additional 48 hours later, medium was exchanged to the same 

medium, except for the addition of insulin within the B27 supplement 

(ThermoFisher – 17504-044), day 4 of differentiation. 
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From day 6 of differentiation onwards, medium was exchanged for RPMI-

B27 (+ Insulin), with no additional supplements. Cardiac differentiations were 

typically ready for dissociation between day 13-15. Dissociation of hPSC-CMs was 

performed following the protocol found in (Breckwoldt et al., 2017).  

hPSC-CM cultures were washed in Ca2+ & Mg2+ free Hank’s Balanced Salt 

Solution (HBSS) (ThermoFisher – 14170112), then dissociated in 200 units/mL 

collagenase II solution (Worthington – LS004176), with 10 μM Y-27632 ROCKi, 1 

mM HEPES (Sigma – H4034) & 30 nM N-Benzyl-p-toluenesulphonamide (BTS) (TCI 

chemicals: B3082), dissolved in Ca2+ & Mg2+ free HBSS. 

Dissociation occurred over a 2.5-3.5-hour period, where cultures were kept 

at 37°C in 5% CO2. Dissociated cells were collected, and the collagenase enzyme 

quenched in RPMI 1640 supplied with 24 µg/mL DNase II (Sigma – D8764). Cells 

were centrifuged at 100 xg for 15 minutes and resuspended in RPMI-B27, counted 

& seeded at the appropriate density. 

2.1.3 HUES7 Fibroblast Culture 

 HUES7-Fibroblasts were maintained in a ‘fibroblast’ medium containing a 

DMEM basal medium supplemented with 20% FBS (ThermoFisher), 1% non-

essential amino acids (NEAA) (ThermoFisher - 11140035), 1% GlutaMA 

(ThermoFisher - 35050061) & 100 μM β-mercaptoethanol (Sigma - M3148). hESC-

HUES7 fibroblasts were dissociated using 0.05% trypsin for 3 minutes after which 

trypsin was inactivated with the fibroblast medium & centrifuged at 200 xg for 5 

minutes. Cells were resuspended and counted for re-plating.  
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2.1.4 Polymer Microarray Preparation for Cell Culture 

 To prepare polymer microarrays for cell seeding, each side was UV sterilised 

inside a type II biological safety cabinet for 15 minutes per side. To avoid damaging 

polymer spots on the safety cabinet surface, arrays were balanced between two 

petri dishes & handled with sterile tweezers.  

Polymer microarrays were placed into 4-well plates, washed three times 

with DPBS & then conditioned with the appropriate medium for one hour before 

being replaced with fresh medium, ready for cell seeding.  

 

2.2 Cell Characterisation 

2.2.1 Growth Curves 

Growth curves were performed using hPSC culture technique previous 

described. Cell counting for growth curves was performed using the CEDEX HiRes 

Analyser to keep counting consistent between passages, where hPSCs were 

passaged every 72 hours. The following formula were used to calculating 

cumulative population doubling & the population doubling time: 

2.2.2 Karyotyping 

 To determine the karyotype of hPSCs, cells were cultured as previously 

described to the 48-hour culture point. Cells were then incubated with 0.1 μg/mL 

KaryoMAX® Colcemid™ (ThermoFisher – 15212012) in E8 medium for 1 hour.  
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 KaryoMAX® Colcemid™ containing medium and subsequent washing steps 

were all collected and kept. Cells were harvested with TrypLE as previously 

described and centrifuged at 160 xg for 4 minutes.  

 Cells were re-suspended dropwise in a 0.6% sodium citrate (Sigma – 

W302600) and incubated for 20 minutes at room temperature.  

Cells were centrifuged again at 160 xg for 4 minutes & re-suspended 

dropwise in a fixative solution containing glacial acetic acid and methanol (1:6). The 

fixation step was repeated twice more and re-suspended in 1 mL fixative solution 

and stored at -20°C until ready for analysis. 

Analysis was carried out by Dr. Nigel Smith (Nottingham City Hospital, UK) in 

accordance with the International System for Human Cytogenetic Nomenclature 

International Guidelines (ISCN, 2005). 

2.2.3 Immunocytochemistry 

hPSCs or hPSC-CMs were prepared for immunocytochemistry by initially 

performing a fixation step, followed by primary antibody staining against the 

desired epitope, and then labelling with a secondary antibody containing a 

fluorescent tag.  

Cells were twice washed with DPBS and fixed with 4% paraformaldehyde 

(PFA) solution for 15 minutes at room temperature. PFA was subsequently removed 

and cells washed twice more with DPBS, for storage cells were kept at 4°C. 

The staining procedure was initiated by washing cells with DPBS for 5 

minutes. To stain for intracellular/nuclear markers, cells were permeabilised with 
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0.1% Triton-X for 15-60 minutes (longer incubation times were required for dense 

hPSC colonies) at room temperature.  

Permeabilised cells were washed once with DPBS before a 1-hour incubation 

in blocking solution (DPBS + 4% of a species appropriate serum), to prevent non-

specific epitope binding. 

Primary antibody solutions were prepared in DPBS with 4% serum, full 

antibody list provided in Table 2.1, primary staining occurred through incubation 

overnight at 4°C. 

The next day, cells were washed three times in DPBS containing 0.1% 

Tween. Secondary antibodies were diluted in DPBS + 4% serum and incubated with 

cells for 1-hour at room temperature, followed by three further washes with DPBS + 

0.1% Tween. To stain the nuclei, cells were incubated with a 500 µg/mL DAPI 

nuclear stain (Sigma – D9542) for 15 minutes at room temperature. A final wash 

with DPBS was performed and then cells were stored in DPBS at 4°C. 
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Target Primary 

Antibody 

Primary 

Antibody 

Dilution 

Secondary 

Antibody 

Secondary 

Antibody 

Dilution 

OCT4 Monoclonal 

Mouse IgG, 

Santa Cruz sc-

5279 

1:200 Goat anti-

Mouse IgG 

Alexa Fluor 

Plus 555, 

ThermoFisher 

A32727 

1:1000 

NANOG Monoclonal 

Mouse IgG, 

Millipore 

MABD24 

1:500 Goat anti-

Rabbit IgG 

Alexa Fluor 

Plus 647, 

ThermoFisher 

A32733 

1:1000 

SOX2 Polyclonal 

Rabbit IgG, 

Abcam 

ab97959 

1:500 Goat anti-

Mouse IgG 

Alexa Fluor 

488, 

ThermoFisher 

A-11001 

1:400 

TRA-1-81 Monoclonal 

Mouse IgM, 

Millipore 

MAB4381 

1:200   

SSEA4 Monoclonal 

Mouse IgG, 

Sigma 

MAB4304 

1:100   

SOX17 Polyclonal 

Goat IgG, R&D 

Systems  

AF1924 

1:100   

FOXA2 Polyclonal 

Rabbit IgG, 

Sigma 07-633 

1:500   

SOX1 Polyclonal 

Goat IgG, R&D 

1:100   
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Systems 

AF3369 

PAX6 Polyclonal 

Sheep IgG, 

R&D Systems 

AF8150 

1:100   

Cardiac α-

actinin 

Monoclonal 

Mouse IgG, 

Sigma A7811 

1:800   

Connexin-43 Polyclonal 

Rabbit IgG, 

Abcam 

ab11370 

1:1000   

Cardiac 

Troponin T 

Polyclonal 

Rabbit IgG, 

Abcam 

ab45932 

1:500   

Kir2.1 Polyclonal 

Rabbit IgG, 

Abcam 

ab65796 

1:100   

Caveolin-3 Polyclonal 

Rabbit IgG 

Abcam 

ab2912 

1:50   

Calsequestrin Polyclonal 

Rabbit IgG 

Abcam 

ab3516 

1:50   

Table 2.1 Summary of Antibodies Used for Immunostaining. 
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2.2.4 Flow Cytometry 

Flow cytometry was carried out to identify the % hPSCs positive for 

pluripotency markers, OCT4, NANOG, SOX2, TRA-1-81 & SSEA4. Cells were prepared 

by dissociating 70-90% confluent cultures with TrypLE as described above. Cells 

were counted with the CEDEX HighRes Analyser and aliquoted to 1million/tube.  

Cells were centrifuged at 160 xg for 4 minutes at 4°C, before being re-

suspended in a 200 µL DPBS solution with 4% serum. An 800 μL 4% PFA DPBS 

solution was added and incubated at room temperature for 15 minutes.  

A further centrifugation step 160 xg for 4 minutes at 4°C was carried out, if 

cellular markers were intracellular an additional permeabilization step, where cells 

were incubated in 500 µL DPBS + 0.1% tween, for 15 minutes at room temperature, 

was performed. Permeabilised cells were centrifuged at 3500 xg for 7 minutes at 

4°C. 

Conjugated antibody solutions were prepared by dilution (Table 2.2) in DPBS 

with 4% serum, to a total volume of 100 μL. Cells were re-suspended in the 

antibody solution and incubated at room temperature for 60 minutes, before a final 

centrifugation/washing step & re-suspension in 500 µL DPBS with 4% serum. 

Flow cytometry measurements were carried out using a FC500 Flow 

Cytometer (Beckman Coulter). Analysis was carried out with Kaluza Analysis 

(Beckman Coulter), non-stained controls were gated so <2% cells were classified as 

positive for a given marker, batch analysis was performed on all measurements to 

determine % marker positivity. 
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Classification Product Name Company/Code Function 

Conjugated 

Antibody 

Human Oct-4A 

APC-conjugated 

Antibody 

 

R&D Systems 

IC6344A 

 

Binds to OCT3/4 

antigen, 

conjugated to 

APC. 

Conjugated 

Antibody 

   

Conjugated 

Antibody 

Human/Mouse/Rat 

SOX2 Alexa Fluor® 

647-conjugated 

Antibody 

R&D Systems 

IC2018R 

Binds to SOX2 

antigen, 

conjugated to 

Alexa Fluor® 647. 

Conjugated 

Antibody 

TRA-1-81 

(Podocalyxin) 

Monoclonal 

Antibody, PE-

conjugated 

 

Invitrogen 

12-8883-82 

 

Binds to TRA-1-81 

antigen, 

conjugate to PE. 

Conjugated 

Antibody 

Human/Mouse 

SSEA-4 

Fluorescein-

conjugated 

Antibody 

R&D Systems 

FAB1435F 

Binds to SSEA-4 

antigen, 

conjugated to 

Fluorescein. 

Table 2.2 Summary of Antibodies used for Flow Cytometry 

 

2.2.5 RNA Extraction, cDNA Synthesis & RT-qPCR 

RNA extraction was performed using the NucleoSpin® RNA kit (Machery-

Nagel – 740955) as per manufacturer’s instructions, including DNase treatment. 

RNA purity and quantification were performed using the NanoDrop-1000 

spectrophotometer (ThermoFisher). 

Synthesis of cDNA was performed using SuperScript™ III Reverse 

Transcriptase (ThermoFisher – 18080093) to manufacturer’s instructions. Control 
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samples were carried out minus the addition of reverse transcriptase enzyme, to 

ensure amplification is not due to contaminating genomic DNA. 

Set-up of qPCR experiments were performed with either TaqMan™ Fast 

Advanced Master Mix (Thermofisher – 4444556) or GoTaq® qPCR Master Mix 

(Promega – A6001). MicroAmp™ Fast Optical 96-Well Reaction Plate, 0.1 mL 

(ThermoFisher – 4346907) which were sealed with MicroAmp™ Optical Adhesive 

Film (ThermoFisher – 4360954). qPCR experiments were run on the Applied 

Biosystems 7500 Fast Real-Time PCR System for 40 cycles & analysed with the ΔΔCt 

method using 7500 Fast System SDS V2.0 software (Applied Biosystems). 
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Table 2.3 Summary of RT-qPCR Primers used. 
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2.2.6 Integrin Blocking 

To determine which integrins play an important role for initial hPSC 

attachment to polymeric surfaces discovered in this PhD, hPSCs were incubated 

with antibodies or RGD-blocking peptides directed against specific integrins (Table 

2.4), therefore blocking their action. 

Integrin blocking antibodies were used at a concentration of 10 μg/mL & 

RGD-blocking peptides at 15 µg/mL for the first 24 hours of culture in E8 medium. 

Cells were washed twice in DPBS, fixed in 4% PFA & stained with DAPI before a 

quantitative cell count was performed using the Operetta high content image 

analysis system (Perkin Elmer) & analysed with Columbus™ software (Perkin Elmer). 
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Classification Product Name Company/Code Function 

Antibody Human 

Integrin alpha 

2/CD49b Antibody 

 

R&D Systems 

MAB1233 

 

Binds to α2 

integrin.  

Antibody Human 

Integrin alpha 

5/CD49e Antibody 

 

R&D Systems 

MAB1864 

 

Binds to α5 

integrin. 

Antibody Human 

Integrin alpha 

6/CD49f Antibody 

 

R&D Systems 

MAB1350 

 

Binds to α6 

integrin. 

Antibody Human 

Integrin alpha V 

beta 3 Antibody 

 

R&D Systems 

MAB3050 

 

Binds to αVβ3 

integrin. 

Antibody Human 

Integrin alpha V 

beta 5 Antibody 

 

R&D Systems 

MAB2528 

 

Binds to αVβ5 

integrin. 

Antibody Human 

Integrin beta 

1/CD29 Antibody 

 

R&D Systems 

MAB17782 

 

Binds to β1 

integrin. 

RGD-Blocking 

Peptide 

H-1830 BACHEM 

4009173 

 

Linear peptide, 

inhibits 

fibronectin 

binding. 
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2.2.7 Phosphokinase Proteome Array Kit 

Phosphorylated proteins expression was semi-quantitatively analysed, 

comparing Matrigel™ cultured hPSCs to TCDMDA:BA cultured hPSCS using the 

human phospho-kinase array (R&D Systems - ARY003B). Protein lysates were 

collected, quantified using a Bradford assay, repeated 6 times. Total protein of 400 

μg was used to incubate array membranes.  

RGD-Blocking 

Peptide 

H-4088 BACHEM 

4027886 

 

Control peptide 

for H-2574. 

RGD-Blocking 

Peptide 

H-2574 BACHEM 

4026200 

 

Binds αVβ5 

integrin. 

RGD-Blocking 

Peptide 

H-7232 BACHEM 

4070810 

 

 

Control peptide 

for H-7226 

RGD-Blocking 

Peptide 

H-7226 BACHEM 

4069272 

 

 

Binds αVβ3 

integrin. 

RGD-Blocking 

Peptide 

H-3164 BACHEM 

4030598 

 

Inhibits binding to 

fibronectin. 

Table 2.4 Summary of Antibodies & RGD-Blocking Peptides used to Block Integrin Mediated 
Attachment to Polymeric Surfaces. 
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The Part A and B arrays were blocked in Array Buffer, followed by overnight 

incubation with protein lysates in separated wells at 4 °C. Detection was performed 

by incubation with biotinylated detection antibody. For visualization, the enhanced 

chemiluminescence (ECL) reagent was added, images taken using ImageQuant LAS-

4000 (Fujitsu Life Sciences). 

Analysis performed in Microsoft Excel, where background signal was first 

deducted from spot intensities before comparisons of phospho-protein expression 

were made. 

2.3 Materials Preparation 

2.3.1 Glass Slide Silanisation 

 Glass microscope slides (25 mm x 75mm) (Sigma) were activated using O2 

plasma (pi=0.3 mbar, 100 W, 1 minute). Oxygen activated slides were transferred 

into dry (4 Å molecular sieves) toluene under an argon atmosphere. 3-

Glycidyloxypropyl)trimethoxysilane was then added to the solution, and the 

reaction mixture heated to 50°C for 16 hours. The slides were then cooled to room 

temperature and washed twice by sonication with fresh toluene. The slides were 

then dried under vacuum in a silicone-free Heraeus Vacuum Oven (50°C, 0.325 

mbar) for 24 hours. 

Alternatively, glass slides to be used for methacrylate-based arrays or for 

the scale-up attempts with hPSC-CM hit materials, a 3-(trimethoxysilyl)propyl 

methacrylate was used in place of 3-Glycidyloxypropyl)trimethoxysilane. 
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2.3.2 Microarray Fabrication 

For the coating of glass slides with the pHEMA anti cell adhesion 

background, a 4% (w/v) pHEMA (Sigma, P3932 BioReagent Grade) in 95% (v/v) 

ethanol/water solution was created and sonicated for 24 hours at room 

temperature. 

A Holmarc HO-TH-01 dip-coater was used at a dip speed of 9mm/s, 

retraction speed of 2mm/s and dip duration of 2 seconds, to coat epoxy 

functionalised slides with pHEMA solution; slides were dipped a total of x4 times, 

with a 5-minute drying stage between dips.  

The slides were dried for 16 hours at room temperature, before further 

drying occurred within a Heraeus Vacuum Oven (50°C, 0.85 mbar) for 48 hours. 

Polymer microarrays were printed on to the pHEMA coated array slides using 

the XYZ3200 dispensing station (Biodot) using quilled metal pins (Arrayit, 

946MP6B).  

Microarray printing was carried out under an argon atmosphere of O2 < 2000 

ppm, with temperature maintained at 25°C and 30-35% humidity. An atmosphere 

purged of oxygen was important to prevent early termination of the free radical 

driven reactions. 

Monomer solutions were prepared for printing by diluting them (50% v/v for 

oils, 50% w/v for solids) with either a mixture of N,N’-dimethylformamide, 1:1  

N,N’-dimethylformamide:water or 1:1 N,N’-dimethylformamide:toluene, solubility 
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dependent. Photoinitiator 2,2-dimethoxy-2-phenyl acetophenone (1% w/v) was 

added to all solutions.  

Four replicates were printed onto array 8.0 & 8.2, all other arrays had three 

printed replicates per slide. Monomers were purchased from Sigma, Scientific 

Polymers, Acros and Polysciences. Arrays were dried in a Heraeus Vacuum Oven 

(20°C, 0.325 mbar) for 7 days.  

2.3.3 Preparation of Scaled-Up Polymer Surfaces on TCP 

Tissue culture plastic surfaces were activated using O2 plasma (pi=0.7 mbar, 

100 W, 10 minutes). Activated tissue culture plastic surfaces were placed in an 

argon atmosphere of O2 < 500 ppm, where monomer mixtures containing 1% w/v 

2,2-dimethoxy-2-phenyl acetophenone were added. 

Monomer solutions were prepared by mixing undiluted monomers at the 

desired ratio. Separately, a 10% w/v solution of photoinitiator 2,2-dimethoxy-2-

phenyl acetophenone was prepared in isopropanol. The 10% photoinitiator solution 

was added in a 1:10 ratio to the monomer mixture, resulting in a final 

concentration of 1% w/v photoinitiator, in the polymerisation mixture.  

The polymerisation mixture was degassed at 35°C via sonication, for 20 

minutes, to reduce O2 present in the polymerisation mixture and mild heating to 

reduce viscosity for even spreading on TCP surfaces. 

Coated TCP surfaces were exposed to UV irradiation at 365 nm for 1 hour, 

before being washed three times in isopropanol to remove unreacted monomer 

from the surface.  
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Polymerised surfaces were incubated at 37°C in dH20 for 48 hours to allow 

the leeching of potentially toxic components.  

Sterilisation of surfaces was carried out by incubating surfaces in 70% IMS 

for 20 minutes at room temperature, followed by two washes with dH20. 

2.4 Microscopy 

2.4.1 Operetta™ 

Immunostained and live samples were imaged using the Operetta™ high 

content image analysis system (Perkin Elmer). Live samples were maintained at 

37°C & 5% CO2 & images were acquired every 30 minutes. Image analysis was 

carried out using the Columbus™ software (Perkin Elmer). 

2.4.2 IMSTAR 

Array imaging was carried out using the IMSTAR microscope (IMSTAR SA), 

utilising automated stage movement, combined with an array grid map. ‘Landmark’ 

locations allowed for manual focussing points across the array. Image analysis was 

carried out with CellProfiler™ software (CellProfiler™), where descriptions for each 

analysis pipeline are explained in results chapters 3 & 5. 

2.4.3 CellOPTIQ® 

Assessment of hPSC-CM contraction, electrophysiology & calcium handling 

was carried out using the CellOPTIQ® (Clyde Biosciences). 

To assess contraction hPSC-CMs were kept in RPMI-B27 (+ins) medium & 

transferred to the live cell chamber, 37°C & 5% CO2, where cells were kept for 10 

minutes before measurements began, to allow for climatisation.  
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A high-speed camera captured 100 images/second for 10 seconds of 

contracting hPSC-CMs. Image sets were compiled into single files using an ImageJ 

plugin & analysed using Contractility Tool (Clyde Biosciences). Data for contraction 

amplitude, interval, upstroke & relaxation were assessed.  

To assess the electrophysiological properties of hPSC-CMs, FluroVolt™ 

Membrane Potential Kit (ThermoFisher – F10488) was prepared by mixing 5µL/mL 

part B with 0.5 μL/mL part A and then added to RPMI B27 (+ins). Cells were 

incubated in FluroVolt™ containing medium for 20 minutes at 37°C & 5% CO2. 

Medium was exchanged for fresh RPMI B27 (+ins) and cells were placed into the 

CellOPTIQ® live chamber to acclimatise for 10 minutes before measurements were 

taken. 

2.5 Statistical Analysis & Repeat Number 

Throughout this thesis biological replicates are represented ‘N’ & technical 

replicates are represented ‘n’.  

The use of standard deviation (SD), standard error of the mean (SEM) and 

coefficient of variation (CoV) are indicated in their use throughout this thesis. With 

the exception of array data 8.0/8.2, data is presented with the standard deviation 

shown, the coefficient of variation is used where data is presented as heat maps, or 

when individual polymer data is presented. 

Statistics has been performed in GraphPad Prism, where P > 0.05 is classified 

as not significant. P-values of < 0.05, < 0.01, < 0.001, < 0.0001, are represented as *, 

**, ***, ****, respectively.  
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When comparing 3 or more data sets, One-Way Anova analysis has been 

employed, or Multiple T-tests with/without corrections where appropriate. Direct 

comparisons between two sets of data have been made using two-tailed t tests.  

 

3 Chapter 3 – Pluripotent Stem Cell Polymer Array Screening 

3.1 Introduction 

This chapter aimed to discover polymers or heteropolymers, starting from a 

commercially available library, capable of supporting the attachment, survival, 

expression of the pluripotency marker OCT4 of human pluripotent stem cells (hPSCs) 

and proliferation over a 24-72-hour culture. 

The final system will consist of a synthetic surface, which will, A) be 

reproducible in large-scale production, B) eliminate the need for any protein surface 

coating steps, C) allow for long term culture in a serum-free, xeno-free, defined 

medium, D) retain the full repertoire of human pluripotent stem cell properties. 

Three biological questions will be addressed in this chapter;  

1.) Can hPSCs, in Essential 8 Medium, demonstrate attachment to 

homopolymer/co-polymer surfaces and survive 24 hours post-seeding, in the 

presence of Rho Associated Kinase Inhibitor (ROCKi) (Y-27632). 

2.) Can hPSCs undergo successful mitosis, including temporary detachment, 

even division and reattachment to polymer surfaces, whilst maintaining viability & 

undergoing colony formation? 
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3.) Can a homopolymer, or co-polymer, surface support culture for 72 hours 

reproducibly, reaching a confluent state similar to Matrigel cultures? 

To investigate the above questions 12,503 cell-surface interactions were 

tested, with 1,155 unique homopolymers and heteropolymers (including all ratio 

mixtures) printed at the micro-scale and UV polymerised to form five generations of 

polymer microarrays.  

 

CellProfiler™ pipelines were created to analyse large image sets generated 

from array screens to identify if objects are not only positive for the DAPI nuclear 

stain, but also for the pluripotency marker OCT4.   
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Polymer surfaces with the potential to answer all three biological questions 

posed above; were taken forward to chapter 4, where scale-up and functional 

analysis was investigated.  

3.2 Array fabrication 

To discover novel biomaterials capable of supporting the culture of hESCs in 

Essential 8™ medium, polymer microarrays were fabricated. The process of polymer 

microarray fabrication started with the functionalisation of a glass microscope slide 

in order to maintain a stable pHEMA coating.  

Oxygen plasma activation of a glass microscope slide followed by epoxy 

silanisation provided the chemical basis for the pHEMA layer to bind during a dip 

coating process (Figure 3.1 (A/B)).  

pHEMA is resistant to cell attachment and protein binding, ensuring observed 

cell attachment is specific to hit materials. However, pHEMA also acts as a matrix 

allowing for physical integration and entanglement of printed monomer spots, 

improving array stability (Hook et al., 2010). Addition of pHEMA was performed with 

a dip coating technique (Figure 3.1 (C)). 

Monomers to be printed onto pHEMA coated slides were prepared in 384-

well polypropylene plates, where the monomer (or monomer mixture) was mixed at 

50/50 v/v ratio with N,N-dimethylformamide (DMF) and 1%, 2,2-dimethoxy-2-

phenylacetophenone photoinitiator (Figure 3.1 (D)).  

DMF was chosen for array fabrication due to its aprotic nature, high boiling 

point and its low volatility. These properties allowed DMF to act as a solvent for a 
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wide range of materials, which was essential when using a diverse acrylate, 

methacrylate, diacrylate, triacrylate, acrylamide monomer library.  

The low volatility of DMF was required to minimise evaporation during the 

extended printing process, this also allowed for overnight storage when sealed with 

parafilm. 

Two types of printing method are typically used to generate polymer 

microarrays; contact printing & ink-jet printing. These printing techniques are 

universally used due to their ability to deposit thousands of materials in a time-

efficient manner, and their flexibility when altering array layout or composition 

(Hook et al., 2010).  

Contact printing involves physically dipping a metallic or ceramic pin directly 

into the monomer solution and transferring monomer to the array surface. Pins used 

in contact printing can contain a small groove which draws up monomer solution 

through capillary forces, allowing for; multiple, reproducible and controlled spot 

deposition from a single dip into the monomer solution (Hook et al., 2010).  

Ink-jet printing is an alternative to contact printing that avoids contact with 

the surface and allows for greater control over deposition, however it can be prone 

to blockages and have difficulty with solutions of varying viscosities; for example, 

acrylates and triacrylates. For these reasons contact printing was chosen.  

Printed monomers were exposed to a 10 second UV polymerisation step, 

after every individual monomer deposition (Figure 3.1 (E)). Printed arrays were 
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stored in a vacuum oven for 7-days to ensure residual DMF and monomer were 

removed. 

Whilst the array creation process is largely the same as work performed by 

Celiz et al., 2015, an increase in pHEMA concentration from 4% to 6%, was carried 

out before the start of this project, this change was intended to improve the stability 

of printed polymer microarrays.  

 

 

 

 

 

 

 
 
(A) Glass slides are exposed to a 100 W oxygen plasma at 0.3 mBAR for 1 minute. (B) Glass 
slides activated by oxygen plasma are coated with a 2% epoxy silane in dry toluene for 3hrs 
(Sigma Aldrich). (C) A 4% or 6% pHEMA coating is applied through dip coating. (D) 
Monomer solutions prepared in polypropylene plates, 50/50 v/v Monomer: N,N 
Dimethylformamide (DMF) (Sigma Aldrich), with 1% ,2-dimethoxy-2-phenylacetophenone  
photoinitiator. (E) Monomers applied to the array through pin contact printer (Biodot). (F) 
UV polymerisation (Blak-Ray XX-15L UV Bench Lamp, 230 V, 50 Hz, 15-Watt, 365 nm). 

Figure 3.1 Assembly of Polymer Microarrays. 
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3.3 Results 

3.3.1 Characterisation of ReBl-PAT Human Induced Pluripotent Stem Cells (hiPSCs) 

To ensure the pluripotency of cells used in this chapter, the cells were 

characterised in their; expression of pluripotency markers, ability to maintain stable 

long-term growth (< 5 passages), whilst maintaining a stable (46) XY karyotype. 

After at least five passages in culture, the expression of pluripotency markers; 

OCT4, SOX2, NANOG, SSEA4 and TRA-1-81 were determined by 

immunofluorescence, representative images – Figure 3.2 (A).  

Imaging was carried out on the Operetta High Content Imaging System 

(PerkinElmer) and percentage positive expression calculated using Columbus 

software, as detailed in the methods section. This data is presented in Figure 3.2 (B).  

ReBl-PAT hiPSCs were cultured for 72 hours per passage, reaching 70-90% 

confluence before TrypLE dissociation, representative image in Figure 3.2 (C).  

ReBl-PAT hiPSCs were proven to have a stable karyotype after five passages, 

with an expected 46 (XY) spread confirmed across 30 metaphases by Dr. Nigel Smith. 

No spreads demonstrated deletions of irregularities, provided karyogram shown 

Figure 3.2 (D).  

ReBl-PAT hiPSCs cultured for 8 passages demonstrated a stable growth 

pattern, with a doubling time of 21.5 hours +/- 1.9 hours, Figure 3.2 (E).  
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These results demonstrate the ReBl-PAT line used throughout this chapter 

has the expected pluripotent stem cell characteristics, with a stable human 

karyotype. 
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(A) Immunostaining of ReBl-PAT hiPSCs after five 
passages. OCT4, SOX2, NANOG, SSEA4 and TRA-1-
81 expression, as x10 (or x20 SSEA4), with the 
Operetta High Content Imaging System 
(PerkinElmer). 
(B) Quantification of pluripotency makers from (A) 
using Columbus software. 
(C) Typical morphology for ReBl-PAT hiPSCs after 
72hr culture in HomeBrew Essential 8 medium, in 
brightfield (Nikon Eclipse TE 2000-S Microscope) 
(D) Representative karyogram of ReBl-PAT hiPSCs 
after five passages (46, XY) 
(E) ReBl-PAT hiPSCs expanded for 30 days. Cell 
counts performed with CEDEX Cell Counter, 
Cumulative Population Doubling (CPD) shown. 3 
repeats shown, except day 27/30 where repeats = 
1. Scale bars as shown. 

Figure 3.2 Characteristics of ReBl-PAT hiPSCs on 
Matrigel™ routinely used for culture. 
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3.3.2 Polymer Microarray Workflow-Through  

With the ReBl-PAT line confirmed to be suitable for this work, a general flow-

through of experimentation was laid out in Figure 3.3.  

Polymer microarrays were sterilised by UV irradiation for 15 minutes per side, 

before a pre-incubation in the Essential 8™ medium. This step allowed for medium 

components to coat the surface, which may potentially act as an intermediary 

between the polymer surface and cell surface receptors (Figure 3.3 (A/B)).  

Generation 8.0 & 8.2 homopolymer arrays were seeded with a cell density 

comparable to that used for tissue culture plastic (TCP) surfaces coated with 

Matrigel™, 25,000 cells/cm2.  

The expanded homopolymer arrays 9.0, 9.1, and the following co-polymer 

arrays were seeded with an increased density of 39,000 cells/cm2. The inclusion of 

ROCKi (Y-27632) for the first 24 hours of culture was essential for cell survival (Figure 

3.3(C)). 

Arrays were cultured for either; 24 hours, 48 hours or 72 hours, and fixed in 

4% paraformaldehyde. OCT4 and DAPI staining were performed. Images were 

collected with the High Content IMSTAR Microscope, this system allowed for 

programmed stage movement and automatic image acquisition (Figure 3.3(D)).  

The open source software, CellProfiler™, was used to analyse the large 

number of images produced (Figure 3.3(E)).  



98 
 

This experimental flow-through allowed the for the culture of polymer 

microarrays and facilitated data collection to draw conclusions on the main aims of 

this chapter.  

 

 

 

3.3.3 Optimisation of CellProfiler™ Pipeline for Polymer Microarray Analysis 

To ensure readouts generated were useful, the CellProfiler™ analysis pipeline 

had to be optimised. Initial attempts at adapting a basic cell count pipeline proved 

partially successful for identifying visibly spaced out nuclei, grown on a Matrigel™ 

surface, in Figure 3.4 (A)(I)/(II) 32 objects are accepted as positive.  

This pipeline erroneously identified segments of auto-fluorescent polymer as 

positive objects. The basic parameters involving changes to the size filter and 

 
 
(A) Poly-HEMA (pHEMA) coated polymer microarrays were sterilised with UV irradiation. (B) 
Incubation with medium 1hr prior to use, allowed for the attachment of proteins to the surface. 
(C) An exchange with fresh medium containing the pro-survival small molecule Rho-Associated 
Kinase Inhibitor (ROCKi) (Y-27632). (D) automated image acquisition with the IMSTAR microscope 
(IMSTAR SA). (E) Image processing with open source software (CellProfiler™). (F) Data analysis 
was performed in Microsoft Excel, identifying object counts and area. 

Figure 3.3 Workflow through of hPSC Array Screening. 
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automatic detection to be based on object shape, improved the number of accepted 

objects to 135, with a high fidelity to real nuclei shown in Figure 3.4 (B)(I)/(II).  

This pipeline also eliminated the issue of identifying auto fluorescent 

polymers as positive objects.  

A close correlation between the number of positive objects detected in the 

DAPI and OCT4 channel across several images is shown in Figure 3.4 (B)(III). This 

pipeline was unable to identify the number of nuclei in images generated from array 

8.0 that became clustered after 24 hours culture.  

To overcome the cell detection problem during colony formation & cell 

clustering, to provide a more reliable readout for array 8.0, the total image intensity 

of either DAPI or the OCT4 stain was quantified, Figure 3.4 (C)(II). 

With the pipeline optimised, data could be interpreted in a useful manner, 

where best performing polymers could be separated from poorly performing 

polymers.  
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(A) Original cell count pipeline tested ReBl-PAT hiPSCs cultured for 24hrs, on a Matrigel™ surface. (A) Results summary table. (A)(I) 
Cell identification, green ‘accepted’, purple ‘rejected’. (A)(II) Cell identification, white boarder ‘positive’ object. (A)(III) Polymer 
background being defined as ‘positive’ objects. (B) Optimised basic cell count pipeline tested. (B)(I) Cell identification, green 
‘accepted’ object, purple ‘rejected’. (B)(II) Cell identification, white ‘positive’ object. (B)(III) Pipeline tested across 6 images sets, 
OCT4 (green) & DAPI (blue) compared. (B)(IV) Optimised pipeline attempting to identify dense cell areas, highlighted in white 
‘positive’ objects. (C) Image intensity pipeline to identify best performing polymers. (C)(I) Example of output results table. (C)(II) 
Image coloured based on fluorescent intensity. 

Figure 3.4 Optimisation of CellProfiler™ pipelines for polymer microarray analysis. 
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3.3.4 Attachment of ReBl-PAT hiPSCs to polymer microarray ‘8.0’ (6% pHEMA) & 

Array ‘8.2’ (4% pHEMA) 

Initial experiments used microarrays 8.0 & 8.2, which were created on a 6% 

and 4% pHEMA coating respectively. 4% pHEMA arrays were developed due to 

instability of 6% pHEMA, 8.0 arrays, this will be discussed in more depth within this 

chapter. 

Both arrays contained 124 unique materials, all materials screened were 

homopolymers, except for five hand-selected heteropolymers based on previous 

interest, in array 8.0. The ability of polymers to support attachment at 24 hours, and 

survival/proliferation to 48 hours was assessed.  

3.3.5 Array 8.0 (6% pHEMA)  

To determine if any polymer(s) in the selected polymer library have the 

functionality of attaching human induced pluripotent stem cells for the first 24 hours 

of culture, and to support survival/proliferation to 48 hours, polymer microarrays 8.0 

were seeded as described above. 

The intensity pipeline developed in Figure 3.4 was used to successfully 

identify most attachment hits with accuracy. A limited number of spots were 

exceptions, such as N-[3-(Dimethylamino)propyl]methacrylamide (DMPMAm) in 

Figure 3.5 (A).  
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DMPMAm demonstrated cellular attachment and colony formation at 24 

hours, however some of the fluorescence intensity is artefact, likely due to DAPI 

absorption and retention in DMPMAm/6% pHEMA hydrogel.  

Polymer spots demonstrating autofluorescence were manually removed 

from the top performers list.  

Array 8.0 revealed homopolymers that can support 24 hours attachment of 

hiPSCs, these are presented in Figure 3.5. The top 10 performing homopolymers, 

excluding DMPMAm, on average had a fluorescent signal of 21,246 +/- 21%, 

compared to the polymer array average of 11,966 +/- 60%.  

 Homopolymers that did not make the top 10 performing hits were still 

presenting attachment at 24 hours. 31/124 polymers spots were permissive to hPSC 

attachment and 24-hour survival. 

Trimethylolpropane ethoxylate triacrylate (TMPETA) is one such 

homopolymer, where colony density observed at 24 hours qualitatively appeared 

less dense than the top 10 performing polymer spots, image fluorescent intensity 

was 11,881 +/- 23% vs 21,246 +/- 21% respectively. 

 Attachment on TMPETA by 24 hours culture continued to survival after the 

ROCKi was removed, up to 48 hours culture where average image DAPI fluorescent 

intensity was 9,211 +/- 28% – Figure 3.5 (B).  

Names, structures and representative images of array 8.0 cell attachment 

hits, from the high-end, middle, and low-end of the top hits, are shown in Figure 3.6.  
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13/31 cell attachment hits are diacrylates. Only one chemistry containing 

fluorine was present in the attachment hits 12,524 +/- 18% relative fluorescent units, 

Hexafluoropent-1,5-diyl diacrylate (HFPDA).  

These results demonstrated 31 polymer spots on array 8.0 can support hiPSC 

attachment for 24 hours culture, in commercial Essential 8™ medium, supplemented 

with ROCKi, at a seeding density of 25,000 cells/cm2. 

Further analysis as to which polymers can support hPSC survival beyond 24 

hours, after the removal of ROCKi is required to identify polymeric biomaterials with 

the potential to address the questions proposed in this chapter.



104 
 

 

 
 
Images assessed using CellProfiler™ fluorescence intensity pipeline. (A) Images of highest fluorescence intensity hit DMPMAm at 24-hour & 48-
hour culture, with chemical structure shown. DAPI image included for 24-hour culture on DMPMAm shown for clarity. (B) Images of moderate 
fluorescent intensity, high cell attachment hit, TMPETA at 24 hours & 48 hours culture, with chemical structure shown. (C) Top monomer hits 
exceeding 15,000 (RU) fluorescent intensity, at 24 hrs culture, with standard error shown.  Scale Bars = 100 µm 

Figure 3.5 Analysis of ‘8.0’ 6% pHEMA Polymer Microarrays Cultured for 24 Hours & 48 Hours with ReBl-PAT hiPSCs in 
Commercial Essential 8™ Medium. 
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Images assessed using CellProfiler™ fluorescence intensity pipeline. Selected hits taken from top/middle/low performing 
end of best performing polymer spots, that supported cell attachment. Chemical diversity presented. Full polymer 
identities can be found in table X.  Scale Bars = 100 µm 

Figure 3.6 Selected Images of ‘8.0’ 6% pHEMA Polymer Microarray Top Hits Cultured for 24 Hour with ReBl-PAT hiPSCs 
in Commercial Essential 8™ Medium. 
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3.3.6 Array 8.0 (6% pHEMA) at 48 hours Culture 

This section sought to determine what proportion of the 31 polymer spots 

previously identified support 24 hours survival, could permit the continued survival 

of hiPSCs and proliferation, post-ROCKi removal, to 48 hours in culture.  

To do this, 8.0 arrays created in the same batch were continued in culture for 

48 hours before fixation. Results were analysed with the intensity Cellprofiler™ 

pipeline.  

DMPMAm and N-[3-(Dimethylamino)propyl]acrylamide (DMPAm) were the 

top performing hits, however both present issues with suspected DAPI absorption, 

with fluorescence not localised to clear cell nuclei.  

The top 10 performing hits, excluding DMPMAm & DMPAm, supported 

16,593 +/- 14% DAPI fluorescent intensity, markedly less than the top 10 performing 

hits at 24-hour culture, 21,246 +/- 21%, representing a statistical decrease, P=0.01 

(*), in performance by the 48-hour time period. Data for array 8.0 24-hour & 48-hour 

top hits for DAPI fluorescent intensity are shown in Figure 3.7 (A) & (C) respectively.  

Images of a sub-selection of top hits are included in Figure 3.8, including 

DMPMAm & DMPAm, where visual clarity of cell nuclei are lacking. Tricyclodecane-

dimethanol diacrylate (TCDMDA), Neopentyl glycol diacrylate (NGDA), and Glycerol 

dimethacrylate (GDMA), 19,337 +/- 9.9%, 18,888 +/- 37.5% & 18,337 +/- 32.6% 

average fluorescent units, are the following three best performers after DMPMAm & 

DMPAm.  
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Visually, colonies for TCDMDA do not appear to be directly attached to the 

polymer spot in Figure 3.8, however it should be noted that pHEMA background 

alone did not support cell attachment, as expected. GDMA presents the clearest 

visual correlation between cell colony positioning and the polymer spot position. 

Together these results reveal 31/124 of polymers are capable of supporting 

attachment at 24 hours culture. 10 of these polymers are capable of continued 

survival and proliferation to 48 hours, maintaining ≥10,000 fluorescent units.  

6 of the top performing hits were diacrylates, where two non-diacrylate 

structures DMPMAm & DMPAm are questionable in their ability to fulfil the aim of 

this section.  

Results presented in this section are preliminary. Issues with array stability 

raise questions of reliability of data produced on array 8.0 and are discussed in the 

following section. 
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Images assessed using CellProfiler™ fluorescence intensity pipeline. (A) Top hits for DAPI fluorescent intensity on 6% pHEMA 
array ‘8.0’ at 24 hours culture. (B) Top hits for DAPI fluorescent intensity on 4% pHEMA array ‘8.2’ 24 hours culture. (C) Top 
hits for DAPI fluorescent intensity on 6% pHEMA array ‘8.0’ 48 hours culture. (D) Top hits for DAPI fluorescent intensity on 4% 

pHEMA array ‘8.2’ 48 hours culture. Arrays seeded at 26,000 cells/cm
2
. All error bars displayed are standard error of the 

mean. 

Figure 3.7 Comparison of ‘8.0’ 6% pHEMA vs 4% pHEMA Polymer Microarrays, after 24 Hours or 48 Hours of ReBl-PAT hiPSC 
Culture in Commercial Essential 8™ Medium. 
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Images assessed using CellProfiler™ fluorescence intensity pipeline. Selected hits taken from top 10 performing 
polymer spots. Full polymer identities can be found in Figure 8.1 & appendix section.  Scale Bars = 100 µm 

Figure 3.8 Selected Images of ‘8.0’ 6% pHEMA Polymer Microarray Top Hits Cultured for 48 Hours with ReBl-PAT hiPSCs in Commercial 
Essential 8™ Medium. 
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3.3.7 Fixing Array Fabrication Issues Array 8.0 (6% pHEMA) - Array 8.2 (4% pHEMA)  

Data collected using array 8.0 (6% pHEMA) revealed a 31 polymer surfaces 

capable of supporting hiPSC culture at 24 hours with ROCKi. 10 polymer surfaces 

were shown to support up to 48 hours culture, ≥10,000 fluorescent units.  

The 6% pHEMA layer introduced structural issues with the array fabrication, 

which compromised the integrity of the data shown so far. This section aims to 

highlight the faults associated with array 8.0, and how a reduction to 4% for the 

pHEMA coating alleviated the observed issues. 

Arrays created with a 6% pHEMA coating demonstrated issues with 

delamination of both the pHEMA background itself and polymer spots. Control over 

spot size and reproducibility were lost when printing on 6% pHEMA coated arrays,  

Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS) detected 

irregular spot sizes and spiking in Figure 3.9 (A) & (I), which allowed for potential 

cross-contamination between neighbouring polymer spots.  

The ToF-SIMS analysis confirmed spots were printed in their expected array 

layout, however after exposure to the Essential 8™ medium and cell culture 

incubator conditions (37oC & 5% CO2) for 24 hours – 48 hours, polymer spots 

demonstrated a level of ‘drift’, this displaced them from their intended position in 

the array.  
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Drifting of polymer spots introduced problems with automated image 

acquisition on the IMSTAR, some polymer spots were only partially imaged, others 

have the potential to have been missed.  

Issues with array fabrication were compounded with technical issues with the 

IMSTAR microscope itself, which would also shift between taking images, this is 

shown in Figure 3.9 (F), where the automated protocol to take an image of the DAPI 

staining, followed by the OCT4 staining resulted in images that didn’t directly overlap. 

Separate brightfield image taken for clarity.  

Movement back and forth, using the IMSTAR, between different but defined 

co-ordinates on the array also resulted in a shift from the original intended position, 

which may have contributed to the polymer spot drift problem on 6% pHEMA.  

Reverting array production back to the previously used 4% pHEMA layer 

improved aspects of the array production process. A brightfield comparison of spot 

size and distribution of 6% pHEMA vs 4% pHEMA shown in Figure 3.9 (B) and (C) 

respectively showed an improvement on uniformity and reduced polymer spot 

spreading.  

The presence of pHEMA related ions at the surface, using ToF-SIMS, showing 

the 6% and 4% pHEMA arrays respectively are compared in Figure 3.9 (H) and (I).  

Spiking was eliminated, and polymer spot spreading reduced with the 4% 

pHEMA coating, importantly the presence of pHEMA ions visible at the surface of 

printed polymer spots also decreases from 6% to 4% pHEMA.  
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Inversely, the presence of polymer ions increases with the reduction of 

pHEMA concentration, DMPMAm was compared in Figure 3.9 (J), showing this effect.  

The polymer Poly(ethylene glycol) methyl ether acrylate (pEGMEA) was 

imaged individually in Figure 3.9 (D & E) on 6% pHEMA (D) and 4% pHEMA (E), to 

highlight the correction of the spiking issue.  

With these issues fixed or improved, greater confidence could be taken in the 

data produced from the arrays 8.2 onwards. Work on array improvement and 

printing was carried out by Dr. Laurence Burroughs.  
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(A) Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS) analysis of a 6% pHEMA coated polymer microarray. (B) IMSTAR Brightfield microscopy of a 
6% pHEMA coated polymer microarray. (C) IMSTAR Brightfield microscopy of a 4% pHEMA coated polymer microarray. (D-E) Brightfield imaging of pEGMEA 
printed on 4% & 6% pHEMA slides respectively. (F-G) IMSTAR microscopy of 6% pHEMA arrays cultured with hiPSCs for 24hrs, stained for DAPI & OCT4. (H) 

ToF-SIMS analysis 6% pHEMA coated polymer microarray, left: m/z = 45 (C2H2O]
+
, right: m/z = 113 [C6H9O2]

+
 pHEMA ions. (I) ToF-SIMS analysis 4% pHEMA 

coated polymer microarray, left: m/z = 45 (C2H2O]
+
, right: m/z = 113 [C6H9O2]

+
 pHEMA ions. (J) ToF-SIMS analysis 4% vs 6% pHEMA polymer microarrays for 

DMPMAm associated [C2H6N]
+
 ion normalised. ToF-SIMS analysis by L. Burroughs. 

Figure 3.9 Optimisation of Array Production to Alleviate Issues of; Polymer Spot Spreading, Uneven Printing Size, pHEMA Delamination. 

DMPMAm 6% DMPMAm 4% 

Total Counts (AU) 

[C2H6N]+ Area Normalised by Total Counts 
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3.3.8 Biological Response to Array 8.2 (4% pHEMA) 

To test the biological response of the new array 8.2, the same seeding 

conditions and medium used for array 8.0 were replicated on new array 8.2 slides. 

Initially, array 8.2 was cultured for 24 hours before fixation.  

The average DAPI fluorescent intensity data for the top 9 polymer spots was, 

8,178 +/- 53%, shown in Figure 3.8. Top 9 polymer spots were selected due a limited 

number of polymers supporting cell attachment on array 8.2 (4% pHEMA).  

Reductions in DAPI fluorescent intensity were observed when comparing the 

6% pHEMA arrays (8.0) vs 4% pHEMA arrays (8.2). The average DAPI fluorescence 

intensity value across each array was 11,966 +/- 60%, vs 5489 +/- 70%, for 6% vs 4% 

pHEMA.  

31/124 polymer spots on 6% pHEMA (8.0) supported cell attachment at 24 

hours culture, only 9/124 polymer spots could support 24 hours cell survival on 4% 

pHEMA arrays (8.2).  

At 48 hours culture, after the removal of ROCKi at 24 hours, array 8.2 (4% 

pHEMA) failed to support cell survival and colony formation, except for 

Dimethylamino-propyl acrylate (DMAPA), Figure 3.8 (B). With 6272 +/- 18.7% 

average DAPI fluorescence intensity, this value is lower than top performing polymer 

on the array 8.0 (6% pHEMA) at 48 hours, TCDMDA with a value of 19,337 +/- 9.9%. 

This is reflected in poor colony formation on DMAPA on 4% pHEMA (8.2). 
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Polymer spots on array 8.2 (4% pHEMA) are unable to support the high levels 

of attachment and colony formation needed, in a consistent manner, to be usable as 

a synthetic cell culture surface.  

 

3.3.9 Array Expansion & Improvements 

To generate a synthetic surface that meets the attachment, growth and 

reproducibility required for day-to-day cell culture, further improvements were 

made to array production, and the number of monomers tested increased from 124 

to 281. 3 co-polymers were also included as positive controls for hiPSC-CM 

attachment, relevant for results chapter 3.  

 

Improvements to array production and library expansion are shown in Figure 

3.10 (A) Demonstrates how the increased number of monomers was accommodated, 

by printing two arrays staggered next to each other. This had the disadvantage of 

reducing the distance of each printed spot from each other, from 1500 µm in both X 

& Y axis, to 750 µm similarly.  

To accommodate 284 spots, the number of technical repeats was reduced 

from 4 to 3. Delamination issues were reduced further through the introduction of a 

50oC 5-hour curing stage, to eliminate water from the epoxy silane – 4% pHEMA 

interface. Initial testing with the new array termed ‘9.0’ had widespread fluorescence 

in the 488 nm channel, as shown in Figure 3.10 (C), this obscured detection of the 

OCT4 staining, and was found to be related to specific fluorescein monomers, which 

were removed to form the final ‘9.1’ array. 
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Changes to the cell culture conditions were made in parallel to the 

introduction of array 9.1 (4% pHEMA). The cell seeding density was increased from 

25,000 cells/cm2 to 39,000 cells/cm2 to increase the likelihood of finding polymers 

capable of cell attachment.  

The culture medium was changed from commercially purchased Essential 8™ 

medium to HomeBrew Essential 8 medium, which was made in-house. HomeBrew 

Essential 8 medium contains the same ingredients as the commercially purchased 

medium, with the addition of 100 ng/mL heparin sodium salt from porcine intestinal 

mucosa, ~180 USP units/mg from Sigma Aldrich (H3149-10KU), this component 

improves the stability of growth factors (Chen et al., 2012), increasing the HomeBrew 

Essential 8 shelf-life.  
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1500 µm 750 µm 

1500 µm 750 µm 

(A) Accommodation of increased monomer 
selection, reduction from 4 technical repeats to 
3 technical repeats. Introduction of staggered 
grids for ease of printing & analysis. (B) 

Introduction of 50
o
C heat curing step during 

array formation for increased structural stability. 
(C) Array ‘9.0’ contained fluorescein monomers 
obscuring measurements at 488 nm. Array ‘9.1’ 
fluorescein monomers were removed. (D) 
Summary of culture & array differences. Three 
co-polymers introduced from Patel et al., 2015, 
as positive controls for hiPSC-CM attachment. 

 
 

 

  

Figure 3.10 Changes made to Array ‘8.2’ when 
Developing Array ‘9.0’ & Array ‘9.1’. 



118 
 

 

3.3.10 Biological Response to Array 9.1 (4% pHEMA) at 24 hours 

This section utilises a greater number of biological repeats (x3), to determine 

if the increased size of the polymer library and seeding density result in a higher 

number of polymer attachment hits at 24 hours culture, when compared to array 8.2. 

The complete distribution of data for OCT4 positive objects and DAPI positive 

objects are shown in Figure 3.11 (A) & (B) respectively.  

Due to the lower levels of cellular attachment, to array 9.1 (4% pHEMA) 

compared to the higher levels of attachment of 8.0 (6% pHEMA) arrays, a direct cell 

count pipeline for CellProfiler™ was favoured over the previously used fluorescent 

intensity pipeline. Accuracy of cell counts at 24 hours were deemed sufficient to 

produce reliable data.  

This pipeline identified that on average polymers supported 13.4 +/- 78.5% 

DAPI positive cells & 8.1 +/- 93% OCT4 positive cells. An average of 73.9% of DAPI 

positive cells were also positive for OCT4 across array 9.1.  

Positive object detection for the OCT4 channel was notably lower than that 

for the DAPI object detection. Some disparity may be due to a higher number of auto-

fluorescent polymers in the DAPI channel, Figure 3.11 (C) & (D) show Tert-

butylamino-ethyl methacrylate (tBAEMA) & N-[3-

(Dimethylamino)propyl]methacrylamide (DMPMAm), these images confirmed the 

presence of non-polymer nuclei sized objects which are OCT4 negative after 24hr 

culture. Figure 3.11 (C)(I) and (D)(I) highlight a section of (C) and (D) for visual clarity.  
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Cells were stained for DAPI & OCT4, imaged using IMSTAR™ high content 
microscope, analysed with CellProfiler™ basic cell count pipeline. (A) 
Number of positive objects identified at the 461nm maximum emission 
wavelength, representing objects stained with DAPI. (B) Number of positive 
objects identified at the 488nm emission wavelength, representing OCT4 
stained cell nuclei. (C),(C(i)),(D) & (D(i)) show examples of polymer spots on 
which objects are positive for the DAPI nuclear stain, with a majority of 
objects negative for the OCT4 pluripotency marker. Biological repeats = 3 
Technical repeats = 9. Scale Bars = 100 µm 

Figure 3.11 39,000 Cells/Cm2 ReBl-PAT hiPSCs Seeded on Polymer 
Microarray ‘9.1’ in HomeBrew Essential 8 Medium for 24 Hours. 
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The top 10 performing polymer spots across three separate arrays, after 24 

hours culture in HomeBrew Essential 8 medium, and the increased 39,000 cells/cm2 

seeding density, supported an average of 45.3 +/- 36% DAPI nuclei & 32 +/- 13.8% 

OCT4 nuclei, meaning polymer spots supported 70.6% OCT4 positive cells (Figure 

3.12 (A)). Of the top 24 hits, 9 of the top hits were diacrylates, 5 contained cyclic ring 

structures, with considerable overlap with array 8.0 (6% pHEMA). Partial overlap was 

seen with the previous 8.2 (4% pHEMA) array, namely Tetrahydrofurfuryl acrylate 

(THFuA) and Norbornyl methacrylate (NBMA).  

A comparison the % of DAPI objects positive for OCT4 staining on each 

polymer spot demonstrates that 22/24 top hits supported >70% OCT4 positive cells, 

with ethylene {glycol} diacrylate (EGDA) & zirconium bromonorbornanelactone 

carboxylate triacrylate (ZrBNCTA) as outliers, supporting 32% & 69.6% respectively 

(Figure 3.12 (B)). The variation in OCT4 positivity for DAPI positive objects is 

highlighted in Figure 3.12 (C) where two biological repeats are compared side by side, 

the first repeat demonstrated a lack of OCT4 expression after 24 hours culture.  

Conversely, the structurally similar neopentyl glycol diacrylate (NGDA), 

structures shown in Figure 3.12 (E), was the best performer at maintaining OCT4 

expression with 94% +/ -5.8%, however NGDA supported lesser attachment at the 

same time point than EGDA, 18 +/- 94% vs 92 +/- 83% respectively.  

Top performing attachment polymer Tetrahydrofurfuryl acrylate (THFuA) 

which supported 48 +/- 50% DAPI positive cells with 86% +/- 6% of which being OCT4 

positive, after 24 hours culture, is compared with the low attachment performing 
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polymer, Butyl Acrylate (BA), which supported 11 +/- 137% DAPI positive cells with 

43% +/- 5% of which being OCT4 positive, in Figure 3.12 (C).  

These results demonstrate a wide range of polymers can support cell 

attachment to the 24-hour time point, with ROCKi, when the monomer library size is 

increased, and cell seeding density heightened. To fulfil the aims of this chapter, 

polymer surfaces will have to continue to support hPSC survival and growth after the 

removal of ROCKi.
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39,000 cells/cm2 ReBl-PAT hiPSCs seeded on polymer 
microarray ‘9.1’ in HomeBrew Essential 8 medium for 24 
hours. Cells were stained for DAPI & OCT4, imaged using 
IMSTAR™ high content microscope, analysed with 
CellProfiler™ basic cell count pipeline. (A) Number of 
positive objects identified in the 488 nm emission 
wavelength, representing cells stained with pluripotency 
marker OCT4. (B) Highlights the percentage of objects 
identified on the highest performance polymer spots, which 
are positive for the OCT4 marker. (C) Top 24-hour OCT4 
positive attachment performer THFuA, compared to 
moderate attachment hit BA, and Matrigel™ control. (D) 
EGDA images compared to structurally similar polymer 
NGDA at 24-hour culture, highlighting EGDA’s potential to 
induce rapid loss of OCT4 expression. (E) Chemical structure 
and name for EGDA & NGDA. Biological repeats = 3 
Technical repeats = 9. Scale Bars = 100 µm 

Figure 3.12 First Generation hiPSC Polymer 
Microarray Results. 
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3.3.11 Biological Response to Array 9.1 (4% pHEMA) at 48 Hours Culture 

Next it was determined which polymers can support cell survival post-ROCKi 

removal, and colony formation at 48 hours culture. An essential step towards 

creating a surface suitable for long-term culture. To do this hiPSCs were cultured on 

array 9.1 for 48 hours, with ROCKi being removed after 24 hours culture, before 

fixation and staining to determine which polymers can support 48-hour colony 

formation and survival.  

6/284 polymers demonstrated limitd capability to fulfil the 2nd aim of this 

chapter, 48-hour survival and growth, the names, structures, and representative 

images are shown in Figure 3.13 (A-F). No homopolymer supported survival and 

colony formation reproducibly. Four of the six polymers capable of supporting hiPSCs 

to 48 hours culture matched with top hits from the 24 hours culture screen, o-

Nitrobenzyl methacrylate (NBnMA) and N-[2-(N,N 

Dimethylamino)ethyl]methacrylamide (DMEMAm) were the exceptions.  

At 24 hours culture NBnMA supported 3 +/- 100% DAPI positive objects, and 

DMEMAm supported 172 +/- 31.4% DAPI positive objects – however DMEMAm was 

omitted from the 24 hours top hits due to only 13% of DAPI objects being OCT4 

positive. In conclusion, no homopolymers can fulfil the first two aims of this chapter, 

on array 9.1 (4% pHEMA), in a reproducibly manner.  
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39,000 cells/cm2 ReBl-PAT hiPSCs were seeded on polymer microarray ‘9.1’ in HomeBrew Essential 8 medium for 48 hours. Cells were stained for DAPI 
& OCT4, imaged using IMSTAR™ high content microscope, analysed with CellProfiler™ basic cell count pipeline. (A-F) Immunofluorescent OCT4 & DAPI 
images, name and structures for polymer spots capable of supporting 48-hour culture. No individual polymer spots supported attachment reproducibly. 
Biological repeats = 3. Technical repeats = 9.  
Scale Bars = 100 µm 

Figure 3.13 A Small Number of Polymer Spots Supported Cell Survival and Proliferation at 48 Hours Culture. 
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3.3.12 Creation of hiPSC Polymer Microarray 10.1 (Co-polymers)  

To create a synthetic surface capable of fulfilling the aims of this chapter; 

attachment at 24 hours culture with ROCKi, colony formation and survival after 

ROCKi has been removed at 48 hours, and the ability to support 72 hours culture 

reproducibly, co-polymer arrays were designed. The rationale behind heteropolymer 

arrays is present in previous work, where synergy between different monomers 

provided, polymer surface stability during long-term storage for Celiz et al., 2015, 

and generated an increase in hiPSC-CM maturation and attachment for Patel et al., 

2015.  

23 monomers were chosen to go forward considering; attachment data from 

8.0/8.2/9.1 arrays at 24 hours and 48 hours culture, the ability to support OCT4 

expression, chemical diversity, and diversity between top performers, moderate 

performers and low performing polymers. HEMA was specifically included due to the 

difference in biological response between 6% pHEMA and 4% pHEMA arrays, and the 

benefits of HEMA shown in Celiz et al., 2015 for hPSC synthetic culture surfaces.  

Monomers selected are shown in Figure 3.15 and were combined in 2:1 ratio, 

however a subset were tested at 1:1 ratio, to form an array with 599 co-polymer / 

homopolymer combinations. To accommodate 599 polymer spots, the distance 

between each was reduced to 500 µm in both X & Y axis. Three technical repeats 

were maintained per array slide.  
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3.4 Biological Response to Array 10.1 (Co-polymers) at 24 hours 

Culture 

3.4.1 CellProfiler™ Optimisation for Array 10.1 

To assess the biological performance of array 10.1, the same seeding and 

medium conditions were used as per array 9.1. This section explores the data from 

24 hours culture. 

Further optimisation of the CellProfiler™ pipeline. Due to the reduced 

distance between each polymer spot (500 µm), images were cropped to ensure only 

cell attachment from the polymer spot of interest was considered (Figure 3.14 (A)). 

Detecting objects with a manually set threshold & detecting separations in objects 

through changes to fluorescent intensity allowed greater separation of single cells 

within colonies. A smoothing filter & suppression of local maxima was manually set 

to determine the minimum distance between individual cells (Figure 3.14 (B)). 

Semi-dense clusters & colonies can have an accurate cell count applied to 

them, however denser colony formation particularly seen at 72-hour culture became 

too dense for accurate detection, even after several rounds of smoothing filter & 

suppression of local maxima optimisation (Figure 3.14 (C & D)). 

The structures and abbreviations of the monomers taken forward to form 

array 10.1 can be found in Figure 3.15. 
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(A) Images were cropped to avoid the inclusion of cells/objects from neighbouring 
polymer spots. (B) Manual thresholding was utilised to exclude polymer 
background. A combination of smoothing filters and suppress local maxima settings 
were optimised to maximise the number of detected cells in dense colonies. (C) 
Lightly clustered cells are readily identifiable with high accuracy on generation 2 
arrays. (D) 72hr colonies form tight clusters that may also contain 3D stacking of 
cells, given the limited space for colony growth on microarray spots. Cell counts 
were not deemed usable for 72hr polymer array cultures. Scale bars = 200 pixels  

Figure 3.14 Improved Optimisation of CellProfiler™ Pipelines for Generation 2 
Polymer Microarray Analysis. 
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Selection was based on 24-hour and 48-hour data, 4% & 6% data, with a range of high, medium and low performing 
monomers selected, with chemical diversity considered. HEMA (L) included due to change in biological response 
between 4% & 6%, and work carried out by Celiz et al., 2015. 

  

Figure 3.15 Monomer Hits Taken From 1st Generation Polymer Microarray Screen with ReBl-PAT hiPSCs, to be 
used in a 2nd Generation Array. 
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3.4.2 Array 10.1 Cell Attachment Results (24-hour Culture) 

The average DAPI cell attachment after 24 hours culture, increased on co-

polymer array 10.1 when compared to homopolymer array 9.1, with array 10.1 

supporting an average of 62 +/- 34.6% & array 9.1 supporting an average of 13.4 +/- 

78.5% (Figure 3.16). Synergistic effects between homopolymers, a reduction in 

polymer spot-spot distance, or likely a combination of both led to an increase in cell 

attachment after 24 hours culture.  

The average OCT4 positive cell count at 24 hours culture on array 10.1 was; 

40 +/- 31%, versus 8 +/- 93% on array 9.1. Both the increase in DAPI count & OCT4 

positive cells from array 9.1 to array 10.1 at 24 hours culture was deemed statistically 

significant, P=<0.0001 (****), in an unpaired t-test with Welch’s correction. 

Where monomers were combined in 2:1 ratio (major:minor), the top 

performing major monomers at 24 hours were TCDMDA, THFuA and EG4DMA, 

supporting on average 79 +/- 49%, 72 +/- 48.6% and 69 +/- 45% OCT4 positive cells 

respectively. The worst performing major monomers, MOPAm, HMAm and BnMA 

supported on average 27 +/- 66%, 20 +/- 45%, 19 +/- 42% OCT4 positive cells 

respectively.  

DMEMAm as a homopolymer supported on average 175 +/- 38% DAPI 

positive cells, when used as the major monomer, however only 24 +/- 27% OCT4 

positive cells on average, the poor OCT4 retention ability is consistent with the data 

for DMEMAm shown on array 9.1 as a homopolymer and was not improved through 

synergy with other monomers. 
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Taking major monomers BA, TDFOMA, HMAm, DMEMAm, MOPAm, tBCHMA 

& BnMA as examples, which were all relatively poor performing major monomers, 

with 141 (2:1) combinations attempted, only 5/141 heteropolymers provided above 

80 OCT positive cell attachment. This suggests only minor monomers rarely rescue 

the performance of poor performing major monomers.  

DMEMAm:MAETA (DMEMAm:4-Methacryloxyethyl trimellitic anhydride) 

(T:O) is the best performing example from the 5/141, supporting 87 +/- 72% OCT4 

positive cells, however, DMEMAm as a homopolymer supported 66 +/- 27% OCT4. 

Due to the large increase in variation, an undesirable characteristic for a hPSC culture 

surface, combination of DMEMAm:MAETA doesn’t present a clear advantage to 

using DMEMAm as a homopolymer, during the initial 24-hour culture period. Further 

evidence of minor monomers being incapable of rescuing poor major monomer 

performance can be demonstrated when looking at monomers S-W as a 50:50 ratio 

mixture by volume with monomers A-R.  

Zero of the 90 50:50 ratio mixtures demonstrated OCT4 positive cell 

attachment capability ≥80. This evidence demonstrates that a strong performing 

major monomer likely forms the basis for cell survival at 24 hours culture, enhanced 

by minor monomers. To see clearly identify the top performing polymers, the 24 hits 

supporting ≥110 OCT4 positive cells were presented as a bar chart in Figure 3.17 (A). 

Top performing monomer TCDMDA was present in 10 of the 25 high OCT4 

attachment hits, including TCDMDA as a homopolymer. THFuA was present 5 times, 

where EG4DMA appeared 3 times like other reoccurring components such as; GDMA, 

EGDA and MAETA.  
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It is important to note uncertainties with the data generated on array 10.1. 

Polymer spots exist in 500 μm proximity to one another, meaning hiPSCs attaching 

at one polymer could influence the local environment of spots surrounding it.  

An example where hiPSCs have formed colonies, without extending across or 

growing on the pHEMA background is shown in Figure 3.17 (B).  

The same situation is shown in a different area, where the proximity of the 

polymer spots to each other has allowed cells to migrate and connect between 

different polymer surfaces (Figure 3.17 (B)I)). This has the potential to generate false-

positive hits or inflate the true cell attachment potential of a given polymer. 

Despite these caveats, when taken together Figure 3.16 & Figure 3.17 provide 

a library of 181 homopolymers and heteropolymers that can support ≥50 OCT4 

positive cells for 24 hours culture in ROCKi, which equates to 30% of unique polymer 

spots tested on array 10.1.  
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(A) Heatmap of OCT4 positive object detection using the improved cell count CellProfiler™ pipeline from Figure 3.14, after 24hrs of culture in HomeBrew 
Essential 8 Medium. Cells seeded 39,000 cells/cm2. Monomers were mixed and combined in 2:1 ratio denoted major & minor respectively. Letting A to S refers 
to the monomers selected and labelled in figure X. Biological repeats = 3, Technical repeats = 9. 

Figure 3.16 Generation 2 Polymer Microarray Results. 
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(A) Top performing co-polymers or homopolymers for 24hr attachment, ranked by number of OCT4 positive objects. Standard deviation shown. (B) 
Multiple attachment hit co-polymer spots in proximity with complete separation of hPSC colonies, after 24-hour culture. (B)(I) Multiple attachment hit 
co-polymer spots in proximity with overlapping attachment and cell spreading, obscuring true hits from false positives. Images taken with the Nikon 
Eclipse TE 2000-S Microscope, 10x magnification. Biological repeats = 3. Technical repeats = 9 

Figure 3.17 Generation 2 hPSC Polymer Microarray Results. 
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3.4.3 Biological Response to Array 10.1 (Co-polymers) at 48- & 72-Hours Culture 

181 polymers could support 24-hour culture on array 10.1, to determine what 

number of these polymers could fulfil all three of this chapters aims, arrays were left 

to reach the 48-hour and 72-hour culture time-points, with the removal of ROCKi 

after 24 hours. A complete list of polymers that were capable of culture for 48 hours 

or 72 hours, when colony formation was observed (Figure 3.18). At 48 hours culture, 

7 heteropolymers were hits across multiple biological repeats, with TCDMDA & 

NGDA as the major component for 3 and 2 of the heteropolymers respectively.  

At 72 hours only three polymers, two of which with MAETA as the minor 

component, supported robust colony formation across multiple biological repeats. 

Overlapping hits between 48-hour and 72-hour cultured arrays, revealed only 

heteropolymers features TCDMDA or NGDA to be consistent across the two time-

points. Images of NGDA:MAETA and TCDMDA:MAETA stained for the pluripotency 

marker OCT4 and DAPI nuclear stain are shown in Figure 3.18 (B).  

During culture of both the 48-hour and 72-hour cultured arrays, floating ‘disk-

shaped’ colonies of cells were seen in the medium. Collecting the medium and re-

seeding the floating colonies onto Matrigel™ demonstrated their viability for 

continued growth and survival. The presence of floating colonies hints that 

detachment from unspecified polymer spots may have occurred, which may have 

influenced the polymer hits shown in Figure 3.18 (A).  

Despite the complication of floating colonies, these results demonstrate that 

heteropolymers consisting of TCDMDA or NGDA, with MAETA are capable of 



135 
 

supporting ReBl-PAT hiPSCs in Homebrew Essential 8 medium for 72 hours, with 

some reproducibility across multiple repeats.  

So far only two ratios of monomer:monomer has been tested, to investigate 

if different ratios can increase biological performance, 9 top hits were selected to 

form a final array screen, these are shown in Figure 3.19. 
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(A) List of co-polymers that 
demonstrated attachment of ReBl-PAT 
hiPSCs after 48 hours culture, across 
multiple biological repeats. A list of co-
polymers that supported 72-hour 
culture, across multiple biological 
repeats. A list of co-polymers that 
were represented with at least 1 
biological hit across both 48-hour and 
72-hour timepoints. (B) 
Immunofluorescent images of polymer 
microarray spots that supported 72-
hour culture of ReBl-PAT hiPSCs in 
HomeBrew Essential 8 medium, across 
at least two biological repeats. Images 
captured on the IMSTAR™ Microscope 
(IMSTAR SA) (C) Floating colonies in 
the medium were observed at both 
48-hour and 72-hour timepoints. 
Floating colonies resettled on 
Matrigel™ coated surfaces and 
allowed to attach and proliferate to 
determine viability. Brightfield images 
taken with the Nikon Eclipse TE 2000-S 
Microscope, at 10x magnification. 
Biological repeats = 3. Technical 
repeats = 9. 

Figure 3.18 Generation 2 Co-Polymer 
Microarray (10.1) 48 Hour and 72 Hour 
Results. 
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Selection was based on 24-hour, 48-hour & 72-hour data, strongest performers were selected with chemical 
diversity considered, resulting in the addition of DEAEMA, to retain an amine functionality.  

Figure 3.19 Monomer Hits Taken from 2nd Generation Polymer Microarray Screen with ReBl-PAT hiPSCs, 
to be used in 3rd Generation Array. 
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3.4.4 Development and Response to Array 10.2 (Co-polymers at varying ratios) at 

24 Hours Culture 

To improve upon the performance of the hits found on array 10.1, and to 

determine if new hits can be found by mixing monomers at different volume-to-

volume ratios, array 10.2 was developed. 9 hit monomers were selected for mixing 

at a 9:1, 8:2, 7:3, 6:4, 5:5 ratio and their inverse, forming an array with 297 unique 

spots, printed three times per pHEMA coated microscope slide.  

The selection of monomers shown in Figure 3.19 was determined through the 

top hits identified in array 10.1, with DEAEMA included to maintain at least one 

nitrogen containing monomer. Due to the reduced number of spots compared to 

array 10.1, the inter-spot distance was increased to 1500 µm by 1500 µm (X & Y axis 

distance).  

Seeding and culture conditions remained the same as array 10.1, except for 

the introduction of the embryonic human stem cell line, HUES7, which were tested 

alongside ReBl-PAT hiPSCs. The introduction of a 2nd cell line was to investigate if 

polymer-to-cell interactions were cell line specific, or applicable to multiple lines.  

Data collated from both cell lines at the 24-hour array screen supported an 

average DAPI cell count of 14 +/- 121%, and an average OCT4 cell count of 14 +/- 

121%, where the average % of DAPI nuclei, positive for OCT4, was 100%. The top 12 

co-polymers, with ReBl-PAT & HUES7 combined data, supported an average of 42 +/- 

24% DAPI & OCT4 positive nuclei.  
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Four top performing co-polymers are highlighted by their structure and 

chemical identity in Figure 3.20, where all of which are 1:9, X:MAETA. The 

combination of monomer hits are mostly in line with data from array 10.1, where 

MAETA demonstrated cell attachment at 24 hours with NGDA, HBOPBA and 

TCDMDA.  

When broken down by the cell line used; ReBl-PAT or HUES7, the ReBl-PAT 

line has just a single MAETA containing polymer in the top ten, NGDA:MAETA (1:9), 

Figure 3.21 (A). THFuA as a homopolymer performed well on array 11.1, as previously 

shown with ReBl-PAT hiPSCs in generation 10.1 and 9.1 at 24 hours culture, 

supporting 38 +/- 68%, 88 +/- 40% & 41 +/- 59% respectively. However, DEAEMA as 

a homopolymer demonstrates equal cell attachment, 40 +/- 55%, which was not seen 

on previous array generations (Figure 3.21 (A)).  

7 of the top 10 hits for ReBl-PATs contain NGDA or TCDMDA, reinforcing the 

pair as hit chemistries of great interest. The top 10 hits with ReBl-PAT hiPSCs 

supported an average of 45 +/- 60% DAPI & OCT4 positive nuclei, compared to the 

top 10 hits with the HUES7 hESC line which supported 66 +/- 23%. Considering 24-

hour HUES7 attachment data on array 10.2 alone, MAETA was present in 8 of the 10 

best performing polymers. 8 of the 10 also contained either TCDMDA or NGDA 

mimicking results seen with the ReBl-PAT line (Figure 3.21 (B)).  

Images of both ReBl-PAT and HUES7 cells growing on Matrigel™ and polymer 

spots before fixation are shown in Figure 3.22 (A), where different polymers that 

supported cell attachment and spreading before fixation. Figure 3.22 (B) Highlights 

the delamination potential for some polymers present on the array. Figure 3.22 (C) 
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Compares images stained for the OCT4 pluripotency marker and DAPI nuclear stain, 

on both NGDA:MAETA (1:9) and TCDMDA:MAETA (1:9) across two biological repeats.  
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Heatmap representation of combined data, coefficient of variation is lower when lighter. Nine top performing monomers from 2nd 
Generation polymer microarrays were combined in; 1:9, 2:8, 3:7, 4:6, 5:5 ratios and their inverse, to form 297 unique polymers. Top five 
performing homopolymers/co-polymer combinations are highlighted. Cells were seeded at 39,000 cells/cm2. Biological repeats = 4. 
Technical repeats = 12. 

Figure 3.20 3rd Generation Polymer Microarrays Cultured with HUES7 and ReBl-PAT Pluripotent Stem Cells for 24 hours. 
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Nine top performing monomers from 2nd Generation polymer microarrays were combined in; 1:9, 2:8, 3:7, 4:6, 5:5 ratios and their inverse, to form 297 
unique polymers. (A) 24-hour top attachment hits for ReBl-PAT hiPSCs in HomeBrew E8 Medium. Biological Repeats = 2 Technical Repeats = 6. (B) 24-hour top 
attachment hits for HUES7 hESCs in HomeBrew E8 Medium. Biological Repeats = 2 Technical Repeats = 6 (C) Combined ReBl-PAT and HUES7 data for overall 
performance. Biological Repeats = 4. Technical Repeats = 12. Standard deviations shown.  

Figure 3.21 3rd Generation Polymer Microarrays Cultured with HUES7 and ReBl-PAT Pluripotent Stem Cells for 24 Hours. 
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Nine top performing monomers from 2nd Generation polymer microarrays were combined in; 1:9, 2:8, 3:7, 4:6, 5:5 ratios and their 
inverse, to form 297 unique polymers. (A) Matrigel™ and observed attachment hit polymers seen during culture at 24 hours. (B) 
Delamination of a polymer spot on the array. (C) DAPI and OCT4 stained high ranking hits shown across two cell lines; HUES7 & ReBl-
PAT across two separate biological repeats.  24 hours culture. 

Figure 3.22 3rd Generation Polymer Microarrays Cultured with HUES7 and ReBl-PAT Pluripotent Stem Cells for 24 Hours. 
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3.4.5 Statistical Assessment of Array 10.2 Data (Regression Analysis) 

To assess how useful the 24-hour culture data set from array 10.2 was at 

predicting polymer performance, Dr. Laurence Burroughs carried out statistical 

regression analysis with cell attachment data obtained and ToF-SIMs chemical 

fragmentation data, Figure 3.23 (A).  

The resulting analysis presented an R2 value of 0.64, which indicts a poor 

ability to predict hits correctly from this data set. However, top 24-hour performing 

homopolymer THFuA was correctly predicted. THFuA performance was relatively 

consistent across all three generations of array used, with a spike in 24-hour OCT4 

positive cell attachment in array 10.1 (Generation 2) likely due to the reduced 

distance between polymer spots (Figure 3.23 (B)).  
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(A) Predicted cell responses plotted against 
measured cell responses, based on secondary 
ion fragment data. (B) Measured cell response 
data for most accurately described ion fragment 
with 85.0648 mass relating to THFuA, from all 
three generations of stem cell polymer 
microarrays.  

Figure 3.23 Regression Analysis of Time of Flight 
Secondary Ion Mass Spectrometry (ToF-SIMS) 
Data and Cell Response Data Generation from 3rd 
Generation Microarrays. 
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3.5 Chapter Summary & Discussion 

3.5.1 A comparison to previous polymer microarray work 

Work performed by Celiz et al., 2015 cultured homopolymer microarrays (4% 

pHEMA), containing 141 unique polymers seeded with 51,800 cells/cm2, in StemPro, 

mTeSR-1 and conditioned medium. Only 9/141 homopolymers demonstrated >30 

OCT4 positive cell attachment at 24 hours culture.  

The closest comparison that can be made in this chapter would be array 8.2, 

the 4% pHEMA homopolymer array containing 124 unique polymers, seeded at 

25,000 cells/cm2, cultured in LifeTech Essential 8™ medium. A comparable cell count 

was not performed, however only 1/124 homopolymers demonstrated any level of 

cell survival at 48 hours culture.  The 25,000 cells/cm2 was initially selected to reflect 

the culture density used in standard Matrigel™-based culture, but previous work had 

used over double this seeding density (51,800 cells/cm2) for polymer discovery.  

3.5.2 Media components play vital roles in hPSC attachment to polymers 

The reduction in media components from StemPro & mTeSR-1 to the ‘skinny’ 

Essential 8™ medium, reduces that number of components that could potentially 

bind to polymer surfaces and act as attachment intermediaries between the polymer 

& cell. 

The reduction in medium components has been demonstrated to have a 

critical effect on the capacity of some synthetic surfaces to support hPSC culture. An 

aminopropylmethacrylamide (known as APMAm.C & included on array 9.0 & beyond 

in this thesis) surface can culture hESCs in mTeSR-1 medium for 20 passages. Surface 

analysis and experimentation removing BSA, revealed BSA to be a critical component 
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for hESC attachment to the APMAm.C surface. Although the caveat that other 

components bound to BSA may also play a role in attachment is noted (Irwin et al., 

2011). 

3.5.3 Human dental pulp stem cells & hPSCs attach to identical or similar 

homopolymers 

Overall data from array studies in this chapter highlighted the importance of 

three key monomers; TCDMDA, NGDA & MAETA for optimal biological performance.  

A study using polymer microarrays to identify attachment hits for human 

dental pulp stem cells demonstrated a large cross-over in top performing monomeric 

hits, with hPSC 24-hour attachment hits in this thesis. In common the two array 

screens identified, 2-(Methacryloyloxy)ethyl acetoacetate (MAEA), 2,2,3,3,4,4-

hexafluorobutyl methacrylate (F6BA), TCDMDA, 13BDDA, NGDA, trimethylolpropane 

ethoxylate triacrylate (TMPETA) & hexanediol ethoxylate diacrylate (HEODA), as top 

performing attachment hits (Rasi Ghaemi et al., 2018a).  

For human dental pulp stem cells, tetrahydrofurfuryl methacrylate (THFuMA) 

was a top performing hit, where non-methacrylate version, tetrahydrofurfuryl 

acrylate (THFuA) was identified as the top performing 24-hour hit – but not the also 

tested THFuMA. This highlights how small changes to the functional group can have 

dramatic effects on the biological response, dependent on cell type (Rasi Ghaemi et 

al., 2018a). 

Differentially this study used a poly(hydroxyethylmethacrylate) background, 

instead of pHEMA, as a means of inhibiting protein & cell attachment, removing the 
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hydrogel surface that pHEMA creates. This suggests that hits presented in this 

chapter should work effectively without the pHEMA layer upon scale-up. 

Monomers printed onto arrays were also created at an increased 

concentration (75% vs 50% v/v), both with DMF solvent & identical photoinitiator 

(1% w/v). Which could influence cell response. 

Similarly, both polymer microarray screens used ‘skinny’ medium. Essential 

8™ in this screen, and DMEM supplemented with, penicillin, streptomycin & 

amphotericin for dental pulp stem cells. Assuming the addition of antibiotics has not 

played a significant role in attachment, either amino acids, vitamins, glucose or 

sodium pyruvate are facilitating attachment cellular attachment.  

If the components of DMEM are not facilitating dental pulp stem cell 

attachment to the polymer, the mechanism of action could be, the carryover of 

adhesion proteins from the previous culture, absorption of ECM components 

produced by the cells, or a direct polymer-cell interaction. 

The capability of a medium, DMEM, without the 8 essential components in E8 

medium, to facilitate 24-hour attachment of a different type of human stem cell, to 

identical homopolymer surfaces, may have provided a valuable insight into the 

mechanism behind attachment of hPSCs to our polymer surfaces. This will be 

explored further in chapter 4. 

3.5.4 Combinations with lesser performing monomers can have surprising results  

MAETA & butyl acrylate (BA) are two homopolymers that were classified as 

low attachment, both supporting less than 8 OCT4 positive cells on average. When 
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combined with hit homopolymers TCDMDA and/or NGDA, the attachment 

performance was enhanced, and 48/72-hour culture enabled. 

This presents a strong case for including a mixture of moderate & low 

performing monomers in future array co-polymer screens. 

3.5.5 Third Generation Array 10.2 may have provided data with limited use 

Data from array 10.2 suggests MAETA functions best as the major 

component, where up to 90% of the reaction mixture provided superior 

performance.  

Two caveats exist for this conclusion, the first being that the top 10 

performing polymers with ReBl-PATs only support this conclusion partially, where 

1/10 hits contain MAETA.  

The 2nd caveat relates to the lack of continuous mixing between monomers 

after addition, during the array preparation stage, in 384-well polypropylene plates, 

individual components may have separated out overtime.  

This makes it difficult to determine what compositional differences exist for 

cell-surface interactions between the various monomer volume ratios, without in-

depth ToF-SIMS analysis.  

For this reason, and existing 72-hour hits, 48-hour and 72-hour experiments 

with array 10.2 were by-passed in favour of 96-well scale-up testing in chapter 4. 
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4 Chapter 4 – Scale-Up of Acrylate-Based Polymers for 

Human Pluripotent Stem Cell Culture 

4.1 Introduction 

In chapter 3, 12,503 polymer-to-cell interactions were tested in a microarray 

format and a selection of materials capable of supporting human pluripotent stem 

cell attachment, growth and survival for 24, 48, or 72-hours of culture was 

discovered.  

To achieve one of the aims of this PhD project, namely, to develop a synthetic 

culture surface for hPSCs, the chosen hits from chapter 3 must be compatible with 

key requirements. These are to be scalable and be proven to retain key stem cell 

characteristics and chromosomal stability, even after serial passaging. Hit materials 

from chapter 3 were in the format of polymer microarray spots, approximately 0.03 

cm2 in size. In chapter 4 key hits had to be scaled initially to 0.32 cm2, in a 96-well 

format. Synthetic surfaces were ultimately scaled to the 6-well plate format, with a 

surface area of 9.6 cm2. 

Successfully scaled-up hits were tested for their ability continuous culture 

across a minimum of five polymer plates and growth was tracked to show if 

cumulative population doubling times were comparable to the existing gold standard 

culture surface, Matrigel™. hPSCs were also tested to see if they retained a stable 

karyotype and a functional pluripotent state.  

Aside from their ability to support pluripotency this chapter will uncover the 

molecular mechanisms behind the cell-surface interactions. Including integrin 
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blocking assays, which determined the integrins that are essential at the initial point 

of attachment. RT-qPCR was used to analyse integrin expression levels at 72 hours. 

Finally, this chapter looked at the phosphorylated states of key signalling 

proteins within the cell with a phosphokinase-proteome array kit from R&D systems 

which looked at the comparison of 43 kinases and two total protein levels (β-catenin 

and Heat Shock Protein 60 (HSP60)) between hPSCs cultured on our best performing 

synthetic surface and Matrigel™.  

Given the importance of trilineage differentiations in assessment of 

pluripotency, the role and value of these assays are introduced in the sections below. 

Similarly, the role of intracellular signalling play crucial roles in survival, growth and 

pluripotency and are also introduced below. 

4.1.1 Trilineage Differentiation 

A key part of this chapter is proving hPSCs, cultured on best performing 

polymer surfaces, are capable of supporting trilineage differentiation to mesoderm, 

endoderm & ectoderm lineages. To do this, directed differentiation protocols have 

been established by previous research. Since directed cardiomyocyte (mesoderm) 

formation was discussed in chapter 1, the sections here will focus on ectoderm 

(specifically neuroectoderm) and endoderm lineages and the protein markers that 

define the cell types produced. 

4.1.2 Directed Neurectoderm Formation 

In this chapter hPSCs grown for 5 passages on TCDMDA:BA will undergo a 

directed neuroectodermal differentiation protocol.  
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Neuroectoderm formation in vivo has been demonstrated to be under the 

control of BMP inhibitors and activin/nodal signalling (Hemmati-Brivanlou and 

Melton, 1994)(Lamb et al., 1993). This has led to the development of in vitro 

differentiation protocols based on the use of Noggin, Dorsomorphin and SB431542, 

where Noggin & Dorsomorphin inhibit BMP signalling and SB431542 antagonises 

activin/nodal signalling through ALK4, 5 & 7 kinases (Smith et al., 2008)(Zhou et al., 

2010)(Surmacz et al., 2012).  

In this chapter we focus on markers SOX1 and PAX6 for the identification of 

neuroectoderm formation.  

4.1.3 SOX1 

SOX1 is an HMG-box protein related to SRY and is one of the first transcription 

factors detected in ectoderm cells committed to neural fate. In mice, Sox1 has been 

shown to bind directly to the Hes1 promoter, supressing the transcription of Hes1, 

reducing Notch signalling, inducing neurogenesis (Kan et al., 2004). Furthermore, 

Sox1 binds β-catenin, suppressing its activity within TCF/LEF signalling, leading to a 

reduction in the Wnt signalling pathway (Kan et al., 2004). Continued expression of 

Sox1 in mice has been shown to maintain neural progenitor identity, preventing cell 

cycle exit and neurogenesis, knockdown of Sox1 results in gradual loss of the 

progenitor population (Elkouris et al., 2011).   

4.1.4 PAX6 

PAX6 is a crucial transcription factor for the development of the brain, eyes 

and olfactory system, heterozygous mutations to PAX6 have been demonstrated to 

cause ocular defects in humans (Chauhan et al., 2004)(Morrison et al., 2002)(Davis 
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and K.Cowell, 1993). PAX6 mutations have also been revealed to cause changes in 

the olfactory epithelium and cerebral malformation (Sisodiya et al., 2001).  

A previous PhD student at the University of Nottingham, Luke Flatt, optimised 

a dual-SMAD inhibition protocol using small molecules, Dorsomorphin and 

SB431542, to generate 52.7 +/- 1.8% SOX1+PAX6+ by day 5 of differentiation. These 

experiments were carried out in E8 medium and with the ReBl-PAT hiPSC line. This 

protocol was used throughout this chapter. 

4.1.5 Directed Definitive Endoderm Formation 

Endoderm lineages in vivo form several crucial organs such as the intestines, 

lungs, liver, pancreas and thymus. During embryonic development endoderm 

lineages are specified through control of BMP, WNT/β-Catenin and Activin/NODAL 

signalling (Zorn and Wells, 2009)(Muñoz-Descalzo, Hadjantonakis and Arias, 

2015)(Graham et al., 2014). In vitro differentiation methods have capitalised on this 

knowledge leading to the development of chemically defined definitive endoderm 

differentiation protocols.  

A rapid screen for endodermal differential of hPSCs has been developed, 

which screened 1-12 μm CHIR99021 in either RPMI/B27 or RPMI/B27(-) (minus 

insulin). By day 2 of differentiation a petal/cobblestone morphology typical of 

definitive endoderm was noted, with RPMI/B27(-) + 4 μm CHIR99021 induced the 

highest upregulation of definitive endoderm markers, FOXA2, SRY-Box 17 (SOX17), 

Haematopoietically-Expressed Homeobox Protein (HHEX) and Cerberus 1 (CER1). 

Immunostaining identified ~85% of cells were SOX17+ by differentiation day 2 (Siller 

et al., 2016).  
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In this chapter we focus on FOXA2 and SOX17 as markers for definitive 

endoderm. 

4.1.6 FOXA2 

In mice, Foxa2 has been shown to specify endoderm in the posterior epiblast, 

which undergo epithelial-to-mesenchymal transition (EMT) to invade the primitive 

streak and differentiate into ‘flattened’ cells with apical-basal polarity, with Foxa2 

regulating this cellular phenotype during early development (Burtscher, Lickert and 

Joyner, 2009). A conditional mutation to Foxa2 in developing mouse embryos 

resulted in head truncations, through disrupted axial mesendoderm formation, 

leading to poor specification of the anterior definitive endoderm (Hallonet et al., 

2002).  

SOX17 

3D time-lapse imaging tracked presumptive definitive endoderm progenitors 

through the primitive streak to the mesoderm and subsequently to the embryo 

surface where they contact the visceral endoderm, Sox17 was shown to be a key 

orchestrator of this cellular migration. Sox17 was shown to be involved in gut 

endoderm morphogenesis and the assembly of the basement membrane, separating 

gut endoderm from mesoderm (Viotti, Nowotschin and Hadjantonakis, 2014). Sox17-

null mice are deficient in gut endoderm (Kanai-Azuma et al., 2002).  

Following on from the work of Siller et al., 2016,  previous PhD student, Luke 

Flatt from the University of Nottingham, optimised the concentration of CHIR99021 

on cell lines used within our laboratory, with 2 μM being the optimal concentration 

to support a high cell number in combination with 70% dual positive of SOX17/FOXA2 
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definitive endoderm markers. Hence this concentration of CHIR99021 in RPMI/B27(-

) was used throughout this study.  

4.2 Intracellular Signalling Pathways 

To investigate functional differences at the phosphokinase proteome level 

between 15-day cultures on Matrigel or the best performing synthetic polymer, 

microarrays to detect phosphorylation changes were utilised. The phosphorylation 

state of kinases from key pathways relating to proliferation and survival (AKT, mTOR, 

MAPK/ERK), DNA damage response and apoptosis (P53) and 

proliferation/differentiation (Wnt) were probed.  

4.2.1 PI3K-AKT Pathway 

The PI3K-AKT pathway modules a plethora of functions within the cell, 

including metabolism, growth, proliferation and survival (Yu and Cui, 2016). In 

cellular metabolism Akt can regulate glucose uptake and lead to post-transcriptional 

modification of the glucose metabolism, resulting in Bax inhibition and long-term 

cellular survival even in the absence of growth factors (Rathmell et al., 2003)(Fan, 

Dickman and Zong, 2010). Additionally, by upregulating glucose uptake the PI3K-AKT-

mTOR pathway is important in maintaining pluripotency by providing a steady source 

of acetyl-CoA, which maintains pluripotency by histone acetylation (Moussaieff et al., 

2015)(Yu and Cui, 2016)(Moris et al., 2018). 

4.2.2 mTOR Pathway 

The mammalian target of rapamycin (mTOR) is an evolutionary conserved 

289kDa serine/threonine kinase of the PI3K-related kinase family, mTOR acts as a 

central component of two separate complexes, mTORC1 & mTORC2. 
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4.2.3 mTORC1 

mTORC1 is a 5-member complex including mTOR, regulatory-associated 

protein of mTOR (Raptor), mammalian lethal with Sec12 protein 8 (mLST8), proline-

rich AKT substrate 40kDa (PRAS40) and DEP-domain-containing mTOR-interacting 

protein (Deptor) (Mathieu Laplante and Sabatini, 2009). mTORC1 activation is linked 

to AKT activation by growth factors, where AKT can phosphorylate PRAS40 leading 

to an increase in mTORC1 activation (Mathieu Laplante and Sabatini, 2009). 

Additionally, stimulation of the extracellular-signal-regulated kinase 1/2 (ERK1/2) 

and p90 ribosomal S6 kinase 1 (RSK1) can also lead to mTORC1 activation via 

tuberous sclerosis complex (TSC) 1/2 inhibition (Mathieu Laplante and Sabatini, 

2009)(Roux et al., 2004). 

mTORC1 is thought to be a master regulator of cell growth, proliferation and 

metabolism through the upregulation of anabolic processes increasing organelle, 

lipid and protein synthesis (Mathieu Laplante and Sabatini, 2009)(Porstmann et al., 

2008).  

In the context of pluripotent stem cells, rapamycin-mediated inhibition of 

mTORC1 leads to the loss of pluripotency in hESCs, additionally a CDK inhibitor failed 

to rescue pluripotency demonstrating the effect was not just due to growth inhibition 

(Zhou et al., 2009).  

4.2.4 mTORC2 

Relative to mTORC1 relatively little is known about the activity of mTORC2, 

like mTORC1, mTORC2 is formed of a complex of proteins with mTOR at the centre 

(Mathieu Laplante and Sabatini, 2009).  
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4.2.5 TOR Phosphorylation S2448 

The phosphorylation site S2448 on mTOR is present on the phosphokinase 

proteome array used in this chapter, the function of S2448 has recently been linked 

to the activity of mTORC1 but not mTORC2, where phosphorylation increases activity 

of mTORC1 and inhibition of S2448 phosphorylation decreases mTORC1 activity 

(Rosner et al., 2010).  

4.2.6 MAPK/ERK Pathway 

Mitogen-activated protein kinase (MAPK) can respond to growth factors, 

cytokines and stress responses through extracellular signal related kinases (ERKs), jun 

amino-terminal kinases (JNKs) or stress activated protein kinases (p38/SAPKs). Whilst 

the MAPK pathways are extensive this thesis will focus on classical ERK1/2 specific 

signalling.  

4.2.7 ERK1/2 

ERK1/2 signalling is a response primarily to growth factors and mitogens that 

activate a wide range of transcription factors in the nucleus relating to cell growth, 

proliferation and differentiation (Morrison, 2012).  

The Ras-Raf-MEK-ERK signalling cascade is well studied for its ability to 

control cellular proliferation and mediate apoptosis. MEK1/2 activation results in the 

phosphorylation of threonine and tyrosine residues on ERK1/2 on Thr-Glu-Tyr (TEY) 

recognition sites (Mebratu and Tesfaigzi, 2009). Inside the nucleus activated ERK1/2 

phosphorylates factors such as TIF-IA, Sap-1a and Elk-1 leading to increased binding 

to the serum response factor, enhancing growth related transcription. ERK1/2 

phosphorylates FOXO3a at S294, S344 and S425 leading to FOXO3a degradation by 
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the MDM2-depedendent ubiquitin-proteasome pathway, leading to increased cell 

survival (Mebratu and Tesfaigzi, 2009).  

In human pluripotent stem cell culture the addition of 100 ng/mL bFGF 

promotes maintenance of pluripotency through MAPK and subsequent ERK1/2 

activation, withdrawal of bFGF led to a fall in OCT4, SOX2 and NANOG protein levels, 

which was linked to a decrease in p-MAPK and p-ERK1/2 and differentiation (Haghighi 

et al., 2018). Conversely to mouse embryonic stem cells, high levels of ERK1/2 

signalling for maintaining a pluripotent human embryonic stem cell state (Li et al., 

2007).  

4.2.8 P53 Signalling 

P53 is a critical tumour suppressor through its ability to induce cell cycle 

arrest, DNA repair and apoptosis pathways in response to a multitude of stress 

signals, beyond these key functions p53 is also implicated in metabolic regulation and 

autophagy, although these are beyond the scope of this chapter (Laptenko and 

Prives, 2006)(Brady and Attardi, 2010). The activation of P53 is dependent on the 

stabilisation of a homotetrameric complex and post-translational modifications, P53 

has a relatively short half-life of 5-20 minutes (Giaccia and Kastan, 1998)(Brady and 

Attardi, 2010). In this thesis three phosphorylation states of P53 are investigated, 

S15, S392, and S46.  

4.2.9 Serine 15 Phosphorylation 

Phosphorylation of p53 at S15 is thought to provide a universal role, with a 

basal level of S15 phosphorylation present in unstimulated cells (Loughery et al., 

2014). When DNA damage occurs S15 is a primary target for phosphorylation by ATM 
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and ATR protein kinases leading to accumulation (Banin et al., 1998)(Cheng and Chen, 

2010).  

  In the presence of metabolic stress or glucose deprivation, AMPK protein 

kinase will increase in activity and lead to increased S15 phosphorylation of P53, to 

induce cell cycle arrest and promote cellular survival (Jones et al., 2005). 

4.2.10 Serine 392 Phosphorylation 

Phosphorylation of p53 at S392 is a common and essential event in p53 

activation by a range of stimuli, evidence shows that S392 phosphorylation causes a 

10-fold increase in p53 stability and enhanced DNA binding (Du, Wu and Leng, 

2016)(Cox and Meek, 2010)(Kazuyasu  Sakaguchi et al., 1997). 

4.2.11 Serine 46 Phosphorylation 

 P53 phosphorylation at S46 is linked to expression of apoptosis related genes 

such as p53AIP1 but is not linked to cycle cell arrest. During the induction of apoptosis 

S46 phosphorylation is increased, interesting it found S15 phosphorylation was 

largely unchanged (Smeenk et al., 2011). 

Assessing the changes in the phosphorylation states of S392, S15 and S46 will 

be essential to determine if growth on polymeric surfaces cause extra cellular stress 

and apoptosis. 

4.3 Summary of Chapter 4 Aims 

1.)  Scale-up of hits from Chapter 3 spotted as ~200 to 300 μm arrays to 0.32 cm2 

and 9 cm2  on tissue culture plastic surfaces. 
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2.)  To test key hits for, hPSC serial passaging for at least 5 passages, ability to 

maintain expression of pluripotency markers & differentiate to the three 

germ layers.  

3.)  To determine the mechanisms of cell attachment and survival of hPSCs 

cultured on the scaled hits in point (2). 

4.4 Chapter Overview 

 Work carried out in this chapter initially sought to test a range of scaled-up 

materials in 96-well formats for their capability to support 72-hour culture of ReBl-

PAT hiPSCs in E8 medium without further passaging. 

 Scale-up work began in a set-up, optimisation of the UV lamp heigh was 

required as the close distance (10 cm) of the UV-lamp induced heat & oxygen-related 

polymer surface deformations, when multiple batches of plates were created back-

to-back. This was optimised through changing the height of the UV bulb, success was 

assessed by the continual production of optically transparent smooth surfaces.  

 Despite optimisation of the UV set-up & process, variability and toxicity 

remained a key issue with this project over the span of 1-year. The replacement of 

the UV glove box, for a system that allowed for greater control of the O2 

concentration in the argon atmosphere, resulted in a reduction in toxicity & 

variability. However, this means experimentation had to be repeated within this 

chapter.  

 Contamination of Gibco™ Essential 8 medium with albumin in some batches, 

has been suspected to cause variation in cell response to synthetic surfaces 

discovered in this thesis. However, with batch-to-batch albumin screening by mass 
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spectrometry, serial passaging was achieved with a chosen synthetic surface, 

allowing a detailed assessment of the pluripotency state and attachment mechanism. 

 Due to these difficulties, early scale-up was not quantified and some 

experiments had to be repeated after optimisation of the polymerisation process. 
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4.4.1 Preparation of Scaled-Up Materials 

To assess the ability for hit materials to support a minimum of 5 serial 

passages whilst retaining pluripotency, they required scaling up from the array 

format. Scale-up of materials throughout this chapter consisted of UV initiated 

polymerised monomers.  

Originally a 50/50 v/v mix of monomer to solvent was prepared with the 

addition of 2,2-dimethoxy-2-phenyl acetophenone (1% w/v) photo initiator, the UV 

bulb (365 nm) raised 10 cm above the surface (Figure 4.2 (A)). The 1hr UV 

polymerisation reaction took place in an argon atmosphere, where measured oxygen 

levels were below 2000 ppm.  

 Figure 4.1 Chapter Summary of Key Experimentation Performed. 
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During this time the UV light would breakdown the photo initiator into free 

radicals, which then caused the acrylate groups to react following the pathway 

shown in Figure 4.2 (B). To ensure sterility the surfaces were UV-sterilised in a class 

II cell culture cabinet for 25 minutes, followed by washing steps with either PBS or 

dH20. 
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(A) A reaction mixture containing, solvent, monomer and 1% (w/v) 2,2-dimethoxy-2-phenyl acetophenone 
photo initiator was exposed to 365 nm UV light from 10 cm distance for 1 hour in an argon atmosphere 
containing <2000 ppm oxygen. (B) Schematic of acrylate polymerisation via free radical photo-initiated 
reaction. (C) Sterilisation procedure for polymerised surfaces using 365 nm UV radiation. 

Figure 4.2 Initial UV-Polymerisation Scale-Up Procedure & Plate Preparation. 
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4.5 Results 

4.5.1 Scale-up of Homopolymers for hPSC Culture 

                  With a suitable method to prepare scaled-up materials for testing, 10 

homopolymers previously selected for co-polymerisation in chapter 3 (hits shown 

Figure 4.3) were UV polymerised into a 96-well format.  

 Undifferentiated Rebl-PAT hiPSCs were seeded at ~57,100 cells/cm2 in the 

presence of ROCKi and assessed for their 24-hour and 48-hour survival in Figure 4.4 

(A). Initial scale-up testing was designed to be a quick litmus test, to determine which 

materials should be tested further, hence no quantification of attachment was 

performed. To ensure quality and health of the hiPSC ReBl-PATs used and to rule out 

toxicity related to production steps (e.g. plasma etching, prolonged UV exposure to 

TCP) a Matrigel™ control was also seeded on the same plate at a density of ~28,000 

cells/cm2.  

 Culture was carried out through to 72 hours, with ROCKi added for the first 

24 hours. Representative images of hPSC cultured on synthetic substrates up to 48 

hours can be found in Figure 4.4 (B). The continued addition of ROCKi up to the 48-

hour time point was performed for top performing monomer tetrahydrofurfuryl 

acrylate (THFuA), in (C), whilst cells persisted – cell death was also apparent. 

Continued culture to 72 hours, without further ROCKi supplementation, resulted in a 

~100 % loss of viability, like that observed if ROCKi was removed post-24-hour 

culture. Continually addition of ROCKi was shown not to be a viable strategy for 

continued hPSC survival on synthetic surfaces. 
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 To meet the objectives of this chapter, namely to develop synthetic surfaces 

that support not only 72-hour culture but also serial passaging, co-polymers 

discovered in chapter 3 were scaled-up in the same manner for investigation.
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Selection was based on 24-hour and 48-hour data, 4% & 6% pHEMA data, with a range of high, medium and low performing 
monomers selected, with chemical diversity considered. HEMA (L) included due to change in biological response between 4% 
& 6%, and work carried out by Celiz et al., 2015. 
  

Figure 4.3 Monomer Hits Taken from 1st Generation Polymer Microarray Screen with ReBl-PAT hiPSCs, to be used in a 2nd Generation Array. 
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Polymers cultured with ReBl-PAT hiPSCs, in 
HomeBrew Essential 8 medium. (A) Summary 
table detailing; identity, concentration (v/v), 
solvent used and survival. (B) Representative 
images of a subset of scaled-up polymers at 24-
hour culture with the addition of apoptosis 
inhibitor ROCKi, and 48-hour culture without 
ROCKi. (C) Culture of top performing 24-hour 
homopolymer THFuA, with continued ROCKi use 
for 48 hours. Scale bars = 100 µm 

Figure 4.4 96-Well UV-Polymerisation Scale-
Up of Ten Selected Hits Taken Forward from 
Homopolymer Array 9.1. 
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4.5.2 Scale-up of Hit 48-hour/72-hour Co-Polymer Hits for hPSC Culture 

 To discover if any of the co-polymer microarray hit materials can support 

culture of hPSCs, 10 selected co-polymers were scaled up as previously described 

into 96-wells (Figure 4.5). ReBl-PAT hiPSCs were cultured at either 57,000 cells/cm2 

or 114,000 cells/cm2, co-polymers were tested if they supported 24-hour culture in 

the presence of ROCKi and continued culture to the 72-hour time-point. At the 

highest seeding density of 114,000 cells/cm2, 5 of the 10 co-polymers supported 72-

hour culture. This number was reduced to two co-polymers when the seeding density 

was reduced to 57,000 cells/cm2, namely NGDA:THFuA & TCDMDA:BA. Three 

separate wells were imaged for both NGDA:THFuA & TCDMDA:BA (Figure 4.6 (B)).  

 Testing the ability of ReBl-PAT hiPSCs to survive on TCP treated with oxygen 

plasma determined that the addition of a polymer surface had an additive effect on 

the 72-hour survival and colony formation of hiPSCs, Figure 4.6 (B) vs (C). MAETA 

containing co-polymers could not be fully dissolved in isopropanol, whilst a 50/50 v/v 

mixture of isopropanol & acetone was an improvement, MAETA could not be entirely 

dissolved. In conclusion the co-polymers NGDA:THFuA & TCDMDA:BA were both of 

interest to investigate their 72-hour culture capabilities further.  
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 Figure 4.5 Co-Polymer Hits from 2nd Generation Polymer Microarray Screen with ReBl-PAT hiPSCs Selected for Scale-
Up with UV-based Polymerisation. 
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Figure 4.6 96-Well UV-Polymerisation Scale-Up of Ten Selected Co-Polymer Hits from Array 10.1.  

Cultured with ReBl-PAT hiPSCs in HomeBrew Essential 8 medium. (A) Summary table detailing; identity, concentration (v/v), solvent used and 
survival. (B) Triplicate brightfield images of either NGDA:THFuA (2:1) or TCDMDA:BA (2:1) at 24-hour and 72-hour timepoints. (C) Culture onto 
oxygen plasma activated tissue culture plastic with the same conditions shown in (B). (D) Polymer aggregation after UV-polymerisation onto the 
surface, resulting in cell toxicity. Scale bars = 100 µm. 
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4.5.3 Serial Passaging 

To demonstrate if NGDA:THFuA can support multiple polymer-to-polymer 

passages, hiPSC ReBl-PATs were dissociated after 72 hours culture from wells shown 

in Figure 4.7 (A), using TrypLE select and a 1:4 seeding ratio into unused 96-wells 

coated with NGDA:THFuA. Whilst cell coverage of the starting NGDA:THFuA reached 

monolayer in most areas, variation demonstrated in (B) highlights that areas with 

lower or no cell survival by 72 hours culture were present. 

Culture of hiPSCs on NGDA:THFuA was demonstrated across three sets of 

polymer coated wells, passaging polymer-to-polymer, however 24-hour toxicity was 

observed but not quantified on plate 4. A second biological repeat using the same 

cell line was less successful, with rounded colony formation and colony detachment 

occurring as shown in Figure 4.7 (D). 

Results shown here reveal that NGDA:THFuA is capable of supporting 

polymer-to-polymer passaging, an important step forward to meeting the goals of 

this thesis chapter. However, intra & inter-plate variation, including unpredictable 

complete cell death / toxicity at the 24-hour time point proved problematic, and 

variation in colony spreading & attachment strength to the surface was also evident.  

Further improvements to polymer surface production & optimisation will be 

required to create a cell culture surface capable of reproducible polymer-to-polymer 

hPSC culture.
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Surfaces cultured with ReBl-PAT hiPSCs in HomeBrew Essential 8 medium. (A) Passage 1 

culture of hiPSCs on TCDMDA:BA or NGDA:THFuA (50% v/v in isopropanol) brightfield 

images of 24-hour and 72-hour culture. (B) Demonstration of variability of hiPSC survival 

and colony formation at 72-hour culture on polymer surfaces. (C) Brightfield images 

demonstrating the ability of hiPSCs to be passaged across three plates. Cells were 

passaged at a 1:4 ratio using TrypLE select. (D) Second biological repeat of multi-passage 

culture on NGDA:THFuA demonstrating rounded colony morphology. Scale bars = 100 

𝜇m. 

Figure 4.7 96-Well Scale-Up of Selected Co-Polymer Hits TCDMDA:BA & 
NGDA:THFuA by UV-polymerisation. 
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4.5.4 6-Well Scale-Up  

 Production of scaled-up versions in 6-well plates was essential to meeting 

the aims of this chapter, to demonstrate synthetic surfaces can be fabricated at sizes 

regularly used for the maintenance of hPSC cultures. T25 and enclosed vessels were 

not selected due to the possibility that the flask walls would interfere with the UV 

radiation reaching the polymerisation reaction. 

 To produce a scaled-up version of a polymeric surface for hPSC culture, the 

surface size was increased from 0.32 cm2 to 9.6 cm2 by polymerising monomer 

solutions in 6-well plates. During which issues with the production of polymer plates 

became more evident, TCDMDA:BA polymerised plates produced a potent sweet 

smell when placed within incubator conditions (Figure 4.8 (A)), the production of 

multiple batches of plates in short succession caused visible deformations to the 

polymer surface, which induced cell toxicity during culture.  

 Over a range of optimisation experiments, the height of the UV bulb was 

increased from 10 cm to 20 cm, solvent use was reduced from 50% v/v to 10% v/v 

(10% v/v kept to dissolve the photo initiator), and an increase in cell seeding density 

by 10,400 cells/cm2 to increase cell survival across the entire culture surface. 

Polymeric surfaces were washed once in isopropanol and three times in dH20 for 1 

minute each before being incubated in dH20 for 48 hours in a 37oC oven, surfaces 

were washed three further times after UV polymerisation with dH20 and incubated 

at 37oC until ready for use (Figure 4.8 (B)).  Success was judged by the elimination of 

the potent sweet smell of TCDMDA:BA, likely generated from unpolymerized butyl 

acrylate, the presence of this odour suggested that full polymerisation was not taking 
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place. In hindsight, GPC or similar characterisation methodology would have 

determined the chemical state of the surface.
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(A) Schematic of previous polymerisation set-up 

including, use of solvent with monomer at 50/50 

v/v ratio, 10 cm UV bulb height & characteristic 

sweet odour. (B) Optimisation of conditions, UV 

bulb height increased to 20 cm, solvent use 

limited and isopropanol/dH20 washing steps 

introduced. (C) Visual demonstrate of surface 

deformation when two consecutive 

polymerisations are performed using unoptimised 

conditions. (D) Differences in cell response 

between the first batch polymerisation and the 

second, where surface deformation has occurred, 

using unoptimised conditions. Scale bars = 

100 𝜇m. 

Figure 4.8 Optimisation of UV-Polymerisation for 
more Reproducible Polymer Plate Production. 
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 Continued work with NGDA:THFuA and TCDMDA:BA in LifeTech™ Essential 

8 medium, whilst generally improved, continued to be problematic at the 6-well 

scale with variability at seemingly random points within polymer-to-polymer 

culture. Despite the ~10,400 cells/cm2 seeding density increase to 73,000 cells/cm2, 

it was observed that cell survival could be limited to the central area of the well. It 

was theorised that poor seeding technique or the creation of a convex architecture 

during polymer coating could be responsible for this seemingly random occurrence.  

 Both NGDA:THFuA and TCDMDA:BA proved problematic for variability, 

TCDMDA:BA was capable of culturing ReBl-PAT hiPSCs in LifeTech™ Essential 8 

medium up to passage 10 or passage 8 in biological repeat 1 and 2, as shown in 

Figure 4.9 (A). During early stage of culture (first two passages) across both 

biological repeats the average cumulative population doubling on TCDMDA:BA was 

64.8% of that compared to Matrigel™, passages 7 & 8 maintained on average 57% 

of the cumulative population doubling across the two repeats, the reduction in 

cumulative population was in-part due to seemingly random issues with cell 

attachment and spreading leading to less than a single population doubling during 

specific passages within culture shown in Figure 4.9. 

 Images demonstrating central monolayer culture, variation in cell coverage 

and 3D-like folding of cells during culture are shown in Figure 4.9 (B). At passage 6 

samples for both Matrigel™ controls and TCDMDA:BA had their karyotype analysed, 

both samples maintained a healthy 46(XY) karyotype across 30 cells examined by 

Dr. Nigel Smith (Department of Cytogenetics at Nottingham University Hospital NHS 

Trust) (Figure 4.9 (C & D)). 
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 Assessment of hPSC pluripotency and differentiation capabilities were 

performed after 5 serial passages on TCDMDA:BA. To assess if hPSCs cultured on 

TCDMDA:BA after serial passaging still possessed markers of pluripotency, three 

nuclear markers: OCT4, NANOG, SOX2, and one surface marker: TRA-1-81, were 

immunostained. hPSCs cultured after serial passaging on TCDMDA:BA 

demonstrated positivity for all four markers as shown in Figure 4.10. A comparison 

between Matrigel™ and TCDMDA:BA is shown with fluorescent gating kept the 

same between the two conditions, the loss of expression on Matrigel™ for OCT4 

(69% +/- 19%), NANOG (58% +/- 19%) and SOX2 (36% +/- 27%) which suggested 

that the high seeding density, used to draw accurate growth comparisons, was too 

high to maintain pluripotency marker expression. Population doubling time on 

Matrigel™ was between 19-25 hours. 

 A second cell line, HUES7 (hESCs), was cultured on TCDMDA:BA to 

investigate how multiple cell lines perform after serial passaging. HUES7s were 

cultured in HomeBrew Essential 8 medium for this experiment. HomeBrew Essential 

8 medium is an in-house equivalent of LifeTech Essential 8 medium, where the 

addition of 100 ng/mL heparin is thought to be the sole difference, heparin was 

added for growth factor stability. To maintain pluripotency on Matrigel™, the 

seeding densities on Matrigel™ was decreased from 73,000 to 41,700 cells/cm2, 

however it was kept at 73,000 cells/cm2 for TCDMDA:BA. 

 The average cumulative population doubling across both HUES7 repeats, 

shown in Figure 4.10 (B), was 81% compared to Matrigel™ culture. An average 23.4 
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+/- 3.2-hour doubling time was maintained on Matrigel™, consistent with 

experimentation with ReBl-PAT hiPSCs in LifeTech™ Essential 8 medium.  
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(A) Growth curve for biological repeat one of ReBl-PAT hiPSCs 
grown on Matrigel™ vs TCDMDA:BA in LifeTech™ Essential 8 
medium, both seeded at 73,000 cells/cm2. (B) Representative 
images of Matrigel™ and TCDMDA:BA at 72 hours culture with 
ReBl-PAT hiPSCs in LifeTech™ Medium, demonstrating large 
monolayer areas and low survival areas for TCDMDA:BA. (C-D) 
Karyogram of Matrigel™ & TCDMDA:BA after 6 passages of 
culture demonstrating karyotypic stability (46XY across 30 
spreads each). Scale bars = 100 𝜇m. 

Figure 4.9 Serial passaging ReBl-PAT hiPSCs on TCDMDA:BA using 
Optimised Polymerisation Conditions. 
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(A) 72-hour growth of ReBl-PAT hiPSCs grown on Matrigel™ or TCDMDA:BA in LifeTech™ Essential 8 medium, both seeded at 

73,000 cells/cm
2
. Cells were immunostained for pluripotency markers: OCT4, NANOG, SOX2 & TRA-1-81. Images are displayed 

with the same intensity gating between Matrigel™ & TCDMDA:BA. (B) Cumulative population doubling of HUES7 hESCs cultured 

on Matrigel™ and TCDMDA:BA, seeding densities 41,700 cells/cm2 & 73,000 cells/cm2 respectively . Scale bars = 100 𝜇m. 

A B 

Figure 4.10 Pluripotency Staining of ReBl-PAT hiPSCs Grown on TCDMDA:BA for Five Passages. 
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4.5.5 LifeTech Essential 8 Albumin Contamination 

Observations that HomeBrew Essential 8 cultured cells appeared to perform 

better in terms of initial attachment and spreading by 24 hours in culture, on 

TCDMDA:BA, compared to LifeTech Essential 8 cultured cells prompted an 

investigation into the media compositions. HomeBrew Essential 8 medium is 

prepared in-house, with a known formulation, in theory HomeBrew Essential 8 is 

identical to LifeTech Essential 8 medium, bar the addition of 100 ng/mL porcine 

derived heparin sulphate, which is added to improve growth factor stability and 

therefore shelf life of HomeBrew Essential 8. 

 A mass spectrometry analysis of two commercial essential 8 media (LifeTech 

and TeSR) and the in-house prepared HomeBrew essential 8 medium by Joris Meurs 

revealed the suspected presence of albumin in LifeTech essential 8 medium, that was 

not present in either other two types of media (Figure 4.11 (A,B,C)). The presence of 

albumin was confirmed through protein digest experiments, where detected 

fragments were compared against the SwissProt and NCBIProt databases for known 

albumin fragment identities. MASCOT values are transformed p-values, where 

[Value=-10log(p)]. A calculator from MatrixScience.com (Mascot Search Results) 

determines that a protein score greater than 97 represents a p-value <0.0001. Two 

sets of digest results in Figure 4.11 (D) present values higher than 97, 127 & 116, 

compared to database fragment values for albumin. 

 ReBl-PAT hiPSCs from the same starting source were cultured for three 

passages (9 days) in Nutristem V9 XF, LifeTech Essential 8 or HomeBrew Essential 8 

medium. ReBl-PATs from each media were seeded onto TCDMDA:BA at 73,000 
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cells/cm2 onto the same polymer plate, after 24 hours culture brightfield images 

were taken to demonstrate comparative attachment (Figure 4.11 (E,F,G)). Nutristem 

V9 XF contains 10% human serum albumin and failed to support cell attachment and 

spreading. LifeTech Essential 8 medium claims to be an albumin-free medium, yet 

mass spectrometry results in Figure 4.11 (B) and digest experiments (D) evidenced 

albumin presence, LifeTech medium demonstrated greater attachment and 

spreading compared to Nutristem V9 XF but visibly lesser attachment and spreading 

in comparison to hiPSCs in HomeBrew Essential 8. 

 A different batch of LifeTech Essential 8 medium, which tested negative for 

the presence of albumin, was spiked with 0.1% - 10% human albumin as shown in 

Figure 4.11 (H). After 24 hours culture cells were fixed and stained with DAPI, imaged 

using Operetta high content microscope and quantified using Columbus software. 

With the addition of 0.1% human albumin the average DAPI count dropped from 

16,113 +/- 2099 to 11,841 +/- 5830, the 277% increase in DAPI count standard 

deviation translated to no significant difference shown by One-Way ANOVA. When 

1% human albumin was added to the medium, the average DAPI cell count was 4754 

+/- 24 and One-Way ANOVA test produced a p-value of 0.005, when compared to the 

non-spiked control.  

 These results demonstrated that ≤1% concentrations of human albumin 

increased the variability of hiPSC attachment after 24 hours culture and 1% or greater 

concentrations of human albumin produced statistically significant reductions in cell 

number. It was important moving forward to screen batches of LifeTech Essential 8 
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medium using mass spectrometry for the presence of albumin, to ensure cell 

attachment was not hindered.
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(A/B/C) Mass spectrometry analysis of LifeTech Essential 8, HomeBrew Essential 8 and TeSR Essential 8 media, respectively. (D) Protein digest experiments, fragments compared against 

SwissProt & NCBIProt databases. (E/F/G) Representative brightfield images of ReBl-PAT hiPSC attachment to TCDMDA:BA after 24 hours culture in Nutristem® V9 XF (E), LifeTech Essential 

8 (F), or HomeBrew Essential 8 (G) media. Seeding densities all performed at 73,000 cells/cm2. (H) Spiking of LifeTech Essential 8 medium (batch tested and confirmed albumin free via 

mass spectrometry) with human albumin, cell counts performed at 24-hour culture with ReBl-PAT hiPSCs. One-Way Anova performed using PRISM software, (**) P = <0.01. Scale bars = 

100 𝜇m. Three repeats performed. 

Figure 4.11 Analysis of Media Composition & the Effect of Albumin on hPSC Attachment to TCDMDA:BA 
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4.5.6 UV Glove Box Installation 

 In order to improve the reproducibility of polymer plate production and 

reduce the chance of random cellular toxicity occurring, a glovebox capable of 

maintaining controlled atmospheric conditions was purchased.  

 The original system for polymerising polymer plates involved a UV lamp 

placed within a non-sealed box with an inlet attached for argon supply. This system 

relied on a constant flow of argon to displace the presence of other gases, such as 

oxygen, which prematurely terminates our free radical based polymerisation 

process. Whilst argon is heavier than oxygen with an atomic mass of 39.9 vs 15.9 

respectively, meaning the lighter oxygen should be displaced, the lack of a sealed 

system meant air could leak back into the polymerisation chamber. Due to the poor 

atmospheric control of the original polymerisation chamber, an oxygen sensor would 

detect approximately 2000 ppm oxygen within the chamber (Figure 4.12 (A)). 

 The new glovebox polymerisation chamber consisted of an airtight central 

chamber, with a secure argon inlet and an outlet with a filter attached. Manipulation 

within the main chamber was performed using sealed gloves. To enter items into the 

main chamber, items would be placed into the sealed antechamber where a vacuum 

pump & argon inlet allowed the purging of oxygen from the atmosphere before items 

were moved into the main chamber. Improved control of atmospheric conditions 

within the polymerisation chamber were demonstrated by ≤200 ppm oxygen 

concentrations being detected with the same oxygen sensor previously used. 

Additionally, this new system required relatively low levels of argon use and did not 

release volatile acrylate monomers into the working environment (Figure 4.12 (B)). 



187 
 

 Additionally, a new oxygen plasma etcher was sought, the original system 

was a custom-built plasma etcher utilising a high frequency generator. Tissue culture 

plastic was exposed to a 100 W plasma at 10x9-2 mbar pressure for 10 minutes and 

then used within 1-hour for UV-initiated polymerisation. The new oxygen plasma 

etcher was a commercially produced etcher, Nano plasma system produced by 

Diener Electronic. This system had a low-frequency plasma generator, 

advantageously the process was programmable and automated, ensuring 

consistency between runs, compared to the original system which required manual 

pressure and power optimisation every run.  

 Utilising the same pressure and power settings, the difference between the 

old system, high frequency generator, and the Nano plasma system, low frequency 

generator, was apparent after polymerisation of TCDMDA:BA was performed on 

oxygen plasma treated tissue culture plastic surfaces. Topographical patterns 

observed using the old system were not replicated when plasma etching was 

performed using the Nano plasma system (Figure 4.12 (C)). Despite this visual 

difference in the TCDMDA:BA surface using the Nano plasma system, polymerised 

surfaces produced in this manner were capable of supporting hPSC attachment and 

growth. 
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(A) Original UV-box for polymer plate production, argon pumped into an enclosed box, containing UV bulb, without a sealed lid or air filter. Air was 

capable of bi-directional travel, where rate of argon addition was relatively high to maintain outward airflow. (B) New atmosphere-controlled UV 

glovebox, airtight central chamber with secure valves for argon input and release of air through a chemical filter. Addition of items to the glovebox 

performed via an antechamber, with separate atmosphere controlled by argon inlet and vacuum pump. (C) Surface topography of TCDMDA:BA 

polymerised on tissue culture plastic plates plasma treated with either the original (custom build) high frequency plasma etcher or industrial Diener 

plasma etcher using low frequency settings. (D) Image of Nano plasma etcher.  

Figure 4.12 Comparison of Features and Polymer Production in Original UV-Box and New UV-Glove Box with a Controlled Atmosphere. 
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4.5.7 Serial Passage Culture On TCDMDA:BA  

 Improved production of polymer surfaces through previously discussed 

optimisations to the polymerisation process and greater control of oxygen 

concentration within the polymerisation chamber allowed for the culture of hPSCs 

beyond 15 days, with culture up to 30 days demonstrated to be possible (Figure 4.13). 

Additionally, pre-screening of LifeTech Essential 8 medium to ensure the absence of 

albumin was vitally important.  

 Serial passaging beyond 15 days with the hiPSC AT1 line was performed in 

three types of medium, HomeBrew, LifeTech and TeSR E8, on TCDMDA:BA and 

Matrigel™, the gold standard culture surface, was used as a comparison. On 

Matrigel™ the HomeBrew medium produced the highest cumulative population 

doublings, 26.6 +/- 0.05 vs 24.2 +/- 1.2, against LifeTech medium. Culture with TeSR 

E8 was performed until day 24, where the cumulative population doubling was 18% 

lower than HomeBrew E8 at the same stage. Growth curves of AT1s cultured in 

HomeBrew, TeSR and LifeTech E8 can be found in Figure 4.13 (A), (B) and (C). A 

summary of all AT1 growth curves are contained within figure 4.13 (D). Multiple t-

tests with the Holm-Sidak method determined no statistical significance between 

HomeBrew and LifeTech cumulative population doublings on Matrigel™. 

 Differences in the growth rate between type of media translated to culture 

on TCDMDA:BA, at day 24, 20 +/- 1.1 vs 16 +/- 2.0 cumulative population doublings 

had occurred in HomeBrew and LifeTech E8 respectively (Figure 4.13 (A) vs (C)). At 

the identical time point TeSR E8 demonstrated 26% lower cumulative population 
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doublings on TCDMDA:BA than HomeBrew E8. Despite differences being apparent, 

where three biological repeats existed, up to 24 days culture, adjusted p-values from 

multiple t-tests with the Holm-Sidak method did not determine the differences to be 

significant.  

 The ReBl-PAT hiPSC and HUES7 hESC line growth curves are shown in Figure 

4.13 (E) & (F), all growth curves are summarised in (G). ReBl-PAT and HUES7 lines 

were cultured in LifeTech E8 medium. By day 24, on average, ReBl-PAT hiPSC 

populations cumulative doubled 14.8 +/- 1.7 times compared to 14.2 +/- 1.2 times 

with HUES7 hESCs, and 15.9 +/- 2.0 times AT1 hiPSCs. Multiple t-tests with the Holm-

Sidak method produced p-values greater than 0.05 when comparing AT1 and HUES7 

cumulative growth on TCDMDA:BA in LifeTech E8 medium. This demonstrates that 

growth between three different cell lines is consistent in the same type of medium. 

 A closer examination of growth differences between LifeTech and 

HomeBrew E8 was performed by considering the average non-cumulative population 

doubling at each individual passage, which coincides with each 72-hour time point. 

Values were averaged, made relative to the population doubling compared to growth 

in HomeBrew E8 medium on Matrigel, with the coefficient of variation shown (Figure 

4.13 (H)). On average the individual population doublings per passage were 56.1% 

+/- 3.5% in LifeTech and 72.5% +/- 2.4% in HomBrew E8, when cultured on 

TCDMDA:BA, compared to population doublings from HomeBrew E8 culture on 

Matrigel™. Notably, culture in LifeTech E8 on TCDMDA:BA had an average of 18.5% 

+/- 9.9% coefficient of variance, higher than the average of 8.15% +/- 2% coefficient 

of variance from HomeBrew E8 equivalent cultures. T-tests adjusted for multiple 
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comparisons with the Holm-Sidaq method did not determine differences in individual 

population doublings to be significant between LifeTech and HomeBrew E8 culture 

on TCDMDA:BA.  

 These results show that culture in HomeBrew E8 on TCDMDA:BA may not 

induce a statistically important increase in population doublings however it may have 

an equally important role of reducing variation between passages.  
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(A) Cumulative population doubling of AT1 hiPSCs in HomeBrew E8 tracked for 30 days on Matrigel™ vs TCDMDA:BA. (B) Cumulative 

population doubling of AT1 hiPSCs in TeSR-E8 tracked for 24 days on Matrigel™ vs TCDMDA:BA. (C) Cumulative population doubling of 

AT1 hiPSCs in LifeTech E8 tracked for 30 days on Matrigel™ vs TCDMDA:BA. (D) Summary of AT1 cumulative population doubling 

results from (A), (B) and (C). (E) Cumulative population doubling of ReBl-PAT hiPSCs in LifeTech E8 medium tracked for 30 days on 

Matrigel™ vs TCDMDA:BA. (F) Cumulative population doubling of HUES7 hESCs in LifeTech E8 medium tracked for 30 days on 

Matrigel™ vs TCDMDA:BA. (G) Complete summary of growth curves presented for all cells lines and media types, Matrigel™ and 

TCDMDA:BA. (H) Individual passage population doubling averages normalised to Matrigel™ in HomeBrew E8 medium, coefficient of 

variations shown. (A-G) Standard deviations shown. Statistics performed; multiple t-tests corrected with the Holm-Sidaq correction.  

Figure 4.13 Proliferation Kinetics of hPSCs on TCDMDA:BA in Multiple Types of Essential 8 Media 
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4.5.8 RT-qPCR Analysis of Serially Passaged hPSCs on TCDMDA:BA 

 Having determined that ≥5 serial passages was possible with three cell lines 

on TCDMDA:BA, the next step was determining the ability of TCDMDA:BA to retain 

the pluripotent properties of the hPSCs. A quantitative PCR (qPCR) experiment 

analysed the expression of pluripotency markers OCT4, NANOG & SOX2, naïve 

potency markers KLF4 & ZIC1, early ectoderm markers SOX1 & PAX6, early endoderm 

markers SOX17 & GATA6 and early mesoderm markers HAND1 & EOMES. The 18S 

gene was used as a housekeeping gene in these experiments. Fold expression on 

TCDMDA:BA was normalised to that of the Matrigel™ counterpart. In AT1 hiPSCs 

cultured in LifeTech E8 for ≥5 passages, expression of all tested markers did not 

significantly increase, as determined by multiple t-tests, except for NANOG and 

EOMES which demonstrated a significant increase in gene expression, p=0.041 (*) & 

p=0.028 (*), Figure 4.14 (A). 

 ReBl-PAT hiPSCs on TCDMDA:BA maintained OCT4, NANOG and SOX2 

pluripotency markers without statistical differences in expression to Matrigel™. An 

increase in the expression of naïve potency marker KLF4 (p=0.006) (**), which is an 

indicator of a more naïve state, and reduction of ZIC1 expression, also an indicator of 

naïve potency (p=0.001) (**) existed within ReBl-PAT hiPSCs cultured on 

TCDMDA:BA. An increase in the ectoderm marker PAX6 (p=0.003) (**) was shown, 

Figure 4.14 (B). These results were similarly shown in the HUES7 hESC line, no 

expression changes in pluripotency genes, but increased KLF4 (p=0.005) (**), 

decreased ZIC1 (p=0.002) (**) and an increased PAX6 (p=0.02) (*).  Additionally, 

HUES7 hESCs also contained increased levels of SOX1 (p=0.04) (*), also an early 

ectoderm marker, Figure 4.14 (C).  
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 Together these results show that expression of the pluripotency triad, OCT4, 

NANOG and SOX2 were unchanged (except for a significant NANOG increase in the 

hiPSC AT1 line). Yet across both a hiPSC (ReBl-PAT) and an hESC line (HUES7) early 

ectoderm markers were significantly upregulated and changes in naïve markers 

toward naïve potency was demonstrated. The extent that these gene expression 

changes affect cell function are not assessed here. 

 To assess if changes in naïve potency markers detected in this qPCR panel 

were stem cells like those demonstrated in pluripotent having undergone a directed 

transition protocol to naïve stem cells, a qPCR experiment was performed with an 

expanded list of Naïve markers: DMNT3L, NCA, STELLA, KLF4, ZIC1 & KLF17. Naïve 

stem cell samples were kindly provided by Dr. Sara Pijaun Galito. Expression values 

for both hiPSCs cultured on TCDMDA:BA & Naïve stem cells on vitronectin were 

normalised to Matrigel™ hiPSCs. Across two averaged repeats DMNT3L expression 

between Matrigel™ and TCDMDA:BA was markedly similar, 1.01 +/- 0.18, expression 

in naïve stem cells was 143 +/- 71. TCDMDA:BA demonstrated increases in expression 

of: NCA (2.7), STELLA (2.1), KLF4 (3.1) compared to Matrigel™ cultures however naïve 

stem cells presented a larger set of relative fold gene expression increases: NCA 

(1207), STELLA (10.9), KLF4 (24) (Figure 4.14 (D)).  

 Changes in naïve gene expression on TCDMDA:BA in comparison to 

Matrigel™ are unlikely to represent a true shift to the naïve state, due to the greatly 

increased relative fold changes shown in stem cells after being chemically directed 

to the naïve potent state. None of the samples (Matrigel™, TCDMDA:BA, Naïve stem 

cells) demonstrated KLF17 expression.  
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4.5.9 Flow Cytometry Analysis of hPSCs Serially Passaged on TCDMDA:BA 

 To determine if pluripotency markers NANOG, SOX2, TRA-1-81 and SSEA4 

were maintained at the protein level, after ≥5 serial passages on TCDMDA:BA, at a 

comparable level to that of equivalent Matrigel™ cultures, flow cytometry 

experiments were performed. The percentage of cells positive for markers: NANOG, 

SOX2, TRA-1-81 and SSEA4 from Matrigel™ and TCDMDA:BA cultures for the AT1 

hiPSC line were as follows: 98.6% +/- 0.92% & 95.7% +/- 3%, 92.6% +/- 3.3 & 86.3% 

+/- 6.1%, 81.7% +/- 10% & 86.8% +/- 12.7%, 98.4% +/- 1.88% & 97.6% +/-3%. Multiple 

T-tests without correction did not determine any significant differences between 

these values (Figure 4.14 (E)). HUES7 hESC line in the same format: 97.2% +/-0.2% & 

94.7% +/-1.9%, 88.6% +/- 1.8% & 75.6% +/- 3%, 85.1% +/- 8.9% & 75.8% +/- 12%, 

99.8% +/- 0.1% & 99.4% +/- 0.3%. Multiple T-tests without correction determined 

that the reduction of SOX2+ cells from cultures on TCDMDA:BA  compared to 

Matrigel™ were significant with a p-value equalling 0.003 (**) (Figure 4.14(F)). 

 Together these data demonstrated that line-to-line variability exists at the 

gene & protein levels of expression. The AT1 hiPSC line retained closer similarity to 

Matrigel™ cultures in both tested gene expression and protein marker expression via 

flow cytometry. However, ReBl-PAT hiPSCs and HUES7 hESCs both demonstrated 

similar modifications to early ectoderm gene expression (PAX6) and alterations to 

naïve-linked gene expression (KLF4 & ZIC1), at the protein level a significant 

reduction in SOX2 was observed with the HUES7 line which could lead to 

dysregulation of pluripotency, despite SOX2 downregulation, ≥5 serial passages was 

still achievable with the HUES7 line on TCDMDA:BA.
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(A-C) RT-qPCR assessment of pluripotency, naïve and early tri-lineage differentiation markers after ≥5 passages on TCDMDA:BA or Matrigel™ on cell lines AT1 hiPSCs (A), 

ReBl-PAT hiPSCs (B) & HUES7 hESCs (C). (D) RT-qPCR assessment of an expanded naïve potency marker set for ReBl-PAT hiPSCs (n=1). (E-F) Flow cytometry experiments for 

pluripotency markers after ≥5 passages on TCDMDA:BA or Matrigel™ on AT1 hiPSCs or HUES7 hESCs respectively. SYBR Green mix used for RT-qPCR experiments, primer 

sequences can be found in the methods and materials chapter. N=3. 

Figure 4.14 Assessment of Pluripotency Status Through Quantitative PCR (qPCR) & Flow Cytometry of hPSCs Cultured ≥5 Passages on TCDMDA:BA Compared to 
Matrigel™. 
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4.5.10 Immunostaining of hPSCs Serially Passaged on TCDMDA:BA 

 To confirm the presence of pluripotency markers OCT4, NANOG, SOX2, TRA-

1-81 & SSEA4, immunostaining of hPSCs was performed TCDMDA:BA cultures of ≥5 

serial passages. Previous issues with permeabilization with the dense colonies with 

individual cells visible on different focal planes (determining a level of 3D 

organisation exists), that form on TCDMDA:BA were solved by increasing 0.1% triton-

X incubation to 1-hour. Operetta widefield microscopy highlighted that both AT1 

hiPSCs and HUES7 hESCs cultured on TCDMDA:BA maintained the expression of 

OCT4, NANOG, SOX2 and TRA-1-81 throughout the entirety of colonies, as shown in 

Figure 4.15 (A) & (B) respectively. Quantification with Harmony software identified 

that 88% +/- 1.83% of cells were positive for OCT4, 95% +/- 0.5% were positive for 

NANOG and 91% +/- 2.45% were positive for SOX2 with the AT1 line, with reported 

values for NANOG and SOX2 aligning with previously discussed flow cytometry data 

for the AT1 hiPSC line. Quantification of markers with the HUES7 hESC line showed 

97% +/- 0.4%, 98% +/- 0.7% and 97% +/- 0.8% positive expression for OCT4, NANOG 

and SOX2 respectively. 

 Confocal microscopy, performed by Dr. Aishah Nasir, revealed that OCT4 

expression directly overlapped with the nuclear DAPI marker and confirmed the 

presence of TRA-1-81 and SSEA4 as surface markers in both AT1 and HUES7 cell lines 

(Figure 4.15 (C)).  

 Immunostaining results in Figure 4.15 demonstrate hPSCs cultured for ≥5 

passages on TCDMDA:BA could retain key pluripotency markers, the next task was to 

determine if cultures maintained their ability to form all three germ-layer lineages: 
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endoderm, mesoderm, ectoderm. Protocols for definitive endoderm and 

neuroectoderm formation were appropriated from the work of Dr. Luke Flatt, a 

previous PhD student from within the laboratory. Mesoderm differentiation to 

cardiomyocytes was performed as described in the literature, with the full protocol 

described in Figure 4.16 (A) (Mosqueira et al., 2018). The definitive endoderm 

induction is the same of that reported in the literature, involving the addition of 2 

μM GSK-3 inhibitor CHIR99021 to RPMI-B27 (minus insulin), with daily medium 

exchanges, after two days definitive endoderm has been reported to form, Figure 

4.16 (B) (Siller et al., 2016). 

 The induction of neuroectoderm involved dual-smad inhibition with 

SB431542 (10 μM) & Dorsomorphin (1 μM) as reported in the literature (Morizane et 

al., 2011). However, the addition of tankrase 1 and 2 inhibitor XAV939 (2 μM), leading 

to WNT pathway inhibition was included, Figure 4.16 (C).  
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(A) Immunostaining of AT1 hiPSCs or 

HUES7 hESCs cultured in LifeTech E8 

after serial passaging on TCDMDA:BA 

for pluripotency markers (x10 

magnification). (B) Immunostaining of 

AT1 hiPSCs or HUES7 hESCs cultured in 

LifeTech E8 after serial passaging on 

TCDMDA:BA for pluripotency markers 

(x20 magnification). Scale bars as 

shown. N=3. 

Figure 4.15 Immunostaining of 
hPSCs Cultured in LifeTech E8 on 
TCDMDA:BA for Pluripotency 
Markers 
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(A) Schematic of the protocol for monolayer 

cardiomyocyte differentiation. (B) Schematic of the 

protocol for definitive endoderm formation. (C) 

Schematic of the in-house protocol for 

neuroectoderm formation.  

Figure 4.16 Differentiation Protocols for the 
Induction of Definitive Endoderm, Cardiomyocyte 
Differentiation (Mesoderm) and Neuroectoderm 
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4.5.11 Cardiomyocyte Differentiation of Serially Passaged hPSCs on TCDMDA:BA 

 Differentiation of hPSCs cultured for ≥5 passages on TCDMDA:BA surfaces 

in LifeTech E8 medium were successfully differentiated into contractile 

cardiomyocytes, following the protocol outlined in Figure 4.17 (A). By day 0 of 

differentiation, during mesoderm formation, Matrigel™ based cultures formed 

compact 2D colonies interspaced with cell-free areas. Differentially, TCDMDA:BA 

based cultures did not support 2D attachment, colonies compacted and rounded, by 

majority detached from the culture surface (Figure 4.17 (A)). By day 1 of 

differentiation, cultures had been exposed to a higher concentration of BMP4 (10 

ng/mL), and activin-a (8 ng/mL) for 24 hours. Matrigel based cultures proliferated 

rapidly to form a dense monolayer of cells. Within TCDMDA:BA cultures, floating 

colonies had settled and proliferated outwards. From day 2 of differentiation until 

contraction, day 8, cultures on both surfaces presented a similar morphology. Day 8 

onwards, TCDMDA:BA cultures varied from contractile monolayers (like Matrigel 

cultures) to the formation of large 3D contractile bodies.  

 Contractile analysis of day 8 in-situ cardiomyocyte differentiations on 

Matrigel and TCDMDA:BA confirmed the contractile nature of cardiomyocytes 

generated on TCDMDA:BA culture surfaces. Using the CellOPTIQ  high speed imaging 

camera and contraction software, pixel displacement was analysed to provide 

surrogate measurements of contraction. Comparing Matrigel vs TCDMDA:BA 

respectively – contraction parameters were similar to Matrigel differentiations with 

too few repeats performed to draw statistically significant conclusions.  This data 

proves that in-situ differentiation on TCDMDA:BA can form cardiomyocytes. 
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(A) Representative brightfield images of cardiomyocyte differentiations of hPSCs cultured on Matrigel or TCDMDA:BA as labelled at specific time points. 

(B-F) CellOPTIQ contraction assessment at day 8 of cardiomyocyte differentiation. (B) Contraction Amplitude, (C) Upstroke 90% (UP90), (D) Downstroke 

90% (DN90), (E) Contraction Rate, (F) Relaxation Rate. Recording were taken using the CellOPTIQ high speed camera and data analysed using the 

Contractility Tool (Clyde Biosciences). Scales bars = 100 μm. 

Figure 4.17 Differentiation of hPSCs on Matrigel and TCDMDA:BA to Cardiomyocytes. 
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4.5.12 Definitive Endoderm Formation from hPSCs Serially Passaged on TCDMDA:BA 

 To assess if hPSCs cultured on TCDMDA:BA for ≥5 passages can form 

endoderm and ectoderm lineages, differentiation protocols outlined in Figure 4.16 

(B) & (C) were followed to generated definitive endoderm and neuroectoderm 

respectively. Definitive endoderm and neuroectoderm do not equate to a full 

differentiation, as performed with the mesoderm lineage to cardiomyocytes, but are 

proof of concept that hPSCs retain the capacity to form cells of each lineage.  

 Definitive endoderm was formed by day 2 of the previously outlined 

protocol, staining demonstrated that cultures with 63% +/- 19% FOXA2 and 71% +/- 

19% SOX17 expression could be generated (Figure 4.18 (A)), confocal microscopy 

confirmed that expression of FOXA2 and SOX17 was confined to the nucleus, as 

expected for active transcription factors, also dual-staining confirmed cells produced 

using the outlined protocol were positive for both markers by differentiation day 2 

(Figure 4.18 (B)). Originally it had been suggested to continue the definitive 

endoderm differentiation until day 5, by this timepoint cultures on TCDMDA:BA 

surfaces had formed large 3D clusters, approximately 1mm in diameter, still retaining 

expression of FOXA2 and SOX17, to the best extent to which that could be 

determined (Figure 4.18 (C)). Definitive endoderm cultures carried out on Matrigel 

surfaces until day 2 of differentiation demonstrated 64% +/- 10% & 68% +/- 16% 

expression of FOXA2 and SOX17 (Figure 4.18 (D)).  

 These results demonstrate that differentiation of hPSCs cultured on 

TCDMDA:BA in LifeTech E8 for ≥5 passages could retain their capacity to form 

definitive endoderm. Definitive endoderm formation on TCDMDA:BA results in more 
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3D-like structure compared to Matrigel by day 2, with large 3D structures (~1 mm) 

forming on TCDMDA:BA by day 5, whereas Matrigel retains monolayer surface 

coverage.
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(A) Differentiation day 2, definitive endoderm formation on TCDMDA:BA after ≥5 serial 

passages in LifeTech E8, wide field immunostained images for markers FOXA2 & SOX17. 

(B) Confocal imaging of dual-stained differentiation day 2, definitive endoderm formation 

on TCDMDA:BA, nuclear localisation & co-localisation shown. (C) Differentiation day 5, 

definitive endoderm formation on TCDMDA:BA, wide field immunostained images of 3D 

aggregates shown. (D) Differentiation day 2, definitive endoderm formation on Matrigel 

after ≥5 serial passages in LifeTech E8, wide field immunostained images for markers 

FOXA2 & SOX17. Scale bars as shown. N=3 

Figure 4.18 Differentiation of hPSCs to Definitive Endoderm on Matrigel and 
TCDMDA:BA. 
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4.5.13 Neuroectoderm Formation of hPSCs Serially Passaged on TCDMDA:BA 

 Differentiation of hPSCs cultured in LifeTech E8 on TCDMDA:BA and Matrigel 

for ≥5 passages to neuroectoderm was successfully performed, with Matrigel 

cultures positive for PAX6 (67% +/- 27%) and SOX1 (66% +/- 29%). Dual staining on 

Matrigel neuroectoderm cultures revealed co-localisation of PAX6 and SOX1 markers 

(Figure 4.19 (A)). PAX6 and SOX1 positivity was more difficult to determine on 

TCDMDA:BA surfaces due to the 3D-nature of the differentiation, single-stains for 

PAX6 & SOX1 determined estimated 64% +/- 16% & 75% +/- 18% positivity 

respectively (Figure 4.19 (B)). Neuroectoderm formation on TCDMDA:BA would often 

produce 3D structures, in some instances 3D structures would become macroscopic 

in appearance, ranging approximately 3 mm – 11 mm in length. Such structures still 

express PAX6 and SOX1 as demonstrated in Figure 4.19 (C), however due to their size 

it would not be appropriate to estimate percent marker positivity without sectioning 

or dispersing the clusters.  

 In summary, differentiation to the endoderm, mesoderm and ectoderm 

lineages were possible on TCDMDA:BA, after ≥5 passages in LifeTech E8 medium. A 

lack of 2D monolayer formation was evident in definitive endoderm differentiation, 

particularly by differentiation day 5, 3D structures also formed during 

neuroectoderm differentiation. The functional effect of these relatively large 3D 

structures, ranging from ~1 mm - ~11 mm in diameters (in extreme cases during 

neuroectoderm differentiation) has not been determined and is beyond the scope of 

this thesis. 
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(A) Differentiation day 5, neuroectoderm formation on Matrigel after ≥5 serial 

passages in LifeTech E8, wide field immunostained images for markers SOX1 & 

PAX6. (B) Differentiation day 5, neuroectoderm formation on TCDMDA:BA after ≥5 

serial passages in LifeTech E8, wide field immunostained images for markers SOX1 & 

PAX6. (C) Differentiation day 5, neuroectoderm formation on TCDMDA:BA, wide 

field immunostained images of 3D aggregates shown. Scale bars as shown. N=3 

Figure 4.19 Differentiation of hPSCs to Neuroectoderm on Matrigel and 
TCDMDA:BA to Cardiomyocytes. 
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 Having determined hPSC cultured for ≥5 passaged retained pluripotency 

markers and trilineage functional capacity, with the loss of cellular adhesion during 

specific cardiac differentiation timepoints and progressive adhesion loss during 

definitive endoderm and neuroectoderm differentiation, the attachment mechanism 

of hPSCs to TCDMDA:BA was explored.  

4.5.14 Determination of Attachment Mechanism to TCDMDA:BA 

 An attachment mechanism was interrogated through integrin blocking 

assays. An antibody directed towards specific integrin subunits or an RGD-blocking 

peptide designed to inhibit specific integrin-related sites were incubated with hPSCs 

before seeding on to TCDMDA:BA, after 24 hours cell number was quantified through 

a DAPI count. Integrins β1, α2, α5, α6, αVβ3, αVβ5 were targeted covering a range of 

adhesion protein interactions such as, β1 for laminin & Matrigel, αVβ3 for vitronectin 

& fibronectin and αVβ5 specifically for vitronectin.  

 The AT1 hiPSC line demonstrated a statistically significant decrease in cell 

attachment at 24 hours when β1, αVβ3, αVβ5 were blocked, with 33.8%, 48.8% and 

69.4% reduction in DAPI count compared to Matrigel respectively (Figure 4.20 (A)). A 

One-Way ANOVA statistical test corrected with Dunnett’s test revealed DAPI 

reductions were significant, β1 (p=0.02), αVβ3 (p=0.001), αVβ5 (p=0.0001). Blocking 

with RGD-blocking peptides H7226 & H2574 reduced 24-hour DAPI counts by 88% 

(p=0.0001) and 85.2% (p=0.0001) respectively, statistical testing was performed 

using One-Way ANOVA corrected with Dunnett’s test (Figure 4.20 (B)). RT-qPCR 

analysis of ITGB1 (β1), ITGB3 (β3), ITGB5 (β5), ITGA1 (α1), ITGAV (αV), revealed no 
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significant upward or downward trends of expression however variation between 

biological samples was high, averaging 48% across the tested genes (Figure 4.20 (C)). 

   Identical testing performed with the HUES7 hESC line produced results that 

closely aligned with those produced from the AT1 line. Blockade of β1 & αVβ5 

reduced 24-hour DAPI count by 44.8% (p=0.008) & 92.8% (p=0.0001) respectively, 

however blocking with the αVβ3 antibody reduced DAPI count by 27.1%, which was 

deemed insignificant (Figure 4.20 (D)). Blocking with RGD-blocking peptides H7226 & 

H2574 reduced 24-hour DAPI counts by 96.2% (p=0.0001) and 87.9% (p=0.0001), 

where H7226 blocks αVβ3, a discrepancy in these results (Figure 4.20 (E)). RT-qPCR 

analysis of integrin expression with the HUES7 line revealed that a 2.44-fold increase 

in ITGB5 (β5) expression was statistically significant (p=0.02), whereas a 1.57-fold 

increase in ITGB3 (β3) was deemed insignificant by t-test comparisons (Figure 4.20 

(F)).  

 Representative images of control cultures on TCDMDA:BA without integrin 

blocking, blocked with αVβ5 or H-2574 are shown in Figure 4.20 (G-I), with reduced 

DAPI cells visible across each condition. 48-hour culture of αVβ5 blocked hPSCs (upon 

seeding) was permissive for proliferation, however aggregation and folding of 

colonies was observed (Figure 4.20 (J)). 

 Results from both the AT1 and HUES7 cell lines were markedly similar, with 

β1 & αVβ5 integrin block causing a reduction in DAPI cell count by 24 hours culture. 

Whilst αVβ3 block by an antibody only significantly reduced DAPI cell count in the 

AT1 line, the αVβ3 integrin specific RGD-blocking peptide, H-7226, elicited an 

identical response across both cell lines. Together these results show that β1, αVβ3, 
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αVβ5 are mechanistically important for hPSC attachment to TCDMDA:BA in LifeTech 

E8 medium, αVβ3 & αVβ5 demonstrated the greatest reduction in DAPI cell count 

when blocked (RGD blockade only for HUES7s), both of which are involved in 

attachment to vitronectin peptides. 
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(A) Integrin blockade assay of AT1 

hiPSCs cultured in LifeTech E8 using 

integrin specific antibodies. (B) Integrin 

blockade assay of AT1 hiPSCs cultured in 

LifeTech E8 using specific RGD-blocking 

peptides. (C) SYBR Green RT-qPCR for 

integrin expression on TCDMDA:BA in 

comparison to Matrigel culture for AT1 

hiPSCs. (D) Integrin blockade assay of 

HUES7 hESCs cultured in LifeTech E8 

using integrin specific antibodies. (E) 

Integrin blockade assay of HUES7 hESCs 

cultured in LifeTech E8 using specific 

RGD peptides. (C) SYBR Green RT-qPCR 

for integrin expression on TCDMDA:BA 

in comparison to Matrigel culture for 

HUES7 hESCs. (G-I) Fluorescent images 

of TCDMDA:BA without integrin 

blocking, with αVβ5 blocking, or H-2574 

blocking. (J) 48-hour culture of AT1 

hiPSCs with αVβ5 blocked during 

seeding. Scales bars = 100 μm. N=3. 

Figure 4.20 Determining Integrins 
Involved in Cellular Attachment of 
hPSCs to TCDMDA:BA. 



213 
 

  

4.5.15 Examination of Protein Phosphorylation States on Signalling Kinases 

 Mechanisms beyond initial attachment to TCDMDA:BA should also be 

investigated to determine why population doubling on TCDMDA:BA is slower than 

that observed on Matrigel surfaces, these mechanisms could relate to changes in 

response to external stimuli (i.e. growth factors), or upregulation of pro-apoptosis 

pathways (i.e. P53 S46 phosphorylation). To look at these changes R&D phospho-

proteome arrays were used to compare the phosphorylated state of 42 proteins in 

duplicate, and two total protein levels, Heat Shock Protein 60 (HSP60) and β-catenin.  

 Oversight and assistance within these experiments was provided by PhD 

student Christopher Carroll, however the experimentation and quantification were 

performed by myself. 

 The AT1 & HUES7 lines were both cultured for ≥5 passages on Matrigel and 

TCDMDA:BA, AT1 and HUES7 cultures were performed in parallel to eliminate 

differences due to medium batch or time-point changes. Cultures were harvested at 

the 48-hour time point to assess the phosphokinase proteome during the growth 

phase. Protein lysates were extracted on ice, in the presence of inhibitors to prevent 

phosphoprotein degradation. Protein quantification was performed using a Bradford 

Assay to ensure equal amounts were loaded between Matrigel and TCDMDA:BA 

samples. Arrays were prepared according to manufacturer’s instructions, imaging 

performed simultaneously, and quantification performed using Image Studio Lite 

Version 5.2. 
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 AT1 line on TCDMDA:BA presented a markedly similar phosphokinase 

proteome profile to Matrigel, visually a comparison can be drawn qualitatively by 

examining Figure 4.21 (A), where a small selection of important phosphorylation 

changes  (P53 S46, FAK Y397 and TOR S2448) or phosphorylation changes common 

across both cell lines (Fyn Y420, Lyn Y397, EGFR S2448) are highlighted.  

 Across the entire array an average change in phosphorylation levels was 1.1, 

signalling that AT1 hiPSCs cultured on Matrigel and TCDMDA:BA are on average 

similar in their phospho-proteome. A full presentation of changes relative to Matrigel 

for both cell lines are presented in Figure 4.22. The largest fold-increase in protein 

phosphorylation were HCK Y411 (2.60), closely followed by c-Jun S63 (2.38), Lyn Y397 

(1.76), EGFR Y1086 (1.74) and MSK1/2 S376/S360 (1.70). Master regulator mTOR 

S2448 was increased by 1.31-fold phosphorylation, with P53 S46 increased by 1.26-

fold. FAK Y397 (0.85), P53 S392 (0.69), PDF Rb Y751 (0.50), Fyn Y420 (0.49) and Fgr 

Y412 (0.33) all demonstrated less phosphorylated states on TCDMDA:BA compared 

to Matrigel, as shown in Figure 4.21 (B). 

 Kinases were grouped to their related pathways PI3K/AKT/mTOR, MAPK and 

cell cycle. PI3K/AKT/mTOR pathway related kinases ranged from 0.9-1.3-fold 

difference on TCDMDA:BA compared to Matrigel. mTOR and P70 S6 Kinase 

demonstrated the highest relative increase in phosphorylation at 1.31, 1.30 

(T421/S424) and 1.29 (T389) respectively (Figure 4.21 (C)). The MAPK pathway 

kinases present on the array also demonstrated great similarity with the level of 

phosphorylation on Matrigel ranging from 0.6-2.38-fold changes. Phosphorylation of 

c-Jun and MSK1/2 had the highest fold changes in phosphorylated state at 2.38 and 
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1.70. Of the proteins that were phosphorylated to a lesser extent relative to Matrigel, 

CREB and HSP27 relative signals were 0.78 and 0.60. Cell cycle related proteins were 

phosphorylated between 0.63-1.26-fold on TCDMDA:BA compared to Matrigel with 

pro-apoptosis P53 S46 the highest at 1.26-fold and P27 T198 at 0.63-fold. Other P53 

phosphorylation states were 1.03-fold (S15) and 0.69-fold (S392).  

 Comparisons between HUES7s on Matrigel and TCDMDA:BA after ≥5 

passages revealed wide ranging increases in relative phosphorylated states of the 

proteome analysed. A qualitative comparison can also be found for the HUES7 line, 

Figure 4.23 (A), where visual inspection shows a decrease in spot intensity on 

Matrigel compared to TCDMDA:BA. Quantification of intensity revealed that on 

average spot intensity on arrays incubated with TCDMDA:BA lysates were 3.63-fold 

higher intensity, confirming visual results (Figure 4.22). 

 Increased phosphorylation of EGFR Y1086 was the most prominent change 

at 13.3-fold higher than Matrigel, with Fyn Y420, p38a T180/Y182 and PDF Rb Y751 

were phosphorylated 9.74, 7.69 and 6.64 times more respectively. A wide range of 

phosphorylation states were increased between 5 and 6-fold including, MSK1/2 

S376/S360, c-Jun S63, ERK1/2 T202/Y204/T185/Y187, P27 T198 and AMPKa1 T183. 

Lyn Y397, TOR S2448, FAK Y397 were increased 3.62-fold, 3.40-fold, 2.71-fold (Figure 

4.23 (B)).  

 Separated into pathway related groups it can be seen that all the tested 

kinases are more highly phosphorylated in TCDMDA:BA cultures (1.22-3.63-fold) 

compared to Matrigel cultures, AKT T308 demonstrated lowest increase in relative 

phosphorylation at a 1.22-fold increase, whilst AKT S473 was phosphorylated 
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relatively highly with a 3.60-fold increase. AKT S473, TOR S2448, GSK-3α/β S21/S9 

and eNOS S1177 were all phosphorylated 3-fold or greater relative to Matrigel 

(Figure 4.23 (C)). 

 MAPK related phosphokinases present on the array were all upregulated by 

a minimum of 2.54-fold (JNK1/2/3 T183/Y185, T221/Y223) shortly followed by CREB 

S133 at 2.55-fold increase. ERK1/2 T202/Y204, T185/Y187, c-Jun S63 and MSK1/2 

S376/S360 were all increased between 5-6-fold. P38α T180/Y182 phosphorylation 

sites were increased 7.69-fold with RSK1/2/3 S380/S386/S377 increased the most by 

a 13.28-fold relative increase. 

 Grouping cell cycle linked proteins together revealed a general increase in 

relative phosphorylation of P53, CHK-2 and p27 proteins. P27 and CHK-2 increased in 

their phosphorylated states the most at 5.3-fold and 3.4-fold each. Whilst P53 S293 

and P35 S15 both demonstrated a ~2-fold increase interestingly P53 S46, key marker 

for induction of apoptosis, demonstrated 1.29-fold increase, a near identical increase 

of 1.26-fold increase observed with the AT1 line. 

 Increases in c-Jun S63, EGFR Y1086, TOR S2448 and Lyn Y397 were observed 

across both cell lines. Conversely, whilst AT1 line demonstrated a decrease in Fyn 

Y420 (0.49) within the HUES7 line Fyn Y420 was the 2nd most upregulated, 9.74-fold 

compared to Matrigel equivalents. PDF Rb Y751 demonstrated a 0.50-fold vs 6.64 

phosphorylation state comparative to Matrigel on the AT1 line vs HUES7 line.  

 In summary the AT1 line demonstrated a phosphokinase proteome on 

TCDMDA:BA cultures closely aligned with its Matrigel counterpart, which may also 

be reflected in the RT-qPCR data, flow cytometry data and growth curves, where 
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analysis also confirmed fewer differences between Matrigel and TCDMDA:BA 

culture. The HUES7 line, which showed statistically significant perturbation in SOX2 

positive cells in flow cytometry and increases in differentiation & naïve gene 

expression, displays an altered phosphokinase proteome profile.  

 

 

 

 



218 
 

 

(A) Images of R&D Phospho-Kinase Proteome (left) Matrigel, (right) TCDMDA:BA after ≥5 serial passages in LifeTech Essential 8 

medium. (B) Selected phosphorylated quantified relative to Matrigel. (C) Phosphorylation changes organised into PI3K/AKT/mTOR, 

MAPK and Cell Cycle related pathways. 

Figure 4.21 Comparison of Phosphokinase Proteome between AT1 hiPSCs on Matrigel vs TCDMDA:BA after 
≥5 serial passages. 
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(A) Quantification of full array for AT1 hiPSCs. (B) Quantification of full array for HUES7 hESCs. 

Figure 4.22 Comparison of Phosphokinase Proteome between hPSCs on Matrigel vs TCDMDA:BA after ≥5 Serial Passages. 
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(A) Images of R&D Phospho-Kinase Proteome (left) Matrigel, (right) TCDMDA:BA after ≥5 serial passages in LifeTech Essential 8 

medium. (B) Selected phosphorylated quantified relative to Matrigel. (C) Phosphorylation changes organised into 

PI3K/AKT/mTOR, MAPK and Cell Cycle related pathways. 

Figure 4.23 Comparison of Phosphokinase Proteome between HUES7 hESCs on Matrigel vs TCDMDA:BA after ≥5 
Serial Passages. 
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4.6 Chapter Discussion & Summary 

4.6.1 Scale-Up Issues 

 Scaling up selected hits to the 96-well plate format involved a change in 

multiple parameters including, switching the background material, removal of the 

soft pHEMA hydrogel layer, utilising a non-toxic and TCP friendly solvent. 

Additionally, scale-up involved a greater volume of monomer solution and an 

increase in the thickness of the final polymer layer. All these combined, alongside 

technical issues presented a serious challenge to create scaled-up non-cytotoxic 

surfaces. 

4.6.2 Surface Stiffness 

The change in background material from glass to TCP could affect 

mechanotransduction responses of the cells. Focal adhesion assembly is mediated 

by the response integrins have to matrix stiffness, where it has been shown in 

epithelial cells that the β1 integrin expression declines in the presence of a soft 

matrix (~0.2 kPa) vs a stiffer matrix (>1GPa), resulting in a reduction of cellular 

spreading (Yeh et al., 2017). In bone marrow derived mesenchymal stem cells 

(BMMSCs) substrate stiffness has effects on morphology, adhesion, proliferation 

and the potential for cells to undergo osteogenic differentiation, with 62-68 kPa 

inducing an osteogenic phenotype compared to lower stiffness surfaces (13-16 kPa) 

(Sun et al., 2018). Studies on pluripotent stem cells offer inconsistent results 

regarding stiffness, with surface stiffnesses between 800 Pa and ~2.5 MPa being 

suggested as optimal for maintaining the pluripotent state (albeit ~2.5 MPa was the 

highest stiffness tested) (Fu et al., 2017)(Kim et al., 2018). Studies examining the 
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differentiation potential of pluripotent stem cells have found that soft substrates of 

~13 Pa upregulated early endoderm markers Sox17 , ~100 Pa stiffness can promote 

neural ectoderm commitment, with stiffer substrates ~MPa potentially promoting 

mesodermal lineages (Jaramillo et al., 2015)(Keung et al., 2012)(Evans et al., 2009).  

Atomic force microscopy experiments performed by Dr. Laurence Burroughs 

in this thesis found that TCDMDA:BA is presented as a ‘phaseomer’, meaning one 

homopolymer covers the surface, with the other interspersed as ‘islands’ across the 

surface. The background covering polymer is approximately ~30-60 MPa, whilst the 

interspersed ‘islands’ are below the MPa range, a stiffness not determined due to 

the limitations of the cantilever used. It is possible that the surface stiffness of 

these islands matches with the 800 Pa - ~2.5 MPa range discussed in the literature 

for maintaining pluripotency (Fu et al., 2017)(Kim et al., 2018). 

The extent to which mechanotransduction changes occur in hPSCs within 

this thesis, due to the change of background substrate, underneath our polymeric 

coating is questionable without further study but not an effect to rule out. The 

effect of pHEMA-Polymer entanglement could also affect the surface stiffness that 

hPSCs are exposed to.  

4.6.3 Polymerisation Conditions 

The way in which acrylate-based monomers polymerise and attach to epoxy 

silane coated glass, and TCP could elicit changes in biological response to surface 

binding. Changes in concentration of monomers used, which were increased from 

50% v/v on the microarrays to 90% v/v in the final scale-up, as well as the change in 

solvent, DMF-IPA, may elicit surface level changes in the final product, affecting the 



223 
 

biological response. An investigation into the effect of polymerisation conditions 

into hydrogel formation found that changes in both the initiator and acrylamide 

monomer concentration affected ‘polymerisation kinetics, morphology and 

mechanical properties of the hydrogels’ (Nigmatullin, Bencsik and Gao, 2014). 

Furthermore, alterations to surface macro or nano topography have the 

potential to illicit changes to, proliferation, differentiation, migration and 

morphology (Lim and Donahue, 2007)(Unadkat et al., 2011)(Vasilevich et al., 2018).  

4.6.4 Solvent Use & Concentration 

Changing the solvent used from DMF to IPA was essential due to the toxic 

nature of DMF, with the volume used increasing from array fabrication to well plate 

polymerisation. DMF is also capable of dissolving TCP, altering the heteropolymer 

formulation and potentially disrupting the optics of the final product. IPA could 

dissolve most desire monomers, except for MAETA, and is compatible with TCP. The 

use of solvent has been explored within the literature, where a comparison of DMF 

vs toluene and 1-butanol found that DMF polymerised Butyl Acrylate (BA – used in 

the main polymer within this thesis chapter) 1.7 times faster than toluene and 5 

times faster than 1-butanol, DMF also had a faster termination rate of 2.9 and 4.8 

times faster than toluene and 1-butanol respectively (Xiao et al., 2011). It has also 

been noted that DMF has a high polarity which can increase radical formation. It 

should be noted these experiments were performed using atom transfer radical 

polymerisation (ATRP), not UV-initiated polymerisation (Grégory  Chambard, 

Bert  Klumperman and German, 2000). 
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Changing the concentration of the solvent used from 50% v/v with the array 

system to 10% v/v during scale-up preparations could have influenced the 

mechanical properties of the polymer surface. UV-based preparation of BisGMA-

based adhesives with 0-40% ethanol content revealed differences in mechanical 

properties, with ultimate tensile strength and modulus of elasticity decreasing with 

increasing ethanol content (Ye et al., 2007). A comparison of ethylene glycol 

diacetate and hexanol solvents for acrylate preparation using thermal 

polymerisation demonstrated that solvent choice and solvent concentration affects 

the molecular weight and swelling properties of the final product (Jeannine E. 

Elliott† and Christopher N. Bowman*, 2002). 

4.6.5 Atmospheric Oxygen Contamination 

The presence of oxygen in the atmosphere where UV-initiated free radical 

polymerisation is taking place has been shown to cause early termination of 

methacrylate polymerisation (Andrzejewska et al., 2003). Excited photo initiator 

states are quenched by the presence of oxygen, and primary initiating radicals (R*) 

or propagating radicals (P-M*) may reaction with oxygen forming energetically 

unfavourable peroxyl radicals (POO*) which prefer to combine with other radicals 

forming peroxide bridges (POOP) – terminating the reaction early (Ligon et al., 

2014). Reaction temperature is also an important consideration in relation to 

oxygen-linked early termination, at 80oC in an open-air system, the UV 

polymerisation of a 5 μm polyurethane acrylate layer was inhibitory to 

polymerisation, where 20% polymerisation was achieved in 1 second at 6oC, 

increases in temperature increase oxygen diffusion (Studer et al., 2003). The effect 

of temperature on the final product state in a semi-open-air system (open air with 
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argon pumped through) was demonstrated to cause surface deformations within 

this chapter. Similar deformations are noted and associated with oxygen-mediated 

reaction termination by Ligon et al., 2014.  

In the original UV polymerisation set-up, a non-sealed container relied on 

the continuous inflow of argon gas to displace atmospheric oxygen from the on-

going reaction, to prevent premature termination of the reaction. Poor control over 

the atmospheric conditions during polymerisation was identified as the main 

component of variation during this thesis. The introduction of an air-tight glove box, 

with antechamber, was found to stably reduce atmospheric oxygen greater than 

10-fold compared to the previous system. A factor that was not considered during 

this thesis was the rate of reaction termination post-illumination, whilst the 1-hour 

UV exposure time will have most likely induced a high monomer-polymer 

conversation rate, atmospheric oxygen content post-illumination was found to have 

a greater effect on termination, than during UV-illumination (Andrzejewska et al., 

2003). In the first polymerisation set-up, oxygen was freely reintroduced to the 

reaction atmosphere post-illumination, with argon flow stopped, a pitfall not 

experienced in a sealed reaction system.  

Alternatives to prevent oxygen contamination exist aside from purging and 

controlling oxygen present in the reaction atmosphere, these alternatives were not 

explored within the chapter. One such alternative is to coat the reaction with a wax 

barrier, however this may risk introducing unwanted compounds to the surface of 

the final product, a cytotoxic and contamination risk (Bolon and Webb, 1978).  

 



226 
 

4.6.6 Culture on TCDMDA:BA 

 Culturing hPSCs on TCDMDA:BA presented challenges and differences to 

culture performed on Matrigel. The desired culture cycle for this thesis would be to 

passage every 3rd day at a 70-90% confluence, on TCDMDA:BA cultures ready for 

passaging every 3rd day could be produced and maintained for over 24 days. 

Regarding confluence, seeding technique was critical, unlike Matrigel where cells 

are mobile on an ECM coated surface, real-time imaging of hPSCs cultured on 

TCDMDA:BA (not shown) revealed their inability to migrate across the surface upon 

seeding. This led to uneven seeding and at times dense clustering of hPSCs and 

apoptosis of hPSC colonies if an undefined but critical size were not formed by 24 

hours when ROCKi was removed during medium exchange. Repeated sub-optimal 

seeding technique upon passages was thought to be linked to loss of hPSC cultures 

through repeated high-density culture, where high-density culture has been 

previously linked to an increase in DNA and chromosomal damage, as well as 

diminished levels of total yes-associated-protein (YAP) leading to downregulation of 

pluripotency related genes NANOG, OCT4, & SOX2 (Hsiao et al., 2017)(Wu, Fan and 

Tzanakakis, 2015)(Jacobs et al., 2016). Sub-optimal seeding was aggravated due to 

the convex nature of polymer layer formation in TCP well plates, where 

polymerisation would form a thicker layer towards the well walls. 

 Colony formation on TCDMDA:BA was comparatively denser and ‘3D-like’ 

than Matrigel. This evidenced by the extended 0.1% Triton-X100 incubation time 

required to allow antibody penetration throughout the colony (20 minutes vs 1 

hour) and the requirement to focus on multiple fields to detect all the hPSCs on 

TCDMDA:BA. This could be due to the higher required seeding density on 
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TCDMDA:BA for survival, than Matrigel, but may also be influenced by the lack of 

motility on the polymer surface, leading to denser colonies.  

4.6.7 Proliferation Kinetics 

Proliferation over serial passages of TCDMDA:BA cultures produced fewer 

population doublings than their Matrigel equivalents in the same medium type. 

Culture of AT1 hiPSCs in homebrew E8 medium saw TCDMDA:BA with a cumulative 

population doubling 25% lower than Matrigel cultures, 25% lower relative 

cumulative population doublings was also consistent with LifeTech E8 medium also 

(both at day 24 culture, n=3). Part of this reduction in cumulative population 

doublings are explained by the failure to form critical sized colonies by 24 hours 

culture, leading to areas within the culture surface cell free by 72 hours culture.  

More broadly it must be considered the starting conditions newly seeded 

hPSCs encounter upon both surfaces, where Matrigel contains 60% laminin, 30% 

collagen IV, and 8% entactin (Corning®), biological components to facilitate efficient 

integrin-based adhesion and migration. In contrast TCDMDA:BA consists of a 

neutrally charged cyclic ring and simple aliphatic carbon chains, of which the 

complexity could be equated to a polymerised chain of a single amino acid. Of the 

amino acids, only poly-L-lysine has been found to be capable of supporting cellular 

attachment, but not hPSC attachment, and since its discovery has been combined 

with RGD peptides or laminins for greater adhesion (Mazia, Schatten and Sale, 

1975)(VandeVondele, Vörös and Hubbell, 2003)(Lam et al., 2015).  
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4.6.8 Synthemax® II-SC Comparison 

Synthemax® II-SC is a ‘fully synthetic, xeno-free, ready-to-use biomimetic 

surface’ for the culture of hPSCs that is GMP compliant and readily purchasable 

from Corning® for £402.90 / 10 mg. Synthemax® II-SC is a peptide-copolymer 

containing the human vitronectin peptide KGGPQVTRGDVFTMP attached to a 

polymer that is readily dissolved in water and can be coated onto TCP or glass 

surfaces (Kelley et al., 2014).  

Work performed in this thesis would have benefitted greatly with a direct 

comparison with Synthemax® II-SC and may still do so with the work performed 

here being intended for publication. Current knowledge of in-depth 

characterisation of hPSCs cultured on Synthemax® II-SC comes directly from 

Corning® or peer-reviewed publication where one or more authors are directly 

compensated by Corning®, creating a conflict of interest in the work discussed here.  

A comparison of doubling times between Matrigel & Synthemax® II-SC was 

performed in mTeSR1 medium at a seeding density of 60,000 cells/cm2 using 

dispase and gentle scraping as the passage technique. It is claimed that Synthemax® 

II-SC demonstrated a doubling time of 56 +/- 11 hours versus 66 +/- 19 hours for 

Matrigel (Kelley et al., 2014). Culture performed in this thesis, using the AT1 hiPSC 

line in Essential 8 medium and Trypsin passaging, where Matrigel was seeded at 

~26,000 cells/cm2 and TCDMDA:BA seeded at ~73,000 cells/cm2, had the following 

average doubling times: 21.9 +/- 3.8 hours (HomeBrew E8 – Matrigel), 23.4 +/- 3 

hours (LifeTech E8 – Matrigel), 30.7 +/- 6.5 hours (HomeBrew E8 – TCDMDA:BA) 

and 40.2 +/- 17 hours (LifeTech E8 – TCDMDA:BA). Differences will exist in the 
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population doubling time between different medium, however to assess the real 

population doubling of Matrigel in this thesis, it was found inappropriate to use the 

same high seeding density required for TCDMDA:BA culture (as done so by Kelley et 

al., 2014). Over-seeding Matrigel surfaces artificially made cumulative population 

doublings appear comparable between Matrigel and TCDMDA:BA, this could be the 

reason why the comparison between Matrigel and Synthemax® SC-II is favourable 

to Synthemax® SC-II, and why their Matrigel doubling time, 66 +/- 19 hours, is 

unusually high.  

Assessment of OCT4 retention on Synthemax® SC-II was made in two 

separate publications, the first by Corning® which determined through flow 

cytometry that Synthemax® SC-II cultures were 85% +/- 7% positive for OCT4 

expression versus 81% +/- 7% on Matrigel (Kelley et al., 2014). Immunostaining of 

OCT4 presented clear and fully segregated nuclei on Matrigel, an image which 

would unlikely have been obtainable with the size and density brightfield colonies 

after seeding at 60,000 cells/cm2, unless the assessment was made before hPSCs 

were confluent. Assessment of Matrigel versus Synthemax® SC-II performed in a 

different study seeded ‘similar number and size colonies’ through manual 

dissection, by passage 3, flow cytometry for OCT4 expression on Matrigel was 

96.6% versus 66.8% on Synthemax® SC-II, however OCT4 expression fluctuated 

between passages, by passage 9 Matrigel maintained OCT4 expression where 

Synthemax® SC-II supported 89.2% positive for OCT4 (Pennington et al., 2015). 

Comparatively in this thesis marker expression remain statistically comparable to 

Matrigel, except for SOX2 in the HUES7 line, which at 75.6% +/- 3% on TCDMDA:BA 

was reduced compared to Matrigel at 88.7% +/- 1.9% SOX2 positivity, after 5 
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passages. A ~30% loss of OCT4 marker expression compared to Matrigel on 

Synthemax® SC-II and a ~12% loss of SOX2 marker expression compared to Matrigel 

on TCDMDA:BA highlight the difficulties of replacing biological coatings with 

synthetic surfaces.  

For a synthetic surface to be viable for large scale culture, it must be 

economically viable. Vitronectin coating for example has been assessed as being 

approximately x80 times more expensive than Matrigel, albeit this calculation was 

performed in 2012 and prices may have decreased since (Lam and Longaker, 2012). 

Synthemax® SC-II sold at £402.90 per 10mg, at the recommended concentration of 

5 μg/cm2, equates to 2000 cm2 coating per 10 mg vial, or £0.20 per cm2. For 

comparison, 100 mL of TCDMDA is £93.10 (Sigma) and 100 mL of BA is £19.20 

(Sigma). Each cm2 requires a coating of 13 uL of TCDMDA:BA (2:1), 8.7 uL of 

TCDMDA & 4.3 uL of BA, a total cost of £0.009 per cm2, although this does not 

include the cost of production and mark-up value, it demonstrates the economical 

nature of the readily available acrylate library used within this thesis.  Finally, 

Synthemax® SC-II requires a pre-coating step (which may be advantageous for 

application to 3D scaffolds), which is avoided with pre-UV polymerised TCDMDA:BA 

plates. 

4.6.9 Reduction in Medium Components 

The synthetic environment of TCDMDA:BA presents an additional challenge 

to cellular survival. Whilst past work with synthetic polymers with hPSCs has 

demonstrated the absorption of medium components to facilitate cellular 

attachment (Irwin et al., 2011). TCDMDA:BA and future synthetic hPSC culture 
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surfaces are statistically more likely to mediate attachment through direct binding 

of cells, or proteins produced by hPSCs immediately upon culture, due to the 

reduction of media components to just 8 within DMEM-F12 (Essential 8 medium).  

4.6.10 Heparin 

The increased cumulative population doublings and reduction in passage to 

passage variation observed in our Matrigel and TCDMDA:BA cultures using 

HomeBrew E8 vs LifeTech E8, is noteworthy. Theoretically the only difference is the 

addition of porcine derived heparin (100 ng/mL). Heparin has previously been 

studied for its effect on hPSC culture, in a custom medium formulation containing, 

ascorbic acid-2-phosphate (0.1 μg/mL), heparin sulphate sodium salt (100 ng/mL – 

1000 ng/mL), transferrin (5 μg/mL), albumin conjugated with oleic acid (9.4 μg/mL), 

insulin (10 μg/mL), 2-mercaptoethanol (10 μM), sodium selenite (20 nM) and FGF-2 

(10-100 ng/mL), in addition to basal medium (Furue et al., 2008). The study neglects 

to provide the company or source for the heparin used in both the main text and 

supplementary information, the source of heparin could be of importance.  

It was found that 100 ng/mL heparin could support 6-day hPSC culture and 

growth in the absence of FGF-2, with the addition of 100 ng/mL heparin without 

FGF-2 inducing greater protein-level expression of cyclin D1 (Furue et al., 2008). 

Addition of 10 ng/mL FGF-2 increased the cell count further, this is a significant 

finding that suggests heparin has a direct role in the maintenance of self-renewal 

and proliferation in hPSCs, which could explain the higher cumulative population 

doublings observed in this thesis (Furue et al., 2008). Furue et al., 2008 also notes 

that 100 ng/mL of FGF-2 in the presence 100 ng/mL heparin induced lower growth 
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than 10 ng/mL of FGF-2 (~2x106 vs ~4x106 cells respectively). The highest 

concentration of heparin tested, 1000 ng/mL, was detrimental to hPSC culture. 

 Studies considering the role of heparin in hPSC culture highlight heparins 

capability to activate FGF-2 and FGF receptors, as well as stabilise FGF-2, where 

stabilisation was the logical reason for supplementing heparin into HomeBrew E8 

medium (Loo et al., 2001)(Li et al., 2016)(Chillakuri, Jones and Mardon, 2010). 

Future experiments and HomeBrew E8 formulations may want to consider 

the impact of different size heparins from defined sources, for medium 

optimisation and to define which fraction of heparins elicit the biological effects 

observed in this thesis.  

4.6.11 Albumin Contamination 

Within this thesis it was found that LifeTech E8, advertised as an albumin 

free medium, could be contaminated with unquantified but functionally significant 

concentration of albumin. Concentrations of human albumin as low as 0.1% 

decreased cell nuclei count and produced large variation in cell nuclei count after 

24 hours culture on TCDMDA:BA. At 1% human albumin concentration cell nuclei 

count was reduced by 2/3rds. Albumin has previously been reported to inhibit cell 

attachment, one hypothesis is that absorbed albumin competes with proteins 

promoting cell adhesion for binding to the surface (Carré and Lacarrière, 2010). This 

hypothesis was confirmed with the discovery of inter-α-inhibitor (IαI), a novel hPSC 

surface adhesion peptide, where significantly lower cell adhesion was achieved in 

media containing albumin, or Essential 8 medium spiked with albumin, than in 

albumin free Essential 8 medium (Pijuan-Galitó et al., 2016). 
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Batches of LifeTech E8 were screened for the presence of albumin before 

use by mass spectrometry, the assumption was made that intra-batch supplements 

are consistent. If this assumption does not hold true, passage-to-passage variation 

with LifeTech E8 could be due to either low-level albumin contamination, or 

HomeBrew E8 could reduce variation with the addition of heparin. 

4.6.12 Marker Expression on TCDMDA:BA 

Flow cytometry assessment of AT1 hiPSCs and HUES7 hESCs on TCDMDA:BA 

and Matrigel revealed that the HUES7-line comparatively had a significantly 

reduced percentage of SOX2 positive cells on TCDMDA:BA, after ≥5 serial passages, 

85% vs 76% (p=0.003 (**)). A study into the knockdown of SOX2 by short interfering 

RNA (siRNA) in hESCs demonstrated that a knockdown of SOX2 led to a decrease in 

SSEA4 (-16%), TRA-1-60 (-32%) and TRA-1-81 (-34%), with an increase in SSEA1 

positive cells by 41% (Fong, Hohenstein and Donovan, 2008). Flow cytometry 

results with the HUES7-line did not result in a significant reduction in NANOG, TRA-

1-81 or SSEA4 in this thesis, which is in line with the capability for prolonged culture 

and trilineage differentiation of the HUES7-line on TCDMDA:BA. Ideally the flow 

cytometry screen carried out in this thesis would have included SSEA1 as a control 

for differentiation (Draper et al., 2002).  

RT-qPCR data on all three lines AT1, ReBl-PAT and HUES7 did not present a 

relative decrease in SOX2 expression or other pluripotency-triad genes NANOG & 

OCT4. Reduction of SOX2 at the protein level is linked to a reduction in NANOG & 

OCT4 expression (Fong, Hohenstein and Donovan, 2008). In the HUES7 and ReBl-

PAT lines significant relative increases in early ectoderm markers PAX6 expression 
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were seen, additionally early ectoderm marker SOX1 in the HUES7-line. The partial 

loss of SOX2 positivity in the HUES7-line should trigger the expression of early 

mesodermal markers, which were not found to have increased in the RT-qPCR 

panel (Greber, Lehrach and Adjaye, 2007)(Wu et al., 2015). Conversely to the 

increase in early ectoderm markers and a decrease in % cell positivity for SOX2 seen 

here, directed differentiation to early neural ectoderm lineages increase SOX2 

protein expression over 15 days, with PAX6 appearing at day 2 and SOX1 at day 6 

(Pankratz et al., 2007).  

Changes to fold-expression in RT-qPCR experiments shown in this thesis are 

up to 6-fold, it is unknown and beyond the scope of this chapter to determine the 

significance of these changes, however it did not impede the ability for hPSCs to be 

cultured for ≥5 passages and form all three lineages, therefore meeting the aims of 

this chapter.  

4.6.13 Tri-lineage Differentiation 

Tri-lineage differentiation after ≥5 serial passages was possible in both hPSC 

lines tested. Regarding mesoderm differentiation to cardiomyocytes, full beating 

sheets of cardiomyocytes was achieved at the same timepoint Matrigel controls 

reached the contraction stage. The addition of BMP4 (1 ng/mL) & Matrigel (1:100) 

in StemPro34 at day minus 1 of differentiation cause the rounding and lifting of 

colonies on TCDMDA:BA, instead of compaction seen on Matrigel. The cause for 

this was not determined within this thesis but may be due to a shift in integrin and 

cadherin expression, where the Matrigel overlay fails to provide adhesive molecules 

for the early mesoderm cell types. Reattachment and outgrowth from floating 
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colonies on TCDMDA:BA occurred after the addition of BMP4 (10 ng/mL) & activin-a 

(8 ng/mL) in StemPro34, by day 2 of differentiation cultures between Matrigel and 

TCDMDA:BA were visually comparable. Contraction data collected is not sufficient 

to draw any conclusions regarding functional changes between the two 

differentiations, without further repeats, RT-qPCR and electrophysiology data.  

Differentiation to the endoderm lineage, specifically definitive endoderm, 

was capable with FOXA2 and SOX17 present at day 2 differentiation on 

TCDMDA:BA. Compared to Matrigel, surface area coverage was reduced, this could 

be due to non-optimal seeding for endoderm TCDMDA:BA differentiation, 3D 

clustering on TCDMDA:BA, or a reduced ability to support & retain the hPSCs going 

through the early differentiation stage. Continued exposure to CHIR99021 in 

RPMI/B27 (minus insulin) until differentiation day 5 resulted in monolayer cultures 

on Matrigel, but large ~1 mm 3D structures on TCDMDA:BA with positivity for 

FOXA2 and SOX17 markers. 2D areas of cells surrounding 3D constructs were 

positive for FOXA2 but not for SOX17 expression, which is consistent with the idea 

that SOX17 is a later marker for endoderm (Jaramillo et al., 2015).  

The formation of ectoderm on TCDMDA:BA also resulted in the formation of 

large 3D structures in most differentiations by differentiation day 5 onwards, in a 

48-well plate these structures were observed to approach ~11 mm in length, 

macroscopically visible. Expression of PAX6 and SOX1 was detected however for a 

true estimation of positivity in these structures, the cells would have needed 

dispersing or the constructs segmenting. It is feasible that such 3D structures could 

change biological response or differentiation outcome, if cells were taken further 
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toward neural lineages, however due to time constraints this type of analysis was 

beyond the scope of this thesis.  

4.6.14 Integrin Mediated Binding to TCDMDA:BA 

The primary mechanism for hPSC adherence to TCDMDA:BA was found to 

be αVβ3, αVβ5 and β1, where antibodies directed to block their engagement 

significantly reduced 24-hour DAPI cell count. αVβ5 most prominently reduced 

cellular count on both AT1 and HUES7 cells lines, with αVβ3 blockade by antibody 

not resulting in a significant decrease in cellular count for HUES7. However, β1 

blockade on HUES7 hESCs had a more significant effect than on AT1 hiPSCs.  

The β1 integrin mediates hPSC attachment to laminin when dimerised to α6 

integrin, whereas αVβ5 and αVβ3 interact with vitronectin, with αVβ3 also 

interacting with fibronectin (Vacca et al., 2001)(M A Horton, 1997)(Braam et al., 

2008)(Rodin et al., 2010). Furthermore, α6β1 integrin activation has been linked to 

the maintenance of pluripotency in hPSCs on Matrigel and the synthetic surface 

poly[2-(methacryloyloxy)ethyl dimethyl-(3 sulfopropyl) ammonium hydroxide] 

(PMEDSAH) (Villa-Diaz et al., 2016).  

Integrin blockade was also performed with RGD-blocking peptides, where 

αVβ5 and αVβ3 blocking cyclic RGD-blocking peptides H-2574 and H-7226 but not 

their control peptides H-4088 and H-7232. The fibronectin blocking peptide H-3164 

did not affect cell count after 24 hours culture. Results here showing a reduction in 

binding by blocking β1 and αVβ3 align with integrins found to be important for 

binding to the synthetic hPSC culture surface poly(HPhMA-co-HEMA) (Celiz et al., 

2015). Whilst β1, αVβ3, αVβ5, confirmed by H-2574 & H-7226 (αVβ3 & αVβ5 
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blocking peptides) align with data which found these to be important for adhesion 

to IαI (Pijuan-Galitó et al., 2016). Previous polymer microarray work highlights that 

high acrylate containing polymers with ~70o wettability also employ αVβ3 & αVβ5 

engagements for hPSC adhesion with vitronectin absorption (Mei et al., 2010). 

In summary previous work on integrin engagement for hPSCs on Matrigel, 

defined adhesion peptides and other acrylate-based synthetic surfaces align with 

the identification of β1, αVβ3 & αVβ5 as important cell adhesion integrins for 

TCDMDA:BA.  

4.6.15 Intracellular Signalling Altered in HUES7 but not AT1 hPSCs on TCDMDA:BA 

4.6.16 AT1 hiPSCs Intracellular Signalling 

AT1 hiPSCs cultured for ≥5 passages on Matrigel and TCDMDA:BA displayed 

an almost identical phosphokinase proteome profile, PI3K/AKT/mTOR pathway did 

not vary beyond 0.9-1.3-fold compared to Matrigel. Within the MAPK pathway 

HSP27 phosphorylation at S78/S82 was relatively reduced by 40%, with HSP27 

providing a protective role against a multitude of stress factors (Fan, 2012). A 

reduction in HSP27 activation by phosphorylation could either signal that AT1 

hiPSCs on TCDMDA:BA are undergoing fewer stress signals, or they are failing to 

respond robustly to the induction of stress-related insult. It has been noted that 

HSP27 expression profile does not change during hPSC differentiation (Saretzki et 

al., 2008). The increased phosphorylation of c-Jun S63 (2.38-fold) is thought to be 

related to a protective response to DNA damage, inhibiting apoptosis, which signals 

that AT1 hiPSCs cultured on TCDMDA:BA are under higher duress (Vleugel et al., 

2006)(Potapova et al., 2001). The hematopoietic cell kinase (HCK) demonstrated 
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the largest fold increase within AT1 hiPSCs cultured on TCDMDA:BA (2.6-fold), HCK 

expression is linked to cancer cell survival in leukaemia and enhances proliferation, 

whereas in mouse ESCs Hck has been shown to support self-renewal (Poh, 

O’Donoghue and Ernst, 2015)(Tamm, Böwer and Annerén, 2011). Whilst higher 

activation of c-Jun at S63 suggests higher rates of DNA damage are occurring, P53 

S392 is less activated on TCDMDA:BA (0.69-fold signal), with P53 S15 and P53 S46 

equal or marginally higher than Matrigel (1.03-fold and 1.26-fold respectively), 

furthermore CHK2 T68 phosphorylation is consistent with Matrigel cultures, which 

overall suggests TCDMDA:BA is comparable in the stress and DNA activation 

response. 

4.6.17 HUES7 hESCs Intracellular Signalling 

The phosphokinase proteome for HUES7 hESCs cultured on TCDMDA:BA was 

largely different from equivalent Matrigel cultures. The most notable change was a 

13.3-fold increase of EGFR phosphorylation at Y1086, a key activating residue, 

leading to the induction of the PI3K/AKT pathway, triggering cellular proliferation & 

survival in cancer cells (Humtsoe and Kramer, 2010)(Humtsoe and Kramer, 2010). In 

mouse ESCs EGFR activation is related to the maintenance of self-renewal and 

pluripotency, in human adipose derived stem cells, EGFR was essential to maintain 

proliferation but also their ability to differentiate (Ai et al., 2017)(Yu et al., 2019).  

Increased phosphorylation of Fyn Y420 was also greatly increased on 

TCDMDA:BA cultures (9.4-fold), Fyn is a Src-family kinase whose activation in hESCs 

has been linked to a differentiation state along with Src (3.1-fold) and Lyn (3.6-fold), 

whilst other Src-family kinases Lck (4.0-fold) & Yes (2.85-fold) decline in activity 
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upon differentiation (Xiong Zhang et al., 2014). The outcome of all Src-family 

kinases demonstrating an increase in their phosphorylated states on TCDMDA:BA 

appears counter-intuitive but could be due to either, a mixed population of cells 

with higher activation of pluripotency related pathways and a population of hPSCs 

undergoing differentiation, or the possibility that the activation of seemingly 

opposing phosphorylated kinases functions are determined by the balance and 

activation of multiple inter-linked pathways. 

The relatively large increase in RSK1/2/3 activation (13.28-fold) matches 

with the increase in ERK1/2 activation (5.37-fold), which leads to RSK1/2/3 

phosphorylation and activation (Roux, Richards and Blenis, 2003)(Tanimura and 

Takeda, 2017)(Cargnello and Roux, 2011). RSK1/2/3 and ERK1/2 activation are both 

linked to cell cycle progression, proliferation and survival (Cargnello and Roux, 

2011)(Tanimura and Takeda, 2017)(Roux, Richards and Blenis, 2003). Meanwhile 

cell cycle related phosphorylated proteins P53 was between 1.29-2.05-fold 

increased, with the primary apoptotic related S46 at 1.29-fold higher. CHK2 T68 

(3.40-fold) and p27 T198 (5.20-fold) are cell cycle inhibitors, to prevent the cellular 

division in the presence of DNA damage or anti-mitogenic signals, their 

upregulation could be in response to the rapid proliferation induced by high 

RSK1/2/3 and ERK1/2 signalling (Abbastabar et al., 2018)(Coqueret, 2003)(Zannini, 

Delia and Buscemi, 2014)(Yeh et al., 2009). Despite the presence of increased 

phosphorylation on kinases related to increase cell proliferation, HUES7 hESCs had 

fewer cumulative population doublings on TCDMDA:BA compared to Matrigel, a 

36% reduction, given than P53 S46 phosphorylation was increased by 29% it is 

expected that a greater level of apoptosis is occurring on TCDMDA:BA, which could 
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account for the reduced 72-hour growth. To date, other synthetic surfaces have not 

performed an assessment of phosphokinase proteome states, making comparisons 

to other synthetic surfaces impossible.  

4.7 Chapter Conclusion 

The aims of this chapter, to scale-up polymeric surfaces, perform serial 

passaging, assess pluripotency and attachment mechanisms were achieved. 

TCDMDA:BA after an extensive optimisation period can be batch produced at a 6-

well format, cultures retained high expression of pluripotency markers and the 

capability to form all three germ layers. Attachment to TCDMDA:BA was discovered 

to be reliant on β1, αVβ3 & αVβ5 in hPSCs, with changes in the phosphorylated 

states of 42 kinases found to be consistent to Matrigel cultures in the AT1 hiPSC line 

but altered in the HUES7 hESC line.
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5 Chapter 5 – Next Generation Biomaterials for hPSC-

Derived Cardiomyocyte Maturation 

5.1 Chapter Overview 

Due to the interdisciplinary nature of this project, challenges with both cell 

culture & materials production were met. A key step in this chapter is the 

introduction of a new glove box for performing UV-initiated polymerisation in an 

atmosphere where greater control of the oxygen content was possible. Therefore, 

analysis had to be repeated to assess the biological response of hPSC-CMs to hit 

homopolymer materials with greater control over the polymerisation process. 

5.2 Introduction 

To determine if synthetic culture substrates for hPSC-CMs discovered in this 

chapter induce changes to the maturation state, a CellOPTIQ system was used to 

measure the contractility and electrophysiology parameters of hPSC-CMs after 7 days 

culture.  

5.2.1 Cardiomyocyte Contraction 

Contraction in cardiomyocytes begins with the propagation of an action 

potential from one cell to the next, in vivo action potentials begin from the sinoatrial 

node where pacemaker cells demonstrate automaticity, spreading the action 

potential through the atrioventricular node, left & right bundles, terminating in the 

Purkinje fibres (Nerbonne and Kass, 2005). hPSC-CMs in this thesis are not reliant on 

pacemaker cells, due to their immature state ventricular-like and atrial-like 
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populations also demonstrate automaticity, propagating spontaneous action 

potentials in vitro (Veerman et al., 2015).  

In mature cardiomyocytes gap junctions concentrated at the intercalated 

disks between adjacent cells, which allows the travel of ions, through channels such 

as Connexin-43, between cells (Kanno and Saffitz, 2001)(SÁEZ et al., 2003). When a 

threshold of Ca2+ concentration is reached, the opening of L-type Ca2+ channels 

occurs. L-type Ca2+ are concentrated along t-tubules membrane invaginations, placed 

into proximity of the sarcoplasmic reticulum (SR) and ryanodine receptor 2 (RYR2) 

channels, known as a ‘dyad’, where their dense concentration can lead to sparking 

(Guatimosim, Guatimosim and Song, 2011)(Hoang-Trong, Ullah and Jafri, 2015). 

Calcium influx from L-type channels induces calcium release from intracellular SR 

stores via RYR2, a process known as calcium induced calcium release (CICR) (Zhu, 

Santana and Laflamme, 2009)(Kane, Couch and Terracciano, 2015). Heightened 

concentrations of Ca2+ in the cytoplasm binds to troponin C (TnC), removing the 

inhibition of actomyosin ATPase caused by inhibitory troponin subunit (TnI) (Lehman 

et al., 2009)(Orzechowski et al., 2014). This causes a conformational change 

displacing tropomyosin from actin binding sites, myosin heads subsequently bind to 

actin filaments where hydrolysis of bound ATP causes crossbridge formation 

between the myosin head and actin active site, the myosin head pulls against the 

actin filament performing a ‘power stroke’, ADP is released and when new ATP binds 

the myosin head detaches from actin back to the original conformation (Málnási-

Csizmadia and Kovács, 2010). After contraction Ca2+ levels in the cytoplasm are 

reduced through SERCA pumping Ca2+ back into the SR to be sequestered by 

calsequestrin 2 (CASQ2), which accounts for ~70% efflux, and out of the 
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cardiomyocyte via Na+-Ca2+ exchanger (NCX) pumps which accounts for ~28% of Ca2+ 

efflux, the remaining Ca2+ is removed by a mitochondrial uniporter (Fearnley, 

Roderick and Bootman, 2011). 

In immature hPSC-CMs cultured in 2D, t-tubules are not present meaning 

calcium influx via L-type channels are not in proximity to the SR, and RYR2 channels, 

preventing the large synchronised CICR burst that allows for efficient high amplitude 

contraction in adult cardiomyocytes (Figure 5.1). Additionally, immature hPSC-CMs 

lack the expression of CASQ2, junctin (JCTN), triadin (TRDN) and phospholamban 

(PLB), leading to ineffective calcium handling (Dolnikov et al., 2006)(Li, Chen and Li, 

2013). JCTN & TRDN are modulators that interact with RYR2 and CASQ2, CASQ2 

controls rate of SR Ca2+ store release and reuptake by modulating RYR2 (Györke et 

al., 2004)(Knollmann, 2009). Calcium-free CASQ2 deactivates RYR2 by binding to 

JCTN and TRDN and when bound by calcium, inhibition of RYR2 is relieved by the 

dissociation of CASQ2 (Györke et al., 2004)(Knollmann, 2009)(Li, Chen and Li, 2013). 

Without tight control over calcium release from the SR, hPSC-CMs are unable to 

sufficiently store high concentrations of Ca2+ in the SR, meaning repetitive 

contractions without exhaustion cannot occur (Li, Chen and Li, 2013).  

PLB regulates Ca2+ reuptake by regulating SERCA, in presence of PLB, SERCA 

has a K1/2 of ~0.9 μM, without PLB K1/2 is ~0.4 μM (Fearnley, Roderick and Bootman, 

2011). 

The presence of t-tubules and modulators discussed above allow adult 

cardiomyocytes to exhibit uniform increases in calcium dynamics across the cell, 

however hPSC-CMs without t-tubules and modulators display U-shaped waves that 
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relate to the diffusion distance across the cytoplasm to Ca2+ stores at the centre of 

the cell (Brette and Orchard, 2003). A key aspect of cardiomyocyte contractile 

functionality that differs between adult CMs and hPSC-CMs is the ability to increase 

force produced when contraction frequency is increase, a positive force-frequency 

relationship, hPSC-CMs demonstrate a negative force-frequency relationship due to 

lack of mature calcium handling apparatus (Dolnikov et al., 2006).  

Contraction within this thesis was assessed using the CellOPTIQ (Clyde 

Biosciences), equipped with a high-speed camera, 1000 images are taken over a 

period of 10 seconds, which are then compressed into a video file where the 

displacement of pixels between each frame is assessed with custom-built software 

(Clyde Biosciences). Pixel displacement represents a surrogate contraction 

amplitude, as the physical force produced is not being measured. 

 

 

 

(Left) T-tubules place L-type calcium channels in proximity to the SR, where RYR2 channels 

are modulated by TRDN & JCTN. (Right) Lack of T-tubules results in calcium diffusion 

dependent kinetics, lack of TRDN, JCTN, CASQ2 & PLB expression hinders calcium handling. 

Taken from Keung et al., 2014. 

Figure 5.1 Comparison of Calcium Handling in Adult and hPSC-CMs. 
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5.2.2 Cardiomyocyte Electrophysiology 

 The action potentials of cardiomyocyte cell types differ between pacemakers, 

atrial and ventricular cells. The ventricular action potential is divided into 5 phases, 

0, 1, 2, 3 & 4 (Figure 5.2). Starting at phase 4, a true resting potential of ~-90 mV 

exists in ventricular cardiomyocyte. Due to the high concentration of K+ inside the 

cell compared to the outside (150 mM vs 4 mM respectively), K+ continues to diffuse 

out of the cell through towards the Ek of ~-96 mV (where K+ would equal net zero) 

(Klabunde, 2017). Channels such as the potassium inward rectifier channel (Kir2.1) 

play a critical role in extruding K+ ions to maintain the true resting potential, 

preventing gradual depolarisation and pacemaker-like currents (Miake, Marbán and 

Nuss, 2003)(Grant, 2009).  

Neighbouring cells cause depolarisation to a threshold voltage of ~-70 mV, 

triggering rapid depolarisation of the cardiomyocyte through the opening of fast Na+ 

channels (INa) in a transient manner (<1 ms) toward ENa of +50 mV (phase 0) (Grant, 

2009). When depolarised the first repolarisation step takes place, phase 1, where 

temporary opening of the transient outward K+ channel (Kto) extrudes K+ from the 

cell, causing the membrane potential to drop. However, at approximately -40 mV 

long-lasting L-type Ca2+ channels began taking in Ca2+ ions causing a large increase in 

intracellular Ca2+ levels (CICR previously discussed), offsetting transient IKto current. 

Ca2+ dynamics delay repolarisation creating a plateau of ~200ms  (phase 2) 

(Klabunde, 2017)(Klabunde, 2012).  

To initiate phase 3, repolarisation, the slowly activating delayed rectifier K+ 

current (IKs) activates when membrane polarisation is more positive than -20 mV. IKs 
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rarely inactivates, accumulating over phase 2, to trigger the rapid delayed rectifier K+ 

currents (IKr) when membrane potential becomes negative. This results in rapid 

activation and repolarisation of the membrane through K+ efflux throughout phase 3 

of the AP (Klabunde, 2012)(Grant, 2009)(Jeevaratnam et al., 2018). During final 

repolarisation IK1 activation increase the negative membrane potential and maintains 

the polarised state at the true resting membrane level (back to phase 4). A summary 

of the non-pacemaker AP can be found in figure 5.2, whilst the ventricular AP has 

been discussed here, IKur & IKACH (atrial currents) are annotated at their respective 

phases (Jeevaratnam et al., 2018). 

As previously discussed, the AP begins in the sinoatrial node (SAN), unlike 

ventricular and atrial cardiomyocytes, pacemaker cells have no phase 1 or phase 2 to 

their AP. Pacemakers have no true resting potential, with a maximum polarity of ~-

60mV. Pacemakers are primarily reliant on Ca2+ currents for depolarisation, instead 

of fast Na+ currents. Slow inward depolarising Na+ currents ‘funny currents’ slowly 

depolarisation the pacemaker membrane until it reaches a threshold of -40 and -30 

mV (phase 4 spontaneous depolarisation). At ~-50 mV T-type Ca2+ channels cause 

further depolarisation through opening L-type Ca2+ channels leading to phase 0 

depolarisation. Repolarisation occurs during phase 3, with K+ channels opening 

extruding K+ from the pacemaker cell, with inward Ca2+ channels inactivating (Pinnell, 

Turner and Howell, 2007)(Mesirca, Torrente and Mangoni, 2015)(DiFrancesco, 2010).  

hPSC-CMs are immature in their AP profile, due to lower expression of Kir2.1 

(KCNJ2), the resting potential is less negative ~-50/-60 mV, hPSC-CMs also have a 

detectable funny current which is only present in pacemaker cells, not adult 
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ventricular/atrial CMs (Sartiani et al., 2007)(Zhang et al., 2009). hPSC-CMs also have 

a slower upstroke at phase 0, due to limited Na+ channel expression (Ma et al., 2011). 

As discussed previously, the calcium handling machinery and t-tubules are either not 

expressed or reduced in their expression in hPSC-CMs vs adult CMs, leading to a 

shorter plateau phase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Key ion currents are annotated to their phase of activation. Taken 

from Grant, 2009. 

Figure 5.2 Summary of a Human Cardiac Action Potential. 
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 Within this thesis the AP will be measured using the CellOPTIQ, the use of a 

Fluovolt™ membrane potential kit will allow sub-millisecond changes to the 

membrane potential to be detected and assessed on Matrigel, compared to synthetic 

surfaces discovered within this chapter.  

 

5.3 Chapter aims 

1) To discover suitable homopolymers for hPSC-cardiomyocyte attachment & 

spreading, using homopolymer microarray 9.1. 

2) To evaluate the maturation potential of top performing materials from 

homopolymer array 9.1 when cultured with hPSC-cardiomyocytes, including 

contractile & electrophysiological performance, sarcomeric organisation & gene 

expression. 

3) To create and screen a co-polymer array based from the top hits found 

from homopolymer array 9.1, identify combinations with greater hPSC-

cardiomyocyte attachment performance than the separate components. 

4) To perform in-depth maturation characterisation of hPSC-CMs cultured on 

best performing co-polymers for cell attachment, in a scaled-up well plate format. 

This will include analysis of, contractile electrophysiological performance, calcium 

handling, sarcomeric organisation, expression of maturation-linked genes and 

metabolism. 
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Figure 5.3 Chapter 5 Workflow-Through. 
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5.4 Results Section 

5.4.1 Cardiomyocyte Differentiation & Purity Assessment 

To generate cardiomyocytes for the polymer microarray screening process, a 

directed differentiation protocol for hPSCs was utilised, as shown in Figure 5.4. It was 

important to have high purity cultures for the array screening process, to ensure 

most of the attachment data produced relates to cardiomyocytes, not endothelial or 

other cell types present in the heterogenous differentiations.  

All data used for the final microarray results were a minimum of 80% positive 

for the cardiac specific marker α-actinin, where purity analysis was conducted as 

shown in Figure 5.5 & Figure 5.6. Method M was selected due to the higher 

segmentation of objects in proximity, which more closely resembled true separation 

of nuclei, Figure 5.5 (A). Methods A-C were more prone to identifying multiple nuclei 

in proximity as singular objects.  

The secondary antibody of choice, Alexa Fluor 488, at the used dilution 

(1:400) resulted in a small background signal typically less than 100 mean fluorescent 

intensity units (dependent on plate type/make), as shown in Figure 5.5. This ensured 

the concentration of secondary antibody used was not too high.  

To determine purity, a cell-type negative immunostaining was performed 

with fibroblasts. These cells were stained with both the primary antibody for α-
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actinin and the Alexa Fluor 488 secondary, to control for non-specific antibody 

staining.  

Gating performed from the fibroblast staining was set to exclude a minimum 

of 99% stained fibroblasts, as shown in Figure 5.6 (B), however differentiations 

selected were above 80% purity for the array data shown in this chapter. 
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Figure 5.4 Directed Differentiation of Human Pluripotent Stem Cells to Cardiomyocytes through Bi-Phasic Wnt Modulation. 

Monolayer differentiation of hPSCs to hPSC-CMs by Wnt modulation, day -3 relates to cell seeding, hPSCs are cultured for 48 

hours before pre-conditioning begins. Matrigel overlay is optional but may improve reproducibility of differentiation. 

Contraction begins day ≤8. Scale bars = 100 μm. 
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(A) Nuclei identification, above, method A, inaccurate nuclei count. Below, method M, improved nuclei count. (B) 
Number of objects selected as nuclei in each image across four different object identification methods from 
Columbus software. (C) Cardiomyocytes stained only for DAPI & Alexa Fluor 488 to identify background signal, 
gating for positive cells placed above all secondary only stained cells. (D) Intensity gating set in (C) used on cardiac 
α-actinin stained hPSC-CMs, with dot plot histogram showing positive cells in green above gated intensity, and 
cardiac α-actinin negative cells marked red below gated intensity. Images taken with Operetta (Perkin Elmer), 
analysed with Columbus software. Scalebars as marked.  

100µm 
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100µm 

200µm 

200µm 
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D 
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200µm 200µm 

Method A 

Method M 

Figure 5.5 Identification of Cardiomyocytes. 
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HUES7 fibroblast nuclei (negative cell type control) were identified with method M. (A) HUES7 fibroblasts stained only for DAPI & Cardiac α-Actinin 
to identify non-specific background staining. (B) Gating for positive cells placed above intensity signal for stained HUES7 fibroblasts. (C) Example 
images of purity staining with cardiac α-Actinin and purity values for 6 biological repeats used for generation 1 hPSC-CM array screening. Images 
taken with Operetta (Perkin Elmer), analysed with Columbus software. Scalebars = 200 µm.   

Figure 5.6 Columbus Analysis to Identify Cells Positive for Cardiac α-Actinin. 
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5.5 Generation 1 Homopolymer Array for hPSC-CM Attachment 

To discover novel biomaterials that support hPSC-CM attachment, and ideally 

maturation, a range of array experiments were designed. These parameters tested 

three different cell seeding densities; 38,800, 77,700 & 103,600 cells/cm2. 

All conditions were tested in a serum-free setting. The lowest seeding density 

38,800 cells/cm2 was additionally tested with 10% FBS preconditioning. This was 

performed for two key reasons, the first relates to past work by a former PhD student 

in the lab, Asha Patel, where hPSC-CMs cultured on serum-free arrays demonstrated 

that only 10% of polymers supported attachment, with average cell spreading 

equating to 274 +/- 75 µm2 vs 2019 +/- 596 µm2 on the gelatin control. The results 

from Patel et al., 2015 relied on combining homopolymers that demonstrated 

attachment after being serum preconditioned.  

The second reason serum preconditioning was performed with 38,800 

cells/cm2 seeding density, was to reveal which homopolymers could support a 

greater level of cell spreading – if they were given a protein rich environment. These 

polymers could have a greater potential for synergy in co-polymer arrays by 

combining high attachment properties of one homopolymer with the greater cell 

spreading potential of another. 

To ensure work was carried out reproducibly between polymer microarrays, 

a standardised workflow through was created to ensure sterilisation & medium 

incubation times were consistent.  The protocol involved; x2 15-minute UV 

sterilisation steps, a 1-hour medium incubation step, fresh medium exchange & cell 
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seeding, followed by one-week culture, followed by analysis, graphically presented 

in Figure 5.7. 

Analysis of object attachment to polymer spots was carried out using 

CellProfiler™, a basic pipeline was formulated that performed a cell count, through 

identifying ‘primary’ objects within a size & shape filter stained for 4’, 6-diamidino-2-

phenylindole (DAPI).  

Secondary objects were detected based on 488 nm signal propagating from a 

primary object, the 488 nm signal was manually gated at 200 fluorescent intensity, 

above the background staining of fibroblasts stained for α-actinin.  

Tertiary objects combine the α-actinin positive area identified in the 

secondary object module and include the primary object area to determine the entire 

object size. This is visually represented in Figure 5.8. 
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(A) Sterilisation of polymer microarrays using UV irradiation for 15 minutes per side. (B) Medium incubation to allow proteins present in the 
medium to interact with polymer surfaces. (C) Seeding of hPSC-derived cardiomyocytes in fresh medium at varying densities (some experiments 
contained 10% FBS). (D) Cells cultured for 7 days and then immunostained with DAPI nuclear stain & cardiac a-Actinin. (E) Automated high 
content image collection with the IMSTAR microscope, followed by high content image analysis using open source software CellProfiler™. Data 
analysed in Microsoft Excel.  

Figure 5.7 Workflow through of hPSC-derived Cardiomyocyte Polymer Microarray Screening. 
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(A) List of analysis modules used to collect data from 
hPSC-CM polymer microarrays. (B) Example settings 
within a module, shown, the method and fluorescent 
threshold settings to identify the secondary object. (C) 
Visual representation of the primary, secondary and 
tertiary objects. (D) Example image produced with the 
CellProfiler™ pipeline. Scale bar = 100 µm. 

 
Figure 5.8 Basic CellProfiler™ Pipeline for 
Identifying the Nucleus and Cytoplasm of hPSC-
derived Cardiomyocytes. 
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5.5.1 Homopolymer Array ‘9.1’ hPSC-CMs 38,800 Cells/Cm2 Seeding Density, 

Attachment Results 

 To discover new biomaterials for hPSC-CM attachment, a provisional 

screening process was established. High purity hPSC-CMs were prepared as 

described in the methodology section to provide purities of ≥80%, as gauged by 

expression of α-actinin. These cells were seeded at a density of 38,800 cells/cm2 onto 

a polymer array, termed 9.1. This cell density was selected because it would be sparse 

enough to induce cell spreading. 

 The arrays comprised 281 homopolymers contact printed as ~200 μm spots 

onto pHEMA coated epoxy silane treated slides, with three replicates of each 

polymer. In addition, 3 co-polymers were included which were identified in a 

previous study to facilitate partial maturation of hPSC-CMs (Patel et al., 2015). 

 The co-polymers included were mixed in 2:1 v/v ratio, their identities: 1.) N-

(2-aminoethyl methacrylamide hydrochloride) : Tert-butylamino-ethyl methacrylate 

(iBMA:tBAEMA), 2.) Furfuryl methacrylate : Tert-butylaminoethyl methacrylate 

(FuMA:tBAEMA), 3.) Hexanediol ethoxylate diacrylate : Ethoxyethyl methacrylate 

(HEODA:EEMA).  

 After a culture period of 7 days on an array, hPSC-CMs were fixed and 

stained with DAPI & α-actinin to enable automated assessment using the approaches 

in Figure 5.7 and Figure 5.8. Three assessment criteria were used: 1) Attachment, 2) 

Coefficient of Variation (CoV), and 3) Reproducibility. Attachment was measured to 

ensure cells were capable of binding to the surface, the CoV determined the variation 

of attachment between all repeats (technical & biological). The assessment of 
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reproducibility was introduced to measure how well polymers performed across 

multiple biological repeats, where no. technical repeats * no. biological repeats 

supporting hPSC-CM attachment provided the value. This set out to identify polymers 

that supported very high attachment in one biological repeat with low variation, but 

not in other biological repeats, a false positive within the array screen. 

 Cell attachment was calculated by the number of DAPI stained objects 

between a gated size of 10-40 pixels, with a rounded shape. CoV was measured as 

the percentage standard deviation of the averaged attachment value. Reproducibility 

for each polymer spot was calculated by multiplying the number of technical repeats 

by the number of biological repeats, which supported attachment. Where only a 

single biological repeat supported attachment, this number was considered zero. 

Reproducibility was expressed as a percentage. 

 A key finding from these provisional experiments was only 7/284 polymers 

supported attachment of ≥100 nuclei, on average polymers supported 28 cells 

(Figure 5.9). The top 10 performers contained amine functional groups. For example, 

N-[2-(N,N-Dimethylamine)ethyl) methacrylate (DMEMAm), N-(3-

(Dimethylamino)propyl) methacrylamide (DMPMAm) & Dimethylamino-propyl 

acrylate (DMAPA) contained a tertiary amine functional group. N-(3-aminopropyl) 

methacrylamide hydrochloride (APMAm.C) & N-(2-aminoethyl) methacrylamide 

hydrochloride (AEMAm.C) contain primary amine groups. 

 It was also observed that the 8th top performing homopolymer, DMAPA, was 

also a top performing homopolymer for hPSC-CM attachment in work carried out by 

previous PhD student Asha Patel (Patel et al., 2015).  
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 The three partial maturation inducing co-polymers selected from Patel et 

al., 2015, iBMA:tBAEMA, FuMA:tBAEMA & HEODA:EEMA, supported 84 +/- 66%, 39 

+/- 19%, 19 +/- 25% attachment respectively. None of the ‘positive’ controls were in 

the top 10 performing polymers for this experiment.  

 Nevertheless, the CoV was above 50% for 90/284 polymers, while the 

reproducibility score was less than 50% for 251/284 polymers. There were several 

possible reasons. Clumpy cells or algorithm failure, therefore an inaccurate 

assessment of pixel coverage. Absence of protein, hence an attempt with serum 

preconditioning, and low seeding density of 38,800 cells/cm2, which was leading to 

uneven cell attachment. These explanations are explored in the following section.  
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(A) Heatmap representation of hPSC-CM attachment, reproducibility indicated by coefficient of variation & a ‘reproducibility’ value, linked to the 
number of technical & biological repeats positive for attachment. (B) Top 10 homopolymer attachment hits. (C) Images specifically of DMPMAm 
across three technical repeats to demonstrating variation of attachment. Specifically highlighted an area of the DMPMAm – pHEMA interface with 
increased cell spreading. Image analysis performed in CellProfiler™, data analysis performed in Microsoft Excel.  
Scale bars = 100 µm. N=2. n=6. 

Figure 5.9 Attachment of hPSC-CMs on Homopolymer Array ‘9.1’ Seeded at 38,800 Cells/Cm2 (Serum Free). 

Cell Attachment CoV Reproducibility (%) 
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5.5.2 Homopolymer Array ‘9.1’ hPSC-CMs 38,800 Cells/Cm2 Seeding Density, 

Average Cell Area Results 

With the aim of discovering homopolymer hits that support greater spreading 

of hPSC-CMs, the area of each cell was also measured with the CellProfiler™ pipeline 

(Figure 5.8).  

Array 9.1 cultured with 38,800 cells/cm2 for 1 week demonstrated that 

average cell area sizes ranged from 100-382.5 positive α-actinin pixels (Figure 5.10 

(A)). On average polymers supported 224.3 +/- 41% positive α-actinin pixels. 

The CellProfiler™ pipeline identifies tertiary objects for cell area, as previously 

described. The top performing homopolymers on array 9.1 cultured in the absence 

of serum ranged between 317.1-382.5 positive α-actinin pixels (Figure 5.10 (B)). 7% 

of polymers tested supported an average cell size of 300 or more positive α-actinin 

pixels. 

A qualitative assessment the images for the three top performers, 2-

Aminoethyl methacrylate hydrochloride (AEMA.C), Disperse red 1 acrylate (DRA) & 

N-(2-aminoethyl) methacrylamide hydrochloride (AEMAm.C) in (Figure 5.10 (C)) 

highlights that differences in measured average cell area are likely due to cell 

clumping, rather than improved spreading.  

For this reason, the assessment of area for non-serum preconditioned arrays 

will be omitted for the remainder of this chapter. Assessment of hPSC-CM 

attachment for non-serum preconditioned arrays will be used to select top 

performing hits. 
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(A) Heatmap representation of hPSC-CM average cell area, determined 
by tertiary object area. Reproducibility indicated by coefficient of 
variation. (B) Top 8 homopolymer average cell area hits. (C) Images top 
hits AEMA.C, DRA & AEMAm.C demonstrating that area measurements 
have identified clumps of cells, rather than individual cells. Image 
analysis performed in CellProfiler™, data analysis performed in 
Microsoft Excel. Scale bars = 100 µm. N=2. n=6. 

Figure 5.10 Spreading of hPSC-CMs on Homopolymer Array ‘9.1’ 
Seeded at 38,800 Cells/Cm2 (Serum Free). 



265 
 

5.5.3 Homopolymer Array ‘9.1’ hPSC-CMs (Serum Preconditioned) 38,800 

cells/cm2 Seeding Density, Attachment & Area Results 

Preconditioning polymer microarrays with serum allows an undefined and 

diverse mixture of protein, including adhesion-related proteins to attach the polymer 

spots. Whilst this goes against the purpose of this chapter, to create synthetic fully 

defined systems, coating with a diverse mixture of proteins may allow the 

identification of homopolymers that can support protein binding but perhaps not 

facilitate initial hPSC-CM attachment. These monomers could have potential in co-

polymer formats for synergistic effects. 

Through the coating of polymer surfaces with adhesion proteins & 

extracellular matrix proteins, originating from the serum preconditioning step, it is 

hypothesised that greater cell attachment & cell spreading would be observed, 

compared to non-serum preconditioned arrays.  

Average cell attachment to array 9.1 with serum preconditioning decreased 

but increased in CoV when compared to non-serum preconditioning, 20 +/- 53% vs 

28 +/- 38% (Figure 5.11 & Figure 5.9 (A)). An unpaired t-test with Welch’s correction 

found this difference to be significant, P=0.0006 (***). 

Top hits for attachment to array 9.1, seeded at 38,800 cells/cm2, after serum 

preconditioning were first ordered by highest reproducibility values, then presented 

again by highest attachment values (Figure 5.11 (B/B(i))).  

All polymers that supported attachment with 100% reproducibility, 6/284, 

are represented in Figure 5.11 (B). None of these polymers supported ≥100 cells after 

serum preconditioning, however the average attachment for polymers with 100% 
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reproducibility was 53 +/- 34%, higher & less variable than the array average, 20 +/- 

53%.  

 

Highlighted in Figure 5.11 (B)I are the two homopolymer hits, DMAPA & 

APMAm.C, which supported 118 +/- 54% & 107 +/- 24% respectively, with 83% 

reproducibility.  

Serum preconditioning had a positive effect on cell spreading. Figure 5.12 (A) 

& (B) showed a significant increase in the average cell area compared to the arrays 

seeded without serum preconditioning, 248 +/- 38% vs 224.3 +/- 41%, P=0.0027 (**). 

Unlike the average cell area without serum preconditioning, the addition of 

serum does not suffer from the same cell clumping issue – a qualitative analysis 

through representative images in Figure 5.12 (C) demonstrates that homopolymers, 

Zirconium carboxyethyl acrylate (ZrCEA), Divinyl Adipate (DVAd) & Triethylene glycol 

diacrylate (E3GDA) are supporting true cell spreading. Quantitatively ZrCEA, DVAd & 

E3GDA, demonstrated an average cell size of 744 +/- 3%, 687 +/- 19% & 801 +/- 66% 

positive α-actinin pixels respectively.  

Going forward with co-polymer arrays these homopolymers could be 

important for inducing attachment – spreading synergy. 
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(A) Heatmap representation of hPSC-CM attachment, reproducibility 
indicated by coefficient of variation & a ‘reproducibility’ value, linked to the 
number of technical & biological repeats positive for attachment. (B) Top 10 
homopolymer attachment hits organised first by reproducibility & then by 
attachment. (B)(i) Top 10 hit polymers organised solely on attachment, 
disregarding reproducibility. (C) Images of selected hits highlighting the level 
of polymer spot coverage by cells. Scale bars = 100 µm. N=1. n=3. 

Figure 5.11 Attachment of hPSC-CMs on Homopolymer Array 
‘9.1’ Seeded at 38,800 Cells/Cm2 (Serum Preconditioned). 

Cell Attachment CoV Reproducibility (%) 
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(A) Heatmap representation of hPSC-CM average cell area, 
determined by tertiary object area. Reproducibility indicated by 
coefficient of variation. (B) Top 10 homopolymer average cell area 
hits. (C) Images top hits E3GDA, DVAd & ZrCEA demonstrating that 
area measurements have identified spreading of hPSC- 
cardiomyocytes. Scale bars = 100 µm. N=1. n=3. 

Figure 5.12 Spreading of hPSC-CMs on Homopolymer Array ‘9.1’ 
Seeded at 38,800 Cells/Cm2 (Serum Preconditioned). 
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5.5.4 Homopolymer Array ‘9.1’ hPSC-CMs (No Serum) 77,700 – 103,600 Cell/Cm2 

Seeding Density Results 

Polymer microarray screening with a seeding density of 38,800 cells/cm2 did 

not provide an adequate number of attachment hits to be taken forward for co-

polymer microarray screening.  

To identify more potential hit homopolymers, two further seeding densities 

were screened; 77,700 cells/cm2 & 103,600 cells/cm2. These densities similar to the 

range used on a Matrigel™ surface for monolayer attachment – 85,000 to 100,000 

cells/cm2.  

At the highest seeding density, 85/284 of polymer spots supported over 100 

DAPI nuclei. The top 10 performing homopolymers, first arranged by reproducibility 

(7/284 = 100%) & then by attachment performance where hits supported ≥230 nuclei 

/ spot, are shown in Figure 5.13.  

A high seeding density 103,600 cells/cm2 vs 38,800 cells/cm2 resulted in an 

increase in average cell attachment to spot, 95 +/- 59% vs 28 +/- 38%. An unpaired t-

test with Welch’s correction found this difference to be significant, P=<0.0001 (****). 

The trend for amine chemistry containing homopolymers to perform well for 

attachment is evident, with 8 of the top 10 containing either a primary, tertiary or 

quaternary amine functionality.  

The CoV across repeats at the highest density, 103,600 cells/cm2 was on 

average 24% for the top 10 hits (ranked on reproducibility), primary amine containing 

chemistries APMAm.C, AEMAm.C & AEMA.C exhibited the greatest variation of top 
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performers, 33%, 51% & 53% respectively. AEMA.C failed to support cell attachment 

at the 103,600 cells/cm2 seeding density, however at 77,700 cells/cm2 & 38,800 

cells/cm2 AEMA.C was within the top performing hits.  

Combined, data from the low seeding density ~38,800 cells/cm2, with & 

without serum preconditioning, and results shown here in Figure 5.13 provide a 

suitable list of 24 homopolymers to be taken forward based on their performance. 

Due to the demonstrated effect of pHEMA on biological response in chapter 

3, (4% vs 6% pHEMA comparison), an array screen was also performed with an 

alternative background coating, to ensure hits were not dependent on the pHEMA 

layer. 

5.5.5 Methacrylate Homopolymer Array ‘9.1’ hPSC-CMs (No Serum) 77,700 

Cells/Cm2 Seeding Density 

The pHEMA background was previously thought to be without effect on the 

biological response on polymer microarrays, has been demonstrated to influence cell 

response in chapter 3.  

To ensure polymer hits for hPSC-CM attachment are not pHEMA dependent, 

the same array layout was printed onto a methacrylate background.  

A methacrylate silane should provide a single layer of chemistry for printed 

polymers to chemically bond to, instead of the ~1-2-micron thick hydrogel formed by 

pHEMA dipping (4% pHEMA).  
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Top performing primary amines, APMAm.C, AEMAm.C & AEMA.C on pHEMA 

arrays, also form part of the top 10 hits on the methacrylate background (Figure 

5.14).  

The top 10 hits on the methacrylate background array, seeded at 77,700 

cells/cm2 supported an average of 378 +/- 20% cell attachment, 9 of which, with 

100% reproducibility. Dodecafluoroheptyl acrylate (DFHA) was the exception, with 

89% reproducibility.  

Arrays coated with a methacrylate background outperformed pHEMA coated 

arrays, when both were seeded with 77,700 cells/cm2, for cell attachment, 83 +/- 

34% vs 50 +/- 34% DAPI nuclei respectively (P=<0.0001, ****).  

Homopolymers ZrCEA & MAEAC, high performers on pHEMA also made the 

top 10 however top attachment hits on methacrylate coated arrays.  

New hits solely present on methacrylate arrays such as 2-sulfoethyl 

methacrylate (SEMA) & isodecyl methacrylate (iDMA) also appear, supporting 366 

+/- 8% & 325 +/- 15% nuclei, suggesting that the array background coating does play 

a role in determining the functional hits.  

Due to undesirable background cell attachment on a methacrylate coated 

arrays and delamination of polymer spots observed in culture, the results presented 

here are confounded by these issues.  

The array printing process does have the capacity to be optimised, specifically 

with humidity and temperature inside the array printer enclosure, which may 

improve the stability of methacrylate coated arrays, however that was beyond the 
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interest of this study – where sufficient data has informed the top performing hits 

going forward. 

The selected homopolymers in Figure 5.15 to be taken forward for generation 

2 co-polymer array screening was determined by examining the results from the 

three different seeding densities, results in the presence and absence of 10% FBS 

preconditioning, and finally by their translatability to a 2D methacrylate coated 

polymer array.  

Hits are ranked in their overall performance and annotated with the letters 

(A-X) for cross-referencing with co-polymer array print locations. 
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(A) Heatmap representation of hPSC-CM attachment, reproducibility 
indicated by coefficient of variation & a ‘reproducibility’ value, linked to the 
number of technical & biological repeats positive for attachment. (B) Top 10 
homopolymer attachment hits organised first by reproducibility & then by 
attachment. (B)(i) Top 10 hit polymers organised solely on attachment, 
disregarding reproducibility. (C) Images of selected hits highlighting the level 
of polymer spot coverage by cells. Scale bars = 100 µm. N=3. n=9. 

Figure 5.13 Attachment of hPSC-CMs on Homopolymer Array 
‘9.1’ Seeded at 103,800 Cells/Cm2 (Serum Free). 

Cell Attachment CoV Reproducibility (%) 
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(A) Heatmap representation of hPSC-CM attachment, reproducibility indicated by coefficient of variation & 
a ‘reproducibility’ value, linked to the number of technical & biological repeats positive for attachment. (B) 
Top 10 homopolymer attachment hits organised first by reproducibility & then by attachment. (C) Images 
of selected hits highlighting the level of polymer spot coverage by cells. Also shown is a brightfield example 
of poorly printed polymer spots, deformed in size & shape. Scale bars = 100 µm. N=3. n=9. 

Figure 5.14 Attachment of hPSC-CMs on Methacrylate Background Homopolymer Array ‘9.1’ Seeded at 
77,700 Cells/Cm2 (Serum Free). 

Cell Attachment CoV Reproducibility (%) 
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Hits from Generation 1 Homopolymer Array 
Screen ‘9.1’. 
Data was considered from polymer microarray 
screening array 9.1, from three different densities; 
38,800, 77,700 & 103,800 cells/cm2, with & 
without 10% FBS preconditioning at the lowest 
seeding density, and when the traditional pHEMA 
array background was exchanged for a 
methacrylate background.  
Hits are ordered in their overall ranked 
performance & labelled A-X for reference to 
generation 2 co-polymer array printing layouts. 

Figure 5.15 Selection of Top Performing 
Homopolymers for hPSC-CM Attachment & 
Spreading. 
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5.6 Scale Up of Homopolymer Hits for Maturation Testing  

With potential homopolymer attachment hits discovered through the 

polymer microarray screen, it was to be determined if any of them could influence 

the maturation status of hPSC-CMs.  

To determine maturation status, larger culture surfaces are required than the 

microarray printed spots, which measure approximately 0.03 cm2, to allow the 

efficient gathering of mRNA/protein for downstream analysis & great enough 

covered area to perform CellOPTIQ-based recordings.  

Scale-up was performed using convenient well plate formats; 96-well (0.32 

cm2), 48-well (0.95 cm2) to 12-well formats (3.8 cm2). These formats are based on 

tissue culture plastic surfaces, which differ greatly in background stiffness from the 

glass substrate used for the polymer microarray screening, therefore scale-up to 

glass slides was also attempted.  

Controls used as comparisons for attachment & maturation status included, 

Matrigel™; the gold standard ECM matrix, Poly-L-Lysine; structurally similar to 

APMAm.C/AEMAm.C/AEMA.C & a primary amine used in other cell culture systems.  

Oxygen plasma activated TCP was also tested, plasma etching is one step of 

the process of creating polymer-coated surfaces. Due to the functionalisation of the 

surface with charged oxygen species, this could affect protein and/or cell binding. 

Representative images of each control surface are shown in Figure 5.16 (A), 

hPSC-CMs demonstrate monolayer surface coverage with Matrigel™, poor 
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attachment & cell clumping with Poly-L-Lysine, and very low cell attachment on 

oxygen plasma treated TCP.  

Scale-up of the primary amine homopolymers APMAm.C & AEMAm.C proved 

difficult, in Figure 5.16 (B) excessive hydrogel swelling (up to 230 times the original 

volume, 30 µl to 6.9 mL) can be observed after polymerisation with a 50/50 v/v 

concentration (monomer/isopropanol & dH20 – in equal measures), and a 25/50 v/v 

concentration, when exposed to dH20.  

This swelling also occurs with cell culture medium and has been reported by 

another group who previously used APMAm.C as a biomaterial for human 

pluripotent stem cells (Irwin et al., 2011).  

Before culture with cells, excess hydrogel was removed from the surface by 

additional washing stages. Cell attachment to hits can be seen in Figure 5.16 (C) 

where brightfield images were taken 7 days after culture on the surfaces of 

AEMAm.C, APMAm.C & DMPMAm. AEMAm.C provided the best cell coverage, 

comparable to Matrigel™, whilst APMAm.C formed more clustered areas of 

attachment, both materials supported hPSC-CMs that exhibited spontaneous 

contraction.  

DMPMAm presented a high surface coverage but non-contractile cells. Whilst 

images in Figure 5.16 (C) show cell attachment, these results were not consistently 

reproducible.  



278 
 

Within a single well plate & between well plates, up to 40% of wells failed to 

support any cellular attachment, other attempts resulted in a lesser level of cell 

attachment. Scale-up optimisation for consistent attachment was required. 
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(A) Brightfield images of hPSC-
derived cardiomyocytes on 
experimental controls; Matrigel™, 
Poly-L-Lysine & Tissue Culture Plastic 
(TCP) treated with identical oxygen 
plasma treatment used for UV 
polymerisation. (B) Post-UV 
polymerisation plate demonstrating 
excessive hydrogel swelling when 
soaked with dH20. (C) UV 
polymerised hit indicated chemistry 
(chemical structure shown) to TCP, 
hPSC-CMs are 20 days old, seeded 
on the polymer surface for 7 days in 
shown images. Scale bars = 100 μm. 
N=3. n=6. 

Figure 5.16 UV initiated 
Polymerisation of Best Performing 
Monomers onto Tissue Culture 
Plastic. 
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5.6.1 APMAm.C & AEMAm.C Scale-Up Reproducibility Issues 

Array data indicates that both APMAm.C & AEMAm.C are capable of culturing 

hPSC-CMs in reproducibly. Across 6 biological repeats & 18 technical repeats, at the 

higher 77,700/103,600 cells/cm2 seeding densities, both homopolymers 

demonstrated 100% reproducibility.  

The failure for up to 40% of scaled-up APMAm.C & AEMAm.C surfaces to 

support zero cell attachment indicated an issue in the production process, or 

differences in the surface’s physical properties.  

Issues with the production process could have stemmed from the changes 

between the preparation for the array format & the well plate format.  

APMAm.C/AEMAm.C monomers were dissolved in DMF, a highly effective 

aprotic polar solvent during array production. DMF is toxic to humans.  

The array printing process had the advantage of depositing nanolitre volumes 

of monomer/solvent/photoinitiator. For scale-up purposes DMF presents a human 

health hazard, and was capable of partially dissolving TCP, for these reasons an 

alternative solvent was used.  

Scale-up on TCP was performed with a 50/50 v/v solvent mixture of 

isopropanol & dH20. Both primary amines were soluble in dH20, however the 

photoinitiator of choice 2,2-dimethoxy-2-phenyl acetophenone (1% w/v) 

demonstrated poor solubility in dH20 alone. Isopropanol as a solvent was compatible 

with TCP and possess volatility properties that should lead to evaporation during the 

UV polymerisation process.  
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It is possible that solvent or unpolymerised material persisted after the 1-

hour UV polymerisation period & washing steps. 

On the physical aspect, it is an assumption that the monomer polymerisation 

produces the same result at the µm2 scale, as the cm2.  

During the array screen APMAm.C & AEMAm.C were printed to a glass slide, 

coated with a pHEMA hydrogel layer, where polymer-pHEMA entanglement takes 

place. The pHEMA layer provided a relatively soft surface modulus compared to TCP 

for cellular attachment, where it is uncertain to what extent cells would 

mechanosense the stiffer glass surface underneath.  

Results from the methacrylate coated array demonstrated cellular 

attachment to APMAm.C/AEMAm.C, in the absence of the pHEMA entanglement, or 

softer surface modulus. Therefore, issues experienced with reproducible attachment 

are unlikely to be related the pHEMA layer or background material stiffness. These 

issues are visually represented in Figure 5.17. 
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A.) Array format containing; nanolitre volumes of monomer, entangled in a pHEMA hydrogel. Trace amounts of toxic monomer & hydrochloric 
acid diluted in medium. B.) Well scale-up containing; a thicker layer of polymer, no pHEMA background. Greater concentrations of toxic 
monomer, or hydrochloric acid can build up at the surface, or within the medium. Surface stiffness will be altered without pHEMA layer 
presence.  

Figure 5.17 Toxic Unpolymerised Monomer, or Hydrochloric Acid Release is Potentially Greater During Scale-Up, Versus Array Format. 
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5.6.2 Addition of Small Linker N, N’-Methylenebisacrylamide (mBAM) to Improve 

APMAm.C/AEMAm.C Stability & Induce Further hPSC-CM Maturation 

APMAm.C has been previously used as a biomaterials for undifferentiated 

human pluripotent stem cells (Irwin et al., 2011).  

No justification for the choice of APMAm.C is presented in the publication. 

However, they include 0.15% N, N’-Methylenebisacrylamide (mBAM) to a 12.5% 

concentration of APMAm.C, with a TCP background material, produces a functioning 

biomaterial, which assumedly is reproducible in production & biological response. 

The addition of mBAM with 12.5% APMAm.C or AEMAm.C was tested for both 

attachment and functional maturation of hPSC-CMs. Whilst the attachment of cells 

still demonstrated variability, multiple repeats were permissible for 7-day cell 

attachment and could be analysed with the CELLOPTIQ platform for their contraction 

parameters. Furthermore, RT-qPCR data was also produced from these samples.  

Figure 5.18 (A) highlights the structures of APMAm.C/AEMAm.C and the 

‘linker’ mBAM. Contraction results measured using the high-speed camera & pixel 

displacement software from the CELLOPTIQ demonstrated a significant increase in 

contractile amplitude for all four polymers studied, when compared to Matrigel™.  

AEMAm.C demonstrated greatest increase with a 111.4% +/- 2% increase in 

relative amplitude with a P ≤ 0.0001 significance when a One-Way Anova comparison 

was performed. A non-parametric t-test between AEMAm.C with and without the 

mBAM linker revealed no significant difference in amplitude. APMAm.C 

demonstrated a 32% +/- 8.5% increase in relative amplitude and was assigned a 

significant difference of P ≤ 0.01 through a One-Way Anova.  
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The addition of the mBAM linker to APMAm.C showed a greater statistic 

difference in relative contractile amplitude within the same test (P=≤ 0.0001), with a 

56.5% +/- 4.8% increase in contractile amplitude. Comparing APMAm.C & APMAm.C 

with the mBAM linker, a non-parametric t-test detected a P-value of ≤ 0.05, indicating 

a modest improvement to contractile amplitude. 

Measurements carried out were based on spontaneous contractions. Time 

for a single contraction interval to occur was equivalent between conditions (+/-

10%), with no significant changes relative to Matrigel™ control, Figure 5.18 (C). 

Improvements to the contraction rate relative to Matrigel™ for APMAm.C, 

APMAm.C+mBAM, AEMAm.C & AEMAm.C+mBAM were, 203% +/- 29%, 268.8% +/- 

10.9%, 250% +/- 9.7% & 219% +/- 14% respectively. 

Changes to contraction rate relative to Matrigel™ were statistically 

significant, a One-Way Anova with Dunnett’s multiple comparisons identified P-

values of, p=0.0074 (**), p=0.0002 (***), p=0.0004 (***) & p=0.0027 (**), as shown 

in Figure 5.18. The rate of relaxation relative to Matrigel™ for for APMAm.C, 

APMAm.C+mBAM, AEMAm.C & AEMAm.C+mBAM was, 155% +/-18.5%, 141.6% +/-

9.6%, 205% +/- 11% & 185% +/- 10.5% respectively.  

Changes to relaxation rate relative to Matrigel™ were significant for 

APMAm.C, AEMAm.C & AEMAm.C+mBAM, p=0.0134 (*), p=0.0001 (***) & p=0.0007 

(***). The P value for APMAm.C+mBAM was found to be insignificant, p=0.0644. 

The contraction data presented here is not enough to conclusively 

demonstrate a maturation effect, further analysis into voltage parameters, gene 
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expression & structural properties are required. Improvements to the production 

process were still essential to the project at this stage. 
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hPSC-CMs were cultured on surfaces for 7 days before 
being analysed for spontaneous contractile parameters 
with the CELLOPTIQ system based on pixel 
displacement.  
(A) Chemical identities and structures of the monomers. 
(B) Contractile amplitude for all conditions relative to 
Matrigel™ (C) Spontaneous contraction intervals 
relative to Matrigel™. (D) Contraction UP90. (E) 
Contraction rate, calculated as time to peak (90%) / 
contraction amplitude, relative to Matrigel™. (F) 
Relaxation rate calculated as time to relax (90%) / 
contraction amplitude. (G) Contraction DN90. (H) 
Contraction curve overlay. Statistics performed, One-
Way Anova with multiple comparisons. Comparisons 
between two individual conditions, non-parametric T-
test. N=3. n=15.  

Figure 5.18 Characterisation of Contraction Parameters 
of hPSC-CMs on APMAm.C & AEMAm.C with and 
without 0.15% N, N'-Methylenebisacrylamide (mBAM) 
on a TCP Background. 

* 
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5.6.3 Investigation of Hydrochloric Acid Related Cytotoxicity 

To investigate the role of HCL(-) in relation to the cytotoxicity and 

reproducibility issues encountered, APMAm.C & AEMAm.C were processed with a 

base, producing APMAm & AEMAm without the previously associated HCL(-) counter 

ion, this process was repeated three times and the pH was tested with universal 

indicator paper to confirm the loss of acidic nature. First APMAm, AEMAm and 

APMAm.C were tested on methacrylate silane functionalised glass slides, followed 

subsequent testing on TCP. 

 Testing on methacrylate silane functionalised glass with APMAm or AEMAm  

(25% v/v with dH20 & IPA 50/50 v/v solvent) demonstrated hPSC-CM attachment for 

7 days across two biological repeats, forming interspersed clusters of attachment or 

sparse single-cell attachment across areas of the surface. Matrigel on glass surfaces 

failed to maintain attachment hPSC-CM for 7 days within biological repeat 1, 

interspersed clusters of hPSC-CMs were attached on Matrigel for the second repeat 

(Figure 5.19 (A)). Attempts to polymerise APMAm.C (including the HCL(-) component) 

on methacrylate functionalised glass led to hydrogel swelling on the surface when 

dH20 was added (as per washing steps), APMAm.C hydrogels proved to be cytotoxic 

for hPSC-CM culture. This suggested that processing of APMAm.C to remove HCL(-) 

affected properties related to UV polymerisation and swelling (Figure 5.19 (B)). A 

poly-L-lysine control on glass supported initial attachment of hPSC-CMs but failed to 

facilitate continued cell survival, as previously seen on TCP coated with poly-L-lysine 

(Figure 5.19 (C)).  
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 Across two biological repeats, contraction measurements were obtained, 

measurements for Matrigel were limited to one data set (SEM of technical replicates 

used). Contraction interval and amplitude were reduced on both polymeric surfaces, 

APMAm and AEMAm in comparison to Matrigel, contraction amplitude on Matrigel 

was 3076 +/- 339 vs 1950 +/- 134 & 1891 +/- 93 (AU) respectively (Figure 5.19 (E)). 

Time to reach 90% of the contraction peak (UP90) was slower on APMAm (109 +/- 36 

ms) vs Matrigel (73 +/- 8 ms), whilst time to reach 90% of the relaxation state (DN90) 

remained consistent across all three conditions (Figure 5.19 (F-G)). 

 On TCP three concentrations with APMAm were tested to assess if 

concentration would affect cytotoxicity and hPSC-CM attachment, 50%, 25% and 

10% v/v with standard solvent mixture and photoinitiator concentration, the plate 

layout shown in Figure 5.20 (A). The same batch of APMAm starting material was 

used to create TCP coated plates.  

 Across three biological repeats, albeit on TCP-APMAm plates created within 

the same batch production, demonstrated 24-hour cytotoxicity across all three 

repeats (Figure 5.20 (B)). The lowest concentration (10%) APMAm supported sub-

optimal hPSC-CM survival, with onset toxicity observed by 72 hours culture, however 

Matrigel coated wells within the same plate supported cellular survival and 

contractile monolayer formation as expected (Figure 5.20 (C)). This demonstrates 

that cytotoxicity observed was not due to oxygen plasma etching or UV exposure to 

the plates, and the viability of the hPSC-CMs upon seeding. 

 Combined these two experiments demonstrated that the removal of HCL(-) 

counter ions from the primary amine APMAm.C could support hPSC-CM attachment 
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and survival in specific instances (methacrylate silanised glass) but did not fix the 

reproducibility issues that were observed throughout the project to this stage.
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Brightfield images of hPSC-derived cardiomyocytes on Matrigel coated glass slides, or 

APMAm/AEMAm homopolymers, processed to remove HCL counter ion. (B) Post-UV 

polymerisation methacrylated glass surface demonstrating excessive hydrogel swelling when 

soaked with dH20. (C) Poly-L-lysine coated glass slides cultured with hPSC-CMs. (D-I) CellOPTIQ 

contractile analysis. (J) Contraction curve overlay. Scale bars = 100 μm. N=2. n=10. 

 

Figure 5.19 UV-Polymerisation & Contractile Analysis of APMAm & AEMAm 
(HCL Removed) on Methacrylated Glass Surfaces. 
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(A) Chemical structure of APMAm & plate layout for polymerisation. (B) Representative brightfield images of hPSC-derived cardiomyocytes cultured on APMAm 

TCP surfaces for 24 hours. (C) Representative images of 72-hour culture on 10% v/v APMAm and Matrigel control surface. Scale bars = 100 μm. N=3. n=48. 

Figure 5.20 UV-Polymerisation of APMAm (HCL Removed) on Tissue Culture Plastic. 
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5.6.4 UV Glove Box Installation 

To resolve the issue of reproducibility and cytotoxicity, the purchase of an air 

sealed glove box including antechamber was purchased. The differences between 

the original UV polymerisation box and the new glove box are detailed in chapter 4. 

In summary, the new glove box allowed for greater control of the atmospheric 

conditions in which UV polymerisation was carried out, the previous system 

unreliably support an oxygen concentration of ~2000 ppm, the new system could 

reliably maintain concentrations of below 200 ppm. This is highly advantageous for 

reproducibility in a UV polymerisation system because oxygen terminates the free 

radical based acrylate polymerisation reaction early, potentially leaving cytotoxic 

non-polymerised material on the polymeric culture surface. 

5.7 Reproduction of Primary Amines with and without mBAM Linker 

5.7.1 Contraction Analysis on Primary Amines 

Contraction properties were assessed using the CellOPTIQ, values were 

normalised to the Matrigel control of each biological repeat, relative values were 

averaged to produce final values shown, statistics performed with an uncorrected 

Fisher’s LSD One-Way ANOVA (Figure 5.21). APMAm.C produced the lowest relative 

contraction amplitude, 88% +/- 12% of Matrigel, with the addition of the short linker 

mBAM resulting in 102% +/- 9.4% amplitude (Figure 5.21 (A)). For contraction 

amplitude the trend was an increase in contraction amplitude the shorter the 

primary amine chain, with mBAM having an additive effect, however differences 

between primary amine or primary amine with mBAM did not result in statistical 

significance using a student’s t-test. AEMAm.C + Linker, AEMA.C and AEMA.C + Linker 
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both elicited a significant increase in relative contractile strength, 124% +/- 8.2% 

(p=0.02), 130% +/- 7.7% (p=0.005), 136% +/- 13% (p=0.001) respectively. Except for 

APMAm.C all synthetic surfaces tested had a statistically significant improvement to 

relative upstroke 90%-time, p-values ranged between 0.034 to 0.014, with Matrigel 

exhibiting a wider variation in values (Figure 5.21 (B)). Time to reach 90% of 

relaxation, or the downward stroke (DN90) remained consistent compared to 

Matrigel between, 92% +/- 15% (APMAm.C) to 118% +/- 11% (AEMAm.C Linker), with 

a longer relaxation time a sign of maturation. The exception was AEMA.C + Linker, at 

147% +/- 18% relative DN90, this increase in time to relax was significant, p=0.0032 

(Figure 5.21 (C)).  

AEMAm.C + Linker, AEMA.C and AEMA.C + Linker all had significantly faster 

relative contraction rates than Matrigel, 182% +/- 16%, 147% +/- 17% and 156% +/- 

17%, where a faster rate of contraction is a sign of hPSC-CM maturation (Figure 5.21 

(D)). Rate of relaxation on all synthetic surfaces were statistically unchanged from 

Matrigel (Figure 5.21 (E)). Contraction intervals for AEMAm.C (p=0.045) & AEMA.C 

Linker (p=0.0087) were significantly increased compared to Matrigel. 
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(A) Contraction amplitude. (B) Time to reach 90% 

of contraction upstroke. (C) Time to reach 90% of 

relaxation state. (D) Rate of contraction. (E) Rate 

of relaxation. (F) Contraction interval 

(spontaneous). Statistics calculated using 

uncorrected Fisher’s LSD One-Way ANOVA. N=3. 

n=15.  

Figure 5.21 Characterisation of Contraction 
Parameters of hPSC-Derived Cardiomyocytes on 
Primary Amines +/- mBAM Linker After 
Polymerisation Optimisation. 
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5.7.2 Assessment of Voltage Parameters on Primary Amines 

 Voltage assessments were made with FluoVolt™ dye and CellOPTIQ system 

on hPSC-CMs cultured on Matrigel and primary amine hits with and without short 

linker mBAM after 7 days of culture. The action potential interval, amplitude, T-rise, 

Action Potential Duration at 20%/50%/90% repolarisation (ADP20, ADP50, ADP90), 

triangularisation and ventricular index were recorded and calculated. 

 APMAm.C, and AEMAm.C + Linker both recorded statistically significant 

increases in the action potential interval compared to Matrigel, 118% +/- 11.9% 

(p=0.007) & 113% +/- 3.4% (p=0.04) respectively (Figure 5.22 (A)). Voltage amplitude 

was reduced for all primary amines tested, with or without the small linker (Figure 

5.22 (B)). APMAm.C & APMAm.C + Linker had the greatest amplitude out of the 

primary amines, 80.5% +/- 12.7% (p=0.02)) & 84% +/- 12.9% (p=0.04). AEMA.C and 

AEMA.C + Linker demonstrated the greatest reductions in voltage amplitude, 66.6% 

+/- 12.3% (p=0.0004) & 60.1% +/- 6.9% (p=<0.0001). APMAm.C had a relative T-Rise 

of 125.3% +/- 8.8% (p=0.0004), whereas AEMAm.C (86.7% +/- 4.4%, p=0.03), 

AEMAm.C + Linker (85% +/- 5.2%, p=0.016) & AEMA.C (84.4% +/- 5.7%, p=0.013) all 

had shorter T-Rise values (Figure 5.22 (C)). 

 ADP20 and ADP50 were unchanged from Matrigel controls, with the 

exception of a reduction in ADP50 on APMAm.C + Linker, with a relative value of 

90.7% +/- 3.9%, p=0.038 (Figure 5.22 (D & E)). AD90 was significantly reduced on 

APMAm.C + Linker (89.3% +/- 3.2%, p=0.0082), AEMA.C (94.1% +/- 4.7%, p=0.024) & 

AEMA.C + Linker (94.8% +/- 3.2%, p=0.0051) surfaces compared to Matrigel (Figure 

5.22 (F)). 
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 Triangularisation was determined by subtracting the ADP30 from ADP90, this 

measurement is a more reliable descriptor of repolarisation compared to reporting 

singular ADP values. Triangularisation was reduced on all synthetic surfaces tested, 

except for APMAm.C + Linker. APMAm.C (no linker) saw a relative value of 79% +/- 

14.5% (p=0.032), AEMAm.C 77.9% +/- 9.4% (p=0.025), AEMAm.C + Linker 67.9% +/- 

8.2% (p=0.0026), AEMA.C 68.8% +/- 11.6% (p=0.0032), AEMA.C + Linker 62.7% +/- 

4.6% (p=0.0008) (Figure 5.22 (G)). 

 Ventricular index is a measure calculated by (ADP30-ADP40)/(ADP70-ADP80) 

which describes a relation between the early and late repolarisation time points, 

where a greater value is linked to an elongated repolarisation time and a ventricular 

action potential. The ventricular index did not significant differ on any of the surfaces 

tested compared to Matrigel (Figure 5.22 (H)).  

 In conclusion differences were seen in electrophysiological properties 

between primary amines and Matrigel. Mature CMs would exhibit a larger amplitude 

than demonstrated by the conditions here, with Matrigel performing best. Mature 

CMs should have an ADP90 of ~260 ms and a triangularisation of ~45 ms. Reduction 

in triangularisation and ADP90 on primary amine surfaces in this figure are signs of 

an improved maturation state, however triangularisation values on primary amines 

are still ≤125 ms and the ADP90 ≤360 ms, non-comparable to a mature phenotype. 

T-rise values reported in this thesis are considerably longer than those of mature 

cardiomyocytes (≤20 ms vs ~2.5 ms), whilst APMAm.C had prolonged T-rise 

measurements, significant decreases were seen for AEMAm.C, AEMAm.C Linker and 

AEMA.C, but all values exceeded 17 ms, ~7-fold higher than mature CMs. Despite 
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these changes the ventricular index was unchanged, meaning hPSC-CMs on our 

primary amine surfaces were just as ‘ventricular-like’ as Matrigel.  
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Figure 5.22 Characterisation of Voltage Parameters of hPSC-Derived Cardiomyocytes on Primary Amines +/- mBAM Linker After Polymerisation Optimisation.

 

 

(A) Action potential interval, (B) Action potential amplitude, (C) T-Rise, (D) ADP20, (E) ADP50, (F) ADP90, (G) Triangularisation, (H) Ventricular Index. Statistics 

calculated using uncorrected Fisher’s LSD One-Way ANOVA. N=3. n=15. 

Action Potential Interval Action Potential Amplitude T-Rise Triangularisation Ventricular Index 

ADP20 ADP50 ADP90 
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5.7.3 Maturation Marker Gene Expression 

 To determine if maturation of hPSC-CMs was occurring on polymeric primary 

amine surfaces, a range of maturation markers were assessed by RT-qPCR. The range 

of selected genes cover, contraction machinery (TNNI1 & TNNI3), calcium handling 

(CASQ2 & RYR2), and metabolism (PPARGC1A). Due to time constraints only two 

biological samples could be prepared.  

 Expression of CASQ2 demonstrated an upward trend compared to Matrigel 

on the surfaces tested, with APMAm.C + Linker, AEMAm.C and AEMAm.C + Linker 

expressed a fold increase of 1.43 +/- 24%, 1.74 +/- 24% and 1.85 +/- 18% respectively 

(Figure 5.23 (A)). All surfaces except AEMA.C expressed RYR2 within the range of 

variation of the Matrigel control, AEMA.C expression was reduced to 0.74-fold +/- 

12.6% (Figure 5.23 (B)). PPARGC1A controls the metabolic switch from glucose to 

fatty acid oxidation, all surfaces had a relative upward trend in expression versus the 

Matrigel control, APMAm.C had the highest fold increase of 1.54 +/- 15% (Figure 5.23 

(C)).  

Expression of foetal isoform TNNI1 was relatively trending upwards on all 

polymer surfaces, except for AEMA.C (0.99-fold +/- 18%) and AEMA.C + Linker (1.16-

fold +/- 20.3%) where expression was matched with Matrigel (Figure 5.23 (D)). Adult 

isoform TNNI3 was also on an upward trend relative to Matrigel for all surfaces 

tested, however when the ratio of TNNI3-TNNI1 was assessed only AEMAm.C (1.45-
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fold +/- 31.5%) & AEMA.C (1.68-fold +/- 40%) demonstrated a potential increase over 

Matrigel (Figure 5.23 (D & E)). 

In conclusions changes to gene expression, if they remained consistent with 

the addition of a 3rd biological sample, would have demonstrated small fold-shifts in 

expression, mostly remaining consistent with Matrigel. The addition of small linker 

mBAM did not improve the expression of CASQ2, RYR2, PPARGC1A, TNNI1:TNNI3. 
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(A) CASQ2, (B) RYR2, (C) PPARGC1A, (D) TNNI1, (E) TNNI3, (F) TNNI1:TNNI3 Ratio. N=2. n=6. 

Figure 5.23 Characterisation of Maturation Gene Expression of hPSC-Derived Cardiomyocytes on Primary Amines +/- mBAM Linker After 
Polymerisation Optimisation. 

CASQ2 RYR2 PPARGC1a 

TNNI1 TNNI3 TNNI3:TNNI1 
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5.8 Generation 2 Co-Polymer Microarray Screening 

Monomers selected for their performance in the generation 1 homopolymer 

polymer microarray screen were mixed in 2:1 ratio to form a co-polymer microarray 

containing 599 unique materials, repeated three times on each full array slide.  

Arrays were sterilised and preincubated with RPMI-B27 medium, in the 

absence of serum, as previously described for generation 1. A cell seeding density of 

103,600 cells/cm2 was used, culture carried out for a 7-day period before fixation & 

immunostaining with DAPI & cardiac α-actinin.  

Changes to the CellProfiler™ pipeline were made, in the generation 1 screen, 

DAPI object attachment was used as cell attachment, this discounted data on cell 

spreading.  

Originally the CellProfiler™ pipeline considered average cell area, however 

this was shown to be an ineffective way of selecting top performing materials – in 

the absence of serum preconditioning.  

For generation 2 the pipeline was adapted to measure the total α-actinin 

positive area, within a cropped area. This will consider the combined impact of 

attachment & spreading, either of which warrant scale-up and maturation analysis.  

Data was initially collated from 7 biological repeats, totalling 21 technical 

repeats to form a robust data set.  
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Data from biological repeats 1-7 reveals only one hits that supports ≥100,000 

positive pixels, lauryl acrylate (LaA) mixed with TCDMDA (2:1 v/v ratio) – 103,530 +/- 

63% average positive α-actinin pixels.  

The average area of positive α-actinin pixels for repeats 1-7 was 10,680 +/- 

30%. The top 10 performing co-polymers supported an average of 48,860 +/- 21% 

positive pixels. BMENBC (T) & DMEMAm (R) both appeared as the major monomer 

in 3/10 top hits. 

The top three co-polymer hits have their representative images presented for 

biological repeats 1-3 in Figure 5.24 (B), demonstrating the variation between 

polymer technical repeats.  
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(A) Heatmap representation of hPSC-
CM attachment, reproducibility 
indicated by coefficient of variation. 
(B) Top 3 co-polymers, example 
images shown across first three 
biological repeats performed. Data 
includes N=7. n=21. Scale bars = 100 
µm 

Figure 5.24 Attachment of hPSC-
Derived Cardiomyocytes on Co-
Polymer Array ‘11.1’ Seeded at 103,800 
Cells/Cm2 (Serum Free). 



305 
 

An expected result from combining hit homopolymers was synergy, to 

provide an increase in overall performance. Whilst additional value has been 

produced through the co-polymerisation process, a low number of high performing 

co-polymers – only 8/599 exceeded 40,000 average α-actinin positive pixels were 

discovered. 

5.8.1 Array Contamination Reduced Polymer Performance on Generation 2 Arrays 

Closer inspection of the data revealed the original top 24 homopolymers 

performance in the 2nd generation array did not match that of the 1st generation 

array. Data from the top homopolymer hits from the generation 1 array was 

reprocessed with the new CellProfiler™ pipeline used in the generation 2 arrays.  

Homopolymer performance from biological repeats 1-7 from the 2nd 

generation co-polymer array screen was reduced, on average the top performing 

homopolymers supported 8477 +/- 36% on the 2nd generation array, versus 28754 

+/- 24% on the 1st generation array. The differences between average homopolymer 

performance were deemed statistically significant (P=0.0005) (***) in an unpaired T-

test with Welch’s correction, performed in Prism. Key hits such as AEMA.C, a primary 

amine, supporting 115,239 +/- 64797 compared to 14,664 +/- 2624, on generation 1 

& 2 respectively (Figure 5.25).  

This indicated an issue with the array production process, either in the ability 

to faithfully print each material as previous, or contamination of the array with a toxic 

component. Reduced performance was not observed for hits such as DMPMAm & 

DMEMAm, both tertiary amines, however these are outliers to the trend as shown in 

Figure 5.25 (A).  
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Work carried out by Dr. Sara Pijuan-Galito used ToF-SIMS and revealed a 

contaminant across the array, after several washing stages with dH20, including a 24-

hour incubation at 37oC & 5% CO2 in dH20, two further repeats of the co-polymer 

array was performed. Comparison data for the homopolymers between co-polymer 

arrays biological repeats 8 & 9 and generation 1 arrays resulted in improvements for 

15/24 homopolymers.  

On average homopolymers supported 34,339 +/- 9% positive α-actinin pixels 

on generation 2 (repeats 8 & 9) compared to 28,754 +/- 24% on the 1st generation 

array. No significant difference (P=0.53) was shown for the average homopolymer 

performance across these data sets. 

Performance for AEMA.C on biological repeats 8 & 9, 2nd generation co-

polymer array, was 104,867 +/- 133, compared to 115,239 +/- 64797 for generation 

1. APMAm.C, BPAPGDA, DMEMAm, DMPAm, DMPMAm, MAEACL, NBnMA, PETrA & 

TCDMDA had their performance increased beyond the values shown from the 

generation 1 arrays. PETrA saw a 4.94-fold increase in performance after washing 

steps had been performed for biological repeats 8 & 9, on the co-polymer array, as 

seen in Figure 5.25 (B). 
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(A) Performance of homopolymers from biological samples 1-7 on generation 2 co-polymer microarrays, without array washing steps, compared to data of 
homopolymer performance from generation 1 homopolymer arrays. (B) Performance of homopolymers from biological samples 8-9 on generation 2 co-
polymer microarrays, with array washing & soaking steps in dH20, compared to data of homopolymer performance from generation 1 homopolymer arrays. 
Washing steps performed due to ToF-SIMS data collected by Dr. Sara Pijuan-Galito detected a contaminant across the polymer microarray surface.  

Figure 5.25 Comparison of Homopolymer Performance Selected for Co-Polymerisation on Generation 1 Homopolymer 
Microarrays vs Generation 2 Co-polymer Microarrays. 
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5.8.2 Washing Stages Improved Homopolymer Performance on Generation 2 Co-

Polymer Arrays 

The improved performance of the homopolymers on the 2nd generation co-

polymer arrays, biological repeats 8 & 9, resulted in an increase in performance for 

co-polymer hits. Whilst it would have been ideal to perform further repeats with the 

new dH20 washing/soaking steps, this was not feasible due to technical constraints. 

Data from the biological samples 8-9 supported an average total α-actinin pixel 

coverage of 37,250 +/- 4% vs 10,680 +/- 44%, P=<0.0001 (****), Figure 5.24 and 

Figure 5.26. 

The improvements to the reproducibility between technical repeats are 

clearly demonstrated in Figure 5.25 (B), where every image for the top performing 

hits are shown and are qualitatively similar, reflecting the quantitatively low 

coefficient of variation.  

5.8.3 Best Synergising Monomers (Major & Minor) 

Not all monomers were equal when comparing their performance after co-

polymerisation. Four major monomers that consistently perform well, APMAm.C, 

AEMA.C, DMPAm & DMEMAm. APMAm.C & AEMA.C (letter codes B & J respectively) 

are structurally similar primary amines, where APMAm.C contains a propyl carbon 

chain & an acrylamide group, AEMA.C is an acrylate with a shorter ethyl chain.  

AEMAm.C the acrylamide version of AEMA.C failed to synergise well as the 

major monomer, despite homopolymer performance being almost identical to the 

generation 1 homopolymer data (42,005 +/- 1.27% vs 40,732 +/- 13% respectively). 

DMPAm & DMEMAm (letter codes F & R) were also top performing major monomers, 
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and again structurally similar, both being tertiary amides with a single carbon 

difference in their R-group. Differentially, DMEMAm is a methacrylate, where 

DMPAm is an acrylate.  

DMAPA (O) has been highlighted as a top performing minor monomer in 

Figure 5.26 (A), a cross-over monomer hit from the work of Patel et al., 2015. DMAPA 

is a tertiary amine, otherwise structurally identical to DMPAm, the amide version. 

The amide to amine switch with DMAPA reduced the synergistic properties, where 

11/23 combinations failed to support high cell attachment when DMAPA was the 

major monomer. DMAPA does however form the major component of the top 

performing co-polymer, DMAPA:AEMAm.C, with an average of 285,625 +/- 23.5% 

pixels positive for α-actinin staining. More often, DMAPA appears in the top hits from 

generation 2 as a minor monomer, as can be seen in Figure 5.26 (B)  

Co-polymerisation has generated 19 materials of interest that perform better 

than the top performing homopolymer APMAm.c for hPSC-CM attachment, when 

considering array data with dH20 washing & soaking stages, Figure 5.27 (B).  

Scale-up and optimisation of co-polymer production will be essential before 

probing which or any are inducing a maturation effect on the hPSC-CMs. 
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(A) Heatmap representation of hPSC-
CM attachment, reproducibility 
indicated by coefficient of variation. Top 
performing major and minor monomers 
are highlighted, letter codes refer to top 
hit selections in figure 5.15. (B) 3 co-
polymers (ranking shown), with all 
images shown across biological repeats 
8 & 9. N=7. n=21. Scale bars = 100 µm 

Figure 5.26 Attachment of hPSC-Derived 
Cardiomyocytes on Co-Polymer Array 
‘11.1’ Seeded at 103,800 Cells/Cm2 
(Serum Free) with dH20 Washing. 
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(A) Performance of co-polymers from biological samples 1-7 on generation 2 co-polymer microarrays, without array washing steps. Top performing co-
polymer LaA:TCDMDA highlighted. (B) Performance of co-polymers from biological samples 8 & 9 on generation 2 co-polymer microarrays, with array 
washing & soaking steps in dH20. Top performing co-polymer from biological samples 1-7, LaA:TCDMDA, highlighted for comparison. Washing steps 
performed due to ToF-SIMS data collected by Dr. Sara Pijuan-Galito detected a contaminant across the polymer microarray surface.  

Figure 5.27 Comparison of Co-Polymer Performance for hPSC-Derived Cardiomyocyte Attachment & Spreading Between Biological Samples 
1-7 (without array washing steps) vs Biological Samples 8 & 9 (with array washing steps). 



312 
 

5.9 Chapter Discussion & Summary 

5.9.1 Synthetic Surfaces – A Challenging Environment 

Screening of polymeric materials for hPSC-CM attachment resulted in 24 ‘top 

hits’ from the 1st generation homopolymer array 9.1, few top hits supported near 

monolayer coverage, with others supporting sparse single cell attachment. 

Interestingly the major component of the undifferentiated stem cell scaled-up 

polymer, TCDMDA, was also a high ranking 1st generation array screen hit. Scale-up 

of best performing hits led to sporadic attachment of hPSC-CMs on non-primary 

amine top hits, including TCDMDA, which were difficult to reproduce. Another top 

hit PeTrA, supported a moderate level of hPSC-CM attachment but due to the 

triacrylate functionality was compatible with 2-photon 3D printing and was used as 

the base material for a publication, which even without the addition of electrical 

pacing or topographical grooves improved sarcomeric length (Vaithilingam et al., 

2019). 

The medium used to culture hPSC-CMs, RPMI + B27 (with insulin), has 27 

components plus basal medium including the proteins, albumin, catalase, insulin, 

superoxide dismutase and transferrin (Brewer et al., 1993). This is over 4-times the 

number of components of E8 medium, providing high probability of medium 

components facilitating cell-surface adhesion. Albeit, the presence of albumin has 

been shown to be inhibitory for hPSC attachment in this thesis. Conversely, albumin 

has been demonstrated to facilitate cell-surface adhesion of undifferentiated hPSCs 

to APMAm.C, it is likely albumin performs an identical role in this thesis for hPSC-CM 
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adhesion to APMAm.C (Irwin et al., 2011). A polymeric screen utilising albumin-free 

medium may reveal addition attachment hits. 

The additional challenge of developing synthetic surfaces, particularly 2D 

systems, for hPSC-CM adhesion are the spontaneous contractile forces generated. 

The force of adhesion of the hPSC-CM to the surface must be strong enough to 

prevent the force of contraction (which ideally increases as the surface induces 

greater maturation) from dissociating the hPSC-CM from the surface. Without the 

use of serum or other adhesion protein coatings, hPSC-CMs in this thesis are 

dependent on non-optimal adhesion scenarios until their own extracellular matrix 

and adhesion proteins can be established. In this thesis, hPSC-CMs cultured on 

polymer surfaces had 50% of their medium exchanged after the first three days of 

culture, to minimise disrupting caused by aspiration and pipetting. This aided in the 

continued attachment of hPSC-CMs on synthetic surfaces ≥7 days. 

5.9.2 Primary Amines Supported Greater Attachment 

In common between the best performing attachment hits was the primary 

amine functionality, with polymers similar in structure to poly-L-lysine, a substrate 

capable of supporting cell attachment (not hPSC-CMs as shown in this chapter) (Yavin 

and Yavin, 1974)(James et al., 2000). This suggests that the acrylate/acrylamide 

backbone may play an important role, be it structural or charge related, in supporting 

the attachment of hPSC-CMs. To note is the chain length of the primary amine, with 

the propyl chain of APMAm.C supporting more ‘cluster’ based attachment relative to 

the ethyl chains of AEMA.C of AEMAm.C, which more often supported near 

monolayer attachment.  
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Few synthetic materials exist in the literature that can support hPSC-CM 

adhesion. hPSC-CMs have been cultured on polystyrene, polyurethane, polyaniline, 

poly(lactic-co-glycolic acid) (PLGA) and poly(ε-caprolatone), however these previous 

publications have relied on the use of serum containing medium or the addition of a 

gelatin layer for improved adhesion (Wang et al., 2011)(Hsiao et al., 2013)(Kai et al., 

2011). More recent work revealed serum and adhesion coating free synthetic 

surfaces for hPSC-CMs, however these materials were not scaled-up (Patel et al., 

2016).  

 The only previously reported synthetic material to support serum-free 

cardiomyocyte attachment, in a scaled-up format is N-1(3-(trimethoxysilyl)propyl) 

diethylenetriamine (DETA), a primary amine, which could support rat embryonic 

cardiomyocytes for 8 weeks whilst retaining contraction properties (Das et al., 2004). 

Despite using a high seeding density of 70,000 – 100,000 cells/cm2, comments on 

surface coverage as ‘beating islands’, in comparison to primary amines described in 

this chapter that support monolayer – to near monolayer coverage with a seeding 

density of 40,000 – 60,000 cells/cm2 although hPSC-CMs and rat embryonic CMs will 

have different attachment and survival efficiencies.  

5.9.3 Uncertain Functionality of Primary Amines 

 Initial work using primary amines discovered on the 1st generation polymer 

microarray, before improvements the fabrication process took place, demonstrated 

significant improvements in contractile properties, amplitude, contraction rate and 

relaxation time. When experimentation was repeated with improved polymer plate 

production only, AEMAm.C + Linker, AEMA.C and AEMA.C + Linker demonstrated 
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enhanced contractile amplitude and contraction rate. Analysis of voltage conditions 

saw reduced amplitudes and slower T-Rise for primary amines compared to Matrigel, 

however the ventricular index indicated no significant change. RT-qPCR analysis also 

indicated it was like, with additional replicates, that key maturation-linked genes 

were equivalent or slightly improved compared to Matrigel. To determine the true 

functional state of primary amines discovered here, further repeats would be 

required. 

5.9.4 2nd Generation Array Hits Offer Attachment Improvements 

 The secondary array screen with 599 unique materials was met with its own 

toxicity issue, biological repeats 1-7 whilst mostly discounted did revealed 

TCDMDA:LaA as the top performing combination, with greater attachment than 

homopolymer alone. TCDMDA:BA, the undifferentiated hPSC polymer, and 

TCDMDA:LaA are identical in structure except LaA has an extended hydrocarbon 

chain (with the methacrylated version, LMA, a hPSC-CM attachment hit for previous 

PhD student Asha Patel). Additional washing steps for the 2nd generation arrays 

improved homopolymer performance to be more in-line with their 1st generation 

array performance. Some homopolymers such as APMAm.C demonstrated over a 2-

fold improvement in attachment performance, however even with this increase in 

APMAm.C performance 19 co-polymer materials were recorded as having superior 

attachment capabilities compared to APMAm.C. Optimisation of the scale-up for 

these co-polymer hits was not achievable within the timeframe of this PhD project, 

however given the improved attachment properties it is entirely possible that one of 

the 19 materials also enhances the maturation state of hPSC-CMs, and are therefore 

important to investigate further. 
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5.9.5 Methods for Scaling hPSC-CMs for Industrial & Therapeutic Use 

 One factor to consider when seeking novel synthetic surfaces for the culture 

and maturation of hPSC-CMs is scalability. Work performed in this chapter using UV-

polymerisation was most amendable to scale-out culture, however with the field 

heading towards 3D-culture, which is proven to increase maturation state, 

alternative fabrication methods should be considered for synthetic surfaces in this 

chapter to make them amendable to 3D culture (Correia et al., 2018)(Jiang et al., 

2018)(Branco et al., 2019)(Schwach and Passier, 2019). Thermal polymerisation or 

hyperbranching have the ability to produce dissolvable pre-polymerised polymers, 

which could be drop casted onto 3D scaffolds, alternatively primary amines discussed 

in this chapter have the ability to form large hydrogel structures which could be 

optimised and amendable to 3D hydrogel culture. 

 Expansion of hPSC-CM generation for industrial and clinical uses could 

theoretically be done in two ways, scale-out or scale-up. Scale-out is comparatively 

simple, where matrix (or polymer) coated 2D dishes can be increased in number 

and/or surface area per culture vessel. Being an established culture technique, the 

main advantage to scale-out is the ease of use, where the capability to evenly 

distribute growth factors and small molecules to monolayers of cells could support 

greater reproducibility (Kempf, Andree and Zweigerdt, 2016). The downside to scale-

out is the space & labour-intensive nature of supporting large number of culture 

vessels, at the scale required for therapeutics, where experimentation in a small 

mammal required 1x109 cells to induce a therapeutic effect, a number that will be 

higher in an adult human heart (Chong et al., 2014)(Liu et al., 2018). Economic cost 

is a limiting factor for scale-out culture.  
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A modern form of scale-out culture involves 3D printing of microgrooves, 

used to align hPSC-CMs for maturation. The homopolymer PeTrA, a triacrylate 

amenable to 3D printing, was discovered to be capable of supporting hPSC-CM 

attachment within this chapter, through collaboration this material was 3D printed 

into microgroove but also impregnated with conductive carbon nanotubes. The 

combination of conductance and patterning significantly increase sarcomeric length 

to 1.86μm, compared to a 1.64μm control (Vaithilingam et al., 2019). Combined in 

the future with, medium improvements, surface modulus, and perhaps even 

nanotopograhy, this form of scale-out could provide a suitably mature source of 

hPSC-CMs amendable to relatively simply high-throughput analysis, compared to 

large 3D engineered tissues.  

A transition to modern 3D cell culture is allowing for scale-up of hPSC-CM 

production, where large numbers of cells can potentially be produced through by 

using microcarriers, self-aggregation or micropatterned surfaces in combination 

with; spinner flasks, bioreactors, wave bioreactors & hydrogel systems (Figure 5.28) 

– at a cheaper cost to scale-out (Kempf, Andree and Zweigerdt, 2016). One such 

system can produce 1.5 to 2x109 cardiomyocytes/litre, with ≥90% purity, using a 

spinner flask system (Chen et al., 2016). It has also been demonstrated that metabolic 

purification of cardiomyocyte differentiations in a suspension culture system can 

eliminate the possibility of teratoma formation due to residual stem cell populations 

(Hemmi et al., 2014).  

With regard to improving maturation the production of 3D cardiac aggregates 

has been explored and demonstrated to induce metabolic maturation of hPSC-CMs 
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through transcriptomic profiling, x3-4 fold improvement on contraction kinetics and 

significantly improved electrophysiology in the ADP50/ADP90 and upstroke velocity, 

over 2D cultures (Correia et al., 2018). Within this thesis project, top performing 

homopolymer APMAm.C was functionalised onto poly(lactic acid) (PLA) 

microparticles, whilst no in-depth maturation analysis was conducted, the number 

and size of cell containing aggregates were increased compared to the control with 

x2-3-fold improvements to contractile parameters such as amplitude, relaxation time 

and contraction rate (Alvarez-Paino et al., 2019).  

 

  

 

 

Scale-out versus scale-up. Homogenous culture conditions for 3D scale-up are 

maintained by, spinning, stirring, agitation, or rocking Adapted from Kempf, Andree, 

and Zweigerdt, 2016. 

Figure 5.28 Strategies for Up-Scaling hPSC-Derived Cardiomyocyte Production. 
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5.9.6 3D Models to Improve Maturation Can Lack Scalability 

 The cutting edge of hPSC-CM work has begun to consider the cardiac 

geometry, to replicate chamber formation or chamber functionality of the heart. 

One such model combined fibroblasts and hPSC-CMs in a Matrigel and collagen I 

mixture around a mold containing an inflatable balloon, which allowed for the 

assessment of hPSC-CMs as a ‘pump’, termed miniature human ventricle-like 

cardiac organoid chambers (hvCOCs). HvCOCs had increased expression of calcium 

handling and ion channel genes compared to 3D microtissues and 2D cultures and 

demonstrated a positive force frequency relationship (Li et al., 2018).  

 Another study uses polycaprolactone (PCL) and gelatin with pull spinning 

fabrication to generate ‘ventricle-like’ tubes, with fibronectin coating. Ventricle-like 

tubes were responsive to pharmacological intervention and allowed for the 

measurements of ejection fraction, with a chamber volume of ~500 uL. Ejection 

fractions were reported to be 104 - 108 smaller than human ventricles (MacQueen 

et al., 2018). The application of synthetic materials discovered in this chapter could 

be utilised to replace PCL and the fibronectin coating, if the attachment co-

polymers from the 2nd generation array screen support enhanced maturation 

parameters upon scale-up, such adaptions could reduce cost (removal of 

fibronectin) and enhance functionality. 

 Whilst more modern 3D models make important advancements on 

maturation and functionality, compared to lower tier 3D systems, they lack the 

scalability required for both large scale drug screening and therapeutic 

intervention, limiting their use to the academic or a low throughput setting. 
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Whereas well-plate format engineered heart tissues and cardiac organoids, situated 

between two flexible posts allow for relatively simplified high-throughput 

contraction analysis and have the potential for further maturation improvements 

through, co-cultures, media optimisation and compound addition (Mills et al., 

2017)(Mills et al., 2019)(Mannhardt et al., 2016). 

 

6 Chapter 6 – General Discussion & Conclusions 

 The aim of this thesis was to discover novel synthetic materials that could 

support the attachment and serial passaging of hPSCs whilst retaining their 

pluripotent state, and separately, synthetic materials that the attachment of hPSC-

CMs for ≥7 days with improvements to their maturation state. To do this polymer 

microarray technology was utilised to initially screen 284 unique materials in a 1st 

generation array. 24 materials of interest were taken for each cell type (hPSCs and 

hPSC-CMs) to perform 2:1 pairwise mixing to form two independent 2nd generation 

arrays containing 599 & 576 unique materials for the hPSC & hPSC-CM 2nd generation 

array respectively. Additional co-polymers were created in the 2nd generation hPSC 

array by experimentation with 1:1 mixing for a subset of polymers. For 

undifferentiated hPSCs a 3rd generation array was created using 8 final hits mixed 

combinatorial with ratios 1:9, 2:8, 3:7, 6:4, 5:5 and the inverse, to form an array with 

297 unique materials. In total 12,503 cell-material interactions for undifferentiated 

hPSCs, and 24,600 cell-materials interactions for hPSC-CMs were screened in this 

thesis. 
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 The primary challenge within this project was to discover polymeric surfaces 

that could support hPSC attachment and survival in the E8 medium, containing just 

8 components with basal medium. From a technical perspective the translation of 

polymer microarray spots of ~200 μm spots eventually to surface areas of 9.6 cm2 

proved difficult. This involved changes to the solvent used, monomer concentration, 

polymerisation surface, equipment set-up, new equipment (for greater control of the 

reaction atmosphere) and the introduction to washing & soaking stages to remove 

cytotoxic unpolymerised monomer and photo initiator. The time taken to overcome 

this challenge limited the biological characterisation possible of hPSCs and hPSC-CMs 

on synthetic surfaces. 

6.1 Fulfilment of Thesis Objectives 

Within this thesis there were five main objectives as outlined in hypothesis 

and thesis aims section of the introduction chapter, furthermore these main 

objectives were broken down further in each individual chapter.  

Objective 1): Screen a homopolymer microarray containing 284 unique 

polymer spots, for the attachment of hPSCs or hPSC-CMs, at 24/48 hours, or 7-day 

culture respectively. 

Array stability and imaging issues occurred with the alteration of the array 

production protocol to utilise a 6% pHEMA solution instead of a 4% pHEMA 

solution, two independent screening campaigns were successfully carried out for 

the undifferentiated hPSCs and hPSC-CMs once this issue was corrected. It was 

discovered that a 6% pHEMA background led to an increase in pHEMA layer 

thickness and increased cell attachment on homopolymers such as NGDA and 
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TCDMDA, compared to 4% pHEMA. In previous work performed on pHEMA coated 

arrays, the pHEMA layer was found to be critically important for scaled-up versions 

of polymers, large films prepared on an acrylate silane layer failed to reproduce the 

biological properties demonstrated with the array format (Mei et al., 2010). An 

increase in pHEMA ion intensity was discovered on the surface of polymers printed 

to arrays with 6% pHEMA but also detected on 4% pHEMA array with ToF-SIMs in 

this thesis. This phenomenon was also found within previous polymer microarray 

studies (Celiz et al., 2015)(Patel et al., 2015). Addition of HEMA to homopolymer 

HPhMA to improve surface stability and remove cracking issues (Celiz et al., 2015). 

The pHEMA layer was kept for 35mm dish for scale of hPSC-CM hit materials by 

Patel et al., 2015, where no comment was made on attempts without pHEMA. 

Attempts to replicate scale-up of hits from Patel et al., 2015 without pHEMA in this 

thesis created opaque surfaces. 

With undifferentiated hPSCs, twenty homopolymers were discovered that 

could support ≥20 OCT4+ cells at 24-hour culture, however no homopolymers could 

support reproducible culture beyond the 24-hour time point, in the absence of 

ROCKi. In a previous polymer microarray screen, homopolymers of a similar 

chemical nature (acrylate, acrylamide library) were found to be capable of 

supporting long-term hPSC culture, albeit not in Essential 8 medium (Celiz et al., 

2015). Despite increasing the monomer library from 141 (Celiz et al., 2015) to 281 

(+3 co-polymers), it was not possible to produce ‘hits’ that could support 

reproducible 48-hour survival.  
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The hPSC-CM homopolymer array screen (with the addition of three hit 

copolymers for hPSC-CM attachment, Patel et al., 2015) uncovered 24 hits that 

supported hPSC-CM attachment after 7 days of culture. Arrays with three different 

seeding densities, 38,800 cells/cm2, 77,700 cells/cm2 and 103,800 cells/cm2 were 

tested. Arrays where the pHEMA background was replaced with a methacrylate 

silane background were tested to ensure hit materials were not dependent on the 

presence of pHEMA as previously discussed. Finally a test comparing the incubation 

of serum vs no serum was performed, due to 5-10% FBS or horse serum a common 

component when seeding CMs & a previous study which found hPSC-CMs 

demonstrated attachment to a  greater number of homopolymers & greater cellular 

spreading in the presence of serum (Patel et al., 2015)(Pandey et al., 2018)(Ikonen 

et al., 2013). Increased seeding densities was linked to an increase in the number of 

polymer attachment hits. Switching out pHEMA for methacrylate silane revealed 

that hits such as APMAm.C, AEMAm.C, DMAEMA, DMEMAm and DMPAm 

supported hPSC-CM attachment regardless of the presence of the pHEMA hydrogel 

layer. The addition of serum did not increase the number of attachment hits but 

induced greater cell spreading in hits DVAd & ZrCEA. 

Co-polymers identified by a previous array screening campaign to be 

attachment and maturation hits for hPSC-CMs were present in the 1st generation 

array screen but their attachment performance was not replicated in this thesis 

(Patel et al., 2015). A direct comparison of iBMA:tBAEMA, FuMA:tBAEMA & 

HEODA:EEMA to a gelatin control was performed by Patel et al., 2015, where area 

coverage was 70% - 80% relative to a gelatin control. The co-polymers 

iBMA:tBAEMA, FuMA:tBAEMA & HEODA:EEMA, supported, 84 +/- 66%, 39 +/- 19%, 
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19 +/- 25 in this thesis respectively, with these values representing ≤50% coverage 

of polymer spots. These differences could be due to the change in medium 

composition used during the array screening process. RPMI-B27 used in this thesis 

contains 27 products plus basal medium including proteins such as albumin, 

however iBMA:tBAEMA, FuMA:tBAEMA & HEODA:EEMA were discovered by Patel 

et al., 2015 to attach hPSC-CMs in a relatively simple medium of RPMI 

supplemented with insulin, transferrin, selenium, chemically defined lipid and 1-

thioglycerol. 

In conclusion, homopolymer array screening campaigns were carried out for 

hPSCs and hPSC-CMs, identifying 24 materials to be combined into co-polymer 

arrays.  

Objective 2): Perform two independent co-polymer screens, containing 

mixtures of 24 homopolymers relevant to each separate cell type, forming co-

polymer microarrays containing 576/599 unique materials.  

The formation of a co-polymer array for hPSC serially passaged culture 

successfully identified 10 co-polymers that could support reproducible hPSC growth 

and survival at 48- or 72-hours culture, with TCDMDA & NGDA as recurring major 

components. The proximity of polymer spots printed onto the hPSC co-polymer 

array was problematic for the highly proliferative nature of hPSCs. For accurate 

assessment of individual polymer performance, the array system relies on each 

printed spot acting as an independent island, without influence from adjacent 

printed polymers. In the first-generation array containing 284 polymer spots with 
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750 μm X & Y axis distance between adjacent polymers, this was reduced to 500 μm 

in the co-polymer array screen.  

After 24-hour culture the co-polymer array screen supported hPSC colonies 

that branched between multiple adjacent polymer islands, overcoming the pHEMA 

protein and cell adhesion inhibition. This will have resulted in the identification of 

false positives. Even without direct branching from one polymer island to the next, 

the diffusion of ECM components could enhance the survival and growth of hPSCs 

on lesser hit materials. hPSCs produce autocrine and paracrine signals that affect 

self-renewal, growth and differentiation, with examples shown in Figure 6.1 

(Peerani et al., 2007)(Mittal and Voldman, 2011)(Bendall et al., 2007)(ten Berge et 

al., 2011). Paracrine signals have been shown to be capable of reaching over 300 

μm in distance with ~10,000 molecules being released, this is within the range that 

hPSC colonies may be capable of exerting effects on adjacent polymer islands 

(Handly, Pilko and Wollman, 2015). 

 

 

 

 

 

 

 
Figure 6.1 Examples of hESC autocrine signalling in self-
renewal and differentiation. 

Adapted from Pryzbyla et al., 2012. 
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Co-polymer screening for hPSC-CM attachment hits proved problematic, the 

first 7 biological repeats performed on the arrays demonstrated reduced 

attachment on the homopolymer hits established from the 1st generation screen. 

Attachment to co-polymers was limited, with TCDMDA:LaA emerging as the top 

performer. Later it was discovered by ToF-SIMs that the arrays had a sulphur-

containing contaminant uniformly present across the array surface. Extensive 

washing and soaking steps with dH20 alleviated the cytotoxicity previously seen, 

allowing for 19 co-polymer hits with greater attachment than the best performing 

homopolymer, APMAm.C, to be identified. hPSC-CMs are non-proliferative cells and 

did not exhibit the same pHEMA invasion and spot-to-spot bridging as shown with 

the highly proliferative undifferentiated hPSCs.  

Objective 3): Investigate the ability of chosen co-polymer biomaterials to 

support serial passaging of and maintain pluripotency after (≥15 days, 5+ passages) 

on the synthetic surface. 

A single surface, TCDMDA:BA, was selected after initial testing to be the 

synthetic surface that supported serial passaging of hPSCs. Culture was 

demonstrated for up to 30 days with HUES7 hESCs, ReBl-PAT hiPSCs and AT1 hiPSCs 

(figure 4.13). Cumulative population doublings were not comparable with Matrigel, 

for example AT1s cultured in LifeTech E8 had 34% fewer population doublings by 

day 24 culture on TCDMDA:BA (figure 4.13). Although this difference was improved 

to 25% fewer population doublings with the use of HomeBrew E8 (figure 4.13). 

After 15 days of culture all three cell lines demonstrated stable karyotype. 
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Objective 4): Identify mechanisms of hPSC attachment to chosen co-polymer 

biomaterials, analyse changes to gene expression & phosphokinase proteome, 

compared to equivalent Matrigel™-based hPSC culture. 

An in-depth assessment of AT1 and HUES7 hPSC cultures on TCDMDA:BA 

was carried out in this thesis. Overall it was identified that the β1, αVβ3, αVβ5 

integrins were mechanistically important for the adhesion of hPSCs to TCDMDA:BA, 

closely aligning with previous work on synthetic hPSC culture surfaces (figure 4.20) 

(Villa-Diaz et al., 2010)(Celiz et al., 2015).  

Comparison of gene expression determined that the AT1 and HUES7 lines 

have comparable expression of OCT4, NANOG & SOX2 to Matrigel, the AT1 line also 

had comparable expression of naïve potency and early differentiation markers 

(figure 4.14). The HUES7 line deviated with significant upregulation of early 

ectoderm makers SOX1 & PAX6, and changes in the regulation of ZIC1 & KLF4 

indication a shift toward naïve potency (figure 4.14). It was revealed that whilst 

expression of naïve related makers increases with culture on TCDMDA:BA culture, 

the level of expression was drastically lower than that of cells chemically directed 

towards a naïve-like state (figure 4.14). The HUES7 hESC line demonstrated a 13% 

drop in SOX2 positivity as measured with flow cytometry versus Matrigel control, a 

decrease in pluripotency marker expression on synthetic surfaces have been 

reported previously with Synthemax™ SC-II, where OCT4 positivity was 30% lower 

than Matrigel cultures at passage 3 (Pennington et al., 2015). Both surfaces are 

capable of serial passaging and trilineage differentiation.  
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With regards to changes in the phosphokinase proteome, the AT1 

phosphokinase proteome closely resembled that of the Matrigel equivalent on 

TCDMDA:BA, with the notable ~1.2-fold increase in apoptosis inducing S46 

phosphorylation on p53 (figure 4.21). Aside from a similar ~1.3-fold increase in P53 

S46, the HUES7 shifted its phosphokinase proteome towards increased activation of 

EGFR, RSK and the AKT pathway at 48-hour culture (figure 4.22 & 4.23). The HUES7 

line did not exhibit improved population doublings compared to the AT1 line on 

TCDMDA:BA compared to Matrigel surfaces, suggesting that the increase in 

phosphorylation on cell cycle linked CHK2 and p27 and differentiation linked Fyn, 

Lyn and Src likely balances out these pro-proliferative signals (Fernandez-Alonso et 

al., 2017)(Reinhardt and Yaffe, 2009)(Craig et al., 1997). 

Both cell lines still retained the ability to differentiate into, definitive 

endoderm, neuroectoderm and cardiomyocytes (mesoderm) after ≥5 serial 

passages on TCDMDA:BA (figures 4.16 – 4.19). 

Objective 5): Detect maturation improvements on scaled-up hPSC-

cardiomyocyte homopolymer & co-polymer attachment hits, through the 

assessment of functional contraction & electrophysiological properties using the 

CellOPTIQ® and gene expression. 

 Whilst scaled-up primary amines, APMAm.C, AEMAm.C and AEMA.C were 

tested for their functional capabilities with the CellOPTIQ compared to Matrigel, the 

enhanced contraction parameters initially assessed determined all three primary 

amines had significant improvements to contractile amplitude, contraction rate and 

relaxation rate (figure 5.18). These results were put into question, after the same 
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experiment repeated with optimised polymerisation revealed only AEMAm.C + 

Linker, AEMA.C and AEMA.C + Linker had significant improvements to contractile 

amplitude and contraction rate (figure 5.21). Furthermore, voltage parameter 

assessment on optimised surfaces of primary amine hits demonstrated that 

parameters such as amplitude and T-rise were significantly lesser than that of 

Matrigel, despite ventricular-index remaining constant (figure 5.22). Gene expression 

analysis may have presented an upward trend for CASQ2, PPARGC1A &  TNNI3, 

however these fold increases were <2-fold and required further repeats to confirm 

significance (figure 5.23). An electrical stimulation maturation strategy similarly 

demonstrates 1.5-2-fold increases in gene expression MLC2V, SCN5A & SERCA, with 

decreases in the expression of RYR2, HCN4 & HCN3 (Chan et al., 2013). Where long-

term culture (360 day) maturation strategy led to a 2-5-fold change in expression of 

cTNT, MYH6, MYH7 & MYL2 (Kamakura et al., 2013). 

 19 co-polymer attachment hits were identified in the 2nd generation array 

that supported greater cell attachment than the top performing homopolymer in the 

2nd generation array, APMAm.C (figure 5.26 & 5.27). Due to technical issues and time 

constraints within the project, these best performing hits were not scaled-up and 

assessed for changes to the maturation state. It will be important moving forward 

that these materials undergo an intermediate scaled-up screen (96-well plates), to 

determine if any translate beyond the array format.  

6.2 Future Work & Directions 

 The future of the work presented in this thesis must be considered from 

both the materials and cell culture aspects.  
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6.2.1 TCDMDA:BA Fabrication 

 The materials developed in this thesis are all amenable to UV-based 

polymerisation, however this has proven problematic with high degrees of variation 

in the polymerisation efficiency therefore leading to cytotoxic effects. Large 

improvements were made with the set-up optimisation and new equipment, 

however batch-to-batch production is susceptible to variation without a quantified 

quality control measure, such as NMR spectroscopy.  

A switch to thermal polymerisation, which can be quality controlled in this 

manner would be preferable for fabrication, however some polymers of interest 

such as TCDMDA:BA were not amendable to this technique due to the rapid 

reactivity. As an alternative, hyperbranching polymerisation of TCDMDA:BA was 

attempted by PhD student Sophie Goodwin, a technique where polymerisation is 

halted mid-way and pre-polymerised material is purified from the final product (Sun 

et al., 2017)(Wang and Gao, 2017). pTCDMDA-co-pBA produced in this manner 

could be dissolved in IPA with applied heat and drop cast to TCP surfaces, and 

quality control checked with NMR spectroscopy. Future work would aim to optimise 

the hyperbranching process, the concentration of pTCDMDA-co-pBA dissolved in an 

optimal TCP-friendly solvent. Aside from enhanced quality control, hyperbranching 

(where thermal polymerisation isn’t possible) creates a product that could be 

readily coated onto 2D and 3D structures alike, with rapid application of 

polymerised material (<30 seconds), adding flexibility for the end-user and 

simplification of the manufacturing process for a supplier.  
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A transition to 3D culture should also be investigated, the production of 3D 

microparticles formed of TCDMDA:BA at UoN, with a surfactant that is also a 

positive attachment hit for at least 24-hour culture. Combined with bioreactor 

culture it is envisioned that protein-free synthetic surfaces could provide the high 

cell number required for therapeutic or high-throughput screen purposes. 

6.2.2 Addressing Reduced Growth Kinetics on TCDMDA:BA 

 Growth kinetics on TCDMDA:BA were ~25% lower than Matrigel, when 

cumulative population doublings were assessed over 24 days. Additionally, 

TCDMDA:BA requires a high cell seeding density (~73,000 cells/cm2) to ensure post-

24-hour survival, with real-time imaging demonstrating reduced cell movement on 

synthetic surfaces versus Matrigel. To address this issue wider polymer screens 

could identify new materials with improved hPSC attachment and growth kinetics, 

acrylates & acrylamides represent a small subsection of available materials.  

Of the materials discovered in this thesis, 4-methacryloxyethyl trimellitic 

anhydride (MAETA) (acrylate) containing co-polymers NGDA:MAETA and 

TCDMDA:MAETA should be investigated further, utilising methanol with the 

application of heat for full solvation of MAETA (at concentrations of 25% - 50% for 

MAETA). MAETA has had previous use as a material for dental applications, where 

the combination of hydrophilic and hydrophobic groups promotes dental 

infiltration and strong adhesion (Nakabayashi et al., 1982)(Unemori et al., 2003). 

Homopolymers neopentyl glycol diacrylate (NGDA) & 

tricyclo[5.2.1.02,6]decanedimethanol diacrylate (TCDMDA) were also hit materials 

for human dental pulp stem cells (hDPSCs) (Rasi Ghaemi et al., 2018b). There’s a 
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possibility that co-polymers demonstrated for hPSC proliferation and survival in this 

thesis have cross-over use for hDPSCs, and visa-versa with hits found within the 

hDPSC array screen. In addition to NGDA & TCDMDA, hits 2-(Methacryloyloxy)ethyl 

acetoacetate (MAEA), butane-1,3-diyl diacrylate (13BDDA) & trimethylolpropane 

ethoxylate triacrylate (TMPETA) were cross-over hits for hDPSCs, and hPSCs at 24 

hours culture (Rasi Ghaemi et al., 2018b). Given the simplicity of the media used in 

both experiments, there could be common mechanism of that mediates 

attachment to synthetic surfaces. Given that hDPSCs were cultured in just DMEM 

basal medium for the initial 24-hour attachment period, this casts doubt on the 

prospect of medium components from E8 acting as essential mediators of cell-

polymer attachment (Rasi Ghaemi et al., 2018b). Also of interest with hDPSCs is the 

ability of TMPETA (triacrylate) and PeTrA (triacrylate – found for hPSC-CMs) ability 

to support hDPSC proliferation in a scaled-up format in serum free conditions 

(Vining et al., 2018).  

 To improve growth kinetics existing hPSC hits could be further 

functionalised with growth factors, ECM components, or adhesion proteins, by 

physical immobilisation, covalent conjunctions or ECM-inspired immobilisation, 

with a review of polymer functionalisation provided by Z Wang et al., 2017 (Figure 

6.2).  
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 However, this approach would detract from the scalability and the low-cost 

of the current approach which relies on economical widely available monomers and 

a simple polymerisation process. 

 Alternatively, the medium composition could be reworked to promote 

improved growth kinetics on TCDMDA:BA. Essential 8 medium is fully defined, with 

a minimal number of components, the addition of fully defined components to 

create ‘Essential ≤9’ medium could be a cost effective way of enhancing hPSC 

growth kinetics on synthetic surfaces, without the relatively complex 

functionalisation of the TCDMDA:BA surface. Recent developments in hPSC media 

optimisation have resulted in a novel ‘B8’ medium, that contains a thermally 

optimised form of FGF2, (FGF2-G3) and ‘TGFβ3’ which is claimed to be a more 

potent version of TGFβ (Kuo et al., 2019). Importantly, the FGF2-G3 and TGFβ3 are 

Figure 6.2 Methods for Functionalising Polymeric Surfaces. 

Taken from Z Wang et al., 2017.  

 

Redacted 
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created recombinantly using bacteria, altogether B8 eliminates up to 97% of the 

cost of commercially purchased medium, which makes the addition of further 

compounds more economically feasible (Kuo et al., 2019). Although it should be 

noted that the 97% cost reduction is not inclusive of labour/production costs. 

Furthermore, B8 medium supports reduced feeding schedules, which could prove 

valuable for a synthetic surface where hPSCs are potentially more exposed to sheer 

forces and must construct a full ECM matrix each passage, compared to ECM-laden 

Matrigel surfaces. 

The addition of heparin in HomeBrew E8 medium presented proof of 

concept within this thesis. By day 24, 20 +/- 1.1 vs 16 +/- 2.0 cumulative population 

doublings had occurred in HomeBrew (containing 100 ng/mL heparin) and LifeTech 

E8 respectively on TCDMDA:BA (figure 4.13). The heparin used within the 

HomeBrew E8 in this thesis is of porcine origin and undefined in size. An 

investigation into heparin (and/or the more widely expressed heparan sulphate) 

addition utilising synthetically produced heparin peptides of differing sizes could 

identify defined component(s) that positively affect growth kinetics and reduce 

variation (Ling et al., 2016)(Furue et al., 2008)(Sasaki et al., 2008). The addition of 

other ECM components such as hyaluronans could also be investigated for their 

ability to improve growth kinetics on synthetic surfaces, due to their effects of 

proliferation and growth on hPSCs (Solis et al., 2012). 

6.2.3 Utilising Primary Amines as 3D Hydrogels 

APMAm.C, AEMAm.C and AEMA.C have the potential to form 3D hydrogels, 

with APMAm.C having been used to form 3D microparticles and 3D hydrogel 
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cultures in previous work (Peng, Tellier and Temenoff, 2016)(Gerges et al., 2016). 

To advance the maturation of hPSC-CMs, work should be undertaken to progress 

beyond the 2D fabrication of these materials, and their potential co-polymeric hits 

from the 2nd generation array, to fully formed 3D hydrogel cultures. Furthermore, 

impregnated hydrogels with hPSC-CMs could be situated around flexible silicone 

posts in the same manner of engineered heart tissues to allow for high-throughput 

analysis of contractile properties (Mannhardt et al., 2016). In addition to this, the 

addition of carbon nanofibers to a hydrogel mixture may allow for efficient flow of 

electrical current throughout the 3D hydrogel, where electrical pacing can induce 

further maturation (Shin et al., 2013)(Vaithilingam et al., 2019).  

6.2.4 High-Throughput 3D Polymeric Array Screening 

 The development of 3D polymeric arrays is not a new concept. Alginate gel 

microwells, gelatin gel arrays, and peptide-functionalised thrombin hydrogels are 

just three examples of 3D polymeric arrays that have been developed previously 

(Ozawa et al., 2013)(Li et al., 2014)(Ranga et al., 2014). The stability of hydrogels 

printed to a traditional open-array format could present a challenge, as flow-stresses 

from medium exchange could sheer 3D printed gels from the surface, microwells 

would avoid this issue. Advanced printing technology may offer the ability to either 

print cells directly with the hydrogel materials, or accurately dispense a defined 

number of cells into pre-printed hydrogel spots (Choi et al., 2016)(Zhao et al., 2015). 

With published methodology already existing for the printing of mESCs and hPSCs 

into alginate 3D hydrogel arrays (Pascoal et al., 2018). 
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 Whilst work has been performed to generate 3D microarrays, real-time 

monitoring of cellular behaviour inside 3D hydrogels in a high-throughput manner 

could prove invaluable. 3D capacitance sensors have been developed and tested in a 

hydrogel system, Figure 6.3 (Lee et al., 2016). The existence of the xCELLigence RTCA 

Cardio System, a system that utilises well plate formats with electrodes embedded 

into the surface is proof that capacitance sensors can be downscaled to the 384-well 

plate, which would make such a system compatible with high-throughput screening 

(Xi et al., 2011)(del Álamo et al., 2016). If a system was developed at the 384-well 

scale to have vertical capacitance sensors, 3D hydrogels could be tracked in real-time 

for their ability to support cell survival and growth. For hPSC-CMs capacitance 

measurements are also used as a surrogate for their contractile properties in 2D, 

which may be translatable to 3D sensors (Mulder et al., 2018). Furthermore, the 

functionalisation of selected hit 3D hydrogels could be screened for their effect, 

without relying on invasive or end-point assays.  
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6.3 Limitations of this Thesis 

 Within this thesis several major improvements to the experimentation and 

data collected could have been made. The array screening process for hPSCs would 

have benefitted from an increase in repetition, from 3 biological repeats to 10+ 

biological repeats. Doing so would have provided an increase in the confidence of 

polymeric hits taken forward, as each polymer was subject to high attachment 

standard deviation. Regression analysis utilising generation 1 data failed to provide 

strong correlation between predicted & actual biological data based on ToF-SIMs ion 

fragments, further repeats may have fixed this issue.  

The inclusion of multiple cell lines, perhaps x3-4, from the onset of the array 

screening project would have provided assurance from an early stage of 

 

Taken from Lee et al., 2016. 

Figure 6.3 3D Capacitance Sensors Designed to Track Viability within an Alginate Hydrogel 
Containing Encapsulated Cells. 

Redacted 
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development, that the selected polymer for scale up (optimisation took ~1 year) 

would have use beyond the ReBl-PAT hiPSC line tested in this thesis.  

Whilst the synergy of TCDMDA & BA, moderate and poorly performing 

homopolymers, created the top performing co-polymer (TCDMDA:BA), high 

performing homopolymers such as MAEA were not tested in the large-scale 

combinatorial array screen. Hit materials may have been overlooked in the 

development of lead hit materials from generation 2/3 hPSC arrays. Intermediate 

scale (96-well) screens could retrospectively look at the combination of a smaller 

selection of monomers that were not used in the 2nd generation array. 

In a wider regard, the monomer library itself was limited to acrylates, 

acrylamides and their methylated versions. Polymeric array screening projects have 

also previously included polyurethanes and polyvinyl monomers, with a co-polymer 

of poly(butyleneglycol) & 4,4’-methylenediphenyldiisocyanate with a 3-

(dimethylamino)-1,2-propanediol chain extender supporting 5 passages of hES-

mesenchymal progenitor cells (Duffy et al., 2014). 

Scaling-up materials proved to be challenging within this thesis. Batch-to-

batch variation resulted in unpredictable toxicity problems, where complete cell 

death was observed. In experimentation with improved conditions, cell health & 

viability assays would have aided in the identification and improvement of toxicity 

and perhaps increased the rate at which optimisation occurred. Similarly, ramen 

spectroscopy, ToF-SIMs or NMR spectroscopy techniques may have been utilised to 

detect unreacted material within the polymerised surfaces during intermediate 

scale-up & 6-well scale-up investigations. A stringent quality control procedure 
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before polymeric plates were cultured with hPSCs/hPSC-CMs may have prevented 

catastrophic loss of passage ≤3 cultures saving, time, resources and energy. However,  

these types of assessments would have required the input and significant time 

commitment from an individual trained in relevant spectroscopy techniques on a 

constant basis throughout the project, which would have been impractical. 

Alternative fabrication protocols such as hyperbranching & thermal polymerisation 

have relatively simple NMR spectroscopy checks to determine product purity, hence 

have been discussed as future alternatives for fabrication of hit materials. 

 Time limitations due to array & scale-up optimisation limited the extent of 

biological investigation into hPSCs after serial passaging. Culture beyond 24 days was 

limited to 1-2 repeats per cell line, ideally three or more repeats would have been 

carried out up to 10 passages, with karyotyping repeated at this stage to ensure 

continued karyotype stability. RT-qPCR, flow cytometry and immunostaining 

experiments was successful in determining the expression of a limited number of 

pluripotency and differentiation markers. The phosphokinase proteome array also 

provided insights in proliferation, differentiation and cell cycle compared to Matrigel 

controls. If scale-up were achieved sooner in this project, ECM deposition, RNA 

sequencing and full proteomic experiments would have provided a wealth of 

information. Finally, the trilineage differentiations could have been repeated several 

more times to assess reproducibility and full ectoderm/endoderm differentiations 

performed into functional cell types such as neurons and liver cells. It is uncertain 

what affect the formation of large 3D structures has on the ability for hPSCs to form 

further differentiated cell types, and if their function is impaired or enhanced. 
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 The attachment & maturation of hPSC-CMs were not investigated thoroughly 

at scale-up within this thesis. A high number of repeats, to assess average surface 

coverage, cell number, cell size, bi-nucleation rate and sarcomeric organisation 

would have greatly improved the quality of data produced. Polymer coatings reduced 

the optical quality for immunostaining of sarcomeric structures, with surfaces UV 

polymerised in clear plates (with poor optical properties) as to not interfere with the 

polymerisation process. Polymerisation to glass is an option for high quality 

immunofluorescent imaging required for sarcomeric analysis, however the surface 

stiffness would affect sarcomeric size and cell spreading. Further experimentation 

with black-walled TCP-based plates may have provided a suitable middle ground, if 

tested post-production optimisation.  

The assessment of maturation with the CellOPTIQ provided functional read-

outs however, the method of determining contractile properties relies on pixel 

displacement which could be affected by the strength of attachment to the surface. 

Confidence to contraction data in this thesis would have been provided with 

additional direct force measurements, perhaps based from micro posts coated with 

a thin polymer layer of interest (Rodriguez et al., 2014). Finally, the exploration of co-

polymeric surfaces and their effect on the maturation state was not explored in this 

thesis, which limits the use of the 2nd generation array screen performed. 

6.4 Final Remarks 

 This thesis has utilised powerful high-throughput polymeric array screening 

technology to identify economically and readily purchasable hit materials, that are 

capable of either maintaining prolonged culture of hPSCs for 30 days, or supporting 
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the attachment of hPSC-CMs for 7 days, with the later demonstrating a maturation 

state equivalent or near to that of xenogeneic Matrigel coatings. 

 Scale-up of materials identified at the microarray level, to a well plate format, 

in a reproducible manner was not as simple of a task as initially thought. Changes to 

the background substrate (glass/pHEMA – TCP), solvent used, and the scale of 

unreacted cytotoxic material to be removed as the area of polymerisation increased, 

led to an extended fabrication optimisation period. Hopefully work carried out during 

this thesis will aid future polymer microarray researchers translate from array to 

scale-up in a timely manner, should they opt for UV-based polymerisation.  

 Investigation into the biological changes of hPSCs on a synthetic surface 

compared to Matrigel revealed that cell line differences occur, with AT1 hiPSCs 

maintaining equivalent pluripotency and differentiation gene expression, cell 

positivity for pluripotency markers & phosphokinase proteome. Whilst the HUES7 

hESC line had perturbations to differentiation gene expression, reduced SOX2 cell 

positivity and greatly altered phosphorylation state of PI3K/AKT/mTOR & MAPK 

pathway members, Src-family kinases and cell cycle kinases such as p27 & CHK2. 

 Assessment of hPSC-CMs on synthetic surfaces revolved around primary 

amine functionality, with other attachment homopolymer hits not demonstrating 

the level of attachment seen on APMAm.C, AEMAm.C and AEMA.C. Whilst a notable 

increase in hPSC-CM maturation was not demonstrated with these homopolymers, 

untested co-polymers with improved attachment properties still hold hope for 

identifying a synthetic surface that improves the maturation state of hPSC-CMs.  
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8 Appendix 

 

(A) Array 8.0, 6% p-HEMA, containing five co-polymers. (B) Array 8.2 4% p-HEMA, 

with co-polymers removed and in-house synthesised additions, denoted with 

numerical coding. Full monomer identities and structures in the appendix.

Figure 8.1 Layout of Polymer Microarrays within the 8.X Series. 
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Colour codes; blue = fluorine containing, red = nitrogen containing, gold = chlorine containing.  

 

 

 

 

 

 

Figure 8.2 Layout of Generation 1 Polymer Microarray (9.1). 
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Monomers mixed in 2:1 ratio. Colour codes; blue = fluorine containing, red = nitrogen containing, gold = chlorine containing. 
Figure 8.3 Layout of Generation 2 Polymer Microarray (10.1). 
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Figure 8.4 Layout of Generation 3 Polymer Microarray (10.2) 
Full polymer identities available within the appendix section. Red = contains Nitrogen.  

 



412 
 

 

 

 

 

 

 

 

 

 

 

 

Fluorine containing = Blue. Nitrogen containing = Red.

Figure 8.5 Layout of Generation 2 Polymer Microarray (11.1) (hPSC-CM) 
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Table 8.1 Full Table of Chemical Identities & Structures 


